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Abstract
Understanding the drying evolution and morphological patterns of the colloidal
fluids is very important and relevant to many industrial processes, pharmaceuti-
cal products, medical and forensic applications. This evolutionary process might
look very straightforward; however, it is well accepted in the droplet community
that the underlying physics is hard to comprehend. The final depositing patterns
depend on several factors, including the solute particles’ properties, nature of the
solvent, geometry, substrate, environmental conditions, etc. The biological colloids
(proteins, blood, etc.) attracted many researchers’ significant attention due to the
local self-assembling interactions between the constituent particles. This disserta-
tion’s principal thrust is to explore how and why different patterns are generated
when these bio-colloids’ native/initial properties vary as the droplets are dried un-
der uniform conditions (surface, humidity, temperature, droplet diameter, etc.). In
this work, the hierarchical complexity is systematically altered from one-component
to multi-component systems. The findings of this dissertation reveal a unique dry-
ing pattern for (i) different globular proteins (the simplest hierarchical structure)
with and without the bulk liquid crystals (LCs), and (ii) the whole human blood (the
most complex hierarchical structure). These drying droplets’ interfacial and self-
assembling behavior are thoroughly examined using optical and scanning electron
microscopic imaging, along with noble image processing protocols and contact an-
gle measurements. Additionally, various statistical tests are employed to quantify a
broad set of image data. The experimental work establishes the following outcomes-
(i) the protein drying droplets confirms that the protein-protein interactions over the
protein-substrate interactions play a substantial role in determining the morpholog-
ical patterns, (ii) the LCs’ texture are influenced by different protein droplets indicat-
ing that these bulk unaligned LCs are not always randomly distributed, and (iii) the
experiments on the whole human blood approve that a concentration-driven phase
transition may evolve in the bio-colloidal solution containing a large number of in-
teracting components. Additionally, the effects of the saline water and the various
substrate-controlled temperatures on the drying evolution and their resulting depo-
sition patterns are examined in this dissertation. This work concludes that a series
of simple experiments can track complex physical behavior unveiling new insights
into the physics of pattern formation in a symmetric drying droplet.
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from https: // www. biorender. com/ . . . . . . . . . . . . . . . . . . . . 4

1.3 (a) Schematic diagram describing the physical mechanism of a drying
colloidal droplet where a system is relaxing from one equilibrium (ini-
tial state) to another equilibrium point (final state). (b) Bright-field im-
ages depicting different stages of a human whole blood droplet. Can
the resulting macroscopic pattern (fingerprint) be connected to the na-
tive/initial state of the constituent particles present in the droplet? . . 5

2.1 A partially-wet liquid droplet deposited on a solid substrate illustrat-
ing the balance between interfacial tensions at the three-phase contact
line (TPCL: vapor, solid, liquid) are γlv (at liquid-vapor interface), γsv

(at solid-vapor interface), and γsl (at solid-liquid interface). The θe is
the equilibrium contact angle formed at the TPCL. This schematic is
inspired by Gerber, 2020. . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Different droplet configurations on the smooth solid substrate: (I) Ses-
sile droplet, (II) Pendant droplet, (III) Vertical droplet, (IV) Inclined
droplet. The diagrams are inspired by Zang et al., 2019. . . . . . . . . 17
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2.3 Schematic of the sessile droplet’s geometry and coordinate system.
This schematic is inspired by Gorr, 2013. . . . . . . . . . . . . . . . . . . 19

2.4 Illustration of different modes of the drying process: (I) Constant Con-
tact Radius (CCR), (II) Constant Contact Angles (CCA), and (III) Mixed
Mode (MM). This schematic is inspired by Zang et al., 2019. . . . . . . 21

2.5 Schematic of different flows develop during the drying process when
the droplet is deposited on the solid substrate. This illustration is in-
spired by Tarafdar et al., 2018. . . . . . . . . . . . . . . . . . . . . . . . . 23

2.6 Schematic of self-assembly in proteins. . . . . . . . . . . . . . . . . . . . 27
2.7 Different modes of Crack propagation: (I) Mode I (Crack opening),

(II) Mode II (In-plane), and (III) Mode III (Out-of plane). The arrows
dictate the direction of the mechanical stress. . . . . . . . . . . . . . . . 29

3.1 Schematic arrangement describing different phases: (I) solid (II) liq-
uid crystal (LC), and (III) liquid. The gray-colored ellipsoids symbol-
ize the molecules. The arrow in the LC phase dictates the average
direction of the long axes or the molecules’ preferred orientation. (IV)
An example of nematic LC, 5CB (4-cyano-4’-pentylbiphenyl) drawn
with Jmol (an open-source application for viewing and drawing the
3D chemical structures) http: // www. jmol. org/ . . . . . . . . . . . . . 34

3.2 (I) Schematic diagram dictating the cellular components (RBCs, WBCs,
and platelets) of the human blood transported through the blood ves-
sel (artery/vein). The various types of WBCs (monocyte, echinophil,
neutrophil, basophil) are also shown. (II) Illustration of the blood cen-
trifuged into different layers. These images are drawn from https:

// biorender. com/ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.3 Schematic shapes of different forms of RBCs (erythrocytes) in the hu-

man blood: (a) Normal RBC (bi-concave shaped), (b) Flowing RBC
(slipper shaped), (c) Flowing RBC (parachute shaped), (d) RBC in the
hypotonic environment, (e) Echinocyte, (f) Sikled shaped RBC. These
images are drawn from https: // biorender. com/ . . . . . . . . . . . . 37

3.4 Drying evolution of the droplets containing the only solvent at differ-
ent initial concentrations of phosphate buffer saline (PBS): (I) 0x, and
(II) 0.25x. The 0x means that the solvent is the de-ionized water. . . . . 39

3.5 Drying evolution of the droplets containing the only solvent at differ-
ent initial concentrations of phosphate buffer saline (PBS): (I) 0.50x,
and (II) 0.75x. The scale bar is of length 0.2 mm. . . . . . . . . . . . . . 39

3.6 Drying evolution of the droplets containing the only solvent at differ-
ent initial concentrations of phosphate buffer saline (PBS): (I) 1.00x,
and (II) 2.00x. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
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3.7 Drying evolution of the droplets containing the only solvent at differ-
ent initial concentrations of phosphate buffer saline (PBS): (I) 5.00x,
and (II) 10.00x. The scale bar is of length 0.2 mm. . . . . . . . . . . . . . 40

3.8 Schematic diagram describing the experimental procedure: (I) A re-
quired concentration of the sample solution is prepared. (IV) The so-
lution is pipetted as a droplet on the substrate. (V) The substrate is
kept on the sample stage of the optical microscope. (VI) A camera is
attached to the microscope and the computer capturing the images of
the drying droplets and dried films. It is to be noted that the steps
of (II) and (III) are required only for the protein-LC solution. The
LC is heated on the hot plate just above its transition temperature
and added to the protein solution. (VII) is specific to the tempera-
ture study of the drying droplets, where the substrate temperature is
tuned with the temperature controller. A hot stage is mounted on the
microscope’s sample stage, set to the desired observation temperature
for a couple of hours before sample placement. . . . . . . . . . . . . . . 41

3.9 Schematic diagram describing the contact angle goniometer. The high-
resolution camera, the light source, and the sample holder are placed
on the undisturbed rail throughout the experiment. A computer is
attached to the camera, and the installed software is used to measure
the contact angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.10 A representative processing of images of the dried state of BSA droplet
to quantify the spacing between the cracks. a) The raw microscopic
images. b) A stitched image. c) An 8-bit gray image. d) An adjusted
brightness-contrast image. e) A high contrast image after filtering
through variance filter. f) A final binary image depicting different re-
gions, circular line-cut, and crack spacing (xc). . . . . . . . . . . . . . . 48
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4.1 Drying evolution of BSA droplet: (I) Top-view of the droplets through
optical microscopy at φ of 5 wt% clicked during different time inter-
vals (30 s, 140 s, 186 s, 290 s, 470 s and 530 s). The white dashed circle
in (f) exhibits the “coffee-ring" formation. The scale bar represents a
length of 0.2 mm. (II) The top panel shows the variation of contact
angle (θ(t)) at φ of 5 wt%. The solid line specifies the fitted function.
The inset shows the variation of the characteristic fitting parameter
(1/τ) at different φ. The bottom panel displays the temporal variation
of the normalized contact angle (θ(t)/θ0)). (III) The top panel reveals
the variation of mean fluid front radius (r(t)) at φ of 5 wt%. The er-
ror bars represent the standard deviation. A representative fit of two
linear models is made; ts signifies the time point where both the lin-
ear fits merge. The inset shows the dependence of the slope values of
linear fit 1 (m1) and 2 (m2). The bottom panel indicates the temporal
variation of normalized mean fluid front radius (r(t)/R) at different
φ. td is the “dead" time up to which the fluid front radius (r(t)) is
equal to the radius of the droplet (R). . . . . . . . . . . . . . . . . . . . . 53

4.2 Drying evolution of Lys droplet: (I) Top-view of droplets through op-
tical microscopy at φ of 5 wt% during different drying intervals (55 s,
353 s, 563 s, 603 s, 617 s and 673 s). The white dashed circle in (f) shows
the “coffee-ring" formation. The solid circle exhibits the “mound"-like
structure. The scale bar represents a length of 0.2 mm. (II) The top
panel confirms a variation of contact angle (θ(t)) at φ of 5 wt%. The
solid line shows the fitted function. The inset shows the variation of
the characteristic fitting parameter (1/τ) at different φ. The bottom
panel displays the temporal variation of the normalized contact an-
gle (θ(t)/θ0)). (III) The top panel reveals the variation of the mean
fluid front radius (r(t)) at φ of 5 wt%. The error bars represent the
standard deviation. A representative fit of two linear models is made;
ts signifies the time point where both the linear fits merge. The in-
set represents the dependence of the slope values of linear fit 1 (m1)
and 2 (m2). The bottom panel indicates the temporal variation of the
normalized mean fluid front radius (r(t)/R) at different φ. td is the
“dead" time up to which the fluid front radius (r(t)) is equal to the
radius of the droplet (R). . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
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4.3 Side view of the drying evolution: a) Initial mode is observed at an
early stage of drying where only the contact angle decreases. The
fluid front radius (r) remains unchanged during this time and equals
to the radius (R) of the droplet. The protein particles interact with the
substrate during this stage. b) In this mixed mode stage, along with
the contact angle, the fluid front starts receding from the periphery
of the droplet. The fluid front moves, deposits more particles, and
forms a ring of width w. It moves further when the radius of fluid
front just pass the ring width to the new position (r2). r1 indicates
the movement towards the central region of the droplet, leading to a
complimentary morphology. d) BSA+DI, without any “mound"-like
structure and e) Lys+DI, the presence of a “mound" could be observed
in the central region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.4 Gray images of two protein dried droplets: BSA at φ of a) 1, b) 3, c) 5,
d) 7, e) 9, f) 11, and g) 13 wt%; Lys at φ of h) 1, i) 3, j) 5, k) 7, l) 9, m) 11,
and n) 13 wt%. The images of the BSA droplets reveal the presence
of the cracks near the periphery region, whereas, the images of Lys
droplets confirm that the cracks are spread and connected from φ of
3 wt%. The “dimple" and the “mound"-structure can be observed in
Lys droplets at every φ. The spirals are noticed in Lys droplets from φ

of 9 wt%. The scale bar represents a length of 0.2 mm. . . . . . . . . . . 60
4.5 Profilometric measurements of protein droplets: Variation of the mean

peripheral ring width (w) normalized to the mean radius of the droplet
(R) with φ for (I) BSA+DI, and (II) Lys+DI. (III) Variation of the aver-
aged area of “mound"-like structure (a) normalized to R with φ in Lys
droplet. The error bars correspond to the standard deviation obtained
from multiple measurements. . . . . . . . . . . . . . . . . . . . . . . . . 61

4.6 (I) Q-Q plot of BSA and Lys droplet at φ of 7 wt% displaying the
skewed data points. (II) The histogram depicting the comparison of
the mean crack spacing (xc) at different φ among the proteins in the
peripheral regions. Significant pairs (BSA and Lys) are marked with
an asterisk [*] at each φ. The error bars correspond to the standard
error. (III) A characteristic linear fit of a spiral crack trajectory at φ of
13 wt% in Lys droplet. The upper inset shows the schematic diagram
of the spiral cracks projected on the xy plane, in which s(θ) is the ra-
dial distance from the spiral center and θ is the angle starting from
zero in an anticlockwise direction. The lower inset shows an example
of spiral focused at 50× magnification, with the scale bar of length
10 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.7 (a)-(d) show the spirals from 1 to 4 are shown at φ of 13 wt% respec-
tively, with the scale bar of length 10 µm. . . . . . . . . . . . . . . . . . 64
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4.8 Schematic illustration explaining of the nature and propagation of
cracks in both the protein droplets. (I) Top-view of a droplet shows
radial and azimuthal cracks. A spiral crack is also shown in a polyg-
onal crack domain. An element is focused on displaying crack prop-
agation to get a notion of stress. Mode I (tensile mode) in which (II)
stress (σθ) acting normal to the radial crack and (III) stress (σr) acting
normal to the azimuthal crack. . . . . . . . . . . . . . . . . . . . . . . . 65

5.1 Top panel: Time-lapse images of drying Lys-LC drop at the concentra-
tion of LCs (φLC) of 0.91 wt%. a) 193 s showed an initial stage of dry-
ing. A radial flow of the particles to the droplet edge at b) 403 s and
c) 731 s are shown. Merging of large-sized LCs in the central region
and filling of these LCs at the droplet edge were displayed at d) 791 s
and e) 815 s. The self-assembled structures after visual drying pro-
cess was observed at f) 1193 s. Bottom panel: Intensity variation with
time of Lys-LC drop showing three regimes, an initial slower regime
(I), a transition regime (II) and a saturation regime (III). The error bars
correspond to the standard deviation. The microscopic images in I,
II and III were taken at 301, 745 and 1193 s respectively. The crossed
polarizing configuration is depicted by crossed double arrows. The
white color in the right corner is a scale bar of 0.2 mm. . . . . . . . . . . 70

5.2 The morphology of drops after 24 hours. Top panel: Drops imaged
in crossed polarizing configuration. The initial concentration of LC
droplets (φLC in wt%) is a) 0, b) 0.23, c) 0.46 and d) 0.91. The drop
without LC droplets (φLC of 0 wt%) showed very weak birefringence,
therefore, lamp intensity was increased for clear visualization. Middle
panel: e) and f) show a proposed mechanism for the evolution of the
unique patterns. Bottom panel: Gray scaled drops imaged in bright
field configuration, where φLC in wt% is g) 0, h) 0.23, i) 0.46 and j) 0.91.
The scale bar corresponds to 0.15 mm. . . . . . . . . . . . . . . . . . . . 72

5.3 Texture analysis of dried drops. Top panel: First order statistics (FOS)
reveals the pixel distribution through Mean, Standard Deviation, In-
tegrated Density, Skewness, and Kurtosis. Bottom panel: Gray level
co-occurrence matrix (GLCM) reveals the interpixel relations through
ASM (Angular Second Moment), Contrast, Correlation, IDM (Inverse
Difference Moment) and Entropy. The exponential fit for the curves
are shown in each graph. The error bars correspond to the standard
error. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
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5.4 Top panel: An example of a binary image of a dried drop at φLC of
0.23 wt%. The scale bar corresponds to 0.15 mm. The yellow dashed
line separates the drop into rim and central regions. Bottom panel:
The histogram depicting the comparison of mean crack spacing (xc)
between the regions at different φLC. Significant pairs are marked
with an asterisk [*]. The error bars correspond to standard error. . . . . 77

5.5 (I) Time lapsed images of BSA-LC drying droplet in crossed polariz-
ing configuration (crossed double arrows) at a) 117 s, b) 421 s, c) 677 s,
d) 941 s, e) 1007 s and f) 1149 s. The white colored rectangle is a scale
bar of 0.2 mm. (II) Intensity variation of BSA-LC droplet with drying
time indicates three distinct regimes. The error bars correspond to the
standard deviation. The microscopic images in the initial, transition
and saturation regimes are taken at 415, 805 and 1149 s, respectively. . 79

5.6 (I) The morphology of the dried droplets imaged in crossed polariz-
ing configuration (crossed double arrows) after 24 hours: a) BSA-LC,
and b) Lys-LC. The white colored rectangle is a scale bar of 0.15 mm.
The orientation of LCs in each domain is shown in c) BSA-LC and d)
Lys-LC. (II) One particular domain of the BSA-LC sample is rotated
under crossed polarizers at a magnification of 10×. The yellow arrow
indicates a reference point with respect to the four-fan brushes con-
firming the rotation of the patterns and reveals an umbilical defect with
a strength of [+1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.7 Dried droplets imaged in bright field configuration after 24 hours: a)
Lys without LC, b) Lys with LC, c) BSA without LC, d) BSA with
LC. The scale bar represents 0.15 mm. e) A histogram depicting the
comparison of mean crack spacing ± standard error in the protein
droplets with and without LC. Significant pairs are marked with an
asterisk [*]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.1 Time-lapse images of the blood droplets with different diluting con-
centration (φ) are captured during the drying process. These images
dictate different stages: (I) from 100 to 62% (v/v), and (II) from 50 to
12.5% (v/v) (in respect to the original volume of the whole blood).
The scale bar corresponds to 0.2 mm. . . . . . . . . . . . . . . . . . . . . 87
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6.2 A normalized intensity of a 2-D plot profile along the horizontal di-
ameter of the droplet (ρ) is shown for corresponding a-d depicted in
Fig. 1(I-II). These plots captured during the drying process at each φ:
(I) from 100 to 62% (v/v), and (II) from 50 to 12.5% (v/v). The intensity
of the captured image rises along ρ when the dilution is increased (I-
II)a. The movement of the fluid front from the periphery is illustrated
by a hump in both the edges of the profile (I-II)b. An appearance of the
hump in the central region of the profile is observed in (I)b, whereas
its disappearance is evident in (II)b. The propagation of the cracks
disturbs the uniformity of the plot profile from 100 to 62% (v/v) in
(I)c-d; however, it is hardly visible in (II)c-d. The x ranges from −1.25
to 1.25 mm (with a step size of 0.5 mm), while the y axis varies from 0
to 1.1 arbitrary units (a.u.) (with step size of 0.2 a.u.). . . . . . . . . . . 88

6.3 Variations of the normalized contact angle (θ(t)/θ0) during the dry-
ing process of the blood droplets at different φ ranging (I) from 100
to 62% (v/v), and (II) 50 to 12.5% (v/v) are shown. The normalization
of θ(t) is done by dividing it with the angle at t = 0 (θ0). A mono-
tonic decrease in the contact angle measurements is associated with
the presence of a peak-like feature (outlined with a green rectangle)
is observed in (I). The disappearance of this feature in these measure-
ments is depicted in (II). The macroscopic images are displayed at dif-
ferent time points (in seconds) points from 100 to 12.5% (v/v) [321s,
512s, 470s, 460s, 473s, 518s, and 617s respectively for different φ]. The
instrumental limit is illustrated with dashed lines. . . . . . . . . . . . . 90

6.4 Statistical image analysis of the blood droplets at different φ from 100
to 12.5% (v/v) during the drying process. (I) and (II) show the drying
evolution of the first order statistics (FOS) parameters (the mean on
the left y axis and the standard deviation (SD) on the right y axis of
the graph). The dashed lines in (I) display the time duration of the
presence of the peak-like feature in the contact angle measurements
from φ of 100 to 62% (v/v). The red rectangle and the red circle illus-
trate the first and the second peaks respectively in the SD. The star
introduces the initial dip in the SD values observed from 62% (v/v)
onwards. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
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6.5 Variation of the averaged corona width (w measured in mm) is nor-
malized to the averaged radius of the droplet (R measured in mm). It
is plotted in (I), the averaged crack spacing (xc) is depicted in (II), and
the averaged crack width (λc) is exhibited in (III) at different diluting
concentrations (φ). The dashed line shows the linear fit for the whole
range of φ from 100 to 12.5% (v/v). The solid lines display two lin-
ear fits- first one for the range from 100 to 62% (v/v); and the second
one for 62 to 12.5% (v/v). The error bars correspond to the standard
deviation. The macroscopic images illustrate the width of the corona
(w), the radius of the droplet (R), the distance between the consecu-
tive radial cracks (xc), and the width between the consecutive radial
cracks (λc). The dashed green circular line separates the corona from
the central region in the droplet. . . . . . . . . . . . . . . . . . . . . . . 92

6.6 SEM images illustrating the microscopic structures of dried blood films
at different length scales. The images at φ of 100, 75 and 12.5% (v/v)
are, respectively, depicted in (I-III). The yellow, the orange and the
black squares represent the blood structures at the periphery and the
corona, the transition of the corona and central regions, and the cen-
tral region, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.7 Side view of the self-assembling mechanism in the whole blood (φ =
100%) during the drying evolution: (I) The initial phase starts when
the droplet is deposited on the substrate. The evaporation rate is
highest near the three-phase contact line (depicted with solid arrows).
The components (RBCs, WBCs, platelets, and proteins) are distributed
randomly. A dotted line indicates that a capillary flow is developed in
the droplet. (II) The middle phase begins when these components are
carried towards the periphery. These components initiate interactions
as soon as they come in contact with each other. Meanwhile, a plasma-
rich layer is developed on the substrate. (III) The segregation of these
components takes place as the water continually evaporates from the
droplet. During the late phase, the three distinct regions (the periph-
ery, the corona, and the center) are developed. The proteins are mostly
present in the periphery. The WBCs and the platelets are pushed to-
wards the central region. The RBCs are stacked in the corona region.
The trapped water in between two RBCs is marked as the “forbidden
area". (IV) The deformation of the RBC and the WBC structures and
the activation of the platelets take place during the end phase. These
structures are drawn from https: // www. biorender. com/ . . . . . . . 96
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7.1 Morphological patterns in the drying droplets of Lys are displayed.
These patterns are shown for the various initial concentrations of Lys
(φLys) at the initial concentrations of salts present in the phosphate
buffer saline (φsalts). The φsalts = 0 wt% means that it is prepared in
the de-ionized water. The scale bar is of length 0.15 mm. . . . . . . . . 103

7.2 Microscopic images of the dried Lys samples are displayed. (φLys,
φsalts) = (1.0, 0.5) in (I), (φLys, φsalts) = (3.3, 0.5) in (II), (φLys, φsalts) =
(4.8, 0.5) in (III), (φLys, φsalts) = (9.0, 0.5) in (IV), and (φLys, φsalts) = (9.0,
0.0) wt% in (V). The different length scales are shown as the scale bars
in the upper-right corner of each image. . . . . . . . . . . . . . . . . . . 104

7.3 The time evolution of Lys droplets (φLys = 9 wt%) at various initial
concentrations of salts in PBS (φsalts) during the drying process is dis-
played in A-D. The φsalts = 0 wt% embodies the Lys solution prepared
in the de-ionized water. The timestamps are shown at the left-bottom
of each image. The white rectangle represents a scale bar of length
0.15 mm in the top-right. . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

7.4 Textural analysis of the Lys droplets (φLys = 9 wt%) at various initial
concentrations of salts in PBS (φsalts) during the drying process is dis-
played in (I-IV). The x-axis defines the drying time. The left-y (shown
in back color squares) and right-y axes (shown in gray color circles)
in each graph describe the mean gray values (I) and the standard de-
viation (SD) in arbitrary units (a.u.), respectively. The star symbol in-
dicates the parameters’ fluctuations. The optical image represents the
droplets’ morphology when significant changes in these parameters
are observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7.5 BSA saline droplets at different initial salts concentration in PBS (φsalts):
The insets show the drying evolution of the droplets is displayed in
a-e at φsalts of (I) 0.9, (II) 1.8, and (III) 4.3 wt%. The first image is taken
within ∼90 seconds after their deposition on the substrate and is pre-
sented in a. The movement of the fluid front is indicated with the
white dotted curved lines in b. The appearance of the radial cracks in
the periphery and their inward propagation is mostly seen in c. The
texture of the droplets changes due to the presence of the salts and
is described in c-d. A dashed circular yellow line outlines the rim.
The images are taken after completion of the process in e. The time
at which the images are captured is shown at the left corner in every
image. The scale bar corresponds to 0.2 mm. The different colored
histograms depict the counts of the pixels along the y-axis, and the
gray values along the x-axis of each image in a-e at various φsalts. . . . 107



xxii

7.6 (I-IV) shows the time evolution of the first-order statistical (FOS) pa-
rameters [mean (I), standard deviation (SD), skewness (SKEW), and
kurtosis (KUR)] in arbitrary units (a.u.), respectively in the BSA saline
droplets as a function of drying time at the different initial salt con-
centrations in PBS (φsalts) of 0.9 to 4.3 wt%. The different stages of the
drying process are outlined with the dashed lines in I-IV. . . . . . . . . 109

7.7 (I-IV) show the comparison of the averaged gray level co-occurrence
matrix (GLCM) parameters [angular second moment (ASM), correla-
tion (COR), entropy (ENT), and inverse difference moment (IDM)]
in arbitrary units (a.u.), respectively in the BSA-saline droplets at the
different initial salt concentrations in PBS (φsalts). The pixel displace-
ments ranging from 1 to 1000, and the orientations [horizontal (0◦)
and vertical (90◦)] are varied at each φsalts. The significant pairs (0◦

and 90◦) are marked with an asterisk (*). The error bars represent the
standard deviation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7.8 (I-IV) shows the time evolution of the gray level co-occurrence ma-
trix (GLCM) parameters [angular second moment (ASM), correlation
(COR), entropy (ENT), and inverse difference moment (IDM)] in ar-
bitrary units (a.u.), respectively in the BSA saline droplets as a func-
tion of drying time at the different initial salt concentrations in PBS
(φsalts) of 0.9 to 4.3 wt%. The different stages of the drying process are
outlined with the dashed lines in I-IV. . . . . . . . . . . . . . . . . . . . 113
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7.9 Time-lapse images of the diluted blood droplets during the drying
process at φblood of 75% (v/v). These displayed images are cropped
from the original ones for better visualization. The top panel illus-
trates the formation of the peripheral band (depicted with orange ar-
rows) and the fluid front movement. The white dashed arc line shows
that the front moves uniformly from the periphery of the droplet up
to 467s. The texture in the central region becomes lighter, outlined
with a white dashed circle. The middle panel captures the images
from 479s to 587s. This panel emphasizes the non-uniform movement
of the front and the appearance of the dendrite structure in the cen-
tral region. The yellow dashed arc line separates the corona from the
central region. The white arrows sketch the propagation of the radial
cracks. The σl and σr demonstrate the symmetric stress fields of these
cracks (depicted with yellow arrows). The bottom panel records the
crack propagation from 591s to 653s. At the transition of the corona
and the central regions, the cracks grow in both directions, and a kink
is spotted (white dashed rectangles). The yellow dashed circles dis-
play the origin of the micro flaws around the radial crack, whereas the
yellow dashed rectangles portray the widening of these radial cracks.
The actual time (t in seconds) during the drying process is exhibited
in the top-left corner of each image. The scale bar in the bottom-right
corner at 653s corresponds to 0.2 mm. . . . . . . . . . . . . . . . . . . . 114

7.10 Time-lapse images of the diluted blood droplets during the drying
process at φblood varying from 62 to 12.5% (v/v). The first captured
image after the deposition of the droplet on the coverslip is shown in
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Chapter 1

Introduction

1.1 General Background

Nature is the home of a wide variety of complex and yet organized systems. Ant
colonies, the organization of the human brain, bird flocks, growing ecosystem, river
networks, etc., are a few representatives of nature’s complex organized systems
(Ball, 2021). Many of these systems are biological and yet are different in terms of
unique physical realization. A common feature that these biological systems share
involves the existence of a hierarchical structure (across length and time scales) and
exhibiting collective behavior [see Figure 1.1(I)]. This feature is not simply the sum
(or average) of individual microscopic actions. It involves the interactions and feed-
back mechanisms partially averaged over one length and/or time scale that sets
the scale for the next larger/longer length and/or time scale. This phenomenon
of macroscopic/mesoscopic patterns requires the interactions of the interconnecting
sub-patterns without a centralized controller. The process relies on known physical
mechanisms; however, this physical mechanism is applied in a complex recursive
way. The biological systems (either living or in a biomaterial sense), therefore, gener-
ate a few fundamental questions that are worthy of exploring from a scientific point
of view: Do we understand this pattern formation, if so, how? How does the hier-
archy play an important role? Is there any single mechanism to anticipate their col-
lective behavior? Does this pattern give rise to any order phenomena? If so, which
systems do we need to focus on? What would be our in-vitro experiments/methods
to understand this behavior?

The scientific field of “soft matter” or “soft condensed matter” caught the attention of
the broader scientific communities during the 1990s when Pierre-Gilles de Gennes, the
“founding father” of this emerging field, received the Nobel Prize in 1991 for discov-
ering methods for studying these order phenomena (Gennes, 1992). This new field of
science changed the vision of the way we address and explore nature around us. The
daily observations include colorful swirling patterns in soap bubbles, the stickiness
of melted cheese, sluggishness of honey, formation of snow crystals, mud cracks, and
so on (Ball, 2021; McLeish, 2020) [see Fig. 1.1(II)]. Though we all are familiar with
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such phenomena, it is pretty hard to comprehend the underlying physics. Fortu-
nately, the findings of soft matter physics opened up new insights for the scientists to
explore further. Moreover, this scientific field’s emergence also generated a common
scientific platform to reflect the coherency of otherwise fragmented scientific do-
mains that include the colloidal physics, polymer physics, and liquid crystals (LCs).
The soft matter physics, thus, includes a wide variety of systems- from colloids (sys-
tems consisting of large molecules where one substance dispersed through another),
to polymers (possess a molecular structure which is bonded of a large number of
similar units), to foams (form by trapping of air in a liquid or solid), to LCs (a class
of materials which possesses fluidity and anisotropy), and finally to many bio-fluids
(see Figure 1.2). The wider-scope of this field makes it an interdisciplinary field of
research that caught the equal attention of physicists, biologists, chemists, material
scientist, etc.

Not surprisingly, one can wonder what is so attractive in soft matter physics or how
all such sub-systems fall within this domain? Is there any fundamental behavior
that these soft systems possess? The answer lies in the fact that all these systems
are soft enough that their interaction energy is in ∼kBT, where kB is the Boltzmann
constant, and T is the absolute temperature. It implies that these systems are sensi-
tive/delicate enough to be disturbed by a slight external perturbation. This also im-
plies that these soft systems deform easily for having low elastic moduli (G ∼ kBT

l3 ),
where l is the characteristic length scale (Gennes, 1992; Fernandez-Nieves and Puer-
tas, 2016). What makes these systems exciting is the co-existence of many phases,
leading to an emerging structure or order. For example, LCs have the characteris-
tics between the isotropic liquid and crystals. Interestingly, many researchers prefer
to use soft materials as model systems to address many fundamental questions in
hard condensed matter. On the other hand, some investigators feel the thrill of un-
derstanding the (unique) fundamental properties and phenomena in soft matter and
focusing on synthesizing new building blocks and putting them together to study
the systems’ electrical, optical, and mechanical responses in the context of biomedi-
cal engineering. Compared to the hard condensed matter, these soft matter systems’
emergent collective behavior does not depend on each building block’s (atoms or
electrons) properties. Therefore, the underlying physics can ignore the quantum ef-
fects while interpreting such behavior.

Another exciting aspect of these soft matter systems is the phase separation and phase
transition. We can commonly find the emergence of two or more phases from a sin-
gle homogeneous phase in the oil-water mixture. The melting of ice to water is a
typical example of temperature-dependent phase transition. This transition of states
is not limited to temperature but may also occur by tuning the system’s concen-
tration, such as changing the phases when the sunset yellow dye solution dries up
(Davidson et al., 2017). However, what makes these systems challenging at the same
time is their dependence on a vast parameter space to form connected, dynamic,
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FIGURE 1.1: Different forms of patterns observed in nature are illustrated in (I):
(a) Branching patterns in leaves at a distinct hierarchy scale. (b) Schooling fish–
circulating tori. (c) Buckling of spiral patterns. (d) Cloud patterns are arranged by
atmospheric convection. (e) A network pattern formed in the river from erosion and
deposition of particles. (f) Flocking and swarming of birds. Various examples of soft
matter systems are displayed in (II): (a) Liquid crystals under crossed polarized light.
(b) Water droplets spread on different surfaces. (c) A single layer of mostly hexagonal

bubbles. (d) Mud cracks. (e) Dendrite growth in ice crystals.

and hard-to-predict behaviors that are, in general, very sensitive to initial conditions
and external perturbation. Researchers often consider exploring these problems in
a systematic phase, i.e., changing one step or one parameter at a time. Different
independent experiments are required to obtain an in-depth understanding of the
complex behavior in such systems. Nonetheless, these experiments require careful
modeling without rastering the whole parameter space. As mentioned above, these
soft systems flow and deform the rheology has become an experimental tool over the
past few decades. Since these systems are primarily multi-component, their char-
acteristic relaxation time scales are in micro to milliseconds. We might not need to
study the ultrafast relaxation, and in most cases, the observations through an optical
microscope are enough to characterize their dynamics. The dynamic light scattering
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technique can also be used to determine the particles’ size and profile distributions
(biomolecules or polymers) in the solution.

In the past few years, an area of active matter has appeared in soft matter physics in
which the states of matter depend on the system being driven from equilibrium. One
biologically relevant example involves being driven by microscopic entities (motors)
that consume energy (either stored or externally supplied ATP) and generate forces
in directions related to energy flow through the system (Das, Schmidt, and Murrell,
2020; Fodor et al., 2016). These systems would be considered both thermodynami-
cally “open" and far-from-equilibrium systems because of the continuous exchange
of energy and matter with the surrounding environment. The general hallmarks are
that the emergent patterns are the resulting gradients due to the constituent parti-
cles’ local self-assembling interactions.

PHASE 

SEPARATION

AND TRANSTION

SURFACES 

AND

INERFACES

DIRECTED SELF-

ASSEMBLY

PATTERN 

FORMATION

FIGURE 1.2: Schematic diagram describing the various soft matter systems: (a) De-
oxyribonucleic acid (DNA) (b) Patchy particles (c) Hydrogels (d) Human whole blood
(e) Liquid crystals (f) Denatured proteins or polymeric chains. The different phe-
nomena relevant to this dissertation involve wetting and geometry of the droplets on
the substrates, phase separation, and self-assembling interactions between the parti-
cles, and finally leading to the pattern formation. These structures are drawn from

https: // www. biorender. com/ .

Another relevant example worth mentioning in connection to the findings of this
dissertation is to consider the relaxation of a system from one state (initial fluid) to
another (dried organized film) through a non-equilibrium process that exchanges
energy and matter with the environment to drive the assembly between the parti-
cles and/or the substrate in order to reach the final state (pattern formation) [see
Fig. 1.2]. The final state can be thought of as a frozen state, not in its lowest en-
ergy equilibrium state because of the inhomogeneous regular structures that formed.
Many researchers have systematically conducted a series of experiments to under-
stand the pattern formation of drying fluid droplets. This mechanism involves the
differential evaporation of a solvent from a droplet across its surface that sets up

https://www.biorender.com/
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mass transport through an internal convective flow. It is worth mentioning that dif-
ferent non-biological (colloidal) systems that include liquid crystals, nanoparticles,
polymers, etc., have attracted equal interests for their role in industrial applications,
such as coatings, inkjet printing, spray cooling, etc. (Erbil, 2012; Deshmukh, Wagh,
and Naik, 2016; Chu and Zussman, 2018; Poulard and Damman, 2007; Hu et al.,
2013). More recently, systems with biological relevance have attracted interest to
understand the constituent particles’ self-assembling interactions, such as proteins,
plasma, blood, etc. (Brutin et al., 2011; Brutin, Sobac, and Nicloux, 2012; Brutin,
2015; Brutin and Starov, 2018; Chen et al., 2019; Smith, Nicloux, and Brutin, 2020).
Interestingly, the drying of bio-fluidal droplets has shown promise in biomedical
applications by exhibiting distinctive patterns among the type of diseases, includ-
ing the (near-perfect) detection of (different) stages of diseases (Mukhopadhyay et
al., 2020; Bahmani, Neysari, and Maleki, 2017a; Brutin et al., 2011; Yakhno et al.,
2005). Studies have revealed that the drying evolution and the dried state of any
droplet (whether there is any biological relevance or not) depend on relatively sim-
ple factors: the size, composition, and concentration of the solute colloidal particles,
hydrophobicity, or hydrophilicity (wetting conditions) of the substrates, geometry,
and shape of the droplets, and evaporation rate driven by environmental conditions
[temperature, relative humidity] (Pal, Gope, and Iannacchione, 2021; Iqbal, Shen,
and Sen, 2020; Smith and Brutin, 2018; Sobac and Brutin, 2011; Zeid, Vicente, and
Brutin, 2013; Zeid, and Brutin, 2014; Yakhno et al., 2010; Brutin, 2013).
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FIGURE 1.3: (a) Schematic diagram describing the physical mechanism of a drying
colloidal droplet where a system is relaxing from one equilibrium (initial state) to
another equilibrium point (final state). (b) Bright-field images depicting different
stages of a human whole blood droplet. Can the resulting macroscopic pattern (fin-
gerprint) be connected to the native/initial state of the constituent particles present

in the droplet?

Figure 1.3(a) describes the physical mechanism of a colloidal drying droplet in gen-
eral. When a droplet of any colloidal fluid solution is pipetted on a substrate, the



Chapter 1. Introduction 6

constituent particles are dispersed uniformly in the droplet, defining an initial equi-
librium state. As the solvent evaporates from the droplet, the system is driven out
of equilibrium, and gradients in concentration emerge, which generates convective
flow within the droplet. This process acts as an engine and continues until the
stored chemical potential of the solvent is exhausted as the system relaxes to another
equilibrium-like state but with the suspended colloids organized onto the substrate.
Specifically, due to the spherical-cap shape geometry, the solvent mass loss near the
periphery is larger than the center. The capillary flow enables suspended particles
to be carried towards the droplet’s periphery to a degree depending on particle size
to compensate for this loss, leading to the “coffee-ring" (Deegan et al., 1997; Gold-
stein, 2018). Since the droplet is pinned to the substrate, the deposited film’s radius
is constant throughout the drying process and experiences increasing mechanical
stress as the fluid front shrinks. And finally, as the last of the solvent evaporates,
and the film also shrinks, fractures occur to relieve the stresses, and a macroscopic
pattern (fingerprint) emerges. When these droplets are dried under uniform con-
ditions (shape, size, surface, temperature, humidity, etc.), the final pattern appears
to be a unique fingerprint dependent on the initial state of the bio-colloid solution.
For example, various stages of the drying evolution of human whole blood droplets
are shown in Fig. 1.3(b)[i-v]. The top-view bright-field image of the blood droplet
shows the uniform texture in Fig. 1.3(b)i. As time progresses, the fluid front starts
moving from the periphery towards the central region (Fig. 1.3(b)ii). The random
cracks develop in the central region and start propagating radially towards the pe-
riphery (Fig. 1.3(b)iii). The branching of these radial cracks and the change of the
texture from light to dark gray is found in Fig. 1.3(b)iv. The dried blood droplet’s
final fingerprint can be observed in Fig. 1.3(b)v (Pal et al., 2020b). It should be noted
that other physical parameters, which evolve during this drying process, also de-
pend on the initial state of the bio-colloidal fluid, such as the wetting angle and the
mass loss rate (a direct measure of the change in chemical potential). However, the
drying evolution and the final configuration of the film are easily monitored by opti-
cal microscopy at different magnifications. Besides, smaller-scale structural informa-
tion and distribution of material can be determined by scanning electron microscopy
(SEM) imaging along with Energy Dispersive X-Ray (EDX) analysis. In-situ micro-
rheological measurements would be particularly valuable as the deposited material
evolves from a fluid to a gel to a solid to understand the mechanical behavior of the
fracture failures of the film.

Because of the importance of images in such studies, the use of new and more so-
phisticated image processing techniques has become widespread (Dash et al., 2020;
Pal, Gope, and Iannacchione, 2019b; Hamadeh et al., 2020; Mukhopadhyay et al.,
2020; Baranov, Velichko, and Shariaty, 2020; Gorr, Xiong, and Barnard, 2014). The
distance between the consecutive cracks in the droplets (crack spacing) is extracted
using freely available software, such as ImageJ (Abràmoff, Magalhães, and Ram,
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2004; Schindelin et al., 2012). The appropriate macros specific physical characteris-
tics can be extracted from the images automatically, such as the evolution of cracks,
their branching and length, the radius, area, and perimeter of the fluid front. In re-
cent years, researchers [(Carreón et al., 2018b; Pal, Gope, and Iannacchione, 2019b;
Pal, Gope, and Iannacchione, 2021)] started using first- and second-order statistics
to specify textural image properties during the drying evolution that are capable
of delivering another “fingerprint" for the final state of the film. The first-order
statistics describe the gray level distribution of the image’s pixel intensity, whereas
the second-order statistics are related to the interspatial correlation of pixel intensi-
ties. Finally, it should be remembered that the possible image analysis depends on
the type of microscopy employed. Additional textural information can be extracted
from cross-polarizing microscopy when one of the constituent materials in the bio-
colloidal solution is birefringent, such as a liquid crystal (Pal et al., 2019; Pal, Gope,
and Iannacchione, 2019a). Such analysis yields information on the orientational or-
der of the LC-rich domains phase-separated from the solution during the drying
process. The quantitative parameters can also be compared using data-driven statis-
tical analysis. Recent work has found that when the bio-colloidal solution is blood,
sweat, or even tears, the dried patterns exhibit distinctive features (fingerprints) that
appear to be related to diseases (Yakhno et al., 2005; Yakhno et al., 2015; Muravly-
ova et al., 2014; Rapis, 2002; Yakhno et al., 2003). However, a large enough data
set fully characterizing all the possible initial states of biomedically relevant fluids
has yet to be established to invert the problem and use the fingerprints as a diag-
nostic tool. Progress is being made as very recently; this approach has been applied
to thalassemia diseased patients and found that the interaction between blood cells
affects the drying patterns (Bahmani, Neysari, and Maleki, 2017b; Mukhopadhyay
et al., 2020). The current state of research aims to create an image corpus (as well
as other physical characteristics of the drying sample) of the diseased biofluids and
develop machine-learning algorithms to combine them for either fundamental sci-
ence of colloidal systems or as a simple and easily implemented diagnostic tool. The
dried blood samples are recently quantified to see the effects of the exercise-induced
blood chemistry changes using such algorithms (Hamadeh et al., 2020). This po-
tential application as an outgrowth from this research indicates the importance and
need for understanding the emergence of complex patterns over a wide range of
length scales driven by being out of equilibrium in active matter systems.

This dissertation is the outcome of a systematic study that explores the current re-
search trends of the drying droplet community. This work primarily explored a one-
component to multi-component bio-colloids. It showcased how image-processing
and statistical techniques can be exploited as valuable tools in understanding the
droplet phenomena. This dissertation’s goal is not limited to reviewing the state-
of-the-art of this field (drying droplet) only. Instead, it aims to motivate future re-
searchers to consider such bio-colloidal systems in a new light to understand (i) how
the drying process in a droplet drives the self-assembly of complex structures? (ii)
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Can the resulting macroscopic pattern be linked to the native/initial state of the con-
stituent particles? (iii) How do the surfaces, interfaces, substrate temperature affect
the pattern formation?

1.2 Outline of Dissertation

This dissertation consists of nine chapters. The work starts with the simplest bio-
colloidal (one-component) protein system, and the complexity of such a system
is increased hierarchically. This research expands from one-component to multi-
component systems. In one direction, the multi-component system is synthetically
prepared by adding an optically active material, such as an LC, into the protein
solutions. In another direction, the investigation includes naturally occurring multi-
component bio-fluid, i.e., the whole human blood. All the experiments’ findings
made it clear that the patterns become more complex as the variation (inhomogene-
ity) of the components increases. Different scientific questions are raised in each of
these directions. Each chapter’s outline is described below:

• After this introductory chapter, Chapter 2 portrays the underlying concepts
and physics involved in the drying droplet. The chapter begins with the con-
cept of thermodynamics in the drying droplet. Then, it talks about different
droplet configurations and the wetting behavior of these droplets. The gov-
erning equations of fluid behavior and physics of the coffee-ring effect are also
elucidated. The various interactions between the colloidal particles and their
behavior in the presence of (excess) salts are also explained. The transition of
visco-elastic to elastic behavior is defined in the context of rheology. The ori-
gin of topological defects in LCs and their types are illuminated. Finally, this
chapter ends with the physics of different types of crack patterns.

• Chapter 3 illustrates different properties of proteins, LCs, and the human whole
blood. It also describes the sample preparation and the detailed experimen-
tal procedure. Different types of microscopy, such as optical (both in bright-
field and cross-polarizing configurations) and scanning electron microscopy,
are discussed. The contact angle goniometer is explained for quantifying the
wetting behavior during the drying process. The various image processing
techniques: for example, determining crack spacing and textural analysis (both
the first-order and second-order statistics), are explained using the ImageJ plat-
form. The different solvents (de-ionized water and phosphate buffer saline)
and their effect on the drying evolution and patterns are systematically exam-
ined and reported in this chapter.

• Chapter 4 reveals the results and discussions in one-component protein solu-
tions. An extensive study of the drying evolution and the final crack patterns
is presented, highlighting the concentration dependence of two globular pro-
teins, lysozyme (Lys) and bovine serum albumin (BSA), in de-ionized water. It
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was attempted to describe how and why different patterns are generated when
the protein properties vary. This study concludes that the protein-protein in-
teractions play a significant role in deciding the patterns when these droplets
are dried under uniform conditions (surface, humidity, temperature, droplet
diameter, etc.).

• Chapter 5 exposes the synthetically prepared multi-component system by adding
bulk unaligned LCs into the Lys and BSA solutions. This chapter focuses on
exploring the distributions of the LCs (i.e., whether these are always randomly
distributed if not aligned, perpendicular or parallel to the substrate before the
experiment). The chapter concludes that the LCs’ textures and their distribu-
tions are influenced without changing the drying mechanism when added in
different protein solutions.

• Chapter 6 uncovers an experimental confirmation of an interesting sharp phase
transition during the drying state (reported for the first time in the drying
droplet community) and in the dried film as a function of diluting concentra-
tions ranging from undiluted whole blood to diluted concentrations. A change
in visco-elasticity is found to decrease with dilution, and it disappears at the
dilution concentration for the observed phase transition. In this chapter, two
crucial questions are explored. (i) How do the native states of the cellular
components change when the mechanical stress emerges during the drying
process? (ii) Is this phase transition limited to only blood (multi-component)
drying droplets?

• Chapter 7 reveals the drying process and the resulting morphological patterns
when the de-ionized water is replaced with the saline water. Some insights
to the scientific questions are exposed. For example, (i) do we still observe
phase transition in the blood samples when the diluent is phosphate buffer
saline (PBS)? (ii) What is the interplay between protein-protein and protein-
salt interactions during the drying process?

• Chapter 8 shows the effects on the drying evolution and the protein and blood
samples’ morphological patterns by changing the controlled substrate temper-
ature. This chapter asks the following: (i) Whether the increase in temperature
decreases the drying time only? (ii) Does it affect the patterns significantly in
both the proteins? If not, why? (iii) Does this change the microstructures of the
blood cellular components?

• Chapter 9 summarizes this dissertation’s significant findings and expands to
the possible future avenues, which can extend this drying droplet research.
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Chapter 2

Fundamental Concepts related to
Drying Droplets

2.1 Background

Our previous chapter has provided a layout and the current state of your under-
standing of the soft matter-like systems in general and discussed how the various
phenomena are involved in deciding the emerging patterns (see Figures 1.2 and 1.3).
As our dissertation mainly focuses on how these patterns emerge when a system
dries (i.e., relaxes from one equilibrium point to another) under a uniform set of
conditions (surface, humidity, temperature, droplet diameter, etc.), it is important to
understand some fundamental concepts related to the different types of droplet con-
figurations, wetting, phase change, modes of drying, self-assembling interactions,
and the deposited patterns. Therefore, this chapter briefly discusses the theoretical
background relevant to this study.

2.2 Surfaces and Interfaces

An interface can be defined as the separation surface between two different phases.
In a thermodynamic sense, a phase is a homogeneous part of a system that is un-
der consideration or investigation. The term, “homogeneous" implies here that the
part has the same thermodynamic state variables (such as pressure (P), volume (V),
temperature (T), concentration (C), etc.). Any discontinuity in such variables implies
that the phase boundary is reached or the interface of different phases. We assume
the interface as an infinitely thin surface; however, it is to be noted that the real sys-
tems’ interface is usually a transition zone with a few molecules thick. Capillarity
is the interfacial study of two immiscible liquids (oil in water-like systems) and/or
between liquid and/or air/solid (for example, a droplet sitting on a solid surface).

Since only the solid and flat substrate is used in this work, the physics of any soft
substrate is not considered here. This section describes how the liquids interact
with the substrate. Therefore, the concept of surface tension, wetting states, and
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its dynamics are focused. Mainly this section is based on the book, “Capillarity and
Wetting Phenomena" (De Gennes, Brochard-Wyart, and Quéré, 2013) and the Ph.D.
dissertation (Gerber, 2020) unless otherwise stated.

2.2.1 Surface tension

It is well-known that some energy needs to be provided if we want to increase a
given material’s surface area. Suppose we want to distort a liquid for increasing its
surface area by dA amount. Then, the work done by the system (liquid) should be
proportional to its number of the molecules that must be brought to dA. Mathemat-
ically, we can express it as follows.

δW = γdA (2.1)

where γ is the proportionality constant called surface tension or interfacial tension.

Therefore, the mechanical definition of γ is the surface energy supplied to the system
to increase the surface area by one unit. It is also viewed as the (capillary) force per
unit length. The two aspects— force and energy depend mainly on the context.
However, it is necessary to understand what it means thermodynamically. It is often
related to any of the state functions (Helmholtz free energy (F), internal energy (U),
etc.) because their variation depends on the initial and final states (defined by the
intensive variables), not the path taken to come to the final state. If the work done
against the external pressure P is PdV and to change the surface area is dA, the
surface tension can be defined as

γ =
∂F
∂A

∣∣∣∣
T,V,N

(2.2)

The complete derivation of this relation can be found in (Rowlinson and Widom,
2013).

When this free energy is related to the surface tension, it is also called surface free
energy (mostly used in the context of interface science); however, these terms (“sur-
face free energy", “surface tension" and “surface stress") might be confused as these
terms are widely used in different contexts. To provide a clear picture, we followed
the article, “On surface stress and surface tension: I. Theoretical considerations" (Ver-
maak, Mays, and Kuhlmann-Wilsdorf, 1968). In general, we can relate the surface
stress and the surface tension by,

fij = δijγ +
∂γ

∂eij
(2.3)

where fij, δij, and eij are the surface stress, Kronecker delta, and the strain.
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Numerically, the fij is the force per unit length, which must be applied to an edge of
the surface to keep it in equilibrium. The subscript i is the direction perpendicular
to the exposed edge in the surface plane, and the subscript j directs where the force
acts. In other words, it can be related to the eq. 2.1 by saying that fiidA = δW, i.e.,
the work required to increase the dA surface area in the ith direction.

It is clear from eq. 2.3 that the surface stress ( fij) is different from the surface tension
(γ) when there is definite value of strain (eij), i.e., the nature of the strain–either plas-
tic or elastic. The strains, therefore, depend on the kind of stresses that are supported
or considered by the material at the particular environment (P,T, µ, etc.). For exam-
ple, the deformations in a free planar liquid surface are completely plastic as they
do not change the average density or the configuration of the atomic arrangements.
Therefore, ∂γ

∂eij
= 0 and the fij becomes identical to γ.

2.2.2 Laplace pressure

It is observed that the pressure jumps at any curved interface (surface). To get a
mathematical expression, let us assume that there is a spherical droplet of liquid i is
placed in another immisible liquid j, The radius of the droplet is R and it is displaced
by dR amount at the interface. Then, the total work can be written as,

δW = −PidVi − PjdVj + γijdA (2.4)

where the change of surface area is dA, and the volume of ith and jth liquids are dVi

and dVj of the droplet, respectively. The dVi is given by −4πR2dR = Vj and the dA
is 8πRdR. If Pi and Pj are the pressures of the ith and jth liquids and the system is in
equilibrium mechanically (δW = 0), then, the pressure difference at the interface is
called the Laplace pressue (∆Pl), which is given by,

∆Pl = Pi − Pj = 2
γij

R
(2.5)

Therefore, in general the the Laplace pressure is,

∆Pl = γ(
1

R1
+

1
R2

) (2.6)

where R1 and R2 are the surface’s radii of curvature. This implies that the pressure
will be larger for a smaller droplet or a bubble.

2.2.3 Wetting

It is the study of the liquids’ spreading when deposited on the solid or the liquid
substrate. Since our study deals with the solid substrate, we will limit our discussion
to the rigid substrate. Figure 2.1 shows an example of a liquid droplet sitting on the
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solid substrate. It illustrates the balance between interfacial surface tensions at the
three-phase contact line (TPCL). This interface is made from the vapor (v), solid (s),
and liquid (l) phases. The interfacial γ is defined as γlv (at liquid-vapor interface),
γsv (at solid vapor-interface), and γsl (at solid-liquid interface). The angle formed by
these contact phases at equilibrium is given by θe, commonly known as the contact
angle.

vapor

solid

liquid

FIGURE 2.1: A partially-wet liquid droplet deposited on a solid substrate illustrating
the balance between interfacial tensions at the three-phase contact line (TPCL: vapor,
solid, liquid) are γlv (at liquid-vapor interface), γsv (at solid-vapor interface), and γsl
(at solid-liquid interface). The θe is the equilibrium contact angle formed at the TPCL.

This schematic is inspired by Gerber, 2020.

Wetting states

Depending on the magnitude of the θe, experimentally, the substrate is classified as–
(i) hydrophilic (θe < 90◦), (ii) hydrophobic (θe > 90◦), and (iii) superhydrophobic
(θe > 150◦). Sometimes, the substrate is called neutrally wet when the θe is exactly
equal to 90◦. The liquid can also spread completely on the substrate (θe = 0◦) or not
wet the substrate at all (θe = 180◦). These various wetting states determine whether
the evaporative-flux of these droplets is uniform or non-uniform, detailed later in
this chapter.

Furthermore, a wetting/spreading parameter (S) can be defined that dictates the
wetting regimes by measuring the difference of γ at the interface. The two regimes
are total wetting (for S > 0) and partial wetting (S < 0). Within this partial wetting
regime, we call it as “mostly wetting" state when θe < 90◦, and “mostly non-wetting"
when θe > 90◦.

S = γsv − (γlv + γsl) (2.7)

Yong-Dupré equation

The three interface surface tensions is also related to the equilibrium contact angle
(θe) by the pioneering work done by Young in the year 1805. It states that the θe of a
liquid droplet sitting on a smooth, rigid solid substrate is given by,

γsv − γsl = γlv cosθe (2.8)
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The complete derivation of eq. 2.8 is described in (De Gennes, Brochard-Wyart, and
Quéré, 2013). It is to be noted that this equation needs to be modified if the substrate
is rough and non-homogeneous or the substrate is inclined. Combining the eqs. 2.7
and 2.8, we get,

S = γlv(cosθe − 1) (2.9)

Contact angle hysteresis

The eq. 2.9 is usually valid when the substrate is not rough and homogeneous; how-
ever, it is not the case for the real situation. There are two contact angles— advanc-
ing and receding. These angles are measured by tilting the substrate where a liquid
droplet is deposited. The “downhill" droplet’s side will have a higher contact angle
(θe = θa, known as advancing contact angle), and the “uphill" side will show the
lower contact angle (θe = θr, known as receding contact angle). At a particular tilt
angle, θa will be equal to θr, and the droplet will move on the subbstrate. However,
for most of the cases, it is to be noted whether there is any significant difference in
the contact angles measured at the left (θl) and right (θr) sides. If |θl − θr| ≤ 2◦ for a
droplet deposited on the substrate having θe ∼ 30◦ or above, we can use the θe for
getting the insights at the three-phase. Like many researchers, we have also adopted
this method and measured the contact angle evolution as the droplet dries. The
detailed discussion about the contact angle measurement is described in chapter 3.

It is important to know that it is difficult (almost impossible) to measure θe accu-
rately). There is often a precursor film (an extremely thin of∼ nm layer) at the TPCL
(Zang et al., 2019). The contact angle goniometer (described in the next chapter) actu-
ally measures the apparent contact angle (θ∗) as the substrate is not perfectly smooth
in a practical sense. Therefore, the contact angle measurements θ(t) throughout the
dissertation is actually based on the θ∗, not the θe.

If the precursor film’s thickness is h∗, it is determined by the interaction between the
surface tension and the van der Waals force. It is given by,

h∗ =
√

A/6πγlv (2.10)

where A is the Hamaker constant, which is a material property depending on the
density and electronic polarisability.

2.3 Length scales and Dimensionless numbers

There are many length scales and dimensionless numbers that are used in different
contexts– mostly in fluid mechanics. A few of the relevant numbers are described in
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this section. The text is based on the review article, “Evaporation of a Droplet: From
physics to applications" (Zang et al., 2019), unless otherwise stated.

2.3.1 Capillary length

As the droplet is deposited on the substrate, there could be some effects from the
gravity. Therefore, the question remains– when do we ignore or consider such an
effect? This is given by a particular length that is defined as,

lc =
√

γlv/ρg (2.11)

where lc, ρ, and g are the capillary length, the density of the liquid, and the accelera-
tion due to gravity, respectively.

Comparing the capillary length with the droplet’s radius (R), two regimes are found.
When R� lc, the surface tension will dominate over the gravity and vice-versa. This
relation is not limited to the liquids but can be used for any colloidal systems. It also
provides a clear distinction when to call a drop or droplet. When the surface tension
dominates, we will say droplet; otherwise, drop (De Gennes, Brochard-Wyart, and
Quéré, 2013). However, the terms drop and droplets are used interchangeably in
the literature. Since we have maintained ∼2 mm as the diameter, we will call these
as “droplets" throughout our dissertation. Furthermore, in an intuitive sense, the
droplets are the smaller-sized drops. These droplets tend to eat each other, and their
coalescence (merging) leads to a larger droplet (termed as drop). The condition of
R � lc also indicates that the droplet has a spherical-cap geometry, which will be
described in details later in this chapter.

2.3.2 Bond number

There is also another parameter (dimensionless number), which is considered in the
droplet community to know whether the surface tension or the gravity dominates.
It is called Bond number (Bo) (Chen et al., 2016b), given by,

Bo = ρgRh/γlv (2.12)

where ρ is the fluid density, and R and h are the radius and the central height of the
droplet, respectively. When h = R, Bo becomes ρgR2/γlv or ρgh2/γlv. It is found in
the literature (Chen et al., 2016b) that the surface tension influences much more than
the gravity when the Bo < 1.



Chapter 2. Fundamental Concepts related to Drying Droplets 16

2.3.3 Capillary number

The wetting can be influenced by the viscosity in addition to the gravity and the
surface tension. This is given by another dimensionless number, called Capillary
number (Ca). The relation is described by,

Ca = ηu/γlv (2.13)

where u, and η are the TPCL velocity, and the dynamic viscosity, respectively. The
droplet is dominated by surface tension over the viscosity force for the smaller val-
ues of Ca (< 10−5).

2.3.4 Reynolds number

Another important parameter, Reynolds number (Re) is considered while studying
the flow behavior (fluid dynamics) in the drying droplet community. It helps pre-
dicting the flow patterns. If Re is low (Re << 1), the flow will be sheet-like (parallel
layers without any disturbance between those layers), i.e., dominated by the laminar
flow over the turbulent flow (for high Re). The turbulent flow is characterized by the
chaotic changes in the pressure (P) and flow velocity (u). Therefore, Re is defined as
the ratio of the inertial forces to the viscous forces within a fluid (Eales et al., 2015).

Re =
uL
ν

=
ρuL

η
(2.14)

where L, and ν are a characteristic length, and the kinematic viscosity (also called
the momentum diffusivity), respectively. Therefore, the ν = η

ρ .

2.3.5 Péclect number

It is relevant or used while studying the transport phenomena in a continuum. The
Pe is defined as the ratio of the rate of advection to the rate of diffusion.

In the context of mass transfer, the Pe is defined as:

Pe =
Lu
D

(2.15)

where D is the mass diffusion coefficient. For the negligible diffusion, the Pe is very
large. In the context of the thermal fluids, it is defined as,

Pe =
ρLuCp

κ
(2.16)

where κ is the thermal conductivity, and Cp is the specific heat capacity.
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In the droplet community for the sessile configuration, Pe is also written as,

Pe =
Jh0

D
(2.17)

where h0 is the initial central height of the sessile droplet, D is the diffusion coeffi-
cient of the non-volatile particles present in the droplet, and J is the evaporation flux
of the sessile droplet (Chen et al., 2016b). It is widely used to predict whether skin
will form once the solvent starts leaving the system. Furthermore, the concentration
of the particles increases and leads to solidification. If Pe � 1, the diffusion will be
faster, and therefore, it can maintain a uniform concentrated film. For the weaker
diffusion, Pe � 1 will produce the gradients in their concentration films (Goehring
et al., 2015).

2.4 Insights of Drying Droplet

2.4.1 Different droplet configurations

(I) (II)

(III) (IV)

FIGURE 2.2: Different droplet configurations on the smooth solid substrate: (I) Sessile
droplet, (II) Pendant droplet, (III) Vertical droplet, (IV) Inclined droplet. The diagrams

are inspired by Zang et al., 2019.

The droplets can have different configurations; for example, the droplet sitting on
the horizontal solid substrate is called the sessile droplet. This word is originated
from the Latin word, “sessilis," meaning fit for sitting on (Dictionary, 1989). This type
of droplet exhibits axial symmetry and is only relevant to this dissertation. However,
the other types of droplets form when the same substrate is rotated vertically. This
breaks the symmetry of the droplets and is called vertical droplets. Further, the sub-
strate can be tilted to create tilted droplets. If the system is turned upside down by
rotating the substrate such that the droplet is suspended in a downward direction,
it is defined as a pendant droplet [see Figure 2.2(I-IV)].
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2.4.2 Drying and its various modes

Concepts of Thermodynamics

If the droplet is kept undisturbed under ambient conditions (at a fixed temperature,
pressure, relative humidity, etc.), the solvent (liquid) from the system under the in-
vestigation (here is the droplet) will evaporate as time progresses. In other words,
there will be removal of the liquid will make the system dry. Therefore, in the droplet
community, the word drying or evaporation is used interchangeably. Just to main-
tain the consistency, we have used the word “drying" throughout our dissertation.
It is good to know that these two words have separate definitions in different con-
texts. For example, “drying" typically refers to the loss of the moisture content from
the phases (either solid, liquid, or gases). The word, “evaporation" in the thermal
processing engineering https: // www. gunt. de/ en/ implies a process to separate
the solvent from the solution (a mixture of solute and solvent). In general terms,
evaporation is a (phase) process that changes the liquid to the gaseous phase.

Thermodynamically, evaporation is a transitioning process in which the vapor pres-
sure over the liquid is enhanced. In contrast, we can condensate the gas back to
liquid by lowering its vapor pressure. Therefore, two phase transitions– evapora-
tion and condensation involve either consuming or evolving enthalpy of transition
and change in entropy. If the enthalpy of evaporation is ∆Hvap, the transition tem-
perature is Ttr, and the changes in the vapor and entropy during the evaporation are
∆Vvap and ∆Svap, respectively, the vapor pressure (P) at that temperature (T) is given
by the Claperyron equation,

dP
dT

=
∆Svap

∆Vvap
=

∆Hvap

Ttr∆Vvap
(2.18)

It is to be noted that this kind of transition occurs at constant atmospheric pressure.
So, the latent heat of evaporation or condensation can be related to the enthalpy
change as ∆Q = ∆Hvap at constant pressure. Since the molecular arrangement and
packing of the molecules get disturbed during this transition, this change is accom-
panied by ∆Svap. Therefore, evaporation is an endothermic process as ∆Hvap >

0 (heat is consumed), and condensation is an exothermic process as the heat is
evolved. From eq. 2.18, we can write ∆Svap =

∆Hvap
Ttr

. This implies that ∆Svap > 0, i.e.,
the degree of molecular order decreases as the change of entropy increases during
the evaporation process, and vice versa for the condensation process.

It is worth mentioning here that evaporation and condensation are examples of the
first-order phase transitions. If the Gibbs free energy (G) is continuous but its first
derivative to T, i.e., ( ∂G

∂T ) is discontinuous across the phase transition, the slope of
G(T) in the solid region will be different from the liquid region. Therefore when
the first derivative of any free energy w.r.t. any of the dependent thermodynamic

https://www.gunt.de/en/
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variables is discontinuous, it is called “first-order phase transition". The “second-
order phase transition" is when the free energy and its first derivative is continuous
but not its second derivative. One of the examples includes the transition of order-
disorder in the paramagnetic materials.

To get insights of the drying (evaporation) process in a sessile droplet, it is important
to understand what we mean by the term “vapor pressure". Above the surface of
the liquid, there is always some amount of gaseous liquid. When the system is open,
there are enough molecules at the liquid’s surface that try to escape. Consequently,
the number of escaping molecules becomes larger than the number of molecules
coming back from the gaseous to the liquid phase. In this case, vapor pressure is
small and far from saturation. As time progresses, the number of molecules escaping
and returning becomes equal. At this point, we say that the vapor pressure over the
liquid water is saturated.

Equations governing drying sessile droplet

The underlying mechanism in the drying droplets is modeled analytically and nu-
merically by several researchers (Tarasevich and Ayupova, 2003; Tarasevich, 2005;
Masoud and Felske, 2009; Barash et al., 2009; Maki and Kumar, 2011; Bouchenna
et al., 2017; Hu and Larson, 2002; Popov, 2005; Hu and Larson, 2005). To do so,
researchers often use lubrication approximation. It assumes a solid and flat sub-
strate on which a partial-wet droplet is deposited. The fluid film is thin enough such
that R

h � 1 (Eales et al., 2015). Nevertheless, it becomes a challenging task when
these colloids self-interact (Tarasevich, 2004; Tarasevich and Ayupova, 2003). This
self-assembly is typical in most of the bio-colloids, such as protein, serum, plasma,
blood, etc. Since this dissertation is mainly focused on the experimental studies of
the drying droplets, the mathematical derivation or finding the analytical solutions
are beyond its scope. However, we will discuss some of the assumptions and end-
results here. The following text is adopted from the Ph.D. dissertation, “Lysozyme
pattern formation in evaporating droplets" (Gorr, 2013).

h

FIGURE 2.3: Schematic of the sessile droplet’s geometry and coordinate system. This
schematic is inspired by Gorr, 2013.

The evaporation model is based on the fact that the Bo < 1, which implies that the
droplet initially has the shape of a spherical cap. The forces are mostly dominated
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by the surface tension, and the gravitational force is negligible. This is the most ac-
ceptable model where the droplet is pinned to the substrate by maintaining constant
contact radius, i.e., the radius of the droplet R stays the same, whereas the volume
and the height changes with time (Deegan et al., 1997; Popov, 2005).

Figure 2.3 illustrates a schematic of a droplet deposited on the smooth substrate
with a dynamic contact angle [θ(t)]. Assuming spherical cap geometry, and r∗ is the
radial component of the coordinate system, the height of the droplet, h(r∗, t) is,

h(r∗, t) =

√
R2

sin2θ(t)
− r∗2 − R

tanθ(t)
(2.19)

The volume of the droplet also varies with time. So, the V(t) can be expressed by,

V =
∫ R

0
2πRh(r∗, t)dr∗ (2.20)

This gives,

V =
πR3

3 sin3θ(t)
[1− cosθ(t)]2 [2 + cosθ(t)] (2.21)

It is to be noted that we intentionally put r∗ so that the readers don’t confuse with
the fluid front radius in the later chapters, which is denoted by r. The complete
calculation for the volume and the surface area of the spherical-cap shaped droplet
can be found in https: // mathworld. wolfram. com/ SphericalCap. html

To find the evaporation rate, we need to understand what happens at the liquid-
vapor interface. The droplet is deposited and kept under ambient condition, so, the
liquid evaporates into the ambient air. Because of the shape, the vapor concentration
is not uniform, it has a nonuniform distribution. As discussed the thermodynamics
concept of phase transition (i.e., evaporation), the local vapor concentration of liquid
(c) need to be equal to its saturation value (cvap) at the interface of the liquid-vapor.
Far above the droplet, the vapor concentration approaches an ambient value Hcvap,
where H is the relative humidity of the ambient air. Therefore, the difference in their
vapor concentrations (∆c) is given by,

∆c = cvap(1− H) (2.22)

This drives the evaporation of liquid (here water) into the air, according to the diffu-
sion equation,

∂c
∂t

= Dv∆c (2.23)

https://mathworld.wolfram.com/SphericalCap.html
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where Dv is the vapor diffusivity.

Since the time taken for the vapor concentration to saturated value is very less than
the drying time, this process can be assumed it as the quasi-steady state. Therefore,
we can neglect the term in the left hand side of eq. 2.23, and obtain the Laplace
equation,

∆c = ∇2c = 0 (2.24)

If J is the vapor mass flux originated due to the drying process, i.e., the evaporative
mass loss per unit surface area per unit time and its functional form depends on the
rate limiting factor, the local evaporation flux (~J(r∗, t)) at the air-liquid interface is
given by,

~J(r∗, t) = Dv∇c (2.25)

This equation can be solved by using toroidal coordinates and special functions
(Popov, 2005) or by finite element method (Hu and Larson, 2002; Hu and Larson,
2005), or by analytically (Deegan et al., 1997). Therefore, the evaporation rate can be
computed as,

J(r∗) =
2Dv

πRgT
MwPvs√
R2 − r∗2

(2.26)

where Mw is the molar mass of water, Pvs is the saturation water vapor pressure, Rg

is the ideal gas constant.

Various modes of drying

(I) (II) (III)

FIGURE 2.4: Illustration of different modes of the drying process: (I) Constant Contact
Radius (CCR), (II) Constant Contact Angles (CCA), and (III) Mixed Mode (MM). This

schematic is inspired by Zang et al., 2019.

Fig. 2.1 describes the different interfaces and TPCL of the droplet deposited on the
solid substrate. According to the evolution of the contact angle and the TPCL, dif-
ferent drying modes are proposed [see Figure 2.4(I-III)]. For example, (I) Constant
Contact Radius (CCR) mode in which only the contact angle reduces as time pro-
gresses. The diameter of the droplets (or the contact radius) remains constant dur-
ing the drying process. (II) Constant Contact Angle (CCA) mode when the contact
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radius of the droplet reduces with drying time without changing its contact angle.
However, these CCA and CCR modes are the two extreme cases. We generally ob-
serve that both the contact angle and the contact radius move simultaneously as the
drying process evolves. This mode is known as the Mixed Mode (MM).

It is worth mentioning that the colloidal droplets get pinned to the substrate, im-
plying that the contact radius cannot shrink with drying time. In general, the bio-
colloidal droplets show CCR mode. However, it is noticed in our studies that there
is a “fluid front" that moves from the periphery to the central region despite hav-
ing a constant contact radius. We believe that these modes could also be described
based on the fluid front radius and the contact angle evolution [see one of our pub-
lished papers (Pal et al., 2020a)]. We also have found different terminologies for this
“fluid front". Sometimes, this front is also called a “sol-gel" front, “transition front",
or “gelation front" depending on the system and its textural behavior. Therefore, the
terminology is contextual, and the reader should pay attention while defining it. We
find the “fluid front" is more appropriate in our studies as this front carries solute
particles/materials with it as the solvent (water) leaves from the system.

2.4.3 Different flow mechanisms

In general, convection is a process for transferring the mass or heat due to the bulk
movement of the molecules in the fluid. The convection might involve diffusion
(non-directional heat or mass transport), advection (directional heat or mass trans-
port), or both. Depending on the droplet type and its wettability to the substrate, the
convection can be caused for different reasons. For example, in the pendant droplets
and the sessile droplets deposited on the superhydrophobic substrate (θ > 150 ◦),
the convective currents can be generated due to the vertical gradients. This makes
sense (in the sessile droplet configurations) because the circulation of the currents
will be generated more due to the greater droplet height (h � R) near the center.
Due to this high curvature-shaped droplets, the evaporation flux is non-uniform–
the highest near the apex and the lowest near the periphery. This kind of convection
arising due to temperature is known as “buoyancy convection". In such situations, a
characteristic dimensionless number, “Rayleigh number" (Ra) is widely used by the
fluid dynamics community.

Ra =
gβ

νDT
(Ts − T∞)L3 (2.27)

where Ra is the Rayleigh number, DT is the thermal diffusion coefficient, β is the
thermal expansion coefficient, Ts is the surface temperature, and T∞ is the tempera-
ture very very far from the surface.
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Capillary flow Marangoni flow

FIGURE 2.5: Schematic of different flows develop during the drying process when the
droplet is deposited on the solid substrate. This illustration is inspired by Tarafdar et

al., 2018.

