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ABSTRACT

Collagen is a functional biomaterial with many applications including in the use of wound healing. 3D collagen hydrogels
mimic an zz vive cell culture experience which has been used in studies of cell survival and growth. In experimentally examining
human cells under contact with 3D collagen, it is possible to understand the role of collagen in human epithelial tissue repair.
This study explored the growth and attachment response of human MCF-7 cells when exposed to 3D collagen by
investigating if the presence of NIH/3T3 fibroblasts embedded within the collagen should produce an increased response in
cell repair. 3D collagen and fibroblast presence was able to be analyzed in tandem with a “sandwich-like” configuration of the
gels to determine how these variables impact or improve the tissue repair response in MCF-7 cells. Examinations in growth,
attachment, viability, and migration patterns demonstrated that MCF-7 repair response may be increased when in contact with
3T3 embedded 3D collagen without impairing viability. Most notably, results from the migration assay revealed that MCF-7
cells migrate the most when covered by and adhered to cellular 3D collagen. Fibroblast embedded collagen on top of and
below MCF-7 cells exceeded quantitative assessment to near confluency, whereas less than 50 counted cells per image
migrated without any top collagen layering. Continuation of these methods could involve 7 vivo experiments that incorporate
live animal models to determine if these results would continue to extend and apply to live tissue.
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INTRODUCTION

The most common cell type in connective tissue is fibroblasts, a structural mesenchymal cell type. A major function of these
cells includes the production of collagen fibers, proteoglycans, fibronectin, glycosaminoglycans, and other extracellular matrix
(ECM) components.! In the wound healing process, the body’s response phases ate as follows: homeostasis, inflammation,
migration, proliferation, and remodeling.? Fibroblast cells, during the proliferative phase, increase production of collagen, elastin,
proteoglycans, and hyaluronic acid, and these molecules are reorganized into a new ECM during the final phase.? The presence
of fibroblasts has shown increased keratinocyte migration in a 3D wound model compared to fibroblast absence, indicating the
importance of these cells in tissue repair.? The NIH/3T3 fibroblast tetraploid cell line (ATCC® CCL-1658™) isolated from Swiss
albino (Mus musculus) murine embryos have been used in thousands of publications as a model system because of its functionality
as a transfection host.

In addition to NIH/3T3 cells, MCF-7 cells (ATCC® HTB-22™) are used in cell modeling. MCF-7 cells are epithelial human
breast cancer cells. The line was isolated in 1973 from a pleural effusion of a 69-year-old woman who had metastatic disease.*
Cancer cells have different wound healing behavior. Cancer cells hijack parts of the wound healing process to ensure their
sutvival.’> When observing cancer cell behavior, 3D models can be used to more clearly identify invasive or migratory patterns
compared with 2D models.® When using a 3D collagen model, cell migration and degeneration of the extracellular matrix can be
observed, which allows for cancer cell metastasis to be more accurately modeled.® Because deregulated dynamics with the


mailto:mentor@server.edu
mailto:janesmith@server.edu
mailto:mentor@server.edu

extracellular matrix are a main characteristic associated with cancers, using a 3D model allows for more visualization of the
processes and observing changes to the matrix’s mechanical and structural properties to better direct treatments.” This response
can be paired with 3D matrices, which shows that when MCF-7 cells are cultured in hydrogels there is up-regulation of breast-
specific matkers than when comparing the response to a standard 2D culture. This allows for a more in-depth analysis of the cell
model to be done with conditions that are in vivo.8

Collagen is a useful biomaterial to be used in tandem with the above cell lines. This triple helix structured protein is one of the
most abundant proteins in the ECM.% 10 It is a fibrous protein that creates a scaffold for cells and is highly compatible with a
cellular environment.? Over time, collagen-based biomedical materials have been developed into effective structures that have a
wide range of applications including in the food, cosmetics, pharmaceutical, and biomedical industties.® Currently, the most
common method of cell culture is conventional 2D cell culture. which provides information to understand cell pathology,
physiology, and function. However, a 3D cell culture method can create an environment that more closely resembles in vivo
conditions.! 3D culture allows some of the cell and matrix interactions to be captured, resulting in information about
differentiation, proliferation, and cell functions being lost.!! Collagen is one of the most commonly used proteins in the creation
of matrices because of its ease of use, lost cost, and flexibility."! Using collagen as a scaffold in a 3D culture allows for a variety
of factors, such as pore size, ligand density, and stiffness, to be customized for each experiment through simple changes that
alter the structural properties of the gel.! Through the use of a collagen 3D matrix, the interactions between cells ate more
clearly expressed, and a biologically active environment is established which allows cells to behave in a way more representative
of in vivo conditions.!

Different cell lines and biomaterials are used in a wide variety of medical and research applications. They can be modified to
deliver drugs or cell therapy, coat medical devices, and protect against infection.’? The use of collagen in tandem with NIH/3T3
cells in medical applications is becoming more common, as their properties are excellent for wound healing. Collagen is
commonly used as a hydrogel material and is known for its biocompatibility, in addition to its ability to promote cell attachment,
proliferation, and migration. Cells have been cultured on and within collagen to mimic biological microenvironments and
examine their potential as a treatment for wounds.!®* One study seeded fibroblasts into a collagen-rich hydrogel; the hydrogel
formulation was thought to be a candidate for diabetic wound healing.™* Cell viability, proliferation, and migration were studied
using in vitro models. These models showed fibroblast survival and proliferation increasing with a higher concentration of
collagen.* In addition, migration through, into, or out of the hydrogel could not be detected, likely due to a lack of chemotactic
factors. This study indicated that the formulation of this particular 3T3/collagen hydrogel would be useful in wound healing
applications. 1

Another study used a hydrogel made of recombinant human collagen as a skin graft overlay.’® This hydrogel was made from
recombinant human collagen type 111 and sodium alginate, where the final solution was 10% collagen.’> Once hydrogels were
formed from this solution, they were subjected to a variety of tests to determine their biological properties. To determine the
biological properties, both cell lines and live animals, rat subjects, were used. HaCaTs, HUVECs, and primary human fibroblasts
were used in cytotoxicity and migration studies.!® The cytotoxicity study indicated that the collagen extract had slight
cytotoxicity, particularly for the HUVECs.!® The migration study indicated that the ability of each cell line to migrate was
increased following six to 24 hours of culture.’S Live animals were used to test the hydrogel’s ability to aid wound healing. These
experiments indicated that the hydrogel promoted wound healing, dermis formation, basement membrane formation,
angiogenesis, and proliferation.!’® Following these expetiments, the researchers determined that this hydrogel has the potential to
aid in wound healing as a graft ovetlay.’® Collagen hydrogels with and without cells seeded within them have the potential to aid
in the treatment of wounds, but further research and modeling are needed.

Much of the work described previously utilized 2D culture models and animal models to test a material’s wound healing
properties. Some work has been done to assess these materials on 3D culture models. Thete is more to be done in the
development of 3D culture models to assess these properties. Because of the biochemical healing properties naturally expressed
by fibroblasts, we proposed that a hydrogel, constructed from 3D collagen embedded with NIH/3T3 cells, has the potential to
increase the wound repair response in MCF-7 epithelial tissue. Repair response was measured using physical and quantitative
values of cell attachment, growth, viability, and migration. In seeing a consistency in cell viability and increase in attachment and
migration, cellular collagen hydrogels have the potential for being used as a tool for tissue repair.

METHODS AND PROCEDURES
Cell Maintenance
NIH/3T3 (ATCC® CCL-1658™) and MCF-7 (ATCC® HTB-22™) cell lines from the American Type Culture Collection



(ATCC) were maintained in complete medium containing Dulbecco’s Modified Eagle Medium (DMEM) with 10% Fetal Bovine
Serum (FBS) and 1% Penicillin/Streptomycin (PS). Cells wete incubated at 37°C and 5% COz in T25 and T75 flasks. Cells were
passaged between every 48-72 hours, occurring as needed or when nearing confluency.

Cell Connting

Cells were trypsinized and diluted in complete medium. 100 uL of the cell suspension were aliquoted and 100 pL of 0.4%
Trypan Blue was added. When manual cell counting, 10 uL of the cell-dye mixture was loaded on a hemacytometer and analyzed
using a 10x objective microscope. Cells within one mm? squares were counted, and the average of four squares was calculated.
The total cell density was calculated using the following formula: average number of cells per squate * 2 * 104

Cell Suspension in 3D Collagen

Neatrly confluent NIH/3T3 cells were trypsinized and resuspended in complete medium. For the attachment, proliferation, and
alamarBlue™ assay, a 3D collagen (Sigma-Aldrich® C4243™) mixture was prepared using 300 pL of cell suspension and 1.2
mL of collagen to create a final concentration of 2.02 * 103 cells per mL. For the migration experiment, the same method was
used with different volumes- 360 uLL and 240 pLL of cell suspension and 1.44 mL and 960 uL of collagen mixture for the 300 pL
and 200 pL aliquots, respectively. The final concentrations were 3.9 * 103 cells per mL for the 300 uL and 4.6 * 103 cells per mL
for the 200 pL aliquots. For the acellular collagen mixture, complete medium was added in place of a cell suspension. The
collagen mixture was resuspended evenly. 300 uLL and 200 pL aliquots were placed into the allotted collagen wells for 12- and
24-well plates, respectively. The collagen was left to firm in a 37°C incubator for two-to-three hours. Following gelation, MCF-7
cells were trypsinized for placing on the set collagen gel. Medium was added to wells without cells seeded on top.

Attachment and Proliferation Assay

Attachment and proliferation were assessed by plating a 12-well plate of MCF-7 cells on acellular and cellular 3D collagen
(Table 1). MCF-7 cells wete seeded at equal concentrations on top of collagen either embedded with 3T3 cells (Cell Col) or not
embedded (Acell Col). Negative controls consisted of wells with collagen or on its surface. Positive controls consisted of wells
with MCF-7 cells adhered and no collagen (No Col). One mL of complete medium was added to each well to ensure collagen
hydration and cell maintenance. Observations were made after 24, 72, and 120 hours. At 120 hours, cell counts were performed
and the remaining cells from representative conditions were transferred to a 96 well plate to perform an alamarBlue™ assay.
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Table 1. Design conditions for the attachment and proliferation assay in a 12-well plate.
AlamarBlue™ Assay

To assess viability of the MCF-7 cells in response to collagen exposure, an alamarBlue™ Assay (BIOSOURCE® Cat. No.
DAL1025) was performed using samples from a cellular control well, an acellular collagen well, and a cellular collagen well from
the attachment assay. Each well was trypsinized and a cell count was petformed with hemocytometry. The cell counts were
found and used as a reference when setting up the assay. A 96-well plate was set up using three different samples: control MCF-
7 cells grown in only medium (control), MCF-7 cells grown on acellular collagen, and MCF-7 cells grown on cellular collagen. A
two-fold dilution series ranging from undiluted to 1:64 was performed, with a final volume of cell solution in each well of 125
ulL. 125 uLL of medium was added to wells to serve as a blank. After incubating the plate for 72 hours, 12.5 uL alamarBlue™ Cell
Viability Reagent was added to each well and incubated for two hours. A Biotek Synergy H1 Hybrid Multi-Mode Reader was
used to read the fluorescence of the wells using excitation and emission values of 540 nm and 590 nm, respectively. The average
of blank wells was calculated and used to find the blank-subtracted values of each well. Averages of the conditions (control,
acellular collagen, cellular collagen) for each well dilution were calculated and used in statistical analysis using two-sample t-tests

(p<0.05).



Microscopy/ Imaging
Each well was observed at 0, 24, 72, and 120 hours. Cells were assessed for attachment and growth through visual analysis.
Shape of the cells, confluency, and other visually apparent changes were noted at each observation point. Images were taken
through an Olympus IMT-2 Inverted Research Microscope at 100x magnification to record the qualitative data.

Migration Assay
Migration was assessed by plating two 12-well plates of MCF-7 cells on acellular and cellular 3D collagen (T'able 2). Alongside
the 12-well plates, a 24-well plate was used to plate 200 pLL collagen gels to be transferred on top of the scratch once firmed.
MCEF-7 cells were seeded on top of collagen either embedded with 3T3 cells or not embedded. Two wells with MCF-7 cells
adhered to the well bottom were scratched without layering collagen on top for positive controls. One mL of complete medium
was added to each well to ensure collagen hydration and cell maintenance. Each well was then lightly scratched with a 1000 pL
pipette tip to simulate a wound. An hour after scratching, the collagen gels were transferred to the 12-well plates and placed on
top of the scratch. Plates were incubated at 37°C and 5% CO». Following 24 hours, observations wetre conducted of each well,
and images were taken using a Biotek Cytation 5 Cell Imaging Multimode Reader at 10x brightfield. Image recoloring was
performed in Google. Scratch images were divided into three fields of view (FOVs) acting as three technical replicates per
condition, and the number of cells migrated within the scratch were counted per FOV. The average and standard deviation was
calculated for each condition, and two-sample t-tests (p<<0.05) were performed to determine significance between groups.
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Table 2. Design conditions for the migration assay in two 12-well plates. Wells contained a bottom layer of collagen, top layer of collagen, both layers, or
neither. MCF-7 cells were seeded in all experimental wells.