Coffee-ring effect and Capillary flow

Another type of convection is the “capillary convection" where a gradient of the
Laplace pressure generates when there is any change (distortion) in the droplet
shape. This convection can generate both inward and outward flow inside the droplet.
A new quantity, the Laplace number (La) is introduced that is defined as the ratio of
the γ to the momentum transport in a fluid.

La =
ρlγlv

η2 (2.28)

The “coffee-ring" effect is a well-known physical mechanism in a drying sessile col-
loidal droplet after the paper. “Capillary flow as the cause of ring stains from dried
liquid drops" was published (Deegan et al., 1997). The study, including the mathe-
matical analysis, shows that the evaporation rate is the highest near the periphery
due to the curvature of the droplet. The colloidal particles present in the droplet are
transported towards the periphery by the outward radial flow [also known as “cap-
illary convection" (see Figure 2.5)] to compensate for the excessive mass-loss. This
transport will deposit more particles near the periphery than the central region. This
deposition of the particles will develop a ring, called “coffee-ring" effect. Though this
study provided a concrete analytical analysis, this observation is not that new. Ray
Goldstein, the Professor at the University of Cambridge, UK described in his paper
(Goldstein, 2018) that the botanist Robert Brown, who is well-known for the Brow-
nian motion, scooped ∼170 years ago that the drop evaporation leads to outward
flows transporting the particles near the periphery.

However, this coffee-ring effect becomes a problem as it is not recommended for
industrial applications, such as printing, microarrays, etc. Therefore, this inhomoge-
neous particle deposition needs to be prevented. In other words, the effect needs to
be suppressed. We can achieve this by using hydrophobic substrates, electrowetting,
generating solutal and thermal Marangoni flows or introducing external fields (Hu
and Larson, 2006; Eral et al., 2011; Li et al., 2015; Mampallil et al., 2015).
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Marangoni flow

The capillary convection can also originate from the surface tension gradient along
the surface of the droplet. This is known as “Bénard–Marangoni convection" (or
Marangoni flow). This gradient of surface tension can be induced by either tempera-
ture (referred as “thermal Marangoni") or the solute concentration (referred as “solu-
tal Marangoni"). The thermal Marangoni number (MaT) and the solutal Marangoni
number (Mac) for thermal and the solutal Marangoni flow are used respectively.
MaT is defined as the ratio of the surface tension (γlv) induced by a temperature
gradient along the free surface to the adhesive force. The temperature (T) is just
replaced by c in Mac.

MaT = −dγlv

dT
L∆T
ηDT

(2.29)

Mac = −
dγlv

dc
L∆c
ηDc

(2.30)

Besides these flows, the interfacial flows are observed in the drying sessile droplets
for θ > 90 ◦. Due to the high contact angles, the evaporation rate is higher at the
droplet apex when compared to its periphery. The particles at the air-liquid in-
terface prefer to move from the apex (higher curvature) to the periphery (lower
curvature), and the particles accumulate near the periphery (Mondal et al., 2018).
There is another interesting study found in the literature which implies that the dif-
fusion (here, non-directional bulk-flow for mass transport), advection (here horizon-
tal mass transport towards the periphery), and the capillary attraction (the ordered
arrangement of the particles particularly induced by the capillary forces near the
three-phase interface)– all three are responsible for emerging the patterns in the dry-
ing droplets which are partially-wet to the substrate (θ < 90 ◦) (Kolegov and Barash,
2019). These studies imply that more experimental data is needed to understand the
sessile droplets’ underlying flow mechanisms.

2.4.4 Colloids and their interactions

Since our work involves bio-colloidal samples, it is good to know some colloidal in-
teractions, which play an important role in deciding the patterns. This text is mainly
adopted from the Ph.D. dissertation (Gerber, 2020) and http: // www. colloid. ch/ .

A dispersion forms when the particles (either solid, liquid, or gas) disperse (dis-
tribute) in a continuous phase (solid, liquid, or gas). The term “colloid" refers to the
particles that range from ∼1 nm to ∼0.1 µm. Depending on the phase or the par-
ticle types, we observe different colloidal dispersions. For example, when the solid
particles are dispersed in the liquid, it is called a suspension. The liquid-liquid dis-
persion is commonly known as emulsions. In contrast, when the gaseous particles

http://www.colloid.ch/
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are dispersed in the liquid phase, we have foams. The aerosol is made with solid-gas
dispersion. In our studies, the colloidal particles are dissolved/suspended to form a
uniform homogeneous mixture.

It is to be noted that the dispersion is thermodynamically unstable because the free
energy of the system (dispersed solution) is higher than that of the corresponding
bulk material. If there is no energy barrier, the dispersed phase can transit to a lower
free energy state spontaneously to minimize its surface energy. During this, the par-
ticles randomly collide with each other (popularly known as Brownian motion) in
the medium. The average energy is on the order of ∼kBT, where kB is the Boltz-
mann constant, and T is the absolute temperature. If the energy barrier is higher
than ∼kBT, the dispersion will remain unstable indefinitely.

The stability depends on various factors; for instance, the particles might sediment
depending on the viscosity, size (due to their aggregation), and/or density. The light
scattering technique is mostly used to determine the stability by measuring the size
distribution of the particles dispersed in the system. Therefore, it is important to
know how to stabilize these colloidal dispersions. The colloidal stability is mainly
contributed by the interparticle interactions and their aggregation processes.

DLVO interaction

This assumes that the total energy (Wd) can be written as the addition of the two in-
teraction terms, namely, van der Waals (Wv) and double layer interactions (Wl). This
is first developed by B. Derjaguin. The work was extended by L. Landau, E. Verwey
and J. Overbeek, which popularly known as Derjaguin Landau Vervey Overbeek
(DLVO) interaction. Therefore,

Wd = Wv + Wl (2.31)

The van der Waals interactions are the long range interactions (when compared
to the particle radius), mostly present in all the colloidal systems. The movement
of electrons around the nuclei forms fluctuating dipoles, which in turn affects the
neighboring molecules due to the coupling between each other. This develops to an
attraction force (London dispersion force). It can be defined as,

Wv = − A
12πs2 (2.32)

where s is the surface separation of the two colloidal particles on which the force is
acting. The negative sign indicates that the interaction is attractive as the Hamaker
constant (A) is a positive value. It is clear from eq. 2.10 that the surface rough-
ness might affect (reduce) the interaction. The other contribution is important to
encounter the charging effects. The surface charges (i.e., the charges which are
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distributed on the surface of the colloidal particles) are typically balanced by the
counter-ions (i.e., the oppositely charged ions present in the media or solution). This
balance occurs by diffusion forming an ionic atmospheres surrounding each parti-
cle, called the diffuse double layer. This layer overlaps when these particles come
very close to each other. Ideally, two extreme cases can happen: the surface charges
changes and the surface potential remains constant or vice-versa. Therefore, the
double layer interaction can be approximated as

Wl = −
2λdσ+σ−

ε0ε
exp(

−s
λd

) (2.33)

where σ+ and σ− are the surface charge densities per unit area of the two particles,
ε0 and ε are the permittivity of vacuum, and the dielectric constant of water, respec-
tively. λd is the Debye length or Debye screening length, which is given by,

λd =

√
kBTε0ε

2q2NA I
(2.34)

where NA is the Avogadro constant, q is elementary charge, and I is the ionic strength
of the solution. This λd reduces in the process of the aggregation of the particles
when the droplet contains salts or ions. It is to be noted that λd is the distance from
a particle where the electrostatic interaction falls to 1/e. Therefore, a high salt con-
centrated solution has a smaller λd, and vice versa. The I is given by

I =
1
2 ∑

i
z2

i ci (2.35)

where zi and ci are the valence and concentration of the ith ion present in the solu-
tion, respectively.

This ionic strength (I) is widespread when we work with the protein-saline solution.
Though the system’s properties rely on the protein nature, pH, temperature, the
main contribution is the salts’ ionic strength. While performing experiments, two
scenarios are generally observed– either the solubility of proteins increases slightly
or drops sharply. The former is known as the “salting-in" effect, and the latter is
“salting-out". Therefore, it is often recommended to choose the concentration of the
salts (or buffer) while making the protein-saline solutions; otherwise, these proteins
can precipitate out in the solution.

Self-assembling interaction

Self-assembly is defined as the organization of the structures (patterns) without any
guidance or intervention from outside or humans. It can be classified into differ-
ent types based on the criteria (such as static or dynamic, spontaneous or directed,
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etc.). Since it varies from molecular, mesoscopic to macroscopic length scales (White-
sides and Grzybowski, 2002), it is often classified into molecular and mesoscopic,
and macroscopic self-assembly. It is worth mentioning here that these concepts are
very interconnected and contextual. Therefore, it is not obvious to have a concrete
definition for each class of self-assembly; however, we will try to provide a clear
picture by limiting ourselves to the context of biology. One type of self-assembly to
the biological relevance is commonly known as “molecular self-assembly" (White-
sides and Boncheva, 2002). It involves a spontaneous assembling mechanism where
the costable structured aggregates can form through non- or weak-covalent inter-
actions. The electrostatic and van der Waals interactions mostly govern this kind
of self-assembly. In this class, the aggregated structures and properties are deter-
mined by the individual molecules’ nature and state. It can be further divided into
intra- and intermolecular self-assembly. The classic example of intra-molecular self-
assembly is the protein folding forming the secondary and tertiary structures [see the
schematic of Figure 2.6 (McManus et al., 2016)]. In contrast, the micelle formation
by surfactant solution is a well-known example of inter-molecular self-assembly. In
a different context, the same molecular self-assembly can be divided into static and
dynamic. The formation of the ordered structures in the static self-assembly often
requires energy, whereas the dynamic self-assembly occurs only when the system
dissipates the energy.

FIGURE 2.6: Schematic of self-assembly in proteins.

There is another class of self-assembly, called “assisted or directed self-assembly"
(Whitesides and Boncheva, 2002; Whitesides and Grzybowski, 2002). These are
mostly thermodynamically irreversible processes where the final products (once
formed), can’t be reversed back to the intermediate states. Here, the aggregated self-
assembled structures might be different from the initial components present in the
system. These systems are exciting to study as the controlling factors are not often
rationalized and could explain the hierarchical structures observed in nature. In this
dissertation, we view the self-assembling interactions as the directed self-assembly
and at the higher length scales (which also falls under the category of mesoscopic
and macroscopic self-assemblies). This kind of high-length scaled assemblies are not
spontaneous and are often directed, i.e., induced or assisted by external factors, such
as capillary, magnetic forces, etc. However, it is worth mentioning that the reader
should not be confused with the evaporation-induced self-assembly (EISA) that is
a commonly used method to obtain mesophase of ordered crystalline structures at
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various length scales. In our study, different flow mechanisms direct the particles
to self-assemble between each other and to form assembled structures on the sub-
strate. For example, we are interested in knowing how the aggregated structures
(at the mesoscopic and macroscopic length scales) are related to the native states
(properties) of the individual components; for example, the formation of the den-
drite structures in the drying droplet of protein-saline solution. Therefore, in our
dissertation, we will try to understand: (i) how the capillary flow during the dry-
ing process directs or assists the formation of these self-assembled structures, and
(ii) how these structures depend on the particle-particle and particle-substrate in-
teractions provided that the droplets (systems of interest) are dried under uniform
conditions (relative humidity, temperature, substrate, droplet size, etc.).

2.5 Deposited Crack Patterns

The formation or the evolution of the cracks could be described as a part of the dry-
ing process. However, it is considered separately because we are more interested
in different morphological crack patterns (once the droplet completely dries). This
section is based on the book, “Desiccation Cracks and their Patterns" (Goehring et
al., 2015), unless stated. We will briefly describe the fracture mechanics but limit
ourselves to the mechanical interpretations. Since we could not measure the heights
of the dried bio-colloidal films, it is beyond our dissertation’s scope to experimen-
tally verify the scaling laws and/or dependent factors that we will describe in this
section.

As mentioned earlier in Chapter 1, the pinning of the droplet to the substrate near
the periphery develops frustration and mechanical stress in the film. When the en-
ergy exceeds the critical energy, a crack nucleate. The nature of stress and strain
energy determines the properties of the cracks. These cracks or crack patterns are
understood mostly by making the analogy with the cracks in the brittle materials;
however, it is to be noted that the origin of the cracks in these two cases is differ-
ent. In the colloidal dried film, the cracks originate from releasing the underlying
developed stress induced due to excessive loss of solvent from the pinned droplet.
In contrast, the cracks nucleate from the pre-existing flaw in the brittle solid.

We observe different types of crack patterns in the colloidal deposited films, such
as linear, radial, orthoradial, spiral, wavy, etc. We will study some of these cracks
in our later chapters in the context of different drying colloidal droplets. However,
studying these (crack) patterns, it is found that we can measure them quantitatively
to understand their origin and propagation. Some of them include the distance be-
tween two consecutive cracks [crack spacing (xc)], thickness or height of the cracks
(hc), crack length (lc), the width of the cracks (λc), and so on.
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(II) (III)(I)

FIGURE 2.7: Different modes of Crack propagation: (I) Mode I (Crack opening), (II)
Mode II (In-plane), and (III) Mode III (Out-of plane). The arrows dictate the direction

of the mechanical stress.

Many researchers studied the fracture mechanics in detail and provided different
theories and interpretations to gain some physical insights into these crack forma-
tions. Around 1957, G. Irwin came up with the possible ways (modes) by which
the stress tensor can be applied if the crack’s direction is defined on the crack sur-
face. Figure 2.7(I-III) shows the three modes: Mode I (also called “opening" mode),
where the tensile stress acts normal to the plane of the crack. Mode II (also known
as “sliding" mode), where the shear stress acts parallel to the plane of the cracks but
perpendicular to the crack front. Mode III (also called “tearing" mode), where the
shear stress acts parallel to both the plane of crack and crack front.

Now that we know the cracking modes, we need to know how the path is selected
for the crack propagation. Again there are different theories, but here will only dis-
cuss Griffith’s criterion. Let us try to understand the crack propagation thermody-
namically. He pointed out that the energy required for any fracture usually comes
from the stored strain energy around the crack. The crack has to release the tension
accumulated at the crack vicinity. By now, it is clear that the strain energy release
rate depends on several factors such as the path history, position of the crack, the ori-
entation of the path, etc. Therefore, each path (no matter which one is being taken:
growing straight, curving, waving, etc.) will have a particular energy release rate
and energy cost.

Let us define the rate of change of the strain energy for an increase of the crack
surface area (A) as G, and the energy cost as Gc. Then, three different situations are
possible.

G− Gc < 0 (2.36)

G− Gc = 0 (2.37)

G− Gc > 0 (2.38)

If the eq. 2.36 holds, the crack has not enough strain energy to propagate. Since the
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propagation will lower the free energy, the crack will prefer not to grow, and the
crack stops. The eq. 2.37 is the situation where just the boundary condition is made.
At this point, the crack will neither prefer to grow or shrink. That’s why Gc is also
called the critical strain energy release rate. However, before we interpret anything,
we need to see whether the crack is stable or unstable. We can easily find this out by
determining the second derivative of free energy. As obvious, the crack will grow
if eq. 2.38 is satisfied. Therefore, we can conclude that Griffith’s criteria for crack
propagation are,

G = Gc (2.39)

∂G
∂A

> 0 (2.40)

Experimentally, there is a characteristic length scale that can be easily measured or
quantified. This is called the “critical cracking thickness", denoted by hc. The under-
lying concept is the same as discussed above. Though this thickness is dependent
on the nature of the material, especially dominated by film homogeneities, any film
cannot crack if the layer or the film thickness (h) is less than hc. When the h ∼ hc, in-
terestingly, different class of crack patterns are observed; for example, crack nucleate
around flaw and joins symmetrically at 120 ◦.

It is worth mentioning here that we can connect these crack patterns to many direc-
tions. One can use these morphological patterns for fractal studies. The percolation
and network theory can also be related as a function of the colloidal samples. We can
also extend it towards topological defects and network connectivity of the cracks.

2.6 Conclusions

Therefore, the intention of this chapter is not to be exhaustive in reviewing the con-
cepts of the wetting, phase separation, colloidal interactions, cracks, etc. but more to
motivating the readers to consider this chapter in terms of the broader general sense
to understand the underlying physics of the bio-colloidal drying droplets. In the
next chapter, we will describe the materials (bio-colloids) that are used in our stud-
ies. We will also emphasize the protocols adopted to make the samples, different
experimental setups, and the image processing techniques to acquire and analyze
the images during drying and dried films.
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Chapter 3

Materials and Experimental
Methodology*

3.1 Background

This chapter starts with the detailed characteristics of the colloids that are used in
this dissertation. This involves globular proteins [lysozyme (Lys) and bovine serum
albumin (BSA)], human whole blood, and thermotropic liquid crystals (5CB). This
study has used two different solvents [de-ionized water and phosphate buffer saline
(PBS)] for preparing their colloidal solutions. We will discuss the experimental pro-
cedure. For image acquisition, the optical microscopy is used to capture the images
during the drying process, and the dried films. The scanning electron microscopy
is used for investigating the microstructures of the dried films. The wetting of these
droplets on the substrate and their evolution is studied through a contact angle go-
niometer. Finally, the chapter ends with the image processing techniques, such as
determining the crack spacing, fluid front radius, texture evolution, etc.

3.2 Materials

3.2.1 Proteins

Amino acids are the organic compounds containing amino (−NH2) and carboxyl
(−COOH) functional groups with different side chain (R group) specific to the par-
ticular amino acid. A polypeptide is usually made up of a linear chain of the amino
acid residues. The polypeptide can be long or short. If the polypeptide contains 20-
30 residues, it is denoted as the peptide or oligopeptide (rarely denoted as protein).
Therefore, the protein can be defined as one of the macromolecules (biomolecules)
which contains at least one long polypeptide, and its characteristics depends on the
amino acid sequence. There are various types of proteins based on their structure

*The part of this work is published. Pal, A., Gope, A. and Iannacchione, G.S., 2019, December.
Image-Based Analysis of Patterns Formed in Drying droplets. In International Conference on Pattern
Recognition and Machine Intelligence (pp. 567-574). Springer, Cham. (Online ISBN 978-3-030-34869-4).
https://doi.org/10.1007/978-3-030-34869-4_62.

https://doi.org/10.1007/978-3-030-34869-4_62
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and functions. The differences between the globular and fibrous proteins are tabu-
lated in Table 3.1.

TABLE 3.1: Differences between globular and fibrous proteins.

Globular Proteins Fibrous Proteins
• These are compact and spherical

and folded in nature
• Most of their hydroplethobic

residues are buried inside and
charged residues are at surface

• Mainly involved in the
metabolic functions

• Mostly soluble in water
• Highly sensitive to the changes

in pH, temperature, etc.
• Examples: lysozyme, BSA, HSA,

haemoglobin, etc.

• Protein structure of
haemoglobin from Donkey,
DOI: 10. 2210/ pdb1S0H/ pdb

• These are elongated and have
helical or sheet like structures

• Each site of these proteins is ex-
posed to interact with other par-
ticles

• Mainly constitute structural ele-
ment

• Mostly insoluble in water
• Less sensitive to the changes in

pH, temperature, etc.
• Examples: actin, myosin, colla-

gen, keratin, etc.

• Protein structure of the type IX
collagen from human, DOI: 10.
2210/ pdb5CVA/ pdb

As stated above, there are many different types of globular proteins. In this disserta-
tion, the lysozyme (Lys) and bovine serum albumin (BSA) are studied in details. Though
both show the globular nature, their physical characteristics are unique. It is to be
noted that these proteins can be obtained from the various organisms. We purchased
BSA that is a blood protein derived from cows (Genetic name: Bos taurus), and Lys
from chicken egg white (Genetic name: Gallus gallus). The commercial lyophilized
BSA and the Lys are obtained from Sigma Aldrich, USA (Catalog A2153 and L6876
respectively). We can find the exact structure of these proteins from the protein data
bank (PDB) at https: // www. rcsb. org/ . Each protein has its own PDB ID and DOI
to maintain the catalog of the huge number of proteins. The globular shape and sta-
bility of these proteins are attributed to the disulfide bridges, hydrogen bonds, and
hydrophobic interactions among the amino acids. Interestingly, BSA is chemically
identical to the globular albumin protein present in human blood (HSA) (Carter and
Ho, 1994).

It is to be noted that the protein solution can be considered as a complex fluid in
the context of rheology as its concentration and protein characteristics determine
whether it is a non-Newtonian or Newtonian fluid. For example, the same pro-
tein at low concentration behaves like a Newtonian fluid, whereas it becomes non-
Newtonian at the high concentration. This is why many recommend studying the
viscosity as a function of the protein’s initial concentration and nature to understand

10.2210/pdb1S0H/pdb
10.2210/pdb5CVA/pdb
10.2210/pdb5CVA/pdb
https://www.rcsb.org/
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these protein solutions better. However, it is not our study’s motivation; therefore,
it is beyond the scope of this dissertation. Our present study assume that the globu-
lar nature (or the overall tertiary structure) of these proteins is maintained. The key
differences between these proteins are tabulated in Table 3.2.

TABLE 3.2: Differences between lysozyme (Lys) and bovine serum albumin (BSA)
globular proteins.

Lys BSA
• Each Lys has molecular mass of
∼14.3 kDa

• It has roughly spherical shape
• Its dimension is 3.0 × 3.0 ×

4.5 nm3

• It has 129 amino acids in a single
polypeptide chain

• Lys’ isoelectric point of 11.1 al-
lows it to carry a net positive
charge under the present condi-
tions of the study (pH of ∼7)

• Lys has 4 disulfide bridges
• Its denaturing temperature is
∼75 ◦C

• Lys can also be observed in hu-
man mucosal secretions such as
saliva, tears, etc.

The DOI of the Lys structure:
10. 2210/ pdb1HSW/ pdb

• Each BSA has molecular mass of
∼66.5 kDa

• It has ellipsoid shape
• Its dimension is 4.0 × 4.0 ×

14.0 nm3

• It has 581 amino acids in a single
polypeptide chain

• BSA’s isoelectric point is 4.7 al-
lows it to carry a net negative
charge under the present condi-
tions of the study (pH of ∼7)

• BSA has 17 disulfide bridges
• Its denaturing temperature is
∼65 ◦C

• BSA predominantly acts as a
transporter protein in the circu-
latory system

The DOI of the BSA structure:
10. 2210/ pdb3V03/ pdb

3.2.2 Liquid Crystals

The liquid crystals (LCs) are the phases whose properties lie between the solid crys-
talline and the (isotropic) liquid state (De Gennes and Prost, 1993). The molecules
in the solid phase consist of both positional and orientational order. When the solid
changes into the LC phase, these molecules possess orientational order but not the
long-range positional order [see Figure 3.1(I-IV)]. This enables the molecules to flow

10.2210/pdb1HSW/pdb
10.2210/pdb3V03/pdb
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or coalesce like the liquid but simultaneously exhibit anisotropy in their optical and
electrical properties like the solid crystal. However, the liquid phase exists without
having any of these positional and orientational orders [see Fig. 3.1(III)]. However, it
is to be noted that the LC phase has specific electro-optical behavior, which is neither
found in solid and liquid phases. Since the orientational order of LCs is related to
the macroscopic properties, their magnetic, optical, or magnetic properties could be
easily changed by just aligning these LCs in different directions.

(I) (II) (III)

(IV)

FIGURE 3.1: Schematic arrangement describing different phases: (I) solid (II) liquid
crystal (LC), and (III) liquid. The gray-colored ellipsoids symbolize the molecules.
The arrow in the LC phase dictates the average direction of the long axes or the
molecules’ preferred orientation. (IV) An example of nematic LC, 5CB (4-cyano-4’-
pentylbiphenyl) drawn with Jmol (an open-source application for viewing and draw-

ing the 3D chemical structures) http: // www. jmol. org/ .

There are two classes of LCs. The molecules changed to LC phases by changing
the temperature are called thermotropic LCs. In contrast, lyotropic LC phases are
formed by varying the concentration or both temperate and concentration. Most
of the thermotropic LCs are made up of organic molecules that have (i) a rigid core
such as aromatic benzene rings and their derivatives, heterocyclics, sterols, etc., (ii)
side-chains and terminal groups, such as alkyl, alkoxy, carbonyl, nitro, and cyano
groups, etc., and (iv) linkage groups attached between the rings which could be ei-
ther simple bonds or groups, such as ester, tolane, etc. Generally, the lyotropic LCs
are formed by amphiphilic molecules containing a hydroplethilic head and a hy-
droplethobic tail group. It is to be noted that the core can be straight (often referred
to as calamitic or rod-like LCs), disc- or bent-shaped. Typically the LCs are ∼20 Å
long and ∼5 Å wide. Furthermore, another class of lyotropic LCs are found called
chromonic LCs formed by water-soluble molecules containing planar aromatic rings.

http://www.jmol.org/
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Some examples are drugs, dyes, nucleic acids (Lydon, 1998). Interestingly, these ly-
otopic LC phases are commonly observed in the living cells that spontaneously try
to align themselves in the response of the visco-elasticity, micro-phase separation, or
induced mechanical stress near the boundary.

Conventionally, the LC is sandwiched between a glass slide and a coverslip and im-
aged under crossed polarizing microscopy to identify the phases. The homeotropic
oriented LC is obtained when the long axes of the LC molecules (on average) are
found to be perpendicular to the surface of the glass substrate, whereas homoge-
neous or planar alignment is obtained when their long axes lie parallel to the sub-
strate. It is to be noted that the dark brushes (lines of extinction) may appear as
schlieren defect when the nematic LCs are aligned with one of the polarizers under
the crossed polarizing configuration. This defect could be understood when both the
polarizer and analyzer are rotated simultaneously. The black brushes should rotate
without any movement of the extinction point. Typically, two types of point singu-
larities occur– one having four brushes and another having two brushes. Whichever
is the case, it is always recommended to characterize the sign and charge (s) of such
defect. The s is defined as the number of the brushes/4. Therefore, for four-brush de-
fects, s = 1, and for two-brush defects, s = 1/2. The effective way to determine the
sign of s is to rotate the sample stage of the polarizing microscope either clockwise
or anticlockwise keeping the polarizer and analyzer undisturbed. If the brushes ro-
tate in the same direction, s is positive, otherwise s is negative. Thus, s becomes +1
and −1 for four-brush defects, and +1/2 and −1/2 for two-brush defects (Kléman,
1989).

In this dissertation, we have used a well-studied thermotropic nematic LC, i.e., 5CB
(Catalog 328510, Sigma Aldrich, USA) whose structure is shown in Fig. 3.1(IV). The
chemical name is 4-cyano-4’- pentylbiphenyl, also known as 4’-amyl-4- biphenyl-
carbonitrile, 4’-pentyl-4- biphenylcarbonitrile, 4-amyl-4’-cyanobiphenyl. The phase
transition of 5CB from the crystalline to the nematic phase is ∼24 ◦C, and from ne-
matic LC to liquid is ∼35 ◦C. The chemical formula is C18H19N, the molecular mass
is ∼249 gmol−1. It mostly appears cloudy white when it stays in the LC phase but
becomes colorless in the liquid phase. The density in its LC phase is ∼1.008 g mL−1.

3.2.3 Human blood

Figure 3.2(I) shows the schematic of the blood components transported through the
vessel (vein/artery). It is the most complex hierarchical structural non-Newtonian
fluid consisting of plasma (composed of mostly 93% water carrying ions, nutrients,
and 7% proteins) and many cellular components [red blood cells (RBCs) or ery-
throcytes, white blood cells (WBCs) or leukocytes, platelets or thrombocytes] (Flor-
mann, 2017). The RBCs are primarily responsible for oxygen supply to the blood
cells, WBCs guard the body against infections and foreign invaders, and platelets
are mainly involved in blood clotting. However, different types of WBCs such as
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FIGURE 3.2: (I) Schematic diagram dictating the cellular components (RBCs, WBCs,
and platelets) of the human blood transported through the blood vessel (artery/vein).
The various types of WBCs (monocyte, echinophil, neutrophil, basophil) are also
shown. (II) Illustration of the blood centrifuged into different layers. These images

are drawn from https: // biorender. com/ .

monocyte, neutrophils, basophils, echinophils, etc., are present in our blood for pro-
tecting different activities in protecting our cells. A 1 µL of whole blood contains
400 to 500× 104 of RBCs, 0.5 to 1× 104 of WBCs, 14 to 40× 104 of platelets, depend-
ing on the pathological condition of a donor, along with a small amount of plasma
proteins (fibrinogen, immunoglobulins, albumin) and salt ions (Brutin et al., 2011).
The typical size of RBCs, WBCs, and platelets are 6 to 8 µm, ∼15 µm, and 2 to 3 µm
respectively (Bain, 2004). The RBCs are red in color due to the presence of the iron-
containing protein, hemoglobin. Furthermore, RBCs contain a membrane as well.
A membrane is made of 19.5% water, 39.6% proteins, 35.1% lipids and 5.8% (w/w)
carbohydrates (Yawata, 2006). It is to be noted that the “whole" term signifies that
the human whole blood consists of both plasma and cellular components. However,
in reality, the whole blood could separate into three parts if kept undisturbed in the
test tubes due to their density differences. The common method used for the in-vitro

https://biorender.com/
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experiments is the centrifugation [see Fig. 3.2(II)]. This process results in three dif-
ferent layers: plasma in the top, buffy coat (containing WBCs and platelets) in the
middle, and RBCs in the bottom (Flormann, 2017).

FIGURE 3.3: Schematic shapes of different forms of RBCs (erythrocytes) in the
human blood: (a) Normal RBC (bi-concave shaped), (b) Flowing RBC (slipper
shaped), (c) Flowing RBC (parachute shaped), (d) RBC in the hypotonic environ-
ment, (e) Echinocyte, (f) Sikled shaped RBC. These images are drawn from https:

// biorender. com/ .

It is also important to know that these cellular components in the blood can alter
their shapes in response to the toxicity or pH (hypertonic or hypotonic environ-
ment) or shear stress (Gregory, Stevens, and Fraser, 2017). For example, the healthy
RBCs are of bi-concave or discoid shape; however, these transform into different
forms such as ellipsoidal, echinocyte (a round shape with short blunt spicules), sickle
(crescent moon), teardrop, etc. (Yawata, 2006) [see Figure 3.3(a-f)]. For the in-vitro
experiments, it is found that the transformation of discoid to echinocyte shape could
be due to the contact of the RBCs with substrates like glass or plastics. This change is
not yet known; however, one could argue the reason as the electrostatic interactions
(which will be discussed in chapter 6 in detail). For the in-vivo case, such a variation
is observed when the person undergoes a cardiopulmonary bypass or decompres-
sion phase (Flormann, 2017).

On the other hand, the WBCs are white in color and generally contain irregular and
nucleated structures. These structures can transform themselves into different func-
tional forms, irregular troughs and ridges (microvilli structures) (Newell, Roath, and
Smith, 1976; Yang, 1989). The platelet, when inactivated (or in resting phase), follows
a discoid and an anuclear structure but changes into its spread form with extended
filopodia on its activation [see Fig. 3.2(I-II)]. The cytoskeleton of platelets is com-
posed of actin and actin-binding proteins; these can polymerize and activate those
platelets in response to the environmental or chemical signals (Gregory, Stevens, and
Fraser, 2017).

https://biorender.com/
https://biorender.com/
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The whole human blood used in this dissertation is already mixed with Na-Citrate
anticoagulant (Catalog 7203706, Lampire Biological Laboratories, USA). These blood
samples are used without any further chemical processing except for dilution with
de-ionized water (DI) or phosphate buffer saline (PBS). The anticoagulants inhibit
most of the platelets from aggregation and prevent the coagulation of the blood. It
must be noted that the dilution of the whole blood could change the native environ-
ment of the blood’s components. It is beyond the scope of this dissertation if any
changes in their structures happen prior to the drying process. Therefore, the im-
ages are captured soon after the sample preparation to avoid further complications
(if any). It is also important to know that the dilution of the whole blood can make
it Newtonian fluid as the dilution reduces the number of cellular components in the
blood. We understand that testing the viscosity at different shear rates can provide
us the complete picture; however, it is beyond the scope of this dissertation.

3.2.4 Solvents

Two different solvents are used in our study of drying droplets of the colloids. One
is the de-ionized water (Millipore, a resistivity of 18.2 MΩ.cm, viscosity of 0.897 mPa
s, density of 0.9970 g mL−1 at 25 ◦C). Another one is phosphate buffer saline (PBS),
containing a mixture of different salts. The Table 3.3 describes the salt concentrations
(in mg mL−1) for each of the PBS (from 0.25 to 10x). Different concentrations are pre-
pared by adding the de-ionized water to the PBS. For example, 1x PBS has an initial
concentration of 0.137 M NaCl, 0.0027 M KCl, and 0.119 M phosphates that main-
tains a pH of 7.3− 7.5. 1x and 10x (Catalog No BP243820, and BP39920, respectively)
are purchased from Fisher BioReagents, USA. 1x is used to prepare 0.25x, 0.5x, 0.75x,
whereas 10x is used for 2x and 5x.

TABLE 3.3: It describes the amounts of salts (in mg mL−1) present in different initial
concentrations of phosphate buffer saline (PBS).

Salts 0.25x 0.50x 0.75x 1.00x 2.00x 5.00x 10.00x
NaCl 2.00 4.00 6.00 8.00 16.00 40.00 80.00
KCl 0.05 0.10 0.15 0.20 0.40 1.00 2.00

Na2HPO4 0.36 0.71 1.07 1.42 2.84 7.10 14.20
KH2PO4 0.06 0.12 0.18 0.24 0.48 1.20 2.40

The drying evolution of the droplets at various initial concentrations of PBS from
0x to 10x are imaged under the bright-field optical microscopy [see Figures 3.4-3.7(I-
II)]. The water evaporates from all these droplets during the drying evolution. The
0x means that the solvent is the de-ionized water. As expected, it does not show any
residue, whereas the deposits’ formation changes from 0.25x to 10x. The appearance
of the salts and their crystal formation vary as the initial concentration increases.
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FIGURE 3.4: Drying evolution of the droplets containing the only solvent at different
initial concentrations of phosphate buffer saline (PBS): (I) 0x, and (II) 0.25x. The 0x

means that the solvent is the de-ionized water.
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FIGURE 3.5: Drying evolution of the droplets containing the only solvent at different
initial concentrations of phosphate buffer saline (PBS): (I) 0.50x, and (II) 0.75x. The

scale bar is of length 0.2 mm.
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FIGURE 3.6: Drying evolution of the droplets containing the only solvent at different
initial concentrations of phosphate buffer saline (PBS): (I) 1.00x, and (II) 2.00x.
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FIGURE 3.7: Drying evolution of the droplets containing the only solvent at different
initial concentrations of phosphate buffer saline (PBS): (I) 5.00x, and (II) 10.00x. The

scale bar is of length 0.2 mm.
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3.3 Experimental Procedure

(V)

FIGURE 3.8: Schematic diagram describing the experimental procedure: (I) A re-
quired concentration of the sample solution is prepared. (IV) The solution is pipetted
as a droplet on the substrate. (V) The substrate is kept on the sample stage of the
optical microscope. (VI) A camera is attached to the microscope and the computer
capturing the images of the drying droplets and dried films. It is to be noted that the
steps of (II) and (III) are required only for the protein-LC solution. The LC is heated on
the hot plate just above its transition temperature and added to the protein solution.
(VII) is specific to the temperature study of the drying droplets, where the substrate
temperature is tuned with the temperature controller. A hot stage is mounted on the
microscope’s sample stage, set to the desired observation temperature for a couple of

hours before sample placement.

Different initial concentrations of the protein solutions are prepared by weighing
various amounts of proteins with a weighing balance and dissolving it with different
volumes of solvents (either de-ionized water or PBS). It is to be noted that these bio-
colloidal systems might depend on the history of the sample preparation. Therefore,
it is always kept the same throughout the dissertation, i.e., the solvent is prepared,
and the solute is dissolved in that solvent. The initial concentration of these samples
is quantified as weight percentage (denoted as wt%). It is calculated as the mass
of the solute divided by the mass of the solution and converted into a percentage
by multiplying it by 100. For preparing the blood samples, different volumes of
the blood are prepared by adding de-ionized water or PBS into the whole blood.
These samples’ initial concentration is quantified as volume percentage (denoted as
(v/v)%). The whole blood is considered as 100 (v/v)% and the blood is diluted from
85 to 12.5 (v/v)% [see Figure 3.8(I)].

Once the protein solution is prepared, the LC is heated just above the LC-liquid tran-
sition temperature (> 35 ◦C) and added to the protein solution. Different volumes
of LC are added into the protein solutions [see Figs. 3.8(II-III)]. It is to be noted that
these LCs were used in bulk without any prior alignment to the substrate (either par-
allel or perpendicular). Further, an LC and de-ionized water solution are also made.
Only the the LC-protein and LC-DI samples are ultrasonicated before pipetting the
droplets on the substrate.
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A volume of ∼1 µL of sample is pipetted on a fresh microscopic coverslip (Catalog
48366-045, VWR, USA) to form a circular droplet of radius ∼1 mm at the room tem-
perature of∼25 ◦C, and relative humidity of∼50 % [see Fig. 3.8(IV)]. This procedure
ensured that every droplet is precisely exposed to the same substrate conditions, and
environmental conditions, and helped achieve uniform reproducibility of 3-4 repe-
titions. The time-point when the droplets are deposited on the coverslip is marked
as the start-time of image acquisition. It is to be noted that the samples are prepared
immediately before imaging under optical microscopy.

The substrate is placed on the optical microscope sample stage [see Fig. 3.8(V)]. A
camera is attached to the microscope which captures the images, and visualized
in the computer [see Fig. 3.8(VI)]. For temperature-controlled studies, a hot stage
mounted on the same microscope which had been set to the desired observation
temperature for a couple of hours prior to the sample placement. These pipetted
droplets are transferred to the hot stage within ∼45 seconds and equilibrated to the
set temperature within about 10 seconds. The temperature controller (Model 340,
Lake Shore Cryotronics, MA, USA) is set at different temperatures [see Fig. 3.8(VII)].
It is worthwhile to mention that the T should be less than the denaturing tempera-
ture (Td) of the sample as their structures and functions might get transformed above
Td. The Td of the human blood, BSA, and Lys is ∼45 ◦C (Huang et al., 2017), ∼65 ◦C
(Giancola et al., 1997), and ∼75 ◦C (Gorr, 2013).

3.4 Image Acquisition

3.4.1 Optical microscopy

The optical microscopy technique is the oldest but considered a powerful technique
to date to visualize soft matter-like systems (Born and Wolf, 2013; Fernandez-Nieves
and Puertas, 2016). It uses light and a group of lenses to generate the magnified
images of the small objects, here, ∼2 mm diameter droplets. Typically, the crossed
polarizing configuration is used for observing different phases and measuring the
birefringence of the anisotropic materials (such as LCs). In most optical microscopes
(including ours– Leitz Wetzlar, Germany), the incident light comes from the tung-
sten microscope bulb. The light then passes through a linear polarizer (an optical
filter that allows the light of a specific polarization) and condenser (a set of lenses
that converges and aligns the light with being passed through the microscope aper-
ture and the sample). It then hits the sample, and the light transmitted from the
sample progresses through an analyzer (another linear polarizer). Finally, the image
is captured by the camera attached to the microscope. It is to be noted that when
the analyzer and the polarizer are perpendicular to each other, it is called crossed
polarizing configuration (Fernandez-Nieves and Puertas, 2016). In contrast, if we
remove any of the polarizers, the same microscope can be used as the bright-field
configuration. The images of the samples containing LCs are taken between crossed
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polarizers, whereas the samples without LCs are imaged under the bright-field con-
figuration.

The time-lapse images are captured at every two seconds in a transmission mode
polarizing optical microscope using a 5× magnification or objective lens (with nu-
merical aperture, NA = 0.10). An 8-bit digital camera (MU300, Amscope, USA) at-
tached to the microscope captured images at a fixed resolution of 2048× 1536 pixels.
This camera in color profile mode assigns intensity values from 0 to 255 in each color
of red, green, and blue (RGB) pixels for the image acquisition. It is to be noted that
the lamp intensity needs to be kept fixed throughout the experiment to minimize
the fluctuations in the background (coverslip) intensity. The morphology of the final
dried samples is always captured after 24 hours (Gorr, 2013).

3.4.2 Contact angle goniometer

FIGURE 3.9: Schematic diagram describing the contact angle goniometer. The high-
resolution camera, the light source, and the sample holder are placed on the undis-
turbed rail throughout the experiment. A computer is attached to the camera, and the

installed software is used to measure the contact angle.

The contact angle of the prepared samples is measured during the drying process by
the contact angle goniometer (Model 90, Ramé-hart Instrument Company, USA) to
check the wettability of these droplets at the room temperature of ∼25 ◦C, and rel-
ative humidity of ∼50 %. Figure 3.9 shows the schematic arrangement of the setup.
The high-resolution camera is used to capture the side-view of the drying droplets.
A light source is placed opposite the sample for clear visualization. The sample
holder, camera, and light source are placed on the rail that is undisturbed through-
out the experiment. A computer is attached to the camera where the software is
installed from the Ramé-hart Instrument Company. To determine the contact an-
gle (θ), a baseline (shown by red dashed line on the surface of the droplet in Fig. 3.9)
needs to be created on the computer screen. For acquiring the angles from both sides
of the droplet, two vertical baselines need to be drawn in the center of the droplets.
The time-lapse data is collected oat every two seconds. Since the θl and θr do not
show any significant differences, the average of two values is used as θ(t) through-
out our study. Each experiment is repeated twice to ensure the reproducibility of
the contact angles and the radius of the droplets. We also ensured that the differ-
ent events occur around the same time during the drying process and kept a record
of the total drying time. It is important because we have used this contact angle
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data and the fluid front data (calculated from the optical microscopy images under
ambient conditions) to reveal different modes of the drying process.

3.4.3 Scanning electron microscopy

Unlike optical microscopy, the scanning electron microscope (SEM) uses a focused
high-energy electron beam to generate different signals at the sample surface. There-
fore, the image is formed by rastering the sample space deriving from the electron-
sample interactions. Different signals such as secondary electrons, backscattered
electrons (BSE), diffracted backscattered electrons (EBSD), photons, etc. are used for
different purposes. In our case, the microstructural analysis of the dried films is per-
formed using the secondary electrons at an accelerating voltage of 3 kV and probe
current of 5 mA (JEOL-7000F, JEOL Inc. MA, USA). For this, the conductive carbon
adhesive tab (Catalog JN56592, Ted Pella, Inc., USA) is put on the specimen mount.
The same coverslip containing the∼2 mm diameter dried film (observed under opti-
cal microscope) is very carefully placed and attached to this conducting tab. Prior to
using SEM, these are sputter-coated with a ∼4 nm thick layer of gold nanoparticles
using EMS sputter coater to improve the quality of the sample surface’s conduc-
tivity. An energy-dispersive X-ray (EDX) analysis is conducted at an accelerating
voltage of 10 kV to extract the information about the chemical composition of these
microstructures. The point detection mode is selected in the EDX analysis so that
the detection area is less than 1 µm2.

3.5 Image Processing Techniques

The captured images are converted to an 8-bit gray images prior to using any image
processing techniques.

3.5.1 Determining radius and ring width of the droplets

To quantify the radius of the fluid front during the drying process, a circular region
of interest (ROI) is drawn on the image covering the area in the droplet using the
Oval tool in ImageJ (Abràmoff, Magalhães, and Ram, 2004). The pixel locations are
converted into a mm-length scale using a length calibration slide. It needs to be
checked whether the centroid is checked in the Set Measurements in the Analyze in
ImageJ. This gives the (x, y) coordinate points for the center of the droplet. Once
this point is selected using the Point tool, the fluid front radius (r) is extracted by
drawing a line from the edge of that line to the central point. The averaged front
radius is calculated by taking the mean of the measurements taken at five different
positions throughout the droplet. This step is needed so that we can estimate the
standard deviation of the front radius. Similarly, the averaged radius (R) of the
droplet is calculated. The width of the ring (w) is measured by drawing the line from
the droplet edge to the inner ring. This peripheral ring is at a greater height than the
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central region, and the greater height in the dried films can be viewed from the one-
sided dark shadowy shade molded due to side illumination. The w is normalized
by dividing it with the averaged radius of the droplet (R). The parameter, w/R is
plotted as a function of the initial concentration of the samples.

3.5.2 Texture analysis

The word, “texture" is used in our everyday life. Whenever we need to point out
the topological information about the material, we say whether it is rough, silky,
smooth, etc., just by touching the surface. The material can be anything, say, pa-
per, cloth, furniture. And we determine its texture by touching with our fingers or
fingertips. We call it rough if a large difference in the respective areas is found spa-
tially. Similarly, the texture of an image works, except now the difference is based
on the gray level values. Instead of just touching (which can give a qualitative sense
of the material texture), we can quantify the image’s texture by different parame-
ters. The image is a grid of pixels. We have adopted two approaches for analyzing
the texture of the images captured during the drying process. The first approach
is the first-order statistics, which is based on the gray level distribution of the pixel
values without intervening in the interpixel relationships. The second one is extract-
ing the GLCM (Gray Level Co-occurrence Matrix) parameters, also known as the
second-order statistics. These parameters are calculated from the spatial relation-
ship between two neighboring pixels (Haralick, Shanmugam, and Dinstein, 1973).
Therefore, this makes GLCM parameters complicated and different from the first-
order statistics (FOS), which solely depends on the individual pixel values (Carreón
et al., 2018b; Athanasiou, Fotiadis, and Michalis, 2017).

First-order statistics

We extracted first-order statistics parameters, such as the mean (I) and the standard
deviation (SD), skewness (SKEW), and kurtosis (KUR) from the time-lapse images
for both the droplet and background (coverslip) captured in both bight-field and
crossed polarizing configurations. Mathematically, these parameters can be defined
as follows; where, I(i, j) is the gray scale value of the pixel at location (i, j) in the
image, and N is the number of pixels in the image (Carreón et al., 2018b).

Mean =
1
N

N

∑
i,j=0

I(i, j) (3.1)

SD =

√
∑N

i,j=0(I(i, j)−Mean)2

N − 1
(3.2)

Skewness =
∑N

i,j=0(I(i, j)−Mean)3

(SD)3 (3.3)
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Kurtosis =
∑N

i,j=0(I(i, j)−Mean)4

(SD)4 (3.4)

A circular region of interest (ROI) is drawn on the image covering the area in the
droplet, and another ROI is drawn on the image covering the background (cover-
slip) using the Oval tool in ImageJ (Abràmoff, Magalhães, and Ram, 2004). Once the
ROI is selected, the mean gray values of that ROI is measured. To ensure that the dif-
ferent size of ROI in the sample and the background do not affect the intensity mea-
surement, mean gray value (the sum of the values of the pixels in the selection divided
by the area of the pixels in the selection, i.e., I) in ImageJ (Abràmoff, Magalhães, and
Ram, 2004) is chosen. A script is written for an automated image-processing algo-
rithm which measures the mean gray value for each ROI in the images during the dry-
ing process. However, the differences in the mean gray values during image recording
might affect both the background and the sample. To counter this, a correction (cali-
bration) with the background i.e., a correction factor is determined. It could be done
by subtracting the background gray values; however, it wouldn’t have fixed an un-
even background in the series of images. So, the ROI with the lowest background
mean gray value is chosen from the whole set of images during the drying process as
a reference. The lowest is also selected to avoid into running the risk of generating
overexposed images (otherwise the correction factors would be smaller than 1). The
corrected intensity of the sample (Ic) is then determined for each sample by divid-
ing the mean gray values with the correction factor. The intensity is averaged over
a range of 30 seconds and also averaged for three droplets. Good reproducibility
is found in the intensity profile, though the time is shifted (added or subtracted) to
make the profile nearly overlap to each other. Note that the lamp intensity is kept
fixed throughout the whole experiment done with each protein droplet. And finally,
the averaged corrected intensity values (Ic) is plotted with time. In addition to Ic, an-
other textural parameter i.e., standard deviation (SD) is calculated and are averaged
over 30 seconds to understand the emerging complexity during the drying process.

We calibrated the intensity with the background for quantifying the birefringence of
the LCs (imaged under crossed polarizers) during the drying process. In contrast,
it is found that the fluctuations of background are minimal for the blood samples
(imaged under bright-field configuration). For example, the I and the SD of the
background image for all initial concentrations are 94.56± 1.20 arbitrary units (a.u.)
and 2.48± 0.14 a.u., respectively. Therefore, the raw data without any pre-processing
and the average is reported in these samples.

The mean (I) represents the average value of the pixels in an image. In one case,
we can use it to determine the LCs’ birefringence intensity in any solution where
LC is only optically-active, imaged under crossed polarizing configuration. On the
other hand, the same I can give information about the disturbances due to particle
dispersion under bright-field microscopy. The standard deviation (SD) tells us how
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much the intensity varies around the mean. SD’s larger value is related to the rough-
ness/complexity of the image surface. Therefore, these two parameters are widely
used in physics communities in different contexts. The higher-order moments such
as skewness and kurtosis are used less compared to these parameters. These values
measure whether the distribution is asymmetric and flat, respectively. In this dis-
sertation, these parameters are used to study the evolution of the drying process.
It is to see how the distribution of the particles affects these first-order statistical
parameters.

Second-order statistics via GLCM approach

As mentioned before, these GLCM parameters are based on the interpixel relations.
Therefore, before establishing any relationship between two neighboring pixels, it is
crucial to address a few questions. For example, what will be the displacement be-
tween the neighboring pixels? Should the displacement be close/far to each other?
What are the directions of the pixels? Which pixels should be counted- the pixels
which are placed horizontally or vertically, or their average? To answer these ques-
tions, we will examine the influence of horizontal (0◦) and vertical (90◦) orientations
and pixel displacements (1,10, 50, and 1000) on the GLCM parameters, such as an-
gular second moment (ASM), correlation (COR), inverse difference moment (IDM),
and entropy (ENT) in this dissertation.

Let us assume that the central or the reference pixel is ic, jc, and the displacement
d is the distance from that reference. Then, the direction is determined by the θ as
Dx = Dcosθ and Dy = Dsinθ. If CD(i, j) is the number of occurrences at location
(i, j) at particular D and θ, and N is the number of pixels in the image, then the
probability [pD(i, j)] for the changes occurring between i and j at a particular D and
θ. The pD(i, j) is defined as CD(i,j)

∑N
i,j=0 CD(i,j)

. If we need to take different directions into

account, the probability becomes pD(x) = ∑N
j=0 pD(x, j) and pD(y) = ∑N

i=0 pD(i, y).
Various GLCM parameters are defined as follows (Tuceryan and Jain, 1993).

ASM =
N

∑
i,j=0

p(i, j)2 (3.5)

COR =
N

∑
i,j=0

(i− µx)(j− µy)pD(i, j)
σxσy

(3.6)

where, (µx, µy) and (σx, σy) are the means and the standard deviations of (pD(x),
pD(y)), respectively.

IDM =
N

∑
i,j=0

pD(i, j)
1 + |i− j| (3.7)
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ENT = −
N

∑
i,j=0

pD(i, j) log pD(i, j) (3.8)

For this, a circular region of interest (ROI) is drawn on the image covering the area in
the droplet, and another ROI is drawn on the image covering the background (cov-
erslip) using the Oval tool in ImageJ (Abràmoff, Magalhães, and Ram, 2004). Once
the ROI is selected, these parameters are computed for each step size and direction
using Texture Analyzer plugin in ImageJ (https: // imagej. nih. gov/ ij/ plugins/
texture. html ). The ASM (also called energy sometimes) measures the homogene-
ity or uniformity globally, whereas IDM dictates the local inhomogeneity in an im-
age. The COR determines how the two are related to each other. The lower value of
COR indicates that there is a difference in the gray tones. Like SD, the ENT deter-
mines the heterogeneity and the complexity of the images.

3.5.3 Determining crack spacing of the dried films

FIGURE 3.10: A representative processing of images of the dried state of BSA droplet
to quantify the spacing between the cracks. a) The raw microscopic images. b) A
stitched image. c) An 8-bit gray image. d) An adjusted brightness-contrast image. e)
A high contrast image after filtering through variance filter. f) A final binary image

depicting different regions, circular line-cut, and crack spacing (xc).

Since it is challenging to view the entire∼2 mm diameter droplet using a 5×magni-
fication, different sections of the dried droplets are imaged separately (Figure 3.10a).
Each section is stitched together (Fig. 3.10b) by using Stitching plugin (Preibisch,

https://imagej.nih.gov/ij/plugins/texture.html
https://imagej.nih.gov/ij/plugins/texture.html
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Saalfeld, and Tomancak, 2009) in Fiji (Schindelin et al., 2012). We propose a semi-
automated image-processing algorithm on the stitched images to determine the spac-
ing between the consecutive cracks (xc) in ImageJ (Abràmoff, Magalhães, and Ram,
2004). The pixel locations are also converted into a mm-length scale using a length
calibration slide. We converted stitched bright-field images into gray (Fig. 3.10c).
For these gray images, the range of monochromatic shades from black to white are
displayed from 0 to 255 without partitioning into RGB sets of pixels. Then, the bright
and contrast of the image are adjusted (Fig. 3.10d) and filtered with a variance fil-
ter (Fig. 3.10e), and processed into an 8-bit binary image (255 for pixels depicting
the crack lines and 0 for pixels elsewhere else) (Fig. 3.10f). However, the filtering is
not enough to process the images into exact binary images. The artifacts are, there-
fore manually removed by comparing (overlapping) the processed images on to the
original images. However, future work will automate this procedure.

The morphology of the dried droplet is such that it can be divided into two regions:
rim and central. The rim is near the edge depicted by yellow dashed line in Fig. 3.10f.
We converted all the images of the dried droplets into a scaled stack. Three circular-
cut lines (shown by white circular line in Fig. 3.10f) of different radii are made in each
region by using Oval Profile plugin in ImageJ. The intensity values are plotted along
each circular line at every 0.1◦ as a function of arc-length along each circle. A script
using ‘Array.findMaxima’ is used to determine the positions of maximum intensity
values. An estimate of the crack spacing, xc (outlined by green color in Fig. 3.10f)
is calculated by the consecutive maxima difference. All the intensity values along
the crack lines are cross-checked manually to see if there is an artifact. If found,
are corrected to the consistent (and fixed) values to maintain uniformity along the
crack lines. A threshold of ±0.005 mm are used as a standard range and xc values
outside this range is recorded and aggregated in each region to obtain an average
(xc). However, there may be cracks that propagate along the drawn circle, leading
to some uncertainty in the extracted crack distributions [also found in one of our
papers (Pal, Gope, and Iannacchione, 2019b)].

3.6 Conclusions

This chapter describes the materials and the experimental protocols used throughout
our studies. The next chapter, i.e., Chapter 4 starts with the results and discussions
of the protein samples prepared in the de-ionized water (the simplest hierarchical
fluid in the context of complexity). It is to be noted that this chapter (Chapter 3)
has detailed the general procedure. The sample sets and any particular procedure
adopted for studying the drying droplets are discussed separately in each chapter
(from Chapter 4 to 8).
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Chapter 4

Hierarchy I: Pattern Formation in
Globular Protein Droplets*

4.1 Background

Owing to the significance of the patterns resulting from the drying process in many
potential applications as stated in our introduction (Chapter 1), this chapter aims to
provide a systematic study on a one-component bio-colloidal system. This chapter’s
primary objective is to explore the fundamental understanding of the drying evolu-
tion and morphological patterns in the simplest bio-colloid, i.e., an aqueous solution
of protein drying droplets. It is to be noted that this protein solution (prepared in de-
ionized water) is more straight- forward, and the presence of ions in the fluids will
influence the patterns to a great extent. However, the principal thrusts of this chap-
ter lie in setting a baseline for understanding the complex multi-component systems
such as proteins with the addition of various salts (ions) and liquid crystals, whole
human blood, etc. (described in the following chapters, Chapters 5-7) when dried
under uniform conditions (surface, humidity, temperature, droplet diameter, etc.).

For the record, the commercially available high-quality globular proteins such as
bovine serum albumin (BSA) and lysozyme (Lys) have also attracted many researchers’
attention. Many studies investigated the temporal drying process and their resulting
patterns. Despite the intense research, most of the work on protein-solvent systems
is primarily confined to either a dilute regime of protein concentration and/or the
involvement of the salts into the systems (Gorr, Zueger, and Barnard, 2012; Gorr
et al., 2013; Chen and Mohamed, 2010; Annarelli et al., 2001; Carreón et al., 2018b).
The dilute regime of the initial protein concentration is well explored in the dry-
ing droplets; however, not beyond the range of 60 mg mL−1. Researchers also at-
tempted to explore the drying evolution and the crack distribution of these proteins
dissolved in (de-ionized) water under the ambient conditions (Gorr, Zueger, and

*This work is published. Pal, A., Gope, A., Athair A.S. and Iannacchione, G.S., 2020. A comparative
study of the drying evolution and dried morphology of two globular protein and de-ionized water
solutions. RSC Advances, 10(29), pp.16906-16916. https://doi.org/10.1039/D0RA01748E (Pal et al.,
2020a). Thanks to the Tinkerbox community at WPI for spending ∼1000$ as the article processing fees
for publishing in the journal.

https://doi.org/10.1039/D0RA01748E
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Barnard, 2012; Carreón et al., 2018a). Gorr et al. (Gorr, Zueger, and Barnard, 2012)
studied the time evolution and the morphological patterns of Lys dissolved in water,
varying the initial concentration from 0.1 (1 mg mL−1) to 1 wt% (10 mg mL−1). This
study concluded that all the drops exhibit a “coffee-ring" effect (Deegan et al., 1997;
Gorr, Zueger, and Barnard, 2012). The volume fraction of the lysozyme is found
to be linearly dependent on its initial concentration; however, the morphology does
not show any significant changes in the ring’s height and width. They also reported
a “mound"-like feature in the central region and observed a few surface cracks in the
given concentration range. Carreón et al. investigated the mixture of BSA and Lys
dissolved in water and mainly focused on their interactions. They also conducted
experiments with denatured BSA and Lys proteins and their mixtures at different
relative concentrations. The folding and unfolding of these proteins and their struc-
tural (morphological) alternation are also discussed in their paper. They concluded
that the formation of the crystal clusters and dendrite structures are independent of
the external salts (Carreón et al., 2018a). In a recent study, the drying droplets of
raw egg-white protein solutions have been explored that validates the dependence
of daisy and wavy-ring crack patterns on the initial protein concentrations (Gao,
Huang, and Zhao, 2018).

In this chapter, two fundamental questions about the drying evolution and the re-
sulting patterns of the dried droplets of aqueous solutions of commercially avail-
able globular proteins, are addressed. This article aims to explore (i) the role of
the protein properties (in terms of mass, composition, configuration, and size); and
examine, (ii) the effect of higher initial protein concentration (above 60 and up to
150 mg mL−1) on the aggregation process. The inclusion of the higher-initial protein
concentration is essential since the higher concentrations enable us to explore how
the excessive aggregation of these proteins play a role in relieving mechanical stress
during the drying process, and the crack formation patterns. It is worth mentioning
that no studies till date attempted to investigate these fundamental queries at the
concentration ranges we considered in this study. To the best of our knowledge, we
did not come across any experimental evidence that compares the drying evolution
of the protein droplets in terms of the contact angle and the fluid front. To address
this gap, two proteins, BSA and Lys, are chosen in this study. The droplets are pre-
pared using de-ionized water (DI) that avoids ion-mediated effects and exposes the
protein-protein interactions. Furthermore, the inclusion of DI under ambient con-
ditions ensures that the functionality of the proteins is not affected by any external
factors such as pH, temperature, etc.

4.2 Results and Discussions

The protein samples are used without any further purification. ∼150 mg of each BSA
and Lys were massed and separately dissolved in 1 mL of de-ionized water to create
the protein stock solutions, BSA+DI and Lys+DI at a concentration of 13 wt%. Each
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stock solution was diluted to prepare the concentrations of 1, 3, 5, 7, 9, and 11 wt%.
In this study, we didn’t differentiate the notation for the initial concentrations of
BSA (φBSA) and Lys (φLys) and denoted it as φ. It is to be noted that we used the
factory-fresh microscopic glass slides (Catalog 2947-75x25, Corning, NY, USA) as the
substrates (for this study only), which have minimal exposure to the environment
prior to the actual experiments. These slides were rinsed with ethanol and dried
subsequently. Thus, every droplet precisely contained the same substrate conditions
and a uniform reproducibility in terms of the circularity of the droplets and their
pinning effects was observed. The drying evolution and the emerging patterns are
then examined at the initial protein concentration ranging from 1 (10 mg mL−1) to
13 wt% (150 mg mL−1). The spiral crack study was conducted at 50×magnification.

4.2.1 Time evolution of drying droplets

Bovine Serum Albumin: BSA+DI

Fig. 4.1(I) shows the top view of the drying evolution of BSA droplet at the initial
concentration (φ) of 5 wt% captured through the optical microscopy. As soon as the
first image of the deposited droplet is captured, a symmetrical dark (black) shade
is observed near the periphery of the droplet. With the progression of time, the
dark shade changes to the bright (gray) shade (Fig. 4.1(I)a-c). The periphery of the
droplet is found to be pinned to the glass substrate throughout the drying process.
After ∼3 minutes, the fluid front starts receding from the periphery to the center of
the droplet. The radius (r) of this front is measured with the progression of time,
(t) (Fig. 4.1(I)d,e). The movement allows the particles to be deposited along each
receding line and eventually forms a peripheral ring (shown by a white dashed circle
in Fig. 4.1(I)f). It is to be noted that a few cracks in the BSA droplets up to φ of 5 wt%
are formed during 24 hours, which are shown in the following section.

Fig. 4.1(II) depicts the side view of the drying evolution of BSA droplet at different φ

observed with the contact angle goniometer. θ and height at the center of the droplet
(h) are found to be 37± 2◦ and 0.35± 0.20 mm respectively within ∼50 seconds of
the deposition of the droplet. The radius (R) of the droplets is 1.1± 0.2 mm, and
therefore, the gravitational effects can be negligible. Furthermore, the macroscopic
shape of the droplet can be approximated as the spherical-cap geometry, which is
based on the assumption that h � R. The black shade, observed at φ of 5 wt%
in Fig. 4.1(I) is due to the spherical-cap shape of the droplet. The change from the
black to the gray shade occurs when the contact angle (θ) reaches to a threshold
value. The top panel of Fig. 4.1(II) shows the variation of θ at φ of 5 wt%, and
θ(t) is found to be monotonously reducing with time. This suggests that the drying
process occurs in a continuous evaporation limit. To validate this limit, θ(t) is fitted
with a linear function: θ(t) = θ0(1 − t/τ), where, θ0 is the initial θ at t=0, and
1/τ is a characteristic rate. For φ of 5 wt%, θ0 and 1/τ are found to be 39.96 ±
0.08◦ and 0.001500± 0.000005s−1 respectively, with R2 = 0.995. The 1/τ is observed
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FIGURE 4.1: Drying evolution of BSA droplet: (I) Top-view of the droplets through
optical microscopy at φ of 5 wt% clicked during different time intervals (30 s, 140 s,
186 s, 290 s, 470 s and 530 s). The white dashed circle in (f) exhibits the “coffee-ring"
formation. The scale bar represents a length of 0.2 mm. (II) The top panel shows
the variation of contact angle (θ(t)) at φ of 5 wt%. The solid line specifies the fitted
function. The inset shows the variation of the characteristic fitting parameter (1/τ)
at different φ. The bottom panel displays the temporal variation of the normalized
contact angle (θ(t)/θ0)). (III) The top panel reveals the variation of mean fluid front
radius (r(t)) at φ of 5 wt%. The error bars represent the standard deviation. A rep-
resentative fit of two linear models is made; ts signifies the time point where both
the linear fits merge. The inset shows the dependence of the slope values of linear fit
1 (m1) and 2 (m2). The bottom panel indicates the temporal variation of normalized
mean fluid front radius (r(t)/R) at different φ. td is the “dead" time up to which the

fluid front radius (r(t)) is equal to the radius of the droplet (R).

to be independent of φ [inset of Fig. 4.1(II)]. A complete description of all the fit
parameters is tabulated in Table 4.1.

TABLE 4.1: Data from θ(t) vs. t graph of drying droplet at each φ (initial protein
concentration in wt%) for BSA+DI with fitting parameters: θ0 (contact angle at t = 0

in degrees ), 1/τ (characteristic rate in s−1), and R2 (adjusted R-square of the fit).

φ (wt%) θ0 (◦) 1/τ × 10−3 (s−1) R2

1 31.43± 0.04 1.560± 0.004 0.998
5 39.96± 0.08 1.500± 0.005 0.995
9 39.10± 0.07 1.510± 0.005 0.996
13 42.90± 0.07 1.540± 0.004 0.997

The normalized contact angle is calculated by dividing θ(t) with the θ0 (obtained
from the fitting equation). The individual normalized θ decay curves at different φ

are found to collapse to a master curve when the data is plotted. This is shown in
the bottom panel of Fig. 4.1(II).

In this context, it is interesting to compute the fluid front radius and its dependence
on φ. Fig. 4.1(III) shows the evolution of the fluid front radius in BSA droplet at dif-
ferent φ. The top panel of Fig. 4.1(III) shows the variation of mean fluid front radius
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(r(t)) at φ of 5 wt% exhibiting two distinct regimes: a slow, initial linear regime, and
a subsequent non-linear, fast regime. Two linear fits are made on the respective lin-
ear and non-linear regimes, and a characteristic time ts (the time point at which two
linear fits intersects) is introduced. It is to be noted that the linearity of r(t) deviates
after the peripheral ring formation [Fig. 4.1(I)e and top panel of Fig. 4.1(III)]. The in-
set of Fig. 4.1(III) compares the slope values (m1 and m2) obtained from the linear fits
in the respective regimes at each φ. The negative sign in the slope values confirms
the reduction of the mean radius (r(t)) with time. For 1 and 3 wt%, the linear fit in
the non-linear regime can’t be achieved due to a swift and non-uniform movement,
resulting in less number of data points to quantify. On average, the velocity of the
fluid front in the linear and non-linear regime is found to be 0.99± 0.20 µm s−1 and
2.83± 0.38 µm s−1 respectively. m2 decreases from∼3 to∼2 µm s−1 with the increase
of φ. The bottom panel of Fig. 4.1(III) displays the normalized radius (obtained by
dividing the r(t) with the mean radius of the droplet, R). In the early stage of the
drying evolution, i.e., up to∼240 seconds, the radius remains constant, (r(t)/R = 1)
for all the φ. This time is labeled as the “dead" time (td) where only the contact angle
changes without disturbing the radius. A complete description of all the measured
and fit parameters is tabulated in Table 4.2.

TABLE 4.2: Data from r(t) vs. t graph of drying droplet at each φ (initial protein
concentration in wt%) for BSA+DI with measured parameters: R (radius of droplet
in mm), w (rim width in mm), td (time in seconds after which the contact line radius
begins to shrink from droplet radius), ts (time in seconds at which two linear fits
merge); and fitting parameters: m1 (slope of first linear fit in µm s−1), R2

1 (adjusted
R-square of first linear fit), m2 (slope of second linear fit in µm s−1), R2

2 (adjusted R-
square of the second linear fit). The negative sign in the slope values corresponds to

the decrease in the radius of the fluid front.

φ R w td ± 30 ts ± 20 m1 R2
1 m2 R2

2

1 1.265± 0.025 0.319± 0.043 254 n/a −1.2 0.960 n/a n/a
3 1.129± 0.025 0.292± 0.072 307 n/a −0.9 0.980 n/a n/a
5 1.215± 0.028 0.507± 0.051 186 470 −0.8 0.979 −2.9 0.978
7 1.135± 0.036 0.465± 0.071 312 524 −0.7 0.983 −2.8 0.967
9 0.814± 0.017 0.378± 0.029 224 429 −1.2 0.977 −3.4 0.993
11 1.080± 0.016 0.543± 0.022 225 503 −1.0 0.996 −2.6 0.967
13 0.854± 0.014 0.462± 0.021 235 477 −1.1 0.983 −2.4 0.970

Lysozyme: Lys+DI

Akin to BSA, Lys droplet at φ of 5 wt% also shows a dark shade near the periphery of
the droplet (Fig. 4.2(I)a). The dark shade diminishes, the fluid front starts receding
from the periphery after ∼6 minutes, and forms a ring (Fig. 4.2(I)b-d). Interestingly,
a sharp spot around the center appears and forms a “mound"-like structure. The
water starts drying from that mound, and finally, a “dimple" appears in the existing
structure. Simultaneously, the radial cracks grow near the periphery and come in
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each other’s contact through the orthoradial cracks (Fig. 4.2(I)d-f). The white dashed
circle displays the peripheral ring and the solid circle depicts the mound and the
dimple structures (Fig. 4.2(I)f). Unlike BSA, most of the cracks appeared during the
visible drying process at φ of 5 wt%.

FIGURE 4.2: Drying evolution of Lys droplet: (I) Top-view of droplets through optical
microscopy at φ of 5 wt% during different drying intervals (55 s, 353 s, 563 s, 603 s,
617 s and 673 s). The white dashed circle in (f) shows the “coffee-ring" formation. The
solid circle exhibits the “mound"-like structure. The scale bar represents a length of
0.2 mm. (II) The top panel confirms a variation of contact angle (θ(t)) at φ of 5 wt%.
The solid line shows the fitted function. The inset shows the variation of the charac-
teristic fitting parameter (1/τ) at different φ. The bottom panel displays the temporal
variation of the normalized contact angle (θ(t)/θ0)). (III) The top panel reveals the
variation of the mean fluid front radius (r(t)) at φ of 5 wt%. The error bars represent
the standard deviation. A representative fit of two linear models is made; ts signifies
the time point where both the linear fits merge. The inset represents the dependence
of the slope values of linear fit 1 (m1) and 2 (m2). The bottom panel indicates the tem-
poral variation of the normalized mean fluid front radius (r(t)/R) at different φ. td is
the “dead" time up to which the fluid front radius (r(t)) is equal to the radius of the

droplet (R).

Fig. 4.2(II) shows the side view of the drying evolution of Lys droplet at different
φ. It is to note that different Lys concentrations might affect the surface tension
of the solutions. However, our first measured value of θ during the contact angle
measurements at all φ is found to be 37.0 ± 1.6◦. This measurement tempted us
conclude that the effect is not significant enough for the unique pattern formation.
The θ at φ of 5 wt% during the drying process reduces monotonously [top panel of
Fig. 4.2(II)]. θ0 and 1/τ are found to be 36.66± 0.01◦ and 0.0009740± 0.0000007s−1

respectively, with R2 = 0.999. Similar to BSA, the characteristic rate (1/τ) is found
to be independent of φ. A complete description of all fit parameters is tabulated in
Table 4.3.

Unlike BSA, the normalized contact angle data shows that the individual decay
curves at different φ start deviating from each other towards the very end of the
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TABLE 4.3: Data from θ(t) vs. t graph of drying droplet at each φ (initial protein
concentration in wt%) for Lys+DI with fitting parameters: θ0 (contact angle at t = 0

in degrees ), 1/τ (characteristic rate in s−1), and R2 (adjusted R-square of the fit).

φ (wt%) θ0 (◦) 1/τ × 10−3 (s−1) R2

1 43.83± 0.15 1.500± 0.008 0.987
5 36.64± 0.01 0.900± 0.001 0.999
9 41.89± 0.10 1.400± 0.005 0.994
13 40.38± 0.08 1.140± 0.004 0.994

process [bottom panel of Fig. 4.2(II)].

The top panel of Fig. 4.2(III) displays the evolution of the r(t) at φ of 5 wt% in Lys
droplet. And, the bottom panel depicts the evolution of the normalized mean fluid
front radius (r(t)/R) at different φ. It is to be noted that this movement in BSA
droplets could be tracked only till the point where the radius just passes through the
peripheral ring. Unlike BSA, this movement in the Lys droplets could be tracked till
the “mound"-like structure around the central region of the droplet. This causes the
range of the r(t)/R data from 1 to ∼0.1. The presence of a linear and a subsequent
non-linear regime is commonly observed in the fluid front movement at every φ in
both the Lys and BSA droplets. On average, the velocity of the fluid front in the lin-
ear and non-linear regime is found to be 1.00± 0.08 µm s−1 and 12.36± 2.73 µm s−1

respectively. A sharp dependence of the slope values in regime 2 with φ is observed,
m2 decreases from ∼17 to ∼8 µm s−1. A complete description of all the measured
and fit parameters is tabulated in Table 4.4.

TABLE 4.4: Data from r(t) vs. t graph of drying droplet at each φ (initial protein
concentration in wt%) for Lys+DI with measured parameters: R (radius of droplet in
mm), w (rim width in mm), td (time in seconds after which the contact line radius
begins to shrink from droplet radius), ts (time in seconds at which two linear fits
merge); and fitting parameters: m1 (slope of first linear fit in µm s−1), R2

1 (adjusted
R-square of first linear fit), m2 (slope of second linear fit in µm s−1), R2

2 (adjusted R-
square of second linear fit). The negative sign in the slope values corresponds to the

decrease in the radius of the fluid front.

φ R w td ± 30 ts ± 20 m1 R2
1 m2 R2

2
1 0.803± 0.017 0.195± 0.037 395 459 −1.0 0.987 −17.2 0.974
3 0.895± 0.014 0.320± 0.043 492 655 −1.0 0.973 −14.2 0.971
5 0.919± 0.020 0.383± 0.033 320 569 −1.0 0.974 −11.7 0.987
7 1.213± 0.028 0.411± 0.073 427 642 −0.9 0.978 −12.0 0.999
9 1.149± 0.034 0.491± 0.048 199 490 −0.9 0.941 −11.8 0.989
11 1.095± 0.016 0.481± 0.075 213 526 −1.1 0.955 −11.3 0.964
13 1.153± 0.016 0.438± 0.061 303 639 −1.1 0.948 −8.4 0.985

A physical mechanism

The underlying physical mechanism of the drying evolution and the visible differ-
ence in terms of the morphology of the droplets is demonstrated in Fig. 4.3. The de-
posited droplet goes through a convective flow where the constituent particles tend
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to interact (adsorb) with the substrate during the early drying stage. The evapora-
tion rate is observed to be highest at the three-phase contact line (solid-vapor-liquid)
due to the curvature of the circular droplet. This process drives the flow to compen-
sate the higher rate of mass loss near the periphery compared to the central part of
the droplet. This early stage depicted in Fig. 4.3a shows the time duration (td) in
which no fluid front movement is observed; however, the height and the contact
angle get considerably reduced. During this time frame, the protein particles form
an inhomogeneous film and (subsequently) a fluid front starts moving on this film
from the periphery to the center which marks the beginning of the next stage. The
mixed mode i.e., the movement of both the contact angle and the fluid front is found
at this stage. The front seems to deposit some more protein particles as it moves
(Fig. 4.3b). A bulge [popularly known as “coffee ring" effect (Deegan et al., 1997)] at
the periphery of the droplet is noticed during this fluid front movement. The bulge
is believed to form due to the excess deposition of the particles which could be seen
in Fig. 4.3c. The drying process till this point, i.e., the formation of this peripheral
ring is observed to be similar for both the protein droplets (Figs. 4.1 and 4.2). How-
ever, the formation of a “mound"-like structure (Fig. 4.3d,e) in Lys droplets [a similar
phenomenon is observed in (Carreón et al., 2018a; Gorr, Zueger, and Barnard, 2012)]
creates a visible difference in the drying evolution of both the protein droplets. The
comparison of the drying rates of these different sized protein particles may reveal
new insights. To map the rate of water loss with the change in morphology during
the drying process, it is vital to explore the possible reasons behind the similarities
and dissimilarities for both the protein droplets in terms of the parameters (td, ts, m1,
and m2) extracted from the fluid front movement.
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FIGURE 4.3: Side view of the drying evolution: a) Initial mode is observed at an early
stage of drying where only the contact angle decreases. The fluid front radius (r)
remains unchanged during this time and equals to the radius (R) of the droplet. The
protein particles interact with the substrate during this stage. b) In this mixed mode
stage, along with the contact angle, the fluid front starts receding from the periphery
of the droplet. The fluid front moves, deposits more particles, and forms a ring of
width w. It moves further when the radius of fluid front just pass the ring width to
the new position (r2). r1 indicates the movement towards the central region of the
droplet, leading to a complimentary morphology. d) BSA+DI, without any “mound"-
like structure and e) Lys+DI, the presence of a “mound" could be observed in the

central region.
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td indicates the (early stage) time point of the drying process where the protein parti-
cles in both droplets experience the convective flow. During this flow, these particles
first tend to interact (adsorb) with the substrate. The usage of de-ionized water in
the present study enables us to avoid the ion-mediated effects and does not influ-
ence the conformational states (or the functionality) of these proteins. This means
that the globular nature of the overall protein structure during the drying process
is maintained. During adsorption of these proteins on the glass substrate, one can
expect different BSA-glass and Lys-glass interactions. This expectation can be due
to the fact that the BSA and the Lys proteins carry an opposite net charge whereas,
the glass (substrate) is negatively charged. However, we also need to consider that
the hydrophobic residues are buried inside the protein core, and numerous posi-
tively and negatively charged residues in a protein’s surface are exposed. Though
the overall charge of BSA (or Lys) is negative (or positive), it is the fact that the BSA
(or Lys) will prefer to adsorb on the negatively charged glass substrate with its pos-
itively charged residues. Therefore, the overall interaction of BSA-glass or Lys-glass
might not be altered, while there is a high probability of having different BSA-BSA
or Lys-Lys interactions. It is because these charged residues help in orientating these
protein particles in such a way that one particle gets influenced by the neighbor-
ing particle. With time, the protein-protein interactions tempt to be dominant over
the protein-substrate interactions, assist in forming the protein film on the substrate,
and finally could be responsible for determining these unique patterns. So, td is the
time in which protein particles interact with the substrate and interact with other
proteins to form a film. The constant rate of the evaporation validates of having a
similar trend in this initial mode till the time point td.

As time passes during the drying process, we observed a fluid front to recede from
the periphery to the center of the droplet. We quantified the velocity of the front
movement. The average speed of first linear fit (m1) is found to be 0.99± 0.14 µm
s−1, which is independent of the initial concentration and the type of protein. Con-
sidering the trends observed in m1, it could be concluded that similar mass transfer
mechanisms have emerged in the linear regime. This assumption makes sense be-
cause there is enough water on the front surface at this stage, and the front behaves
as if it is a water-pool and hardly feels the presence of any protein particles. Sub-
sequently, we have observed a transition from the linear to the non-linear regime in
the front movement (Figs. 4.1(III) and 4.2(III. A linear fit on the linear and non-linear
regimes was made. ts signifies the time point where both these linear fits merge.
Interestingly, it can be physically interpreted as the time when the fluid front moves
from r2 to r1 (Fig. 4.3c), i.e., the time point of the movement from the edge of the
peripheral ring towards the central region of the droplet. The ts for all φ is found to
be within ±20 s from this ring formation.

Once the fluid front passes this peripheral ring, the fluid no longer resembles a
water-pool. The continuation of water evaporating process leads to the presence
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of more protein particles than water. In this context, we observed that the velocity
of the second linear fit (m2) is dependent on the initial concentration and it is differ-
ent for both the protein droplets. The differences observed in m2 are probably due
to different self-assembling interactions, which is dependent on the unique physi-
cal characteristics of these proteins. Given the globular nature of these proteins, we
know that these proteins are different in terms of their net charged states, molecu-
lar shape, weight and disulfide bridges. Since the pH of the system is unchanged,
it is beyond the scope of this study to conclude the mobility effects that emerged
due to the individual charged residues present in the protein during the fluid front
movement. However, this mobility can easily be interpreted in terms of their weight,
shape and bridges. BSA particles are mostly restricted to flow with the fluid front
due to high molecular weight (∼66.5 kDa) and high aspect ratio (major/minor axis =
3.5). Moreover, the presence of 17 disulfide bridges in BSA provides a compact net-
work between BSA-BSA particles; it will prefer to be deposited within the existing
film-layer in the droplet. This results in a few left-over BSA particles to be carried
with the water during the later stage of the fluid front movement. In contrast, Lys
could be thought of a squishy sphere (aspect ratio = 1.5) with a low molecular weight
(∼14.3 kDa). The presence of the lower disulfide bridges (17 for BSA and 4 disulfide
bridges for Lys) results in a weak network among these Lys particles, and, it triggers
the Lys particles to be carried away with the fluid front. The water content of the
fluid decreases with the progression of time, and a large number of Lys particles is
left behind. These (left out) particles eventually gets accumulated around the center
and forms the “mound"-like structure. We believe that some water is trapped in the
mound. Therefore, a dimple is noticed when the Lys particles fall out of the solution
as this entrapped water evaporates.

The movement of the fluid front appears to slow down with the increase of φ (num-
ber of particles), even though the movement continues to carry and deposit the Lys
particles at each line of the fluid front. The concentration dependence of the mound
and the peripheral ring on different protein types will be discussed later. At the final
stage of the drying process, the water-loss in the droplet induces high mechanical
stress leading to the formation of different crack patterns, which will be discussed in
the next subsection.

4.2.2 Morphology of dried droplets

Fig. 4.4a-g and Fig. 4.4h-n represent the morphology of the dried droplets in BSA
and Lys respectively, and both the common and distinctive properties are identified.
A few common characteristics of both the dried droplets include (1) the presence of
a peripheral ring at a greater height than the central region. This greater height can
be viewed from the one-sided dark shadowy shade molded due to side illumination.
(2) The cracks are observed in both the droplets; however, the distribution and the
nature of the cracks differ to a large extent.
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FIGURE 4.4: Gray images of two protein dried droplets: BSA at φ of a) 1, b) 3, c)
5, d) 7, e) 9, f) 11, and g) 13 wt%; Lys at φ of h) 1, i) 3, j) 5, k) 7, l) 9, m) 11, and
n) 13 wt%. The images of the BSA droplets reveal the presence of the cracks near
the periphery region, whereas, the images of Lys droplets confirm that the cracks are
spread and connected from φ of 3 wt%. The “dimple" and the “mound"-structure can
be observed in Lys droplets at every φ. The spirals are noticed in Lys droplets from φ

of 9 wt%. The scale bar represents a length of 0.2 mm.

A few distinct morphological patterns observed in both the protein droplets are (1)
In BSA droplets, mostly the radial cracks are observed; whereas, different types of
cracks such as radial, wavy, spiral, etc. makes Lys droplets a chaotic system. (2)
There are almost no cracks in the central region of the BSA droplet, whereas, the
cracks are present throughout the Lys droplets. The cracks are found only in the pe-
riphery of the Lys droplets at φ of 1 wt%. (3) There is a complimentary morphology
in the central region, with the mound and the dimple structures in Lys and with-
out any such structures in the BSA droplet. (4) The number of cracks increases with
the increase of φ is clearly observed in BSA. The cracks are mostly equally spaced
and countable. (5) A thin hair-like structure is observed at the termination of each
crack (from 7 to 13 wt%) in BSA droplets. In contrast, the cracks are well-connected
and form a uniform domain in every Lys droplet (except the φ of 1 wt%). (6) The
presence of (few) circular and (many) spiral cracks in Lys droplets from 9 to 13 wt%
makes the morphology very different at the high concentrated regime from that in
BSA droplets. The possible reasons are discussed in the mechanical interpretation
section.

Profilometry

Figs. 4.5(I) and (II) show the variation of dimensionless quantity, mean peripheral
ring width (w) divided by the mean radius of the droplet (R) with φ for BSA and Lys
droplets respectively. It is observed that the ring width is directly proportional to φ,
i.e., with the increase of φ, this ring width is expanded further [Fig. 4.5(I)]. The num-
ber of BSA particles increases with the evaporation of water. This process triggers
additional deposition of the particles at the droplet periphery with the upsurge of φ.
In contrary, the Lys droplet is found to be constant and independent of the variation
of φ. An almost equal quantity of Lys particles is deposited in the ring, and most
of the free particles are carried towards the center (and forms a mound structure).
Fig. 4.5(III) shows the areal dependence of this mound structure. The mean area a is
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normalized with R, and the a/R at different φ in Lys droplet is plotted. The linear
dependence with φ makes it evident that most of the Lys particles are carried and
deposited towards the center.

FIGURE 4.5: Profilometric measurements of protein droplets: Variation of the mean
peripheral ring width (w) normalized to the mean radius of the droplet (R) with φ
for (I) BSA+DI, and (II) Lys+DI. (III) Variation of the averaged area of “mound"-like
structure (a) normalized to R with φ in Lys droplet. The error bars correspond to the

standard deviation obtained from multiple measurements.

As we have mentioned already, the mound structure is formed by carrying and de-
positing the free Lys particles during the fluid front movement. As such, the increase
of φ also triggers the upsurge of the overall number of particles, resulting in the pil-
ing of these particles to a height. The formation of a dimple (depression) is probably
when the Lys particles falls out of the solution. The presence of this dimple is not
reported in any of the earlier works (Gorr, Zueger, and Barnard, 2012; Carreón et al.,
2018a) probably due to usage of relatively low concentration range. One can antic-
ipate the dimple or the mound as the optical illusion, nonetheless, this is not the
case. We did the height profile-like imaging with the sensofar microscopy to con-
firm the mound and dimple structures; however, we could not calibrate sufficiently
to get the exact height measurements. It is also observed that the mound structure
is situated almost at the center. It is due to the fact that the circular droplet shape
prefers the symmetry for the fluid front movement. To confirm this fact, we pipetted
the solutions in a strip-like geometry on the glass substrate. We followed the fluid
front movement from both the ends of the strips; however, we did not observe any
mound and dimple structures. Furthermore, we assumed that this structure is likely
to be shifted to some extent (not forming perfectly at center of the droplet) due to
the droplet’s circularity. However, no general trend is observed while measuring it
in the asymmetrical (or oval) droplets.

Quantification of the cracks

Fig. 4.6(I) displays the Q-Q plot at φ of 7 wt% and confirms the non-normal distri-
bution of the mean crack spacing (xc). The representative plots also suggest that
the cracks are not equally distributed in different protein droplets. The figures indi-
cate that the outliers have surfaced in the form of skewed data points. The outliers
(depicted by three circles deviate from the reference line in the Q-Q plot) are not
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ideal consideration from a statistical perspective since these violate one of the as-
sumptions for t-test (parametric); nonetheless, in our case, there is no good reason to
consider these outliers as invalid samples. To counter the non-normal distributions
of the mean crack spacing, a non-parametric Mann-Whitney U test (an alternative to
the parametric t-test) was preferred to examine the (significant) differences in terms
of xc values among the different protein droplets at different φ. In this study, the
mean rank test is chosen over the median (for the visual inspection) because (a) the
number of cracks are observed to be different in both the protein droplets; and, (b)
the number of samples is relatively large.

FIGURE 4.6: (I) Q-Q plot of BSA and Lys droplet at φ of 7 wt% displaying the skewed
data points. (II) The histogram depicting the comparison of the mean crack spacing
(xc) at different φ among the proteins in the peripheral regions. Significant pairs (BSA
and Lys) are marked with an asterisk [*] at each φ. The error bars correspond to the
standard error. (III) A characteristic linear fit of a spiral crack trajectory at φ of 13 wt%
in Lys droplet. The upper inset shows the schematic diagram of the spiral cracks
projected on the xy plane, in which s(θ) is the radial distance from the spiral center
and θ is the angle starting from zero in an anticlockwise direction. The lower inset
shows an example of spiral focused at 50×magnification, with the scale bar of length

10 µm.

In the Mann-Whitney U test, the protein was kept as the categorized factor (inde-
pendent factor, with two levels, BSA and Lys) and xc as a dependent variable at
different φ. All the histograms are expressed as the mean ± standard error (SE). The
differences where p ≤ 0.05 are considered to be significant in this study. A detailed
report of the statistical test (U, z, and p values) is shown in Table 4.5.

TABLE 4.5: Outcome of Mann-Whitney U test with an asterisk [*] indicating signifi-
cant interaction between Lys, and BSA in terms of xc at different φ (wt %).

φ (wt%) Mann-Whitney U Z p value
7 2893.500 −2.119 0.034∗

9 2666.500 −5.331 ≤ 0.001∗

11 1732.500 −5.752 ≤ 0.001∗

13 1643.500 −5.439 ≤ 0.001∗

Fig. 4.6(II) shows xc for BSA and Lys droplets at each φ. The results confirm our
morphological observations that the crack patterns in BSA and Lys droplets are dif-
ferent from each other, resulting in a significant difference in xc in the peripheral
regions at every φ (the presence of crack spacing at every φ is significantly higher in
Lys). The visual observations could be considered as an effective way to determine
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the differences in terms of xc; however, the statistical test helps us to distinguish
the data fluctuations borne out due to the experimental conditions. It is observed
that xc in the Lys droplets varies from 0.08 to 0.15 mm without any trend when the
φ is increased. In contrast, xc in the BSA droplet varies from 0.19 to 0.27 mm, and
suggests a proportionate distribution; i.e., xc increase with the increased φ. The re-
lease of the available stress is mostly unidirectional in the BSA droplets, resulting in
a uniform crack pattern in the peripheral ring. The uniform crack spacing resulted
in an increased xc when φ is also increased. However, in Lys droplets, the stress is
relieved from all the directions resulting in the distribution of small to large cracks
spread throughout the droplet, affecting xc at each φ.

Fig. 4.6(III) shows a characteristic linear fit of a spiral crack trajectory at φ of 13 wt%
in the Lys droplet. The domains containing the spiral cracks in the Lys droplets are
three dimensional and it is not possible to observe all the spiral lines simultaneously
with the droplet surface. The lack of information about the z plane prompted us
to represent these spirals on the xy plane (in the form of 2D). The expression of the
logarithmic spiral in polar coordinates: s(θ) = aebθ . Assumption of this logarithm
leads to ln s(θ) = ln a + bθ where, s(θ) is the distance from the spiral center, and θ

is the angle which is in an anti-clockwise direction from the x axis, not restricted to
2π. The final theta corresponds to the angle made by the x axis and the outermost
spiral line. The schematic diagram of a two-dimensional spiral is shown in the up-
per inset. The logarithmic parameters are “a", which is the apparent length of the
spiral, and “b", which controls the tightness and predicts the direction of the spiral.
A lower value of “b" means the spiral has more revolutions and hence, more tight-
ness in the spiral shape. No preference of clockwise or counter-clockwise direction
in the spirals is observed in any of these droplets. This prompted us to generalize the
direction by flipping all the required images so that the spirals would be consistent
every time with the starting spiral revolution line lying at zero degrees as shown in
the lower inset. The linear fit between ln s(θ) and θ with R2 of 0.957 confirms that
the spirals in Lys droplets are in the form of logarithmic spirals. An oscillation of
the data points is obtained due to the presence of the irregular, polygonal-shaped
domains. The overall shape of the spirals for different φ is almost the same; how-
ever, the trajectories are influenced by the material and fracture properties [a similar
phenomenon is observed in (Neda, Jozsa, Ravasz, et al., 2002; Sendova and Willis,
2003)]. The spirals at φ of 13 wt% are shown in Fig. 4.7.

The various parameters of the spiral crack analysis at φ of 11 and 13 wt% are reported
in Table 4.6. Spirals with a very few revolutions in φ of 13 wt% are also observed. The
value of “b" is found to be in the range of 0.0376 to 0.0548 µm rad−1- a narrow range
implying that the tightness is probably insensitive to the concentration of proteins;
however, a detailed trend of “b" requires to examine more levels φ.
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FIGURE 4.7: (a)-(d) show the spirals from 1 to 4 are shown at φ of 13 wt% respectively,
with the scale bar of length 10 µm.

TABLE 4.6: Characteristic fitting parameters of spiral cracks at φ of 11, and 13 wt%
for ln s(θ) = ln a + bθ are tabulated:“b" denotes the spiral tightness in µm rad−1, and
“a" denotes apparent length in µm. s(θ) is the distance from the spiral center, and θ is

the angle which is not restricted to 2π.

φ (wt%) Spiral no b a R2

11 1 0.0548 13.1800 0.9460
13 1 0.0398 12.3407 0.9002
13 2 0.0437 13.3631 0.9373
13 3 0.0359 14.8322 0.9521
13 4 0.0376 16.7049 0.9569

A mechanical interpretation

It is reported in the earlier subsection that each droplet is pinned to the substrate
throughout the drying process. The particles in the droplet are adsorbed on the
substrate, and simultaneously are carried towards the periphery. With further water-
loss from the droplet, the protein particles are deposited in such a way that it creates
a film. These particles are accumulated in the layers and might be influenced by a
shear-mode or mode II (the stress is applied parallel to the plane). However, this
influence is almost negligible as the top surface of the film still contains enough
water to evaporate. This water evaporates during the fluid front movement, and the
tensile stressed fields are generated when the droplet is almost devoid of water.

Fig. 4.8 indicates that two types of tensile stresses (mode I) are involved in propagat-
ing the radial and azimuthal cracks in the protein droplets. σθ and σr are the stress
that normally acts to the radial crack and azimuthal crack, respectively. In both the
droplets, a directional growth, i.e., a radial crack, was initially observed to propagate
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FIGURE 4.8: Schematic illustration explaining of the nature and propagation of cracks
in both the protein droplets. (I) Top-view of a droplet shows radial and azimuthal
cracks. A spiral crack is also shown in a polygonal crack domain. An element is
focused on displaying crack propagation to get a notion of stress. Mode I (tensile
mode) in which (II) stress (σθ) acting normal to the radial crack and (III) stress (σr)

acting normal to the azimuthal crack.

from the periphery of the droplet (for example, see Fig. 4.2(I)c). Therefore, it indi-
cates that the stress acts along the fluid front, normal to the radial crack, i.e., σθ is
dominant initially. It is known from Griffith’s hypothesis that the moment when the
available stress in the film exceeds the critical stress, the excess stress is released by
virtue of the crack propagation (Katzav, Adda-Bedia, and Arias, 2007; Goehring et
al., 2015). This film height could be one of the reasons for the cracks appearing in the
peripheral ring first and then proceeds towards the central region in every protein
droplet in general. We attempted the height profile-like imaging with the sensofar
microscopy; however, we could not calibrate sufficiently to get the exact height mea-
surements. The crack propagation could also be characterized based on the opening
of the cracks and the distance of the crack tip as a function of φ. However, this is not
possible with the current set-up as the time-lapse images are captured with an 8-bit
camera and can only be taken every two seconds.

After the formation of the radial cracks, a few are curved azimuthally and the re-
maining ones join the neighboring cracks. However, it is observed that the stressed
fields are dependent on the nature of protein particles. The crack propagation is
stopped in BSA droplets, and a hair-like crack is developed without invading the
central region of the droplet (Fig. 4.4d-g). The cracks form almost no connected do-
mains. Our assumption is that the propagation of the cracks is stopped when the
film thickness is less than the critical crack thickness resulting in zero cracks in the
central region of every BSA droplet.

Lys, on the other hand, is a loosely-compacted and a low molecular weighted pro-
tein. The cracks are spread all over the droplet at all φ except 1 wt%. The presence
of mound and dimple structures in the central region creates a thick gradient (high-
est at the periphery, lower at the center, and lowest at the middle region) during
the drying process. This thickness gradient is enough to meet the crack propaga-
tion criteria and joins the crack lines from the center to the periphery. The stress
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fields act from all the directions (σr and σθ) leading to a chaotic system. No cracks
are observed in the central region at 1 wt% (Fig. 4.4h) due to the presence of a few
Lys particles in the middle region, which reduces the film thickness from the criti-
cal crack thickness. There are mostly well-connected polygonal domains in the Lys
droplets at φ of 3 wt% and above (Fig. 4.4i-n). The cracking leads to a subsequent
process of delamination at φ of 5 wt% and 7 wt% near the periphery of the droplet
(Fig. 4.4j,k). Adhesion energy persists between the protein particles and the glass
(substrate). As soon as the stored elastic energy in the domain overcomes this adhe-
sion energy, each domain buckled- curving outwards like a bowl [a similar process
is observed in other studies as well (Sobac and Brutin, 2014; Giorgiutti-Dauphiné
and Pauchard, 2015; Lazarus and Pauchard, 2011)]. The interference fringes of each
fragmented domain imply that there is an air gap between the detached film and
the substrate that forms a non-uniform adhering region in each domain present in
the Lys droplet. This phenomenon is observed in high-magnification images of Lys
droplets represented in Fig. 4.4j-n.

A spiral path, thus, is initiated in the well-connected polygonal domain of the Lys
droplets at φ from 9 wt% onwards (Fig. 4.4l-n). The spirals propagate to release
the elastic energy stored in the fragmented domain. This phenomenon is observed
from φ of 9 wt% in Lys droplet, implying that there is not enough stored elastic
energy in the fragmented domains below φ of 9 wt%. The formation of the spirals
on the irregular (polygonal) domains in Lys droplets has no radial cracks intersecting
the spiral cracks, i.e., no splitting of the spiral cracks is observed in the Lys droplet
(Fig. 4.4m,n). It indicates that the size domains turn so small that there is no available
energy for the radial cracks to propagate. At φ of 9 and 11 wt% in Lys droplets, it is
observed that the corners of the domains act as the precursor (Fig. 4.4l,m). It means
that a high-stress area is achieved; however, due to lack of sufficient energy, the
spirals fail to form the shape of those observed at φ of 13 wt% (Fig. 4.4n). Most of
the spirals are present on the peripheral ring of the droplet at φ of 11 and 13 wt%
(Figs. 4.4m,n). This implies that the film height could be one of the necessary criteria
to have spiral cracks only at specific φ in the Lys droplet.

Though the increase of the protein concentration directly increases the film thick-
ness, the heavy weighted protein (BSA of ∼66.5 kDa) contains less number of parti-
cles forming thinner film height than that observed in Lys (∼14.3 kDa) at the same
initial concentration. We argue that the absence of well-connected domains makes
it hard to buckle the protein film. As a result, the stored elastic energy can not be
applied from all the directions on the delamination front to propagate in the BSA
droplet. Interestingly, a hierarchy is only observed in the Lys protein droplets. At
the lowest φ (1 wt%), the cracks are present in the peripheral ring of Lys droplet.
The cracks are observed throughout the film from 3 to 13 wt%; however, there is
no delamination process involved until the φ of 3 wt%. At φ of 5 and 7 wt%, the
delaminated cracks are observed, particularly in the ring. As φ increased from 9 to



Chapter 4. Hierarchy I: Pattern Formation in Globular Protein Droplets 67

13 wt%, the circular and spiral cracks appeared in the ring in addition to the delami-
nation (Fig. 4.4h-n). Observation of these spirals might be a common phenomenon in
polymeric systems (Dillard et al., 1994; Behnia, Buttlar, and Reis, 2017; Neda, Jozsa,
Ravasz, et al., 2002); however, such phenomenon observed in Lys droplets is yet to
be reported. This proves a similar unstructured, amorphous reminiscent behavior of
the Lys protein.

This mechanical interpretation, thus, reveals the differences in the type of crack pat-
terns observed in the BSA and Lys droplets and throws light on the reason behind
the existence of spirals in the Lys droplets at specific φ. Further, this mechanical in-
terpretation can also be used in explaining the crack patterns in the dried droplets
of any bio-molecules.

4.3 Conclusions

This work showcased the self-assembly of proteins driven by the drying process.
The findings of these experiments confirm that the nature of protein plays an im-
portant role in deciding the drying evolution and the subsequent morphology. The
monotonous reduction of the contact angle during the drying process helps in iden-
tifying different modes of the evaporation. The relatively higher initial protein con-
centration used in this study facilitated in identifying a “dimple" on the mound-
structure in the dried lysozyme droplets. This study further establishes the pres-
ence of a spiral crack pattern at the specific initial protein concentration in lysozyme
droplets. The non-parametric statistical tests facilitate the crack spacing quantifica-
tion and confirm the visual observations.

In the next chapter (Chapter 5), the hierarchy is increased in terms of complexity.
These drying protein droplets are examined with the thermotropic liquid crystals
(LCs). Since these LCs were not aligned to the substrate before doing any experi-
ments, Chapter 5 specifically aims at exploring how the bulk LCs affect these pro-
tein droplets’ pattern formation. It is to be noted that this kind of work has not been
arrested in the literature so far. Therefore, the next chapter does not follow the con-
ventional way of quantifying the LC textures, such as the birefringence study in the
crossed polarizing configuration. It provides a new way of extracting information
about the self-assembled structures.
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Chapter 5

Hierarchy II: Pattern Formation in
Protein droplets with LCs*

5.1 Background

Liquid crystals (LCs) are a unique class of anisotropic materials those can explore a
wide range of ordered phases. The latest experimental developments consider LCs
as a promising tool for sensing biological and chemical events due to their label-
free detection, phase-separation and easy visualization (Kato, 2002). LC-based bio-
sensing systems are typically used to detect the interaction among the biomolecules
by utilizing an aligned nematic state of the LCs (Hu and Jang, 2012b; Hu and Jang,
2012a; Liu, Hu, and Jang, 2013; Marin et al., 2013; Shehzad et al., 2015; Lee, Chang,
and Lee, 2017).

Apparently, the self-assembled drying mechanism of a combined system consisting
of protein and LC (without any prior alignment) has not attracted any attention.
This work bridges the gap between LC and drying protein droplet research by in-
troducing a conventional, thermotropic LC at the initial concentrations of LCs into
a protein-water system. In the previous chapter (Chapter 4) we have used Lys (Lys)
and bovine serum albumin (BSA) as the archetypes to understand the drying mecha-
nism and pattern formation of these protein solutions prepared in de-ionized water.
Therefore, adding bulk LCs in the simplest Lys-water and BSA-water systems helps
us to identify the effects of these droplets in the form of emerging patterns. The main
findings of this study include (1) a temporal study providing a qualitative descrip-
tion of the collective motion and the inter-particle interactions of the protein particles
and the LCs. The main advantage is that the self-assembled structures are formed
in the absence of any external field- either electric or magnetic, and induced due to

*This work is published as two journal papers. (i) Pal, A., Gope, A., Kafle, R. and Iannacchione,
G.S., 2019. Phase separation of a nematic liquid crystal in the self-assembly of Lys in a drying aqueous
solution drops. MRS Communications, 9(1), pp.150-158. https://doi.org/10.1557/mrc.2019.18.
(Pal et al., 2019) (ii) Pal, A., Gope, A. and Iannacchione, G.S., 2019. A comparative study of the phase
separation of a nematic liquid crystal in the self-assembling drying protein drops. MRS Advances,
4(22), pp.1309-1314. https://doi.org/10.1557/adv.2019.209. (Pal, Gope, and Iannacchione, 2019a).
Thanks to WRAMP at WPI for spending money in purchasing the samples.

https://doi.org/10.1557/mrc.2019.18
https://doi.org/10.1557/adv.2019.209
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evaporative flow; (2) a birefringence intensity profile for both Lys-LC and BSA-LC
systems; (3) the concentration dependence textural study using the first order statis-
tics (FOS) and gray level co-occurrence matrix (GLCM), and lastly; (4) performing
statistical tests to compare the mean crack spacing (xc) between (a) peripheral ring
and the central regions at different concentrations of the Lys-LC systems, and (b) Lys
and BSA systems with and without LCs.

5.2 Results and Discussions

The lysozyme-water (Lys+DI) and bovine serum albumin-water (BSA+DI) solutions
were prepared by weighing 100 mg of proteins and dissolving them separately in
1 mL of de-ionized water. The LC (5CB) was heated just above its transition tem-
perature (T ≥ 35 ◦C) and added to the protein solutions. Different volumes (2, 5,
10 µL, respectively) of LC were added to the Lys+DI solution to make the initial con-
centration of LCs (φLC) as 0.23, 0.46 and 0.91 wt%. Keeping the φLC = 0.91 wt%, the
BSA-LC system is also made. Further, these different volumes of LC were added
to 1 mL of de-ionized water to make LC+DI system. It is to be noted that the LCs
are not aligned to the substrate prior to the experiment. The bulk LCs were used
throughout this study.

5.2.1 Lys-LC: Drying droplets and patterns of dried films

Temporal evolution of drying process

A sessile drying droplet generally features a curved air-fluid interface. Time depen-
dence of the drying Lys-LC droplets at a concentration of LCs (φLC) of 0.91 wt%
between crossed polarizers is shown in the top panel of Fig. 5.1. The droplets was
pinned to the coverslip and a convective flow took place in the droplets. These
droplets were bright in the cross-polarizing configuration due to their birefringence
nature. Similar to the Lys+DI system (φLC of 0 wt%), this system too decreased along
the contact angle (revealing a blur to prominent bright spots, Figs. 5.1a-c). As soon
as the contact angle reached to a smaller value, a fluid front started moving from the
edge to the center (similar to the Lys+DI system). An outline at the curved interface
(Fig. 5.1b) was observed indicating a starting effect of the “coffee-ring" (alternatively
called rim). The solvent loss was highest near the droplets edge, as a result, all par-
ticles were rushed with the flow to compensate the non-uniform evaporation rate.
The big LCs (small LCs clustered together) were mostly observed in the central re-
gion (these were originally found there, while depositing the droplets). The small
LCs were spread (easily flowed by the convective and radial flow) throughout the
droplets, mostly near the droplets edge (Fig. 5.1c). The restrictive movement of the
big LCs was possibly due to their viscous nature, resulting in space confinement by
flow-induced shear force. However, big LCs went through a little orientation, align-
ment, or tumbling as induced by inherent non-uniform fluid front flow due to the
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FIGURE 5.1: Top panel: Time-lapse images of drying Lys-LC drop at the concentration
of LCs (φLC) of 0.91 wt%. a) 193 s showed an initial stage of drying. A radial flow
of the particles to the droplet edge at b) 403 s and c) 731 s are shown. Merging of
large-sized LCs in the central region and filling of these LCs at the droplet edge were
displayed at d) 791 s and e) 815 s. The self-assembled structures after visual drying
process was observed at f) 1193 s. Bottom panel: Intensity variation with time of
Lys-LC drop showing three regimes, an initial slower regime (I), a transition regime
(II) and a saturation regime (III). The error bars correspond to the standard deviation.
The microscopic images in I, II and III were taken at 301, 745 and 1193 s respectively.
The crossed polarizing configuration is depicted by crossed double arrows. The white

color in the right corner is a scale bar of 0.2 mm.

attractive forces (capillary, van der Waals and dipolar interactions) between adjacent
LCs (Fig. 5.1d) (Jeong et al., 2015). The individual big LCs further merged and coa-
lesced into bigger LCs, resulting in increasing the optical intensity (Fig. 5.1e). Like
Lys+DI system (described in Chapter 4), this system also showed the rim which was
at a greater height from the central region due to the deposition of most of the Lys
particles.

Finally, a mechanical stress originated due to the solvent loss and the pinning of the
droplets leading to the formation of cracks (starting from the droplets edge). The
crack lines started forming like the Lys+DI system; however, a slow and ordered
way was observed in this system. Subsequently, a fast follow-up process of LCs took
place in the crack lines (all lines become bright, Fig. 5.1e). A simultaneous process
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of filling of domains (created by the cracks) with LCs started at the droplets edge,
unlike Lys+DI system (described in Chapter 4). This whole process of LC-filling
completed within a time span of ∼2 minutes (starting from ∼745 to ∼865 seconds).
The final step of the drying process was the formation of the self-assembled patterns
of the Lys particles in the presence of a small fraction of LCs (Fig. 5.1f). The misci-
bility of the solutes (LCs and Lys particles) is the key to obtain this pattern after the
water evaporates from the system. The LCs were found to be partially soluble in
the de-ionized water; whereas, the Lys particles without LCs, form a homogeneous
solution with water. However, the inclusion of LCs into Lys without water was not
possible as we have used lyophilized Lys. The striking feature of this study is the
phase separation of LCs induced by the convective flow of solutes and the loss of
water during the drying process.

The bottom panel of Fig. 5.1 illustrates a typical intensity response of LCs (since
only LCs are birefringent) varying with drying time in Lys-LC droplets at φLC of
0.91 wt%. Furthermore, a clear correlation between the top and bottom panels of
Fig. 5.1 was made. Initially, the intensity didn’t change much for a certain period
(up to ∼700 s). The movement of LCs and the change in the intensity were not quite
visible during this period (regime I) due to the spherical-cap shape of the droplets.
However, this shape got reduced by the decrease of the contact angle and finally
reached a minimum value. In regime II, by maintaining the smaller contact angle
configuration, the onset of LC activities (such as merging and filling up the crack
domains) increased resulting in a rapid increase of intensity. This transition period
(regime II) was only found for ∼200 s, in which the intensity varied from ∼35 to
∼69 a.u, i.e. an increase by a factor of two: the rate of change in intensity with
time is ∼0.17. The standard deviation was higher in the transition than all other
regimes due to the presence of different sized big LCs in different droplets. As this
regime was solely dependent on the LC activities, it resulted in the change of the
intensity (values) for three different droplets and hence, a higher standard deviation
was observed. It was followed by regime III in which the intensity saturated as the
droplets was about to complete the drying process.

The drying system of LC+DI was also explored, and we observed a slow movement
of bulk LCs towards the droplets edge. A non-uniform evaporation of water was
observed in the LC+DI droplets and the LCs remained at the surface (coverslip) due
to LC-surface interaction. Contrary to the LC+DI system, in the Lys+DI system (con-
centration of LCs (φLC) of 0 wt%), the Lys particles were distributed on the coverslip
to form a protein film during the convective flow. It followed by a radial flow of par-
ticles towards the droplets edge which helped to deposit most of the particles. Then,
the fluid front started moving from the edge and rest of the particles were carried
to the center resulting in the formation of ‘mound’-like structure (Figs. 5.2a, g). The
averaged intensity (Ic) was measured for both LC+DI and Lys+DI systems in which
no variation of intensity in drying time was observed. However, LC+DI showed
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FIGURE 5.2: The morphology of drops after 24 hours. Top panel: Drops imaged
in crossed polarizing configuration. The initial concentration of LC droplets (φLC in
wt%) is a) 0, b) 0.23, c) 0.46 and d) 0.91. The drop without LC droplets (φLC of 0 wt%)
showed very weak birefringence, therefore, lamp intensity was increased for clear vi-
sualization. Middle panel: e) and f) show a proposed mechanism for the evolution of
the unique patterns. Bottom panel: Gray scaled drops imaged in bright field configu-
ration, where φLC in wt% is g) 0, h) 0.23, i) 0.46 and j) 0.91. The scale bar corresponds

to 0.15 mm.

a higher value of intensity than Lys+DI system due to the birefringence nature of
LCs. A significant difference was noticed between LC+DI and Lys+DI or Lys-LC
droplets i.e. there was no coffee-ring or no self-assembled patterns in absence of Lys
(protein) particles. This reveals that the significant contributions to the final patterns
were Lys-Lys and Lys-LC interactions. Furthermore, protein in general, has a non-
uniform surface, with most of the hydrophobic regions sheltered inside and with ex-
posed charged or polar residues. This helps in making it available for new points of
attraction with either neighboring protein particles or LCs (Paul et al., 2008). LC has
its own dipole moment due to the presence of cyano group at its one end (De Gennes
and Prost, 1993). The accumulation of LCs into the protein solution has a tendency
to form Lys-LC complexes. These complexes were formed by attracting the exposed
parts of the protein to the cyano group of 5CB. At this point, the electrostatic attrac-
tion is almost zero due to non-involvement of external salts/ions. Nonetheless, this
attraction may not have a large contribution owing to the presence of cyano groups
at one end of the LCs and due to the overall positive charge of Lys.

Morphological study in dried droplets

The available stress in the dried droplets (after visible evaporation) was relieved by
the increase in the number of cracks. Also, the flow of LCs was found to be affected
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in the droplets (Fig. 5.1f which was taken after visible evaporation and Fig. 5.2d
which was taken after 24 hours at the concentration of LCs (φLC) of 0.91 wt%). We
observed that some regions in the dried droplets initially had more LCs (bright re-
gions) and then, uniformly distributed towards the end of the day. Hence, all the
dried samples were imaged after 24 hours.

Figs. 5.2a-d show the images of the dried Lys droplets with and without LCs imaged
in the crossed polarizing configuration. The lamp intensity of the dried Lys droplets
without any LCs (concentration of LCs (φLC) of 0 wt%) was increased for a clear vi-
sualization. It is well known that Lys in crystal form shows birefringence and scatter
light depending on the domain size (Singer et al., 2006). However, our perception
is that only the evaporation process (the loss of water) from the Lys solution with-
out LCs may not be able to form crystals completely. The scattering of light was
mostly visible near the crack lines once the lamp intensity was increased to maxi-
mum. These lines were the areas without any Lys particles or LCs and were just the
bare coverslips leaking the light from the microscope probably. Hence, comparing
φLC of 0 wt% to other concentrations, it could be inferred that Lys+DI system exhibits
a very weak birefringence. This indicates that, the optical activity in cross-polarizing
imaging was mostly due to the activities of the LCs. Contrary to the Lys+DI system,
Lys-LC systems showed a dark region in the interior and bright regions at each cor-
ner of every crack domains. In this context, a physical mechanism is proposed to
understand the self-assembled patterns in the Lys droplets due to phase separation
of LCs (Figs. 5.2e-f). During the convective flow of the drying process, most of the
Lys particles were distributed on the coverslip and resulted in a protein film.

However, it is possible to have some LCs to get trapped in the film or to be on the
top of the Lys film. The external stress increased due to solvent loss and the droplets
cracked resulting in different sized interconnected domains. A simultaneous pro-
cess of buckling in every domain took place. Two scenarios were possible; (i) the
presence of the LCs was on the top of the Lys film; and/or (ii) the presence of these
droplets was underneath the film. It was found in Fig. 5.1d-f that LCs were follow-
ing the crack lines (channels) for their distributions in every domain, starting from
the droplets edge. Moreover, after completing the visible evaporation, the LCs dis-
tributed in the crack lines depicted by bright color (Fig. 5.1f), but within 24 hours
the crack lines became dark (Fig. 5.2d). If the LCs were present on the top of the
film, then, their flowing through the crack lines would not be possible because the
protein film is at a greater height near the droplets edge (compared to the central re-
gion). The change of the bright crack lines into dark within 24 hours would also be
baffling. In addition to this, the air-LC interface is known to have weak homeotropic
anchoring, hence, all the domains would have shown a radial point defect in the
form of the Maltese cross (a cross always lining up with the polarizer and analyzer);
but here, that was not the case. The dried droplets in presence of LCs showed a
dark region which likely to be the attached Lys film to the coverslip (substrate) and
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most of the bright regions were the randomly oriented LCs underneath the protein
film; suggesting being the second scenario (mentioned above). Within 24 hours, the
Lys domains were more uplifted (buckled) and the LCs flowed inside the domains
from the crack lines through the capillary action. The representative of most of the
domains in the dried droplets with LCs show randomly oriented LCs in the bright
regions. However, in some of the domains, a perfect radial configuration (Maltese
cross) was observed probably due to the presence of the LCs at the air-LC interface.
On the other hand, some of the crosses often seem to align with what was likely a
radial flow during the drying process. In addition to this, most of the crack domains
contained a single dark region at the center, some were found to be off-centered
probably due to the domain shape and the unstable buckling mode. The centered
configuration would evolve from that off-centering when buckling start to develop
fully (Islam et al., 2005; Zou and Fang, 2010). To ensure that each of the domain had a
distribution of LCs with random orientations, the domains were rotated with a sam-
ple angle for a complete revolution, and we did not observe any optical change in
the patterns. All crack lines appeared dark even when the sample angle was varied
for a complete revolution and no uniformed angular dependence with the intensity
was found when compared among different domains.

In Figs. 5.2b-c an uncertainty arose in the count of the bright regions in the droplets
as LCs were partially soluble in the water. But these droplets were the most repeti-
tive ones and we concluded that LCs were not enough to fill the whole surface of the
droplets. The LC concentration up to 0.91 wt% was chosen which was just enough to
fill the whole droplets of radius ∼1 mm. It was also observed that further increase
of LC concentration (for eg. 1.82 wt%, or more) made bright blob like structures
which restricted the smooth flow of LCs within the droplets. A minute observation
of Figs. 5.2c-d confirmed the presence of ripples in some dark regions of the domains.
These were formed because of an air gap between the protein film and packing of
LCs. These domains had a non-uniform thickness and these small (unavoidable)
variations were depicted by different colors (reddish, yellowish, greenish) in the
droplets (Heo and Park, 2017; Ohzono et al., 2017).

In the bright field imaging, the gray images with and without LCs were shown in
Figs. 5.2g-j. Following the observation of the morphology at φLC of 0 wt% (Fig. 5.2g),
it could be argued that the stress was built not only along the fluid front movement,
but, applied from all directions. The gradient in the protein-film thickness (a thick
sheet in rim, a thin sheet in the center and an extremely thin sheet in between the
regions) resulted in a chaotic system. Therefore, it could be concluded that a random
(chaotic) crack is a response to the lack of dominant stress in any specific direction.
Unlike Fig. 5.2g, the presence of viscous, denser particles (here LCs) enabled the
cracks to experience mostly azimuthal tensile stress (the stress along the fluid front),
leading to radial and highly ordered cracks. Fine radial, regularly spaced cracks ap-
peared first near the droplets edge (rim), then the big LCs tried to fill in the large
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crack domains, and a further flaw was developed with the propagation of desicca-
tion. Due to these flaws, the long and large radial cracks were developed through-
out the droplets. However, the orthoradial cracks appeared in the rim to release the
available local strain energy in the domains created by the radial cracks. This helped
the cracks to curve and join the consecutive radial cracks. Furthermore, both ortho-
radial and radial cracks continuously appeared in the central region to release the
remaining stress in the droplets resulted in forming the small domains (when com-
pared with the domains in the rim). Further, a prominent ‘mound’-like structure in
the central region of the droplets in the absence of LCs (φLC of 0 wt%) was observed,
however, the presence of LCs was likely to prevent or disturb this formation. This
structure was likely to be ‘free’ Lys particles that were light enough for the fluid front
to carry to the center (Gorr, Zueger, and Barnard, 2012). The out-of-equilibrium dry-
ing of this system and the increased viscosity, density and surface tension gradients
(LC-coverslip, Lys-LC, Lys-coverslip interfaces) helped in the protein aggregation
throughout the whole droplets. In addition to this, LCs were affected in forming the
small domains in the central region and big domains (highly ordered, uniform radial
cracks) in the rim. The perception is that LCs in the central region didn’t get to relax
to a smooth uniform state owing to the in-homogeneous, fast fluid front movement
as soon as the front part touched the big LCs while propagating from droplets edge.
On the other hand, in the rim, the absence of big LCs helped the fluid front to move
in an uniform way. As a result, the smaller LCs gathered enough time to anneal into
the homogeneous structures, resulting in the big domains (Davidson et al., 2017).
Moreover, in all systems, the curved and wavy-ring patterns were found near the
droplets edge possibly due to the stress originating from the boundaries created by
the radial cracks (Pal et al., 2020a). A minute observation of Figs. 5.2h-j showed a
gelation between central and rim regions in presence of LCs. This region believed
to be a transition region in the protein film thickness and we conclude that the dis-
persion of LCs within the film trapped some water during the fluid front movement
and formed this gelation. Interestingly, no rim width dependence was observed
with varying concentration of LCs (φLC). This expanded our knowledge that the rim
was only affected by the concentration of protein particles and not from the added
amount of LCs. The independence of rim width on φLC (due to the dispersion of
LCs into different crack domains) supported the physical mechanism proposed in
this chapter.

Textural analysis in dried droplets

The FOS (first order statistics) parameters depend on the pixel distribution of the
selected ROI, whereas GLCM (gray level co-occurrence matrix) parameters rely on
the interpixel relations. Though these are complimentary measurements to evalu-
ate droplets texture, interestingly all the parameters followed a simple exponential
law when varied with the concentration of LCs (φLC) (Carreón et al., 2018b). The
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FIGURE 5.3: Texture analysis of dried drops. Top panel: First order statistics (FOS)
reveals the pixel distribution through Mean, Standard Deviation, Integrated Density,
Skewness, and Kurtosis. Bottom panel: Gray level co-occurrence matrix (GLCM)
reveals the interpixel relations through ASM (Angular Second Moment), Contrast,
Correlation, IDM (Inverse Difference Moment) and Entropy. The exponential fit for
the curves are shown in each graph. The error bars correspond to the standard error.

equation stated as:
δ = δ0e(−φLC/k) + δs (5.1)

where δ is the textural parameter, δ0 is an initial textural parameter, δs is the sat-
urated parameter and k is the characteristic concentration at which the parameter
diminishes by the 1/e factor.

The variation of φLC affected the textural patterns (morphology) in the dried droplets
(Fig. 5.2). The top panel of Fig. 5.4 showed FOS parameters in which the mean de-
termines the intensity per pixel of the selected region of interest (ROI) within the
droplets, standard deviation determines the variation around the mean values re-
lating to the roughness of the image texture and integrated density determines the
total pixel intensity of the ROI. All grew exponentially due to the increase of LC-
dominating regions resulting in an increase of the brightness (hence, the pixel in-
tensity of the image) (Pal, Gope, and Iannacchione, 2019b; Carreón et al., 2018b).
Both the skewness and kurtosis, in contrast, decreased with the increase of LC-
dominating regions possibly due to the intensity distribution (histograms changed
from asymmetrical to symmetrical tailed). The lowest values of skewness and kur-
tosis were found at the highest φLC. The bottom panel of Fig. 5.4 showed GLCM
parameters varying with φLC i.e. ASM measures global homogeneity in the texture,
correlation measures the degree of similarity in a row or column direction of the
image texture and IDM measures local homogeneity of the selected ROI. All these
displayed an exponential decrease due to the decrease in the uniformity of the tex-
ture with the increase of φLC. On the other hand, contrast and entropy increased in
terms of the number of pixels and the heterogeneous regions formed. An increase in
the diversity of the self-assembled structures occurred when φLC was varied through
the increase of bright LC-dominating regions in the dried textures (Pal, Gope, and
Iannacchione, 2019b; Carreón et al., 2018b).

It can be hypothesized that these analyses (FOS and/or GLCM) in the final deposits
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of any drying droplets will follow simple exponential laws. Our perception is that
these structural changes following the exponential laws are not due to any contribu-
tion of external salts, as our experiments were conducted by varying LC concentra-
tions only.

Statistical analysis of crack patterns in droplets

0.23*0 0.46* 0.91*

(m
m

)

(wt%)

FIGURE 5.4: Top panel: An example of a binary image of a dried drop at φLC of
0.23 wt%. The scale bar corresponds to 0.15 mm. The yellow dashed line separates
the drop into rim and central regions. Bottom panel: The histogram depicting the
comparison of mean crack spacing (xc) between the regions at different φLC. Signif-
icant pairs are marked with an asterisk [*]. The error bars correspond to standard

error.

The visual observations showed the differences in terms of crack spacing between
two different regions at each concentration of LCs (φLC). However, the visual ob-
servations may not be able to distinguish the data fluctuations borne out due to the
experimental conditions or quantify the trend of xc with increasing φLC. We ob-
served that the aggregated data in different regions at each φLC was not normally
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distributed (positively skewed). Therefore, we conducted a non-parametric Mann-
Whitney U test using SPSS (version 22.0). The difference is said to be statistically
significant if p ≤ 0.05. The ‘region’ was kept as the categorical factor (independent
factor, with two levels: rim and central) and ‘xc’ as the dependent variable. The
yellow dashed line in the binary image depicts an example separating the droplets
into rim and central regions (top panel of Fig. 5.4). The comparison of xc between
the regions at different φLC is shown in the bottom panel of Fig. ??. The statistical
test quantified the morphological observations that xc in two regions were almost
identical in absence of LCs, but their presence made two regions significantly differ-
ent. The xc wasn’t found to be significantly different i.e. ∼0.20 mm in the rim and
∼0.18 mm in central regions at φLC of 0 wt%. It significantly decreased from ∼0.20
to∼0.12 mm in the rim and to∼0.07 mm in the central region as φLC increased in the
presence of LCs. The central region was found to contain small domains, resulting
in a smaller value in xc when compared to that of the rim in presence of LCs. The
absence of LCs enabled the stress to act from all the directions resulting in similar
cracks in both the regions. The ‘mound’-like structure further facilitated the crack to
propagate from all the directions. The presence of LCs produced the uniform and
radial cracks in the rim (big domains) resulting in larger xc values. Many radial and
orthoradial cracks were observed leading to small domains in the central region of
the droplets. These were possibly due to the presence of the thin sheet of the protein
film in the central region resulting in smaller xc values.

The presence of LCs and their partial phase-separation facilitated the uniform crack
formation in the rim region (the reason is explained in detail in the previous section).
Moreover, xc was decreased with the increase of φLC in both the regions. It was
because the number of LCs increased with the increase of φLC, resulting in more
stress, more cracks and subsequently resulted in a decrease in the xc. The results
of the statistical test were found to be consistent with the visual observations and
the differences in xc between the regions of a droplets were derived by varying the
concentration of LCs.

5.2.2 BSA-LC: Drying droplets and patterns of dried films

Time evolution of the drying droplets

Similar to Lys-LC system, Figure 5.5(I) shows the drying evolution of the deposited
droplet containing BSA, DI, and LC in the crossed polarizing configuration. In the
first regime, the droplet got pinned on the substrate (coverslip) and the contact
angle started decreasing. The transformation of the intensity (from blur to promi-
nent spots, Figs. 5.5a-c) indicates a decreased contact angle. During this regime, the
convective and radial flow of both BSA particles and tiny LCs were observed (see
Fig. 5.5(I)a-b) in the time span of ∼11 minutes. This resulted in depositing most of
the BSA particles near the edge displaying a “coffee-ring" effect (Deegan et al., 1997).
A few big LC (clustered small LC) droplets merged with other droplets, whereas a
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FIGURE 5.5: (I) Time lapsed images of BSA-LC drying droplet in crossed polarizing
configuration (crossed double arrows) at a) 117 s, b) 421 s, c) 677 s, d) 941 s, e) 1007 s
and f) 1149 s. The white colored rectangle is a scale bar of 0.2 mm. (II) Intensity
variation of BSA-LC droplet with drying time indicates three distinct regimes. The
error bars correspond to the standard deviation. The microscopic images in the initial,

transition and saturation regimes are taken at 415, 805 and 1149 s, respectively.

few LCs popped up, and spread individually (Fig. 5.5(I)b-c). The concentration of
these droplets and BSA particles were mostly observed near the edge (Fig. 5.5(I)d).
The mechanical stress was built as not much water was left and the droplet started
cracking to relieve the available stress. The filling of LCs took place in the crack lines
and started spreading on the domains created by the cracks. Most of the LCs were
spread near the boundary of each domain in the droplet (Fig. 5.51(I)e-f) showing the
morphology after the visible evaporation (Fig. 5.51(I)f).

Figure 5.5(II) depicts the intensity profile of the drying process. The profile started
with a slow increase of the intensity due to spherical-cap shape of the droplet, an ini-
tial regime up to ∼670 s. Once the contact angle reached the minimum, the LCs be-
came prominent, and a rapid rise of the intensity was found in the transition regime.
It raised from ∼22 to ∼54 a.u. and found till ∼1030 s, i.e., for ∼6 minutes. Finally,
it saturated when the droplet completed the process. This intensity profile was only
possible due to the birefringence nature of LC droplets, and so the protein droplets
without LC didn’t show any variation. Though the activities of LCs in Lys (Fig. 5.1)
were different from BSA, the intensity variation of BSA-LC couldn’t account the mi-
nor details and revealed three regimes (initial, transition and saturation) like Lys-LC.

Birefringence of the dried droplets

It is to be noted that LCs (bright regions) in BSA-LC droplet redistributed themselves
in each domain towards the end of the day (Figs. 5.5(I)f and 5.6(I)a). As most of the
LCs were present near the edge after visible drying process, each domain in the
rim showed four-fan like structures and bright crack lines in the central region of
the dried BSA-LC droplet are observed (Fig. 5.6a). In contrast, all the domains were
bright at the corners and dark in the center, separated by dark crack lines in the dried
Lys-LC droplet (Fig. 5.6(I)b). This observed behavior may be due to the protein-LC
interactions that affects the wettability of the LCs during the drying process. Lys
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FIGURE 5.6: (I) The morphology of the dried droplets imaged in crossed polarizing
configuration (crossed double arrows) after 24 hours: a) BSA-LC, and b) Lys-LC. The
white colored rectangle is a scale bar of 0.15 mm. The orientation of LCs in each
domain is shown in c) BSA-LC and d) Lys-LC. (II) One particular domain of the BSA-
LC sample is rotated under crossed polarizers at a magnification of 10×. The yellow
arrow indicates a reference point with respect to the four-fan brushes confirming the

rotation of the patterns and reveals an umbilical defect with a strength of [+1].

is a more compact, stable and four times lighter protein particle compared to BSA.
The viscous nature of the LCs allows those to prefer beneath the Lys protein film.
The (initial) process of cracking induces the flow of these droplets through the crack
lines. Each domain attached to the coverslip buckled (uplifted) from the corner to
the central region (dark in the morphology). The randomly distributed droplets
(bright in the morphology) were rearranged by the capillary action (Fig. 5.6(I)d). On
the other hand, in case of BSA-LC, the droplets were present at every corner of the
domains and spread over each BSA domain for 24 hours.

Between crossed polarizers, the characteristic fourfold brushes (lines of extinction)
with a defect core appeared in BSA-LC droplet after 24 hours. The distribution
of LCs as the radial director configuration is illustrated in Fig. 5.6(I)c. A typical
texture of the unaligned nematic phase under crossed polarizers is the Schlieren
defect which exhibits two and fourfold brushes. Here, only the fourfold brushes
were observed and termed as umbilical defect (Dierking et al., 2005) where each self-
assembled protein domain contains only one defect. The four dark brushes in the
BSA-LC droplet indicated that the director of the LC nearly matches either the po-
larizer or analyzer in the crossed polarizing configuration. When the sample was
rotated in an anti-clockwise direction (the yellow arrows shown in the Fig. 5.6(II)
provided a reference point) keeping the polarizer and the analyzer fixed, the brushes
were observed to rotate in the same direction, whereas the defect core of the brushes
continued in a fixed position indicating a [+1] strength defect.

The droplets were found to be aligned anisotropically with respect to the shape of
the domains as a minimum energy configuration. The domain boundary confines
these droplets and the preferred alignment of the LCs considers the shape of the
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domain and whether the anchoring energy and the domain size are large enough
to accommodate their elastic energy (Dierking et al., 2005). Ideally, the core defect
should be observed to be at the highest height and in the middle of the domain.
However, the distortion of the brushes provides the evidence that the nematic direc-
tor follows the contour in each protein domain. Based on these observations, it can
be inferred that most of the LCs form a layer on the top of the BSA film revealing a
radial defect in each domain at the air-LC interface, with some droplets trapped in
the film during the drying process.

Crack morphology of the dried droplets

e

FIGURE 5.7: Dried droplets imaged in bright field configuration after 24 hours: a)
Lys without LC, b) Lys with LC, c) BSA without LC, d) BSA with LC. The scale bar
represents 0.15 mm. e) A histogram depicting the comparison of mean crack spacing
± standard error in the protein droplets with and without LC. Significant pairs are

marked with an asterisk [*].

The bright field images of each protein droplet with and without LC are shown in
Figure 5.7a-d. The common feature noticed in all the droplets is the presence of the
rim at a higher height compared to the central region confirming the favored “coffee-
ring" effect in the droplets. Nonetheless, the presence of LCs made the surface of the
droplets rough probably due to phase separation during the drying process. The
inclusion of LCs also increased the stress in the droplets resulting in increasing the
number of cracks. The comparison of Lys droplet with and without LC revealed
that the ‘mound’-like structure was disturbed; the presence of LCs enabled ordered
cracks in the rim [discussed in detail in the previous section, and our published work
in (Pal et al., 2019)]. The comparison of BSA droplet with and without LC (Fig. 5.7c
and 5.7d) revealed that the cracks were only present in the rim in the absence of
these droplets. Moreover, most of the cracks were not connected at their terminals
in BSA droplet without LC. In contrast, cracks are seen to be connected with other
resulting in the formation of the domains and spread in the whole BSA droplet with
LC. The comparison of Lys and BSA droplets with LC (Figs. 5.7b and 5.7d) indicates
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a smaller domain size of Lys than that of BSA. Hence, it could be inferred that the
domain size in BSA droplet with LC was probably one of the reasons which provided
the necessary criteria to form radial director configuration.

The non-parametric Mann-Whitney U statistical test was conducted to quantify the
cracks concerning mean crack spacing (xc) in the rim region of the droplet. The ‘Lys’
(‘BSA’) was kept as a categorical factor with two levels, without and with LC and ‘xc’
as a dependent variable. The comparison of xc with and without LC for different
proteins was shown in Fig. 5.7e. In Lys droplet without LC, xc was found to be
∼0.20 and reduce to ∼0.12 mm in the presence of LC droplets. The Mann-Whitney
U test indicates a significant interaction in Lys. A large crack spacing is observed
in Lys without LC (depicted by [*]), agreeing to the morphological observations. In
contrast, no significant difference in terms of xc was observed in BSA droplet with
and without LC. The xc without LC was found to be ∼0.25 and ∼0.21 mm with LC.
This indicates a non-significant interaction in BSA providing an extra dimension not
clearly observed morphologically. Hence, it could be concluded that LCs drastically
affected the crack formation in Lys droplet since most of these droplets were beneath
the Lys film. On the other hand, LC didn’t alter the crack spacing in BSA droplet
significantly supporting our claims that most of these droplets were present on the
top of the BSA film.

5.3 Conclusions

The major finding of this chapter is that different morphological patterns evolved
through phase separation of bulk liquid crystal (LC) and self-assembly of globular
proteins (Lys and BSA) induced by evaporation of the solvent (de-ionized water)
only. The intensity study during the drying process for both Lys-LC and BSA-LC
systems revealed three regimes: a slow increase, a transition phase and a saturation
of the intensity in the presence of LCs whereas, no variation was observed when
the LCs were absent. Furthermore, the dried BSA droplet showed umbilical defects
with a strength of [+1] in different domains and is observed only near the edge.
In contrast, each domain of the dried Lys droplet appeared to be bright with dark
central regions.

The protein-LC study discussed in this chapter provide clues on how the synthe-
sized complex multi-component bio-colloid behaves and affects the morphological
patterns in the presence of optically active material. In the next chapter (Chapter 6),
we will be exploring the drying process in a naturally occurring complex multi-
component system such as human blood. The primary motivation is to understand
the influence of the water loss in the pinned droplet on the microstructural behavior
and connect with the macroscopic patterns.
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Chapter 6

Hierarchy II: Pattern Formation in
Human Blood Droplets*

6.1 Background

Phase transition refers to a physical process where a substance experiences a state
transformation (Landau and Lifshitz, 2013). The alteration of ice (solid) to water
(liquid) and eventually to vapor (gas) due to heat is a typical example of the phase
transition. Besides, the appearance of zero electrical resistivity in the superconduc-
tivity state, or the transformation of the liquid crystalline into the crystalline phase
are just a few other well-studied phase transition examples in the field of condensed
matter physics (Landau and Lifshitz, 2013; Singh, 2000). In a similar way, the state
of phase transitions in the biological systems equally attracted considerable research
attention, where the ideas of statistical mechanics have been applied on many ap-
plications, including order parameters, fluctuations, and universality classes. For
example, the phase transition of various biomolecules (from a liquid crystalline to
gel state) such as lipids, cholesterol, proteins, etc. is found to play an essential role
in the selective trafficking and signaling activities across the cell plasma membrane
(Simons and Ikonen, 1997; Boeynaems et al., 2018). Another vital instance of phase
transition includes the sol-gel transformation that modifies the assembling mecha-
nism of the platelets (one of the cellular components of the whole blood) and various
fibrin proteins. This particular transition state of the sol-gel is considered to be cru-
cial to healing an injury during the process of blood clotting (Tablin et al., 1996). Fur-
thermore, the ion-selectivity in nerve fibers alters their structures from the swollen
to the shrinking state and influences the process of nerve excitation and conduction.
All these biological phase transitioning examples are at the cellular or the molecular

*The work described in this chapter is published. Pal, A., Gope, A., Obayemi, J.D. and Iannac-
chione, G.S., 2020. Concentration-driven phase transition and self-assembly in drying droplets of dilut-
ing whole blood. Scientific Reports, 10(1), pp.1-12. https://doi.org/10.1038/s41598-020-76082-6
(Pal et al., 2020b)–I am indebted to WPI Tinkerbox program sponsored by WIN (Women Impact Net-
work) at WPI for awarding me the essential funding to conduct all the experiments and bear the article
processing fees of ∼1800$.

https://doi.org/10.1038/s41598-020-76082-6
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level and are driven by both physical and chemical processes (Jacobs and Frenkel,
2017; Pollack and Chin, 2008).

Understanding the drying phases of a multi-component bio-colloidal droplet, such
as the whole human blood has attracted many researchers. For example, the spread-
ing, the wetting and the cracking phenomena of the drying droplets of blood (vary-
ing in different parameters including substrate, wetting, relative humidity, etc.) have
been examined in detail to develop an understanding of the evolving patterns (Brutin,
Sobac, and Nicloux, 2012; Zeid, Vicente, and Brutin, 2013; Zeid, and Brutin, 2014;
Sobac and Brutin, 2014; Chen et al., 2016a; Chen, Zhang, and Shen, 2018; Choi, Kim,
and Kim, 2020). The presence of various cells [red blood cells (RBCs or erythro-
cytes), white blood cells (WBCs or leukocytes), and platelets (thrombocytes)] make
the whole blood a complex bio-colloidal fluid (Brutin et al., 2011). These cells are sus-
pended in the blood plasma and usually contains water (92% by volume) along with
a minute amount of plasma proteins, ions, and hormones in them (Sobac and Brutin,
2011). The process of drying evolution of the blood droplet starts as soon as a droplet
gets deposited on a substrate. The constituent components are dispersed uniformly
in the droplet that defines an initial equilibrium state. As the solvent (water) starts
evaporating from the droplet, the drying process drives the system out of the equi-
librium. The wetting conditions on the substrate enables the evaporation-driven
convective flow. Further, water-loss in the droplet concentrates the components fa-
cilitating their self-assembling interactions. A signature pattern evolves, and the
droplet reaches a new equilibrium state as soon as the drying process is completed.

Recently, diluted blood samples (into different concentration ranges) have shown
insightful drying patterns in blood pattern analysis (BPA) (Ramsthaler et al., 2016;
Ramsthaler et al., 2017; Van den Berge et al., 2019; San Pietro and Steelberg, 2019).
Sen et al. (Iqbal, Shen, and Sen, 2020), in a different study, examined the effects of
diluted blood droplets at a fixed saline concentration by changing the substrate con-
ditions. The study concluded that the transition of the cracking to the non-cracking
regime exists for the droplets deposited on the hydrophilic substrate. On the other
hand, when the droplet dries on the hydrophobic substrate, the buckling regime is
merged to this transition phase. The study primarily focused on the decrease of the
RBCs in diluted blood samples, and how the reduction of RBCs affects the mechan-
ical stress developed due to the water loss. Despite the intense research on drying
blood droplets, the range of dilution and the use of several experimental techniques
(optical microscopy detailing the drying evolution and the final morphology, scan-
ning electron microscopy exploring the deformed blood structures in the dried sam-
ples, contact angle measurements giving the idea of the wetting) do not reveal any
concentration-driven phase transition region for these diluted blood droplets. In
fact, no study is performed on the diluted blood samples to understand the charac-
teristic changes and aim to examine the fundamental understanding of such phase
transition and self-assembly (Whitesides and Grzybowski, 2002) during their drying
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process and the resulting morphology. The implication of diluted blood samples is
crucial and makes this study different from others’ report. The diluted blood sam-
ples lead to changes in the initial equilibrium state that results in reducing the inter-
action between various components as well as minimizing the biological activities
within such multi-colloidal system.

This investigation reveals a unique mesoscopic phase transition that is solely driven
by the physical process, drying at different concentrations. Exploring the phase tran-
sition and the self-assembly patterns in such a multi-component system may reveal
much significant information. Keeping these notions in mind, this article aims to ad-
dress the following vital questions: (i) What are the factors those stimulate a phase
transition in the drying droplet of the whole blood?, (ii) What are the different dry-
ing mechanisms leading to the phase transition?, (iii) Is it possible to explain the
complexity of the microscopic structures of the cellular components following the
phase transition? If so, to what extent is it possible to do so? And finally, (iv) How
do the wettability and the interfacial properties of the droplets influence the different
environment during the drying process?

Furthermore, the outcome of this research also has the potentiality in applications
related to disease diagnosis (Rapis, 2002; Yakhno et al., 2003; Yakhno et al., 2005;
Yakhno et al., 2015; Tarasevich, 2004; Muravlyova et al., 2014; Bel’skaya, Sarf, and
Solonenko, 2019; Bahmani, Neysari, and Maleki, 2017b; Mukhopadhyay et al., 2020).
Several studies have revealed that the resulting final patterns of the drying droplets
appear correlated to the initial state (Sobac and Brutin, 2014; Chen et al., 2016a).
Researchers also concluded that patients with chronic kidney disease usually suffer
from overhydration or an overload of extracellular water (Onofriescu et al., 2015).
Moreover, patients in receipt of hemodialysis (a therapy for patients with poorly
functioning kidneys) often continue to have low cellular counts after treatments
(Hsieh et al., 2009; Hung et al., 2014). In some cases, this therapy tends to create
a low supply of RBCs, which in turn leads to possible anemia cases. Thus, the initial
concentration of the whole blood (whether diluted or concentrated) is an important
parameter correlated to these pathologies. The conventional method includes the
complete blood count (CBC) of almost every patient; however, this alternative dry-
ing process proposed in this study may reflect the (actual) different stages of critical
diseases in a more convenient way in the near future. Our proposed method is an
initiative to explore their physiological activities.

We attempted to investigate the drying process of the whole blood macroscopically
(mm scale) using a bright-field optical microscopy and a contact angle goniometer
of the droplet. The statistical image parameters of the microscopy, such as the first-
order statistics (mean and standard deviation) are characterized during the drying
process (Pal, Gope, and Iannacchione, 2021). The morphological quantities of the
final dried state such as the crack width, spacing, etc. are extracted from the optical
images at the end of the drying process. Besides, different regions of the morphology
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of the dried film such as the periphery, the corona (between the periphery and the
center), and the central regions are examined in detail (µm scale) using a scanning
electron microscopy (SEM). For this, the whole blood (φ = 100% (v/v)) is diluted
by adding different volumes of de-ionized water ranging from 85 to 12.5% (v/v) in
respect to the original concentration of the whole blood. The time-lapse images are
captured in bright field microscopy (Amscope, USA) at a magnification of 5× at a
fixed resolution of 3664× 2748 pixels.

6.2 Results

6.2.1 Drying evolution of the blood droplets

Figure 6.1(I-II) shows the time evolution of the blood droplets diluted at different
concentration levels (φ) ranging from 85 to 12.5% (v/v) in respect to the original
concentration of the whole blood (φ = 100%). The texture of this first image appears
to be dark within the concentration range of 100 to 62% (v/v) [Fig. 6.1(I)a]. However,
the dark texture eventually turns out to be gray following the increase of dilution
levels [Fig. 6.1(I-II)a)]. The physical mechanism of its occurrence is explained in the
discussion section. Moreover, a thick peripheral band is observed from 100 to 62%
(v/v) [Fig. 6.1(I)a], which becomes thinner with further dilution from 50 to 12.5%
(v/v) [Fig. 6.1(II)a]. Subsequently, a fluid front starts receding from the periphery
towards the central region (Fig. 6.1(I-II)b).

As time progresses, the central region becomes devoid of water. The appearance of
the light gray texture confirms the evaporation of the water in the central region.
This (light gray) texture is prominently observed in samples from 100 to 75% (v/v)
dilution; however, it cannot be clearly differentiated in samples from 62 to 12.5%
(v/v). This is because the texture of the first image is already light gray at this range
of φ, and there is not enough contrast between the two (Fig. 6.1(II)a-b). The evapo-
ration of the water and the concentration/assembly of the constituent components
promotes the build up of internal stress as the droplet periphery is still pinned to the
substrate (coverslip). Fig. 6.1(I-II)c marks the evolution of the cracks (similar to the
prior observations discussed in (Brutin et al., 2011; Lanotte et al., 2017; Smith and
Brutin, 2018)). The green dashed circular lines separate the corona from the central
regions at each φ. The random (small and large) cracks in the central region are first
observed from 100 to 75% (v/v). Some of these radial cracks begin propagating to-
wards the periphery, and some towards central regions at φ of 100 to 62% (v/v) [the
points A-E in Fig. 6.1(I-II)c]. In contrast, their propagation from the periphery to-
wards the central regions is predominantly observed in the diluted samples ranging
from 62 to 12.5% (v/v) [the points F-J in Fig. 6.1(I-II)c]. The radial cracks separate
the film into large domains in the corona region as the remaining water evaporates
from the droplet during the final drying stage, as shown for φ from 100 to 75% (v/v)
[Fig. 6.1(I)c]. Subsequently, some micro-cracks start originating from these radical
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FIGURE 6.1: Time-lapse images of the blood droplets with different diluting concen-
tration (φ) are captured during the drying process. These images dictate different
stages: (I) from 100 to 62% (v/v), and (II) from 50 to 12.5% (v/v) (in respect to the

original volume of the whole blood). The scale bar corresponds to 0.2 mm.

cracks in the corona region. However, these micro-cracks cannot propagate in re-
joining the dominant cracks in responding to the dominant orthoradial stress field
(σθ). These domains start then begin separating from each other and widening of
the radial cracks are observed (Fig. 6.1(I)d). This process indicated how the film
domains detach (delaminate) from the substrate. At this point in the process, the
sliding of these films in the radial direction indicates that the energy to adhere to the
film is costlier than the sliding energy. This process is predominantly observed from
φ of 100 to 75% (v/v); however, with more dilution, the film adheres more strongly
to the substrate. Moreover, the domains which are formed by these radial cracks
become narrower with the dilution. The central region of the dried films is found to
have the random small crack domains, which are observed for samples from 100 to
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50% (v/v). For 25 and 12.5% (v/v), no cracks are detected by the optical microscope
(under 5×magnification) in the central region, where these radial cracks are mostly
observed in the corona (Fig. 6.1(I-II)d). A comparison of these dried films textures
at each φ indicates that the whole corona region is of dark gray at φ of 100% (v/v),
whereas, this region is only partially covered by dark gray at φ of 85 and 75% (v/v).
Furthermore, the texture is observed to be of light gray at φ of 62 to 12.5% (v/v). It
should be noted that the optical microscope illumination was nearly constant dur-
ing the experiments. During this time, the width of the corona region decreases with
increasing dilution (decreasing φ). The “coffee-ring" behavior (Deegan et al., 1997)
(similar to what is typically observed in other protein aqueous solutions (Pal et al.,
2020a)) becomes evident in samples from φ of 62 to 12.5% (v/v).