RESULTS
Cellutar 3D Collagen increases MCT-7 attachment and does not decrease cell viability.
Visual confirmation of gel conformation and cell attachment was completed prior to and immediately following cell seeding.
Figure 1 depicts the visual confirmation of cells being present following seeding. Immediately following seeding, cells maintain a
rounded shape, indicating potential lack of attachment and spreading on the bottom of the well. This assay ran for 120 hours




total. At the 24-hour time point of the assay, the MCF-7 cells seeded on top of the collagen had become partially attached. In all
wells, a significant number of rounded cells remained, indicating a lack of attachment and spreading on the collagen gel. When
examining for visual confirmation of attachment, cells appeared to be viable with typical conformation and growth patterns. The
attempted monolayer creation of MCF-7 cells on the top of the collagen gel was successful, as all of the cells were visually noted
to be in one layer and had not migrated or fallen into the gel layer. When observing the wells with NIH/3T3 cells embedded in
the collagen, they were not easily visible, leaving only the MCF-7 cells to be viewed with a high level of certainty. A significant
number of cells in every well remained unattached or partially attached and lacked spreading. Although medium was changed
through pipette aspiration followed by addition of new media, many of the rounded cells remained which suggests partial
attachment rather than complete unattachment as aspiration would have removed fully unattached cells.

No Col Acell Col Cell Col

Figure 1. Attachment and Proliferation Assay, before (A) and after (B) cell seeding, (From top left to right: No Collagen (No Col) prior to cell seeding,
Acellular Collagen (Acell Col) prior to seeding, Cellular Collagen (Cell Col) prior to seeding, No Col following cell seeding, Acell Col following cell seeding, and
Cell Col following cell seeding)

At the 72-hour time point (Figure 2B), each well was observed for cell conformation, attachment, viability, and growth. Based
on visual observations, cells in the cell-only (No Col) well and on top of the acellular collagen (Acell Col) and cellular collagen
(Cell Col), were all growing at an expected rate, reaching 40% confluency (Figure 2B). Some cells in every well continued to
maintain a rounded shape indicative of lack of attachment or partial attachment, and spreading. At the end of observations, each
well was given fresh media.

Acell Col Cell Col




Figure 2. Attachment and Proliferation Assay, 24 (A) and 72 (B) hour time point, (From top left to right: No Collagen (No Col) after 24 hours, Acellular
Collagen (Acell Col) after 24 hours, Cellular Collagen (Cell Col) after 24 hours, No Col after 72 hours, Acell Col after 72 hours, and Cell Col after 72 hours)

Cells were again observed at the 120-hour time point for cell conformation, attachment, viability, and growth. Cells in all wells
appeared to be more attached and spread than at the 72-hour time point. In wells with collagen that had MCF-7 cells seeded on
top, distinct clusters of cells had been created. These areas, visually, separated highly confluent areas of cells from those with less
confluence. This was noted on the wells with unseeded collagen and MCF-7 cells on top of the gel (Figure 3A). The wells that
appeared to have the highest confluency of MCF-7 cells were of the Cell Col condition. All cells appeared to be more attached
than at previous time points and had less rounded conformation. Throughout each well, conformation and shape of cells was
consistent with each other and with what is expected of the cell line. The average number of cells was 3.4 * 10* cells/mL in No
Col control wells, 3.2 * 10* cells/mL in Cell Col wells, and 1.0 * 10* cells/mL in Acell Col wells. Cell counts revealed that there
was no significant increase nor decrease in growth from the control condition compared to cellular collagen attachment.
Interestingly, the decrease in cell concentration for acellular collagen conditions was remarkable. It appeared as though cellular
attachment and, most notably, confluency increased in collagen wells. In contrast, MCF-7 proliferation rates did not seem to
improve as supported by the cell counts.

No Col Acell Col Cell Col
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Figure 3. (A) Attachment and Proliferation Assay, 120 hour time point.. From top left to right: No Collagen (No Col) after 120 hours, Acellular Collagen (Acell
Col) after 120 hours, Cellular Collagen (Cell Col) after 120 hours, Proliferation Assay Results. (B) Graph of fluorescence plotted against dilution for each
condition of the previous attachment and proliferation assay.

The alamarBlue™ assay using a tesazutin solution measured MCF-7 viability after no collagen exposure, exposute to 3D
collagen, and exposure to fibroblast-embedded 3D collagen. When relative fluorescence units (RFUs) were graphed over
dilutions, all three conditions showed a consistent linear growth across the dilutions 0.02 to 0.25 with R? values approaching 1
(Figure 3B). More concentrated dilutions (1.0 and 0.5) decreased the linear trend for each category, indicating that the
concentration of cells in these wells exceeded detectable fluorescence levels. Therefore, data points from dilutions up to 0.25
were analyzed. Statistical analysis using two-sample t-tests comparing conditions in the 0.25 diluted wells revealed no significant
differences (p<0.05) suggesting that contact to collagen does not affect cell viability.



MCE-7 cells miigrate the most when covered by and adbered to cellular 3D collagen.

The migration assay began with plating MCF-7 cells onto either acellular or cellular collagen and incubating for 24 hours. At this
time, cells not adhered to collagen were 30% confluent, cells adhered to acellular collagen were 75% confluent, and cells adhered
to cellular collagen were 95% confluent (Figure 4A). After 24 hours of incubation, each well was scratched with a 1000 uL
pipette tip (Figure 4B). Each scratch was made in the center of a well and did not puncture through the collagen gel, if present.
After the scratches were made, collagen gels were added on top of designated scratches to represent a wound repair aid.

After a 24 hour incubation period, representative images of each scratched condition were taken to assess the proliferation and
migration of MCF-7 cells in response to an artificial wound when treated with 3D collagen (Figure 5). Using three fields of view
along the scratch (Figure 6A), the averages for each condition was calculated. Cell counts varied between conditions depending
on the presence of collagen on top or bottom and whether fibroblasts had been embedded. Wells with acellular collagen on the
bottom produced the highest attainable MCF-7 count (Figure 6B) when acellular collagen was placed on top, with an average of
78 migrated cells. Other wells contained more than 78 migrated cells, but due to an abundance of cells, could not be counted

accurately. All fields of view with cellular collagen on the bottom and top were too confluent to accurately count the number of
migrated cells.

No Col Acell Col Cell Col

Figure 4. (A) 3T3 Collagen base #2 MCF-7 cells before scratching. From left to right: Cells on No Collagen (No Col), MCF-7 cells on Acellular Collagen( Acell
Col), MCF-7 cells on Cellular Collagen (Cell Col). (B) Initial scratches of MCF-7 cells. From left to right: No Collagen (No Col), Acellular Collagen (Acell Col),
Cellular Collagen (Cell Col).
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Figure 5. Scratches of MCF-7 cells following 24 hours (None - No Collagen on Bottom, Acell - Acellular Collagen on Bottom/Top, Cell - Cellular Collagen on



Bottom/Top)
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Figure 6. (A) Fields of View (FOV) for Cell Count, the black lines indicate the field of view and red lines indicate the scratch location. Image taken at 100x
magnification. (B) Results of Scratch Assay Cell Count Averages (None - No Collagen on Top, Acellular- Acellular Collagen on Bottom/Top, Cellular - Cellular
Collagen on Bottom/Top, MCF-7s Only - No Collagen on Bottom). Error bars represent standard deviations replicates. A cell count for Cellular Collagen on
Top/Bottom was unattainable because there were too many cells to count.