FIGURE 6.2: A normalized intensity of a 2-D plot profile along the horizontal diameter
of the droplet (ρ) is shown for corresponding a-d depicted in Fig. 1(I-II). These plots
captured during the drying process at each φ: (I) from 100 to 62% (v/v), and (II) from
50 to 12.5% (v/v). The intensity of the captured image rises along ρ when the dilution
is increased (I-II)a. The movement of the fluid front from the periphery is illustrated
by a hump in both the edges of the profile (I-II)b. An appearance of the hump in the
central region of the profile is observed in (I)b, whereas its disappearance is evident
in (II)b. The propagation of the cracks disturbs the uniformity of the plot profile from
100 to 62% (v/v) in (I)c-d; however, it is hardly visible in (II)c-d. The x ranges from
−1.25 to 1.25 mm (with a step size of 0.5 mm), while the y axis varies from 0 to 1.1

arbitrary units (a.u.) (with step size of 0.2 a.u.).
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The change in the textures of the images [shown in Fig. 6.1(I-II)] is directly mapped
with the normalized plot in Fig. 8.9(I-II). A rectangle (containing a width of∼0.6 mm)
along the diameter was drawn on the images in such a way that a small portion cov-
ers the background (coverslip) on both sides to complete the normalization process.
In this plot, the x-axis illustrates the distance along the horizontal diameter (ρ) of the
droplet, and the y-axis displays the vertically normalized averaged pixel intensity.
For the first captured image at φ varying from 100 to 62% (v/v), only the 20% of the
total intensity value in the plot profile (Fig. 8.9(I)a) indicates the uniformity of the
dark texture (Fig. 6.1(I)a). The texture of these images turns lighter gray (Fig. 6.1(II)a)
with the increasing dilution [from 50 to 12.5% (v/v)]. It is evident if we notice the
plot profile which shows the intensity as 60− 80% of the total value (Fig. 8.9(II)a).
The texture of the droplet changes to gray as soon as the front moves from the pe-
riphery towards the center (Fig. 6.1(I-II)b). It is indicated by the increasing normal-
ized intensity near the edge of the droplet (Fig. 8.9(I-II)b). In the next phase, the
gray texture appears in the central region of the droplet shown in Fig. 6.1(I-II)b. This
appearance is predominantly marked with a broad hump-like feature at the center
of the plot profile from 100 to 75% (v/v). However, this feature starts disappearing
from 62 to 12.5% (v/v) [Fig. 8.9(I-II)b]. The next stage is identified with the propa-
gation of the radial cracks and their widening and branching (Fig. 6.1(I-II)c-d). The
plot profile in Fig. 8.9(I-II)c-d shows the way the depth of the cracks decreases with
the (increased) dilution by tracking the spikes from 100 to 12.5% (v/v). This obser-
vation indicates the thinning of the dried film and the decrease in the depth of their
intervening cracks.

Figure 6.3(I-II) depicts the time evolution of the normalized contact angle of the
blood droplets. The normalization of the contact angle (θ(t)) is done in respect to the
angle at t = 0 (θ0). The θ0 is determined by a linear extrapolation of the first 200 sec-
onds of θ varying with time, where it appears linear. The y-intercept provides the
normalization in θ. The average slope of this linear extrapolation of the contact an-
gle for all φ are computed and found to be −0.14◦/s with R2 = 0.996 with very little
variation between the samples. The contact angle then shows non-monotonic behav-
ior after 200 seconds that exhibits a peak marked by a green rectangle in Fig. 6.3(I)a-d
before saturating to a nearly constant with increasing dilution (decreasing φ) from
100 to 62% (v/v). The peak decreases in magnitude and shifts to a later time from
100 to 62% (v/v). No peak is observed with further dilution from 50 to 12.5% (v/v)
[Fig. 6.3(II)a-c]. Similar saturation and monotonic behavior are commonly observed
in the aqueous protein solutions (Pal et al., 2020a). The peak is observed from 250 to
400 seconds at φ = 100% (v/v) [Fig. 6.3(I)a]; and from 400 to 500 seconds for φ vary-
ing from 85 to 62% (v/v) [Fig. 6.3(I)b-d] (denoted with vertical dashed lines). The
corresponding macroscopic images during the emergence of this peak are displayed
in Fig. 6.3(I)a-d. The images indicate that the peak originates during the appearance
of the fluid front or the gray texture from the periphery and it continues to evolve
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FIGURE 6.3: Variations of the normalized contact angle (θ(t)/θ0) during the drying
process of the blood droplets at different φ ranging (I) from 100 to 62% (v/v), and (II)
50 to 12.5% (v/v) are shown. The normalization of θ(t) is done by dividing it with
the angle at t = 0 (θ0). A monotonic decrease in the contact angle measurements is
associated with the presence of a peak-like feature (outlined with a green rectangle) is
observed in (I). The disappearance of this feature in these measurements is depicted in
(II). The macroscopic images are displayed at different time points (in seconds) points
from 100 to 12.5% (v/v) [321s, 512s, 470s, 460s, 473s, 518s, and 617s respectively for

different φ]. The instrumental limit is illustrated with dashed lines.

when the texture starts growing in the central region. In contrast, this peak is not ob-
served for samples from 50 to 12.5% (v/v). The macroscopic images in Fig. 6.3(II)a-c
are captured once the contact angle advances to steadiness. It is to note that the con-
tact angle becomes constant when it is ∼25% for φ of 100 and 85% (v/v), ∼15% for
φ of 75 and 62% (v/v), ∼10% for φ of 50% (v/v), and < ∼10% of the total value for
φ of 25 and 12.5% (v/v). This suggests that the thickness of the film at the end of the
drying process decreases with the diluting concentration (φ).

Figure 6.4(I-II) illustrates the parameters of the first-order statistics (FOS). The left y-
axis of the graph shows the mean intensity and its right y-axis exhibits the standard
deviation. These parameters are extracted from the captured time-lapse images of
the droplets at different φ during the drying process. The dashed lines of Fig. 6.4(I)
denote the time range of the peak-like feature in the contact angle measurements.
Note that the mean intensity shown in Fig. 6.4(I) depends on the average pixel dis-
tribution of the images. These data display three distinct phases- a slow increase,
a rapid rise, and a saturation from φ of 100 to 75% (v/v). The first and second of
these three phases; however, could not be distinguished in the 62 to 12.5% (v/v)
samples. The large area under the peak is observed in the mean intensity at about
600 seconds for 100% sample, which continuously decreases with increasing dilu-
tion, nearly disappearing in the 12.5% (v/v) sample. The SD measurement [gray
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FIGURE 6.4: Statistical image analysis of the blood droplets at different φ from 100 to
12.5% (v/v) during the drying process. (I) and (II) show the drying evolution of the
first order statistics (FOS) parameters (the mean on the left y axis and the standard
deviation (SD) on the right y axis of the graph). The dashed lines in (I) display the time
duration of the presence of the peak-like feature in the contact angle measurements
from φ of 100 to 62% (v/v). The red rectangle and the red circle illustrate the first and
the second peaks respectively in the SD. The star introduces the initial dip in the SD

values observed from 62% (v/v) onwards.

circles in Fig. 6.4(II)] depends on the global heterogeneity of the images, and is a
measure of the image complexity. It exhibits an initial dip (outlined by a red-colored
star) from 62% (v/v) onwards. The behavior of these FOS (the mean intensity and
especially the SD) parameters changes abruptly at about 62% (v/v) dilution.

6.2.2 Morphology of the dried blood film

Figure 6.5(I) illustrates the variation of the averaged corona width (w) that is normal-
ized to the averaged radius of the droplet (R). The macroscopic image in Fig. 6.5(I)
illustrates the width of the corona (w) and the radius of the droplet (R). The in-
creased dilution [φ from 100 to 12.5% (v/v)] systematically decreases the corona
width. The w/R is plotted for the whole range of φ, i.e., from 100 to 12.5% (v/v).
The slope value (m) is found to be 0.0055 ± 0.0006 φ−1 with R2 = 0.931. A first
linear curve is fixed from 100 to 62% (v/v). Subsequently, a second curve is fitted
from 62 to 12.5% (v/v). The slope value of the first linear fit (m1)is found to be
0.0095 ± 0.0019 φ−1, with R2 = 0.894. In contrast, the slope value of the second
linear fit (m2) is 0.0051 ± 0.0008 φ−1, with R2 = 0.928. The variation of the averaged
crack spacing (xc) with φ is shown in Fig. 6.5(II). The distance between the consecu-
tive radial cracks (xc) is illustrated in the macroscopic image. The parameter, m [the
slope value of the linear fit for the range of 100 to 12.5% (v/v)], m1 [the slope value of
the linear fit for the range of 100 to 62% (v/v)], and m2 [the slope value of the linear
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FIGURE 6.5: Variation of the averaged corona width (w measured in mm) is normal-
ized to the averaged radius of the droplet (R measured in mm). It is plotted in (I), the
averaged crack spacing (xc) is depicted in (II), and the averaged crack width (λc) is
exhibited in (III) at different diluting concentrations (φ). The dashed line shows the
linear fit for the whole range of φ from 100 to 12.5% (v/v). The solid lines display
two linear fits- first one for the range from 100 to 62% (v/v); and the second one for
62 to 12.5% (v/v). The error bars correspond to the standard deviation. The macro-
scopic images illustrate the width of the corona (w), the radius of the droplet (R), the
distance between the consecutive radial cracks (xc), and the width between the con-
secutive radial cracks (λc). The dashed green circular line separates the corona from

the central region in the droplet.

fit for the range of 62 to 12.5% (v/v)] are found to be 0.0045 ± 0.0012 mm φ−1 with
R2 = 0.668, 0.013 ± 0.0014 mm φ−1 with R2 = 0.965, and 0.0016 ± 0.0005 mm φ−1

with R2 = 0.736 respectively. Fig. 6.5(III) displays the averaged crack width (λc) vari-
ations of each φ. The width between the consecutive radial cracks (λc) is exhibited in
the macroscopic image. The optical microscopy at 5× magnification has the resolu-
tion to measure the λc down to the 62% (v/v) sample. For the λc, the m1 is extracted
as 0.00057 ± 0.00008 mm φ−1 (with R2 = 0.938). To overcome the limitations of the
optical microscopy, the SEM images are used to calculate λc for φ from 50 to 12.5%
(v/v), where m2 at this range yields 0.00014 ± 0.00002 mm φ−1 (with R2 = 0.920).
Finally, over the whole range of φ, the slope (m) for λc is 0.00017 ± 0.00003 mm φ−1

(with R2 = 0.835).

Figure 6.6(I-III)a shows the regions of interest at φ of 100, 75, and 12.5% (v/v) respec-
tively. The yellow, the orange, and the black squares display the zoomed view at the
periphery and the corona, the interface of the corona and the central regions, and the
central region, respectively. Fig. 6.6b exhibits a smooth film in the corona region, and
becomes more uniform with the increasing dilution of the blood sample. The cracks
of the peripheral region at φ of 100 and 62% (v/v) [Fig. 6.6(I-II)b] consist of some el-
lipsoidal structures which lead to inhomogeneity within the cracks, whereas no such
peripheral region is found at φ of 12.5% (v/v) [Fig. 6.6(III)a]. At the interface of the
corona and the central regions, some irregular troughs and ridges are revealed from
the images of Fig. 6.6(I-II)c-d. A complex image is visible in Fig. 6.6(I-II)d, where the
crack lines are not sharp and contain hair-like structures. which smoothly dimin-
ish in appearance in the diluted blood sample. Interestingly, these results show that
the dilution at φ of 75% (v/v) [Fig. 6.6(II)] doesn’t exhibit any significant changes
in the distribution of these structures from the whole blood [Fig. 6.6(I)]. However, a
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FIGURE 6.6: SEM images illustrating the microscopic structures of dried blood films
at different length scales. The images at φ of 100, 75 and 12.5% (v/v) are, respectively,
depicted in (I-III). The yellow, the orange and the black squares represent the blood
structures at the periphery and the corona, the transition of the corona and central

regions, and the central region, respectively.

marked difference can be seen at 12.5% (v/v) [Fig. 6.6(III)]. Unlike other concentra-
tions, some unique blunt spicules are present on the film (Fig. 6.6(III)b-c), and some
aggregated sickle or oblate shaped structures are observed in the central region in
Fig. 6.6(III)d.

6.3 Discussions

6.3.1 Microscopic structures of dried blood film

The SEM images in Fig. 6.6(I-III) allow us to determine the distribution of various
components in the dried film. The components that can be distinguished from these
images are plasma proteins, red blood cells (RBCs), white blood cells (WBCs), and
platelets. The periphery of the film and the textures within the cracks indicate that
the plasma proteins interact with the substrate and form a plasma-rich layer as soon
as the droplet is deposited.

Most of these cracks in the peripheral region consist of fragmented or ellipsoidal
RBCs (Fig. 6.6(I-II)b). None of the samples [φ of 100, 75, and 12.5% (v/v)] show any
blunt spicules (which resembles echinocyte, a deformed structural form of RBCs
reported in (Mukhopadhyay et al., 2018)) in these cracks. This indicates that RBCs
do not interact with the substrate directly; however, it does with the plasma-rich
layer. Had these RBCs adsorbed on this substrate, their membranes would have
different electrostatic interactions and might have led to the echinocytes, which are



Chapter 6. Hierarchy II: Pattern Formation in Human Blood Droplets 94

not (obviously) observed here. At the upper film surface, the corona region reveals
smooth fragmented sheets. This suggests that the RBCs are stacked in a packed
fashion such that their membranes form this sheet, a similar phenomenon reported
in (Chen et al., 2017). The compressed RBCs are raptured, as could be seen in the
crack walls due to the mechanical stress curving the cracks (shown in Fig. 6.6(I-II)b).

Close observation of the film from the thin periphery region across the corona and
into the central region indicates that the RBCs are predominantly in the corona. Any
of these platelets and WBCs are not present in the periphery and in the corona. Mov-
ing from the corona to the central region, we see the concentration of the WBCs,
the platelets and some residual RBCs. Fig. 6.6(I-II)c displays the irregular troughs
and ridges which would resemble the different functional forms of the WBCs (mi-
crovilli structures reported in (Newell, Roath, and Smith, 1976; Yang, 1989)) and
some of the residual echinocytes. The crowdedness of the RBCs, the WBCs, and
the plasma proteins is clearly illustrated by the fact that the dried film at φ of 100%
(v/v) [Fig. 6.6(I)a] contains∼500× 104 of RBCs,∼1× 104 of WBCs, and∼40× 104 of
platelets, in addition to the initial salts and other molecular blood factors (Brutin et
al., 2011). The crack lines are not sharp enough and contain hairy structures. These
hairy structures are believed to be the activated form (a spreading structure with ex-
tended filopodia mentioned in (Gregory, Stevens, and Fraser, 2017)) of the platelets
(Fig. 6.6(I-II)d). It confirms the existence of a complex combination of interactions
among these components which can activate these platelets in response to the me-
chanical stress.

At φ of 12.5% (v/v), the film only contains ∼60× 104 of RBCs, ∼0.12× 104 of WBCs,
and ∼5 × 104 of platelets, a decrease of about a factor of 10. This significant re-
duction in their counts influences the morphology of the film, and is denoted in
Fig. 6.6(III)a. The peripheral region does not appear in these images. Furthermore,
the fragmented sheets in the corona region appear to be smoother, and its width
gets reduced compared to other φ. Some spicule-like structures are identified in the
transitional region from the corona to the central regions (Fig. 6.6(III)b-c); and, some
sickle and oblate-shaped structures are observed near the center (Fig. 6.6(III)d). The
reduction (of RBCs, WBCs and platelets) concentrations decreases their interaction
among themselves and with each other such that different functional forms of these
components are observed. Moreover, as dilution increases, any interaction among
the components within blood becomes negligible such that the inactivated form of
these platelets are preserved, mostly observed in the central region.

6.3.2 Concentration-driven phase transition in the drying droplets and
the dried films

The outcome of three experimental observations support the presence of the phase
separation in the samples of a multi-colloid self-interacting solution, such as the
whole blood. Our observations (drawn based on these three experimental outcomes)
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are independent of each other and facilitate measuring different aspects of the dry-
ing process including the final dried film morphology.

The first observation is related to the contact angle (θ) measurements as a function
of time during the drying process. The θ is found to decrease monotonically. Sub-
sequently, a peak is observed for the whole blood. This pattern is observed in the
dilution ranging from 100 to 62% (v/v) [Figs. 6.3(I)]. The peak, however, starts disap-
pearing in the diluted samples starting from 50 to 12.5% (v/v) [Figs. 6.3(II)]. During
this stage, θ exhibits a steep monotonic decrease. The third independent measure-
ment is done on the morphology of the dried film. The mean width of the corona
(w), the mean crack spacing (xc) and the mean crack widening (λc) are found to be
the highest for the whole blood [φ = 100% (v/v)]. All these parameters; however,
are reduced as the initial concentration of the blood sample is diluted [Fig. 6.5(I-III)].
Interestingly, a smooth gradual decrease in these extracted parameters (w/R, xc, and
λc) is not observed when varying with φ. Had that been the case it could have as-
sumed that the droplets experience a universal mechanism throughout the drying
process, which is not the case here. Instead, a pronounced break in the trends of the
parameters is seen at about 62% (v/v). Comparing the R-squared values for the dou-
ble linear fits with a single linear fit clearly favors the use of two linear fits- one from
100 to 62% (v/v) samples, and, the other for 62 to 12.5% (v/v). This behavior for the
parameter w/R is found to be weakest, but still present, and is likely due to the fact
that the width formation is the result of the deposition of the components during the
convective flow, especially in the early stages of drying. Dilution of the whole blood
(whether DI water or PBS) lowers the number of the components, and so reduces the
corona’s width. Moreover, the formation of the corona is strongly influenced by the
drying-driven fluid circulation, the droplet geometry, and its wetting. It is; however,
not so dependent on the type of the components, but just the amount. In contrast, xc

and λc show a much stronger break and evidence for two linear regimes from 100 to
12.5% (v/v).

All these three measurements indicate that there are two classes of the mechanisms
involved. These mechanisms could be interpreted in the following way. A large
number of components (such as RBCs, WBCs, platelets, proteins, etc.) are present in
∼2 mm diameter droplet at φ = 100% (v/v) [the whole blood]. These components
are randomly distributed as soon as the droplet of the whole blood is deposited on
the substrate [Fig. 6.7(I)]. In this initial phase, the evaporation rate is observed to be
highest near the three-phase contact line [indicated with solid arrows in Fig. 6.7(I)].
A capillary flow [marked with dotted lines in Fig. 6.7(I)] is observed to develop
and most of these components are carried towards the periphery. Subsequently,
a plasma-rich layer is developed on the substrate. Soon after, all these components
start moving closer to each other, which indicates the beginning of the middle phase in
Fig. 6.7(II). In this phase, these components experience compression, or stretch, and
shear at the same time near the periphery. The concentration of these components



Chapter 6. Hierarchy II: Pattern Formation in Human Blood Droplets 96

FIGURE 6.7: Side view of the self-assembling mechanism in the whole blood (φ =
100%) during the drying evolution: (I) The initial phase starts when the droplet is
deposited on the substrate. The evaporation rate is highest near the three-phase con-
tact line (depicted with solid arrows). The components (RBCs, WBCs, platelets, and
proteins) are distributed randomly. A dotted line indicates that a capillary flow is
developed in the droplet. (II) The middle phase begins when these components are
carried towards the periphery. These components initiate interactions as soon as they
come in contact with each other. Meanwhile, a plasma-rich layer is developed on the
substrate. (III) The segregation of these components takes place as the water continu-
ally evaporates from the droplet. During the late phase, the three distinct regions (the
periphery, the corona, and the center) are developed. The proteins are mostly present
in the periphery. The WBCs and the platelets are pushed towards the central region.
The RBCs are stacked in the corona region. The trapped water in between two RBCs
is marked as the “forbidden area". (IV) The deformation of the RBC and the WBC
structures and the activation of the platelets take place during the end phase. These

structures are drawn from https: // www. biorender. com/ .

within the droplet increases as the water constantly evaporates. The confinement in
the droplet diameter and the presence of the huge number of these components is
likely to influence the activity of one component on others. Such interactions may
result in a strong, complex combination of the potential chemicals amongst these
various components. For example, a few of these components may try to arrange
themselves in their original shape (elastic behavior); however, their arrangement
would then create negative stress on other components. These other components
may then rearrange (viscous behavior) themselves to accompany the accumulated
stress. The elastic behavior can be modeled as σ = Eε where σ, E, and ε is the stress,
averaged elastic modulus resulted from the arrangements of these components and
the strain which occurs under the accumulated stress respectively. The visco-elastic
behavior can be re-modeled by adding the Kelvin-Voigt element, i.e., σ = Eε + ηε̇,
where, η is the viscosity, and ε̇ is the change of stain in respect to time t. This spec-
ulated viscous behavior is most likely governed by the interacting capabilities of
the WBCs (with the other components viz., the RBCs and the platelets) owing to its

https://www.biorender.com/
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largest size (∼15 µm) compared to the other components (the RBCs and the platelets
are of∼7 µm, and∼2 µm respectively). The large peak that was noticed at φ of 100%
(v/v) [Figs. 6.3(I)], the presence of a similar peak has also been reported in (Iqbal,
Shen, and Sen, 2020), may have some correlation to this viscous behavior during the
drying process. However, the experiments reported in (Iqbal, Shen, and Sen, 2020)
did not concentrated on diverse ranges of dilution; and hence the study failed to
observe the transition at 62%. The current study, thus, contributes a crucial informa-
tion related to phase transition. It would be interesting to conduct an in-situ rheol-
ogy and mass measurements to directly probe these mechanisms; however, this is
beyond the scope of this present study. The segregation of these components takes
place during the late phase of the drying process [Fig. 6.7(III)]. The confinement of
their sizes does not allow both the RBCs and the WBCs to be present within the pe-
riphery [evident from the SEM results shown in Fig. 6.6(I)a-b]. Most of the RBCs are
organized in stacks in the corona region, and the WBCs and the platelets are pushed
towards the central region [Fig. 6.7(III)]. There is a possibility that some of the water
is trapped between two RBCs during the stacking of the RBCs, [marked as the “for-
bidden areas" in Fig. 6.7(III)]. The change of the texture from the light to dark gray
texture (Fig. 6.1(I)c-d) might be related to the final evaporation of this entrapped
water. The loss of water in these droplets during the drying process creates a hypo-
tonic environment to the cellular components present in the blood. The blood cells
are more likely to undergo hemolysis inducing a fundamental change in their com-
position. Furthermore, the developing mechanical stress evolved due to the loss of
the water from the droplet deforms the structures of RBCs and the WBCs in the end
phase [Fig. 6.7(IV)]. The inactive platelets are activated in response to the mechanical
stress and are observed as the hairy structures along the crack lines (indicated in
Fig. 6.6(I)d).

As mentioned already, the whole blood sample is diluted by adding different vol-
umes of de-ionized water. Obviously, the initial concentration of these components
in the diluted blood samples [φ ranging from 85 to 12.5% (v/v)] becomes less com-
pared to the whole blood. The addition of de-ionized water rather than PBS (the
buffered saline) is likely to trigger a hypotonic environment to these cellular com-
ponents prior to the drying process. However, it is to be noted that the changes (if
any) occur in the initial mixtures before deposition but may be balanced as the wa-
ter evaporates. Exploring this effect would be interesting but is beyond the scope
of this study. Additional measurements were carried out in a parallel way but di-
luting with PBS, in order to maintain the native environment of the cells and the
fundamental changes (hemolysis) in the blood composition (from intact to frag-
ments) could be avoided. These results appear consistent with the DI water dilu-
tion and so minimizes this mechanism. However, it is worth mentioning that the
dilution of the blood by PBS (at its fixed concentration) will increase the appearance
of salts residues or crystals (Iqbal, Shen, and Sen, 2020), which influences the statis-
tics derived from the optical images, and lead to artifacts in the scanning electron
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microscopy images.

The drying process of the diluted blood samples exhibits similar phases [from initial
to the end phase shown in Fig. 6.7(I-IV)]. Fig. 6.1(I-II)a indicates a change in the tex-
ture (from dark to light gray) as soon as the first image during the drying process is
captured. The normalized plot in Fig. 8.9(I-II)a shown in the supplementary infor-
mation directly illustrates this change in the texture. At φ from 100 to 62% (v/v), the
mean intensity value of the first image is∼20% of the total value, further dilutions of
the concentration leads the mean intensity to be at∼80% of the total value. It is to be
noted that RBCs contain hemoglobin protein (which is responsible for the redness).
The change of texture, or the rise in the normalized plot, indicates that the number
of RBCs reduces with the diluted concentrations. The decrease of RBCs also ensures
that the other components will also minimize to maintain their relative initial con-
centrations. The number of these components gradually decreases with the diluted
concentrations [in φ ranging from 85 to 62% (v/v)] and leads to a reduction in the
chemical potential amongst them. The shrinkage and disappearance of peak in the
contact angle measurements supports this mechanism. In addition, the observed
shift in the peak to the later time (depicted by green rectangles in Fig. 6.3(I)a-d) indi-
cates that these diluted samples require more time (greater concentration and assem-
bly) to reach the visco-elastic tipping point of the system. Furthermore, the wetting
angle peak at the concentration range of 100 to 62% (v/v) is found to be present in
spite of varying the physiological and environmental conditions (described in Chap-
ter 7).

The presence of WBCs also seems to act as a mediator which favors the interactions
between various components, rather than the interaction between these components
and the substrate. This process results in sliding of the cracked domains over the
attachment of these domains with the substrate in the samples ranging from 100
to 62% (v/v). Furthermore, this process shows a sharp decrease in xc and λc. In
contrast, for φ from 50 to 12.5% (v/v), the number of these various components is
reduced enough that the chemical potential related to WBCs becomes negligible.
This results in the switching of the mechanism from the visco-elastic to elastic be-
havior. No peak observed at this concentration range in the contact angle measure-
ments [Figs. 6.3(II)]. Moreover, the attachment of the film to the substrate becomes
stronger, the sliding of the crack domains stops, and more radial cracks appear on
the film surface [Fig. 6.1(II)].

6.4 Conclusions

Our findings, thus, clearly establish the existence of a sharp phase transition in
the whole blood through a simple physical drying process. This transition relied
on the concentration of the various components present in the droplet. It reveals
essential information about the self-assembling mechanism in a multi-component
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bio-colloid, such as the whole human blood. Our systematic study of the dilution
range also ensures that the concentration-driven phase transition is not specific to
the blood-water system only; rather it is a general phenomenon of drying-driven
diluting blood droplets. Finally, this study demands theoretical attention for such a
multifaceted phase transition that relies on the complex combination of interacting
chemical potentials for unearthing the hierarchical structures present in nature.

So far, we have discussed (Chapters 4-6) that how the drying evolution influence
the resulting morphological patterns in the bio-colloidal drying droplets at differ-
ent complexity levels. For instance, the fundamental understanding of the patterns
evolved in the simple bio-colloids: globular proteins [lysozyme (Lys) and bovine
serum albumin (BSA)] prepared in de-ionized water is described in Chapter 4. The
artificially synthesized complex bio-colloidal system is studied in Chapter 5. In con-
trast, this chapter [Chapter 6] focuses on the most complex naturally-occurring bio-
colloid, such as human blood. It provides new physical insights and reports how
the concentration-driven phase transition develops when the blood is diluted in the
de-ionized water. However, it is to be noted that all the samples are studied without
adding any external salts in the solutions. The next chapter [Chapter 7] focuses on
understanding how the morphological patterns of such bio-colloidal drying droplets
change in the buffered saline solutions.
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Chapter 7

Drying Droplets in Phosphate
Buffer Saline Solution

7.1 Background

This section specifically emphasizes the studies done in the droplet community to
understand the colloid-colloid and colloid-saline interactions during the drying pro-
cess and the resulting morphological patterns. The Lys protein at various concentra-
tions of NaCl was studied Gorr et al. (Gorr et al., 2013) that reported the presence
of three distinct regions in the presence of NaCl. The first one is formed in the pe-
ripheral ring, where most of the Lys is present. The second one forms different salts
structures that occupy the secondary ring area (observed adjacent to the ring), and
the final one is observed in the central regions. A much like observation is also re-
ported in BSA-saline protein drying droplets by Yakhno (Yakhno, 2008). This study
infers that the salt crystals are phase-separated by forming different zones from ho-
mogeneous protein film near the periphery to the salt crystals in the central region.
The BSA proteins in the presence of different phosphate buffer saline (PBS) and ob-
served two distinct drying modes during the interaction phase with the salt residues
(Chen and Mohamed, 2010). The quicker drying rate is detected near the droplets’
edge when the initial salt concentration is low. This evaporation rate is greater at the
center of the droplets at higher salt concentrations. Recently, it was investigated the
effects of multiple salts (MgCl2 and KCl) on the BSA patterns. This study reveals
that the crystal structures depend on the initial tuning ratio of these salts (Pathak
et al., 2020). The standard assessment protocols of both the drying evolution and
the resulting morphological patterns are indicated through mass loss, contact an-
gle, contact line, fluid front progression, etc. Despite intense research on the protein
drying droplets, only a few studies exploited the image processing techniques to
explore the drying mechanism. For instance, the pattern recognition tools, such as
k-means clustering and k-nearest neighbor algorithm, were applied by Gorr et al.
(Gorr, Xiong, and Barnard, 2014). It shows that these tools are powerful enough to
differentiate the Lys-NaCl deposits based on the salts’ initial concentration. The first-
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and second-order statistics (GLCM) were applied to specify textural image proper-
ties and explored information about the evolution of the final state of drying BSA-
Lys films in NaCl salts’ presence (Carreón et al., 2018b). The study reports that this
textural analysis can capture structural changes due to the formation of the complex
dendrite, rosette, and scalloped-like structures in such drying droplets.

The evolving morphological patterns are also studied in the plasma serum in the
presence of the NaCl salts by Chen et al. (Chen et al., 2019). It is done to examine the
crystal-like structures’ chemical compositions and their effects on the crack patterns.
However, it is to keep in mind that plasma lacks cellular components (RBCs, WBCs,
platelets). Therefore, this study did not allow us to draw any conclusions on these
components’ aggregation process by adding salts. Very recently, Sen et al. (Iqbal,
Shen, and Sen, 2020) have studied the effects of the dilution on the blood patterns by
changing the substrate conditions. They concluded that the cracking transition to the
non-cracking regime exists for the droplets deposited on the hydrophilic substrate.
On the other hand, the buckling regime adds to this transition when the droplet dries
on the hydrophobic substrate. They mainly focused on the decrease of the RBCs
in the process of the dilution. They showed how reducing their counts affects the
mechanical stress developed due to the water loss during the drying evolution. It is
to be noted that this study does not reveal any information about different deformed
structures of the blood components and their self-assembling interactions.

Despite the intense research on protein-saline drying droplets, to our best knowl-
edge, no systematic study is being performed to understand multiple salts’ effects
on various concentrated Lys protein solutions. This chapter investigates the drying
droplet consisting of Lys in different phosphate buffer saline solution using bright-
field and scanning electron microscopy. A morphological grid is displayed by chang-
ing the initial concentration of Lys (φLys) along the x-axis and varying the initial con-
centration of the salts (φsalts) present in the buffered saline along the y-axis. To better
understand these morphological patterns, the microstructural analysis is done by
varying φLys and fixing φsalts. Furthermore, the drying evolution of different initial
concentrations of Lys at a fixed φsalts is investigated and quantified using textural
image processing techniques. Therefore, this paper attempts to answer a few funda-
mental questions; do we always observe three regions in Lys-saline droplets? If not,
why? What are the effects of multiple salts on Lys droplets? Does it behave similarly
as reported in the BSA droplet? Can the texture analysis reveal information about
the protein-protein and protein-salt interactions?

Since the GLCM of an image is highly dependent on its orientation and pixel dis-
placement (Cai et al., 2019; Zhou et al., 2017), to our best knowledge, no study to
date has attempted to examine these (initialized) factors of the GLCM parameters.
Furthermore, the gray values in terms of the pixel counts are not explored for the
drying droplets. Therefore, this chapter also focuses on the physics associated with
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different pattern formations by exploiting the FOS and GLCM textural image pa-
rameters on BSA-saline droplets. Our principal motivation is to explore the effects
of different φsalts on the time evolution and the morphological properties of BSA pro-
tein during the drying process using optical bright-field microscopy. Additionally,
we also wish to develop a mechanism that can interpret the pixel distribution of the
images acquired during the drying process. Our final goal is to examine the influ-
ence of horizontal (0◦) and vertical (90◦) orientations and pixel displacements (1,10,
50, and 1000) on such GLCM parameters using suitable statistical tests. The FOS pa-
rameters [viz., the mean (I), standard deviation (SD), kurtosis (KUR), and skewness
(SKEW)], and the GLCM parameters (viz., angular second moment (ASM), correla-
tion (COR), inverse difference moment (IDM), and entropy (ENT)) are thoroughly
examined in this chapter.

Furthermore, this chapter’s initiative is to comprehend the effects of the salts in the
most-complex bio-fluid, i.e., whole human blood. It explores the self-assembling
mechanisms as the number of the blood’s cellular components reduces in the pres-
ence of a fixed concentration of the salts. It investigates how the diluent PBS af-
fects the components’ microstructures (RBCs, WBCs, and platelets) present in the
blood and the macroscopic patterns of the droplets. It is also to see whether the
concentration-driven phase transition is affected due to the addition of external salts.

7.2 Results

For the Lys-saline study, the different concentrations of the phosphate buffer saline
(PBS) were prepared by diluting 1x to 0.75, 0.5, and 0.25x. The various amounts,
i.e., 100, 75, 50, 35, 25, and 10 mg of Lys, are weighed and mixed separately in 1 mL
of these PBS solutions. Therefore, the samples were prepared with the initial con-
centrations of Lys (φLys = 9.0, 6.9, 4.8, 3.3, 2.4, and 1.0 wt%) at the various salts’ ini-
tial concentrations (φsalts = 0.9, 0.7, 0.5, 0.2, and 0.0 wt%) present in PBS. The φsalts

= 0 wt% means that the Lys solution is prepared without dissolving it in any PBS
but in the de-ionized water. For the BSA-saline study, 10x PBS was diluted to dif-
ferent of 5, 2, and 1x. The 100 mg of BSA is weighed and mixed separately in 1 mL
of these PBS solutions to prepare the initial concentrations of φsalts = 4.3, 1.8, and
0.9 wt%. For the blood-saline study, the whole human blood [100 (v/v)%] is diluted
by adding phosphate buffer saline (PBS) at a fixed initial concentration of 1x. The
initial concentration of blood diluted by PBS is φblood, which ranges from 75 to 12.5%
(v/v).

7.2.1 Drying evolution and morphology of Lys-saline droplets

Figure 7.1 displays a morphological grid of the samples varying the initial concen-
trations of Lys (φLys) from 9.0 to 1.0 and the initial concentrations of various salts
present in the PBS (φsalts) from 0.9 to 0.2 wt%. The φsalts = 0 wt% embodies the
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FIGURE 7.1: Morphological patterns in the drying droplets of Lys are displayed.
These patterns are shown for the various initial concentrations of Lys (φLys) at the
initial concentrations of salts present in the phosphate buffer saline (φsalts). The
φsalts = 0 wt% means that it is prepared in the de-ionized water. The scale bar is

of length 0.15 mm.

Lys solution prepared in the de-ionized water. Though all these deposits show the
“coffee-ring" effect (Deegan et al., 1997), the diverse patterns are observed for each
φLys and φsalts. The Lys films show a mound-like structure when the solution is
prepared without any external salts. A dimple (or depression) is also noticed within
this mound. The mound area gets wider as the φLys increases. The random cracks are
only observed in the peripheral ring at (φLys, φsalts) = (1.0, 0.0) wt%. However, these
cracks are spread throughout the film as the φLys increases. The radial and ortho-
radial cracks promote well-connected (small and large) domains in these droplets.
Some fringes appear in the concentrated Lys samples at φsalts = 0 wt%. Many do-
mains in the ring get delaminated, which are predominantly observed at (φsalts, φLys)
= (0.0, 9.0) wt%. The concentration dependence of these Lys droplets in the salts’ ab-
sence is detailed in our previous chapter. A comparison of these patterns reveals that
the mound diminishes in the salts’ presence. However, no general trend in these pat-
terns is observed at a fixed φsalts. Interestingly, such a trend is noticed when φLys is
fixed and φsalts is varied. For example, at φLys = 1.0 wt%, the ring width decreases
with the increasing φsalts. The central region becomes grainy. The texture becomes
darker, and some thread-like structures appear in the central region. The samples at
φsalts = 0.9 wt% display a dark texture in the central region and a gray texture in the
peripheral ring. The various textural regions are observed in the central region. The
multiple rings are also found in the highly concentrated Lys samples. The random
small cracks are observed at φLys = 1.0 wt% whereas, mostly radial cracks are found
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in the peripheral ring as φLys increases in the salts’ presence. In contrast, no overall
drift is found whether these cracks intervene in the central region. For instance, the
sample at (φLys, φsalts) = (9.0, 0.9 wt%) shows crack patterns, whereas other samples
at φsalts = 0.9 wt% do not. In the presence of the low salt concentrations, differ-
ent cracks are observed in the Lys droplets in the central region at φLys ≥ 6.9 wt%.
Though these optical images showcase these patterns globally, it is to be noted that
these do not reveal any microstructural information.

(I) (III)

(II) (IV)

(V)

20 m

20 m

FIGURE 7.2: Microscopic images of the dried Lys samples are displayed. (φLys, φsalts)
= (1.0, 0.5) in (I), (φLys, φsalts) = (3.3, 0.5) in (II), (φLys, φsalts) = (4.8, 0.5) in (III), (φLys,
φsalts) = (9.0, 0.5) in (IV), and (φLys, φsalts) = (9.0, 0.0) wt% in (V). The different length

scales are shown as the scale bars in the upper-right corner of each image.

Figure 7.2(I-IV) exhibits the microstructures of the various concentrated Lys sam-
ples at φsalts = 0.5 wt%. The sample at (φLys, φsalts) = (9.0, 0.0) wt% is displayed in
Fig. 7.2(V). The different regions in the central and peripheral regions were empha-
sized in all these samples. The sample shows a uniform homogeneous texture in
the absence of any external salts [see Fig. 7.2(V)]. In contrast, the distinct texture is
observed at different regions in the salts’ presence [see Fig. 7.2(IV)]. Not only that,
but some non-uniform structures are also uncovered in the crack lines separating
the periphery and the central regions. Comparing the central and the peripheral
regions, the smooth texture is mostly found in the peripheral ring. However, some
snowflakes-like structures appear in the inner ring of the periphery at (φLys, φsalts)
= (3.3, 0.5) wt% [see Fig. 7.2(II)]. The crystal-like structures are discovered in the
zone between the central and peripheral regions at (φLys, φsalts) = (1.0, 0.5) wt% [see
Fig. 7.2(I)]. These structures are not so prominent as we move towards the central
region of the film. The central region is mostly replaced with different forms of the
dendrite structures; long but thin structures at (φLys, φsalts) = (3.3, 0.5) wt% whereas
shorter but thicker structures at (φLys, φsalts) = (9.0, 0.5) wt% in [see Figs. 7.2(II) and
(IV)]. The middle region (between peripheral and the central regions) is mostly oc-
cupied with a grainy amorphous layer in these samples. On the other hand, it is
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hard to differentiate this layer between the middle and the central regions at (φLys,
φsalts) = (4.8, 0.5) wt% [see Fig. 7.2(III)].

490 s

126 s

260 s

366 s

556 s

88 s

358 s

388 s

491 s

101 s

315 s

383 s

525 s

90 s

332 s

404 s

A

B

C

D

T
im

e 
E

v
o

lu
ti

o
n

113 s

451 s

631 s

499 s

0 0.2 0.5 0.7 0.9

(wt%)

383 s

FIGURE 7.3: The time evolution of Lys droplets (φLys = 9 wt%) at various initial
concentrations of salts in PBS (φsalts) during the drying process is displayed in A-
D. The φsalts = 0 wt% embodies the Lys solution prepared in the de-ionized water.
The timestamps are shown at the left-bottom of each image. The white rectangle

represents a scale bar of length 0.15 mm in the top-right.

To understand how these distinct structures appear in different regions, we exam-
ined the drying evolution and dried morphology by keeping φLys at 9.0 wt%, and
only the φsalts is varied from 0.2 to 0.9 wt%. Figure 7.3(A-D) describes the drying
evolution of the Lys droplets, where the first set of images were captured for the
solution prepared in the de-ionized water (φsalts = 0 wt%). A uniform gray texture
with a dark peripheral band is observed in all the droplets when the first image is
captured of the drying process [see Fig. 7.3(A)]. As time progresses, the fluid front
moves from the periphery to the central region [see Fig. 7.3(B)]. Surprisingly, the tex-
ture of the front movement changes in the salts’ presence. Once the peripheral ring
emerges, the grainy texture starts developing in the central region. Clearly, a distinc-
tion is visible at the interface of the inner peripheral ring. At φsalts = 0.2 wt%, the de-
velopment of the dark texture is not predominantly observed, whereas the darkness
increases as the φsalts rises. Simultaneously, the cracks propagate from the periphery
towards the center. However, the propagation is not smooth, unlike φsalts = 0 wt%
and found to be interrupted in the presence of the salts. The mound-like structure
begins in the last stage of this fluid front movement, but the salts’ presence dimin-
ishes its formation in the central region. The multiple rings are found as the front’s
radius gets smaller [see Fig. 7.3(B-C)]. The final morphological patterns after the vis-
ible drying process are captured in Fig. 7.3(D).
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FIGURE 7.4: Textural analysis of the Lys droplets (φLys = 9 wt%) at various initial
concentrations of salts in PBS (φsalts) during the drying process is displayed in (I-IV).
The x-axis defines the drying time. The left-y (shown in back color squares) and right-
y axes (shown in gray color circles) in each graph describe the mean gray values (I)
and the standard deviation (SD) in arbitrary units (a.u.), respectively. The star sym-
bol indicates the parameters’ fluctuations. The optical image represents the droplets’

morphology when significant changes in these parameters are observed.

Figure 7.4(I-IV) shows the quantitative analysis of the textural evolution during the
drying process. The first-order statistical parameters, the mean gray values (I), and
the standard deviation (SD) are displayed as a function of the drying time (in sec-
onds) at φsalts ranging from 0.2 to 0.9 wt%. It is to be noted that these parameters
describe the gray level distribution of the image’s pixel intensity. The I defines the
averaged values, whereas the SD illustrates the textural complexity. The I stays
nearly constant at the beginning of the drying process. It reduces and then fluctuates
[marked with a star in Fig. 7.4(I-IV)]. In contrast, the SD starts decreasing linearly
till∼300 s and rapidly rises till∼375 s. It decreases, grows again [marked with a star
in Fig. 7.4(I-IV)]. Finally, both the I and SD saturate in the later phase of the drying
evolution. Interestingly, both the I and SD exhibit significant changes for ∼150 s,
i.e., between ∼300 and ∼450 s. The I varies within ∼15 a.u. at φsalts = 0.2 wt%.
This change in I increases with the rise of φsalts; for instance, the I reduces from ∼50
to ∼20 a.u at φsalts = 0.9 wt%. The images [shown in Fig. 7.4(I-IV)] show that the
variation in these textural parameters (I and SD) occurs considerably when the dark
textured fluid front moves in the central region.
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7.2.2 Drying evolution and morphology of BSA-saline droplets

Temporal study of the BSA-saline drying droplets
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FIGURE 7.5: BSA saline droplets at different initial salts concentration in PBS (φsalts):
The insets show the drying evolution of the droplets is displayed in a-e at φsalts of (I)
0.9, (II) 1.8, and (III) 4.3 wt%. The first image is taken within ∼90 seconds after their
deposition on the substrate and is presented in a. The movement of the fluid front is
indicated with the white dotted curved lines in b. The appearance of the radial cracks
in the periphery and their inward propagation is mostly seen in c. The texture of the
droplets changes due to the presence of the salts and is described in c-d. A dashed
circular yellow line outlines the rim. The images are taken after completion of the
process in e. The time at which the images are captured is shown at the left corner in
every image. The scale bar corresponds to 0.2 mm. The different colored histograms
depict the counts of the pixels along the y-axis, and the gray values along the x-axis

of each image in a-e at various φsalts.

Figure 7.5(I-III) shows the pixel counts as a function of gray values for BSA-saline
droplets at different φsalts of 0.9, 1.8, and 4.3 wt%. The images of the time evolution
during the drying process are displayed in the insets of Fig.9.1(I-III) a-e. The first
image was captured within ∼1.5 minutes after the deposition of these droplets on
the substrate (coverslip). The droplets show dark gray shade near the periphery.
The light gray texture covers most of the droplet’s area at each φsalts (Fig. 7.5(I-III) a).
The histograms [black in (I), yellow in (II), violet in (III)]) extracted from the images
(Fig. 7.5(I-III) a) indicate a Gaussian distribution between∼90 and∼130 gray values
with a flatter tail on the left side of the distribution. The fluid front recedes from
the periphery towards the center within ∼1 minute of the droplets’ deposition. The
movement continues for ∼3 minutes. The white dashed curved lines in Fig. 7.5(I-
III) b mark its movement from the periphery to the center. The distribution in the
tail is reduced. Moreover, the symmetry in the distribution disappears when the
histogram is compared between Fig. 7.5(I-III) a and b. As time progresses, more
water evaporates from these droplets. A bulged ring near the periphery is observed.
Two different regions (the rim and the center) are established. These regions are
marked with a dashed yellow circular line. Furthermore, the equally spaced radial
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cracks and a few orthoradial cracks near the periphery are noticed (Fig. 7.5(I-III) c).

The fluid front continues to move while the radial cracks propagate, and intervene
through the rim to the central region at each φsalts. Interestingly, a spike at a gray
value of ∼200 is observed (Fig. 7.5(I-III) c). The grainy structures start forming near
the rim’s inner edge, and these structures cover the entire central region (Fig. 7.5(I-
III) d). As the salt crystals grow more and more, the texture becomes dark, and the
pixel values decrease. The pixel counts also reduce when the saline concentration
(φsalts) increases from 0.9 to 4.3 wt%. The final morphology is presented at the end
of the visible drying process (Fig. 7.5(I-III) e). The texture of the rim is transparent
at φsalts = 0.9 wt% (Fig. 1(I) e) and does not contain any optically visible structures
like what observed in the BSA film prepared with only de-ionized water (Pal et al.,
2020a). This texture becomes less transparent with the increase of the saline concen-
tration from 1.8 to 4.3 wt% (Fig. 7.5(II-III) e). The central region appears to be grainy
near the dashed yellow line and (mostly) gray in the center at φsalts = 0.9 wt%. In
contrast, this region turns out to be inhomogeneous, and the texture becomes dark
gray with the upsurge of φsalts. The radial cracks are observed to propagate towards
the central region at φsalts of 0.9 and 1.8 wt%; however, it is hard to conclude any-
thing for 4.3 wt% (Fig. 7.5(III) e). The pixel distribution changes to Gaussian at 0.9
and 1.8 wt% (Fig. 7.5(I-II) e). Surprisingly, a bi-modal distribution is observed at
4.3 wt%, where the first and second peaks are observed at 20 and 120 gray values,
respectively (Fig. 7.5(III) e).

FOS characterization of BSA-saline drying droplets

Figure 7.6(I-IV) exhibits the first-order statistics (FOS) parameters (mean (I), stan-
dard deviation (SD), skewness (SKEW), and kurtosis (KUR)] respectively) as a func-
tion of drying time at the different initial saline concentration (φsalts) of 0.9 to 4.3 wt%.
The I in Fig. 7.6(I) increases from ∼50 arbitrary units (a.u.) to ∼65 a.u. till ∼200 sec-
onds. It remains the same for the next 200 seconds (∼200 to ∼400 seconds, out-
lined with dashed lines). Interestingly, the I does not indicate any significant change
for different φsalts until ∼400 seconds. After that, it starts decreasing from ∼65 to
∼50 a.u. for 0.9 and 1.8 wt%, whereas it reduces to ∼10 a.u. at φsalts = 4.3 wt%. The
SD, on the other hand, depends on different φsalts before ∼400 seconds unlike the
I [Fig. 7.6(I-II)]. The SD initially displays a decrease from ∼20 to ∼10 a.u., whereas
an upsurge is observed in the later time from ∼400 seconds [Fig. 7.6(II)]. The SKEW
in Fig. 7.6(III) illustrates the negative values that decrease from −1.5 to −4.5 a.u. till
400 seconds; however, it starts increasing afterward. On the other hand, the KUR in
Fig. 7.6(IV) shows an increasing trend until ∼350 seconds. It declines as the drying
process ends. It is worthy to mention that the I shows three ubiquitous stages (illus-
trated with dotted lines at ∼200 seconds and ∼400 seconds). In contrast, the other
parameters (SD, SKEW, and KUR) reveals multiple peaks and dips throughout the
drying process.
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FIGURE 7.6: (I-IV) shows the time evolution of the first-order statistical (FOS) param-
eters [mean (I), standard deviation (SD), skewness (SKEW), and kurtosis (KUR)] in
arbitrary units (a.u.), respectively in the BSA saline droplets as a function of drying
time at the different initial salt concentrations in PBS (φsalts) of 0.9 to 4.3 wt%. The

different stages of the drying process are outlined with the dashed lines in I-IV.

GLCM characterization of BSA-saline drying droplets

The GLCM (Gray Level Co-occurrence Matrix) parameters are the second-order statis-
tics calculated from the spatial relationship between two neighboring pixels (Car-
reón et al., 2018b). This makes GLCM parameters complicated and different from
the first-order statistics (FOS), which solely depends on the individual pixel values
(Zhou et al., 2017; Cai et al., 2019). Before establishing any relationship between
two neighboring pixels, it is crucial to address a few things. For example, what will
be the displacement between the neighboring pixels? Should the displacement be
close at each other? What if the displacement between the pixels is far enough? Are
there any limitations? What are the directions of the pixels? Which pixels should
be counted- the pixels which are placed horizontally or vertically, or their aver-
age? In our study, we examined how the directions can be used in extracting the
GLCM parameters such as the angular second moment (ASM), correlation (COR),
entropy (ENT), and inverse difference moment (IDM) at various initial concentra-
tions (φsalts) from 0.9 to 4.3 wt%. Furthermore, a non-parametric Mann–Whitney
U test is performed to see whether these GLCM parameters are rotationally invari-
ant along the horizontal (0◦) and the vertical (90◦) orientations for the BSA-saline
droplets. In the test, the rotation was kept as the independent factor, with two lev-
els, 0◦, and 90◦. The GLCM parameters are chosen as the dependent variables. The



Chapter 7. Drying Droplets in Phosphate Buffer Saline Solution 110

mean over the median rank in the test is chosen as the number of time points during
the drying process is observed to be relatively large. The p ≤ 0.05 is considered to
be significant interaction [indicated with an asterisk]. The detailed report of the sta-
tistical test (Mann-Whitney U, Wilcoxon W, Z, and Asymptotic Significant (2-tailed)
p-values) is shown in the Tables 7.1-7.4.

TABLE 7.1: Detailed report of Mann Whitney U test for ASM (angular second mo-
ment) at each initial concentration of salts in PBS (φsalts of 0.9 to 4.3 wt%) and dis-
placement (d) from 1 to 1000 (in pixels). The significant values are marked with an

asterisk (*).

φsalts (wt%) d (pixels) Mann-Whitney U Wilcoxon W Z p value
0.9 1 33231.000 69546.000 -1.636 .102
0.9 10 33215.500 69530.500 -1.645 .100
0.9 50 31300.500 67615.500 -2.707 .007*
0.9 100 30750.000 67065.000 -3.012 .003*
0.9 1000 194.000 36509.000 -19.961 .000*
1.8 1 42802.500 87055.500 -.623 .534
1.8 10 41722.000 85975.000 -1.139 .255
1.8 50 39085.000 83338.000 -2.400 .016*
1.8 100 39288.000 83541.000 -2.303 .021*
1.8 1000 6857.500 51110.500 -17.810 .000*
4.3 1 43900.000 88153.000 -.098 .922
4.3 10 43633.000 87886.000 -.225 .822
4.3 50 40752.000 85005.000 -1.603 .109
4.3 100 40508.000 84761.000 -1.720 .085
4.3 1000 15612.000 59865.000 -13.624 .000*

TABLE 7.2: Detailed report of Mann Whitney U test for COR (correlation) at each
initial concentration of salts in PBS (φsalts of 0.9 to 4.3 wt%) and displacement (d) from

1 to 1000 (in pixels). The significant values are marked with an asterisk (*).

φsalts (wt%) d (pixels) Mann-Whitney U Wilcoxon W Z p value

0.9 1 33647.000 69962.000 -1.405 .160
0.9 10 22395.500 58710.500 -7.646 .000*
0.9 50 319.000 36634.000 -19.892 .000*
0.9 100 .000 36315.000 -20.069 .000*
0.9 1000 .000 36315.000 -20.071 .000*
1.8 1 43863.500 88116.500 -.115 .908
1.8 10 42994.000 87247.000 -.531 .595
1.8 50 42123.500 86376.500 -.947 .344
1.8 100 27318.500 71571.500 -8.026 .000*
1.8 1000 .000 44253.000 -21.096 .000*
4.3 1 41866.500 86119.500 -1.070 .285
4.3 10 33796.500 78049.500 -4.929 .000*
4.3 50 22389.500 66642.500 -10.383 .000*
4.3 100 21090.000 65343.000 -11.005 .000*
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4.3 1000 10918.000 55171.000 -15.870 .000*

TABLE 7.3: Detailed report of Mann Whitney U test for ENT (entropy) at each initial
concentration of salts in PBS (φsalts of 0.9 to 4.3 wt%) and displacement (d) from 1 to

1000 (in pixels). The significant values are marked with an asterisk (*).

φsalts (wt%) d (pixels) Mann-Whitney U Wilcoxon W Z p value

0.9 1 34067.000 70382.000 -1.172 .241
0.9 10 33818.000 70133.000 -1.310 .190
0.9 50 31579.000 67894.000 -2.552 .011*
0.9 100 31043.000 67358.000 -2.850 .004*
0.9 1000 14081.000 50396.000 -12.258 .000*
1.8 1 42874.000 87127.000 -.588 .556
1.8 10 41343.000 85596.000 -1.320 .187
1.8 50 39717.000 83970.000 -2.098 .036*
1.8 100 42385.000 86638.000 -2.822 .041*
1.8 1000 29060.000 73313.000 -7.194 .000*
4.3 1 41857.000 86110.000 -1.075 .283
4.3 10 43664.000 87917.000 -.211 .833
4.3 50 41925.500 86178.500 -1.042 .297
4.3 100 40075.000 84328.000 -1.927 .054
4.3 1000 27657.000 71910.000 -7.865 .000*

TABLE 7.4: Detailed report of Mann Whitney U test for IDM (inverse difference mo-
ment at each initial concentration of salts in PBS (φsalts of 0.9 to 4.3 wt%) and displace-
ment (d) from 1 to 1000 (in pixels). The significant values are marked with an asterisk

(*).

φsalts (wt%) d (pixels) Mann-Whitney U Wilcoxon W Z p value

0.9 1 31820.000 68135.000 -2.419 .061
0.9 10 29329.000 65644.000 -3.800 .000*
0.9 50 25264.000 61579.000 -6.055 .000*
0.9 100 23918.000 60233.000 -6.802 .000*
0.9 1000 7871.000 44186.000 -15.703 .000*
1.8 1 41822.000 86075.000 -1.091 .275
1.8 10 36134.000 80387.000 -3.811 .000*
1.8 50 35133.000 79386.000 -4.290 .000*
1.8 100 42703.000 86956.000 -.670 .043*
1.8 1000 13886.000 58139.000 -14.449 .000*
4.3 1 42020.500 86273.500 -.996 .319
4.3 10 39893.500 84146.500 -2.014 .044*
4.3 50 34924.000 79177.000 -4.390 .000*
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4.3 100 34434.000 78687.000 -4.624 .000*
4.3 1000 26440.000 70693.000 -8.447 .000*

Figure 7.7(I-IV) maps the histograms of the averaged GLCM parameters at various
rotations (0◦ and 90◦), displacements (1, 10, 50, 100, and 1000), and initial saline con-
centrations (φsalts = 0.9, 1.8, and 4.3 wt%). The error bars represent the standard de-
viation. These deviations are large as the GLCM parameters change as the droplets
dry under ambient conditions. All these parameters show non-significant results
(rotationally invariant) when the displacement between the neighboring pixels is 1
at each φsalts. The ASM and ENT are only rotationally invariant when the displace-
ment increases to 10 [Fig. 7.7(I, III)]. These parameters are found to be non-significant
when the displacement becomes 50 and 100 only at φsalts = 4.3 wt%. All the GLCM
parameters show significant results when the displacement is 1000. The COR at
displacement of 1000 pixels in Fig. 7.7(II) shows negative values for every φsalts. It
suggests that the relation between the pixels’ ceases when the displacement is 1000.
Fig. 7.7(IV) exhibits that the IDM is significantly different for 0◦ and 90◦ at all the
displacements except 1. This indicates that it is the most sensitive parameter when
its values are compared between two different directions. All the parameters ex-
cept ENT show a decreasing trend in their values when the displacement increases
from 1 to 1000. This suggests that the magnitude of the ENT get weakly influenced
by the displacement values. Surprisingly, the ASM oriented along 90◦ at the pixel
displacement of 1000 is significantly larger than 0◦. It can be concluded that these
GLCM parameters at 0◦ and 90◦ are not significantly different at the displacement of
1 pixel. It suggests that these parameters cannot be averaged for these two orienta-
tions except displacement of 1 pixel. Therefore, the averaged GLCM parameters at
1 pixel are presented for the drying evolution at different φsalts in Figure 7.8(I-IV).

The ASM and the COR increase until ∼400 seconds and start decreasing from ∼400
seconds onwards [Fig. 7.8(I-II)]. All the GLCM parameters except COR show a mas-
ter curve till ∼400 seconds. These curves get differentiated after ∼400 seconds for
the various φsalts. On the other hand, the COR shows its dependency throughout
the drying process. Interestingly, the ENT [Fig. 7.8(III)] and the IDM [Fig. 7.8(IV)]
behave differently than the other two parameters. The ENT decreases, whereas the
IDM is found to be nearly constant until ∼400 seconds. While the ENT starts in-
creasing, the IDM reduces for the duration of 400 to∼600 seconds. All these param-
eters, except ENT of the dried films (after the visible drying process ends), show that
the values are highest at φsalts of 0.9 wt%, followed by 1.8 and 4.3 wt%. Interestingly,
the ENT shows a complementary behavior compared to the ASM during the drying
process and in the dried states [Fig. 7.8(I, III)].
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FIGURE 7.7: (I-IV) show the comparison of the averaged gray level co-occurrence ma-
trix (GLCM) parameters [angular second moment (ASM), correlation (COR), entropy
(ENT), and inverse difference moment (IDM)] in arbitrary units (a.u.), respectively in
the BSA-saline droplets at the different initial salt concentrations in PBS (φsalts). The
pixel displacements ranging from 1 to 1000, and the orientations [horizontal (0◦) and
vertical (90◦)] are varied at each φsalts. The significant pairs (0◦ and 90◦) are marked

with an asterisk (*). The error bars represent the standard deviation.
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7.2.3 Drying evolution and morphology of blood-saline droplets

Time evolution of the blood-saline droplets

FIGURE 7.9: Time-lapse images of the diluted blood droplets during the drying pro-
cess at φblood of 75% (v/v). These displayed images are cropped from the original ones
for better visualization. The top panel illustrates the formation of the peripheral band
(depicted with orange arrows) and the fluid front movement. The white dashed arc
line shows that the front moves uniformly from the periphery of the droplet up to
467s. The texture in the central region becomes lighter, outlined with a white dashed
circle. The middle panel captures the images from 479s to 587s. This panel empha-
sizes the non-uniform movement of the front and the appearance of the dendrite
structure in the central region. The yellow dashed arc line separates the corona from
the central region. The white arrows sketch the propagation of the radial cracks. The
σl and σr demonstrate the symmetric stress fields of these cracks (depicted with yel-
low arrows). The bottom panel records the crack propagation from 591s to 653s. At
the transition of the corona and the central regions, the cracks grow in both directions,
and a kink is spotted (white dashed rectangles). The yellow dashed circles display the
origin of the micro flaws around the radial crack, whereas the yellow dashed rectan-
gles portray the widening of these radial cracks. The actual time (t in seconds) during
the drying process is exhibited in the top-left corner of each image. The scale bar in

the bottom-right corner at 653s corresponds to 0.2 mm.

The time-lapse images are captured in bright field microscopy (Amscope, USA) at
a magnification of 5× at a fixed resolution of 3664× 2748 pixels. Figure 7.9 shows
the drying process of the diluted blood droplet at φblood of 75% (v/v). These images
were cropped from the original images to 1812× 1656 pixels. The formation of the
peripheral band, the uniform movement of the fluid front, and the appearance of
the central light gray texture occur from 55s to 467s. All these events are found to be
common at φblood of 100 and 75% (v/v) [shown in the top panel of Figs. 7.9].

The next stage of the drying evolution begins with the non-uniform movement of
the fluid front. The front in the whole blood droplet [100% (v/v)] (described in the
earlier chapter) completely disappears after which the corona (the region between
the periphery and the central regions) and the central regions could be identified. In
contrast, at φblood of 75% (v/v), a transition line appears (marked with yellow dashed
arc line in the snapshot captured at 479s) while the front still moves non-uniformly.
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This line continues developing until it fully grows to a ring. Finally, it separates the
corona and the central regions similar to the whole blood droplet (middle panel of
Figs. 7.9). It is to be noted that the corona at φblood = 75% (v/v) covers a smaller area
than that of the whole blood droplet. Interestingly a dendrite structure starts appear-
ing in the center of the droplet at φblood of 75% (v/v). The growth of such a structure
is evident for the time intervals between 533s and 573s. Its presence makes the dry-
ing evolution very different from that of the whole blood. The crack propagation
initiates from the transition region at 587s. The white and the yellow arrows show
the direction of the cracks and the symmetric stress fields, respectively (snapshots
at 587s and 591s). Unlike the 100% (v/v) [described in the earlier chapter], some
cracks grow towards the central region whereas, some propagate towards the pe-
riphery. It is to be noted that the crack lines in the transition region are not straight.
A kink around the transition line is spotted (white dashed rectangles at the snapshot
of 597s). The cracks propagating towards the central region, join the dendrite struc-
ture as the time advances. In contrast, the cracks in the corona region divide it into
different domains, similar to the human whole blood.

Akin to whole blood droplet, the branching and the widening of the radial cracks
are found at φblood of 75% (v/v) from 609s to 653s. The yellow dashed circles display
the origin of the micro flaws around the radial crack whereas, the yellow dashed
rectangles portray the widening of these radial cracks in the snapshots captured
from 609 s. However, the texture within the crack domains in the corona region
does not become dark gray fully. Furthermore, the droplet’s periphery is observed
in the same position throughout the drying process, unlike the whole blood droplet
(bottom panel of Figs. 7.9). Therefore, it is clear that the presence of the salts affects
the events of the drying process and the resulting crack patterns.

Figure 7.10a-d displays different image snapshots during the drying process in the
diluted blood droplets at φblood of 62 to 12.5% (v/v). The first image is captured
within ∼90s after the deposition of the droplets on the coverslip (Fig. 7.10a). Ini-
tially, these images have a homogeneous dark texture, which is found to be inde-
pendent of the dilution concentration (φblood). In the next stage, the droplets show
the formation of the peripheral band. It is followed by the uniform and the non-
uniform movement of the fluid front. These events are observed within ∼600s at
φblood of 62 to 25% (v/v). However, the droplet at φblood of 12.5% (v/v) takes ∼740s
for these events to occur (Fig. 7.10b-c). The texture of the droplets at φblood of 62 to
50% (v/v) is homogeneous light gray. This becomes non-homogeneous and grainy
for 25 and 12.5% (v/v). The center at all φblood of 62 to 12.5% (v/v) is found to have a
patchy dark gray shade (Fig. 7.10c). The snapshots at the end of the drying process
in Fig. 7.10d show the final macroscopic patterns. Interestingly, no dendrite struc-
ture is evolved in any of these φblood. Akin to φblood of 75% (v/v), the radial cracks
are present in the corona at φblood of 62 to 25% (v/v). These cracks divide the corona
into different domains. However, at 12.5% (v/v), only one or two cracks are visible
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FIGURE 7.10: Time-lapse images of the diluted blood droplets during the drying
process at φblood varying from 62 to 12.5% (v/v). The first captured image after the
deposition of the droplet on the coverslip is shown in (a). All the droplets show a
homogeneous dark gray texture initially. (b) depicts the next stage that starts with
the fluid front movement. Simultaneously, a peripheral band forms, and a light gray
texture appears in the center in (b). The formation of different textures in the corona
and the central regions is mostly observed in (c). The macroscopic crack patterns as
the last stage of the drying process are exhibited in (d). The actual time (t in seconds)
is shown in the left corner of every image. The scale bar in the right corner of 12.5(d)

corresponds to 0.2 mm.

under the present resolution (5×magnification). Furthermore, the corona is not cov-
ered fully with the dark gray texture. This coverage becomes less with the increase
of the dilution. The transition region is thick at φblood of 62% but, turns out to be
thin enough at 12.5% (v/v). The central region is drastically changed as the samples
are diluted. At φblood of 62 and 50% (v/v), the cracks are radially extended. How-
ever, there are long branches at some of the radial cracks (orthoradial cracks) which
join these consecutive radial cracks. Surprisingly, no radial cracks are observed at
φblood = 25% (v/v). A ring-like pattern is found around the edges of the central re-
gion. No cracks are visible at the center. At φblood of 12.5% (v/v), the central region
exhibits a heterogeneous (grainy) texture without any cracks.
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FIGURE 7.11: Time evolution of the first-order statistical (FOS) parameters: (I) the
mean (I) and (II) the standard deviation (SD) at φblood varying from 100 to 12.5% (v/v).
The δt is the shifted time computed by subtracting t0 from t, where, t0 is the time when
the mean exhibits a rapid rise (indicated with an arrow) and t is the actual time (in
seconds) of the drying process. The inset of (I) depicts the variation of t0 with φblood.
The FOS parameters of the first captured image during the drying process are plotted
as a function of φblood in the inset of (II). The dashed line in (II) marks the time at

which the mean rapidly rises.

Quantitative analysis of blood-saline droplets

Fig. 7.11(I-II) illustrates the temporal variation of the first-order statistical (FOS) pa-
rameters (the mean and the standard deviation) of the image at the different diluting
concentrations (φblood) from 100 to 12.5% (v/v). The time in the x axis is the shifted
time (δt) which is computed as t− t0, where, t0 is the time when the mean exhibits
a rapid rise (indicated with an arrow in [Fig. 7.11(I)] and t is the actual time (in sec-
onds) of the drying process. The mean is defined as the sum of the gray values of
all the pixels divided by the number of the pixels. And, the SD is a measure of the
range of pixel values deviated from the mean. The inset of (I) plots t0 as a function
of diluting concentration (φblood). The mean and the SD of the first image during the
drying process is displayed in the inset of (II) as a function of φblood.

The mean (I) in Fig. 7.11(I) exhibits a universal behavior independent of the initial
dilution concentration (φblood). It shows four different phases: a slow increase, a
rapid rise, a gradual decrease, and a saturation. The first phase varies within 10− 20
arbitrary units (a.u.). This phase stays up to the time at which the fluid front moves
uniformly. As soon as the gray texture of the central region starts appearing, the I
rapidly rises from ∼25 to ∼75 a.u. The I gradually decreases once the radial cracks
begin, and the dark gray texture of the corona region initiates. Finally, it becomes
constant once the droplets approach towards the end of the drying process. The sat-
urated mean values at φblood of 100 and 75% (v/v) is ∼50 a.u. whereas it is found
within 60 − 70 a.u. as the dilution increases. Interestingly, the time taken by the
droplets to reach the rapid rise phase (t0) is different for φblood [inset of Fig. 7.11(I)].
t0 varies within 380− 480s for all φblood except 12.5% (v/v), the highest dilution con-
centration of this study. It takes the longest time of ∼720 s to reach the rapid rise
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FIGURE 7.12: Variation of the normalized contact angle (θ(δt)/Θ) and the normalized
fluid front radius (r(δt)/R) as a function of δt is shown in (I) and (II), respectively at
φblood of 100 to 12.5% (v/v). The inset of (I) displays the normalized contact angle as a
function of δt for the range from −200 to 30s. The shifted time, δt is defined as t− t0
where t0 is the time when the mean exhibits a rapid rise in Fig. 7.11(I). The Θ is the
intercept value which is computed by plotting the experimental contact angle (θ(t))
as a function of t. The normalization of the contact angle is done by dividing the θ(δt)
with Θ. The r(δt)/R is normalized by dividing the averaged fluid front radius [r(δt)]

with the averaged radius of the droplet (R).

phase.

The temporal variation of the SD in Fig. 7.11(II) shows a strong dependency on φblood.
At φblood of 100% (v/v), it increases to a first peak at the time when δt = 0s. It
decreases from ∼26 to ∼17 a.u. at δt ∼ 75s. It again rises to reach a second peak at
δt ∼ 160s. Finally, it decreases and saturates to ∼20 a.u. at δt ∼ 375s. For the φblood

ranging from 75 to 12.5% (v/v), no second peak is observed. It slowly increases
to ∼20 a.u. up to the time, δt = 0s. Subsequently, it rapidly rises to a peak and
decreases to a minimum value. Finally, it rises again to reach saturation. It is to be
noted that the phases from 75 to 12.5% (v/v) are similar. However, the SD values for
25 and 12.5% (v/v) are lower than that of others. The dependency of the SD and the
independent behavior of the I on φblood indicate that the I cannot capture the finer
textural details due to its averaging criteria; however, the SD does (Pal et al., 2020b).
The inset of Fig. 7.11(II) shows the I and the SD of the first captured image. It is
found that I rises from ∼5 to ∼25 a.u. as we dilute the φblood. On the other hand, the
SD remains nearly constant.

The experimental contact angle (θ) is plotted with the drying time (t). The Θ is
computed by a linear extrapolation of the first 100 seconds of θ varying with t, where
it appears linear. Subsequently, the θ is plotted as a function of δt. The normalized
contact angle is measured by dividing the θ(δt) with Θ. Fig. 7.12(I) displays the
variation of the θ(δt)/Θ with respect to δt at different φblood. For φblood of 100 to
62% (v/v), the θ(δt)/Θ reduces monotonically till the time at which δt ∼ 200s. A
peak-like feature is observed before it stops varying [inset of Fig. 7.12(I)]. This peak
becomes broader as we dilute the φblood from 100 to 62% (v/v). Surprisingly, no
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FIGURE 7.13: The variation of w/R and xc as a function of φblood is shown respectively
in (I) and (II). The w is the averaged width of the corona region, and the R is the aver-
aged radius of the droplet. The xc is the average crack spacing in the corona region.
The error bars denote the standard deviation obtained from multiple measurements.
The parameters, w, R, and xc are illustrated in the macroscopic image captured at

φblood = 50% (v/v).

such peak is found when θ(δt)/Θ is plotted as a function of δt for the range from
50 to 12.5% (v/v). Furthermore, all the curves follow a master curve except φblood =

12.5% (v/v). The θ(δt)/Θ shows a steep monotonic behavior and becomes constant
at δt ∼ −350s for 12.5% (v/v).

Fig. 7.12(II) shows the evolution of the normalized fluid front radius (r(δt)/R) as a
function of δt for the given range of φblood. This parameter is computed by divid-
ing the averaged fluid front radius [r(δt)] with the averaged radius of the droplet
(R). It could be measured till the front moves uniformly. The front radius reduces
only ∼20% from the droplet’s periphery. The average slope of the r(t) vs t is found
to be −0.22± 0.13 µm/s. The negative sign indicates that the radius decreases with
time. It exhibits a universal monotonic decrease for all φblood unlike the contact angle
measurements. A comparison of both these measurements [Fig. 7.12(I-II)] indicates
that the contact angle decreases without any fluid front movement initially. Interest-
ingly, both the contact angle and the fluid front moves from δt = −350s to 0s at φblood

of 100 to 25% (v/v). It is to be noted that the front moves uniformly in this phase.
Afterwards, the front moves non-uniformly, and the contact angle stops varying.
Though this non-uniform movement could not be quantified, it is evident from the
time lapse images in Figs. 7.9-7.10. On the other hand, φblood = 12.5% (v/v) behaves
uniquely. Both the fluid front and the contact angle do not vary simultaneously. The
fluid front starts moving after the contact angle reduces to the minimum value.