The cells were examined using a microscope and images were taken after 24 hours (Figure 5). The images were used to perform
a cell count of the scratched region. The wells with no collagen on the bottom had average cell counts of 28 £ 6, 22 + 15, and
52 13 cells for the conditions with no collagen on top, acellular collagen on top, and cellular collagen on top (Figure 6B). Of
the conditions with no collagen on the bottom, the cellular collagen on top resulted in the largest number of migratory cells. The
wells that had acellular collagen on the bottom had average cell counts of 42 = 15,78 * 6, and 39 £ 13 cells for the conditions
with no collagen on top, acellular collagen on top, and cellular collagen on top, respectively (Figure 6B). The largest cell count
was found in the well with acellular collagen on top and the bottom. Finally, in the wells with cellular collagen on the bottom,
the average cell counts were 10 = 8 and 50 £ 11 cells for the conditions with no collagen on top and acellular collagen on top,
respectively (Figure 6B). The condition where cellular collagen was present on the bottom and top of a cell monolayer was
unable to be counted due to the density within the scratch.

Overall, the conditions in which no collagen was placed on top of the scratch wound were associated with the least amount of
cell migration. The conditions with the highest visible migration and wound healing rate were wells which had collagen placed
on both the top and bottom which matched variables. The wells with cellular collagen on both top and bottom or wells with
acellular collagen on both top and bottom had the most growth success when compared to wells with no collagen placed on top
of the wound or collagen that had mismatched cellular states. It is important to note that mere presence of collagen tended to
increase migration rate, as the average counts for conditions without collagen on top were below 50 cells per FOV.

After performing a two-sample t-test (p<<0.05) on the cell counts from the scratch assay in Figure 6B, the wells were compared
to one another to determine significance of migration in the scratch wound healing. When comparing the control condition with
no collagen on the bottom of the well to conditions that had acellular collagen placed on top of the MCF-7 cell scratch, the
migration of the MCF-7 cells was found to be larger and statistically significant for the acellular on top collagen conditions,
regardless of the cellular state of the collagen on the bottom of the wells when compared to controls. When comparing the
control condition with only MCF-7 cells and no collagen on the bottom of the well to conditions that had cellular collagen
placed on top of the MCF-7 cell scratch, the migration of the MCF-7 cells was found to be larger and statistically significant for
the cellular collagen on top conditions, regardless of the cellular state of the collagen on the bottom of the wells, when
compared to controls. Finally, when comparing the condition that had acellular collagen placed on top of the MCF-7 cell scratch
to the condition that had cellular collagen placed on top of the MCF-7 cell scratch, the migration of the MCF-7 cells was found
to be larger and statistically significant for the acellular on top collagen conditions, regardless of the cellular state of the collagen
on the bottom of the wells, when compared to the cellular on top collagen conditions.

DISCUSSION
This study aimed to explote the growth and attachment response of human MCF-7 cells when exposed to 3D collagen by



investigating if the presence of NIH/3T3 fibroblasts embedded within the collagen should produce an increased tesponse in cell
repair. 3D collagen and fibroblast presence was able to be analyzed in tandem with a “sandwich-like”configuration of the gels to
determine how these variables impact or improve the tissue repair response in MCF-7 cells. Through the use of physical and
quantitative values of cell attachment, growth, viability, and migration assay techniques, the wound repair response was
measured and assessed. Examinations in growth, attachment, viability, and migration patterns demonstrated that MCF-7 repair
response may be increased when in contact with 3T3 embedded 3D collagen without impairing viability.

Based on the experimental plate set up with the collagen being unevenly distributed, there could have been growth patterns of
cells that were distributed or organized in a different orientation. This could have caused some of the stark lines or grouping of
cell growth that we observed or the slower rate of attachment. Additionally, this environment and transfer likely caused a
significant amount of cell stress which could have influenced the slowed attachment rate, more rounded epithelial shape, and
decrease in proliferation for Acell Col wells. Overall, based on the repair pattern of the MCF-7 cells over time, the wells with the
highest attachment rates were those with collagen gels that were seeded with 3T3 cells. Despite this, conditions with cellular
collagen were expected to have increased MCF-7 growth and replication due to the function that 3T3 cells serve during wound
healing. Fibroblast cells increase production of collagen, elastin, proteoglycans, and hyaluronic acid which promote new
extracellular matrices to be developed. Further investigation should be done to confirm the absence in improved growth
response from the cellular collagen attached cells.

It is important that wound treatments do not impact cell viability nor cause increased cell death. Because collagen conditions did
not impact viability compared to the control, we can infer that a collagen hydrogel does not produce any cytotoxic effects to live
tissue cells. Trends for the three conditions remained linear for a majority of the dilution wells with high values for R? showing
consistency in the viabilities. An ideal healing model would not only be safe and nontoxic to cells but also increase tissue
regeneration. While improved proliferation was not witnessed in these results using a constant cellular concentration,
exploration of varying NIH/3T3 density within collagen can be done to further address this aspect.

When setting up the attachment and viability assay, multiple wells had collagen bases that did not set evenly through the entirety
of the well. This was a factor that had to be considered through the whole assay as the inconsistency of the gel width could
cause data discrepancies. Additionally, the collagen appeared to have pockets of air when observed with a microscope before
seeding cells (Figure 7). These bubble pockets existed in both cellular and acellular collagen. This was also seen in the
migration/scratch assay. When the wells were scratched with the 1000 uL pipette tip, some of the cells were lifted up from the
collagen, and there was additional movement and folds added to the collagen.

Figure 7. Example of a collagen layer with 3T3 cells embedded which has bubbles from air pockets in the collagen and the uneven width of the gel.

The scratch-migration assay demonstrated that the most successful wound healing occurs when the cellular state of the top and
bottom collagen agreed. The highest growth rate for all conditions was seen in the well with cellular collagen gels on both the
top and bottom of the MCF-7 cells. However, the cellular state of the collagen only benefited the wound healing progression
when both of the gels were cellular. When one collagen gel was cellular and one was acellular, this resulted in worse wound
healing than the condition which had matching acellular collagen gels on the top and bottom of the scratch. This data shows
that it is important to prioritize matching the collagen gel states to generate the most successful wound healing. Because cellular
collagen is able to be used as a representative model of human skin, this makes the well conditions with cellular collagen on the
bottom most relevant to human application.