Fig. 7.13(I-II) reveals the concentration dependence of the crack spacing, and the
width of the corona region in the dried blood film at different diluting initial con-
centrations (φblood). Fig. 7.13(I) shows the variation of the normalized width of the
corona region (w/R). The averaged width of the corona (w) is found to be reduced
with an increase of φblood. It is to note that the whole blood film shows a higher value
when compared to the other φblood. In the presence of the salts, the w/R varies up
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to ∼0.3, i.e., the width covers only ∼30% of the radius of the droplet (Figs. 7.9-7.10).
The w decreases monotonically with the increase of φblood. On the other hand, this
width is ∼80% of the total value at 100% (v/v) in the absence of any salts. The varia-
tion of the averaged spacing between the radial cracks (xc) in the corona region is ex-
hibited in Fig. 7.13(II). The xc at all φblood except 12.5% (v/v) is computed from the op-
tical images. As the present resolution was not enough to measure xc at 12.5% (v/v),
it is done through the scanning electron microscopy. Similar to the corona width, the
xc also reduces its length. The image depicting all the parameters (w, R, and xc) in
Fig. 7.13(I-II) is the dried blood film captured at φblood = 50% (v/v). In the presence
of the salts, it decreases from ∼0.4 to ∼0.1 mm (Figs. 7.9-7.10) whereas, it is ∼0.6 mm
for the whole blood dried film [100% (v/v)]. The standard deviation at 100% (v/v)
is also larger than others. This indicates that the radial crack domains are not equal
sized in the whole blood film.

Micro-structural analysis of the dried blood-saline film

FIGURE 7.14: The SEM images illustrating the microscopic structures at different
length scales are shown in (I) and (II) at φblood of 75% (v/v). The top, middle and
bottom panels of (II) depicted with yellow, red and blue-colored rectangles detail the
structures at the periphery and the corona, the transition of the corona and central
regions, and the central region, respectively. The transition region is also specified
with black dotted lines. An energy-dispersive X-ray (EDX) analysis consisting of the
number of counts and the energy (keV) of different regions of the blood dried film is
shown in (III). The signals are symbolized and colored to match the area from where

these were collected.

Fig. 7.14(I-II) shows the different micro-structures in the diluted blood droplet at
φblood of 75% (v/v). The smooth fragmented sheet in the corona region, the raptured
structures in the peripheral cracks, the presence of the troughs and ridges in the
transition region, and the presence of the hair-like structures in the crack edges are
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FIGURE 7.15: The SEM images illustrating the microscopic structures at different
length scales are shown in (I) and (II) at φblood of 12.5% (v/v). The yellow-colored
rectangle in the top panel of (II) details the structures at the periphery and the corona.
The light and dark blue colored rectangles in the middle and the bottom panels of (II)
show different structures in the central regions. An EDX analysis shows the elemental
composition of different regions of the blood film in (III). The signals are symbolized

and colored to match the area from where these were collected.

found common in both the dried films at φblood of 100 and 75% (v/v) [Figs. 7.14(II)].
Interestingly, the central region at φblood of 75% (v/v) displays the crystal-like struc-
tures in addition to the ridges and the toughs. The cracks in the central regions
are comparatively sharper. The regions within these cracks are more homogeneous
when compared to that of the whole blood droplet. The energy-dispersive X-ray
(EDX) analysis is exhibited in Fig. 7.14(III). The different symbols are presented to
identify the specific area from where the counts are collected. A graph of the num-
ber of counts and the energy (in keV) is plotted. The significant peaks are observed
at 0.28, 0.53, 1.06, and 2.64 keV characterizing the presence of the elements, Carbon
(C), Oxygen (O), Sodium (Na), and Chlorine (Cl) respectively.

The micro-structures at φblood of 12.5% (v/v) are shown in Fig. 7.15(I-III). These struc-
tures are unique and very different than that of 100 and 75% (v/v). A transition re-
gion between the corona and the central regions is not observed at φblood = 12.5% (v/v).
Fig. 7.15(I-II) marks different regions of interest. The yellow-colored rectangle in
the top panel of Fig. 7.15(II) details the structures at the periphery and the corona.
The light and dark blue-colored rectangles in the middle and the bottom panels of
Fig. 7.15(II) show different structures in the central regions. The corona region is
smooth like what we observed at other φblood; however, it contains discoid-shaped
aggregated structures. Almost no raptured structures is found within the cracks of
the peripheral region. A closer view in the central region indicates the presence of
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different crystal-like structures [the middle and the bottom panels of Fig. 7.15(II)].
There are no troughs and ridges throughout the film at φblood = 12.5% (v/v). Similar
to φblood = 75% (v/v), Fig. 7.15(III) also shows the significant presence of C, O, Na,
and Cl elements.

However, it is to be noted that the number of counts for the elements changes as we
dilute the initial concentration of blood (φblood) from 75 to 12.5% (v/v). For example,
the counts of C decreases from∼1500 to∼450 in the corona region for φblood of 75 and
12.5% (v/v), respectively. It is found to be ∼300 for Na and Cl at φblood of 75% (v/v)
in the central region of the film. These counts of Na and Cl turn out to be more than
∼900 at φblood = 12.5% (v/v).

7.3 Discussions

7.3.1 Discussions on Lys-saline droplets

As soon as the droplets are pipetted on the coverslip, the height and the contact an-
gle start reducing (checked with the contact angle goniometer). The non-uniform
textural gradient in the optical images [Fig. 7.3(A)] and the images captured using
the goniometer show that these droplets are partially wetted (the contact angle is
∼50 degrees within ∼45 s of their deposition) and are of the spherical-cap shape.
The curvature of these droplets induces the highest mass-loss near the periphery
compared to the central region. The droplets get pinned to the coverslip, and the
Lys particles are transported through the outward capillary radial flow to compen-
sate for this loss. The process leads to a well-known “coffee-ring effect” (Deegan
et al., 1997) like other bio-colloids (Pal et al., 2020a; Chen and Mohamed, 2010; Pal et
al., 2020b). As time progresses, it is observed that the fluid front recedes from the pe-
riphery to the central region, and simultaneously, the contact angle reduces, unlike
the result reported in (Gorr, 2013). The deposits in the crack lines (Fig. 7.2) suggests
that there exists a discontinuity at the ring interface [also evident in Fig. 7.3(B-C)]. It
could be speculated that a significant amount of water gets evaporated by this time,
and the salts start crystallizing. Since the images were taken in the transmission
mode, the thick film gives rise to the dark texture. The dark textured front starts en-
gulfing the central region (a similar phenomenon of the phase transition reported in
(Yakhno, 2008). The significant fluctuations in the textural evolution [Fig. 7.4(I-IV)]
are also observed at this phase. The complexity (SD) increases as the salt crystals
(inhomogeneities) begin to appear. As these droplets are pinned, the mechanical
stress is relieved by virtue of crack propagation. The appearance of the salt crystals
in different Lys concentrations affects crack formation [Fig. 7.1]. It also alters the in-
teraction between the Lys particles and changes their aggregation and precipitation
processes (samples with and without adding external salts, evident from Figs. 7.1-
7.2). It also demonstrates that the three prominent regions may or may not be found
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in the Lys droplets in the salts’ presence (unlike reported in (Gorr et al., 2013)). Fur-
thermore, the exclusive variation of the salt content might not provide us a clear pic-
ture. The chemistry between multiple salts and Lys at various initial concentrations
is the crucial factor. It is not merely a sum (or average) of individual microscopic
actions [Fig. 7.2]. It appears to involve both protein-protein and protein-salt interac-
tions partially averaged over one length/time scale that sets the next larger/longer
length/time scale in such drying droplets.

7.3.2 Discussions on BSA-saline droplets

Qualitative analysis of BSA-saline droplets

The first image of the drying BSA droplets at different initial saline concentrations
(φsalts of 0.9, 1.8, and 4.3 wt%) is captured soon after their deposition on the substrate
(Fig. 7.5(I-III) a). A higher water loss is observed near the periphery (compared to
the central region) due to its hemispherical-cap shape. A capillary flow develops in
these droplets. The particles are carried towards the periphery to compensate for this
rapid mass loss. This particles relocation continues till the three-phase (solid-liquid,
liquid-vapor, and solid-vapor) contact angle reduces significantly. The BSA parti-
cles continue to adsorb on the substrate in this initial stage of the drying process.
The fluid front recedes from the periphery towards the central region as time ad-
vances (Fig. 7.5(I-III) b), and marks the second stage of the drying process. The two
regions, viz., the rim and the central regions become prominent as the front passes
and specifies the “coffee-ring effect” (Deegan et al., 1997). The distinct textures of
the regions confirm a greater height of the rim than the central regions. Further-
more, we observed that the width of the rim decreases as the saline concentration
rises. Most of the water evaporates from these droplets with the advancement of the
drying process. These droplets turn to films, and a mechanical stress develops. Since
these droplets are pinned to the substrate (coverslip), these dried films are unable to
shrink. The radial cracks originate from the periphery and propagate inwards to re-
lieve the stress from these films (Fig. 7.5(I-III) c). A few orthoradial cracks also join
these radial cracks. This indicates that a dominant stress direction is present in the
rim. These events are commonly observed in the BSA droplets (both) in presence
and absence of the salts (Pal et al., 2020a; Yakhno, 2008). Hence, it can be argued
that the fluid front movement and the developing cracks form the components of
the pinned bio-colloidal droplets. We did not observe any evident influence of any
salts. The next stage begins with the growing of grainy structures near the dashed
line. The grainy structures subsequently cover the entire central region. The den-
drite and rosette structures also develop during this stage. The formation of the salt
crystals starts towards the later stage of the drying process (Fig. 7.5(I-III) c-d). This
evidently suggests that the drying mechanism is different in the rim and the central
regions, and a similar observation is also reported in (Yakhno, 2008). The central
region is found to be of light gray at φsalts of 0.9 wt%. However, this region turns out
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to be inhomogeneous, and becomes dark gray with the upsurge of φsalts from 1.8 to
4.3 wt%. With the increasing numbers of salt crystals, the texture becomes dark gray
as the film becomes thick and opaque to pass the light under the transmission mode
of the bright-field microscopy. The final morphology is presented at the end of the
visible drying process in Fig. 7.5(I-III) e. It is to be noted that the minute change in
the textures is noticed after 24 hours [Figs. 7.5(I-III) e and 7.16(a-c)]. The texture of
the films becomes darker. This indicates that some water could be trapped in the
salt crystals. The evaporation of water after the visible drying process might have
caused the textural changes in the dried films.

Quantitative analysis of BSA-saline droplets

4.3 wt%1.8 wt%0.9 wt%

�
�

∅����� (wt%)∅����� (wt%)

(a) (b) (c)

(d) (e)

FIGURE 7.16: The images of the dried films of BSA-saline are captured after 24 hours
at various initial concentrations of salts in PBS (φsalts) (a) 0.9, (b) 1.8, and (c) 4.3 wt%.
The yellowed dashed circular lines separate the rim from the central regions. The
scale bar has a length of 0.2 mm. The averaged rim width (w) is divided with the
averaged radius of the droplet (R) and the normalized width (w/R) is shown in (d).
The averaged crack spacing (xc) is displayed in (e). The error deviations represent the

standard deviations.

The crack spacing and the ring width are quantified and found to be reduced with
the increase of φsalts. Figure 7.16(d-e) shows the variation of w/R and xc in the BSA-
saline dried films as a function of φsalts. Both these parameters decrease with the
increment of φsalts. The reduction of the rim width predominantly takes place due
to the drop of the BSA-BSA interactions in these droplets. As we increase the φsalts,
the BSA-salt interaction becomes dominant in the formation of the crystal complex
structures over the BSA-BSA interactions. Furthermore, the standard deviation of xc

is observed to be reduced with the upsurge of φsalts. This confirms that the different
sized crack domains are present at the low saline concentration (for example, φsalts
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= 0.9 wt%). Their increased number makes the crack domains uniform when the
φsalts changes from 0.9 to 4.3 wt%. However, it does not mean that the number of
cracks increases due to the increase of the saline concentrations. It must be noted
that these radial cracks develop only in the rim region, where only the BSA particles
are predominantly present. Their number increases because the energy required for
the propagation of the smaller cracks is less than the larger cracks.

The FOS parameters (I, SD, SKEW, and KUR) are the spatial moments of order 1
to 4, respectively (Carreón et al., 2018b). These parameters are extracted during the
drying evolution of the BSA-saline droplets at φsalts of 0.9, 1.8, and 4.3 wt% [Fig. 7.6(I-
IV)]. The I is defined as the sum of the gray values of all pixels divided by the num-
ber of pixels. It depicts the average values within the selected area (in our case,
it is the circular droplet). The SD indicates the amount that the pixel values stray
away from the mean. Interestingly, the I shows three ubiquitous stages when the
images captured during the drying process are compared (Fig. 7.5(I-III) a-e). The
I grows initially where the contact angle is significantly reduced, and the droplet
changes from its spherical-cap shape. In contrast, the uniformity increases, and the
SD decreases during this stage. The dark texture of the image changes into bright,
and this maps up to ∼200 seconds. In the second stage, no change in the I is ob-
served, whereas the SD differentiates the fluid front movement and the origin of
the cracks [Fig. 7.6(I-II)]. It is to be noted that the SD captures most of the textural
details even if many complex phenomena assemble them. Both the I and the SD
lines up to ∼400 seconds that marks the next stage, i.e., the crystal growth. Till this
stage, both these parameters are mostly independent of φsalts. As the crystals start
appearing, the texture transforms (from light) to dark gray. While the I decreases,
the complexity increases through the upsurge of the SD.

The SKEW and the KUR of the FOS parameters reveal the information about the
distribution of the pixels. The SKEW of an image describes the symmetry of the
normal distribution of the pixels in the selected area (in our case, it is the circular
droplet). The SKEW of any normal (symmetric) distribution is zero, whereas the
negative (positive) values of SKEW indicate that the pixel data are skewed in the
left (right) of the distribution. This also implies that the left (right) tail is relatively
long than the right (left) tail of its pixel distribution. Comparison of the Figs. 7.5(I-
III) a-e and 7.6(III) reveal that the distribution of the pixels is asymmetric towards
the left throughout the drying process. However, their values change during differ-
ent stages of drying. In the first stage (within ∼200 seconds), the SKEW decreases
from−1 to−4 a.u. The value remains the lowest during the second stage, where the
fluid front moves and most of the radial cracks form. With the growth of the crystals
in the central region, the SKEW starts increasing, and it reaches to zero only at φsalts

of 4.3 wt%. The change in the Gaussian distributions from a single to two peaks at
gray values of ∼15 and ∼117 in Fig. 1(III) e is directly connected with the increas-
ing SKEW value towards the end of the drying process. In contrast, the KUR of the
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image indicates the peak or flatness of the data under consideration. In our case,
the KUR shows two peaks at ∼150 and ∼350 seconds, only to be reduced and reach
at a constant value during the drying evolution [Fig. 7.6(IV)]. These peaks highlight
the transition of the first to the second and second to the third drying stages, respec-
tively. More interestingly, the second peak of KUR becomes sharper as the saline
concentration (φsalts) increases. Since the droplet size is the same for all φsalts, the
crystals proliferate at φsalts = 4.3 wt%, resulting in a sharp peak during drying.

All these parameters differentiate their values at different φsalts as the drying pro-
cess completes. Nonetheless, the sensitivity of these FOS parameters increases as
the higher ranks are computed. This could be a possible reason why only the I dis-
plays a uniform distribution, whereas a few peaks and dips are observed in KUR
measurements. The FOS parameters are obtained from the pixel values, it ignores
all the tonal and structural properties. In contrast, the tone of the GLCM parame-
ters is based on the pixel intensity (or the gray values). The structure is determined
by the spatial relationship between two neighboring pixels. The GLCM parameters,
therefore, are based on the local tonal and structural properties that are dependent
on each other. The different parameters adopted to extract the FOS and the GLCM
properties disable them to compare with each other.

The GLCM parameters (ASM, COR, ENT, and IDM) are extracted during the dry-
ing evolution of the BSA-saline droplets at different saline concentrations (φsalts of
0.9, 1.8, and 4.3 wt% [Fig. 7.8(I-IV)]). However, it can be concluded from Fig. 7.7(I-
IV) that all the GLCM parameters depend on the orientations and the pixel displace-
ments. Since these are specific to the drying droplets, these parameters need to be
checked before making any choice of their computations. The ASM measures the
global uniformity of the textures. The uniformity (or the ASM) increases until the
salts crystallize in the central region from 400 seconds. On the other hand, the ENT
measures the global heterogeneity of the image. The ASM and ENT are found to
be inversely proportional to each other [Fig. 7.8(I, III)]. The ASM, COR, and IDM
parameters show greater uniformity and similarity in the gray regions before the
crystallization of the salts occurs. On the other hand, these parameters reduce when
the salt crystals start forming due to the appearance of different heterogeneous re-
gions [Fig. 7.8(I-II, IV)]. This results in decreasing the similarity index between the
pixels in a horizontal or vertical orientation. This means that the presence of more
salts in the droplets (or the increasing φsalts) give rise to more heterogeneity. This
leads to the highest value of ENT at φsalts = 4.3 wt% followed by 1.8 and 0.9 wt%.
Similar arguments also hold for other parameters (ASM, COR, and IDM). The φsalts

of 4.3 wt% shows the lowest values than 1.8 or 0.9 wt% when ASM, COR, and IDM
are computed towards the end of the drying process.

To understand the physical mechanism of the appearance of such a bi-modal dis-
tribution at φsalts = 4.3 wt%, we plotted its progression from ∼440 to ∼540 seconds
[Figure 7.17(I-III)]. It is clear from Fig. 7.5(III) d-f that these two peaks origin during
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FIGURE 7.17: Histograms depicting the counts of the pixels along the y-axis, and the
gray values along the x-axis of each image taken at 440 s, 456 s, 472 s, 488 s, 504 s, and
540 s at φsalts = 4.3 wt% for (I) whole droplet, (II) rim region, and (III) central region.
The gray values in x-axis ranges from 0 to 160 (a.u.) in the interval of 20. The pixel

counts in y-axis ranges from 0 to 25 (×104) in the interval of 5 (×104).

the crystal growth stage, somewhat at the very end of the drying process. This is
the stage when almost all the water evaporates from these droplets. The salt layer is
formed in the central region during this time. More crystals-like structures appear
as the trapped water evaporates from these droplets. It means that the equilibrium-
like regions start emerging locally, whereas the whole system (drying droplet) is still
out of the equilibrium. Two local equilibrium-like regions (one in the rim, and the
other in the central region) appear when the droplets approach the steady-state (end
of the drying process). However, these two regions seem to be weakly correlated.
To validate this assumption, we extracted the pixel counts as a function of the gray
values only for the rim [Fig. 7.17(II)] and the central regions [Fig. 7.17(III)]. It is ob-
served that the second peak decreases to the minimum and the first peak appears at
472 seconds when the counts are computed for the central region. In contrast, the
rim does not show any such behavior and consistently show the second peak. This
implies that the gray value of ∼15 (first peak) is due to the emergence of the crystal
structures in the central region. The second peak at gray value of ∼117 confirms the
origin of the rim region. If these regions were uncorrelated, zero values in their in-
teraction terms should have emerged. However, we observed a finite value between
the peaks when the pixel counts are plotted for the whole droplet [Fig. 7.17(I)]. This
confirms that the BSA-BSA interactions are dominant (recessive) over the BSA-saline
interactions in the rim (central) regions that results in the phase separated aggrega-
tion of the BSA particles in presence of the salts. It is also understood that the saline
concentration, in principle, should have been enough for the BSA-saline interactions
to be dominant over the BSA-BSA interactions. This is probably the reason that we
did not observe any bimodal distributions in the lower saline concentrations. Fur-
thermore, it also validates why φsalts of 4.3 wt% behaves uniquely when the FOS and
GLCM parameters are extracted during the drying evolution.
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7.3.3 Discussions on blood-saline droplets

A spherical-cap shape is exhibited as soon as the droplet is deposited on the sub-
strate (coverslip). The first image is captured within ∼90s of its deposition. The
mean intensity of the first image shows an increase from∼5 a.u. to∼25 a.u. with the
increasing dilution. In contrast, the image’s standard deviation (SD) remains nearly
constant [inset of Fig. 7.11(II)]. This suggests that the texture of the image becomes
lighter with the dilution while maintaining the uniformity of the image (Figs. 7.9-
7.10). Since RBCs carry hemoglobin (an iron-containing protein responsible for the
redness), and every other component is colorless, it can be inferred that the effect on
this texture is solely due to the reduction of RBCs in the droplet.

The curvature of the droplet near the periphery increases the drying rate. A capil-
lary flow [indicated with dotted arrows in Fig. 7.18A-B(I)] is developed to compen-
sate for the excessive mass loss. Most of the blood components are moved towards
the periphery. This is evident by the appearance of the peripheral band. Its width
decreases as the number of the components reduces with the increasing dilution
(Figs. 7.9-7.10). Meanwhile, the plasma proteins tend to interact with the substrate
and form a protein-rich layer. The height of the droplet reduces [Fig. 7.18A-B(II)].
The fluid front starts receding from the periphery towards the central region. The
lowering of the contact angle (the angle formed at the interfaces of substrate-fluid,
fluid-air, and air-substrate) also occurs during this time.

The mapping of the contact angle measurements with the fluid front radius data
[Fig. 7.12(I-II)] reveals that both the contact angle and the fluid front vary when δt
changes from−350s to 0s at φblood of 100 to 25% (v/v). The δt is defined as the shifted
time computed by subtracting t0 from t, where t0 is the time when the mean intensity
exhibits a rapid rise, and t is the actual time of the drying process. On the other hand,
the fluid front starts moving after the contact angle reduces to the minimum value at
φblood of 12.5%. Furthermore, the mean at φblood = 12.5% (v/v) takes the longest time
to reach the rapid rise phase during its evolution. It takes∼140s more than the others
[inset of Fig. 7.11(I)]. It suggests that a large amount of the salts [φblood = 12.5% (v/v)]
change the wetting and the interfacial properties of the droplet. Their presence can
serve as a hygroscopic agent resulting in a long time for the underneath water to
evaporate. The elastic network formed by the salts [Fig. 7.15(II)] might attribute to
the delay of the rapid rise phase at φblood of 12.5% (v/v).

Interestingly, a peak-like feature is observed in the contact angle measurements dur-
ing the time interval (δt) of −250s to −50s. The peak becomes broader and gets
delayed as we dilute the φblood from 100 to 62% (v/v) [inset of Fig. 7.12(I)]. No such
peak is found for the range from 50 to 12.5% (v/v). As the number of RBCs de-
creases, it is obvious that the other components (WBCs, platelets, etc.) also minimize
to maintain their relative initial concentrations. To confirm whether the broadening
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FIGURE 7.18: Self-assembling mechanism of the diluted blood droplets at φblood of
75% (v/v) in (A) and 12.5% (v/v) in (B). (I) A capillary flow (indicated with dotted
arrows) is established in both the droplets after it is deposited on the substrate. (II)
Most of the components are moved towards the periphery of the droplet. (III-IV)
The mechanical stress develops causing the structural alteration of the components
present in these diluted blood. The droplet gets divided into three distinct regions,
the periphery, the corona (the region between the periphery and the central regions),

and the central region.

and the disappearance of the peak are due to the increased salt residues, we di-
luted the whole blood with the de-ionized water instead of PBS. Surprisingly, these
peaks are found to be present in the diluted blood samples, which do not contain
any salts (described in previous chapter). This suggests that the space confinement
(∼2 mm droplet’s diameter) and the presence of a large number of these components
near the periphery influence their distributions. It appears that the RBCs try to ar-
range themselves (elastic behavior), while their arrangements create negative stress
to other components, such as the WBCs, and the platelets. Since the WBCs are the
largest (∼15 µm) among all the components (RBCs are ∼7 µm, and the platelets are
∼2 µm), the rearrangement of these WBCs causes the viscous behavior to accom-
pany the accumulated stress. The presence of the peak confirms the visco-elastic
behavior of these components. The broadening and the delaying of this peak indi-
cate that these diluted samples at this range now take more time to reach a critical
concentration at which the visco-elasticity of these components (mostly the competi-
tion between RBCs and WBCs) can build up. Most likely, the number of WBCs is just
enough for the range of φblood from 100 to 62% (v/v) for exhibiting the viscous prop-
erties. From 50 to 12.5% (v/v), their number becomes so less that the elastic behavior
is dominant. This indicates that a phase transition at 62% (v/v) takes place. How-
ever, this transition is only driven by the concentration of the blood’s components,
not contributed by the presence of the salts. The crowd still exists at 12.5% (v/v)
due to a large number of salts; however, no peak-like feature (aka visco-elasticity) is
observed. This concludes that the self-assembling interactions between the compo-
nents in the blood is one of the necessary criteria for the vico-elasticity to appear.

As more water leaves during the drying process, the mechanical stress develops.
The blood film is unable to shrink due to its pinning to the substrate. The ellipsoidal
or the raptured structures within the cracks of the peripheral region are found in
both undiluted [100% (v/v)] and diluted [φblood = 75% (v/v)] droplets. These are the
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RBCs altered in response to the stress (reported in (Pal et al., 2020b; Mukhopadhyay
et al., 2018)). Most of the RBCs are packed in a stacked fashion in the corona re-
gion. The phospholipids of their membranes form a lipid bilayer, which appears to
be a smooth sheet under scanning electron microscopy [Fig. 7.14(II)]. Furthermore,
the stress triggers the WBCs and alters the biological activity of the platelets. The
troughs and the ridges in the central region are the deformed (Yang, 1989) struc-
tures of the WBCs. The stress also activates the platelets by changing their discoid
shapes to extended filopodia (reported in (Gregory, Stevens, and Fraser, 2017)). The
hairy structures along the crack edges in the central region are the activated form of
these platelets [Fig. 7.18A(III-IV)]. As the φblood changes from 75 to 12.5% (v/v), the
amount of the salts increases with the decreasing number of the components. The
film at 12.5% (v/v) looks very different from the whole blood [100% (v/v)] or the di-
luted blood at 75% (v/v) [Figs. 7.14(I-II), and 7.15(I-II)]. Some discoid structures and
sickle-shaped RBCs are found in the corona region. No trough and ridges are found
in the central region. In addition to the sharp crack lines, different crystal structures
are observed in this region [Figs. 7.15(I-II)]. This indicates that the platelets could
not be activated once the φblood is reduced below the critical concentration. The re-
duction of the blood components at 12.5% (v/v) makes the film as a sea of salts
[Fig. 7.18B(III-IV)]. It is to be noted that Fig. 7.18A-B(IV) is not the schematic for the
final morphology of the dried film, rather of the self-assembling mechanism. It is
clear from the optical images [Figs. 7.9 and 7.10] that the corona is at higher height
than the central region. The increment of the salts’ presence at 12.5% (v/v) is also
evident from the micro-structural EDX analysis of the dried films at φblood of 75 and
12.5% (v/v) [Figs. 7.14(III) and 7.15(III)]. Moreover, the higher counts of Na and Cl
than other ions in EDX micrographs confirm the excess concentrations of NaCl in
the diluent, PBS.

While the structural deformation of these components provides a local response to
the stress, the global response is achieved by the cracking of the blood film. The
presence of the WBCs, the platelets, and some of the residual RBCs make the central
region at 100% (v/v) crowded. The inhomogeneity of this region can be understood
by comparing the texture of the central and the corona regions. The random cracks
appear in this central region due to the lack of any dominant stress. The radial
cracks are observed in the corona region. These cracks divide the film into different
sized domains. Once these radial cracks form, the texture around the corners of
the cracked domains changes into dark gray. This is because the stacking of the
RBCs have pores, and these pores could contain some trapped water (Chen et al.,
2017; Iqbal, Shen, and Sen, 2020). As the water evaporates from these pores, the
residual stress is relieved through the branching (micro-flaws) of the cracks. The
widening of the radial cracks occurs due to the sliding of these cracked domains.
This indicates that a stronger interaction between the components exists over the
interaction between the substrate and the blood film.
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As we dilute the blood samples, we observe distinct crack patterns. For example,
the random cracks are replaced with the dendrite structure at 75% (v/v). The ring-
like cracks are observed at 25% (v/v), whereas the φblood of 12.5% (v/v) does not
show any cracks in the central region under 5× magnification (Figs. 7.9-7.10). This
suggests that the various amount of salts creates different physio-chemical environ-
ments to release the mechanical stress in the central region. However, we didn’t find
any such behavior in the corona region. While computing its averaged width (w)
and the averaged crack spacing (xc), the width covers 80% of the total film area at
100% (v/v). In the presence of the salts, the higher shrinkage of the width is ob-
served. The corona covers only 30% of the total area at φblood = 75% (v/v), and
it gradually decreases with increasing dilution [Fig. 7.13(I)]. Similarly, xc is found
to be ∼0.6 mm at 100% (v/v), and it reduces uniformly from ∼0.4 to ∼0.1 mm in
the presence of the salts [Fig. 7.13(II)]. The number of cracks increases in the salt-
added diluted blood than the whole blood. However, this does not indicate that
more stress has developed. It is just the fact that the energy cost of forming multiple
shorter cracks (due to small corona width) is less than that of the single long crack
[due to large corona width at 100% (v/v)]. Interestingly, the sliding of the crack do-
mains is only observed in the absence of the salts (described in earlier chapter). This
suggests that the elastic network formed by the salts and the reduction of the blood’s
components result in the attachment of the film with the substrate.

7.4 Conclusions

This study on Lys-saline drying droplets reveals that their tuning with salts is essen-
tial in determining the morphological patterns. The textual evolution indicates that
the interactions between different Lys particles during the drying process are de-
pendent on the amount of salts present in phosphate buffer saline. It also shows that
the occurrence of three distinct regions is not the general characteristic of Lys-saline
droplets; rather, it depends on the relative initial concentrations of Lys and salts. It
rasters the parameter space by varying their initial concentrations and portraying a
morphological grid. These protein model systems would benefit us to understand
the complexity in other bio-fluids.

This chapter also reveals that we can use image processing techniques to understand
and quantify textural features. The horizontal and the vertical orientations of the
GLCM parameters show a non-significant effect when the pixel displacement is≤ 1.
The entropy and the angular second moment of GLCM appeared to be inversely
proportional during the evolution process. The distribution changes from single to
bimodal as the initial saline concentration increases. This helps us to understand the
aggregation process of the BSA particles in the presence of the salts.

Furthermore, this chapter confirms that the blood components’ interactions drive the
phase transition in diluted blood droplets. The salts or the ions of PBS do not play
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any crucial role in this transition. While the structural deformation of these compo-
nents provides a local response to the mechanical stress developed due to significant
water loss in these droplets, the global response is achieved by cracking these blood
films. Various amounts of salts in the diluent change the physio-chemical environ-
ment in these droplets influencing the macroscopic patterns to a great extent. How-
ever, the salts’ presence does not have any significance for altering the structures of
these components.

Till now, we have studied the drying patterns dried under ambient conditions. The
next chapter [Chapter 8] discusses the results by varying the samples’ initial con-
centrations, and the solutions are dried under various controlled substrate temper-
atures. It is to study whether the temperature only reduces the drying time? Or
it substantially changes the patterns? For this, the whole human blood is targeted
as the most complex bio-colloid system, whereas bovine serum albumin (BSA) and
lysozyme are the simplest. Therefore, the next chapter focuses on the drying char-
acteristics and the final morphology of these bio-colloids dried under different tem-
peratures.
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Chapter 8

Temperature and Concentration
Dependent Pattern Formation*

8.1 Background

In the previous chapters, we discussed the findings of systematic experiments on
the most complex bio-colloid, blood, and discussed the self-assembling mechanisms
borne out during the drying process. The study in Chapters 6 [published in (Pal
et al., 2020b)] and 7 reveal a concentration-driven phase transition when the blood
is precisely diluted in de-ionized water and phosphate buffer saline (PBS). The anal-
ysis of three different independent measurements (textural analysis, contact angle
measurements, and morphology) confirmed that the complex combinations of the
chemical potentials among the cellular components are responsible for such origin.
The progress made so far on the drying evolution and the resulting morphological
patterns in the diluted blood samples lead to some consequent exciting questions
that are addressed in this chapter. These questions include understanding what
happens to the phase transition when a one-component system replaces the multi-
component? What kind of interactions plays a role in this type of transition? Does
the wettability of the droplet change for a one-component system? How does it
change during the drying process? Does the temperature effect differently for one
and multi-component drying droplets?

Furthermore, the systematic studies on the bio-colloidal droplets (from globular pro-
teins to human blood) indicate that the initial parameters (geometry, wetting condi-
tion, substrate, environmental conditions (relative humidity (RH), temperature, etc.)
are essential for linking the morphological patterns to the initial states of the con-
stituent particles. Recently, the influence of RH on the spreading dynamics of the
blood droplets is studied (Zeid, and Brutin, 2014). It is observed that the spreading
time and dynamics depend on the RH and are related to the interactions between

*Part of the work described in this chapter is published. Pal, A., Gope, A. and Iannacchione,
G.S., 2021. Concentration and Temperature dependence of Protein and Blood Drying Droplets.
Biomolecules, 11(2), pp.231. https://doi.org/10.3390/biom11020231 (Pal, Gope, and Iannacchione,
2021).

https://doi.org/10.3390/biom11020231
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the cellular components and substrate. Though the effects of the temperature are
focused on many drying colloidal systems, to our best knowledge, only the aque-
ous solution of lysozyme (Lys) in the context of bio-colloids is explored at different
substrate temperatures (Gorr, 2013). It is concluded that the coffee-ring width de-
pends on the initial concentration when droplets are dried under different elevated
temperatures. However, it is to be noted that the studied samples were at very low
concentrations than ours (φLys ≤ 1 wt%). Therefore, it is essential to check whether
the higher initial concentrations have a similar impact. Recently, the effects of the
substrate temperature is observed on the protein-saline drying droplets. Different
morphology is found in the various ranges of protein solutions and the substrate
temperatures. For example, the “functional" patterns are observed from 25 to 37 ◦C.
The range of 44 to 50 ◦C shows a “transition" pattern. Very interestingly, the “eye”
patterns are detected from 58 to 63 ◦C (Carreón et al., 2021).

This chapter presents results that shed light on (i) the self-assembling mechanism
where both the (relatively higher) initial concentration and temperature changes,
(ii) whether it is possible to tune the final morphology by changing the dependent
factors. For this, the drying evolution and final morphology of the complex (multi-
component–human blood) and the simplest (one-component–BSA and Lys) drying
droplets are studied by varying the initial concentrations at different controlled sub-
strate temperatures. The comparison between these two systems also reveals the in-
fluence of multiple components’ interactions versus features that depend on single-
molecule self-interactions. This chapter, thus, seeks to answer a few fundamental
questions; is it possible to suppress the formation of the mound-like feature in the
Lys droplets? If so, how? Does the coffee-ring effect always be observed? What is
the interaction between temperature and initial concentration? How does this inter-
action (if any) affect the final dried morphological patterns?

8.2 Results

The various amounts of BSA were dissolved in de-ionized water to prepare the ini-
tial BSA concentration (φBSA) of 20, 9, 5, 3, and 1 wt%. Different Lys solution was
prepared by dissolving the needed amounts of Lys in de-ionized water to prepare
the initial concentration (φLys) of 20, 17, 13, 9, 5, 3, and 1 wt%. The blood is diluted
by adding different volumes of de-ionized water to prepare a different range of ini-
tial blood concentrations (φblood) of 75, 62, 50, 25, and 12.5% (v/v). The hot stage
mounted on a transmission mode bright-field optical microscope had been set to the
desired observation temperature for a couple of hours prior to sample placement.
These pipetted droplets were transferred to the stage within ∼45 seconds and equi-
librated to the set temperature within about 10 seconds. The temperature controller
was set at different temperatures (T) with ±0.2 ◦C of uncertainty. The T of 25, 35,
and 45 ◦C was used to run the blood samples’ experiments. The T = 55 ◦C is added
for the BSA and Lys samples.
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8.2.1 Qualitative analysis

Human blood: The most complex bio-colloid

100 75 62 50 25 12.5

(v/v)%

T ( )

FIGURE 8.1: Morphology of the whole human blood film during 24 h at different
initial concentrations (φblood) ranging from 100 to 12.5% (v/v) that are dried at various
substrate temperatures (T) of 45, 35, and 25 ◦C. The scale bar of length 0.2 mm is

represented by the white rectangle in the top-right panel.

Figure 8.1 shows the morphology of the whole human blood droplet dried during
24 h at different substrate temperatures (T) ranging from 25 to 45 ◦C. The various ini-
tial concentrations of blood (φblood) from 100 (undiluted whole blood) to 12.5% (v/v)
(diluted whole blood) are also studied at this temperature range. The whole blood
texture changes from dark (at φblood of 100%) to light gray (at φblood of 12.5%) as we
dilute its initial concentration. A ring-like feature is found at all φblood at T = 25 ◦C;
however, it can be prominently observed at φblood of 50 to 12.5% (v/v). It is to be
noted that the ring (or the rim) terminology is the same as the blood’s corona in this
study. The ring’s width (w) decreases, and the central region’s width increases as
φblood is diluted. Both of these regions are found in all the samples except 100% (v/v)
at T = 35 and 45 ◦C as well as 75% (v/v) at T = 45 ◦C. A uniform dark-gray texture
is found in both of these regions for the samples ranging from 100 to 62% (v/v). The
difference in their textures gets visible from 50 to 12.5% (v/v). The central region
becomes lighter than the ring at this range. It indicates that the ring and the central
regions are at different heights from 50 to 12.5% (v/v) (Pal et al., 2020b). Interestingly,
the elevated temperatures (T of 35 and 45 ◦C) show a sharp-edged ring compared to
T = 25 ◦C, independent of their initial concentration.

The φblood of 100% (v/v) at T = 25 ◦C has four radial cracks. These cracks divide
the ring (or the corona) into large-sized domains [a similar behavior is observed
in (Chen et al., 2017; Brutin et al., 2011)]. Some of the micro-flaws are noticed in
these domains. The crack lines are thick. The number of these cracks is increased
as we dilute the sample. It is to be noted that the length of these cracks is directly
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proportional to the ring’s width. The thick crack lines become thin as the sample
is diluted. Looking around the edges at φblood of 100% (v/v) suggests that these
cracked domains are not firmly attached to the substrate. Some of these domain
sheets are moved towards the center, and some are away. These misplaced sheets are
profoundly exhibited at T = 45 ◦C. These dried films’ high magnified images display
that these films firmly adhere to the substrate (coverslip) at φblood of 50 to 12.5% (v/v).
The small-sized random cracks in the central region are only seen at φblood of 100 to
62% (v/v) under our study’s present resolution. Surprisingly, the blood samples’
crack morphology does not significantly change at the elevated temperatures (T of
35 and 45 ◦C).

FIGURE 8.2: Time evolution of the blood droplets during the drying process: (a-f)
display the drying stages at the substrate temperature (T) of 45 and 25 ◦C at the initial
concentration (φblood) of 100% (v/v) in (I) and 12.5% (v/v) in (II). The scale bar of

length 0.2 mm is represented with the white rectangle in the top-right panel.

Figure 8.2(I,II)a-f examines the drying evolution of the blood droplet at φblood of 100
and 12.5% (v/v), respectively, at the substrate temperature (T) of 45 and 25 ◦C. The
first image is captured within ∼70 s after the droplet’s deposition on the substrate
(Fig. 8.2(I,II)a). The images at 12.5% (v/v) are lighter than 100% (v/v) under ambi-
ent and elevated temperatures. The first stage of the drying process started when
the fluid front moves from the periphery towards the central region exhibited in
Fig. 8.2(I,II)b,c. The light gray texture starts appearing as the front moves, which
is observed predominantly at 100% (v/v). However, the change of the texture is
not notable at 12.5% (v/v) as the first captured image is already of light gray shade
(Fig. 8.2(I,II)a,b). Soon after this movement, the droplet is found to have two distinct
regions, the ring (or the corona) and the central regions at T = 25 ◦C. Interestingly,
the corona’s edge is found to be sharp at T = 45 ◦C.

The second stage of the drying process marks the propagation of the cracks. The
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morphological difference between the undiluted and the diluted blood droplets be-
gins from this stage (Fig. 8.2(I,II)c,d). The cracks propagate radially from the center
to the periphery in the undiluted blood sample [100% (v/v)]. In contrast, these cracks
move from the periphery to the corona (or the ring) at φblood = 12.5% (v/v). Subse-
quently, the cracked domains get detached from the substrate, whereas the central
region still adheres to the substrate at φblood of 100% (v/v) and T = 25 ◦C. The radial
cracks propagate throughout the droplet at T = 45 ◦C, leading to the absence of the
central region. The increased number of the micro-flaws and an additional sliding
of the sheets are also observed at T = 45 ◦C (Fig. 8.2(I)e,f).

The third stage involves changing the texture (from the light to the dark gray), the
appearance of the micro flaws from these radial cracks, and the widening of these ra-
dial cracks. However, this stage is found to be absent at 12.5% (v/v) [Fig. 8.2(II)e,f)].

BSA protein: The simplest bio-colloid

20 9 5 1

(wt%)

T ( )

FIGURE 8.3: BSA film’s morphology during the 24 h at different initial concentrations
(φBSA) ranging from 20 to 1 wt% dried at various substrate temperatures (T) of 55, 45,
35, and 25 ◦C. The scale bar of length 0.3 mm is represented with the white rectangle

in the top-right panel.

Figure 8.3 shows the morphology of the bovine serum albumin (BSA) droplet dried
for 24 h at different substrate temperatures (T) of 25 to 55 ◦C and various initial
concentrations (φBSA) ranging from 20 to 1 wt%. Unlike the blood sample (Fig. 8.1),
all BSA’s dried films show a uniform light gray texture. The “coffee-ring” (Deegan
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et al., 1997) like behavior is seen at every φBSA (Pal et al., 2020a; Carreón et al., 2018a).
These films exhibit a shadowy dark texture around the inner edge of the ring. This
texture differentiates the film into two separate regions, the rim (or the ring), and the
central regions. It also indicates that the ring is at a higher height than the central
region. The shadowy texture is prominent at 20 as compared to 1 wt%. This suggests
that their heights’ differences are more profound with the increase of BSA’s initial
concentration. A peripheral dark band is noticed at φBSA = 20 wt% and minimized
as we dilute the samples to 1 wt%. Similar to the whole blood dried film (Fig. 8.1),
the ring’s width (w) is found to be dependent (decreased) as φBSA is diluted from 20
to 1 wt% at every temperature.

Furthermore, the sharp-edged ring is found at elevated temperatures (T from 35 to
55 ◦C). Unlike the blood samples, the cracks in BSA films are mostly observed in
the ring. These cracks intervene from the ring to the central regions at φBSA of 20
and 9 wt%. No cracks are found in the central region from 5 to 1 wt%. Most of the
cracks are radial, dividing the ring into large-sized domains. The orthoradial cracks
are mainly observed to join the consecutive radial cracks [reported in our Chapter 4
and published paper, (Pal et al., 2020a)]. Interestingly, the number of radial cracks
in the blood increases, whereas its number reduces as the BSA’s initial concentration
is diluted. In contrast, the radial cracks’ length reduces in both the blood and the
BSA samples with dilution. Interestingly, some curved flaws are noticed around the
corners of these domains at φBSA of 20 wt% and T = 55 ◦C.

FIGURE 8.4: Time evolution of BSA droplets at different substrate temperature (T)
during the drying process: (a-f) display different stages at the initial concentration
(φBSA) of (I) 20 wt% for T of 55 and 25 ◦C, and (II) 1 wt% at T of 55 and 25 ◦C. The

scale bar (0.2 mm length) is shown with the white rectangle in the top-right panel.

Figure 8.4(I,II)a-f illustrates the various stages of the BSA droplets’ drying process.
The concentrated (φBSA of 20 wt% in Fig. 8.4(I)a-f) and the most diluted (1 wt% in
Figure 8.4(II)a-f) samples are selected for studying the drying evolution at T of 55,
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and 25 ◦C. After the droplets are pipetted (Fig. 8.4(I,II)a), the fluid front recedes from
the periphery towards the central region (Fig. 8.4(I,II)b-d); similar to what is also ob-
served in the blood droplets (Fig. 8.2 (I,II)b,c) (Pal et al., 2020a; Pal et al., 2020b).
This indicates that the first stage is a characteristic of a drying bio-colloidal droplet,
which does not depend on the constituent particles’ type. Along with the fluid front
movement, a prominent dark peripheral band is observed at φBSA = 20 wt%. No
such band is found in 1 wt% at T = 25 ◦C; however, a thin dark circular line is ex-
hibited at T = 55 ◦C. The distinct regions (the ring and the central) are noticed as
the fluid front movement approaches its end. Simultaneously, the cracks propagate
from the periphery towards the central region like the diluted blood droplet at φblood

of 12.5% (v/v). The cracks mostly appear in all the samples except for φBSA of 1 wt%
and T = 25 ◦C. The long radial cracks generate, and, subsequently, the orthoradial
cracks join these radial cracks (Fig. 8.4(I,II) d-f). Some of the curved flaws also start
forming at φBSA of 20 wt% and T = 55 ◦C. The φBSA of 1 wt% at T = 55 ◦C shows that
the cracks do not propagate in the central region, whereas these cracks intervene at
20 wt%.

Lys protein: The simplest bio-colloid

T )

20 17 13 9 5 1

(wt%)

FIGURE 8.5: Morphology of dried lysozyme droplets captured within 24 hours at
various initial concentrations (φLys) diluted from 20 to 1 wt% at controlled substrate
temperatures (T) of 25 to 55 ◦C The white rectangle represents a scale bar of length

0.2 mm in the top-right panel 55 ◦C.

Figure 8.5 shows the morphological patterns of Lys dried droplets at different initial
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concentrations (φLys) from 20 to 1 wt% dried under controlled substrate tempera-
tures (T) of 25 to 55 ◦C. The φLys is divided into three regimes, ultra-concentrated
(20 < φLys ≤ 17 wt%), concentrated (17 < φLys ≤ 9 wt%) and dilute (9 < φLys ≤
1 wt%). It should be noted that the morphological patterns shown here are some-
what different from our previous work [8], especially at the higher φLys, because a
different substrate was used resulting in a different wetting angle, which plays an
important role in determining these patterns.

A common trend observed is that the thick dark peripheral of the dried droplet in
the ultra-concentrated regime becomes thin in the concentrated regime, and further
diminishes in the diluted regime irrespective of temperature. The characteristic fea-
ture in all these samples at T = 25 ◦C is the presence of the central mound with a
dimple (see the bottom panel of Fig. 8.5) (Pal et al., 2020a). However, the crack (frac-
ture) patterns depend strongly on both T and φLys. In the ultra-concentrated regime,
most of these radial cracks create large-sized domains. Some dark curved cracks
are noticed near these radial cracks in this regime. In contrast, the random large
and small-sized cracks are observed in the concentrated regime throughout the film.
With more dilution, these random cracks are found only in the ring. The images at
an elevated temperature of 35 ◦C are quite similar to those at 25 ◦C; however, the
shadowy dark shade becomes sharper (mid panel of Fig. 8.5). An enlarged spot in
the dimple is detected in various samples at elevated temperatures and φLys of 9 to
1 wt%. Interestingly, no mound is observed at (T, φLys) = (45 and 55 ◦C, 20 wt%) and
(55 ◦C, 17 wt%). Furthermore, the suppression of coffee-ring behavior and a unique
crack pattern are seen at (T, φLys) = (55 ◦C, 20 wt%) [top panel of Fig. 8.5].

Figure 8.6(I-II) a-f describes the drying evolution of the selected lysozyme samples
at (T, φLys) = (55 ◦C, 1 wt%) and (55, 45, and 25 ◦C, 20 wt%). A comparison of
Figs. 8.6(I-II)f reveals that the time required to complete the drying process at 55
and 45 ◦C (∼290 seconds) is less than half that at 25 ◦C (∼700 seconds). For all the
samples shown in Fig. 8.6(I-II) a-c, the same initial drying characteristics are seen,
irrespective of T and φLys. Note that the time between the droplet deposition onto
the coverslip and the first captured image is ∼55 seconds. These first images show a
textural gradient, i.e., the dark texture near the periphery and bright near the center
(see Fig. 8.6(I-II) a). However, the dark texture area is larger at 20 than that of 1 wt%.
As time progresses, the fluid front starts moving from the periphery to the center
for all samples. A peripheral band is developed that is thickest for φLys = 20 wt%
(see Fig. 8.6(I-II) c). The front still moves inward when the cracks begin in the rim
width regime (see Fig. 8.6(I-II) d-e). Only for the (T, φLys) = (55 ◦C, 1 wt%) sample
and only in the ring area do small random cracks emerge. Interestingly, the 20 wt%
sample shows a unique crack pattern for various T. Here, the cracks appear near the
periphery and start propagating towards the center for (T, φLys) = (25 ◦C, 20 wt%) but
reverses for the 20 wt% sample at T = 45 and 55 ◦C Some of the curved cracks also
develop to join these radial cracks at 25 ◦C. Almost no curved cracks are found at T
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FIGURE 8.6: Drying evolution of lysozyme droplets: (I) a-f displays φLys of 1 wt%
drying under 55 ◦C. (II) a-f shows the φLys of 20 wt% drying at 55, 45, and 25 ◦C.
The timestamps are shown at the left-bottom of each image. The white rectangle

represents a scale bar of length 0.2 mm in the top-right.

= 45 ◦C. As T increases to 55 ◦C, the random various sized cracks originate near the
center. Furthermore, the mound-like structure and the depression (dimple) within
the mound appears are seen at (T, φLys) = (25 ◦C, 20 wt%) [a similar observation
is reported in (Pal et al., 2020a)]. This mound then disappears at (T, φLys) = (45 ◦C,
20 wt%), and a spot is noticed in the mound at (T, φLys) = (55 ◦C, 1 wt%) [see Fig. 8.6(I-
II) d-e]. The final morphology is displayed in Fig. 8.6(I-II) f.

8.2.2 Quantitative analysis

Drying evolution of the human blood

Figures 8.7a-f and 8.8a-f show the drying evolution of the statistical image param-
eters, the mean and the standard deviation [in arbitrary units, (a.u.)] of the blood
droplets at the different initial concentrations (φblood) of 100 to 12.5% (v/v), respec-
tively. The substrate temperature (T) of 45 ◦C is presented in the left y-axis, and T =
25 ◦C is displayed in the right y-axis. The x-axis exhibits the drying times in seconds
for both temperatures.

The mean (I) is defined as the sum of the pixel values divided by the number of the
pixels (Carreón et al., 2018b; Pal, Gope, and Iannacchione, 2019b). The I shows three
distinct phases: a rapid rise follows the initial increase, after which a peak appears
and, finally, decreases to reach the saturation stage. The initial rise of the I is when
the fluid front starts moving from the periphery to the central region. When the gray
texture starts appearing significantly, the pixel values increase, resulting in the mean
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FIGURE 8.7: Time evolution of the statistical image parameter, the mean [in arbitrary
units, (a.u.)] of the blood droplets at the different initial concentrations (φblood) of
100 to 12.5% (v/v), respectively, in (a-f). The black and the red colors respectively

represent the mean at 45 and 25 ◦C.

rapid rise (Figs. 8.7a,f and 8.2(I,II)a-f). Soon after reaching the maximum values, the
mean begins to decrease when the cracks propagate. The standard deviation (SD)
ranges from 100 to 50% (v/v) at both temperatures starts with a rapid rise, followed
by a dip. Finally, it increases to reach saturation. The SD measuring the image
texture’s complexity can capture the finer textural details (Carreón et al., 2018b; Pal,
Gope, and Iannacchione, 2019b). The uniformity of the image after the deposition
of the droplet is the highest. The dark gray texture of the image for the range from
100 to 62% (v/v) signifies the low value of the SD. It follows a rise and a dip when
the mean increases. The pixel values increase (the mean expands) in the process of
changing the texture; however, the image’s uniformity is reduced (or the complexity
is escalated). As soon as the front progresses significantly, it results in a dip of the
SD values. The growth of these cracks breaks the uniformity, and the SD shoots up.

Interestingly, the SD starts with a high value and reduces at φblood of 25 and 12.5% (v/v)
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FIGURE 8.8: Time evolution of the statistical image parameter, the standard deviation
[in arbitrary units, (a.u.)] of the blood droplets at the different initial concentrations
(φblood) of 100 to 12.5% (v/v), respectively, in (a-f). The black and the red colors re-

spectively represent the standard deviation at 45 and 25 ◦C.

(Fig. 8.8e-f). The uniformity of the images deteriorates due to the presence of the
lower pixel values in the light gray textured images at this concentration range. It
exhibits a broad dip during the fluid front movement. The crack propagation leads
to an increase in their values. In addition, finally, it gets saturated at every φblood as
the drying process ends. It is to be noted that the substrate temperature does not
induce any significant changes in their behavior (Figs. 8.7 and 8.8).

Figure 8.9(I,II) shows the time evolution of the averaged fluid front radius [r(t)]
that is normalized with the averaged radius of the droplet (R) at different diluting
concentrations (φblood) ranging from 100 to 12.5% (v/v). The parameter, r(t)/R, is
plotted at T of 45 ◦C in Fig. 8.9(I) and 25 ◦C in Fig. 8.9(II). The r(t)/R at 45 ◦C shows
an initial slow linear and a later fast nonlinear regime for all the samples except the
most diluted cases, φblood of 25 and 12.5% (v/v. The averaged fluid front radius [r(t)]
is plotted as a function of time at both temperatures. Subsequently, the velocity (or
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FIGURE 8.9: Time evolution of the normalized fluid front radius (r(t)/R) at differ-
ent initial concentration (φblood) ranging from 100 to 12.5% (v/v) in the whole blood
droplets at various substrate temperatures (T) of 45 ◦C in (I) and 25 ◦C in (II). The
initial (m1) and final (m2) slope values are calculated from (r(t)) measurements in
each region, whereas the slope values (m) are determined from the whole range. The

variation of the slope with φblood is displayed in the insets of (I) and (II).

TABLE 8.1: Data from r(t) vs. t graph of drying droplet at each φblood (initial blood
concentration in (v/v)%) for diluted blood droplets with the fitting parameters: m1
(slope of first linear fit in µm s−1), m2 (slope of second linear fit in µm s−1), and m
(slope of the linear fit for the whole range in µm s−1) with R2 (adjusted R-square of

linear fit) at different substrate temperatures, 25 and 45 ◦C.

T = 45 ◦C T = 45 ◦C T = 25 ◦C
φblood m1 R2 m2 R2 m R2 m R2

100 -1.3 0.932 -8.8 0.932 n/a n/a -0.6 0.927
75 -1.2 0.893 -7.6 0.893 n/a n/a -0.4 0.994
62 -1.1 0.897 -7.0 0.897 n/a n/a -0.6 0.986
50 -1.1 0.991 -5.5 0.991 n/a n/a -0.7 0.985
25 n/a n/a n/a n/a 0.8 0.911 -0.6 0.876

12.5 n/a n/a n/a n/a 0.6 0.984 -0.3 0.828

the slope) of the fluid front is analyzed. The initial slope values (m1) are calculated
when a linear fit is done in the linear regime. The m1 is found to be almost indepen-
dent of the initial concentration (φblood). The m1 is found to be −1.17± 0.09 µm s−1.
The negative sign indicates that the radius of the fluid front reduces with the drying
time. The later slope values (m2) are extracted by doing a linear fit in the nonlinear
regime. When compared to m1, a weak dependency of m2 on φblood is found. It re-
duces from −8.8 to −5.5 µm s−1 as φblood is diluted [inset of Fig. 8.9(I)]. The m2 is
−5.4 ± 3.1 µm s−1. It is to be noted that the samples of 25 and 12.5% (v/v) at 45 ◦C
do not show enough data points for two separate regimes. The m at 45 ◦C is found
to be 0.7± 0.1 µm s−1. At T = 25 ◦C, all the samples show a weak non-linear regime.
Therefore, the slope values (m) are determined from the whole range. The m at T =
25 ◦C is −0.5 ± 0.2 µm s−1, which is again weakly dependent on φblood. It is to be
noted that the radius of the fluid front could only be measured when it covers∼20%
of the whole droplet at 25 ◦C, whereas it covers ∼60% of the total droplet area at
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45 ◦C. A complete description of all the fitting parameters is tabulated in Table 8.1.

Drying evolution of the BSA protein

(I)

me (s)

(II)

me (s)

FIGURE 8.10: Time evolution of the normalized contact angle (θ(t)/Θ) in the BSA
droplets at the different initial concentrations (φBSA) of 20 wt% in (I) and from 9 to

1 wt% in (II) for T = 25 ◦C.

Figure 8.10(I,II) shows the drying evolution of the normalized contact angle (θ(t)/Θ)
in the BSA droplets at φBSA) of 20 wt% in Fig. 8.10(I). It shows a non-monotonic de-
crease with a small peak at 20 wt% [Fig. 8.10(I)]. The peak occurs from∼350 to∼450
s during the contact angle movement. It is found that this duration is the time when
the fluid front moves from the periphery towards the central region [Fig. 8.4(I)a-
f]. The monotonic decrease (without the presence of any peak) is found at φBSA

of 9 to 1 wt% [also reported in the earlier chapter Chapter 4 and our work (Pal
et al., 2020a)]. The θ(t) is plotted as a function of time, and the velocity (or the
slope) of the contact angle is measured. The slope for 9, 5, and 1 wt% is found to be
−0.0731 ± 0.0002◦ s−1 (with R2 = 0.998), −0.0876 ± 0.0004◦ s−1 (with R2 = 0.996),
and −0.0674 ± 0.0001◦ s−1 (with R2 = 0.999), respectively. Interestingly, the contact
angle varies monotonically for both the blood droplets at φblood of 50 to 12.5% (v/v)
and the BSA droplets at φBSA of 9 to 1 wt%. However, their slope values differ,
suggesting that the variation is steeped in the blood rather than the BSA droplets.

Figure 8.11(I,II) shows the drying evolution of the normalized fluid front radius
[r(t)/R)] at φBSA ranging from 20 to 1 wt% in the BSA droplets at a different sub-
strate temperature (T) of 55 ◦C in Fig. 8.11(I) and 25 ◦C in Fig. 8.11(II). The map-
ping of the contact angle and the fluid front radius measurements [Figs. 8.11(II) and
8.10(I,II)] of the BSA droplets reveal that all φBSA show a similar trend. Only the con-
tact angle reduces without any fluid front movement in the initial ∼200 s, whereas
the simultaneous movement of both the contact angle and the fluid front is found
afterward.

Unlike the blood samples, the separate initial slow and later fast fluid front velocities
are not apparent in these BSA samples at 55 ◦C, where only a single rate is seen being
m decreases from −4.6 to −1.4 µm s−1. On the other hand, the m1 and m2 are found
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FIGURE 8.11: Time evolution of the averaged fluid front radius (r(t)) that is normal-
ized with the averaged radius of the droplet (R) at the different initial concentration
(φBSA) ranging from 20 to 1 wt% in the BSA droplets at different substrate tempera-
ture (T) of 55 ◦C in (I) and 25 ◦C in (II). The initial (m1) and final (m2) slope values are
calculated from (r(t)) measurements in each region at T = 25 ◦C, whereas the slope
values (m) are determined from the whole range at T = 55 ◦C. The variation of the

slope with φBSA is displayed in the insets of (I) and (II).

to be−1.1± 0.3 (with R2 = 0.968) and−2.5± 0.5 (with R2 = 0.966), respectively at T
= 25 ◦C. A complete description of all the fitting parameters is tabulated in Table 8.2.
It indicates that the initial concentration does not have a strong effect on these slope
values, i.e., the onset of depositing particles along the line during the fluid front
movement is weakly dependent on the initial concentration of both blood and BSA
samples.

TABLE 8.2: Data from r(t) vs. t graph of drying droplet at each φBSA (initial BSA
concentration in wt %) for diluted BSA droplets with the fitting parameters: m1 (slope
of first linear fit in µm s−1), m2 (slope of second linear fit in µm s−1), and m (slope of
the linear fit for the whole range in µm s−1) with R2 (adjusted R-square of linear fit)

at different substrate temperatures, 25 and 55 ◦C.

T = 25 ◦C T = 55 ◦C
φBSA m1 R2 m2 R2 m R2

1 -1.1 0.929 -2.0 0.982 -1.4 0.959
5 -0.7 0.972 -2.3 0.970 -2.3 0.945
9 -1.2 0.977 -2.6 0.968 -3.1 0.949
20 -1.5 0.995 -3.2 0.943 -4.6 0.992

Drying evolution of the Lys protein

Now that a comparison between the fluid front measurements for both blood and
BSA samples at different substrate temperatures has been drawn, it would be inter-
esting to explore the Lys sample’s fluid front movement. Like all these samples, the
r(t)/R is plotted as a function of drying time at 55 ◦C in Fig. 8.12(I) and 25 ◦C in
Fig. 8.12(II) for the Lys droplets. Surprisingly, an intense concentration and temper-
ature dependence for the Lys samples (unlike the blood and BSA samples) was ob-
served at a delayed time point (later) in both substrate temperatures (25 and 55 ◦C).
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FIGURE 8.12: Time evolution of the averaged fluid front radius, (r(t)) normalized
with the averaged radius of the droplet (R) at an initial concentration (φLys) ranging
from 20 to 1 wt% at 55 ◦C in (I) and 25 ◦C in (II). The error bars represent the standard
deviation obtained from multiple measurements (n = 3). The inset shows the concen-
tration dependence of the initial (m1) and final (m2) slope values at T = 55 ◦C in (I)

and 25 ◦C in (II). These values are determined from the time evolution of the r(t).

The fluid front moves slowly and linearly and then crosses over to a much faster
movement in both diluted and concentrated regimes [reported in our earlier chap-
ter (Chapter 4) and work (Pal et al., 2020a)]. Interestingly, the fluid front (r(t)⁄R)
moves almost linearly with nearly the same behavior over the entire time evolution
for the ultra-concentrated samples at T = 55 ◦C. In contrast, there is a strong tem-
perature dependence and two apparent rates for the lower concentration samples.
The overall time until the disappearance of the droplet, for the fluid front to moves
towards the center and vanish, is almost three times shorter at 55 ◦C compared to
that at 25 ◦C. Two linear fits are done in the initial evolution and for the later time
regime of the fluid front (r(t)) data to estimate this front’s velocity. The inset of
Fig. 8.12(I-II) shows the concentration dependence of the initial slope (m1) and later
slope (m2) values at T = 25 and 55 ◦C. The averaged slope over all concentrations
gives m1 = −1.12± 0.25 µm s−1 at 25 ◦C (with R2 = 0.962) and −2.35± 0.35 µm
s−1 at 55 ◦C (with R2 = 0.965). The averaged m is only weakly dependent on φLys

similar to blood and BSA samples [Figs. 8.9(I-II) and 8.11(I-II)]. The negative sign
indicates the reduction of the front radius with the progression of time. On the other
hand, the extracted m2 values increase linearly with increasing φLys. Note that the
separate initial slow and later fast fluid front velocities are not apparent in the ultra-
concentrated regime at 55 ◦C, where only a single rate is seen being m = −5.7 µm
s−1 (R2 = 0.991) for the 20 wt% sample and a similar −5.1 µm s−1 (R2 = 0.987) for
the 17 wt% sample. A complete description of all the fitting parameters is tabulated
in Table 8.3. It indicates that the onset of depositing these Lys particles along the line
during the fluid front movement is strongly affected by the substrate temperature
and initial concentration.
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TABLE 8.3: Data from r(t) vs. t graph of drying droplet at each φLys (initial Lys
concentration in wt %) for diluted Lys droplets with the fitting parameters: m1 (slope
of first linear fit in µm s−1), m2 (slope of second linear fit in µm s−1), and m (slope of
the linear fit for the whole range in µm s−1) with R2 (adjusted R-square of linear fit)

at different substrate temperatures, 25 and 55 ◦C.

T = 25 ◦C T = 55 ◦C
φLys m1 R2 m2 R2 m1 R2 m2 R2

1 -1.0 0.987 -17.15 0.974 -2.7 0.940 -61.2 0.984
5 -1.0 0.974 -11.67 0.987 -2.1 0.930 -45.1 0.992
9 -0.9 0.941 -11.83 0.989 -2.0 0.965 -27.0 0.960
13 -1.1 0.948 -8.35 0.985 -2.6 0.979 -24.5 0.990
17 -1.1 0.936 -6.70 0.943 -4.8 0.987 -13.8 0.962
20 -1.6 0.987 -3.90 0.981 -5.3 0.986 -5.3 0.995

This fluid front analysis for the various samples (the one-component systems– pro-
teins such as BSA and Lys; and the multi-component system– human blood) at dif-
ferent initial concentrations and substrate temperatures strongly emphasizes that the
drying evolution dictates the morphological patterns. For example, the Lys’ mor-
phological patterns show diversity (Fig. 8.5) compared to blood (Fig. 8.1) and BSA
samples (Fig. 8.3). Therefore, it encourages researchers in this field to examine both
the dying evolution and resulting patterns to draw any conclusive remark in any
of these bio-colloidal samples. The forthcoming section of this chapter examines
all these samples’ dried films and initiates to explore the origin of different crack
patterns.

Morphological patterns of the dried films

Figure 8.13(I-III) shows the normalized ring width (w/R) of the blood film as a func-
tion of φblood at T of 45 to 25 ◦C. The solid line depicts the linear fit over the whole
range from 100 to 12.5% (v/v). The dotted and dash-dotted lines show the linear fit
from 100 to 62 and 62 to 12.5% (v/v). The linear fits for the range from 100 to 12.5%
and from 100 to 62% (v/v) are not possible at T = 45 ◦C. Therefore, a dashed line is
drawn for the guide to our eyes. The slope values were extracted for the different
ranges of φblood. The slope for the range 100 to 12.5, 100 to 62, and 62 to 12.5% (v/v)
is denoted by m, m1, and m2. The m is found to be 0.0096± 0.0003 φ−1

blood (R2 = 0.995)
and 0.0054 ± 0.0006 φ−1

blood (R2 = 0.936), respectively at T = 35 and 25 ◦C. On the
other hand, the m1 is 0.0123 ± 0.0002 φ−1

blood (R2 = 0.999), and 0.0089 ± 0.0021 φ−1
blood

(R2 = 0.891), respectively, at T = 35 and 25 ◦C. In addition, m2 is 0.0094± 0.0020 φ−1
blood

(R2 = 0.873), 0.0067 ± 0.0006 φ−1
blood (R2 = 0.999), and 0.0051 ± 0.0008 φ−1

blood (R2 =

0.928), respectively, at T = 45, 35, and 25 ◦C. The higher R2 value of m compared to
that of m1 and m2 indicates that the linear fit is better suited for the whole range of
φblood instead of splitting the fits at 62% (v/v).

The variation of the averaged crack spacing (xc) of the blood film as a function of
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FIGURE 8.13: Concentration dependence of the normalized ring width (w/R) of the
whole human blood film at different substrate temperatures (T) at (I) 45 ◦C, (II) 35 ◦C,
and (III) 25 ◦C. The solid line depicts the linear fit over the whole range from 100 to
12.5% (v/v). The dotted and dash-dotted lines show the linear fit from 100 to 62%,
and 62 to 12.5% (v/v), respectively. The dashed line at T = 45 ◦C is a line drawn to

guide our eyes.

φblood at 45, 35, and 25 ◦C is presented in Figure 8.14(I-III), respectively. Similar to
Fig. 8.13(I-III), the slope values (m, m1, and m2) are extracted for various concentra-
tion ranges. The m is found to be 0.0056 ± 0.0006 mm φ−1

blood (R2 = 0.942) at T =
45 ◦C. As we decrease the temperature to 35 ◦C, the m reduces and is observed to be
0.0049 ± 0.0013 mm φ−1

blood (R2 = 0.721). Finally, the m becomes 0.0034 ± 0.0012 mm
φ−1

blood (R2 = 0.579) at room temperature of 25 ◦C. In contrast, the m1 is 0.0081± 0.0008
mm φ−1

blood (R2 = 0.982), and 0.0081 ± 0.0015 mm φ−1
blood (R2 = 0.934) at the elevated

temperatures, 45 and 35 ◦C, respectively. At T = 25 ◦C, the m1 is 0.0011 ± 0.0015 mm
φ−1

blood (R2 = 0.960). The m2 is 0.0039± 0.0005 φ−1
blood (R2 = 0.958), 0.0029± 0.0007 φ−1

blood

(R2 = 0.844), and 0.0016 ± 0.0005 φ−1
blood (R2 = 0.736), respectively, at T = 45, 35, and

25 ◦C. Unlike the w/R, R2 values of m1 and m2 at all temperatures increases com-
pared to m when xc is plotted as a function of φblood. The slope values change for
different ranges of the linear fits done from 100 to 62, and 62 to 12.5% (v/v). A kink
is observed at 62% (v/v) in all temperatures; however, it reduces with the increase
of the temperature [Fig. 8.14(I-III)].

Figure 8.15(I,II) shows the variation of the normalized ring width (w/R) and the
averaged crack spacing (xc), respectively, as a function of φBSA in the BSA film at
T ranging from 55 to 25 ◦C. The solid green line depicts that the width of the ring
decreases with the dilution. The slope values of w/R at T = 55, 45, 35, and 25 ◦C are
0.033 ± 0.004 φ−1

BSA (R2 = 0.960), 0.029 ± 0.006 φ−1
BSA (R2 = 0.893), 0.033 ± 0.007 φ−1

BSA

(R2 = 0.866), and 0.026 ± 0.004 φ−1
BSA (R2 = 0.945), respectively. These values indi-

cate that the w/R is independent on the temperature. In contrast, the xc exhibits a
strong dependency on the temperature. The different colored dashed lines guide us
to understand the variation of the xc with the substrate temperature. The straight
line of xc suggests that it is nearly independent of φBSA at T = 55 ◦C. As T decreases
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FIGURE 8.14: Concentration dependence of the averaged crack spacing (xc) of the
whole human blood film at different substrate temperatures (T) at (I) 45 ◦C, (II) 35 ◦C,
and (III) 25 ◦C. The solid green line depicts the linear fit done over the whole range
from 100 to 12.5%. The dotted and dash-dotted lines show the linear fit from 100 to

62, and 62 to 12.5% (v/v).

from 55 to 25 ◦C, the xc reduces from ∼0.45 mm to ∼0.21 mm.
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FIGURE 8.15: (I) Concentration dependence of the normalized width of the ring
(w/R) of the BSA film at different substrate temperatures (T) from 55 to 25 ◦C. The
solid green line shows a master linear fit. (II) Concentration dependence of the aver-
aged crack spacing (xc) of the BSA film at different T from 55 to 25 ◦C. The different
colored dashed lines at different temperatures are drawn to guide our eyes. The xc

and w are shown on the dried BSA film at φBSA of 20 wt% and T = 25 ◦C.

Figure 8.16(I-II) exhibits the concentration dependence of the normalized ring width
(w/R) [Fig. 8.16(I)] and the averaged spacing between the consecutive radial cracks
(xc) [Fig. 8.16(II)] at different T for Lys samples. It is observed that both these param-
eters decrease with increasing φLys, similar to BSA samples. However, the standard
deviation of w/R is not as large as xc when plotted as a function of T and φLys. It is
also to be noted that the quantification of the ring width is not possible at (T, φLys)
= (55 ◦C, 20 wt%). It seems that the temperature does not play a strong role for the
ring width shown in Fig. 8.16(I) as the data overlay each other closely. Similarly, the
xc behavior is also weakly dependent on temperature. However, it is far more scat-
tered, with larger uncertainties for higher concentrations. It thus showed the largest
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separation between the two highest and the two lowest temperatures.
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FIGURE 8.16: (I) shows the averaged ring width (w) normalized with the averaged
radius of the droplet (R). (II) exhibits the averaged crack spacing (xc), both at various
T and φLys. The error bars represent the standard deviation obtained from multiple
measurements (n = 3). The inset of (I) displays a schematic droplet cartoon describing
the radius of the fluid front (r) at an instant of time (t), the radius of the droplet (R),

ring width (w), and crack spacing (xc).