When cellular collagen was added to the top of scratch wounds in MCF-7 cells, the growth of the cells was too confluent in the
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scratch fields to count accurately. This results indicates that the addition of the cellular collagen layer on top of the wound
rendered the scratch completely healed after 24 hours from a visual assessment standpoint. Additionally, it is important to
recognize that even though when this condition had acellular collagen gels added to the top of the scratch wound, the healing
was not as significant when compared to the cellular condition; however, the cell growth with the acellular gel was higher than
the condition in which no collagen was added to the top of the scratch. This recommends that in situations in which a cellular
collagen gel is not available, an acellular gel for wound healing would be more beneficial than not having one at all. Overall,
these results support the hypothesis that cell migration increases when exposed to cellular collagen, indicating a potential for
applications of fibroblast based wound healing mechanisms.

CONCLUSIONS

The cell attachment and viability assays showed that cellular collagen gels that are seeded with 3T3 cells are able to promote
higher levels of growth of cells than acellular collagen. To add to this finding, both cellular and acellular collagen gels resulted in
more successful wound healing when collagen was added to the top of the scratch wound. Specifically, wound healing based on
migration occurred most successfully for the cellular collagen conditions, but it was also noted that matching cellular states of
the gels was important as well. This data supports our hypothesis that cellular collagen will promote wound healing because of
its ability to model human epithelial cells and wound healing mechanisms. Our work provides a novel approach to explore the
applications of collagen gels in wound healing. By creating a nontoxic model that placed collagen on both top and bottom of a
scratch, we were able to more closely resemble a model of human epithelial tissue. This work is significant as it provides data on
the benefits of using cellular collagen as a model for epithelial tissue and as a method for wound healing, as well as developing a
novel method of testing layered collagen gels for cell growth. Future directions to continue these methods would be to vary
cellular concentrations within this experiment and to conduct 7z vive experiments that incorporate live animals models to
determine if the results would continue to extend and apply to live tissue.
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ABSTRACT

Human skin aging is characterized by epidermal and dermal thinning, loss of elasticity, and wrinkles. Keratinocytes, the most
common type of skin cell and fibroblasts, present in the cellular stroma beneath the skin’s surface, each play a role in aging. Using
these cell lines in iz vitro research can reveal a deeper understanding of the dermatological function and cellular changes in aged
skin. 3D cell culture techniques provide an opportunity to use these cell lines in a model that can more accurately mimic human
skin. Treatment of aging skin is of interest to both medical and consumer communities. Retinoic acid (RA) is a metabolite of
vitamin A and retinol that assists in cell proliferation, differentiation, and immune functions. Over the counter (OTC) and
prescription retinoids are common topical products used for anti-aging and acne treatments. This study seeks to determine the
impact of topical retinoid creams on keratinocyte proliferation and morphology in 3D cell culture models of aged and unaged
human skin. NTH-3T3 fibroblasts were embedded in a 3D collagen matrix of varying thickness, and HaCaT keratinocytes were
seeded on top of the matrix at varying seeding densities to mimic aging skin. 0.1 pM 0.025% tretinoin and 0.1 pM 0.1% adapalene
topical creams were prepared in culture medium and used to treat cells daily, on alternate days, or just once during a week-long
period. AlamarBlue assays and microscopy showed that tretinoin treatment was cytotoxic at this concentration, with a single
treatment reducing cell viability by ~43% compared to the untreated control. Adapalene treatment, while showing significantly
better cell proliferation than tretinoin, did not exceed the proliferation of the untreated control. It is understood that retinol
increases cell turnover by killing cells rapidly, so it is proposed that in our model, the rate of proliferation does not overcome the
rate of cell death. Cell viability trends remain similar between young and old skin model treatments. Future studies should focus
on creating a 3D model more accurately representing the aging 7 vivo skin environment where keratinocytes can be readily
differentiated from epidermal stem cells.

KEYWORDS
HaCaTs; NIH-3T3; Retinoids; Retinoic Acid; Tretinoin; Adapalene; 3D Collagen Gel; Proliferation

INTRODUCTION

Epithelial cells are polygonal-shaped cells with regular, consistent dimensions. In two-dimensional culture, they grow in patches,
form a monolayer, and tend not to migrate. Keratinocytes are the most common type of skin cell and function as the structural
and barrier components of the epidermis, the outermost layer of the skin. Keratinocytes differentiate from epidermal stem cells
and originate from the stratum basale, the deepest layer of the epidermis. As they age, grow, and differentiate into keratinocytes,
they make their way to the epidermis, where they stay until they reach the final layer of the stratum corneum as corneocytes,
where they die and are eventually shed by the body. Through differentiation, they produce keratin, the protein that strengthens
the skin, hair, and nails.! Moleculatly, these cells can be used to study the release of inflammatory and repair mediators. These cells
can be used as a method to study the molecular mechanisms of epidermal regulation, homeostasis, pathophysiology, wound
healing, and dermatologic diseases in iz vitro models.3 HaCaT cells are a nontumorigenic monoclonal cell line of spontaneously
immortalized keratinocytes derived from human skin. HaCaT's are epithelial in nature and fully differentiate under culture
conditions.3 After stimulation from different calcium concentrations in the medium, HaCaT cells can form stratified layers,
differentiate, and express differentiation markers. In addition, they can revert back and forth between differentiated and basal
states.?
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NIH-3T3 cells are fibroblasts derived from mouse embryos.* Fibroblasts are a key component of the stroma and, more
specifically, the extracellular matrix (ECM). In connective tissue stroma, fibroblasts make several important products, including
collagen, glycans, and prostaglandins. Commonly characterized by their plasticity, fibroblasts can differentiate to have many
distinct functions. In the skin, for example, superficial fibroblasts hold a role in follicle formation and wound healing, while
deeper cells are involved in ECM reorganization.5 These cells are in constant communication with their surroundings and respond
to both autocrine and paracrine signaling. Fibroblasts can interpret these signals and synthesize or remodel the ECM with
regulation from various growth factors and pathways. Fibroblast structure is characterized by a star-like shape with several
cytoplasmic projections. In culture, the live cells are adherent and migratory. This specific 3T3 cell line was established in the
1960s, and since then, it has advanced the scientific understanding of fibroblast biology and lineage.® Fibroblasts are a valuable
component of many cell culture models. In 3D models specifically, fibroblast-collagen matrices provide cell cultures that more
closely represent the 7 vivo environment than traditional 2D cultures. Aspects such as cell-to-cell signaling and cell migration in a
3D fibroblast-collagen matrix more closely mimic those physiological conditions in the extracellular matrix.”

Collagen is the most abundant protein in animals and is the primary component of the extracellular matrix, with 90% of the 29
identified types of collagens being fibrillar. This protein has a highly complex and hierarchical conformation with a recognizable
triple helix secondary structute of amino acids.® Collagen I is the most common fibrillar collagen for cell culture, makes up the
major structural component of many tissues, and can be found in skin, bone, tendons, and other connective tissues.? Collagen is
the most used naturally derived hydrogel and coating for tissue engineering.!® Collagen I is used in 2D cell culture as a coating or
base and in 3D cell culture as a neutralized hydrogel to replicate the in-vivo environment of the body. 3D collagen hydrogels are
used widely in cell culture, biotechnology, and medicine due to their polymer network and high-water content. As defined by
Andersen et al., a three-dimensional cell culture involves cells embedded in a 3D matrix where cell and ECM signaling can be sent
and received in all directions.! Cells can be embedded in the 3D collagen hydrogels or seeded on top of the hydrogel, serving as a
2D surface.b For example, a commonly used concentration of collagen is 2 mg/ml.,, a low concentration, specifically used for
embedding cells as the hydrogel is less stiff and gives cells higher motility and higher cell migration velocity.!? Collagen is
advantageous for cell culture because of its biometric cytocompatibility, ability to assist cell adhesion, promote cell growth and
differentiation, and can provide a similar viscoelastic environment.”

Retinoic acid (RA) is a metabolite of vitamin A that assists in the vitamin’s related biological activities. RA is also a natural
metabolite of retinol that assists in cell proliferation, differentiation, and immune functions.! Researchers have studied the growth
and differentiation of human keratinocytes (HaCaTs) in response to RA 7z vivo and in vitro by evaluating differentiation through
keratin synthesis and production; they found that RA was cortelated to cell proliferation in vitro. In addition, they discovered
that HaCaT cells expressed specific keratins dependent on RA and calcium levels in the media.!* When compared to untreated
keratinocytes, HaCaT's treated with retinoic acid showed a mild increase in cell proliferation at certain doses.!

When skin ages, it undergoes structural changes such as thinning of its epidermal and dermal layers as well as weakening of the
junction between these layers.!5 In a study with women aged 18-69, it was found that there is progressive and significant thinning,
6.4% per decade, of the epidermis beginning at age 30.12 Mimicking these changes 7 vitro can be achieved by obtaining skin
explants from eldetly donors or treating cells with age-inducing chemicals. Researchers have developed a 3D model of aging skin
to replicate the phenotypic changes observed in aging human skin using a collagen-based matrix seeded with normal human
fibroblasts and then seeded healthy human skin cells from young subjects on top.!6 They found that in these prolonged cultures,
epidermal thickness decreased over time.!¢ Further analysis also indicated similarities to naturally aging skin, such as the thickening
of the lamina densa, a part of the skin between the epidermis and dermis.’ Another study used human skin models, to represent
aging by manipulating the seeding concentration of senescent and normal fibroblasts in the matrix while monitoring keratinocyte
proliferation and differentiation.!” In their aged models they used specific keratinocyte seeding densities and fibroblast densities to
more accurately represent zz vivo skin.

Human skin needs to be examined experimentally to understand how different types of retinoic acid help its rejuvenation.
Investigating this topic using a 3D cell culture more accurately models the 7z vivo skin environment. Topical Vitamin A treatments,
such as retinol, retinoid, tretinoin, and adapalene, are used to treat acne by unclogging pores and providing anti-aging effects by
increasing collagen production and cell proliferation while exfoliating and removing dead skin cells.’® Tretinoin is a presctiption
retinoid whereas adapalene is sold over the counter. Since tretinoin is more concentrated it is used for different purposes like
treatment of cystic acne and to assist in the healing of acne scars. Adapalene is used for skin rejuvenation, prevention and removal
of wrinkles and fine lines.’? The concentration of each drug, adapalene and tretinoin, is determined by several factors such as
potency, effectiveness, and safety profile. Tretinoin and adapalene’s concentration are also related to their mechanisms of action.
Tretinoin is a highly potent retinoid that binds to nuclear retinoic acid receptors and regulates gene expression and leads to
changes in cellular differentiation, proliferation, and apoptosis.?? The effectiveness of tretinoin is dose-dependent and higher
concentrations of the drug can lead to greater therapeutic effects. However, tretinoin can also be highly irritating and cause side
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effects such as redness, peeling, and dryness of the skin.2? On the other hand, adapalene is a less potent retinoid that acts by
binding to specific retinoic acid receptors in the skin and regulating sebocyte differentiation and proliferation.! Adapalene is
generally less irritating and handled better by users than tretinoin.!® Therefore, lower concentrations of adapalene can still achieve
similar therapeutic effects while minimizing the harmful side effects.

Previous studies have investigated the molecular basis of retinoids 7z vivo for cosmetic purposes.?! Tretinoin and other FDA-
approved retinoids are more thoroughly studied, with the mechanisms of action, genomic and nongenomic, well defined.?? They
also have clinical evidence to support their efficacy.22 More must be understood about the comparative efficacy of over-the-
counter (OTC) retinoids, like adapalene, which are readily available and popular for cosmetic use. As previously mentioned,
retinoids show anti-aging effects, however, there need to be more studies surrounding these effects 7z vitro, specifically in 3D skin
models. Our study begins to address this gap by creating a 3D model of human aging skin to investigate the proliferation rate of
human epidermal tissue cells after treatment with prescription tretinoin and OTC adapalene creams. In this study, we show how
HaCaTs (human epithelial cells), proliferate and behave in the presence of topical vitamin A treatments in 7z vitro 3D cell culture.

METHODS AND PROCEDURES

Cells and Culture Conditions

NIH-3T3 (ATCC, Catalog No. CRL-1658) and HaCaT (AddexBio, Catalog No. T0020001) cells were obtained. These cell lines
wete cultured at 37°C and 5% COz in complete medium that contains Dulbecco’s Modified Eagle Medium (DMEM) (Corning,
Catalog No. 10-013-CV) with 1x penicillin-streptomycin and 10% fetal bovine serum (FBS). Dulbecco's Modified Eagle Medium
(DMEM) has a calcium concentration of 1.8 mM.2 Cells were routinely passaged with 5% trypsin every two days prior to seeding
in the 3D model.

3D Gel Model

To embed NIH-3T3 fibroblasts in a 3D collagen gel with a layer of HaCaT's on top of the gel a multi-step procedure was
performed; a schematic can be found in Figure 1 below. To mimic aged skin, the layer of fibroblasts embedded in collagen was 1
mm thick, as this was the smallest thickness that would cover a 24-well plate and be correlated to skin age. Since there is a 6.4%
decrease in epidermis thickness every 10 years, younger skin was chosen to be 2 mm thick.?* To seed 2 mm thick collagen gel, 0.2
mL of the fibroblast embedded collagen gel solution was needed to create this thickness, and 1 mm thick collagen gel required 0.1
mL of the fibroblast embedded collagen gel solution. The fibroblast-embedded collagen gel solution was 20% cell suspension and
80% 3D collagen. The gels were seeded with a fibroblast density of 0.55 x 10° cells/mL. So, a T75 flask of confluent NIH3T3
cells, at a concentration of approximately 0.7x106 cells/mL, was trypsinized with 1 mL of 5% trypsin and centrifuged for 5
minutes in a clinical centrifuge at 3000 rpm. The cell pellet was resuspended into 1 mL into complete media, counted, and
resuspended again in 0.9 mL of complete media to create the 20% of 4.5 mL needed for the cell suspension. To make the
fibroblast-embedded collagen gel solution, 3.6 mL of 3 mg/mL 3D collagen gel (Sigma Aldrich Catalog No. C4243) was mixed
with 0.9 mL of the cell suspension was added.?® To add the control gels to the plate, 0.2 mL, or 0.1 mL of 3D collagen gel without
fibroblast cells was added to non-fibroblast control wells. To add the remaining control and treatment gels to the plate, 0.2 mL or
0.1 mL of the fibroblast-embedded collagen gel solution was added to the wells. The plate was incubated for 1 hour for the gel to
harden. A schematic of the plate can be found in Table 1 below.