8.3 Discussions

Figures 8.17(I-II)a-c show the physical mechanism of BSA droplets (please refer to
Chapters 4 and 6 and our previous publications (Pal et al., 2020a; Pal et al., 2020b)
for detailed discussion on protein and blood process). The images are taken from the
top in transmission mode and capture the droplets’ entire hemispherical-cap shape.
Thus, the uniformity of the drying conditions across the droplet is confirmed by the
symmetrical fluid front radial movement and by the textural radial gradients (the
dark region near the periphery and the bright region in the central region) seen in
protein droplets (Figs. 8.4a and 8.6a). However, this non-uniformity is observed in
a specific range of blood samples only. For instance, it is predominantly observed
in the droplets diluted at φblood of 62 to 12.5% v/v to due to the reduced number of
RBCs (Figs. 8.2(II)a). Due to droplet curvature, the evaporative mass loss is most
significant near the three-phase contact line (interface between coverslip, droplet,
and air) than the droplet top. This loss drives the convective flow within the droplet
during drying. The capillary flow (Fig. 8.17(I,II)a) drives the BSA particles towards
the droplet periphery. As time progresses, a BSA-rich layer is observed to form in
the one-component system (Fig. 8.17(I,II)b). Similar steps are observed in the Lys
drying droplets (Fig. 8.6(I,II)b). On the other hand, a plasma protein-rich layer de-
velops in the multi-component system. With the advancement of time, more wa-
ter starts evaporating from these droplets, leading to an interaction of the droplet
particles. The BSA and the Lys particles interact in the respective protein droplets,
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whereas the cellular components (WBCs, RBCs, and platelets) (significantly) inter-
act in the blood droplets. We assumed that many of these particles and their in-
teractions near the periphery disturb the contact angle measurements. For exam-
ple, the non-monotonic decrease of the contact angle is observed at φblood of 100 to
62% (v/v) in blood droplets and at φBSA of 20 wt% in the BSA droplets [Fig. 8.10(I)].
Please refer to Chapter 4 and (Pal et al., 2020b) for a detailed discussion on the ori-
gin of such non-monotonic property. The drying mechanism of the one component
(simplest) BSA and the multi-component (complex) blood bio-colloidal droplets dis-
cussed in this chapter indicates that the non-monotonic property (i.e., the presence
of the peak-like feature) could be a universal property that can be observed across
any high-concentrated colloidal samples. A similar observation (i.e., the presence of
such non-monotonic property) has recently been reported in the polymeric system
(Kumar, Katz, and Schroeder, 2017) that further supports our claims. However, to
establish these claims, the Lys and other globular proteins need to be thoroughly ex-
amined. Its origin might also be dependent on the molecular weight of the particles
present in the droplets. Since the average molecular weight of these latex spheres
is ∼1× 106 g (for particles of diameter ≤ 100 nm) which is much higher than the
protein’s average weight (∼14.3 kDa and ∼64.5 kDa for BSA, and Lys, respectively).

FIGURE 8.17: The BSA droplet’s physical mechanism during the drying process at
φBSA = 20 wt% in (I)a-c and at φBSA = 1 wt% in (II)a-c. The capillary flow is indicated
with the dotted arrows in (I,II)a. The blue and the orange rectangles in (I, II)c display

the microstructures in the central and the rim regions (both 20 and 1 wt%).

A comparison amongst the macroscopic images of the drying process (Figs. 8.2(I,II)
a-f and 8.4(I,II) a-f) confirms that the peak-like feature obtained from the contact
angle measurements (non-monotonic property) appears only during the fluid front
movement. This indicates that a sufficient amount of water is still present in the
droplet to preserve these particles’ native states. Both these droplets, however, ex-
perience mechanical stress as soon as the water reduces significantly. Please refer to
(Pal et al., 2020b) and Chapter 6 for a detailed microstructural discussion on these
diluted blood droplets. Interestingly, BSA dried films’ micrographs show a uniform
texture (Fig. 8.17(I,II)c). This indicates that these BSA structures are at a shallow
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length scale (unlike blood dried films), and the magnification is not enough to ana-
lyze at those length scales.

It is worth mentioning that the morphological texture and the (crack) patterns signif-
icantly affect the blood and Lys droplets (Figs. 8.1 and 8.5), but not the BSA droplets
(Fig. 8.3). The sliding of the cracked films is observed at φblood of 100 to 62% (v/v);
it is, however, absent at φblood of 50 to 12.5% (v/v) [Fig. 8.1, reported in (Pal et al.,
2020b)]. On the other hand, all the protein samples show that the dried films firmly
adhere to the substrate (Figs. 8.3and 8.5), reported in (Pal et al., 2020a)). Further-
more, the ring’s height is higher than the central region at φBSA or φLys = 20 wt%, and
it reduces as we dilute to 1 wt%. The corona region of the blood film at the highest
dilution [φblood of 12.5% (v/v)] nearly mimics the homogeneous texture of the BSA
blood films [Figs. 8.1 and 8.3]. The dried films of both simplest and complex bio-
colloidal films show a gradual decrease when the ring’s normalized width is plotted
with the initial concentration [Figs. 8.13(I-III), 8.15(I), and 8.16(I)]. This trend indi-
cates that the width of the ring measures the deposition of the particles. When the
number of particles is high, the ring’s width is more (reported in one of our papers
in (Pal et al., 2020a) and earlier chapters 4 and 6). As the number reduces, the ring’s
width decreases; however, the self-assembling mechanism is different during their
deposition. The different self-interacting mechanism (of a large number of com-
ponents) is observed for other complex multi-component systems (Carreón et al.,
2018a; Carreón et al., 2018b; Pal et al., 2019), not specifically to the blood. Contrary
to these blood samples, the xc is found to have a weak concentration dependence in
the proteins films [Figs. 8.15(II) and 8.16(II)].

One could suggest changing the ratio of blood components and plasma proteins by
decreasing RBCs’ concentration using the centrifugation method instead of diluting
it with de-ionized water. This particular method is used to study the morphological
alteration of RBCs recently (Mukhopadhyay et al., 2018). While we understand that
a systematic study is required to understand how each cellular component behaves
and contributes to the drying process, we must admit that this is beyond the scope
of the current study. The visco-elastic to elastic transition is developed during the
drying process when the concentration of the blood components increases. There-
fore, starting with the different initial concentrations, i.e., changing the ratio of blood
components and plasma proteins, will affect the transition concentration reported in
the series of study.

In addition to the concentration study, the substrate temperature (T) is varied. The
droplets are pipetted on the coverslip at 25 ◦C outside the hot microscope stage and
then transferred to the hot stage well within ∼45 s. So, it is likely that the tempera-
ture fluctuations might be present in these droplets, especially when the set temper-
ature is ≥ 25 ◦C for the initial ∼10 s after closure. After the initial first minute of de-
position and mounting, the subsequent imaging should also be affected by the tem-
perature gradients driven by evaporative cooling and convective flow of the drying
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process. Interestingly, the statistical mean and the standard deviation extracted from
the images of the blood samples indicate that the temperature only reduces the total
drying time (Figs. 8.7a-f and 8.8a-f). Furthermore, the fluid front measurements of
both the blood and BSA samples suggest that the fluid’s velocity gets increased with
the increase of the temperature; however, the deposition of the particles is weakly
dependent on both temperature and initial concentration [Figs. 8.9(I,II) and 8.11(I,II)]
compared to the Lys samples [Figs. 8.12(I,II)].

One of the best possible ways to understand the observed drying and final dried pat-
terns evolved under an elevated temperature is to examine the mass flow generated
inside the droplet. The flow could be capillary, surface tension, and temperature-
induced Marangoni flow. It is reported in the literature that if the Marangoni flow
exceeds the outward radial flow, the ring-like behavior is suppressed (Majumder
et al., 2012). However, all of our samples at each T show the ring-like behavior ex-
cept 100% (v/v) at T = 35 and 45 ◦C as well as 75% (v/v) at T = 45 ◦C in the blood
samples, and (T, φLys) = (55 ◦C, 20 wt%) in Lys samples (see Figs. 8.1 and 8.5). Inter-
estingly, we observed a dark peripheral band in each sample. This feature indicates
that this suppression might not conclude the Marangoni flow’s dominance for every
case. Therefore, we speculate that most of these particles near the three-phase con-
tact line are transported with the capillary flow. Energizing the system by increasing
the T above the room temperature (here, up to 55 ◦C for protein samples and 45 ◦C
for blood samples) might not dominate one flow over the other. The suppression of
ring-like behavior at elevated substrate temperature remained because there is not
enough time to segregate (high T promotes the evaporation of water quickly) these
large number of particles during the drying process. The thickness of this peripheral
band is observed to be dependent on the samples’ initial concentrations (φblood, φBSA,
and φLys). For example, in Lys sample, the thickest band is seen at φLys = 20 wt%,
and it becomes thin with the decreasing φLys (see Fig. 8.5). This suggests that more
material would be transported to the periphery for for a larger initial concentration.
The leftover particles fall out of the solution giving rise to the mound-like structure
in the central region. A depression (dimple) is also found, indicating the trapped
water’s evaporation within that mound. It is to be noted that all the Lys samples
do not form this mound structure. As this structure can be turned off by supplying
enough energy (increasing T) to the system, it should not be considered the Lys’ fin-
gerprint in general. The T was just enough that most of the particles at φLys of 20 and
17 wt% are carried by the fluid front, and there are no leftover particles by the end
of its movement. This suppression is due to an interaction between the T and φLys.
This also indicates a phase diagram between T and φLys; however, two points are not
enough to draw any conclusive claim. More samples need to be examined to attest
to this observation. The absence of the non-linearity in the fluid front measurements
for the ultra-concentrated regime at 55 ◦C also indicates some interaction between
the T and φLys that exist in these Lys samples.
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The evaporation of a large amount of water resulted in mechanical stress develop-
ment due to the pinning effect. The droplet is unable to shrink any further. The film
cracks to relieve this stress. However, this crack propagation depends on when the
available film stress exceeds the critical stress (popularly known as Griffith’s crite-
rion). For example, φLys = 1 wt% does not show any cracks in the middle region
(between the mound and the ring) [please see the previous chapter for a detailed
discussion (Chapter 4)]. The cracks are throughout the Lys film in the concentrated
samples. The morphological patterns are different in the ultra-concentrated samples
since the thickness gradient throughout the film differs at elevated T (see Figs. 8.5
and 8.6(I-II) d,e). Interestingly, the images captured during the drying process and
the dried films of both the BSA and the blood show that the morphological (crack)
patterns do not significantly differ from those captured under the ambient temper-
ature (Figs. 8.1-8.4). The mean crack spacing (xc) shows a gradual decrease in both
the protein samples (BSA and Lys) [Fig. 8.15(II) and 8.16(II)]. On the other hand, the
kink at 62% (v/v) gets reduced when the temperature is increased in blood samples
[Fig. 8.14(I-III)].

The study of these bio-colloidal samples (blood, BSA, and Lys) at ambient and ele-
vated temperatures suggests two main points. First, there exists an interaction be-
tween the initial concentration and the substrate temperature. The second one is
that this interaction is unique for different samples and could be linked to the native
states of the constituent particles present in these droplets. It would be more in-
teresting to examine these samples under infrared microscopy. This technique will
allow us to understand the physics better by observing the isotherms on the droplet-
air interface, the substrate’s surface and mapping this temperature distribution at
each timestamp during the drying process. It will also be interesting to examine the
effects of the relative humidity and/or its coupling with the temperature on the pat-
tern formation of such diluted bio-colloidal droplets since relative humidity directly
affects the drying mechanism.

8.4 Conclusions

This chapter explored the physical phenomena of different patterns formed dur-
ing different phases of the drying process in one of the most complex (the whole
human blood) and the simplest bio-colloidal droplets (the aqueous solution of the
globular proteins, BSA and Lys). The captured images, the statistical image analy-
sis, the fluid front, the contact angle measurements during the drying process, and
the dried films’ microstructural sketches are described for both the blood and the
BSA samples. The findings confirm that the samples’ visco-elasticity depends on the
self-interacting mechanism of a large number of components, not specifically to the
blood. The sample prepared by extreme dilution of the whole blood behaves like the
BSA droplet. Thus, this current study initiates a theoretical effort to examine how the
dilution and the substrate temperature interact in characterizing these bio-colloidal
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droplets. This study offers new macroscopic and microscopic insights connecting
the hierarchical structures that are evolved as the drying process advances through
a new phase transition mechanism. The next chapter describes the general conclu-
sion of studying these drying droplets systematically, starting from the simplest to
naturally-occurring bio-colloids.
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Chapter 9

Conclusions and Future Outlook

9.1 Conclusions

Pattern formation in drying bio-colloidal droplets has attracted considerable research
attention recently since it can easily be linked to specific colloid-colloid and colloid-
substrate interactions. The evolution and the final pattern display a fingerprint of
the initial state when dried under uniform conditions (surface, humidity, tempera-
ture, droplet diameter, etc.). In this dissertation, a series of systematic experiments
are conducted to comprehend the macroscopic patterns related to the constituent
particles’ microscopic native states by allowing the system to relax (dry) under con-
trolled conditions. The findings of the drying droplet experiments reveal a unique
drying pattern for different globular proteins (Pal et al., 2020a) (the simplest hier-
archical structure) (i) with and (ii) without liquid crystals (LCs- a class of materials
that possess both liquid and crystal-like phases) (Pal et al., 2019; Pal, Gope, and Ian-
nacchione, 2019a; Pal, Gope, and Iannacchione, 2019b), and (iii) the whole blood
(the most complex hierarchical structural fluid, i.e., plasma in the presence of cel-
lular components) (Pal et al., 2020b; Pal, Gope, and Iannacchione, 2021). It must
be noted that the blood samples used in this thesis are acquired from healthy peo-
ple. Furthermore, this work specifically explained how external salts and the con-
trolled substrate temperature affect the drying process and resulting morphological
patterns in proteins and blood. The interfacial and self-assembling behavior of the
drying droplets is thoroughly examined using optical and scanning electron micro-
scopic imaging, along with new image processing protocols and contact angle mea-
surements. Moreover, various statistical tests were employed to quantify a broad set
of image data. All the protein and blood samples are imaged under bright-field mi-
croscopy. In contrast, the protein-LC samples are examined and imaged using both
bright-field and cross-polarizing configurations.

This dissertation highlights the concentration dependence of two globular proteins,
lysozyme (Lys) and bovine serum albumin (BSA), in both de-ionized water and
phosphate buffer saline (PBS). The coffee-ring behavior is observed in all these bio-
colloidal samples. It also reveals its dependence when the whole human blood is
diluted in the presence of water and PBS. Interestingly, the high dilution of blood
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behaves like the BSA solution. All the samples show significantly different mor-
phological patterns with and without salts. The common characteristics observed
in salts’ presence is the phase separation of the salts and proteins, i.e., the protein
particles are primarily distributed in the rim, whereas the salt deposits in the inner
central region. While the structural deformation of the blood’s cellular components
provides a local response to the mechanical stress developed due to significant water
loss in these droplets, the global response is achieved by cracking these bio-colloidal
films. Various amounts of salts in the diluent change the physio-chemical environ-
ment in these bio-colloidal droplets influencing the macroscopic patterns to a great
extent. However, the salts’ presence does not have any significance for altering the
structures of the blood’s cellular components.

Apart from qualitative observations, the drying evolution in these samples is quan-
tified by extracting the fluid front radius. However, the fluid front radius extrac-
tion is possible only when these samples are prepared in the de-ionized water. The
front moves uniformly from the periphery to the ring, enabling the possible tracking
movement until the inner ring (only) in the salts samples. It implies that there are
not enough data to quantify its drying evolution compared to samples without salts.
The findings further indicate that different image processing techniques are needed
to quantify the drying evolution. The textural analysis adopted in this dissertation
and other work (Carreón et al., 2018b; Pal et al., 2019; Pal, Gope, and Iannacchione,
2019a; Pal, Gope, and Iannacchione, 2019b; Pal, Gope, and Iannacchione, 2021) is
indeed valuable for quantifying the changes at different saline concentrations and
dictating the ubiquitous stages of the drying process. The first-order statistical pa-
rameters such as the standard deviation capture the textural complexity, whereas
the mean averages the textural details.

Contrary to the first-order statistical analysis, the gray level co-occurrence matrix
(GLCM) summarizes both the tonal and structural relationships between the im-
age’s neighboring pixels. Thus, it demonstrates the versatility and usefulness of this
textural analysis, and we can adopt a similar methodology in other (related) bio-
colloidal systems. Furthermore, this analysis leads to large data sets, which are used
statistically to identify whether the (horizontal and the vertical) orientations show
any significant effect when the pixel displacement is varied for different saline con-
centrations. This analysis also reveals that the tuning between bio-colloid and salts
is essential in determining the morphological patterns. The textual evolution indi-
cates that the interactions between different bio-colloidal particles during the drying
process are dependent on the quantity of salts present in PBS. It also needs to keep
in mind that enough contrast in the images is essential for an 8-bit camera to capture
the textural details. This implies why this analysis might not be helpful in protein
samples without salts. Interestingly, this same analysis is applied in the different
contexts when we study the patterns evolved through phase separation of bulk LC
(an optically active material) and self-assembly of protein induced by evaporation
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of the de-ionized water. Though the first-order statistical parameters (mean and
standard deviation) reveal unique regimes like protein-saline or blood-saline sam-
ples, here, the mean profile provides information about the birefringence of LCs. It
would be interesting to expand this research on emerging pattern formation where
the LCs are anchored to the substrate (either perpendicular or parallel). The protein
droplets are pipetted on these LC-coated substrates.

Another concluding remark from this Ph.D. work is the evidence of a surprisingly
sharp concentration-driven phase transition. This transition relied on the competi-
tion among the various components present in the droplet. Our systematic study of
the dilution range also ensures that this transition is not specific to the blood-water
system only. It can also be concluded that the salts or the ions of PBS do not play any
crucial role in this transition. This work also indicates that this transition behavior is
not limited to multi-component bio-colloid (blood with and without external salts)
only but may be a phenomenon of a colloidal solution containing a large number of
interacting components.

This work concludes that the samples have enough time to segregate and deposit
onto the substrate under ambient conditions. However, there is insufficient time for
evaporative-driven segregation to occur at elevated temperatures. The drying evo-
lution, ring-like deposition, and the crack morphology in the protein and the blood
samples prepared in de-ionized water suggest that both the initial concentration and
substrate temperature lead to surface tension and temperature gradients across the
droplet, affecting the final dried patterns. Comparing the Lys’ patterns under ambi-
ent and elevated temperature, it is found to be affected significantly. In contrast, the
total drying time gets reduced without much change in the blood and BSA samples.
Though this study provides clues for the interplay of the substrate temperature and
initial sample concentration affecting the final morphology, it would be interesting
to study these samples under infrared microscopy. The proposed technique may en-
able us to better understand the physics by observing the isotherms on the droplet-
air interface, the substrate’s surface and mapping this temperature distribution at
each timestamp during the drying process.

Therefore, this dissertation work reveals that a simple physical mechanism (drying)
can easily track the complex physical behavior and presents new insights on the
self-assembly of colloidal structures in a symmetric droplet. However, many results
yielded are in their developing stage and demand an in-depth exploration to address
the fundamentals for many other complex fluids by rastering through the vast pa-
rameter space to establish a general understanding of this emerging field of research.
This research aims to create a predictable route for the deposition/segregation of
multi-component complex systems by tuning their self-assembly at different (nano
to micrometers) length scales. Furthermore, this in-vitro drying study might help us
understand the condensation of the cells due to the changes in their intermolecular
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interactions and what kind of physio-chemical environmental change triggers the
phase transition from liquid to gel (or liquid crystal) for in-vivo configurations.

9.2 Future Outlook

Drying 
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� Colloids

� Biological fluids

� Multi-components

� Substrate types

� Wetting

� Geometry

� Temperature
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DROPLETS

FIGURE 9.1: Schematic diagram describing different directions that could be explored
in the near future.

This work further looks forward to creating a corpus of image-databank of the re-
sulting macroscopic patterns. Different aspects can be explored in any soft matter
systems, such as examining the deposition patterns, the formation of coffee-ring be-
havior, or the droplets’ flow behavior by varying environmental factors, external
perturbations, and substrates or the complex fluids (see Figure 9.1). The simple
systems such as mono- and polydisperse lyotropic colloidal LCs, different globu-
lar proteins (myoglobin, hemoglobin), etc., could be explored, creating a baseline to
understand their interfacial optical, mechanical properties. The dilution of whole
human blood can exactly be performed on the human plasma samples. Since there
are no cellular components, one can expect no such concentration-driven phase tran-
sition; however, no related work (to my best knowledge) is reported so far in the
literature. Future studies can also increase the systems’ complexity by performing
experiments on essential biomolecule, lipid, a structural element for signal trans-
duction across the cell membranes. The target of lipids is attractive because of their
amphipathic nature, i.e., they contain both hydrophilic regions (polar head groups)
and long hydrophobic chains. In aqueous solutions, these lipid molecules can ei-
ther form micelles or a bilayer sheet. Besides, we could also study structural protein
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(for example, microtubules). It is to be noted that each site of these structural pro-
teins is exposed to interact with other particles. Though most of the studies aim
to understand the growing and shrinking mechanisms of microtubules, this could
evolve in a new direction if we use these structural proteins as the drying droplets.
We hypothesize that their interactions in such a system will help us comprehend
the formation of lyotropic LC phases in in-vivo conditions and apply to a wide va-
riety of similar biological serums. The proposed research’s general hypothesis is
that the different morphologies/patterns could be templated/dictated. Combining
different bio and non-biological components might help mediate the constituents’
deposition/organization and guide their self-assembling interactions. Such insights
are crucial for exploring a new direction in the whole experimental physics com-
munity or the drying droplet community, particularly for templating purposes, and
encourages theorists to develop a new framework for far-from-equilibrium-like be-
havior.

This study also encourages us to understand the emerging behavior in living bio-
logical systems such as bacteria-like microorganisms (see Figure 9.1). It would be
interesting to answer a few questions at the fundamental level: (i) How do bacteria
communicate to form colonies? (ii) How do they respond to the external convec-
tive flow during the drying process? (iii) what is the role of bacterial flagella in the
drying dynamics? (iv) How does the substrate wetting affect the resulting patterns?
(v) How does the shape of a droplet alter bacterial patterns? Nonetheless, this pro-
posed idea requires robust experiments in a lab set-up to acquire the necessary at
a fundamental level to achieve the desired goal. We should learn the microbes’ en-
capsulation and how to keep them hydrated with the correct nutrients first. Some
preliminary work on drying droplets of bacteria (E. coli, P. phosphoreum, and P. aerug-
inosa) is available in the literature (Sempels et al., 2013; Dunstan et al., 2018; Andac et
al., 2019); however, the scope of this work is minimal, and many primary questions
remain to be explored. To this end, the first set of experiments could involve the
drying mechanism of different bacterial samples (both dead and alive) dried under
uniform experimental conditions- the initial concentration, the type of solvent, sub-
strate, geometry, and drying conditions (temperature, pH, relative humidity, etc.).
The second set of experiments could be focused on any particular bacterial species to
understand how substrate wettability, patterned substrate, and different geometric
configurations affect the resulting morphology. It is more to understand how these
variables can be tailored to characterize these microbial behaviors and model their
growth by suppressing/encouraging them to communicate and form their colonies.

There are folklores and scientific claims that drying droplets of complex biofluids ex-
hibit distinctive patterns of diseases under different stages of development (Rapis,
2002; Yakhno et al., 2005; Yakhno et al., 2015). This is clearly an overstatement, but
the essence lies in the fundamental and practical significance of “drying bio-fluid
droplets". The current state of research is pointing to two things. First of all, it is to
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FIGURE 9.2: Schematic diagram describing a mini set-up in the doctor’s chamber to
be used as a pre-diagnostic technique.

create a corpus of an image-databank (and other physical characteristics of the dry-
ing sample) of the diseased bio-fluids’ fingerprints. Secondly, to develop machine-
learning tools to mine these data for either the fundamental science of colloidal sys-
tems or as a simple and easily implemented diagnostic tool. For this, various dis-
eased serum samples (saliva, nasal fluid, plasma, blood) taken from patients suffer-
ing from later stages of various diseases, including cancer, diabetes, or Alzheimer’s,
could be studied as a drying droplet configuration. This is to test whether image
analysis gives zero false-negative results of these targeted diseases. The aim is to ex-
plore the preliminary data and extensively examine the patterns that evolved during
those initial stages. It checks significantly how physical parameters influence the fi-
nal dried morphological patterns and investigate the underlying fundamental mech-
anisms. This understanding of different diseased samples will help us explore the
effect of different compositions of available antimicrobial drugs. The drying droplet
pattern recognition can be automated using image processing techniques and sta-
tistical modeling. We can also invert the problem by providing unknown serum
samples and setting up training image sets using machine-learning tools to iden-
tify different diseases at different stages. As the drying droplet patterns have the
potential to be used as a pre-diagnostic technique (see the schematic in Figure 9.2,
the proposed pathological method may simplify and revolutionize the health and
pharmaceutical sector in particular and could be used as a cost-effective method in
remote locations in the near future *.

*This innovative and creative idea was received considerable praise from various research commu-
nities at WPI. It was duly acknowledged by the GRIE (Graduate Research Innovation Exchange) and
awarded me with a seed funding of 12000$ from the Tinkerbox community to initiate the research ac-
tivities that aim to prepare ‘A pre-diagnostic Marker for Future Clinicians’ using the pattern formations of
bio-colloidal droplets.
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Appendix A

Directory of all the archived videos

A.1 Chapter 4

All the diluting concentrations (φ) are prepared by weighing ∼50 mg protein and
mixing it with 1 mL of de-ionized water. Two different proteins [bovine serum al-
bumin (BSA) and lysozyme (Lys)] are used. All the videos can be accessed through
Anusuya/Ph.d.thesis/Videos/chapter4

1. V1_BSA is the video that shows the drying evolution of the BSA at φ of 5 wt%.

2. V2_Lys is the video that shows the drying evolution of the Lys at φ of 5 wt%.

A.2 Chapter 5

All the diluting concentrations (φLC) are prepared by adding 10 µL of 5CB liquid
crystal (LC) into the aqueous solution of protein. The protein solution is prepared
by weighing ∼100 mg protein and mixing it with 1 mL of de-ionized water. All the
videos can be accessed through Anusuya/Ph.d.thesis/Videos/chapter5

1. V1_BSA+LC is the video that shows the drying evolution of the BSA droplet in
the presence of LCs at φLC of 0.9 wt%.

2. V2_Lys+LC is the video that shows the drying evolution of the BSA droplet in
the presence of LCs at φ of 0.9 wt%.

A.3 Chapter 6

All the diluting concentrations (φ) are prepared by adding different volumes of de-
ionized water with the whole human blood. All the videos can be accessed through
Anusuya/Ph.d.thesis/Videos/chapter6

1. V1_100% is the video that shows the drying evolution of the whole human
blood at φ of 100%.
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2. V2_85% is the video that shows the drying evolution of the diluted human
blood at φ of 85%.

3. V3_75% is the video that shows the drying evolution of the diluted human
blood at φ of 75%.

4. V4_62% is the video that shows the drying evolution of the diluted human
blood at φ of 62%.

5. V5_50% is the video that shows the drying evolution of the diluted human
blood at φ of 50%.

6. V6_25% is the video that shows the drying evolution of the diluted human
blood at φ of 25%.

7. V7_12.5% is the video that shows the drying evolution of the diluted human
blood at φ of 12.5%.

A.4 Chapter 7

All the diluting concentrations (φblood) are prepared by adding different volumes
of 1x phosphate buffer saline with the whole human blood. All the videos can be
accessed through Anusuya/Ph.d.thesis/Videos/chapter7

1. V1_75% is the video that shows the drying evolution of the diluted human
blood at φblood of 75%.

2. V2_62% is the video that shows the drying evolution of the diluted human
blood at φblood of 62%.

3. V3_50% is the video that shows the drying evolution of the diluted human
blood at φblood of 50%.

4. V4_25% is the video that shows the drying evolution of the diluted human
blood at φblood of 25%.

5. V5_12.5% is the video that shows the drying evolution of the diluted human
blood at φblood of 12.5%.
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Abstract. Image processing and pattern recognition offer a useful and
versatile method for optically characterizing drops of a colloidal solution
during the drying process and in its final state. This paper exploits image
processing techniques applied to cross-polarizing microscopy to probe
birefringence and the bright-field microscopy to examine the morpholog-
ical patterns. The bio-colloidal solution of interest is a mixture of water,
liquid crystal (LC) and three different proteins [lysozyme (Lys), myo-
globin (Myo), and bovine serum albumin (BSA)], all at a fixed relative
concentration. During the drying process, the LC phase separates and
becomes optically active detectable through its birefringence. Further, as
the protein concentrates, it forms cracks under strain due to the evapo-
ration of water. The mean intensity profile of the drying process is exam-
ined using an automated image processing technique that reveals three
unique regimes- a steady upsurge, a speedy rise, and an eventual satu-
ration. The high values of standard deviation show the complexity, the
roughness, and inhomogeneity of the image surface. A semi-automated
image processing technique is proposed to quantify the distance between
the consecutive cracks by converting those into high contrast images.
The outcome of the image analysis correlates with the initial state of the
mixture, the nature of the proteins, and the mechanical response of the
final patterns. The paper reveals new insights on the self-assembly of the
macromolecules during the drying mechanism of any aqueous solution.

Keywords: Image processing · Drying drops · Liquid crystals

1 Introduction

Image processing and automated pattern recognition techniques are crucial ele-
ments in advance of (optical) imaging technology. As image acquisition has
become more precise (in time and spatial resolution) and ubiquitous, the need
to extract information from these images has grown exponentially. One of the
many scientific areas impacted by such processing is in observing the drying
drops of some complex fluids. Specifically, one such class of complex colloidal
fluid relevant to forensics and medical sciences is biological fluid such as blood,
c© Springer Nature Switzerland AG 2019
B. Deka et al. (Eds.): PReMI 2019, LNCS 11941, pp. 567–574, 2019.
https://doi.org/10.1007/978-3-030-34869-4_62
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plasma serum, tear, urine, or simple protein solutions [1]. Recent research find-
ings [2,3] have found that dried drops of serums can differentiate the state of
health of a patient. Furthermore, the whole dried pattern appears to be con-
nected to the initial state of the material present in these complex fluids [4,5].
For example, Deegan et al. have studied colloidal drops and found that the drops
get pinned after depositing on the substrate. The particles start concentrating
near the edge more than the central region, forming a ring called “coffee-ring
effect” [6]. Due to this pinning and solvent loss, the drops are no longer able
to shrink and ultimately, form cracks (patterns) under strain during the drying
process.

This paper exploits image processing techniques applied to the cross-
polarizing microscopy to probe birefringence and the bright-field microscopy
to examine the crack patterns. The bio-colloidal solution of interest is a mix-
ture of water, and three different proteins [lysozyme (Lys), myoglobin (Myo),
and bovine serum albumin (BSA)], all at a fixed relative concentration with
and without a nematic liquid crystal (LC). The patterns are characterized using
three different criteria, (a) the optical outcome, (b) the textural dynamics, and,
(c) statistical significance. This work uses both automated and semi-automated
image processing techniques to quantify drying dynamics and dried morphology.
Our analysis reveals that the topmost part of the BSA film is coated with LC
droplets, whereas, the same LC droplets are randomly distributed underneath
the Lys and Myo films. This paper demonstrates the versatility and usefulness
of these image processing techniques and is adaptable to any similar imaging
system.

2 Materials, Sample Preparation and Image Acquisition

Lysozyme (Lys), myoglobin (Myo) and bovine serum albumin (BSA) are globu-
lar proteins differing in mass, charge, and properties [4]. The presence of a heme
group helps Myo to serve as an oxygen-binding protein. Lys and Myo have similar
molecular masses of ∼14.3, and ∼17.0 KDa respectively, whereas BSA contains
a higher molecular mass of ∼66.5 kDa [4]. The net charge of Lys, BSA, and Myo
is positive, negative, and neutral respectively. The commercial powdered pro-
teins were purchased from Sigma Aldrich, USA. Myo (Catalog no. M0630), Lys
(L6876), and BSA (A2153) were used without any further purification. Distinct
protein solutions containing each of Lys, Myo, and BSA (100 mg each) were pre-
pared by dissolving those separately in 1 mL of de-ionized water. Following that,
an optically active and polar LC, 5CB (328510) was heated above the transition
temperature (35 ◦C), and 10 µL was added as a third component to the solution.
A ∼1.3 µL of the solution was pipetted on the coverslip in the form of a circular
drop, which was allowed to dry under ambient conditions [4].

A polarizing microscopy (Leitz Wetzlar, Germany) with a 5× objective lens
at a fixed resolution of 2048 × 1536 pixels was used to capture the images [4,5].
An 8-bit digital camera (Amscope MU300) in color profile mode assigns intensity
values from 0 to 255 in each color of red, green, and blue (RGB) pixels for image
acquisition. After the deposition of the drop on the coverslip, the time-lapse
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Fig. 1. A representative processing of images of the dried state of BSA drop to quantify
the spacing between the cracks. (a) The raw microscopic images. (b) A stitched image.
(c) An 8-bit gray image. (d) An adjusted brightness-contrast image. (e) A high contrast
image after filtering through variance filter. (f) A final binary image depicting different
regions, circular line-cut, and crack spacing (xc). (Color figure online)

images in crossed polarizing configuration were recorded at every two seconds
to monitor LC droplets’ birefringence during the drying process. Each drop was
deposited three times from the same sample to ensure the reproducibility. The
final dried state was examined in bright-field configuration to understand dif-
ferent crack patterns in different protein drops with and without inclusion of
LC droplets. Since it was challenging to view the entire ∼2 mm diameter drop
using a 5× objective lens, different sections of the dried drops were imaged sep-
arately (Fig. 1a). Each section is stitched together (Fig. 1b) by using Stitching
plugin [7] in Fiji [8]. We propose a semi-automated image-processing algorithm
on the stitched images to determine the spacing between the consecutive cracks
(xc) in ImageJ [9]. We converted stitched bright-field images into gray (Fig. 1c).
For these gray images, the range of monochromatic shades from black to white
are displayed from 0 to 255 without partitioning into RGB sets of pixels. Then,
the bright and contrast of the image were adjusted (Fig. 1d) and filtered with a
variance filter (Fig. 1e), and processed into an 8-bit binary image (255 for pixels
depicting the crack lines and 0 for pixels elsewhere else) (Fig. 1f) [4,5]. However,
the filtering was not enough to process the images into exact binary images.
The artifacts were, therefore manually removed by comparing (overlapping) the
processed images on to the original images. However, future work will automate
this procedure.

The morphology of the dried drop is such that it can be divided into two
regions: rim and central. The rim is near the edge depicted by yellow dashed
line in Fig. 1f. We converted all the images of the dried drops into a scaled stack.
Three circular-cut lines (shown by white circular line in Fig. 1f) of different radii
were made in each region by using Oval Profile plugin in ImageJ [4,5]. The
intensity values were plotted along each circular line at every 0.1◦ as a function
of arc-length along each circle. A script using ‘Array.findMaxima’ was used to
determine the positions of maximum intensity values. An estimate of the crack
spacing, xc (outlined by green color in Fig. 1f) is calculated by the consecutive
maxima difference [4,5]. All the intensity values along the crack lines were cross-
checked manually to see if there is an artifact. If found, were corrected to the
consistent (and fixed) values to maintain uniformity along the crack lines. A
threshold of ±0.005 mm were used as a standard range and xc values outside
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this range was recorded and aggregated in each region to obtain an average
(xc) [4,5]. However, there may be cracks that propagate along the drawn circle,
leading to some uncertainty in the extracted crack distributions.

To quantify the birefringence of the LC droplets during the drying process,
a circular region of interest (ROI) was drawn on the image covering the area in
the drop, and another ROI was drawn on the image covering the background
(coverslip) using the Oval tool in ImageJ [9]. Once the ROI was selected, the
birefringence intensity of that ROI was measured. To ensure that the different
size of ROI in the sample and the background do not affect the intensity mea-
surement, mean gray value (the sum of the values of the pixels in the selection
divided by the area of the pixels in the selection) in ImageJ [9] was chosen. A
script was written for an automated image-processing algorithm which measures
the mean gray value for each ROI in the images during the drying process. How-
ever, the differences in the mean gray values during image recording might affect
both the background and the sample. To counter this, a correction (calibration)
with the background i.e., a correction factor was determined. It could be done
by subtracting the background gray values; however, it wouldn’t have fixed an
uneven background in the series of images. So, the ROI with the lowest back-
ground mean gray value was chosen from the whole set of images during the
drying process as a reference. The lowest was also selected to avoid into run-
ning the risk of generating overexposed images (otherwise the correction factors
would be smaller than 1). The corrected intensity of the sample (Ic) was then
determined for each sample by dividing the mean gray values with the correc-
tion factor. The intensity was averaged over a range of 30 s and also averaged
for three drops. Good reproducibility was found in the intensity profile, though
the time was shifted (added or subtracted) to make the profile nearly overlap to
each other. Note that the lamp intensity was kept fixed throughout the whole
experiment done with each protein drop. And finally, the averaged corrected
intensity values (Ic) was plotted with time. In addition to Ic, another textural
parameter i.e., standard deviation (SD) was calculated and were averaged over
30 s to understand the emerging complexity during the drying process.

3 Results and Discussions

The upper panel of Fig. 2 reveals the variation of birefringence intensity (Ic) of
LC droplets during the drying process. The standard deviation (n = 3) is higher
in all the transition compared to the other regimes due to the presence of different
sized LC droplets in different drops. It demonstrates an archetypal response of
LC droplets dissolved in protein solutions and displays three distinct regimes:
(I) the initial process of getting a minimum contact angle configuration with a
gradual increase of intensity, (II) the intensity gets amplified due to LC activities,
and (III) the intensity is saturated in the final regime once the drop completes the
evaporation process. It also suggests that the birefringence nature is independent
of types of proteins and less efficient to capture the minute details of the LC
activities during the drying process. The stage I completes in 11–14 min, and the
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Fig. 2. Upper panel: Variation of birefringence intensity (Ic) of LC droplets during the
drying process. Three unique regimes are observed: (I) a steady upsurge, (II) a speedy
rise, and, (III) an eventual saturation of intensity. Lower panel: variation of standard
deviation (SD) of the images during different drying stages. (Color figure online)

rate of intensity in stage II is ∼0.28 (for Lys), ∼0.09 (for Myo), and ∼0.08 (for
BSA). A smooth transition regime in both Lys and Myo is observed, but not in
BSA drops indicating a distinct final morphology in BSA. As mentioned earlier,
BSA contains a higher molecular weight (∼66.5 KDa) and the increase of mass
in proteins decreases the rate of intensity change (one surprising finding is the
drastic decrease from 0.28 to 0.09 in similar weighted proteins of Lys and Myo
respectively). It is to note that LC has a strong dipole moment (polar) and the
presence of a heme group without any disulfide bonds in Myo could interrupt
the local interactions of Myo-LC differently than Lys-LC. Moreover, LC droplets
wet the substrate (coverslip) differently for different proteins because of their
difference in nature (mass, size, charges of proteins). Hence, it indicates that the
mass is not only the contributing factor but involves many other interactions
such as self-assembly among protein particles (protein-protein interaction), phase
separation and self-assembly of LC droplets (protein-LC, LC-substrate), etc. [4].

The lower panel of Fig. 2 shows the SD (standard deviation of the image) of
the same drops depicting a similar trend as a function of time. The Ic captures
the whole process such as phase separation, formation of protein film, movement
of fluid, water evaporation, etc., whereas, the SD is sensitive to changes in the
image complexity [10]. The SD gives additional insights into the morphology in
terms of changes in inhomogeneity and complexity. In Myo, it shows a difference
in the evolution pattern from Ic by observing a dip and rise in the transition
region. Though Myo protein film is faint red in color under cross-polarizing
microscopy, it doesn’t mean that it is optically active like the LC droplets (yellow
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in color). It means that Myo reflects a particular wavelength (red), and absorbs
rest of the colors in the visible spectrum. This becomes advantageous over other
proteins in our study i.e., Lys and BSA because the inhomogeneity is clearly
distinguishable by calculating SD. The flow of the LC droplets through the Myo
film promotes a dip, and the process of turning the film (into reddish) indicates a
difference in SD. On the other hand, BSA shows a rise in the complexity of regime
III. At this stage, the texture (SD) is found to be changing while distributing
the LC droplets, whereas, the Ic fails to display such details and shows constant
values. In spite of these differences, a common characteristic is observed in both
Ic and SD by their increase through the drying process and saturation when the
drops are fully dried. This is consistent with the process of droplet drying, phase
separation, film formation, stain, and finally, film cracking.

Fig. 3. Upper panel: After 24 hours, the images were captured in the bright-field con-
figuration in the presence and absence of LC droplets (a–f). Lower panel: the processed
binary images (g–l). The scale bar of 0.15 mm is shown in the right corner of [f].

Figure 3 shows the crack patterns and their processed binary images (in pres-
ence and absence of LC droplets). The common feature noticed in all the drops
is the presence of “coffee-ring” [6] (upper panel of Fig. 3) confirming the general
mechanism of the drying colloidal drops. The inclusion of the LC droplets affects
the cracks’ nature, and makes a rough protein film’s surface. LC is believed to
increase the stress in all the drops and the stress in turns produces more number
of cracks. The central region of both Myo and BSA does not contain any cracks
in the absence of the LC droplets (Fig. 3b, c). Contrary to that, the inclusion
of the LC droplets in the protein drops leads to - (i) an ordered crack distribu-
tion and disturbs a ‘mound’-like structure in the Lys drops (Fig. 3a, d), (ii) a
formation of well-connected large and small crack domains in the Myo (Fig. 3b,
e), and (iii) an overall increase of the cracks in the BSA and the formation of a
few cracks in the central region (Fig. 3c, f).

To quantify the crack spacing (xc) and to develop a physical mechanism of
the underlying process of crack distributions, a non-parametric Mann-Whitney
U and Kruskal Wallis tests were conducted. Any statistical difference in mean
crack spacing (xc) is considered to be significant when p< 0.05. The significant
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Fig. 4. The comparison of mean crack spacing (xc) in different conditions and environ-
ment. Left panel: comparison of xc with and without LC droplets observed in the rim
region. Middle panel: overall effect of the LC droplets in relation to xc in all the pro-
tein drops. Right panel: comparison of xc in the rim and the central region in different
protein drops in presence of LC droplets. An asterisk [*] indicates significant pairs.

pairs are marked with an asterisk [*] in Fig. 4. All the experimental data are
expressed as mean ± standard error (SE). The crack morphology discussed in
Fig. 3 confirmed that the rim region of all the protein drops is specified for
more number of cracks compared to the central region. We, therefore, conducted
a series of statistical tests to examine the (significant) effects of LC droplets
on all the proteins. The left panel of Fig. 4 shows the way LC droplets affect
the xc distributions in the rim region of all proteins. We did not observe any
significant difference related to xc distributions. The distribution is observed to
be equally large in all the protein solutions without LC droplets. However, xc is
observed to be reduced (i.e., there is more number of cracks) when LC droplets
are added. A pairwise comparison (using Dunn’s procedure with a Bonferroni
correction) of the proteins in the presence of LC droplets reveals that BSA still
has significantly larger xc compared to the other two protein drops (Lys and
Myo). In other words, LC droplets do not have a significant effect in terms of xc

distributions on BSA even though the morphology shows a reduced xc when LC
is added (Fig. 3f, l). The middle panel of Fig. 4 further reveals that the presence
of LC considerably reduces the xc distributions (a large number of uniformed
cracks) in all the proteins, however, the difference is found to be statistically
significant in both Lys and Myo, but not in the BSA. Finally, we examined
the way (inclusion of) LC droplets affect the xc distributions in the rim and the
central regions of all the protein drops (right panel of Fig. 4). The results confirm
that the presence of LC considerably reduces the xc in the central region of all
the proteins. However, this reduction of xc is observed to be significant in both
Lys and Myo (but not in BSA). This outcome is evident as we have already seen
that LC does not affect the BSA (in terms of xc reduction). The quantification
of xc and the outcome of the statistical tests provide a convincing indication
about the effect of LC on the proteins (under study) which otherwise is slightly
misleading if the morphological observations are considered alone.

Following these findings discussed above, a physical mechanism is proposed.
Our findings confirm that Lys and Myo follow a similar process of crack forma-
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tion, unlike BSA. Each domain in these two proteins is buckled up, and most
of the LC droplets are moved underneath the film from the cracks through the
capillary action. The dark region at the center of each of these regions is the
film attached to the coverslip. In contrast, BSA shows a radial defect (four-fan
brushes) which is commonly observed at the LC-air interface confirming that
the LC droplets are spread at the top of the BSA film [4].

4 Conclusions

Sessile drop drying is popularly used to explore the self-assembly and the phase
separation of the particles in the colloidal drops. In this paper, we proposed
an automated image-based mechanism to calculate birefringence of the opti-
cally active material and can be applied to any such colloidal drops. Further,
the proposed semi-automated image processing mechanism of quantifying crack
patterns can be applied to any drying system (with similar crack patterns) help-
ing to understand the underlying physical mechanism. These methods have a
broad range of applications quantifying image morphology in an efficient and
economical way.
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A comparative study of the drying evolution and
dried morphology of two globular proteins in de-
ionized water solutions†

Anusuya Pal, *a Amalesh Gope,b Ari S. Athaira and Germano S. Iannacchionea

Pattern formation in drying protein droplets continues to attract considerable research attention because it

can be linked to specific protein–protein interactions. An extensive study of the drying evolution and the

final crack patterns is presented, highlighting the concentration dependence (from 1 to 13 wt%) of two

globular proteins, lysozyme (Lys) and bovine serum albumin (BSA), in de-ionized water. The drying

evolution starts with a constant contact radius mode and shifts to a mixed mode where both fluid front

and contact angle changes. The contact angle monotonically decreases, whereas, the fluid front exhibits

two regimes: an initial linear regime and a later non-linear regime. Unlike the linear regime, the non-

linear regime is faster for Lys droplets. This results in the formation of a “mound”-like structure in the

central region. A new feature, a “dimple” is observed in this mound which is found to be dependent on

the initial concentration. The different crack morphology of BSA and Lys depends strongly on the initial

state of the solution and can be interpreted using a simple mechanical model. In fact, when dried under

uniform conditions (surface, humidity, temperature, droplet diameter, etc.), the evolution and the final

pattern displays as a fingerprint of the initial state.

1 Introduction

A colloidal droplet deposited on a surface either spreads over
the surface or remains as it is depending on the wettability of
the surface. Whatever the case, the droplet endures a whole
range of interfacial phenomena (wetting dynamics, adsorption,
and adhesion), internal ow (diffusion and convection), and
particle–substrate interactions during the solvent evaporation
(drying).1,2 The pattern formation of a bio-colloidal droplet, even
on an ideal surface, is exposed to additional complexity during
the drying process. This complexity arises primarily due to
strong and potentially competing interparticle interactions that
govern the particle aggregation and self-assembly. Furthermore,
some bio-colloidal droplets such as blood and plasma serum
are ubiquitous, and, most notably, are used in medical diag-
nostics and forensics analysis.3–6 Studies on drying droplets
reveal that the evolution and the emerging patterns depend on
multiple factors including the nature of the solute particles
(size, chemical composition initial concentration), different
type of substrates (hydrophilic, hydrophobic), geometry,
substrate wetting, and various drying conditions (temperature,
pH, relative humidity).7–11 Accordingly, it turns out to be

essential to understand the effects of these factors on the drying
and dried bio-colloidal droplets in order to compare (and
explain) the macroscopically observed behavior with the initial
microscopic state of the constituent particles.

Owing to its signicance in many potential applications, the
drying evolution and the morphological patterns of dried
plasma and blood have been examined by several
researchers.3,4,6 Essential mechanisms of spreading, gelation,
and crack formation of these droplets are presented in recent
review articles by Brutin et al.12 and Chen et al.13 An aqueous
solution of protein drying droplets may similarly be substanti-
ated as a prolic system of biological relevance. The aqueous
solution of proteins is far less complicated than blood and
plasma. In a recent study, the drying droplets of raw egg-white
protein solutions have been explored which validate the
dependence of daisy and wavy-ring crack patterns on the initial
protein concentrations.14

It is worth mentioning that commercially available high-
quality globular proteins such as bovine serum albumin (BSA)
and lysozyme (Lys) have also attracted the attention of many
researchers. Many studies investigated the temporal drying
process and their resulting patterns. Despite the intense
research, most of the work on protein–solvent systems is
primarily conned to either a dilute regime of protein concen-
tration and/or the involvement of the salts into the systems.15–19

The dilute regime of the initial protein concentration is well
explored in the drying droplets; however, not beyond the range
of 60 mg mL�1. Researchers also attempted to explore the
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drying evolution and the crack distribution of these proteins
dissolved in (de-ionized) water under ambient conditions.15,20

Gorr et al.15 studied the time evolution and the morphological
patterns of Lys dissolved in water, varying the initial concen-
tration from 0.1 (1 mg mL�1) to 1 wt% (10 mg mL�1). This study
concluded that all the drops exhibit a “coffee-ring” effect.15,21

The volume fraction of the Lys is found to be linearly dependent
on its initial concentration; however, the morphology does not
show any signicant changes in the ring’s height and width.
They also reported a “mound”-like feature in the central region
and observed a few surface cracks in the given concentration
range. Carreón et al.20 investigated the mixture of BSA and Lys
dissolved in water and mainly focused on their interactions.
They also conducted experiments with denatured BSA and Lys
proteins and their mixtures at different relative concentrations.
The folding and unfolding of these proteins and their structural
(morphological) alternation are also discussed in their paper.
They concluded that the formation of the crystal clusters and
dendrite structures are independent of the external salts.

In this paper, two fundamental questions about the drying
evolution and the resulting patterns of the dried droplets of
aqueous solutions of commercially available globular proteins,
are addressed. This article aims to explore (i) the role of the
protein properties (in terms of mass, composition, congura-
tion, and size); and examine, (ii) the effect of higher initial
protein concentration (above 60 mg mL�1 and up to 150 mg
mL�1) on the aggregation process. The inclusion of the higher-
initial protein concentration is essential since the higher
concentrations enable us to explore how the excessive aggre-
gation of these proteins play a role in relieving mechanical
stress during the drying process, and the crack formation
patterns. It is worth mentioning that no studies to date have
attempted to investigate these fundamental queries at the
concentration ranges we considered in this paper. To the best of
our knowledge, we did not come across any experimental
evidence that compares the drying evolution of the protein
droplets in terms of the contact angle and the uid front. To
address this gap, two proteins, BSA and Lys, are chosen in this
study. The droplets are prepared using de-ionized water (DI)
that avoids ion-mediated effects and exposes the protein–
protein interactions. Furthermore, the inclusion of DI under
ambient conditions ensures that the functionality of the
proteins is not affected by any external factors such as pH,
temperature, etc.

The drying evolution and the emerging patterns are then
examined at the initial protein concentration ranging from 1
(10mgmL�1) to 13 wt% (150mgmL�1). Each solution sample is
deposited as a �2 mm diameter droplet on a glass slide to
record the temporal variation of contact angle, uid front, and
to capture the image of the nal dried state. An image pro-
cessing technique is employed to extract the distribution of the
distance between consecutive cracks (crack spacing) in the
protein droplets. To ensure the reliability of the visual obser-
vations, an appropriate statistical test is used on the obtained
crack-spacing data. A physical mechanism is proposed in this
paper to relate the dried morphology with the nature of the
initial protein solutions. Finally, the crack patterns are

interpreted in terms of a simple mechanical stress model to
explain the presence of a crack hierarchy in the Lys (not seen in
BSA) droplets.

The paper is structured as follows. Following this introduc-
tion, section 2 describes the materials and the experimental
methodology adopted in this paper. Section 3 presents the
process of the drying evolution, the morphology, the physical
and mechanical mechanism, and the statistical ndings on the
dried crack patterns in both protein droplets. The results and
the signicant ndings of this paper are discussed in this
section. Finally, the results are concluded in section 4.

2 Materials and experimental
methodology

BSA and Lys are well-studied water-soluble globular proteins.
BSA is a representative blood protein primarily derived from
cows. It is four times heavier than Lys. BSA has a molecular
mass of �66.5 kDa with an ellipsoid shape of dimensions 4.0 �
4.0 � 14.0 nm3.22 Lys, on the other hand, can be observed in
human mucosal secretions such as saliva, tears, etc. It consists
of a molecular mass of�14.3 kDa, and a roughly ellipsoid shape
of dimensions 3.0 � 3.0 � 4.5 nm3.23 Lys is made up of 129
amino acids whereas, this blood protein contains 581 amino
acids in a single polypeptide chain. The isoelectric point of BSA
is 4.7 which enables it to carry a net negative charge under the
present conditions of the study (pH of�7). The isoelectric point
of 11.1 in Lys, on the other hand, allows it to carry a net positive
charge. The globular shape and stability of these proteins are
attributed to the disulde bridges (17 in BSA and 4 in Lys),
hydrogen bonds, and hydrophobic interactions among the
amino acids.24 It is to be noted that the globular nature of the
overall tertiary structure of these proteins is maintained in this
present study. The synthetic polymer-based colloidal behavior
of these proteins is only possible when these are completely
denatured (or their structures are relaxed). Therefore, this study
is much more complicated and difficult to interpret than other
polymer-based droplet studies.

The commercial lyophilized BSA and the Lys are obtained
from Sigma Aldrich, USA (Catalog no. A2153 and L6876
respectively). The protein samples are used without any further
purication. �150 mg of each BSA and Lys were measured and
separately dissolved in 1 mL of de-ionized water (Millipore,
resistivity of 18.2 MU cm) to create the protein stock solutions,
BSA + DI and Lys + DI at a concentration of 13 wt%. Each stock
solution was diluted to prepare concentrations of 1, 3, 5, 7, 9,
and 11 wt%. To make samples combining protein and liquid
crystal (LC), 4-cyano-40-pentyl-biphenyl was purchased from
Sigma Aldrich, USA (Catalog no. 328510). The LC was heated at
�39 �C, and a volume of �10 mL was added to the prepared
protein solutions of 9 wt%. The sample sets were used in the
next few hours of their preparation time. We used the factory-
fresh microscopic glass slides as the substrates, which have
minimal exposure to the environment prior to the actual
experiments. These slides were rinsed with ethanol and dried.
Thus, every droplet precisely contained the same substrate
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conditions and a uniform reproducibility in terms of the
circularity of the droplets and their pinning effects was
observed. A volume of 1 � 0.2 mL of the sample was pipetted to
form a circular droplet of �2 mm diameter. For strip-like
geometry, two carbon tapes were placed in parallel on the
glass substrate by keeping a separating distance of �2 mm, and
a volume of �5 mL of the protein samples was pipetted. The
samples were le to dry under a bright-eld microscope (Leitz
Wetzlar, Germany) with a 5� objective lens in ambient condi-
tions (room temperature of �25 �C and relative humidity of
�50%). The total time of the drying process for all droplets was
roughly around 10–20 minutes.

The captured images were analyzed using ImageJ25 soware.
The time-lapsed images of the drying process were obtained
every two seconds. The start time of the clock was the time of
the deposition point of the droplet on the glass slide. The uid
front radius (r(t)) was measured by tracking the distance from
the center to the edge of the front under the microscopy during
the drying evolution. These radii were measured repeatedly ten
times at each time (t), and the averaged values (�r(t)) were
computed. The spiral crack study was conducted using a 50�
objective lens. The images of dried droplets were captured over
24 hours using side-illuminated bright-eld microscopy (since
a few cracks appeared aer the visible drying process26). The
stitching plugin27 of ImageJ was used to redraw the complete
image of the dried droplets. The stitched bright-eld images
were converted into high contrast images. The circular cut lines
were drawn using the oval prole plugin of ImageJ. The intensity
values (255 for pixels depicting crack lines and 0 for elsewhere)

were plotted as a function of arc-length. A script with “Array and
Maxima” was used to determine the positions of the maximum
intensity values to estimate the spacing between the consecutive
cracks (xc). The detailed processing can be found in our
previous paper.28 The same process was repeated for two other
droplets deposited from the same sample set at each concen-
tration (f) to ensure the reproducibility of the nal morphology.
The data were aggregated to yield an overall crack spacing xc at
each f. It is to be noted that this crack spacing analysis is
conducted only at the peripheral region where the cracks of
both protein droplets are present. Furthermore, the contact
angle goniometer (Model 90, Ramé-hart Instrument Co. USA)
was used to monitor the contact angle (q(t)) measurements of
the prepared protein samples during the drying process.

3 Results and discussion
3.1 Time evolution of drying droplets

3.1.1 Bovine serum albumin: BSA + DI. Fig. 1(I) shows the
top view of the drying evolution of a BSA droplet at the initial
concentration (f) of 5 wt% captured through optical micros-
copy. As soon as the rst image of the deposited droplet is
captured, a symmetrical dark (black) shade is observed near the
periphery of the droplet. With the progression of time, the dark
shade changes to the bright (gray) shade (Fig. 1(I)a–c). The
periphery of the droplet is found to be pinned to the glass
substrate throughout the drying process. Aer �3 minutes, the
uid front starts receding from the periphery to the center of the
droplet. The radius (r) of this front is measured with the

Fig. 1 Drying evolution of a BSA droplet: (I) top-view of the droplet through optical microscopy at f of 5 wt% obtained during different time
intervals (30 s, 140 s, 186 s, 290 s, 470 s and 530 s). The white dashed circle in (f) exhibits the “coffee-ring” formation. The scale bar represents
a length of 0.20 mm. (II) The top panel shows the variation of contact angle (q(t) in degrees) at f of 5 wt%. The solid line specifies the fitted
function. The inset shows the variation of the characteristic fitting parameter (1/s in s�1) at different f. The bottom panel displays the temporal
variation of the normalized contact angle (q(t)/q0)). (III) The top panel reveals the variation of mean fluid front radius (r�(t) in mm) at f of 5 wt%. The
error bars represent the standard deviation. A representative fit of two linear models is made; ts signifies the time point where both the linear fits
merge. The inset shows the dependence of the slope values of linear fit 1 (m1) and 2 (m2). The bottom panel indicates the temporal variation of
normalized mean fluid front radius (r�(t)/R�) at different f. td is the “dead” time up to which the fluid front radius (r(t)) is equal to the radius of the
droplet (R).
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progression of time, (t) (Fig. 1(I)d and e). The movement allows
the particles to be deposited along each receding line and
eventually forms a peripheral ring (shown by a white dashed
circle in Fig. 1(I)f). It is to be noted that a few cracks in the BSA
droplets up to f of 5 wt% are formed within 24 hours, which are
shown in the following section.

Fig. 1(II) depicts the side view of the drying evolution of
a BSA droplet at different f observed with the contact angle
goniometer. The contact angle (q) and the height at the center of
the droplet (h) are found to be 37 � 2� and 0.35 � 0.20 mm,
respectively, within �50 seconds of the deposition of the
droplet. The radius (R) of the droplets is 1.1 � 0.2 mm, and
therefore, the gravitational effects can be negligible. Further-
more, the macroscopic shape of the droplet can be approxi-
mated as the spherical-cap geometry, which is based on the
assumption that h� R. The black shade, observed at f of 5 wt%
in Fig. 1(I) is due to the spherical-cap shape of the droplet. The
change from the black to the gray shade occurs when the
contact angle (q) reaches a threshold value. The top panel of
Fig. 1(II) shows the variation of q at f of 5 wt%, and q(t) is found
to consistently reduce with time. This suggests that the drying
process occurs under a continuous evaporation limit. To vali-
date this limit, q(t) is tted to a linear function: q(t)¼ q0(1� t/s),
where, q0 is the initial q at t ¼ 0, and 1/s is a characteristic rate.
For f of 5 wt%, q0 and 1/s are found to be 39.96 � 0.08� and
0.001500 � 0.000005 s�1, respectively, with R2 ¼ 0.995. The 1/s
is observed to be independent of f (inset of Fig. 1(II)). A
complete description of all the t parameters is tabulated in
Table T1 of the ESI.† The normalized contact angle is calculated
by dividing q(t) with the q0 (obtained from the tting equation).
The individual normalized q decay curves at different f are
found to collapse to a master curve when the data is plotted.
This is shown in the bottom panel of Fig. 1(II).

In this context, it is interesting to compute the uid front
radius and its dependence on f. Fig. 1(III) shows the evolution of
the mean uid front radius (�r(t)) in a BSA droplet at different f.
The top panel shows the variation of �r(t) at f of 5 wt% exhibiting
two distinct regimes: a slow, initial linear regime, and a subse-
quent non-linear, fast regime. Two linear ts are made on the
respective linear and non-linear regimes, and a characteristic
time, ts (the time point at which two linear ts intersect) is
introduced. It is to be noted that the linearity of �r(t) deviates aer
the peripheral ring formation (Fig. 1(I)e and top panel of
Fig. 1(III)). The inset of Fig. 1(III) compares the slope values (m1

andm2) obtained from the linear ts in the respective regimes at
each f. The negative sign in the slope values conrms the
reduction of the mean radius (�r(t)) with time. For 1 and 3 wt%,
the linear t in the non-linear regime cannot be achieved due to
a swi and non-uniform movement, resulting in a lower number
of data points to quantify. On average, the velocity of the uid
front in the linear and non-linear regime is found to be 0.99 �
0.20 mm s�1 and 2.83 � 0.38 mm s�1 respectively. m2 decreases
from�3 to�2 mms�1 with the increase of f. The bottom panel of
Fig. 1(III) displays the normalized radius (obtained by dividing
the �r(t) with the mean radius of the droplet, �R). In the early stage
of the drying evolution, i.e., up to �240 seconds, the radius
remains constant, (�r(t)/�R ¼ 1) for all the f. This time is labeled as

the “dead” time (td) where only the contact angle changes without
disturbing the radius. A complete description of all themeasured
and t parameters is tabulated in Table T2 of the ESI.†

3.1.2 Lysozyme: Lys + DI. Akin to BSA, a Lys droplet at f of
5 wt% also shows a dark shade near the periphery of the droplet
(Fig. 2(I)a). The dark shade diminishes, as the uid front starts
receding from the periphery aer �6 minutes, and forms a ring
(Fig. 2(I)b–d). Interestingly, a sharp spot around the center
appears and forms a “mound”-like structure. The water starts
drying from that mound, and nally, a “dimple” appears in the
existing structure. Simultaneously, the radial cracks grow near
the periphery and come into contact with each other through
the orthoradial cracks (Fig. 2(I)d–f). The white dashed circle
displays the peripheral ring and the solid circle depicts the
mound and the dimple structures (Fig. 2(I)f). Unlike BSA, most
of the cracks appeared during the visible drying process at f of
5 wt%.

Fig. 2(II) shows the side view of the drying evolution of a Lys
droplet at different f. It is to note that different Lys concen-
trations might affect the surface tension of the solutions.
However, our rst measured value of q during the contact angle
measurements at all f is found to be 37.0 � 1.6�. This
measurement tempted us to conclude that the effect is not
signicant enough for the unique pattern formation. The q at f
of 5 wt% during the drying process reduces consistently (top
panel of Fig. 2(II)). q0 and 1/s are found to be 36.66 � 0.01� and
0.0009740 � 0.0000007 s�1, respectively, with R2 ¼ 0.999.
Similar to BSA, the characteristic rate (1/s) is found to be
independent of f. A complete description of all t parameters is
tabulated in Table T3 of the ESI.† Unlike BSA, the normalized
contact angle data shows that the individual decay curves at
different f start deviating from each other towards the very end
of the process (bottom panel of Fig. 2(II)).

The top panel of Fig. 2(III) displays the evolution of the (�r(t)
at f of 5 wt% in Lys droplet. And, the bottom panel depicts the
evolution of the normalized mean uid front radius (�r(t)/�R) at
different f. It is noted that this movement in BSA droplets could
be tracked only up to the point where the radius just passes
through the peripheral ring. Unlike BSA, this movement in the
Lys droplets could be tracked till the “mound”-like structure
around the central region of the droplet formed. This causes the
range of the �r(t)/�R data to be 1 to �0.1. The presence of a linear
and a subsequent non-linear regime is commonly observed in
the uid front movement at every f in both the Lys and BSA
droplets. On average, the velocity of the uid front in the linear
and non-linear regime of these Lys droplets is found to be 1.00
� 0.08 mm s�1 and 12.36 � 2.73 mm s�1, respectively. A sharp
dependence of the slope values in regime 2 with f is observed,
m2 decreases from �17 to �8 mm s�1. A complete description of
all the measured and t parameters is tabulated in Table T4 of
the ESI.†

3.1.3 A physical mechanism. The underlying physical
mechanism of the drying evolution and the visible difference in
terms of the morphology of the droplets is demonstrated in
Fig. 3. The deposited droplet goes through a convective ow
where the constituent particles tend to interact (adsorb) with
the substrate during the early drying stage. The evaporation rate
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is observed to be the highest at the three-phase contact line
(solid–vapor–liquid) due to the curvature of the circular droplet.
This process drives the ow to compensate the higher rate of
mass loss near the periphery compared to the central part of the
droplet. This early stage depicted in Fig. 3a shows the constant

contact radius mode (CCR) in which no uid front movement is
observed; however, the height and the contact angle get
considerably reduced. During this time-frame, the protein
particles form an inhomogeneous lm and (subsequently)
a uid front starts moving on this lm from the periphery to the

Fig. 2 Drying evolution of a Lys droplet: (I) top-view of the droplet through optical microscopy at f of 5 wt% during different drying intervals
(55 s, 353 s, 563 s, 603 s, 617 s and 673 s). The white dashed circle in (f) shows the “coffee-ring” formation. The solid circle exhibits the “mound”-
like structure. The scale bar represents a length of 0.20 mm. (II) The top panel confirms a variation of contact angle (q(t) in degrees) at f of 5 wt%.
The solid line shows the fitted function. The inset shows the variation of the characteristic fitting parameter (1/s in s�1) at different f. The bottom
panel displays the temporal variation of the normalized contact angle (q(t)/q0)). (III) The top panel reveals the variation of the mean fluid front
radius (r�(t) in mm) at f of 5 wt%. The error bars represent the standard deviation. A representative fit of two linear models is made; ts signifies the
time point where both the linear fits merge. The inset represents the dependence of the slope values of linear fit 1 (m1) and 2 (m2). The bottom
panel indicates the temporal variation of the normalized mean fluid front radius (r�(t)/R�) at different f. td is the “dead” time up to which the fluid
front radius (r(t)) is equal to the radius of the droplet (R).

Fig. 3 Side view of the drying evolution: (a) CCR mode is observed at an early stage of drying where only the contact angle decreases. The fluid
front radius (r) remains unchanged during this time and is equal to the radius (R) of the droplet. The protein particles interact with the substrate
during this stage. (b) In this mixed mode stage, along with the contact angle, the fluid front starts receding from the periphery of the droplet. (c)
The fluid front moves, deposits more particles, and forms a ring of widthw. It moves further when the radius of the fluid front just passes the ring
width to the new position (r2). r1 indicates the movement towards the central region of the droplet, leading to a complimentary morphology. (d)
BSA + DI, without any “mound”-like structure and (e) Lys + DI, the presence of a “mound” could be observed in the central region.
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center which marks the beginning of the next stage. The mixed
mode i.e., the movement of both the contact angle and the uid
front is found at this stage. The front seems to deposit more
protein particles as it moves (Fig. 3b). A bulge (popularly known
as “coffee ring” effect21) at the periphery of the droplet is noticed
during this uid front movement. The bulge is believed to form
due to the excess deposition of the particles which could be seen
in Fig. 3c. The drying process up to this point, i.e. the formation
of this peripheral ring, is observed to be similar for both protein
droplets (Fig. 1 and 2). However, the formation of a “mound”-
like structure (Fig. 3d and e) in the Lys droplets (a similar
phenomenon is observed in ref. 15 and 20) creates a visible
difference in the drying evolution of both protein droplets. The
comparison of the drying rates of these different-sized protein
particles may reveal new insights. To map the rate of water loss
with the change in morphology during the drying process, it is
vital to explore the possible reasons behind the similarities and
dissimilarities for both protein droplets in terms of the
parameters (td, ts, m1, and m2) extracted from the uid front
movement.

td indicates the (early stage) time point of the drying process
where the protein particles in both droplets experience
convective ow. During this ow, these particles rst tend to
interact (adsorb) with the substrate. The usage of de-ionized
water in the present study enables us to avoid ion-mediated
effects and does not inuence the conformational states (or
the functionality) of these proteins. This means that the glob-
ular nature of the overall protein structure during the drying
process is maintained. During adsorption of these proteins on
the glass substrate, one can expect different BSA-glass and Lys-
glass interactions. This expectation can be due to the fact that
the BSA and the Lys proteins carry an opposite net charge
whereas, the glass (substrate) is negatively charged. However,
we also need to consider that the hydrophobic residues are
buried inside the protein core, and numerous positively and
negatively charged residues in a protein’s surface are exposed.
Though the overall charge of BSA (or Lys) is negative (or posi-
tive), means that the BSA (or Lys) will prefer to adsorb on the
negatively charged glass substrate with its positively charged
residues. Therefore, the overall interaction of BSA-glass or Lys-
glass might not be altered, while there is a high probability of
having different BSA–BSA or Lys–Lys interactions. This is
because these charged residues help orient these protein
particles in such a way that one particle gets inuenced by the
neighboring particle. With time, the protein–protein interac-
tions start to become dominant over the protein–substrate
interactions, and assist in forming the protein lm on the
substrate, and nally could be responsible for determining
these unique patterns. So, td is the time in which protein
particles interact with the substrate and interact with other
proteins to form a lm. The constant rate of the evaporation
validates the similar trend in this CCR mode up to the time
point td.

As time passes during the drying process, we observed a uid
front to recede from the periphery to the center of the droplet.
We quantied the velocity of the front movement. The average
speed of rst linear t (m1) is found to be 0.99 � 0.14 mm s�1,

which is independent of the initial concentration and the type
of protein. Considering the trends observed in m1, it could be
concluded that similar mass transfer mechanisms have
emerged in the linear regime. This assumption makes sense
because there is enough water on the front surface at this stage,
and the front behaves as if it is a water-pool and hardly feels the
presence of any protein particles. Subsequently, we have
observed a transition from the linear to the non-linear regime in
the front movement (Fig. 1(III) and 2(III)). A linear t on the
linear and non-linear regimes was made. ts signies the time
point where both these linear ts merge. Interestingly, it can be
physically interpreted as the time when the uid front moves
from r2 to r1 (Fig. 3c), i.e., the time point of the movement from
the edge of the peripheral ring towards the central region of the
droplet. The ts for all f is found to be within�20 s from this ring
formation.

Once the uid front passes this peripheral ring, the uid no
longer resembles a water-pool. The continuation of the water
evaporation process leads to the presence ofmore protein particles
than water. In this context, we observed that the velocity of the
second linear t (m2) is dependent on the initial concentration and
this is different for both protein droplets. The differences observed
in m2 are probably due to different self-assembling interactions,
which is dependent on the unique physical characteristics of these
proteins. Given the globular nature of these proteins, we know that
these proteins are different in terms of their net charged states,
molecular shape, weight and disulde bridges. Since the pH of the
system is unchanged, it is beyond the scope of this paper to
conclude the mobility effects that emerged due to the individual
charged residues present in the protein during the uid front
movement. However, this mobility can easily be interpreted in
terms of their weight, shape and bridges. BSA particles are mostly
restricted to ow with the uid front due to high molecular weight
(�66.5 kDa) and a high aspect ratio (major/minor axis ¼ 3.5).
Moreover, the presence of 17 disulde bridges in BSA provides
a compact network between BSA–BSA particles; it will prefer to be
deposited within the existing lm-layer in the droplet. This results
in a few le-over BSA particles to be carried with the water during
the later stage of the uid front movement. In contrast, Lys could
be thought of as a squishy sphere (aspect ratio ¼ 1.5) with low
molecular weight (�14.3 kDa). The presence of the lower disulde
bridges (17 for BSA and 4 for Lys) results in a weak network among
these Lys particles, and it triggers the Lys particles to be carried
away with the uid front. The water content of the uid decreases
with the progression of time, and a large number of Lys particles
are le behind. These (le-out) particles eventually accumulate
around the center and forms the “mound”-like structure. We
believe that some water is trapped in the mound. Therefore,
a dimple is noticed when the Lys particles fall out of the solution as
this entrapped water evaporates.

The movement of the uid front appears to slow down with
the increase of f (number of particles), even though the
movement continues to carry and deposit the Lys particles at
each line of the uid front. The concentration dependence of
the mound and the peripheral ring on different protein types
will be discussed later. At the nal stage of the drying process,
the water-loss in the droplet induces high mechanical stress
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leading to the formation of different crack patterns, which will
be discussed in the next subsection. The movies of the drying
process in both protein droplets are available in the ESI,† V1 for
BSA + DI and V2 for Lys + DI; both videos are recorded at f of
5 wt%.

3.2 Morphology of dried droplets

Fig. 4a–g and h–n represent the morphology of the dried
droplets in BSA and Lys, respectively, both the common and
distinctive properties are identied. A few common character-
istics of both dried droplets include: (1) the presence of
a peripheral ring at a greater height than the central region.
This greater height can be viewed from the one-sided dark
shadowy shade due to side illumination; (2) the cracks are
observed in both the droplets; however, the distribution and the
nature of the cracks differ.

A few distinct morphological patterns are observed in the
protein droplets: (1) in BSA droplets, mostly the radial cracks
are observed, whereas different types of cracks such as radial,
wavy, spiral, etc. make the Lys droplets a chaotic system. (2)
There are almost no cracks in the central region of the BSA
droplet, whereas the cracks are present throughout the Lys
droplets. However, cracks are found only in the periphery of the
Lys droplets at f of 1 wt%. (3) The morphology of the central
region has a mound and dimple structures in Lys, but no such
structures in the BSA droplet. (4) The increase of cracks with the
increase of f is clearly observed in BSA. The cracks are mostly
equally spaced and countable. (5) A thin hair-like structure is
observed at the termination of each crack (from 7 to 13 wt%) in
BSA droplets. In contrast, the cracks are well-connected and
form a uniform domain in every Lys droplet (except the f of
1 wt%). (6) The presence of (few) circular and (multiple) spiral
cracks in Lys droplets from 9 to 13 wt% makes the morphology
very different in the highly concentrated regime, from that in
BSA droplets. The possible reasons are discussed in the
mechanical interpretation section.

3.2.1 Prolometry. Fig. 5(I) and (II) show the variation of
a dimensionless quantity, the mean peripheral ring width (�w)

divided by the mean radius of the droplet (�R) with f for BSA and
Lys droplets, respectively. It is observed that the ring width is
directly proportional to f, i.e., with the increase of f, this ring
width is expanded further in these BSA droplets (Fig. 5(I)). The
number of BSA particles increases with the evaporation of
water. This process triggers additional deposition of the parti-
cles at the droplet periphery with the upsurge of f. On the
contrary, the Lys droplet is found to be constant and indepen-
dent of the variation of f. An almost equal quantity of Lys
particles is deposited in the ring, and most of the free particles
are carried towards the center (and form a mound structure).
Fig. 5(III) shows the areal dependence of this mound structure.
The mean area �a is normalized with �R, and the �a/�R at different f
in the Lys droplet is plotted. The linear dependence with f

makes it evident that most of the Lys particles are carried and
deposited towards the center.

As we have mentioned already, the mound structure is
formed by carrying and depositing the free Lys particles during
the uid front movement. As such, the increase of f also trig-
gers the upsurge of the overall number of particles, resulting in
the piling of these particles. The formation of a dimple
(depression) is probably when the Lys particles fall out of the
solution. The presence of this dimple is not reported in any of
the earlier works,15,20 probably due to the use of a relatively low
concentration range. One can anticipate the dimple or the
mound as the optical illusion, nonetheless, this is not the case.
We did the height prole-like imaging with Sensofar micros-
copy to conrm the mound and dimple structures; however, we
could not calibrate sufficiently to get the exact height
measurements. It is also observed that the mound structure is
situated almost at the center. This is due to the fact that the
circular droplet shape prefers the symmetry for the uid front
movement. To conrm this fact, we pipetted the solutions in
a strip-like geometry on the glass substrate. We followed the
uid front movement from both ends of the strips; however, we
did not observe any mound or dimple structure. Furthermore,
we assumed that this structure is likely to be shied to some
extent (not forming perfectly at the center of the droplet) due to

Fig. 4 Gray images of the protein dried droplets: BSA at f of (a) 1, (b) 3, (c) 5, (d) 7, (e) 9, (f) 11, and (g) 13 wt%; Lys at f of (h) 1, (i) 3, (j) 5, (k) 7, (l) 9, (m)
11, and (n) 13 wt%. The images of the BSA droplets reveal the presence of the cracks near the periphery region, whereas, the images of the Lys
droplets confirm that the cracks are spread and connected from f of 3 wt%. The “dimple” and the “mound”-structure can be observed in the Lys
droplets at every f. The spirals are noticed in the Lys droplets from f of 9 wt%. The scale bar represents a length of 0.20 mm.
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the droplet’s circularity. However, no general trend is observed
while measuring it in the asymmetrical (or oval) droplets.

3.2.2 Quantication of the cracks. Fig. 6(I) displays the
Q–Q plot at f of 7 wt% and conrms the non-normal distribu-
tion of the mean crack spacing (xc). The representative plots
also suggest that the cracks are not equally distributed in
different protein droplets. The gures indicate that the outliers
have surfaced in the form of skewed data points. The outliers
(depicted by three circles deviating from the reference line in
the Q–Q plot) are not ideal considerations from a statistical
perspective since these violate one of the assumptions for the t-
test (parametric); nonetheless, in our case, there is no good
reason to consider these outliers as invalid samples. To counter
the non-normal distributions of the mean crack spacing, a non-
parametric Mann–Whitney U test (an alternative to the para-
metric t-test) was preferred to examine the (signicant) differ-
ences in terms of xc values among the different protein droplets
at different f. In this study, the mean rank test is chosen over
the median (for the visual inspection) because (a) the number of
cracks are observed to be different in both protein droplets;
and, (b) the number of samples is relatively large.

In the Mann–Whitney U test, the protein was kept as the
categorized factor (independent factor, with two levels, BSA
and Lys) and xc as a dependent variable at different f. All the

histograms are expressed as the mean � standard error (SE).
The differences where p# 0.05 are considered to be signicant
in this study. A detailed report of the statistical test (U, z, and p
values) is shown in Table T5 of the ESI.† Fig. 6(II) shows �xc for
the BSA and Lys droplets at each f. The results conrm our
morphological observations that the crack patterns in the BSA
and Lys droplets are different from each other, resulting in
a signicant difference in �xc in the peripheral regions at every f
(the presence of crack spacing at every f is signicantly higher
in Lys). The visual observations could be considered an effec-
tive way to determine the differences in terms of �xc; however,
the statistical test helps us to distinguish the data uctuations
borne out due to the experimental conditions. It is observed
that �xc in the Lys droplets varies from 0.08 to 0.15 mm without
any trend when the f is increased. In contrast, �xc in the BSA
droplet varies from 0.19 to 0.27 mm, and suggests a propor-
tionate distribution; i.e., xc increase with increasing f. The
release of the available stress is mostly unidirectional in the
BSA droplets, resulting in a uniform crack pattern in the
peripheral ring. The uniform crack spacing resulted in an
increased xc when f is also increased. However, in Lys droplets,
the stress is relieved from all directions resulting in the
distribution of small to large cracks spread throughout the
droplet, affecting �xc at each f.

Fig. 5 Profilometric measurements of protein droplets: variation of the mean peripheral ring width (w�) normalized to the mean radius of the
droplet (R�) with f for (I) BSA +DI, and (II) Lys + DI. (III) Variation of themean area of the “mound”-like structure (a�) normalized to R�with f in the Lys
droplet. The error bars correspond to the standard deviation obtained from multiple measurements.

Fig. 6 (I) Q–Q plot of BSA and Lys droplet at f of 7 wt% displaying the skewed data points. (II) The histogram depicting the comparison of the
mean crack spacing (x�c) at different f among the proteins in the peripheral regions. Significant pairs (BSA and Lys) are marked with an asterisk [*]
at each f. The error bars correspond to the standard error. (III) A characteristic linear fit of a spiral crack trajectory at f of 13 wt% in Lys droplet. The
upper inset shows the schematic diagram of the spiral cracks projected on the xy plane, in which s(q) is the radial distance from the spiral center
and q is the angle starting from zero in an anticlockwise direction. The lower inset shows an example of a spiral focused at 50� objective lens,
with a scale bar of length 10 mm.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 16906–16916 | 16913

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 2

/2
4/

20
21

 1
2:

57
:5

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online



Fig. 6(III) shows a characteristic linear t of a spiral crack
trajectory at f of 13 wt% in the Lys droplet. The domains con-
taining the spiral cracks in the Lys droplets are 3D and it is not
possible to observe all the spiral lines simultaneously with the
droplet surface. The lack of information about the z plane
prompted us to represent these spirals on the xy plane (2D). The
expression of the logarithmic spiral is in polar coordinates:
s(q) ¼ aebq. The assumption of this logarithm leads to ln s(q) ¼
ln a + bq where, s(q) is the distance from the spiral center, and q

is the angle which is in an anti-clockwise direction from the x
axis, not restricted to 2p. The nal theta corresponds to the
angle made by the x axis and the outermost spiral line. The
schematic diagram of a 2D spiral is shown in the upper inset.
The logarithmic parameters are “a”, which is the apparent
length of the spiral, and “b”, which controls the tightness and
predicts the direction of the spiral. A lower value of “b” means
the spiral has more revolutions and hence, more tightness in
the spiral shape. No preference of clockwise or counter-
clockwise direction in the spirals is observed in any of these
droplets. This prompted us to generalize the direction by ip-
ping all the required images so that the spirals would be
consistent every time with the starting spiral revolution line
lying at zero degrees as shown in the lower inset. The linear t
between ln s(q) and q with R2 of 0.957 conrms that the spirals
in the Lys droplets are in the form of logarithmic spirals. An
oscillation of the data points is obtained due to the presence of
the irregular, polygonal-shaped domains. The overall shape of
the spirals for different f is almost the same; however, the
trajectories are inuenced by the material and fracture prop-
erties (a similar phenomenon is observed in ref. 29 and 30). The
spirals at f of 13 wt% are shown in Fig. S1 of the ESI,† and
various parameters of the spiral crack analysis at f of 11 and
13 wt% are reported in Table T6 of the ESI.† Spirals with very
few revolutions in f of 13 wt% are also observed. The value of
“b” is found to be in the range of 0.0376 to 0.0548 mm rad�1 –

a narrow range implying that the tightness is probably insen-
sitive to the concentration of proteins; however, a detailed trend
of “b” requires the examination of more levels f.

3.2.3 A mechanical interpretation. It is reported in the
earlier subsection that each droplet is pinned to the substrate
throughout the drying process. The particles in the droplet are

adsorbed on the substrate, and simultaneously are carried
towards the periphery. With further water-loss from the droplet,
the protein particles are deposited in such a way that it creates
a lm. These particles are accumulated in the layers and might
be inuenced by a shear-mode or mode II (the stress is applied
parallel to the plane). However, this inuence is almost negli-
gible as the top surface of the lm still contains enough water to
evaporate. This water evaporates during the uid front move-
ment, and the tensile stressed elds are generated when the
droplet is almost devoid of water.

Fig. 7 indicates that two types of tensile stress (mode I) are
involved in propagating the radial and azimuthal cracks in the
protein droplets. sq and sr are the stresses that act normal to the
radial crack and azimuthal crack, respectively. In both the
droplets, a directional growth, i.e., a radial crack, was initially
observed to propagate from the periphery of the droplet (for
example, see Fig. 2(I)c). Therefore, it indicates that the stress
acts along the uid front, normal to the radial crack, i.e., sq is
dominant initially. It is known from Griffith’s hypothesis that
the moment when the available stress in the lm exceeds the
critical stress, the excess stress is released by virtue of the crack
propagation.31,32 This lm height could be one of the reasons for
the cracks appearing in the peripheral ring rst, and then
proceeding towards the central region in every protein droplet
in general. We attempted height prole-imaging with Sensofar
microscopy; however, we could not calibrate sufficiently to get
the exact height measurements. The crack propagation could
also be characterized based on the opening of the cracks and
the distance of the crack tip as a function of f. However, this is
not possible with the current set-up as the time-lapse images are
captured with an 8 bit camera and can only be taken every 2 s.

Aer the formation of the radial cracks, a few are curved
azimuthally and the remaining ones join the neighboring cracks.
However, it is observed that the stressed elds are dependent on
the nature of protein particles. The crack propagation is stopped
in BSA droplets, and a hair-like crack is developed without
invading the central region of the droplet (Fig. 4d–g). The cracks
form almost no connected domains. Our assumption is that the
propagation of the cracks is stopped when the lm thickness is
less than the critical crack thickness resulting in zero cracks in
the central region of every BSA droplet.

Fig. 7 Schematic illustration explaining the nature and propagation of cracks in both protein droplets. (I) Top-view of a droplet shows radial and
azimuthal cracks. A spiral crack is also shown in a polygonal crack domain. An element is focused on displaying crack propagation to get a notion
of stress. Mode I (tensile mode) in which (II) stress (sq) acts normal to the radial crack and (III) stress (sr) acts normal to the azimuthal crack.
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Lys, on the other hand, is a loosely-compacted and a low
molecular weighted protein. The cracks are spread all over the
droplet at all f except 1 wt%. The presence of mound and
dimple structures in the central region creates a gradient in the
lm thickness (highest at the periphery, lower at the center, and
lowest at the middle region) during the drying process. This
thickness gradient is enough to meet the crack propagation
criteria and joins the crack lines from the center to the
periphery. The stress elds act from all directions (sr and sq)
leading to a chaotic system. No cracks are observed in the
central region at 1 wt% (Fig. 4h) due to the presence of a few Lys
particles in the middle region, which reduces the lm thickness
from the critical crack thickness. There are mostly well-
connected polygonal domains in the Lys droplets at f of
3 wt% and above (Fig. 4i–n). The cracking leads to a subsequent
process of delamination at f of 5 wt% and 7 wt% near the
periphery of the droplet (Fig. 4j and k). Adhesion energy persists
between the protein particles and the glass (substrate). As soon
as the stored elastic energy in the domain overcomes this
adhesion energy, each domain buckled – curving outwards like
a bowl (a similar process is observed in other studies as
well33–35). The interference fringes of each fragmented domain
imply that there is an air gap between the detached lm and the
substrate that forms a non-uniform adhering region in each
domain present in the Lys droplet. This phenomenon is
observed in highly-magnied images of the Lys droplets pre-
sented in Fig. 4j–n.

Thus, a spiral path, is initiated in the well-connected polyg-
onal domain of the Lys droplets at f from 9 wt% onwards
(Fig. 4l–n). The spirals propagate to release the elastic energy
stored in the fragmented domain. This phenomenon is
observed from f of 9 wt% in the Lys droplet, implying that there
is not enough stored elastic energy in the fragmented domains
below f of 9 wt%. The formation of the spirals on the irregular
(polygonal) domains in the Lys droplets has no radial cracks
intersecting the spiral cracks, i.e., no splitting of the spiral
cracks is observed in the Lys droplet (Fig. 4m and n). This
indicates that the size domains become so small that there is no
available energy for the radial cracks to propagate. At f of 9 and
11 wt% in the Lys droplets, it is observed that the corners of the
domains act as the precursor (Fig. 4l and m). This means that
a high-stress area is achieved; however, due to lack of sufficient
energy, the spirals fail to form the shape of those observed at f
of 13 wt% (Fig. 4n). Most of the spirals are present on the
peripheral ring of the droplet at f of 11 and 13 wt% (Fig. 4m and
n). This implies that the lm height could be one of the
necessary criteria to have spiral cracks only at specic f in the
Lys droplet.

Although the increase of the protein concentration directly
increases the lm thickness, the heavy weighted protein (BSA of
�66.5 kDa) contains a lower number of particles forming
a thinner lm height than that observed in Lys (�14.3 kDa) at
the same initial concentration. We argue that the absence of
well-connected domains makes it hard to buckle the protein
lm. As a result, the stored elastic energy can not be applied in
all directions on the delamination front to propagate in the BSA
droplet. This is evident when we studied these proteins at f of

9 wt% in the presence of 5CB liquid crystal (LC). None of the LC
was present in the crack lines, and all were carried underneath
the domains in Lys. The center of each domain adhered to the
substrate and therefore appeared black under crossed polar-
izing conguration.22 In contrast, some of the LC was found in
the crack lines and was mostly distributed on the top of the BSA
lm.23 These studies indicate that the domains of the BSA
adhered to the substrate, but, Lys did not do so.

Interestingly, a hierarchy is only observed in the Lys protein
droplets. At the lowest f (1 wt%), the cracks are present in the
peripheral ring of the Lys droplets. The cracks are observed
throughout the lm from 3 to 13 wt%; however, there is no
delamination process involved until f of 3 wt%. At f of 5 and
7 wt%, the delaminated cracks are observed, particularly in the
ring. As f increased from 9 to 13 wt%, the circular and spiral
cracks appeared in the ring in addition to the delamination
(Fig. 4h–n). Observation of these spirals might be a common
phenomenon in polymeric systems;29,36,37 however, such
phenomenon observed in Lys droplets is yet to be reported. This
proves a similar unstructured, amorphous reminiscent
behavior of the Lys protein.

This mechanical interpretation, thus, reveals the differences
in the type of crack patterns observed in the BSA and Lys
droplets and throws light on the reasons behind the existence of
spirals in the Lys droplets at specic f. Further, this mechanical
interpretation can also be used to explain the crack patterns in
the dried droplets of any bio-molecules.

4 Conclusions

This work showcases the self-assembly of proteins and
demonstrates that the process of self-assembly is driven by the
drying process. The ndings of the experiments conrm that
the nature of a protein plays an important role in deciding the
drying evolution and the subsequent morphology. The consis-
tent reduction of the contact angle during the drying process
helps in identifying the different modes of evaporation. The
relatively higher initial protein concentration used in this study
facilitated the identication of a “dimple” on the mound-
structure in the dried Lys droplets. This study further estab-
lishes the presence of a spiral crack pattern at the specic initial
protein concentration in Lys droplets, which has not been re-
ported in the literature so far. The non-parametric statistical
tests facilitated the crack spacing quantication and conrmed
the visual observations. This procedure of quantication may
be used in broad disciplines to quantify different parameters
and their effects.

It is to be noted that all the experiments in this paper have
been performed in DI water, and the presence of ions in body
uids will inuence the patterns to a great extent. However, this
study can set a baseline for understanding multi-component
systems such as proteins with the addition of various salts
(ions), whole human blood, plasma serum, etc. when dried
under uniform conditions (surface, humidity, temperature,
droplet diameter, etc.). The resulting pattern of the drying
droplets is expected to be a signature of the initial state, as
observed in our study. Thus, the ndings of this paper ensure

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 16906–16916 | 16915
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that such information may potentially to be used for diagnostic
screening in the near future.
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Abstract
This paper discusses the unique patterns evolved through phase separation of a bulk liquid crystal (LC) from the self-assembly of lysozyme
induced by evaporation of de-ionized water only. Each domain shows a central dark region surrounded by bright regions (randomly oriented
LC droplets). The birefringence intensity reveals three regimes (a slow increase, rapid rise, then saturation) not seen without LC droplets. The
textural study exhibits a simple exponential behavior that changes as a function of LC concentration. Furthermore, in the presence of LC, the
crack patterns are found to be different near the drop edge than those in the central region.

Introduction
Liquid crystals (LC) are a unique class of anisotropic materials
those can explore a wide range of ordered phases. The latest
experimental developments consider LC droplets as a promis-
ing tool for sensing biological and chemical events due to
their label-free detection, phase-separation, and easy visualiza-
tion.[1] LC-based bio-sensing systems are typically used to
detect the interaction among the biomolecules by utilizing an
aligned nematic state of the LC droplets.[2–7] Concurrently
the interest in studying the drying drops is growing in the recent
years and has attracted the attention of bio-medical and forensic
applications. The drying systems include suspension of col-
loids, proteins (lysozyme, bovine serum albumin), LC, nano-
crystals, biofluids, etc.[8–15]

Apparently, the self-assembled drying mechanism of a com-
bined system consisting of protein and LC (without any prior
alignment) has not attracted any attention. This work bridges
the gap between LC and drying protein droplet research by
introducing a conventional, thermotropic LC at the initial con-
centrations of LC droplets (∅) into a lysozyme–water system.
Lysozyme is often used as an archetype in studying the drying
mechanism of the protein solutions. Therefore, adding bulk LC
droplets in a simplest lysozyme–water system helps us to iden-
tify the effects of these droplets in the form of emerging pat-
terns. The main findings of this paper include (1) a temporal
study providing a qualitative description of the collective

motion and the inter-particle interactions of the protein particles
and the LC droplets. The main advantage is that the self-
assembled structures are formed in the absence of any external
field––either electric or magnetic, and induced due to evapora-
tive flow; (2) a birefringence intensity profile of the temporal
study reveals three regimes in the lysozyme drops with LC
droplets, first with a slow increase of intensity, followed by a
rapid rise in the transition regime and finally the saturation of
the intensity when the evaporation of the water in the drop is
about to complete; (3) the textural study [first-order statistics
(FOS) and gray level co-occurrence matrix (GLCM)] is per-
formed on the images of the dried drops. It reveals that the
structural changes at various concentration of LC droplets (∅)
follow simple exponential laws[16]; and lastly (4) it is observed
with statistical evidences that the mean crack spacing (�xc) near
the edge of the drop appears to be larger in the presence of LC
droplets than that in central region at different ∅.

Experimental methods
Lysozyme, mostly found in human mucosal secretions, has a
molecular mass of ∼14.3 kDa with a roughly ellipsoid shape
of dimensions 3.0 nm × 3.0 nm × 4.5 nm.[17] The commercial
lysozyme powder (Sigma Aldrich, USA, L6876) of 100 mg
was massed and dissolved in 1 ml of de-ionized water
(Millipore, a resistivity of 18.2 MΩ.cm, density of 0.9970 g/
mL at 25 °C) to prepare an initial protein solution. The nematic
LC 4-cyano-4′-pentyl-biphenyl (5CB, Sigma Aldrich, 328510)
has a nematic to isotropic phase transition temperature of
∼35 °C. The LC was heated just above the transition

* A video of the time evolution of the drying process is available in Supplementary

section.

MRS Communications (2019), 1 of 9
© Materials Research Society, 2019
doi:10.1557/mrc.2019.18

MRS COMMUNICATIONS • www.mrs.org/mrc ▪ 1
https://doi.org/10.1557/mrc.2019.18
Downloaded from https://www.cambridge.org/core. IP address: 75.143.45.239, on 27 Feb 2019 at 14:11:32, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.



temperature and added to the protein solution. Different vol-
umes of LC were added to make the initial concentration of
LC droplets (∅) as 0.23, 0.46 and 0.91 wt%. Further, an LC
and de-ionized water solution were also made. All the samples
were ultrasonicated, a circular drop of volume ∼1.3 µL was cre-
ated and allowed it to dry under ambient conditions (room tem-
perature of 25 °C and relative humidity of 30%).[18]

The drops were observed using an optical microscopy (Leitz
Wetzlar, Germany) with a 5× objective lens, 8-bit digital cam-
era (Amscope MU300) at a resolution of 2048× 1536 pixels
and analyzed with ImageJ.[19] The time lapsed images were
taken between crossed polarizers for the duration of the drying
process. A circular region of interest (ROI) was drawn on the
gray images with the Oval tool of ImageJ. In the next step,
the mean intensity (intensity per pixel) was determined for all
the sample drops and background (coverslip) with ImageJ. A
calibration of the image was conducted in respect to the cover-
slip and the corrected intensity for each sample (Ic) was mea-
sured. Drops from the same sample set were deposited three
times by keeping the lamp intensity fixed. The whole procedure
was repeated and the averaged intensity (�I c) was plotted against
time. To study the morphology of the dried drops, different sec-
tions of each drop were imaged separately as the ∼2 mm diam-
eter drop could not be captured under 5×. The image of the
whole drop was extracted with the Stitching plugin[20] of
ImageJ. For the crack analysis, only bright-field images were
converted into gray, filtered with a variance filter, and pro-
cessed into binary images. All the images of the dried drops
were converted into a scaled stack and three circular-cut lines
were drawn in each region (near the drop edge and the central
region) using the Oval Profile plugin of ImageJ. The 8-bit
intensity values (255 for pixels depicting the crack lines and
0 for pixels elsewhere) were plotted as a function of arc-length
along each circle at every 0.1°. A script employing “Array.
findMaxima” was used to determine the positions of maximum
intensity values. The consecutive maxima difference provided
an estimate of the spacing between cracks (xc) along each circu-
lar line. The xc values which did not fall within ±0.005 mm
were considered in respect to the reference circular line in
order to avoid double-counting. The data were aggregated to
yield an average (�xc) in each region as a function of the different
concentration of LC droplets (∅).[18] FOS and GLCM parame-
ters were extracted from 8-bit images of the dried drops for the
textural analysis. The images were taken between the crossed
polarizers using the Texture Analyzer plugin of ImageJ.
These analyses indicated a uniform (high) reproducibility for
each sample.

Results and discussions
Temporal study in drying drops
A sessile drying drop generally features a curved air–fluid inter-
face. Time dependence of a drying LC–lysozyme drop at a con-
centration of LC droplets (∅) of 0.91 wt% between crossed
polarizers is shown in the top panel of Fig. 1. The drop was
pinned to the coverslip and a convective flow of both the

protein particles and LC droplets took place. These droplets
were bright in the cross-polarizing configuration due to their
birefringence nature. Similar to the lysozyme–water system
(∅ of 0 wt%), this system too decreased along the contact
angle [revealing a blur to prominent bright spots, Figs. 1(a)–1
(c)]. As soon as the contact angle reached a minimum configu-
ration, a fluid front started moving from the edge to the center
(similar to the lysozyme–water system). An outline at the
curved interface [Fig. 1(b)] was observed indicating a starting
effect of the “coffee-ring” (alternatively called rim). The sol-
vent loss was highest near the drop edge; as a result, all particles
were rushed with the flow to compensate the non-uniform
evaporation rate. The big LC droplets (small LC droplets clus-
tered together) were mostly observed in the central region
(these were originally found there, while depositing the
drop). The small LC droplets were spread (easily flowed by
the convective and radial flow) throughout the drop, mostly
near the drop edge [Fig. 1(c)]. The restrictive movement of
the big LC droplets was possibly due to their viscous nature,
resulting in space confinement by flow-induced shear force.
However, big LC droplets went through a little orientation,
alignment, or tumbling as induced by inherent non-uniform
fluid front flow due to the attractive forces (capillary, van der
Waals, and dipolar interactions) between adjacent LC droplets
[Fig. 1(d)].[21] The individual big LC droplets further merged
and coalesced into bigger LC droplets, resulting in increasing
the optical intensity [Fig. 1(e)]. Like lysozyme–water system,
this system also showed the rim which was at a greater height
from the central region due to the deposition of most of the
lysozyme particles. Finally, a mechanical stress originated
due to the solvent loss and the pinning of the drop leading to
the formation of cracks (starting from the drop edge). The
crack lines started forming like the lysozyme–water system;
however, a slow and ordered way was observed in this system.
Subsequently, a fast follow-up process of LC droplets took
place in the crack lines [all lines become bright, Fig. 1(e)]. A
simultaneous process of filling of domains (created by the
cracks) with LC droplets started at the drop edge, unlike lyso-
zyme–water system. This whole process of LC-filling com-
pleted within a time span of ∼2 min (starting from ∼745 to
∼865 s). The final step of the drying process was the formation
of the self-assembled patterns of the lysozyme particles in the
presence of a small fraction of LC droplets [Fig. 1(f)]. The mis-
cibility of the solutes (LC droplets and lysozyme particles) is
the key to obtain this pattern after the water evaporates from
the system. The LC droplets were found to be partially soluble
in the de-ionized water; whereas, the lysozyme particles with-
out LC droplets form a homogeneous solution with water.
However, the inclusion of LC droplets into lysozyme without
water was not possible as we have used lyophilized lysozyme.
The striking feature of this study is the phase separation of LC
droplets induced by the convective flow of solutes and the
loss of water during the drying process. A complete video of
drying LC–lysozyme drop is available in the Supplementary
section.
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The bottom panel of Fig. 1 illustrates a typical intensity
response of LC droplets (since only LC droplets are birefrin-
gent) varying with drying time in LC–lysozyme drop at ∅ of
0.91 wt%. Furthermore, a clear correlation between the top
and bottom panels of Fig. 1 was made. Initially, the intensity
did not change much for a certain period (up to ∼700 s). The
movement of LC droplets and the change in the intensity

were not quite visible during this period (regime I) due to
spherical-“cap” shape of the drop. However, this shape got
reduced by the decrease of the contact angle and finally reached
a minimum value. In regime II, by maintaining the minimum
contact angle configuration, the onset of LC activities (such
as merging and filling up the crack domains) increased resulting
in a rapid increase of intensity. This transition period (regime

Figure 1. Top panel: Time-lapse images of drying LC–lysozyme drop at the concentration of LC droplets (∅) of 0.91 wt%. (a) 193 s showed an initial stage of
drying where the contact angle started to decrease. A radial flow of the particles to the drop edge at (b) 403 s and (c) 731 s are shown. Merging of big sized LC
droplets in the central region and filling of LC droplets at the drop edge were displayed at (d) 791 s and (e) 815 s. The self-assembled structures after visual
evaporation was observed at (f) 1193 s. Bottom panel: Intensity variation with time of LC–lysozyme drop showing three regimes, an initial slower regime (I), a
transition regime (II), and a saturation regime (III). The error bars correspond to the standard deviation. The microscopic images in I, II, and III were taken at 301,
745, and 1193 s, respectively. The crossed polarizing configuration is depicted by crossed double arrows. The white color in the right corner is a scale bar of
0.20 mm.
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II) was only found for ∼200 s, in which the intensity varied
from ∼35 to ∼69 a.u., i.e., an increase by a factor of two: the
rate of change in intensity with time is ∼0.17. The standard
deviation was higher in the transition than all other regimes
due to the presence of different sized big LC droplets in differ-
ent drops. As this regime was solely dependent on the LC activ-
ities, it resulted in the change of the intensity (values) for three
different drops and hence, a higher standard deviation was
observed. It was followed by regime III in which the intensity
saturated as the drop was about to complete the drying process.

The drying system of LC–water was also studied in this
paper and we observed a slow movement of bulk LC droplets
toward the drop edge. A non-uniform evaporation of water
was observed in the LC–water drop and the LC droplets
remained at the surface (coverslip) due to LC–surface interac-
tion. Contrary to the LC–water system, in the lysozyme–
water system [concentration of LC droplets (∅) of 0 wt%], the
lysozyme particles were distributed on the coverslip to form a
protein film during the convective flow. It followed by a radial
flow of particles toward the drop edge which helped to deposit
most of the particles. Then, the fluid front started moving from
the edge and rest of the particles were carried to the center
resulting in the formation of “mound”-like structure [Figs. 2
(a) and 2(g)]. The averaged intensity �I c was measured for

both LC–water and lysozyme–water systems in which no vari-
ation of intensity in drying time was observed. However, LC–
water showed a higher value of intensity than lysozyme–water
system due to the birefringence nature of LC droplets. A signif-
icant difference was noticed between LC–water and lysozyme–
water or lysozyme–LC drop, i.e., there was no coffee-ring or no
self-assembled patterns in the absence of lysozyme (protein)
particles. This reveals that the significant contributions to the
final patterns were lysozyme–lysozyme and LC–lysozyme
interactions. Furthermore, protein in general has a non-uniform
surface, with most of the hydrophobic regions sheltered inside
and with exposed charged or polar residues. This helps in mak-
ing it available for new points of attraction with either neigh-
boring protein particles or LC droplets.[22] LC has its own
dipole moment due to the presence of cyano group at its one
end.[23] The accumulation of LC droplets into the protein solu-
tion has a tendency to form lysozyme–LC complexes. These
complexes were formed by attracting the exposed parts of the
protein to the cyano group of 5CB. At this point, the electro-
static attraction is almost zero due to non-involvement of exter-
nal salts/ions. Nonetheless, this attraction may not have a large
contribution owing to the presence of cyano groups at one end
of the LC droplets and due to the overall positive charge of
lysozyme.

Figure 2. The morphology of drops after 24 h. Top panel: Drops imaged in crossed polarizing configuration. The initial concentration of LC droplets (∅ in wt%)
is (a) 0, (b) 0.23, (c) 0.46, and (d) 0.91. The drop without LC droplets (∅ of 0 wt%) showed very weak birefringence; therefore, lamp intensity was increased for
clear visualization. Middle panel: (e) and (f) show a proposed mechanism for the evolution of the unique patterns. Bottom panel: Gray scaled drops imaged in
bright field configuration, where ∅ in wt% is (g) 0, (h) 0.23, (i) 0.46, and (j) 0.91. The scale bar corresponds to 0.15 mm.
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Morphological study in dried drops
The available stress in the dried drops (after visible evapora-
tion) was relieved by the increase in the number of cracks.
Also, the flow of LC droplets was found to be affected in the
drops [Fig. 1(f) which was taken after visible evaporation
and Fig. 2(d) which was taken after 24 h at the concentration
of LC droplets (∅) of 0.91 wt%]. We observed that some
regions in the dried drop initially had more LC droplets (bright
regions) and then, uniformly distributed toward the end of the
day. Hence, all the dried samples were imaged after 24 h.

Figures 2(a)–2(d) show the images of the dried lysozyme
drops with and without LC droplets imaged in the crossed
polarizing configuration. The lamp intensity of the dried lyso-
zyme drop without any LC droplets [concentration of LC drop-
lets (∅) of 0 wt%] was increased for a clear visualization. It is
well known that lysozyme in crystal form shows birefringence
and scatter light depending on the domain size.[24] However,
our perception is that only the evaporation process (the loss
of water) from the lysozyme solution without LC droplets
may not be able to form crystals completely. The scattering
of light was mostly visible near the crack lines once the lamp
intensity was increased to maximum. These lines were the
areas without any lysozyme particles or 5CB droplets and
were just the bare coverslips leaking the light from the micro-
scope probably. Hence, comparing ∅ of 0 wt% to other concen-
trations, it could be inferred that lysozyme–water system
exhibits a very weak birefringence. This indicates that, the opti-
cal activity in cross-polarizing imaging was mostly due to the
activities of the LC droplets. Contrary to the lysozyme–water
system, LC–lysozyme systems showed a dark region in the
interior and bright regions at each corner of every crack
domains. In this context, a physical mechanism is proposed
to understand the self-assembled patterns in the lysozyme
drops due to phase separation of LC droplets [Figs. 2(e) and
2(f)]. During the convective flow of the drying process, most
of the lysozyme particles were distributed on the coverslip
and resulted in a protein film. However, it is possible to have
some LC droplets to get trapped in the film or to be on the
top of the lysozyme film. The external stress increased due to
solvent loss and the drop cracked resulting in different sized
interconnected domains. A simultaneous process of buckling
in every domain took place. Two scenarios were possible; (i)
the presence of the LC droplets was on the top of the lysozyme
film; and/or (ii) the presence of these droplets was underneath
the film. It was found in Figs. 1(d)–(f) that LC droplets were
following the crack lines (channels) for their distributions in
every domain, starting from the drop edge. Moreover, after
completing the visible evaporation, the LC droplets distributed
in the crack lines depicted by bright color [Fig. 1(f)], but within
24 h the crack lines became dark [Fig. 2(d)]. If the LC droplets
were present on the top of the film, then their flowing through
the crack lines would not be possible because the protein film is
at a greater height near the drop edge (compared with the cen-
tral region). The change of the bright crack lines into dark

within 24 h would also be baffling. In addition to this, the
air–LC interface is known to have weak homeotropic anchor-
ing; hence, all the domains would have shown a radial point
defect in the form of the Maltese cross (a cross always lining
up with the polarizer and analyzer); but here, that was not the
case. The dried drops in the presence of LC droplets showed
a dark region which is likely to be the attached lysozyme
film to the coverslip (substrate) and most of the bright regions
were the randomly oriented LC droplets underneath the protein
film; suggesting being the second scenario (mentioned above).
Within 24 h, the lysozyme domains were more uplifted (buck-
led) and the LC droplets flowed inside the domains from the
crack lines through the capillary action. The representative of
most of the domains in the dried drops with LC droplets
show randomly oriented LC droplets in the bright regions.
However, in some of the domains, a perfect radial configuration
(Maltese cross) was observed probably due to the presence of
the LC droplets at the air–LC interface. On the other hand,
some of the crosses often seem to align with what was likely
a radial flow during the drying process. In addition to this,
most of the crack domains contained a single dark region at
the center, some were found to be off-centered probably due
to the domain shape and the unstable buckling mode. The cen-
tered configuration would evolve from that off-centering when
buckling start to develop fully.[25,26] To ensure that each of the
domain had a distribution of LC droplets with random orienta-
tions, the domains were rotated with a sample angle for a com-
plete revolution, and we did not observe any optical change in
the patterns. All crack lines appeared dark even when the sam-
ple angle was varied for a complete revolution and no uni-
formed angular dependence with the intensity was found
when compared among different domains.

In Figs. 2(b) and 2(c), an uncertainty arose in the count of the
bright regions in the drop as LC droplets were partially soluble in
the water. But these drops were the most repetitive ones and we
concluded that LC droplets were not enough to fill the whole sur-
face of the drop. The LC concentration up to 0.91 wt%was chosen
which was just enough to fill the whole drop of radius ∼1 mm. It
was also observed that further increase of LC concentration (for,
e.g., 1.82 wt%, or more) made bright blob-like structures which
restricted the smooth flow of LC droplets within the drop.

A minute observation of Figs. 2(c) and 2(d) confirmed the
presence of ripples in some dark regions of the domains.
These were formed because of an air gap between the protein
film and packing of LC droplets. These domains had a non-
uniform thickness and these small (unavoidable) variations
were depicted by different colors (reddish, yellowish, greenish)
in the drops.[27,28]

In the bright field imaging, the gray images with and without
LC droplets were shown in Figs. 2(g)–2(j). Following the
observation of the morphology at ∅ of 0 wt% [Fig. 2(g)], it
could be argued that the stress was built not only along the
fluid front movement, but applied from all directions. The gra-
dient in the protein-film thickness (a thick sheet in rim, a thin
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sheet in the center, and an extremely thin sheet in between the
regions) resulted in a chaotic system. Therefore, it could be
concluded that a random (chaotic) crack is a response to the
lack of dominant stress in any specific direction. Unlike
Fig. 2(g), the presence of viscous, denser particles (here LC
droplets) enabled the cracks to experience mostly azimuthal
tensile stress (the stress along the fluid front), leading to radial
and highly ordered cracks. Fine radial, regularly spaced cracks
appeared first near the drop edge (rim), then the big LC droplets
tried to fill in the large crack domains, and a further flaw was
developed with the propagation of desiccation. Due to these
flaws, the long and large radial cracks were developed through-
out the drop. However, the orthoradial cracks appeared in the
rim to release the available local strain energy in the domains
created by the radial cracks. This helped the cracks to curve
and join the consecutive radial cracks. Furthermore, both
orthoradial and radial cracks continuously appeared in the cen-
tral region to release the remaining stress in the drop resulted in
forming the small domains (when compared with the domains
in the rim). Further, a prominent “mound”-like structure in the
central region of the drop in the absence of LC droplets (∅ of 0
wt%) was observed; however, the presence of LC droplets was
likely to prevent or disturb this formation. This structure
was likely to be “free” lysozyme particles that were light
enough for the fluid front to carry to the center.[18] The out-
of-equilibrium drying of this system and the increased viscos-
ity, density and surface tension gradients (LC–coverslip,
LC–lysozyme, lysozyme–coverslip interfaces) helped in the
protein aggregation throughout the whole drop. In addition to
this, LC droplets were affected in forming the small domains
in the central region and big domains (highly ordered, uniform
radial cracks) in the rim. The perception is that LC droplets in
the central region did not get to relax to a smooth uniform state
owing to the in-homogeneous, fast fluid front movement as
soon as the front part touched the big LC droplets while prop-
agating from drop edge. On the other hand, in the rim, the

absence of big LC droplets helped the fluid front to move in
a uniform way. As a result, the smaller LC droplets gathered
enough time to anneal into the homogeneous structures, result-
ing in the big domains.[10] Moreover, in all systems, the curved
and wavy-ring patterns were found near the drop edge possibly
due to the stress originating from the boundaries created by the
radial cracks.[29] A minute observation of Figs. 2(h)–2(j)
showed a gelation between central and rim regions in the pres-
ence of LC droplets. This region believed to be a transition
region in the protein film thickness and we conclude that the
dispersion of LC droplets within the film trapped some water
during the fluid front movement and formed this gelation.

Interestingly, no rim width dependence was observed with
varying concentration of LC droplets (∅). This expanded our
knowledge that the rim was only affected by the concentration
of protein particles and not from the added amount of LC drop-
lets. The independence of rim width on ∅ (due to the dispersion
of LC droplets into different crack domains) supported the
physical mechanism proposed in this paper.

Textural analysis in dried drops
FOS depends on the pixel distribution of the selected ROI,
whereas GLCM depends on the interpixel relations. Though
these are complimentary measurements to evaluate drop tex-
ture, interestingly all the parameters followed a simple expo-
nential law when varied with the concentration of LC
droplets (∅).[16] The equation stated as:

d = d0e
− f

k + ds,

where δ is the textural parameter, δ0 is an initial textural param-
eter, δs is the saturated parameter and k is the characteristic con-
centration at which the parameter diminishes by the 1/e factor.

The variation of ∅ affected the textural patterns (morphol-
ogy) in the dried drops (Fig. 2). The top panel of Fig. 3 showed
FOS parameters in which the mean determines the intensity per

Figure 3. Texture analysis of dried drops. Top panel: First-order statistics (FOS) reveals the pixel distribution through mean, standard deviation, integrated
density, skewness, and kurtosis. Bottom panel: Gray level co-occurrence matrix (GLCM) reveals the interpixel relations through ASM (angular second moment),
contrast, correlation, IDM (inverse difference moment), and entropy. The exponential fit for the curves are shown in each graph. The error bars correspond to the
standard error.
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pixel of the selected ROI within the drop, standard deviation
determines the variation around the mean values relating to
the roughness of the image texture, and integrated density
determines the total pixel intensity of the ROI. All grew expo-
nentially due to the increase of LC-dominating regions result-
ing in an increase of the brightness (hence, the pixel intensity
of the image).[16] Both the skewness and kurtosis, in contrast,
decreased with the increase of LC-dominating regions possibly
due to the intensity distribution (histograms changed from
asymmetrical to symmetrical tailed). The lowest values of
skewness and kurtosis were found at the highest ∅. The bottom
panel of Fig. 3 showed GLCM parameters varying with ∅, i.e.,
ASM measures global homogeneity in the texture, correlation
measures the degree of similarity in a row or column direction
of the image texture and IDM measures local homogeneity of
the selected ROI. All these displayed an exponential decrease
due to the decrease in the uniformity of the texture with the
increase of ∅. On the other hand, contrast and entropy increased
in terms of the number of pixels and the heterogeneous regions
formed. An increase in the diversity of the self-assembled struc-
tures occurred when ∅ was varied through the increase of bright
LC-dominating regions in the dried textures.[16]

It can be hypothesized that these analyses (FOS and/or
GLCM) in the final deposits of any drying drops will follow
simple exponential laws. Our perception is that these structural
changes following the exponential laws are not due to any con-
tribution of external salts, as our experiments were conducted
by varying LC concentrations only.

Statistical analysis of crack patterns
The visual observations showed the differences in terms of
crack spacing between two different regions at each concentra-
tion of LC droplets (∅). However, the visual observations may
not be able to distinguish the data fluctuations borne out due to
the experimental conditions or quantify the trend of �xc with
increasing ∅. We observed that the aggregated data in different
regions at each ∅ was not normally distributed (positively
skewed). Therefore, we conducted a non-parametric Mann–
Whitney U test using SPSS (version 22.0). The difference is
said to be statistically significant if P≤ 0.05. The “region”
was kept as the categorical factor (independent factor, with
two levels: rim and central) and “xc” as the dependent variable.
The yellow dashed line in the binary image depicts an example
separating the drop into rim and central regions (top panel of
Fig. 4). The comparison of �xc between the regions at different
∅ is shown in the bottom panel of Fig. 4. The statistical test
quantified the morphologic observations that �xc in two regions
were almost identical in the absence of LC droplets, but their
presence made two regions significantly different. �xc was not
found to be significantly different, i.e., ∼0.20 mm in the rim
and ∼0.18 mm in central regions at ∅ of 0 wt%. It significantly
decreased from ∼0.20 to ∼0.12 mm in the rim and to ∼0.07
mm in the central region as ∅ increased in the presence of
LC droplets. The central region was found to contain small
domains, resulting in a smaller value in �xc when compared

with that of the rim in the presence of LC droplets. The absence
of LC droplets enabled the stress to act from all the directions
resulting in similar cracks in both the regions. The “mound”-
like structure further facilitated the crack to propagate from
all the directions. The presence of LC droplets produced the
uniform and radial cracks in the rim (big domains) resulting
in larger �xc values. Many radial and orthoradial cracks were
observed leading to small domains in the central region of
the drop. These were possibly due to the presence of the thin
sheet of the protein film in the central region resulting in
smaller �xc values. The presence of LC droplets and their partial
phase-separation facilitated the uniform crack formation in the

Figure 4. Top panel: An example of a binary image of a dried drop at ∅ of
0.23 wt%. The scale bar corresponds to 0.15 mm. The yellow dashed line
separates the drop into rim and central regions. Bottom panel: The histogram
depicting the comparison of mean crack spacing between the regions at
different ∅. Significant pairs are marked with an asterisk [*]. The error bars
correspond to standard error.
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rim region (the reason is explained in detail in the previous sec-
tion). Moreover, �xc was decreased with the increase of ∅ in both
the regions. It was because the number of LC droplets increased
with the increase of ∅, resulting in more stress, more cracks, and
subsequently resulted in a decrease in the mean crack spacing,
�xc. The results of the statistical test were found to be consistent
with the visual observations and the differences in �xc between
the regions of a drop were derived by varying the concentration
of LC droplets.

Conclusions
This paper showed the evolution of the unique patterns of the
self-assembling lysozyme in which each domain showed a cen-
tral dark region surrounded by bright regions. The bright
regions were randomly oriented LC droplets present underneath
the lysozyme sheet. The major finding of this study is that,
these patterns evolved through phase separation of bulk LC
and self-assembly of protein (lysozyme) induced by evapora-
tion of the solvent (de-ionized water) only. The presence of
LC droplets did not affect the width of the rim (a “coffee-ring”
effect)[30] in the drop. The intensity study during the drying
process revealed three regimes: a slow increase, a transition
phase, and a saturation of the intensity in the presence of LC
droplets, whereas no variation was observed when the LC drop-
lets were absent. A simple exponential law was followed by
FOS and GLCM analyses conducted on the final deposits.
The crack spacing in the presence of LC droplets was statisti-
cally different in central (small but chaotic domains) and rim
(large but highly ordered domains) regions, whereas no differ-
ence was found in the absence of LC droplets in the drop.

This work does not follow the conventional way of quanti-
fying the LC textures, for example, birefringence study in the
crossed polarizing configuration, and hence, provides a new
way of extracting the information about the self-assembled
structures. There are many important contributing factors
affecting the drying process such as pH, contact angle,
mass-loss, etc., and we intend to focus on those in our future
work. A ternary phase diagram is required to understand the
phase separation of LC droplets in the three-component mix-
ture. The miscibility of these components is the key to deter-
mine how the inclusion of a small fraction of LC droplets
into protein solution alters the crack patterns in the drying
drops which is an interesting finding of this study.

Supplementary material
The supplementary material for this article can be found at
https://doi.org/10.1557/mrc.2019.18.
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ABSTRACT 

The drying process, self-assembly of the proteins and the phase separation of a thermotropic 

liquid crystal (LC) from an initial aqueous solution represent a rich area of study. A focus of 

this work is to compare the behavior of two different proteins, bovine serum albumin [BSA] 

and lysozyme [Lys] in the ternary system through optical microscopy. During the drying 

process, the intensity profile shows three regimes in the presence of LC whereas no intensity 

variation is observed in its absence in both protein drops. The striking outcome is the 

presence of an umbilical defect of [+1] strength in every domain near the edge of BSA drop, 

whereas, each domain has a central dark region surrounded by a bright region in the dried 

Lys drop. Finally, the crack spacing in the dried Lys drop is reduced in the presence of LC 

whereas, no significant difference is found in the dried BSA drop.  

INTRODUCTION 

Pattern formation in drying drops has the potential in many technological 

applications including printing, microfluidics, medical diagnostics and forensics [1]. To 

date, majority of the drying experiments explored the drying process of various 

polymers, nanoparticles, proteins, biological fluid, etc. [2,3]. Of late, the findings of 

drying droplets attracted the attention of the liquid crystal (LC) communities. For 

example, in a recent study, a lyotropic LC (a dye Sunset Yellow FCF or SSY) is 

examined in which distinct LC phases are observed during the drying process [4]. In 

another study, the self-assembly of a thermotropic LC, i.e. 5CB (4-cyano-4'-pentyl-
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biphenyl) is studied as a drying drop in a surfactant-stabilized system. And, the radial 

and bipolar orientations of 5CB are observed when transiting from chaotic to organized 

patterns [5]. 

This paper will report the drying process of the ternary system at the 

morphological level. The samples were prepared using two well-studied, water soluble 

proteins, bovine serum albumin (BSA) and lysozyme (Lys), dissolved in de-ionized 

water with a small fraction of a thermotropic, nematic LC. The LC (5CB) is partially 

soluble in water but incompatible with proteins when water is absent. The core findings 

of this paper include a temporal study that provides a qualitative description of BSA 

particles and the LC droplets during the drying process. The intensity profile of BSA-LC 

and Lys-LC drops could be divided in three distinct regimes- (a) the first regime starts 

with a slow increase; (a) a rapid rise could be observed in the second transition period, 

and; (c) the third regime ends with a saturation of the intensity. We further observed that, 

the dried BSA drop exhibits umbilical defects (a strength of [+1] in the presence of LC 

near the edge of different domains, however, all the domains in the dried Lys drop form a 

central dark region encircled by bright areas at the corners. These observations indicate 

that each Lys domain is buckled from the corner and LC droplets flow into the gap due to 

capillary action. In contrast, LC droplets form a layer on top of the BSA film revealing a 

radial director configuration. Finally, the cracks in two different protein drops with and 

without LC are quantified using a non-parametric statistical test. It is found that the crack 

spacing in the dried Lys is reduced in the presence of LC whereas, no significant 

difference is found in the dried BSA when compared these drops with and without LC.  

EXPERIMENTAL METHODS 

The BSA and Lys contain a molecular mass of ~66.5 and ~14.3 kDa 

respectively. The dimensions of BSA and Lys are 4.0 × 4.0 × 14.0 nm
3
 and 3.0 × 3.0 × 

4.5 nm
3
 [6]. We obtained the commercial lyophilized BSA and Lys (A2153 and L6876 

respectively) from the Sigma Aldrich, USA. Each protein of 100 mg was massed and 

dissolved in 1 ml of de-ionized water (Millipore, with a resistivity of 18.2 MΩ.cm, 

density of 0.9970 g/ml at 25 °C) and two distinct protein solutions were prepared. The 

liquid crystal, 4-cyano-4'-pentyl-biphenyl (5CB, Sigma Aldrich, USA, 328510) has a 

nematic to isotropic phase transition temperature at 35 °C. To attain the isotropic phase, 

5CB is heated to a temperature of (>35 °C), and subsequently a volume of ~10 μl was 

added to the protein solutions to prepare LC concentration 0.91 wt%. This concentration 

was found to fill the whole Lys drop [7]. In the next step, all the samples were 

ultrasonicated and a circular drop of volume ~1.3 μl was deposited on the coverslip and 

let it dry under ambient conditions (room temperature of 25 °C and a relative humidity of 

30 %). 

 

All the drops were observed using a polarizing microscopy (Leitz Wetzlar, 

Germany) comprising a 5× objective lens (the angular study was done with a 10× 

objective lens). The lens contains an 8-bit digital camera (Amscope MU300) and a 

resolution of 2048 × 1536 pixels. The captured images were analyzed using ImageJ 

software [8]. The time lapsed images of the drying process were taken in the crossed 

polarizing configuration. A circular region of interest (ROI) was drawn on every time-

lapsed image with Oval tool, and the intensity per pixel was determined for sample drop 

and coverslip. All the images were calibrated with the coverslip, and the corrected 

intensity for each sample (  ) was measured. Drops from the same sample were deposited 

three times keeping a fixed lamp intensity, and an averaged intensity (  ̅) was plotted 

against time. Both the crossed polarizing and bright field configurations of the dried 
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drops were considered to observe the morphology. Stitching plugin of ImageJ was used 

to obtain the complete image of the dried drops. The stitched bright field images were 

further converted into gray, filtered and processed into 8-bit binary image (255 for pixels 

depicting the crack lines and 0 for pixels elsewhere else) for quantifying the cracks. We 

used the Oval Profile plugin to draw three circular cut-lines near the drop edge (rim). 

The intensity values were plotted as a function of arc-length along each circle at every 

0.1°. The positions of maximum intensity values were determined with 

‘Array.findMaxima.' The consecutive maxima difference provided an estimate of crack 

spacing (  ). A threshold of ±0.005 mm was used as standard range and     values 

outside this range was recorded and aggregated to obtain an average ( ̅ ) [7].  

RESULTS AND DISCUSSIONS 

Time Evolution of the Drying Drops 

  

Figure 1. Left panel: Time lapsed drying images of  BSA-LC drop in crossed polarizing configuration (crossed 

double arrows) at a) 117 s, b) 421 s, c) 677 s, d) 941 s, e) 1007 s and f) 1149 s. The white color is a scale bar of 

0.20 mm. Right panel: Intensity variation of BSA-LC drop with drying time indicates three distinct regimes. The 

error bars correspond to the standard deviation. The microscopic images in the initial, transition and saturation 

regimes are taken at 415, 805 and 1149 s respectively.  

The left panel of Figure 1 shows the drying evolution of the deposited drop 

containing BSA, water, and LC in the crossed polarizing configuration. In the first 

regime, the drop got pinned on the substrate (coverslip) and the contact angle started 

decreasing. The transformation of the intensity (from blur to prominent spots, Figure 1a-

c) indicates a decreased contact angle. During this regime, the convective and radial flow 

of both BSA particles and tiny LC droplets were observed (see Figure 1a, b) in the time 

span of ~11 minutes. This resulted in depositing most of the BSA particles near the edge 

displaying a ‘coffee-ring’ effect [9]. A few big LC (clustered small LC) droplets merged 

with other droplets, whereas, a few LC droplets popped up, and spread individually 

(Figure 1b, c). The concentration of these droplets and BSA particles were mostly 

observed near the edge (Figure 1d). The mechanical stress was built as not much water 

was left and the drop started cracking to relieve the available stress. The filling of LC 

droplets took place in the crack lines and started spreading on the domains created by the 

cracks. Most of the LC droplets were spread near the boundary of each domain in the 

drop (Figure 1e, f) showing the morphology after the visible evaporation (Figure 1f).  

The right panel of Figure 1 depicts the intensity profile of the drying process. 

The profile started with a slow increase of the intensity due to spherical- ‘cap’ shape of 

the drop, an initial regime up to ~670 s. Once the contact angle reached the minimum, 
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the LC droplets became prominent, and a rapid rise of the intensity was found in the 

transition regime. It raised from ~22 to ~54 a.u. and found till ~1030 s, i.e., for ~6 

minutes. Finally, it saturated when the drop completed the process. This intensity profile 

was only possible due to the birefringence nature of LC droplets, and so the protein drops 

without LC didn’t show any variation. Though the activities of LC droplets in Lys were 

different from BSA, the intensity variation couldn’t account the minor details and 

revealed three regimes (initial, transition and saturation) like BSA-LC [7].  

Birefringence of the Dried Drops 

  

Figure 2. Left panel: The morphology of the dried drops imaged in crossed polarizing configuration (crossed 

double arrows) after 24 hours: a) BSA-LC, b) Lys-LC with a scale bar of 0.15 mm. The orientation of LC 

droplets in each domain is shown in c) BSA-LC and d) Lys-LC. Right panel: One particular domain of the BSA-

LC sample is rotated under crossed polarizers at a magnification of 10×. The yellow arrow indicates a reference 

point with respect to the four-fan brushes confirming the rotation of the patterns and  reveals an umbilical defect 

with a strength of [+1].  

It is to be noted that LC droplets (bright regions) in BSA-LC drop redistributed 

themselves in each domain towards the end of the day (Figure 1f and 2a). As most of the 

LC droplets were present near the edge after visible drying process, each domain in the 

rim showed four-fan like structures and bright crack lines in the central region of the 

dried BSA-LC drop are observed (Figure 2a). In contrast, all the domains were bright at 

the corners and dark in the center, separated by dark crack lines in the dried Lys-LC drop 

(Figure 2b). This observed behavior may be due to the protein-LC interactions that 

affects the wettability of the LC droplets during the drying process. Lys is a more 

compact, stable and four times lighter protein particle compared to BSA. The viscous 

nature of the LC droplets allows those to prefer beneath the Lys protein film. The (initial) 

process of cracking induces the flow of these droplets through the crack lines. Each 

domain attached to the coverslip buckled (uplifted) from the corner to the central region 

(dark in the morphology). The randomly distributed droplets (bright in the morphology) 

were rearranged by the capillary action [7] (Figure 2d). On the other hand, in case of 

BSA-LC, the droplets were present at every corner of the domains and spread over each 

BSA domain for 24 hours.  

Between crossed polarizers, the characteristic fourfold brushes (lines of 

extinction) with a defect core appeared in BSA-LC drop after 24 hours. The distribution 

of LC droplets as the radial director configuration is illustrated in Figure 2c. A typical 

texture of the unaligned nematic phase under crossed polarizers is the Schlieren defect 

which exhibits two and fourfold brushes. Here, only the fourfold brushes were observed 
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and termed as umbilical defect [10] where each self-assembled protein domain contains 

only one defect. The four dark brushes in the BSA-LC drop indicated that the director of 

the LC nearly matches either the polarizer or analyzer in the crossed polarizing 

configuration. When the sample was rotated in an anti-clockwise direction (the yellow 

arrows shown in the right panel of Figure 2 provided a reference point) keeping the 

polarizer and the analyzer fixed, the brushes were observed to rotate in the same 

direction, whereas the defect core of the brushes continued in a fixed position indicating 

a [+1] strength defect.  

The droplets were found to be aligned anisotropically with respect to the shape 

of the domains as a minimum energy configuration. The domain boundary confines these 

droplets and the preferred alignment of the LC droplets considers the shape of the 

domain and whether the anchoring energy and the domain size are large enough to 

accommodate their elastic energy [10]. Ideally, the core defect should be observed to be 

at the highest height and in the middle of the domain. However, the distortion of the 

brushes provides the evidence that the nematic director follows the contour in each 

protein domain. Based on these observations, it can be inferred that most of the LC 

droplets form a layer on the top of the BSA film revealing a radial defect in each domain 

at the air-LC interface, with some droplets trapped in the film during the drying process.  

Crack Morphology of the Dried Drops 

 

Figure 3. Dried drops imaged in bright field configuration after 24 hours: a) Lys without LC, b) Lys with LC, c) 

BSA without LC, d) BSA with LC. The scale bar represents 0.15 mm. e) A histogram depicting the comparison 

of mean crack spacing ± standard error in the protein drops with and without LC. Significant pairs are marked 

with an asterisk [*]. 

The bright field images of each protein drop with and without LC are shown in 

Figure 3 a-d. The common feature noticed in all the drops is the presence of the rim at a 

higher height compared to the central region confirming the favored ‘coffee-ring' effect 

in the drops. Nonetheless, the presence of LC droplets made the surface of the drops 

rough probably due to phase separation during the drying process. The inclusion of LC 

droplets also increased the stress in the drops resulting in increasing the number of 

cracks. The comparison of Lys drop with and without LC revealed that the ‘mound’-like 

structure was disturbed; the presence of LC droplets enabled ordered cracks in the rim 

(discussed in detail in our previous article [7]). The comparison of BSA drop with and 

without LC (Figure 3c and 3d) revealed that the cracks were only present in the rim in 

the absence of these droplets. Moreover, most of the cracks were not connected at their 

terminals in BSA drop without LC. In contrast, cracks are seen to be connected with 

other resulting in the formation of the domains and spread in the whole BSA drop with 

LC. The comparison of Lys and BSA drops with LC (Figure 3b and 3d) indicates a 

smaller domain size of Lys than that of BSA. Hence, it could be inferred that the domain 

size in BSA drop with LC was probably one of the reasons which provided the necessary 

criteria to form radial director configuration.   

An appropriate statistical test was conducted to quantify the cracks concerning 

mean crack spacing ( ̅ ) in the rim region of the drop. The non-normal distribution of the 
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 ̅  values enabled a subsequent non-parametric Mann-Whitney U test (SPSS version 

22.0). The ‘Lys’ (‘BSA’) was kept as a categorical factor with two levels, without and 

with LC and ‘  ’ as a dependent variable. The comparison of  ̅  with and without LC for 

different proteins was shown in Figure 3e. In Lys drop without LC,  ̅  was found to be 

~0.20 and reduced to ~0.12 mm in the presence of LC droplets. The Mann-Whitney U 

test indicates a significant interaction in Lys. A large crack spacing is observed in Lys 

without LC (depicted by [*]), agreeing to the morphological observations. In contrast, no 

significant difference in terms of    was observed in BSA drop with and without LC.  ̅  

without LC was found to be ~0.25 and ~0.21 mm with LC. This indicates a non-

significant interaction in BSA providing an extra dimension not clearly observed 

morphologically. Hence, it could be concluded that LC droplets drastically affected the 

crack formation in Lys drop since most of these droplets were beneath the Lys film. On 

the other hand, LC didn’t alter the crack spacing in BSA drop significantly supporting 

our claims that most of these droplets were present on the top of the BSA film.  

CONCLUSIONS 

This paper explores the drying process of different protein-liquid crystal drops 

driven by the evaporation-induced flow. The intensity profile of both the drops in the 

presence of LC droplets showed three regimes- a slow increase, a rapid rise and the final 

regime- that ends with a saturated intensity. The dried BSA drop showed umbilical 

defects with a strength of [+1] in different domains and is observed only near the edge. In 

contrast, each domain of the dried Lys drop appeared to be bright with dark central 

regions. Furthermore, the crack spacing (pattern) in the dried Lys drop is found to be 

significantly reduced in the presence of LC whereas no significant difference in terms of 

the crack spacing is observed in the dried BSA drop with and without LC.  

This work has a potential application in the bulk liquid crystal-based 

biomolecule detectors. The ultimate goal of this paper is to examine the rate of the drying 

process (fluid front movement) with varying LC concentration.  We are undertaking an 

extensive study to explore and correlate different morphologies of LC concentration.  
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Concentration‑driven phase 
transition and self‑assembly 
in drying droplets of diluting whole 
blood
Anusuya Pal1*, Amalesh Gope2, John D. Obayemi3,4 & Germano S. Iannacchione1

Multi‑colloidal systems exhibit a variety of structural and functional complexity owing to their 
ability to interact amongst different components into self‑assembled structures. This paper presents 
experimental confirmations that reveal an interesting sharp phase transition during the drying state 
and in the dried film as a function of diluting concentrations ranging from 100% (undiluted whole 
blood) to 12.5% (diluted concentrations). An additional complementary contact angle measurement 
exhibits a monotonic decrease with a peak as a function of drying. This peak is related to a change 
in visco‑elasticity that decreases with dilution, and disappears at the dilution concentration for the 
observed phase transition equivalent to 62% (v/v). This unique behavior is clearly commensurate 
with the optical image statistics and morphological analysis; and it is driven by the decrease in 
the interactions between various components within this bio‑colloid. The implications of these 
phenomenal systems may address many open‑ended questions of complex hierarchical structures.

Phase transition refers to a physical process where a substance experiences a state  transformation1. The alteration 
of ice (solid) to water (liquid) and eventually to vapor (gas) due to heat is a typical example of the phase transi-
tion. Besides, the appearance of zero electrical resistivity in the superconductivity state, or the transformation 
of the liquid crystalline into the crystalline phase are just a few other well-studied phase transition examples in 
the field of condensed matter  physics1,2. In a similar way, the state of phase transitions in the biological systems 
equally attracted considerable research attention, where the ideas of statistical mechanics have been applied on 
many applications, including order parameters, fluctuations, and universality classes. For example, the phase 
transition of various biomolecules (from a liquid crystalline to gel state) such as lipids, cholesterol, proteins, 
etc. is found to play an essential role in the selective trafficking and signaling activities across the cell plasma 
 membrane3,4. Another vital instance of phase transition includes the sol-gel transformation that modifies the 
assembling mechanism of the platelets (one of the cellular components of the whole blood) and various fibrin 
proteins. This particular transition state of the sol-gel is considered to be crucial to healing an injury during 
the process of blood  clotting5. Furthermore, the ion-selectivity in nerve fibers alters their structures from the 
swollen to the shrinking state and influences the process of nerve excitation and conduction. All these biologi-
cal phase transitioning examples are at the cellular or the molecular level and are driven by both physical and 
chemical  processes6,7.

Understanding the drying phases of a multi-component bio-colloidal droplet, such as the whole human blood 
has attracted many researchers. For example, the spreading, the wetting and the cracking phenomena of the dry-
ing droplets of blood (varying in different parameters including substrate, wetting, relative humidity, etc.) have 
been examined in detail to develop an understanding of the evolving  patterns8–13. The presence of various cells 
[red blood cells (RBCs or erythrocytes), white blood cells (WBCs or leukocytes), and platelets (thrombocytes)] 
make the whole blood a complex bio-colloidal  fluid14. These cells are suspended in the blood plasma and usually 
contains water (92% by volume) along with a minute amount of plasma proteins, ions, and hormones in  them15. 
The process of drying evolution of the blood droplet starts as soon as a droplet gets deposited on a substrate. The 
constituent components are dispersed uniformly in the droplet that defines an initial equilibrium state. As the 
solvent (water) starts evaporating from the droplet, the drying process drives the system out of the equilibrium. 

OPEN

1Order-Disorder Phenomena Laboratory, Department of Physics, Worcester Polytechnic Institute, 
Worcester 01609, USA. 2Department of English, Tezpur University, Tezpur 784028, India. 3Department of 
Mechanical Engineering, Worcester Polytechnic Institute, Worcester 01609, USA. 4Department of Biomedical 
Engineering, Worcester Polytechnic Institute, Worcester 01609, USA. *email: apal@wpi.edu



2

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18908  | https://doi.org/10.1038/s41598-020-76082-6

www.nature.com/scientificreports/

The wetting conditions on the substrate enables the evaporation-driven convective flow. Further, water-loss in the 
droplet concentrates the components facilitating their self-assembling interactions. A signature pattern evolves, 
and the droplet reaches a new equilibrium state as soon as the drying process is completed.

Recently, diluted blood samples (into different concentration ranges) have shown insightful drying patterns in 
blood pattern analysis (BPA)16–19. Sen et al.20, in a different study, examined the effects of diluted blood droplets 
at a fixed saline concentration by changing the substrate conditions. The study concluded that the transition of 
the cracking to the non-cracking regime exists for the droplets deposited on the hydrophilic substrate. On the 
other hand, when the droplet dries on the hydrophobic substrate, the buckling regime is merged to this transi-
tion phase. The study primarily focused on the decrease of the RBCs in diluted blood samples, and how the 
reduction of RBCs affects the mechanical stress developed due to the water loss. Despite the intense research on 
drying blood droplets, the range of dilution and the use of several experimental techniques (optical microscopy 
detailing the drying evolution and the final morphology, scanning electron microscopy exploring the deformed 
blood structures in the dried samples, contact angle measurements giving the idea of the wetting) do not reveal 
any concentration-driven phase transition region for these diluted blood droplets. In fact, no study is performed 
on the diluted blood samples to understand the characteristic changes and aim to examine the fundamental 
understanding of such phase transition and self-assembly21 during their drying process and the resulting mor-
phology. The implication of diluted blood samples is crucial and makes this paper different from others’ report. 
The diluted blood samples lead to changes in the initial equilibrium state that results in reducing the interaction 
between various components as well as minimizing the biological activities within such multi-colloidal system.

This paper reveals a unique mesoscopic phase transition that is solely driven by the physical process, dry-
ing at different concentrations. Exploring the phase transition and the self-assembly patterns in such a multi-
component system may reveal much significant information. Keeping these notions in mind, this article aims 
to address the following vital questions: (1) What are the factors those stimulate a phase transition in the drying 
droplet of the whole blood? (2) What are the different drying mechanisms leading to the phase transition? (3) Is 
it possible to explain the complexity of the microscopic structures of the cellular components following the phase 
transition? If so, to what extent is it possible to do so? And finally, (4) How do the wettability and the interfacial 
properties of the droplets influence the different environment during the drying process?

Furthermore, the outcome of this research also has the potentiality in applications related to disease 
 diagnosis22–29. Several studies have revealed that the resulting final patterns of the drying droplets appear cor-
related to the initial  state11,12. Researchers also concluded that patients with chronic kidney disease usually suffer 
from overhydration or an overload of extracellular  water30. Moreover, patients in receipt of hemodialysis (a ther-
apy for patients with poorly functioning kidneys) often continue to have low cellular counts after  treatments31,32. 
In some cases, this therapy tends to create a low supply of RBCs, which in turn leads to possible anemia cases. 
Thus, the initial concentration of the whole blood (whether diluted or concentrated) is an important parameter 
correlated to these pathologies. The conventional method includes the complete blood count (CBC) of almost 
every patient; however, this alternative drying process proposed in this paper may reflect the (actual) different 
stages of critical diseases in a more convenient way in the near future. Our proposed method is an initiative to 
explore their physiological activities.

We attempted to investigate the drying process of the whole blood macroscopically (mm scale) using a 
bright-field optical microscopy and a contact angle goniometer of the droplet. The statistical image parameters 
of the microscopy, such as the first-order statistics (mean and standard deviation) are characterized during the 
drying  process33,34. The morphological quantities of the final dried state such as the crack width, spacing, etc. are 
extracted from the optical images at the end of the drying process. Besides, different regions of the morphology of 
the dried film such as the periphery, the corona (between the periphery and the center), and the central regions 
are examined in detail ( µ m scale) using a scanning electron microscopy (SEM).

Results
Drying evolution of the blood droplets. Figure 1(I–II) shows the time evolution of the blood droplets 
diluted at different concentration levels ( φ ) ranging from 85 to 12.5% (v/v) in respect to the original concentra-
tion of the whole blood ( φ = 100% ). The texture of this first image appears to be dark within the concentration 
range of 100 to 62% (v/v) (Fig. 1(I)a). However, the dark texture eventually turns out to be gray following the 
increase of dilution levels (Fig. 1(I–II)a). The physical mechanism of its occurrence is explained in the discussion 
section. Moreover, a thick peripheral band is observed from 100 to 62% (v/v) (Fig. 1(I)a), which becomes thin-
ner with further dilution from 50 to 12.5% (v/v) (Fig. 1(II)a). Subsequently, a fluid front starts receding from the 
periphery towards the central region (Fig. 1(I–II)b). As time progresses, the central region becomes devoid of 
water. The appearance of the light gray texture confirms the evaporation of the water in the central region. This 
(light gray) texture is prominently observed in samples from 100 to 75% (v/v) dilution; however, it cannot be 
clearly differentiated in samples from 62 to 12.5% (v/v). This is because the texture of the first image is already 
light gray at this range of φ , and there is not enough contrast between the two (Fig. 1(II)a,b).

The evaporation of the water and the concentration/assembly of the constituent components promotes the 
build up of internal stress as the droplet periphery is still pinned to the substrate (coverslip). Figure 1(I–II)c 
marks the evolution of the cracks (similar to the prior observations discussed  in14,35,36). The green dashed cir-
cular lines separate the corona from the central regions at each φ . The random (small and large) cracks in the 
central region are first observed from 100 to 75% (v/v). Some of these radial cracks begin propagating towards 
the periphery, and some towards central regions at φ of 100 to 62% (v/v) [the points A–E in Fig. 1(I–II)c]. In 
contrast, their propagation from the periphery towards the central regions is predominantly observed in the 
diluted samples ranging from 62 to 12.5% (v/v) [the points F–J in Fig. 1(I–II)c]. The radial cracks separate the 
film into large domains in the corona region as the remaining water evaporates from the droplet during the final 
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drying stage, as shown for φ from 100 to 75% (v/v) (Fig. 1(I)c). Subsequently, some micro-cracks start originat-
ing from these radical cracks in the corona region. However, these micro-cracks cannot propagate in rejoining 
the dominant cracks in responding to the dominant orthoradial stress field ( σθ ). These domains start then begin 
separating from each other and widening of the radial cracks are observed (Fig. 1(I)d). This process indicated 
how the film domains detach (delaminate) from the substrate. At this point in the process, the sliding of these 
films in the radial direction indicates that the energy to adhere to the film is costlier than the sliding energy. This 
process is predominantly observed from φ of 100 to 75% (v/v); however, with more dilution, the film adheres 
more strongly to the substrate. Moreover, the domains which are formed by these radial cracks become narrower 
with the dilution. The central region of the dried films is found to have the random small crack domains, which 
are observed for samples from 100 to 50% (v/v). For 25 and 12.5% (v/v), no cracks are detected by the optical 
microscope (under 5× magnification) in the central region, where these radial cracks are mostly observed in 
the corona (Fig. 1(I–II)d). A comparison of these dried films textures at each φ indicates that the whole corona 
region is of dark gray at φ of 100% (v/v), whereas, this region is only partially covered by dark gray at φ of 85 
and 75% (v/v). Furthermore, the texture is observed to be of light gray at φ of 62 to 12.5% (v/v). It should be 
noted that the optical microscope illumination was nearly constant during the experiments. During this time, 

Figure 1.  Time-lapse images of the blood droplets with different diluting concentration ( φ ) are captured 
during the drying process. These images dictate different stages: (I) from 100 to 62% (v/v), and (II) from 50 to 
12.5% (v/v) (in respect to the original volume of the whole blood). The first image was captured at 40–70 s after 
depositing the droplet on the coverslip. The diluted samples lead to a textural change (from dark to light gray) 
in the images shown in (a). The evolution of the fluid front is indicated with yellow arrows in (b). It depicts the 
second stage of the drying process. This stage occurs at 390–620 s. The appearance of the radial cracks occurs 
in the third stage that lasts for 500–700 s and is outlined with the orange arrows in (c). The respective stress 
notions ( σθ ) are illustrated using white arrows at the A-J points. The morphology of the dried film at the end of 
the drying process is exhibited in (d), where the green dashed circular line separates the corona from the central 
region at each φ . The scale bar corresponds to 0.2 mm.
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the width of the corona region decreases with increasing dilution (decreasing φ ). The “coffee-ring”  behavior37 
(similar to what is typically observed in other protein aqueous  solutions38) becomes evident in samples from φ 
of 62 to 12.5% (v/v). V1-V7 in the Supplementary Information show movies of the drying droplet for samples 
from 100 to 12.5% (v/v), respectively.