To mimic skin, a layer of HaCaTs were seeded on top of the fibroblast-embedded collagen gel with a density of 3500 cells/cm? to
mimic aged skin and 7000 cells/cm? to mimic younger skin.!” The surface area of a 24-well plate is 1.9 cm? with 0.75 mL of
complete media. The cell density needed for the aged skin model was 6650 cells per well with 0.75 mL of media, and 10 mL of
this cell suspension was needed to add to the top of 13 wells; the math can be seen in Equation 1 below. Therefore, the cell
density for the younger skin model was 13,300 cells per well in 0.75 mL media. To seed this layer of HaCaTs on top of the
fibroblast collagen gel, a confluent T75 flask of HaCaT cells was trypsinized with 1 mL of trypsin, resuspended in 1 mL of
complete media, counted, and resuspended in the correct amount of media to make the needed cell densities for each treatment
group. After the fibroblast-embedded collagen gel solidified, 0.75 mL of the correct cell suspensions were added to the respective
wells according to the schematic in Table 1. Finally, the plate was incubated at 37°C with 5% CO2 in a humid environment.

3500 cells/cm? with 0.75 mI media
24 well plate = 1.9 cm? surface area

3500 cells 5 ) )
ez X 1.92cm* = 6.650 cells per well with 0.75 mL media
6.650 cells. cells per 1 ?nL = 8867 Cells/mL
0.75 mL media 1mL media

Equation 1.
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Retinol Treatment

HaCaT epithelial keratinocytes

NIH-3T3 Fibroblasts

Figure 1. This Figure shows the collagen-cell matrix design. NIH-3T3 fibroblasts are embedded in a 3D collagen gel with a thickness of either 2 mm (0.2 mL) or
1 mm (0.1 mL) and HaCaT epithelial cells are seeded on top of the gel.

Table 1. Retinoid Treatment Plate Set up
This Table shows the original treatment plate set up.

1 2 3 4 5 6
A 2mm CG+ | 2mm CGF) [ 1mm CG(F) | 2mm CG + 1 mm CG + M only
H+M +H+M +H+M M M
M = Complete DMEM
B 2mm CGF) | 2mm CGF) [ 2mm CGF) | 1 mm CG(F) | 1 mm CGF) | 1 mm CG(F) CG = Collagen Gel
+H+T +H+T +H+T +H+T +H+T +H+T CG(F) = Collagen Gel with NIH-3T3
daily treatment |  alternating single daily treatment |  alternating single fibroblast cells embedded
treatment treatment treatment treatment H = HaCaT cells
c 2 mm CG(F) 1 mm CGE) | 1 mm CGE) | 1 mm CGE) ?f ?da?ﬂ?“e Freatment
+H+A +H+A +H+A +H+A = lretinoin treatment
daily treatment daily treatment |  alternating single
treatment treatment
D 2mm CG(F) | 2mm CG(F)
+H+A +H+A
alternating single
treatment treatment

Retinoid-Media Preparation

Perrigo Tretinoin Cream, USP 0.025% and Differin Gel Adapalene 0.1% were used. Due to retinoid sensitivity to both light and
heat, these sterilization methods were not possible without altering the potency of the creams. Tretinoin and adapalene creams
were streaked on LB agar plates and incubated for two days at 37°C to assess sterility. No growth was visible on any of the plates.
1 uM retinoid-media solutions were prepared by first massing specified amounts of 0.025% tretinoin cream and 0.1% adapalene
cream according to the calculations in Equations 2, 3, and 4 below for a final media volume of 20 mL. Equation 2 shows the
calculation of the desired 1 pM concentration in moles. Equation 3 calculates the mass required for 1 uM 0.025% Tretinoin in 20
mL media. Equation 4 calculates the mass required for 1 uM 0.1% Adapalene in 20 mL media. After measuring the appropriate
retinoid weight, the cream was resuspended in 20 mL complete DMEM, 10% FBS as used in culturing described above. The
solutions were filter sterilized using a 50 mL Steriflip filter unit (Millipore Sigma, Catalog No. C3238). Once prepared, the
retinoid-media solutions were stored at 4°C and equilibrated to room temperature prior to cell treatment.

1 uM x 20 mL = 20x10- mol

Equation 2.

1 uM 0.025% Tretinoin
(300.44g/mol(20x10-"mol))/0.00025=2.4x10-2¢ in 20 mL media
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Equation 3.

1 uM 0.1% Adapalene
(412.52g/mol(20x10-"mol))/0.001=8.25x10-3¢ in 20 mL media
Equation 4.

Retinoid Treatments

After the plate was prepared and incubated for the cells to reach the correct confluence, the wells were treated with the 1 uM
adapalene and tretinoin media prepared above. DMEM was removed from the wells and replaced with the respective treatment
media. In the original treatment plate, control models were treated with complete DMEM every other day. For testing the impact
of tretinoin on cells, young and old skin models were treated with either consecutive 5 days, 3 alternating days, or a single first day
treatment of 0.1uM 0.025% tretinoin. Young and old skin models were treated with 0.1uM 0.1% adapalene in the same manner.
Each well was observed daily, with a final imaging and proliferation assay readout on the 9th day after treatment.

Microscopy

During treatment, each well was imaged every day the media was changed on days 1, 2, 3, 4, 7, and 9 with the Olympus IMT-2
inverted microscope at 100X magnification, under 10X objective with a 10X eyepiece. After treatment concluded, HaCaT cells
were imaged using a Cytation Gen 5 microscope under brightfield at 10X objective magnification.

AlamarBlue Resazurin Proliferation Assay

To assess cellular activity dependent on retinoid treatment conditions, a cell proliferation assay was completed with alamarBlue
Cell Viability Reagent (Invitrogen, Catalog No. DAL1025). For T=0 data, wells with 2 mm collagen-cell model, 1 mm collagen-
cell model, and media only were treated 72 hours after seeding with alamarBlue reagent at 10% of the gel and media volume in the
well. For example, the wells with 0.2 mL collagen gel and 0.75 mL of media had 95 uL of alamarBlue added. The plate was
incubated at 37°C and 5% COz for 40 hours. The fluorescence of each well was measured using an excitation wavelength of 540
nm and an emission wavelength of 590 nm. This fluorescence intensity was measured in relative fluorescence units (RFU). Each
measurement had an associated blank measurement without cells which was used to determine the baseline fluorescence of the
media and collagen gel. The blank measurement value was subtracted from the cell dilution measurements to obtain fluorescence
values from the cellular activity.2 This procedure was repeated 72 hours after completion of the treatment plate.