Figure 2(I–II) depicts the time evolution of the normalized contact angle of the blood droplets. The nor-
malization of the contact angle ( θ(t) ) is done in respect to the angle at t = 0 ( θ0 ). The θ0 is determined by a 
linear extrapolation of the first 200 s of θ varying with time, where it appears linear. The y-intercept provides 
the normalization in θ . The average slope of this linear extrapolation of the contact angle for all φ are computed 
and found to be −0.14◦ /s with R2 = 0.996 with very little variation between the samples. The contact angle then 
shows non-monotonic behavior after 200 s that exhibits a peak marked by a green rectangle in Fig. 2(I)a–d 
before saturating to a nearly constant with increasing dilution (decreasing φ ) from 100 to 62% (v/v). The peak 
decreases in magnitude and shifts to a later time from 100 to 62% (v/v). No peak is observed with further dilu-
tion from 50 to 12.5% (v/v) (Fig. 2(II)a–c). Similar saturation and monotonic behavior are commonly observed 
in the aqueous protein  solutions38. The peak is observed from 250 to 400 s at φ = 100% (v/v) (Fig. 2(I)a); and 
from 400 to 500 s for φ varying from 85 to 62% (v/v) (Fig. 2(I)b–d) (denoted with vertical dashed lines). The 
corresponding macroscopic images during the emergence of this peak are displayed in Fig. 2(I)a–d. The images 
indicate that the peak originates during the appearance of the fluid front or the gray texture from the periphery 
and it continues to evolve when the texture starts growing in the central region. In contrast, this peak is not 
observed for samples from 50 to 12.5% (v/v). The macroscopic images in Fig. 2(II)a–c are captured once the 
contact angle advances to steadiness. It is to note that the contact angle becomes constant when it is ∼25% for φ 
of 100 and 85% (v/v), ∼15% for φ of 75 and 62% (v/v), ∼10% for φ of 50% (v/v), and < ∼10% of the total value 
for φ of 25 and 12.5% (v/v). This suggests that the thickness of the film at the end of the drying process decreases 
with the diluting concentration ( φ).

To validate the peak’s appearance is only specific to the blood samples diluted with de-ionized water, the 
physiological and environmental conditions were varied to measure the contact angles during the drying pro-
cess. Different sample batches, and substrate types were taken into account. The diluent was also varied from the 
de-ionized water to the phosphate buffer saline (PBS) to observe any other possible patterns. The results show 
that these peaks are present in the diluted blood samples ranging from 100 and 62% (v/v) (Figs. S1-S3 in the 
supplementary section) for these different setups. However, it is assumed that the nature (shape, size, and time) 
of these peaks are affected due to these different conditions.

Figure 3(I–II) illustrates the parameters of the first-order statistics (FOS). The left y-axis of the graph shows 

the mean intensity ( 1N
∑N

i,j=0 Iij ) and its right y-axis exhibits the standard deviation ( 

√

∑N
i,j=0(Iij−µ)2

N−1
 ), where, 

(i, j), Iij , and N are the gray values in a matrix, the pixel matrix of an image, and the number of pixels in the image, 
respectively. These parameters are extracted from the captured time-lapse images of the droplets at different φ 

Figure 2.  Variations of the normalized contact angle ( θ(t)/θ0 ) during the drying process of the blood droplets 
at different φ ranging (I) from 100 to 62% (v/v), and (II) 50 to 12.5% (v/v) are shown. The normalization of θ(t) 
is done by dividing it with the angle at t = 0 ( θ0 ). A monotonic decrease in the contact angle measurements 
is associated with the presence of a peak-like feature (outlined with a green rectangle) is observed in (I). The 
disappearance of this feature in these measurements is depicted in (II). The macroscopic images are displayed 
at different time points (in s) points from 100 to 12.5% (v/v) [321 s, 512 s, 470 s, 460 s, 473 s, 518 s, and 617 s 
respectively for different φ ]. The instrumental limit is illustrated with dashed lines.
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during the drying process. The dashed lines of Fig. 3(I–II) denote the time range of the peak-like feature in the 
contact angle measurements. Note that the mean intensity shown in Fig. 3(I–II) depends on the average pixel 
distribution of the images. These data display three distinct phases—a slow increase, a rapid rise, and a saturation 
from φ of 100 to 75% (v/v). The first and second of these three phases; however, could not be distinguished in 
the 62 to 12.5% (v/v) samples. The large area under the peak is observed in the mean intensity at about 600 sec-
onds for 100% sample, which continuously decreases with increasing dilution, nearly disappearing in the 12.5% 
(v/v) sample. The SD measurement [gray circles in Fig. 3(I–II)] depends on the global heterogeneity of the images, 
and is a measure of the image complexity. It exhibits an initial dip (outlined by a red-colored star) from 62% (v/v) 
onwards. The behavior of these FOS (the mean intensity and especially the SD) parameters changes abruptly at 
about 62% (v/v) dilution.

Morphology of the dried blood film. Figure 4(I) illustrates the variation of the averaged corona width 
( w ) that is normalized to the averaged radius of the droplet ( R ). The macroscopic image in Fig. 4(I) illustrates 
the width of the corona (w) and the radius of the droplet (R). The increased dilution [ φ from 100 to 12.5% (v/v)] 
systematically decreases the corona width. The w/R is plotted for the whole range of φ , i.e., from 100 to 12.5% 

Figure 3.  Statistical image analysis of the blood droplets at different φ from 100 to 12.5% (v/v) during the 
drying process. (I) and (II) show the drying evolution of the first order statistics (FOS) parameters (the mean on 
the left y-axis and the standard deviation (SD) on the right y-axis of the graph). The dashed lines in (I) display 
the time duration of the presence of the peak-like feature in the contact angle measurements from φ of 100 to 
62% (v/v). The red rectangle and the red circle illustrate the first and the second peaks respectively in the SD. 
The star introduces the initial dip in the SD values observed from 62% (v/v) onwards.

Figure 4.  Variation of the averaged corona width ( w measured in mm) is normalized to the averaged radius of 
the droplet ( R measured in mm). It is plotted in (I), the averaged crack spacing ( xc ) is depicted in (II), and the 
averaged crack width ( �c ) is exhibited in (III) at different diluting concentrations ( φ ). The dashed line shows the 
linear fit for the whole range of φ from 100 to 12.5% (v/v). The solid lines display two linear fits—first one for the 
range from 100 to 62% (v/v); and the second one for 62 to 12.5% (v/v). The error bars correspond to the standard 
deviation. The macroscopic images illustrate the width of the corona (w), the radius of the droplet (R), the 
distance between the consecutive radial cracks ( xc ), and the width between the consecutive radial cracks ( �c ). 
The dashed green circular line separates the corona from the central region in the droplet.
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(v/v). The slope value (m) is found to be 0.0055 ± 0.0006 φ−1 with R2 = 0.931 . A first linear curve is fixed from 
100 to 62% (v/v). Subsequently, a second curve is fitted from 62 to 12.5% (v/v). The slope value of the first linear 
fit ( m1 ) is found to be 0.0095 ± 0.0019 φ−1 , with R2 = 0.894 . In contrast, the slope value of the second linear fit 
( m2 ) is 0.0051 ± 0.0008 φ−1 , with R2 = 0.928 . The variation of the averaged crack spacing ( xc ) with φ is shown 
in Fig. 4(II). The distance between the consecutive radial cracks ( xc ) is illustrated in the macroscopic image. 
The parameter, m [the slope value of the linear fit for the range of 100 to 12.5% (v/v)], m1 [the slope value of the 
linear fit for the range of 100 to 62% (v/v)], and m2 [the slope value of the linear fit for the range of 62 to 12.5% 
(v/v)] are found to be 0.0045 ± 0.0012 mm φ−1 with R2 = 0.668 , 0.013 ± 0.0014 mm φ−1 with R2 = 0.965 , 
and 0.0016 ± 0.0005 mm φ−1 with R2 = 0.736 respectively. Fig. 4(III) displays the averaged crack width ( �c ) 
variations of each φ . The width between the consecutive radial cracks ( �c ) is exhibited in the macroscopic image. 
The optical microscopy at 5× magnification has the resolution to measure the �c down to the 62% (v/v) sample. 
For the �c , the m1 is extracted as 0.00057 ± 0.00008 mm φ−1 (with R2 = 0.938 ). To overcome the limitations of 
the optical microscopy, the SEM images are used to calculate �c for φ from 50 to 12.5% (v/v), where m2 at this 
range yields 0.00014 ± 0.00002 mm φ−1 (with R2 = 0.920 ). Finally, over the whole range of φ , the slope (m) for 
�c is 0.00017 ± 0.00003 mm φ−1 (with R2 = 0.835).

Figure 5(I–III)a shows the regions of interest at φ of 100, 75, and 12.5% (v/v) respectively. The yellow, the 
orange, and the black squares display the zoomed view at the periphery and the corona, the interface of the 
corona and the central regions, and the central region, respectively. Fig. 5(I–III)b exhibits a smooth film in the 
corona region, and becomes more uniform with the increasing dilution of the blood sample. The cracks of the 
peripheral region at φ of 100 and 75% (v/v) [Fig. 5(I–II)b] consist of some ellipsoidal structures which lead to 
inhomogeneity within the cracks, whereas no such peripheral region is found at φ of 12.5% (v/v) (Fig. 5(III)a–b). 
At the interface of the corona and the central regions, some irregular troughs and ridges are revealed from the 
images of Fig. 5(I–II)c,d. A complex image is visible in Fig. 5(I–II)d, where the crack lines are not sharp and 
contain hair-like structures. which smoothly diminish in appearance in the diluted blood sample. Interestingly, 
these results show that the dilution at φ of 75% (v/v) [Fig. 5(II)] doesn’t exhibit any significant changes in the dis-
tribution of these structures from the whole blood [Fig. 5(I)]. However, a marked difference can be seen at 12.5% 
(v/v) [Fig. 5(III)]. Unlike other concentrations, some unique blunt spicules are present on the film (Fig. 5(III)
b–c), and some aggregated sickle or oblate shaped structures are observed in the central region in Fig. 5(III)d.

Discussion
Microscopic structures of dried blood film. The SEM images in Fig.  5(I–III) allow us to determine 
the distribution of various components in the dried film. The components that can be distinguished from these 
images are plasma proteins, red blood cells (RBCs), white blood cells (WBCs), and platelets. The periphery of 
the film and the textures within the cracks indicate that the plasma proteins interact with the substrate and form 
a plasma-rich layer as soon as the droplet is deposited.

Figure 5.  SEM images illustrating the microscopic structures of dried blood droplet at different length scales. 
The images at φ of 100, 75 and 12.5% (v/v) are, respectively, depicted in (I–III). The yellow, orange and black 
squares represent the blood structures at the periphery and corona, the transition of the corona and central 
regions, and the central region, respectively.
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Most of these cracks in the peripheral region consist of fragmented or ellipsoidal RBCs (Fig. 5(I–II)b). None 
of the samples [ φ of 100, 75, and 12.5% (v/v)] show any blunt spicules (which resembles echinocyte, a deformed 
structural form of RBCs reported  in39) in these cracks. This indicates that RBCs do not interact with the sub-
strate directly; however, it does with the plasma-rich layer. Had these RBCs adsorbed on this substrate, their 
membranes would have different electrostatic interactions and might have led to the echinocytes, which are not 
(obviously) observed here. At the upper film surface, the corona region reveals smooth fragmented sheets. This 
suggests that the RBCs are stacked in a packed fashion such that their membranes form this sheet, a similar 
phenomenon reported  in40. The compressed RBCs are raptured, as could be seen in the crack walls due to the 
mechanical stress curving the cracks (shown in Fig. 5(I–II)b).

Close observation of the film from the thin periphery region across the corona and into the central region 
indicates that the RBCs are predominantly in the corona. Any of these platelets and WBCs are not present in 
the periphery and in the corona. Moving from the corona to the central region, we see the concentration of 
the WBCs, the platelets and some residual RBCs. Fig. 5(I–II)c displays the irregular troughs and ridges which 
would resemble the different functional forms of the WBCs (microvilli structures reported  in41,42) and some of 
the residual echinocytes. The crowdedness of the RBCs, the WBCs, and the plasma proteins is clearly illustrated 
by the fact that the dried film at φ of 100% (v/v) [Fig. 5(I)a] contains ∼500 × 104 of RBCs, ∼1 × 104 of WBCs, 
and ∼40 × 104 of platelets, in addition to the initial salts and other molecular blood  factors14. The crack lines 
are not sharp enough and contain hairy structures. These hairy structures are believed to be the activated form 
(a spreading structure with extended filopodia mentioned  in43) of the platelets (Fig. 5(I–II)d). It confirms the 
existence of a complex combination of interactions among these components which can activate these platelets 
in response to the mechanical stress.

At φ of 12.5% (v/v), the film only contains ∼60 × 104 of RBCs, ∼0.12 × 104 of WBCs, and ∼5 × 104 of plate-
lets, a decrease of about a factor of 10. This significant reduction in their counts influences the morphology of 
the film, and is denoted in Fig. 5(III)a. The peripheral region does not appear in these images. Furthermore, the 
fragmented sheets in the corona region appear to be smoother, and its width gets reduced compared to other 
φ . Some spicule-like structures are identified in the transitional region from the corona to the central regions 
(Fig. 5(III)b–c); and, some sickle and oblate-shaped structures are observed near the center (Fig. 5(III)d). The 
reduction (of RBCs, WBCs and platelets) concentrations decreases their interaction among themselves and with 
each other such that different functional forms of these components are observed. Moreover, as dilution increases, 
any interaction among the components within blood becomes negligible such that the inactivated form of these 
platelets are preserved, mostly observed in the central region.

Concentration‑driven phase transition in the drying droplets and the dried films. The outcome 
of three experimental observations support the presence of concentration-driven phase separation in the sam-
ples of a multi-colloid self-interacting solution, such as the whole blood. Our observations (drawn based on 
these three experimental outcomes) are independent of each other and facilitate measuring different aspects of 
the drying process including the final dried film morphology.

The first observation is related to the contact angle ( θ ) measurements as a function of time during the drying 
process. The θ is found to decrease monotonically. Subsequently, a peak is observed for the whole blood. This 
pattern is observed in the dilution ranging from 100 to 62% (v/v) [Figs. 2(I) and S1-S3(I)]. The peak, however, 
starts disappearing in the diluted samples starting from 50 to 12.5% (v/v) [Figs. 2(II) and S1-S3(II)]. During this 
stage, θ exhibits a steep monotonic decrease. The third independent measurement is done on the morphology of 
the dried film. The mean width of the corona ( w ), the mean crack spacing ( xc ) and the mean crack widening ( �c ) 
are found to be the highest for the whole blood [ φ = 100% (v/v)]. All these parameters; however, are reduced as 
the initial concentration of the blood sample is diluted [Fig. 4(I–III)]. Interestingly, a smooth gradual decrease 
in these extracted parameters ( w/R , xc , and �c ) is not observed when varying with φ . Had that been the case it 
could have assumed that the droplets experience a universal mechanism throughout the drying process, which is 
not the case here. Instead, a pronounced break in the trends of the parameters is seen at about 62% (v/v). Com-
paring the R-squared values for the double linear fits with a single linear fit clearly favors the use of two linear 
fits—one from 100 to 62% (v/v) samples, and, the other for 62 to 12.5% (v/v). This behavior for the parameter w/R 
is found to be weakest, but still present, and is likely due to the fact that the width formation is the result of the 
deposition of the components during the convective flow, especially in the early stages of drying. Dilution of the 
whole blood (whether DI water or PBS) lowers the number of the components, and so reduces the corona’s width. 
Moreover, the formation of the corona is strongly influenced by the drying-driven fluid circulation, the droplet 
geometry, and its wetting. It is; however, not so dependent on the type of the components, but just the amount. 
In contrast, xc and �c show a much stronger break and evidence for two linear regimes from 100 to 12.5% (v/v).

All these three measurements indicate that there are two classes of the mechanisms involved. These mecha-
nisms could be interpreted in the following way. A large number of components (such as RBCs, WBCs, platelets, 
proteins, etc.) are present in ∼2 mm diameter droplet at φ = 100% (v/v) [the whole blood]. These components 
are randomly distributed as soon as the droplet of the whole blood is deposited on the substrate [Fig. 6(I)]. In 
this initial phase, the evaporation rate is observed to be highest near the three-phase contact line [indicated with 
solid arrows in Fig. 6(I)]. A capillary flow [marked with dotted lines in Fig. 6(I)] is observed to develop and 
most of these components are carried towards the periphery. Subsequently, a plasma-rich layer is developed on 
the substrate. Soon after, all these components start moving closer to each other, which indicates the beginning 
of the middle phase in Fig. 6(II). In this phase, these components experience compression, or stretch, and shear 
at the same time near the periphery. The concentration of these components within the droplet increases as the 
water constantly evaporates. The confinement in the droplet diameter and the presence of the huge number of 
these components is likely to influence the activity of one component on others. Such interactions may result 
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in a strong, complex combination of the potential chemicals amongst these various components. For example, 
a few of these components may try to arrange themselves in their original shape (elastic behavior); however, 
their arrangement would then create negative stress on other components. These other components may then 
rearrange (viscous behavior) themselves to accompany the accumulated stress. The elastic behavior can be mod-
eled as σ = Eǫ where σ , E, and ǫ is the stress, averaged elastic modulus resulted from the arrangements of these 
components and the strain which occurs under the accumulated stress respectively. The visco-elastic behavior 
can be re-modeled by adding the Kelvin–Voigt element, i.e., σ = Eǫ + ηǫ̇ , where, η is the viscosity, and ǫ̇ is the 
change of stain in respect to time t. This speculated viscous behavior is most likely governed by the interacting 
capabilities of the WBCs (with the other components viz., the RBCs and the platelets) owing to its largest size 
( ∼15 µ m) compared to the other components (the RBCs and the platelets are of ∼7 µ m, and ∼2 µ m respectively). 
The large peak that was noticed at φ of 100% (v/v) [Figs. 2(I) and S1-S3(I), the presence of a similar peak has also 
been reported  in20, may have some correlation to this viscous behavior during the drying process. However, the 
experiments reported  in20 did not concentrate on diverse ranges of dilution; and hence the study failed to observe 
the transition at 62% . The current study, thus, contributes a crucial information related to phase transition. It 
would be interesting to conduct an in-situ rheology and mass measurements to directly probe these mechanisms; 
however, this is beyond the scope of the paper. The segregation of these components takes place during the late 
phase of the drying process [Fig. 6(III)]. The confinement of their sizes does not allow both the RBCs and the 
WBCs to be present within the periphery [evident from the SEM results shown in Fig. 5(I)a–b]. Most of the 
RBCs are organized in stacks in the corona region, and the WBCs and the platelets are pushed towards the central 
region [Fig. 6(III)]. There is a possibility that some of the water is trapped between two RBCs during the stacking 
of the RBCs, [marked as the “forbidden areas” in Fig. 6(III)]. The change of the texture from the light to dark gray 
texture (Fig. 1(I)c–d) might be related to the final evaporation of this entrapped water. The loss of water in these 
droplets during the drying process creates a hypotonic environment to the cellular components present in the 
blood. The blood cells are more likely to undergo hemolysis inducing a fundamental change in their composition. 
Furthermore, the developing mechanical stress evolved due to the loss of the water from the droplet deforms the 
structures of RBCs and the WBCs in the end phase [Fig. 6(IV)]. The inactive platelets are activated in response 
to the mechanical stress and are observed as the hairy structures along the crack lines (indicated in Fig. 5(I)d).

As mentioned already, the whole blood sample is diluted by adding different volumes of de-ionized water. 
Obviously, the initial concentration of these components in the diluted blood samples [ φ ranging from 85 to 
12.5% (v/v)] becomes less compared to the whole blood. The addition of de-ionized water rather than PBS (the 
buffered saline) is likely to trigger a hypotonic environment to these cellular components prior to the drying 
process. However, it is to be noted that the changes (if any) occur in the initial mixtures before deposition but 

Figure 6.  Side view of the self-assembling mechanism in the whole blood ( φ = 100% ) during the drying 
evolution: (I) The initial phase starts when the droplet is deposited on the substrate. The evaporation rate is 
highest near the three-phase contact line (depicted with solid arrows). The components (RBCs, WBCs, platelets, 
and proteins) are distributed randomly. A dotted line indicates that a capillary flow is developed in the droplet. 
(II) The middle phase begins when these components are carried towards the periphery. These components 
initiate interactions as soon as they come in contact with each other. Meanwhile, a plasma-rich layer is 
developed on the substrate. (III) The segregation of these components takes place as the water continually 
evaporates from the droplet. During the late phase, the three distinct regions (the periphery, the corona, and the 
center) are developed. The proteins are mostly present in the periphery. The WBCs and the platelets are pushed 
towards the central region. The RBCs are stacked in the corona region. The trapped water in between two RBCs 
is marked as the “forbidden area”. (IV) The deformation of the RBC and the WBC structures and the activation 
of the platelets take place during the end phase.
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may be balanced as the water evaporates. Exploring this effect would be interesting but is beyond the scope of this 
paper. Additional measurements were carried out in a parallel way but diluting with PBS, in order to maintain the 
native environment of the cells and the fundamental changes (hemolysis) in the blood composition (from intact 
to fragments) could be avoided. These results appear consistent with the DI water dilution and so minimizes this 
mechanism. However, it is worth mentioning that the dilution of the blood by PBS (at its fixed concentration) 
will increase the appearance of salts residues or  crystals20, which influences the statistics derived from the optical 
images, and lead to artifacts in the scanning electron microscopy images.

The drying process of the diluted blood samples exhibits similar phases [from initial to the end phase shown 
in Fig. 6(I–IV)]. Figure 1(I–II)a indicates a change in the texture (from dark to light gray) as soon as the first 
image during the drying process is captured. The normalized plot in Fig S4(I-II)a shown in the supplementary 
information directly illustrates this change in the texture. At φ from 100 to 62% (v/v), the mean intensity value 
of the first image is ∼20% of the total value, further dilutions of the concentration leads the mean intensity to be 
at ∼80% of the total value. It is to be noted that RBCs contain hemoglobin protein (which is responsible for the 
redness). The change of texture, or the rise in the normalized plot, indicates that the number of RBCs reduces 
with the diluted concentrations. The decrease of RBCs also ensures that the other components will also minimize 
to maintain their relative initial concentrations. The number of these components gradually decreases with the 
diluted concentrations [in φ ranging from 85 to 62% (v/v)] and leads to a reduction in the chemical potential 
amongst them. The shrinkage and disappearance of peak in the contact angle measurements supports this 
mechanism. In addition, the observed shift in the peak to the later time (depicted by green rectangles in Fig. 2(I)
a–d) indicates that these diluted samples require more time (greater concentration and assembly) to reach the 
visco-elastic tipping point of the system. Furthermore, the wetting angle peak at the concentration range of 100 
to 62% (v/v) is found to be present in spite of varying the physiological and environmental conditions. The blood 
diluted with PBS [see Fig. S1(I)], and the new blood batch deposited on different substrates [see Figs. S2-S3(I)] 
have been examined. We noticed a similar peak in the contact angle measurements. Nonetheless, the nature 
of the peaks varies, i.e., in some cases, the peak is delayed, while in some other cases, the peak is broadened 
or reduced, depending on the wettability of these droplets. This systematic study of diluted samples (ranging 
between 100 and 12.5% (v/v) that include all the possible variations in terms of physiology and environments 
firmly establish a very important point, i.e., the observed peak is not specific to the blood (samples) diluted with 
de-ionized water only; rather it confirms that the peak is a trademark that establishes a general phenomenon of 
the concentration-driven self-assembly.

The presence of WBCs also seems to act as a mediator which favors the interactions between various compo-
nents, rather than the interaction between these components and the substrate. This process results in sliding of 
the cracked domains over the attachment of these domains with the substrate in the samples ranging from 100 
to 62% (v/v). Furthermore, this process shows a sharp decrease in xc and �c . In contrast, for φ from 50 to 12.5% 
(v/v), the number of these various components is reduced enough that the chemical potential related to WBCs 
becomes negligible. This results in the switching of the mechanism from the visco-elastic to elastic behavior. 
No peak observed at this concentration range in the contact angle measurements [Figs. 2(II) and S1-S3(II)]. 
Moreover, the attachment of the film to the substrate becomes stronger, the sliding of the crack domains stops, 
and more radial cracks appear on the film surface [Fig. 1(II)].

Our findings, thus, clearly establish the existence of a sharp phase transition in the whole blood through a 
simple physical drying process. This transition relied on the concentration of the various components present 
in the droplet. It reveals essential information about the self-assembling mechanism in a multi-component 
bio-colloid, such as the whole human blood. Our systematic study of the dilution range also ensures that the 
concentration-driven phase transition is not specific to the blood-water system only; rather it is a general phe-
nomenon of drying-driven diluting blood droplets. Finally, this study demands theoretical attention for such 
a multifaceted phase transition that relies on the complex combination of interacting chemical potentials for 
unearthing the hierarchical structures present in nature.

Methods
Materials and sample preparation. A 1 µ L of whole blood contains 400 to 500 × 104 of RBCs, 0.5 to 
1 × 104 of WBCs, 14 to 40 × 104 of platelets, depending on the pathological condition of a donor, along with 
a small amount of plasma proteins (fibrinogen, immunoglobulins, albumin) and salt  ions14. The typical size of 
RBCs, WBCs, and platelets are 6 to 8 μm, ∼15 µ m, and 2 to 3 µ m  respectively14. The RBCs are red in color due 
to the presence of the iron-containing protein, hemoglobin. Furthermore, RBCs contain a membrane as well. A 
membrane is made of 19.5% water, 39.6% proteins, 35.1% lipids and 5.8% (w/w)  carbohydrates44. These cellular 
components in the blood can alter their shapes in response to the toxicity or pH or shear  stress43.

For example, the healthy RBCs are of bi-concave or discoid shape; however, these transform into different 
forms such as ellipsoidal, echinocyte (a round shape with short blunt spicules), sickle (crescent moon), teardrop, 
 etc44. The WBCs, on the other hand, are white in color, and generally contain irregular and nucleated structure. 
These structures are capable of transforming themselves into different functional forms, irregular troughs and 
ridges (microvilli structures)41,42. The platelet, when inactivated, follows a discoid and an anuclear structure, 
but, changes into its spread form with extended filopodia on its activation. The cytoskeleton of platelets is com-
posed of actin and actin-binding proteins; these can polymerize and activate those platelets in response to the 
environmental or chemical  signals43.

The whole human blood used in this study was purchased from Lampire Biological Laboratories,  USA45 and 
mixed with Na-Citrate anticoagulant (Catalog number 7203706). These samples are used in our experiments 
without any further chemical processing. except for dilution with DI water or PBS. The anticoagulants inhibit 
most of the platelets to aggregate, and prevent the coagulation of the blood.
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Different concentrations ( φ ) of blood were prepared from 85 to 12.5% (v/v) by adding de-ionized water 
(Millipore, 18.2 M� cm at ~ 25 °C). A volume of ∼1 µ L of sample was pipetted on a fresh microscopic coverslip 
(Catalog number 48366-045, VWR, USA) to form a circular droplet of radius ∼1 mm at the room temperature 
of ∼25◦ C, and relative humidity of ∼50 %. This procedure ensured that every droplet is precisely exposed to the 
same substrate conditions, and environmental conditions, and helped achieve uniform reproducibility of 3–4 
repetitions. The time-point when the droplets are deposited on the coverslip is marked as the start-time of image 
acquisition. It is to be noted that the samples are prepared immediately before imaging.

A few experiments were carried out separately by varying environmental and physiological conditions to 
ensure the wettability of these droplets. One such experiment includes the concentration of the whole blood 
( 100% by volume) from the same batch that is diluted by adding 1 × phosphate buffer saline (PBS, BP243820, 
Fisher BioReagents, USA). 1 × PBS has a concentration of 0.137M NaCl, 0.0027M KCl, and 0.119M phosphates 
that maintains a pH of 7.3–7.5. Similarly, different concentrations of diluted blood samples using PBS ( φp ) 
were prepared that include the range of 75 to 12.5% (by volume). A new blood batch from the same company 
(Catalog number 7203706, Lampire Biological Laboratories, USA) was ordered and exactly the same procedure 
was followed to dilute the blood by adding de-ionized water. The wettability of these diluted blood droplets is 
measured under two substrate conditions. The initial contact angle of these droplets is found to be ∼55◦ and 
∼85◦ when deposited on various coverslips, Catalogs no. 48366-045, VWR, USA and 4867-100, R & D Systems, 
USA, respectively.

Image acquisition. The time-lapse images are captured at every two seconds in bright field microscopy 
(Amscope, USA) using a 5× objective lens. An 8-bit digital camera (MU300, Amscope, USA) attached to the 
microscope captured images at a fixed resolution of 3664 × 2748 pixels. The pixels to real-space length scale was 
changed by using a calibration slide. The lamp intensity was kept fixed throughout the experiment to minimize 
the fluctuations in the background (coverslip) intensity. All the images were converted to the gray shade for clear 
visualization.

The contact angle of the prepared samples was measured during the drying process by the contact angle 
goniometer (Model 90, Ramé-hart Instrument Company, USA) to check the wettability of these droplets. Each 
experiment was repeated twice to ensure the reproducibility.

The microstructural analysis of the dried films was performed using scanning electron microscopy (JEOL-
7000F, JEOL Inc. MA, USA). Prior to this, the dried films were sputter-coated with a ∼4 nm thick layer of gold 
nanoparticles using EMS sputter coater to improve the quality of the sample surface’s conductivity. The SEM 
analysis was conducted using secondary electron at an accelerating voltage of 3 kV and probe current of 5 mA.

Image analysis. Different parameters of the images were measured using  ImageJ46. A circular region of 
interest (ROI) of the droplet image was selected by an oval tool in ImageJ. The mean and the standard deviation 
parameters of the first-order statistics (FOS) was extracted. No pre-processing of the images was required since 
the blood samples contain a high contrast difference compared to the background (coverslip). Furthermore, a 
2-D plot profile was computed by selecting a rectangle along the horizontal diameter of the droplet, ρ . The width 
of the corona region was measured five times to compute the averaged width ( w ). It was normalized by dividing 
it with the averaged radius ( R ). The parameter, w/R is then plotted at a function of φ . To estimate the crack width 
( �c ) and the crack spacing ( xc ), a circular line was drawn, and their averaged values were also determined at each 
φ . The detailed procedure of xc measurements can be found  in47.
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Abstract: The drying of bio-colloidal droplets can be used in many medical and forensic applications.
The whole human blood is the most complex bio-colloid system, whereas bovine serum albumin
(BSA) is the simplest. This paper focuses on the drying characteristics and the final morphology
of these two bio-colloids. The experiments were conducted by varying their initial concentrations,
and the solutions were dried under various controlled substrate temperatures using optical and
scanning electron microscopy. The droplet parameters (the contact angle, the fluid front, and the
first-order image statistics) reveal the drying process’s unique features. Interestingly, both BSA
and blood drying droplets’ contact angle measurements show evidence of a concentration-driven
transition as the behavior changes from non-monotonic to monotonic decrease. This result indicates
that this transition behavior is not limited to multi-component bio-colloid (blood) only, but may be a
phenomenon of a bio-colloidal solution containing a large number of interacting components. The
high dilution of blood behaves like the BSA solution. The ring-like deposition, the crack morphology,
and the microstructures suggest that the components have enough time to segregate and deposit onto
the substrate under ambient conditions. However, there is insufficient time for evaporative-driven
segregation to occur at elevated temperatures, as expected.

Keywords: drying droplet; colloid; protein; blood; self-assembly

1. Introduction

The whole human blood is a complex bio-colloidal fluid consisting of cellular compo-
nents [red blood cells (RBCs or erythrocytes), white blood cells (WBCs or leukocytes), and
platelets (thrombocytes)] and plasma [1]. On the other hand, the plasma is made of water,
and minute amounts of ions, salts, and albumin proteins [2]. The human blood solution,
thus, comprises a successive hierarchy levels, representing just one facet of its complexity
and various functions. Note that a pure protein solution, while a simple system, can be
thought of as the dilute limit of whole blood, which is the most complex bio-fluid.

During the past decade, significant progress has been observed in the drying droplets
of bio-colloids, such as [bovine serum albumin (BSA), and lysozyme] protein [3–6], plasma [7],
DNA [8], serum [9], blood [10], etc., due to biomedical and forensic applications [9,11–15].
The coupling between the droplet and the substrate, the surrounding environment, and
the constituent particles show a wide variability range [16]. This wide range leads to
multiple questions that many researchers attempted to answer in recent years [17–20]. For
example, is the droplet pinned to the substrate? If so, what is the effect on the droplet once
it dries up? How does the morphological pattern relate to the initial state of constituent
particles? Why does the droplet form cracks? How does the initial contact angle affect
the morphology of the droplet? Despite the intense research at each hierarchy level, for
example, blood, plasma, and protein, a few studies are conducted to understand such
levels’ connection in terms of drying droplets. Manouk et al. [21] have investigated how
the blood, plasma, and the plasma’s molecular components (especially BSA) influence the
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drying evolution and morphological patterns. They concluded that each hierarchy level
has a role in deciding the physical mechanism involved during the drying process. Though
this work provides preliminary information, many crucial questions were unanswered.
For example, does the hierarchy influence the wettability of the droplets? How do the
microstructures at each level get affected? How does the droplet at each hierarchy behave
in different environmental conditions?

Pal et al. [22] conducted a systematic study on the most complex bio-colloid, blood,
to understand the self-assembling mechanisms during the drying process. The study
reveals a concentration-driven phase transition when the blood is precisely diluted in
de-ionized water. The analysis of three different independent measurements (textural
analysis, contact angle measurements, and the morphology) confirmed that the complex
combinations of the chemical potentials among the cellular components are responsible for
such origin. The progress made by Pal et al. [22] on the drying evolution, and the resulting
morphological patterns in the diluted blood samples lead to some consequent exciting
questions: what happens to the phase transition when a one-component system replaces
the multi-component? What kind of interactions plays a role in this type of transition?
Does the wettability of the droplet change for a one-component system? How does it
change during the drying process? Does the temperature affect differently for one and
multi-component drying droplets?

To address these questions, the present study attempts to explore the drying evolution
and final morphology of a complex (whole human blood) and a simple (BSA) droplets by
varying the initial concentrations at different controlled substrate temperatures. Bright-
field optical microscopy is used to capture images during the drying process and of the
final dried films. The wetting properties of these droplets are investigated by measuring
their contact angles through the drying process. Finally, scanning electron microscopy is
used on the final dried morphology to illuminate structural information. The comparison
between these two systems reveals the influence of multiple components’ interactions
versus features that depend on single-molecule self-interactions.

2. Materials and Methods

A volume of 1 µL whole human blood of a healthy donor contains a few cellular
components such as 400 to 500 × 104 of RBCs, 0.5 to 1 × 104 of WBCs, 14 to 40 × 104 of
platelets, along with a small amount of proteins, salt ions, etc. [1]. The bovine serum
albumin (BSA) present in the cows’ blood is chemically identical to the globular protein
present in human blood [23]. Each BSA comprises a molecular mass of ∼66.5 kDa, and a
prolate ellipsoid shape [24,25].

The anti-coagulant (Na-Citrate) mixed whole human blood (Catalog number 7203706)
was purchased from Lampire Biological Laboratories (Campbell, CA, USA). The blood
is diluted by adding different volumes of de-ionized water (Millipore, 18.2 MΩ·cm at
∼25 ◦C) to prepare a different range of initial blood concentrations (φb) of 75, 62, 50, 25,
and 12.5% (v/v). It must be noted that the diluent (de-ionized water) in the whole blood
could change the native environment of the blood’s components. It is beyond the scope of
this paper if any changes in their structures happen prior to the drying process. Therefore,
the images are captured soon after the sample preparation to avoid further complications
(if any). The various amounts of BSA protein powder (Catalog no. A2153, Sigma Aldrich,
St. Louis, MO, USA) was dissolved in 1 mL of de-ionized water to prepare the initial
protein concentration (φp) of 20, 9, 5, 3, and 1 wt%. It can be argued that the usage of
buffered saline instead of the de-ionized water will ensure maintaining the native states of
the cellular components in the blood and the BSA particles’ conformations. However, one
of the primary concerns of this article is to explore the drying mechanism and its effects on
their behavior without adding any external salts.

A volume of ∼1 µL of each sample is pipetted on a coverslip (Catalog number 48366-
045, VWR, USA) to form a ∼2 mm diameter droplet under ambient conditions (room
temperature of ∼25 ◦C and relative humidity of ∼50%). The coverslip is transferred to the
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hot stage attached to the bright-field optical microscope (Leitz Wetzlar, Germany) within
∼45 s. The temperature controller was set at different temperatures (T) of 25, 35, and
45 ◦C to run the blood samples’ experiments. Besides these temperatures, T = 55 ◦C is
added for the BSA samples. It is worthwhile to mention that the T should be less than
the denaturing temperature (Td) of the sample as their structures and functions might
get transformed above Td. The Td of the human blood and the BSA is ∼45 ◦C [26] and
∼65 ◦C [27].

The time-lapse images were recorded under a 5× magnification every two seconds.
An 8-bit digital camera (Amscope MU300) and a fixed resolution of 2048 × 1536 pixels
were used for acquiring those images. The images of the dried samples were captured
within 24 h. All of the experiments were repeated three times at each concentration and
temperature to ensure the outcomes’ consistency. The samples show high reproducibility.

An image processing technique is adopted (using ImageJ [28]) to conduct the quantita-
tive analysis of the images captured during the drying process. The oval tool in ImageJ was
used to select the region of the droplet. The statistical mean and the standard deviation of
the images are computed. The radius of the fluid front (r) is measured five times at each
time (t). The time evolution of the averaged radius (r(t)) is obtained during the drying pro-
cess. Finally, the averaged radius of the droplets (R) is also calculated at each concentration.
The parameter, r(t)/R, is plotted as a function of time. The averaged ring width (w) of the
dried film is also measured. The crack spacing (xc) is computed by drawing a circular line
at each crack domain. The detailed procedure can be found in our previous papers [29,30].
The w/R and xc are plotted as a function of the initial concentration at each temperature.

The contact angle measurements are done under ambient conditions (temperature
of ∼25 ◦C and relative humidity of ∼50%) using the contact angle goniometer (Model 90,
Ramé-hart Instrument Company, Succasunna, NJ, USA). The scanning electron microscopy
(JEOL-7000F, JEOL Inc., Peabody, MA, USA) is used for the microstructural analysis of the
dried films. The sputter-coating with a 4 nm layer of gold nanoparticles at the accelerating
voltage of 3 kV and the probe current of 5 mA.

3. Results
3.1. Qualitative Analysis
3.1.1. Whole Human Blood: The Most Complex Bio-Colloid

Figure 1 shows the morphology of the whole human blood droplet dried during
24 h at different substrate temperatures (T) ranging from 25 to 45 ◦C. The various initial
concentrations of blood (φb) from 100 (undiluted whole blood) to 12.5% (v/v) (diluted
whole blood) are also studied at this temperature range. The whole blood texture changes
from dark (at φb of 100%) to light gray (at φb of 12.5%) as we dilute its initial concentration.
A ring-like feature is found at all φb at T = 25 ◦C; however, it can be prominently observed
at φb of 50 to 12.5% (v/v). It is to be noted that the ring (or the rim) terminology is the same
as the blood’s corona in this study. The ring’s width (w) decreases, and the central region’s
width increases as φb is diluted. Both of these regions are found in all the samples except
100% (v/v) at T = 35 and 45 ◦C as well as 75% (v/v) at T = 45 ◦C. A uniform dark-gray
texture is found in both of these regions for the samples ranging from 100 to 62% (v/v). The
difference in their textures gets visible from 50 to 12.5% (v/v). The central region becomes
lighter than the ring at this range. It indicates that the ring and the central regions are at
different heights from 50 to 12.5% (v/v) [22]. Interestingly, the elevated temperatures (T of
35 and 45 ◦C) show a sharp-edged ring compared to T = 25 ◦C, independent of their initial
concentration.
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Figure 1. Morphology of the whole human blood film during 24 h at different initial concentrations
(φb) ranging from 100 to 12.5% (v/v) that are dried at various substrate temperatures (T) of 45, 35,
and 25 ◦C. The scale bar of length 0.2 mm is represented by the white rectangle in the top-right panel.

The φb of 100% (v/v) at T = 25 ◦C has four radial cracks. These cracks divide the ring
(or the corona) into large-sized domains (a similar behavior is observed in [1,19]). Some
of the micro-flaws are noticed in these domains. The crack lines are thick. The number of
these cracks is increased as we dilute the sample. It is to be noted that the length of these
cracks is directly proportional to the ring’s width. The thick crack lines become thin as the
sample is diluted. Looking around the edges at φb of 100% (v/v) suggests that these cracked
domains are not firmly attached to the substrate. Some of these domain sheets are moved
towards the center, and some are away. These misplaced sheets are profoundly exhibited at
T = 45 ◦C. These dried films’ high magnified images display that these films firmly adhere
to the substrate (coverslip) at φb of 50 to 12.5% (v/v). The small-sized random cracks in the
central region are only seen at φb of 100 to 62% (v/v) under our study’s present resolution.
Surprisingly, the blood samples’ crack morphology does not significantly change at the
elevated temperatures (T of 35 and 45 ◦C).

Figure 2(I,II)a–f examines the drying evolution of the blood droplet at φb of 100 and
12.5% (v/v), respectively, at the substrate temperature (T) of 45 and 25 ◦C. The first image is
captured within ∼70 s after the droplet’s deposition on the substrate (Figure 2(I,II)a). The
images at 12.5% (v/v) are lighter than 100% (v/v) under ambient and elevated temperatures.
The first stage of the drying process started when the fluid front moves from the periphery
towards the central region exhibited in Figure 2(I,II)b,c. The light gray texture starts
appearing as the front moves, which is observed predominantly at 100% (v/v). However,
the change of the texture is not notable at 12.5% (v/v) as the first captured image is already
of light gray shade (Figure 2(I,II)a,b). Soon after this movement, the droplet is found to
have two distinct regions, the ring (or the corona) and the central regions at T = 25 ◦C.
Interestingly, the corona’s edge is found to be sharp at T = 45 ◦C.

The second stage of the drying process marks the propagation of the cracks. The
morphological difference between the undiluted and the diluted blood droplets begins
from this stage (Figure 2(I,II)c,d). The cracks propagate radially from the center to the
periphery in the undiluted blood sample [100% (v/v)]. In contrast, these cracks move from
the periphery to the corona (or the ring) at φb = 12.5% (v/v). Subsequently, the cracked
domains get detached from the substrate, whereas the central region still adheres to the
substrate at φb of 100% (v/v) and T = 25 ◦C. The radial cracks propagate throughout the
droplet at T = 45 ◦C, leading to the absence of the central region. The increased number
of the micro-flaws and an additional sliding of the sheets are also observed at T = 45 ◦C
(Figure 2(I)e,f).
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Figure 2. Time evolution of the blood droplets during the drying process: (a–f) display the drying
stages at the substrate temperature (T) of 45 and 25 ◦C at the initial concentration (φb) of 100% (v/v)
in (I) and 12.5% (v/v) in (II). The scale bar of length 0.2 mm is represented with the white rectangle
in the top-right panel.

The third stage involves changing the texture (from the light to the dark gray), the
appearance of the micro flaws from these radial cracks, and the widening of these radial
cracks. However, this stage is found to be absent at 12.5% (v/v) [Figure 2(II)e,f)].

3.1.2. Bovine Serum Albumin Protein: The Simplest Bio-Colloid

Figure 3 shows the morphology of the bovine serum albumin (BSA) droplet dried for
24 h at different substrate temperatures (T) of 25 to 55 ◦C and various initial concentrations
(φp) ranging from 20 to 1 wt%. Unlike the blood sample (Figure 1), all BSA’s dried films
show a uniform light gray texture. The “coffee-ring” [31] like behavior is seen at every
φp [25,32]. These films exhibit a shadowy dark texture around the inner edge of the ring.
This texture differentiates the film into two separate regions, the rim (or the ring), and the
central regions. It also indicates that the ring is at a higher height than the central region.
The shadowy texture is prominent at 20 as compared to 1 wt%. This suggests that their
heights’ differences are more profound with the increase of BSA’s initial concentration. A
peripheral dark band is noticed at φp = 20 wt% and minimized as we dilute the samples to
1 wt%. Similar to the whole blood dried film (Figure 1), the ring’s width (w) is found to be
dependent (decreased) as φp is diluted from 20 to 1 wt% at every temperature.

Furthermore, the sharp-edged ring is found at elevated temperatures (T from 35 to
55 ◦C). Unlike the blood samples, the cracks in BSA films are mostly observed in the ring.
These cracks intervene from the ring to the central regions at φp of 20 and 9 wt%. No cracks
are found in the central region from 5 to 1 wt%. Most of the cracks are radial, dividing
the ring into large-sized domains. The orthoradial cracks are mainly observed to join the
consecutive radial cracks (reported in our paper, [25]). Interestingly, the number of radial
cracks in the blood increases, whereas its number reduces as the BSA’s initial concentration
is diluted. In contrast, the radial cracks’ length reduces in both the blood and the BSA
samples with dilution. Interestingly, some curved flaws are noticed around the corners of
these domains at φp of 20 wt% and T = 55 ◦C.
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Figure 3. BSA film’s morphology during the 24 h at different initial concentrations (φp) ranging from
20 to 1 wt% dried at various substrate temperatures (T) of 55, 45, 35, and 25 ◦C. The scale bar of
length 0.3 mm is represented with the white rectangle in the top-right panel.

Figure 4(I,II)a–f illustrates the various stages of the BSA droplets’ drying process. The
concentrated (φp of 20 wt% in Figure 4(I)a–f and the most diluted (1 wt% in
Figure 4(II)a–f) samples are selected for studying the drying evolution at T of 55, and
25 ◦C. After the droplets are pipetted (Figure 4(I,II)a), the fluid front recedes from the pe-
riphery towards the central region (Figure 4(I,II)b–d); similar to what is also observed in the
blood droplets (Figure 2(I,II)b,c) [22,25]. This indicates that the first stage is a characteristic
of a drying bio-colloidal droplet, which does not depend on the constituent particles’ type.
Along with the fluid front movement, a prominent dark peripheral band is observed at
φp = 20 wt%. No such band is found in 1 wt% at T = 25 ◦C; however, a thin dark circular
line is exhibited at T = 55 ◦C. The distinct regions (the ring and the central) are noticed as
the fluid front movement approaches its end. Simultaneously, the cracks propagate from
the periphery towards the central region like the diluted blood droplet at φb of 12.5% (v/v).
The cracks mostly appear in all the samples except for φp of 1 wt% and T = 25 ◦C. The
long radial cracks generate, and, subsequently, the orthoradial cracks join these radial
cracks (Figure 4(I,II)d–f). Some of the curved flaws also start forming at φp of 20 wt% and
T = 55 ◦C. The φp of 1 wt% at T = 55 ◦C shows that the cracks do not propagate in the
central region, whereas these cracks intervene at 20 wt%. The different observations in the
blood and the protein samples are detailed in the next section.
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Figure 4. Time evolution of BSA droplets at different substrate temperature (T) during the drying
process: (a–f) display different stages at the initial concentration (φp) of (I) 20 wt% for T of 55 and
25 ◦C, and (II) 1 wt% at T of 55 and 25 ◦C. The scale bar (0.2 mm length) is shown with the white
rectangle in the top-right panel.

3.2. Quantitative Analysis
3.2.1. Drying Evolution of the Complex Bio-Colloid

Figures 5a–f and 6a–f show the drying evolution of the statistical image parameters,
the mean and the standard deviation [in arbitrary units, (a.u.)] of the blood droplets at
the different initial concentrations (φb) of 100 to 12.5% (v/v), respectively. The substrate
temperature (T) of 45 ◦C is presented in the left y-axis, and T = 25 ◦C is displayed in the
right y-axis. The x-axis exhibits the drying times in seconds for both temperatures.

Figure 5. Time evolution of the statistical image parameter, the mean [in arbitrary units, (a.u.)] of the
blood droplets at the different initial concentrations (φb) of 100 to 12.5% (v/v), respectively, in (a–f).
The black and the red colors represent the mean at 45 and 25 ◦C respectively.
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Figure 6. Time evolution of the statistical image parameter, the standard deviation [in arbitrary
units, (a.u.)] of the blood droplets at the different initial concentrations (φb) of 100 to 12.5% (v/v),
respectively, in (a–f). The black and the red colors represent the standard deviation at 45 and 25 ◦C
respectively.

The mean is defined as the sum of the pixel values divided by the number of the
pixels [30,33]. The mean shows three distinct phases: a rapid rise follows the initial increase,
after which a peak appears and, finally, decreases to reach the saturation stage. The initial
rise of the mean is when the fluid front starts moving from the periphery to the central
region. When the gray texture starts appearing significantly, the pixel values increase,
resulting in the mean rapid rise (Figures 5a,f and 2(I,II)a–f). Soon after reaching the
maximum values, the mean begins to decrease when the cracks propagate. The standard
deviation (SD) ranges from 100 to 50% (v/v) at both temperatures starts with a rapid rise,
followed by a dip. Finally, it increases to reach saturation. The SD measuring the image
texture’s complexity can capture the finer textural details [30,33]. The uniformity of the
image after the deposition of the droplet is the highest. The dark gray texture of the image
for the range from 100 to 62% (v/v) signifies the low value of the SD. It follows a rise and a
dip when the mean increases. The pixel values increase (the mean expands) in the process
of changing the texture; however, the image’s uniformity is reduced (or the complexity is
escalated). As soon as the front progresses significantly, it results in a dip of the SD values.
The growth of these cracks breaks the uniformity, and the SD shoots up.

Interestingly, the SD starts with a high value and reduces at φb of 25 and 12.5% (v/v)
(Figure 6e,f). The uniformity of the images deteriorates due to the presence of the lower
pixel values in the light gray textured images at this concentration range. It exhibits a broad
dip during the fluid front movement. The crack propagation leads to an increase in their
values. In addition, finally, it gets saturated at every φb as the drying process ends. It is to
be noted that the substrate temperature does not induce any significant changes in their
behavior (Figures 5 and 6).

Figure 7(I,II) shows the time evolution of the averaged fluid front radius [r(t)] that is
normalized with the averaged radius of the droplet (R) at different diluting concentrations
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(φb) ranging from 100 to 12.5% (v/v). The parameter, r(t)/R, is plotted at T of 45 ◦C in
Figure 7(I) and 25 ◦C in Figure 7(II). The r(t)/R at 45 ◦C shows an initial slow linear and a
later fast nonlinear regime. The averaged fluid front radius [r(t)] is plotted as a function
of time at both temperatures. Subsequently, the velocity (or the slope) of the fluid front
is analyzed. The initial slope values (m1) are calculated when a linear fit is done in the
linear regime. The m1 is found to be weakly dependent on the initial concentration (φb).
It varies from −1.3 µm s−1 to −0.4 µm s−1. The negative sign indicates that the radius of
the fluid front reduces with the drying time. The final slope values (m2) are extracted by
doing a linear fit in the nonlinear regime. A strong dependency of m2 on φb is found. It
reduces from −8.8 µm s−1 to −1.0 µm s−1 as φb is diluted [inset of Figure 7(I)]. The average
value of m2 is −5.4 ± 3.1 µm s−1. On the other hand, the parameter r(t)/R shows a weak
nonlinearity in the later time at T = 25 ◦C. Therefore, the slope values (m) are determined
from the whole range. The average value of m is −0.5 ± 0.2 µm s−1, which is weakly
dependent on φb. It is to be noted that the radius of the fluid front could only be measured
when it covers ∼20% of the whole droplet at 25 ◦C, whereas it covers ∼60% of the total
droplet area at 45 ◦C.

Figure 7. Time evolution of the normalized fluid front radius (r(t)/R) at different initial concentration
(φb) ranging from 100 to 12.5% (v/v) in the whole blood droplets at various substrate temperatures (T)
of 45 ◦C in (I) and 25 ◦C in (II). The initial (m1) and final (m2) slope values are calculated from (r(t))
measurements in each region at T = 45 ◦C, whereas the slope values (m) are determined from the
whole range at T = 25 ◦C. The variation of the slope with φb is displayed in the insets of (I) and (II).

The wettability of these blood droplets at T = 25 ◦C is examined by measuring the
contact angle during the drying process [Figure 8(I,II)]. The contact angle is the angle formed
by the interfaces of substrate–blood, blood–air, and substrate–air [2]. It shows the drying
evolution of the normalized contact angle (θ(t)/Θ) at different initial concentrations (φb)
ranging from 100 to 62% (v/v) in Figure 8(I) and from 50 to 12.5% (v/v) in Figure 8(II). The
Θ is determined by a linear extrapolation of the contact angle [θ(t)] varying with time,
where it appears linear (till ∼200 s). The normalization is done by dividing θ(t) with
Θ. The presence of a peak-like feature in Figure 8(I) makes the contact angle variation
non-monotonic. The range from 320 to 570 s is highlighted in the inset of Figure 8(I) at
φb of 75 and 62% (v/v). The value of 0.05 is added to the θ(t)/Θ of 62% (v/v) [inset of
Figure 8(I)] for the clear visualization. The peak is broad and observed during 200–300 s at
φb = 100% (v/v). This peak becomes small and gets delayed as φb is diluted. It is found
during 400–500 s at 75 and 62% (v/v). This peak becomes absent, and a monotonic decrease
of the contact angle is found from 50 to 12.5% (v/v) [Figure 8(II)]. Furthermore, the θ(t) is
plotted as a function of time, and the velocity (or the slope) of the contact angle is measured.
The slope for 25 and 12.5% (v/v) is found to be −0.1351 ± 0.0008◦ s−1 (with R2 = 0.994) and
−0.1971 ± 0.0012◦ s−1 (with R2 = 0.996), respectively. Its increased value from ∼0.14 to
∼0.20◦ s−1 suggests that the angle gets steeper as φb is diluted. The negative sign indicates
that the angle reduces with time.
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Figure 8. Time evolution of the normalized contact angle (θ(t)/Θ) in the whole blood droplets for
T = 25 ◦C at different initial concentrations (φb) ranging from 100 to 62% (v/v) in (I) and from 50
to 12.5% (v/v) in (II). The range from 320 to 570 s is zoomed in the inset of (I) at φb of 75 and
62% (v/v). The value of 0.05 is added to θ(t)/Θ of 62% (v/v) (illustrated with an asterisk mark) for
the clear visualization.

A comparison between Figures 7(II) and 8(I,II) reveals that both the contact angle
and the fluid front radius move simultaneously at all φb except 12.5% (v/v) initially. It
is to be noted that r(t)/R is computed up to ∼0.6 [shown in Figure 7(II)], which means
that the front still moves with the time until it becomes zero. In contrast, no simultaneous
movement of the contact angle and the radius is found at φb = 12.5% (v/v). The contact
angle reaches a minimum constant value, and, subsequently, the fluid front changes.

3.2.2. Drying Evolution of the Simplest Bio-Colloid

Figure 9(I,II) shows the drying evolution of the normalized contact angle (θ(t)/Θ) in
the BSA droplets at the different initial concentration (φp) of 20 wt% in Figure 9(I) and from
9 to 1 wt% in Figure 9(II). It shows a non-monotonic decrease with a small peak at 20 wt%
[Figure 9(I)]. The peak occurs from ∼350 to ∼450 s during the contact angle movement. It is
found that this duration is the time when the fluid front moves from the periphery towards
the central region [Figure 4(I)a–f]. The monotonic decrease (without the presence of any
peak) is found at φp of 9 to 1 wt% (also reported in [25]). The θ(t) is plotted as a function of
time, and the velocity (or the slope) of the contact angle is measured. The slope for 9, 5,
and 1 wt% is found to be −0.0731 ± 0.0002◦ s−1 (with R2 = 0.998), −0.0876 ± 0.0004◦ s−1

(with R2 = 0.996), and −0.0674 ± 0.0001◦ s−1 (with R2 = 0.999), respectively. Interestingly,
the contact angle varies monotonically for both the blood droplets at φb of 50 to 12.5% (v/v)
and the BSA droplets at φp of 9 to 1 wt%. However, their slope values differ, suggesting
that the variation is steeped in the blood rather than the BSA droplets.

wt%)

(I) (II)

me (s) me (s)

Figure 9. Time evolution of the normalized contact angle (θ(t)/Θ) in the BSA droplets at the different
initial concentrations (φp) of 20 wt% in (I) and from 9 to 1 wt% in (II) for T = 25 ◦C.



Biomolecules 2021, 11, 231 11 of 18

Figure 10(I,II) shows the time evolution of the normalized fluid front radius [r(t)/R)]
at φp ranging from 20 to 1 wt% in the BSA droplets at a different substrate temperature (T)
of 55 ◦C in Figure 10(I) and 25 ◦C in Figure 10(II). The slope values (m) are calculated from
the whole range by plotting the time evolution of the r(t). The variation of m with φp is
exhibited in the insets of Figure 10(I,II). The m decreases from −4.6 µm s−1 to −1.4 µm s−1

at T = 55 ◦C. The average value of m is −1.3 ± 0.3 µm s−1 at T = 25 ◦C.

(I) (II)
(wt%)∅�

me (s)

(wt%) (wt%)

me (s)

m
m

Figure 10. Time evolution of the averaged fluid front radius (r(t)) that is normalized with the
averaged radius of the droplet (R) at the different initial concentration (φp) ranging from 20 to 1 wt%
in the BSA droplets at different substrate temperature (T) of 55 ◦C in (I) and 25 ◦C in (II). The slope
values (m) are calculated from the whole range by plotting the r(t) vs. time. The variation of m with
φp is exhibited in the insets of (I) and (II).

The mapping of the contact angle [Figure 9(I,II)] and the fluid front radius [Figure 10(II)]
of the BSA droplets reveals that all φp show a similar trend, unlike blood droplets. Only the
contact angle reduces without any fluid front movement in the initial ∼200 s, whereas the
simultaneous movement of both the contact angle and the fluid front is found afterward.

3.2.3. Morphological Patterns of the Dried Films

Figure 11(I–III) shows the normalized ring width (w/R) of the blood film as a function
of φb at T of 45 to 25 ◦C. The solid line depicts the linear fit over the whole range from
100 to 12.5% (v/v). The dotted and dash-dotted lines show the linear fit from 100 to
62, and 62 to 12.5% (v/v). It is to be noted that the linear fits for the range from 100 to
12.5% and from 100 to 62% (v/v) are not possible at T = 45 ◦C. Therefore, a dashed line
is drawn for the guide to our eyes. The slope values were extracted for the different
ranges of φb. The slope for the range 100 to 12.5, 100 to 62, and 62 to 12.5% (v/v) is
denoted by m, m1, and m2. The m is found to be 0.0096 ± 0.0003 φ−1

b (R2 = 0.995) and
0.0054 ± 0.0006 φ−1

b (R2 = 0.936), respectively at T = 35 and 25 ◦C. On the other hand, the
m1 is 0.0123 ± 0.0002 φ−1

b (R2 = 0.999), and 0.0089 ± 0.0021 φ−1
b (R2 = 0.891), respectively,

at T = 35 and 25 ◦C. In addition, m2 is 0.0094 ± 0.0020 φ−1
b (R2 = 0.873), 0.0067 ± 0.0006 φ−1

b
(R2 = 0.999), and 0.0051 ± 0.0008 φ−1

b (R2 = 0.928), respectively, at T = 45, 35, and 25 ◦C.
The higher R2 value of m compared to that of m1 and m2 indicates that the linear fit is better
suited for the whole range of φb instead of splitting the fits at 62% (v/v).
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Figure 11. Concentration dependence of the normalized ring width (w/R) of the whole human blood
film at different substrate temperatures (T) at (I) 45 ◦C, (II) 35 ◦C, and (III) 25 ◦C. The solid line
depicts the linear fit over the whole range from 100 to 12.5% (v/v). The dotted and dash-dotted lines
show the linear fit from 100 to 62%, and 62 to 12.5% (v/v), respectively. The dashed line at T = 45 ◦C
is a line drawn to guide our eyes.

The variation of the averaged crack spacing (xc) of the blood film as a function of φb at
45, 35, and 25 ◦C is presented in Figure 12(I–III), respectively. Similar to Figure 11(I–III), the
slope values (m, m1, and m2) are extracted for various concentration ranges. The m is found
to be 0.0056 ± 0.0006 mm φ−1

b (R2 = 0.942) at T = 45 ◦C. As we decrease the temperature to
35 ◦C, the m reduces and is observed to be 0.0049 ± 0.0013 mm φ−1

b (R2 = 0.721). Finally,
the m becomes 0.0034 ± 0.0012 mm φ−1

b (R2 = 0.579) at room temperature of 25 ◦C. In
contrast, the m1 is 0.0081 ± 0.0008 mm φ−1

b (R2 = 0.982), and 0.0081 ± 0.0015 mm φ−1
b

(R2 = 0.934) at the elevated temperatures, 45 and 35 ◦C, respectively. At T = 25 ◦C, the
m1 is 0.0011 ± 0.0015 mm φ−1

b (R2 = 0.960). The m2 is 0.0039 ± 0.0005 φ−1
b (R2 = 0.958),

0.0029 ± 0.0007 φ−1
b (R2 = 0.844), and 0.0016 ± 0.0005 φ−1

b (R2 = 0.736), respectively, at
T = 45, 35, and 25 ◦C. Unlike the w/R, R2 values of m1 and m2 at all temperatures increases
compared to m when xc is plotted as a function of φb. The slope values change for different
ranges of the linear fits done from 100 to 62, and 62 to 12.5% (v/v). A kink is observed at
62% (v/v) in all temperatures; however, it reduces with the increase of the temperature
[oval line in Figure 12(I–III)].

Figure 12. Concentration dependence of the averaged crack spacing (xc) of the whole human blood
film at different substrate temperatures (T) at (I) 45 ◦C, (II) 35 ◦C, and (III) 25 ◦C. The solid green line
depicts the linear fit done over the whole range from 100 to 12.5%. The dotted and dash-dotted lines
show the linear fit from 100 to 62, and 62 to 12.5% (v/v). The oval line highlights a kink at 62% (v/v).
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Figure 13(I,II) shows the variation of the normalized ring width (w/R) and the aver-
aged crack spacing (xc), respectively, as a function of φp in the BSA film at T ranging from 55
to 25 ◦C. The green solid line depicts that the width of the ring decreases with the dilution.
The slope values of w/R at T = 55, 45, 35, and 25 ◦C are 0.033 ± 0.004 φ−1

p (R2 = 0.960),
0.029 ± 0.006 φ−1

p (R2 = 0.893), 0.033 ± 0.007 φ−1
p (R2 = 0.866), and 0.026 ± 0.004 φ−1

p

(R2 = 0.945), respectively. These values indicate that the w/R is independent on the tem-
perature. In contrast, the xc exhibits a strong dependency on the temperature. The different
colored dashed lines guide us to understand the variation of the xc with the substrate
temperature. The straight line of xc suggests that it is nearly independent of φp at T = 55 ◦C.
As T decreases from 55 to 25 ◦C, the xc reduces from ∼0.45 mm to ∼0.21 mm.
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Figure 13. (I) Concentration dependence of the normalized width of the ring (w/R) of the BSA film
at different substrate temperatures (T) from 55 to 25 ◦C. The green solid line shows a master linear fit.
(II) Concentration dependence of the averaged crack spacing (xc) of the BSA film at different T from
55 to 25 ◦C. The different colored dashed lines at different temperatures are drawn to guide our eyes.
The xc and w are shown on the dried BSA film at φp of 20 wt% and T = 25 ◦C.

4. Discussion

Figures 14(I,II)a–c and 15(I,II)a–c show the physical mechanism of both the blood and
BSA droplets (please refer to our previous publications [22,25] for further details in this
regard). The capillary flow (Figures 14(I,II)a and 15(I,II)a) drives the particles towards the
droplet periphery. As time progresses, a BSA-rich layer is observed to form in the one-
component system (aqueous BSA solution in (Figure 15(I,II)b). On the other hand, a plasma
protein-rich layer develops in the multi-component system (diluted whole blood droplets
in Figure 14(I,II)b). With the advancement of time, more water starts evaporating from
these droplets, leading to an interaction of the droplet particles. The BSA particles interact
in the protein droplets, whereas the cellular components (WBCs, RBCs, and platelets)
(significantly) interact in the blood droplets. We assumed that many of these particles and
their interactions near the periphery disturb the contact angle measurements. For example,
the non-monotonic decrease of the contact angle is observed at φb of 100 to 62% (v/v) in
blood droplets and at φp of 20 wt% in the BSA droplets [Figures 8(I) and 9(I)]. Please refer
to [22] for a detailed discussion on the origin of such non-monotonic property. The drying
mechanism of the one component (simplest) and the multi-component (complex) bio-
colloidal droplets discussed in this paper firmly establishes the fact that the non-monotonic
property (i.e., the presence of the peak-like feature) is indeed a universal property that can
be observed across any high-concentrated colloidal samples. A similar observation (i.e.,
the presence of such non-monotonic property) has recently been reported in the polymeric
system [34] that further supports our claims.

A comparison amongst the macroscopic images of the drying process (Figures 2(I,II)a–f
and 4(I,II)a–f) confirms that the peak-like feature obtained from the contact angle mea-
surements (non-monotonic property) appears only during the fluid front movement. This
indicates that a sufficient amount of water is still present in the droplet to preserve these
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particles’ native states. Both these droplets, however, experience mechanical stress as
soon as the water reduces significantly. This (mechanical) stress affects the native states
of RBCs and WBCs and alters the platelets’ biological activity in the blood droplet. The
microstructural analysis of the dried films at 100% (v/v) reveals a uniform texture (also
reported in [19,22]) in the ring (marked with a black arrow in Figure 14(I)c). The RBC
membranes create this uniform layer, and some deformed RBCs are observed in the cracked
peripheral region (indicated with a white arrow in Figure 14(I)c). The central region is
crammed with mostly WBCs (the ridges and troughs-like structures) and the platelets (the
spread structure with extended filopodia). Some spicules-shaped RBCs are found near
the ring’s inner edge at 12.5% (v/v) (within the orange rectangle in Figure 14(II)c). The
sickle-shaped RBCs and the discoid-shaped inactivated platelets are observed in the central
region (marked with the blue rectangle in Figure 14(II)c). Please refer to [22] for a detailed
microstructural discussion. Interestingly, BSA dried films’ micrographs show a uniform
texture (Figure 15(I,II)c). This indicates that these protein structures are at a shallow length
scale (unlike blood dried films), and the magnification is not enough to analyze at those
length scales.

It is worth mentioning that the morphological texture and the (crack) patterns significantly
affect the blood droplets (Figures 1 and 2), but not the BSA droplets (Figures 3 and 4). The
sliding of the cracked films is observed at φb of 100 to 62% (v/v); it is, however, absent at φb
of 50 to 12.5% (v/v) [Figure 1, reported in [22]]. On the other hand, all the samples of BSA
show that the dried films firmly adhere to the substrate (Figure 3, reported in [25]). Contrary
to these blood samples, the xc is found to have a weak concentration dependence in the
BSA films (Figure 13(II)). The crack patterns are similar in all the protein samples, which is
possibly due to the absence of different-sized components. Furthermore, the ring’s height
is higher than the central region at φp = 20 wt%, and it reduces as we dilute φp to 1 wt%
(Figure 15(I,II)c). The corona region of the blood film at the highest dilution [φb of 12.5% (v/v)]
nearly mimics the homogeneous texture of the BSA blood films [Figures 14(II)c and 15(II)c].
The dried films of both simplest and complex bio-colloidal films show a gradual decrease
when the ring’s normalized width is plotted with the initial concentration [Figures 11(I–III)
and 13(I)]. This trend indicates that the width of the ring measures the deposition of the
particles. When the number of particles is high, the ring’s width is more (reported in
one of our papers in [25]). As the number reduces, the ring’s width decreases; however,
the self-assembling mechanism is different during their deposition. The different self-
interacting mechanism (of a large number of components) is observed for other complex
multi-component systems [29,32,33], not specifically to the blood.
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Figure 14. Self-assembling mechanism of the undiluted and the diluted blood droplets during the
drying process. The φb of 100% (v/v) is displayed in ((I)a–c), and the 12.5% (v/v) is exhibited in
((II)a–c). The dotted arrows in ((I,II)a) indicates the capillary flow of the fluid. The blue rectangles
in ((I,II)c) display the central region’s microstructures for both 100 and 12.5% (v/v). The orange
rectangle in ((I)c) illustrates the periphery and the corona (or the ring) regions at φb = 100% (v/v).
The corona and the central regions are presented within the orange rectangle in ((II)c). The white
arrow reveals the peripheral region, whereas the black arrow demonstrates the ring.

Figure 15. The BSA droplet’s physical mechanism during the drying process at φp = 20 wt% in ((I)a–c)
and at φp = 1 wt% in ((II)a–c). The capillary flow is indicated with the dotted arrows in ((I,II)a).
The blue and the orange rectangles in ((I,II)c) display the microstructures in the central and the rim
regions (both 20 and 1 wt%).

We really appreciate the idea proposed by one of the reviewers to changing the ratio
of blood components and plasma proteins by decreasing RBCs’ concentration using the
centrifugation method instead of diluting it with de-ionized water. This particular method
is used to study the morphological alteration of RBCs recently [35]. While we understand
that a systematic study is required to understand how each cellular component behaves
and contributes to the drying process, we must admit that this is beyond the scope of
the current paper. The visco-elastic to elastic transition is developed during the drying
process when the concentration of the blood components increases. Therefore, starting
with the different initial concentrations, i.e., changing the ratio of blood components and
plasma proteins, will affect the transition concentration reported in this manuscript. We
look forward to examining those aspects in our future work.
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In addition to the concentration study, the substrate temperature (T) is varied. The
sample is pipetted on the substrate under ambient conditions. The substrate is transferred
to the hot stage within ∼45 s. This means that a temperature gradient forms between
the apex of the droplet and the fluid–substrate interface. This gradient can generate ther-
mally induced Marangoni flow in addition to the capillary flow in the droplets at the
elevated temperatures. The images captured during the drying process and the dried
films of both the BSA and the whole blood show that the morphological (crack) pat-
terns are not significantly different from those captured under the ambient temperature
(Figures 1–4). The statistical mean and the standard deviation extracted from these images
confirm that the temperature only reduces the drying time (Figures 5 and 6). The fluid front
measurements indicate that the fluid’s velocity gets increased with the increase of the tem-
perature [Figures 7(I,II) and 10(I,II)]. The mean crack spacing (xc) shows a gradual decrease
in the BSA samples [Figure 13(II)]. A kink at 62% (v/v) gets reduced as the temperature is
increased in blood samples [Figure 12(I–III)]. The sharp-edged “coffee-ring” ring is predom-
inantly observed in all the dried films at elevated temperatures [Figures 11(I–III) and 13(I)].
These observations suggest that the particles in both the blood and the BSA droplets have
enough time to segregate and deposit their particles onto the substrate under ambient
conditions. There is insufficient time for them to segregate fully. Despite having the same
stages, the accelerated drying at the elevated temperatures exhibits a weak influence of the
thermal Marangoni flow, which is partially counteracted by the particles’ enhanced edge
aggregation in such droplets.

It will also be interesting to examine the effects of the relative humidity and/or its
coupling with the temperature on the pattern formation of such diluted bio-colloidal
droplets since relative humidity directly affects the drying mechanism.

5. Conclusions

This paper explored the physical phenomena of different patterns formed during
different phases of the drying process in one of the most complex (whole human blood)
and a simplest (aqueous solution of the globular protein, BSA) bio-colloidal droplets.
The captured images, the statistical image analysis, the fluid front, the contact angle
measurements during the drying process, and the dried films’ microstructural sketches
are described for both the blood and the BSA samples. These indicate that the samples’
visco-elasticity depends on the self-interacting mechanism of large number of components,
not specifically to the blood. The sample prepared by extreme dilution of the whole blood
behaves like the BSA droplet. The substrate temperature only increases the rate of the
drying process, and does not influence the states of the blood’s components. This current
study therefore initiates a theoretical effort to examine how the dilution and the substrate
temperature interplay in characterizing these bio-colloidal droplets. This study offers
new macroscopic and microscopic insights connecting the hierarchical structures that are
evolved as the drying process advances through a new phase transition mechanism.
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