RESULTS

Proliferation Imaging Results

The wells were imaged every time the media were changed to observe HaCaT confluency and cell morphology. Models without
cells were not imaged. Through visual observations, the HaCaT's proliferated normally in control models, treated with complete
media. Controls included HaCaT's seeded on top of 2 mm thick 3D collagen gel with no fibroblasts embedded inside the gel and
HaCaTs seeded on top of 2 mm and 1 mm thick 3D collagen gel with fibroblasts embedded inside the gel. Throughout the
experiment, these models maintained a healthy cell morphology, with the cells being very confluent by the end of the experiment
on day 9, as shown in Figure 2. As the experiment goes on the cells become more confluent as expected with very few floaters
every day. The few floaters were removed with media changes every other day. The first day after seeding the HaCaT's seeded on
top of the gel with fibroblasts embedded were more confluent than the HaCaTs seeded without fibroblasts embedded.
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Al: HaCaTs seeded on
top of 2 mm thick
collagen gel with no
fibroblasts embedded

A2: HaCaTs seeded on
top of 2 mm thick
collagen gel with
fibroblasts embedded

A3: HaCaTs seeded on
top of 1 mm thick
collagen gel with

fibroblasts embedded

Figure 2. This Figure shows the daily imaging of the HaCaT control wells A1, A2, and A3. Well A1 has HaCaT's seeded on top of 2 mm thick collagen gel with
no fibroblasts embedded and wells A2 and A3 have HaCaT's seeded on top of 2 mm and 1 mm thick collagen gel with fibroblasts embedded, respectively. The
confluency of each well increases daily as expected and by day 9 all wells are very confluent with healthy cells with a healthy morphology.

The tretinoin treatments produced cells that balled up, detached from the gels, and floated. Images correlating to tretinoin
treatment wells can be found in Figures 3 and Figure 4 for the younger and aged treatments respectively. Throughout the course
of the tretinoin treatment, the wells with less treatment frequency had healthier-looking and more confluent cells. The wells
treated with tretinoin every day were losing cells when the media was replaced; the remaining cells were circular and not attached

to the gel and by day 9 the well had lost most of its cells and was not very confluent; this may be due to tretinoin’s mechanisms of
action.

B1: HaCaTs seeded on
top of 2 mm thick
collagen gel with
fibroblasts embedded
and everyday 1pM
Tretinoin Daily
Treatment

B2: HaCaTs seeded on
top of 2 mm thick
collagen gel fibroblasts
embedded and every
other day 1uM Tretinoin
Alternating Treatment

B3: HaCaTs seeded on
top of 2 mm thick
collagen gel fibroblasts
embedded and once a
week 1uM Tretinoin
Single Treatment

Figure 3. This Figure shows the daily imaging of HaCaT cells seeded on top of 2 mm thick collagen gel with fibroblasts embedded inside the gel. Well B1 was
treated everyday with 1 uM tretinoin media, B2 was treated every other day, and B1 was treated once a week with complete media changes every other day. The
confluency of B1 decreased as the experiment went on, in B2 and B3 the confluency increased daily. The cells produced from this section of the experiment
looked healthy by day 9, with an exception in B2.



Day 7 Day 9

B4: HaCaTs seeded on
top of 1 mm thick
collagen gel with

fibroblasts embedded and
everyday 1uM Tretinoin
Daily Treatment

B5: HaCaTs seeded on
top of 1 mm thick
collagen gel fibroblasts
embedded and every
other day 1uM Tretinoin
Alternating Treatment

B6: HaCaT’s seeded on
top of 1 mm thick
collagen gel fibroblasts
embedded and once a
week 1uM Tretinoin
Single Treatment

000

Figure 4. This Figure shows the daily imaging of HaCaT cells seeded on top of 1 mm thick collagen gel with fibroblasts embedded inside the gel. Well B4 was

treated everyday with 1 uM tretinoin media, B5 was treated every other day, and B6 was treated once a week with complete media changes every other day. The

confluency of B4 and B6 decreased as the experiment went on, in B5 the confluency increased daily. By the end of the experiment the cells produced from this
section of the experiment looked unhealthy as they were bubbled with a strange morphology and not attached to the gel well.

The adapalene treatments produced much healthier cells with better morphology and higher proliferation rates. The images that
correlate to the adapalene treatment wells can be found in Figure 5 and Figure 6 for the younger and aged treatments
respectively. Again, the wells treated less frequently with adapalene were more confluent and healthier. The confluence of younger
treatments is significantly more confluent than the older treatments, but the seeding density of the older treatments was lower

than the younger treatments. This may be because there was more room for the cells to proliferate and grow since the seeding
density was lower.

Day 7 Day 9

C1: HaCaTs seeded on
top of 2 mm thick
collagen gel with
fibroblasts embedded and
everyday 1uM Adapalene
Daily Treatment

D2: HaCaT's seeded on
top of 2 mm thick
collagen gel fibroblasts
embedded and every
other day 1uM Tretinoin
Alternating Treatment

D3: HaCaTs seeded on
top of 2 mm thick
collagen gel fibroblasts
embedded and once a
week 1uM Tretinoin

Single Treatment

Figure 5. This Figure shows the daily imaging of HaCaT's seeded on top of 2 mm thick collagen gel with fibroblasts embedded inside. Well C1 was treated every
day 1 uM adapalene, D2 was treated every other day, and D3 was treated once a week with every other day complete media replacements. On the first day, all

wells had healthy and confluent cells. Throughout treatment the well was confluent with healthy HaCaT cells with very few floaters. By the end of the experiment,
all wells were healthy and very confluent.



C4: HaCaT's seeded on
top of 1 mm thick
collagen gel with
fibroblasts embedded and
everyday 1uM Adapalene
Daily Treatment

C5: HaCaTs seeded on
top of 1 mm thick
collagen gel fibroblasts
embedded and every
other day 1uM Adapalene
Alternating Treatment

C6: HaCaT's seeded on
top of 0.1mm thick
collagen gel fibroblasts
embedded and once a
week 1pM Tretinoin
Single Treatment

Figure 6. This Figure shows the daily imaging of HaCaTs seeded on top of 2 mm thick collagen gel with fibroblasts embedded inside. Well C4 was treated every
day 1 pM adapalene, C5 was treated every other day, and C6 was treated once a week with every other day complete media replacements. On the first day there
were no floaters, but the wells were less confluent than their younger counterparts in wells C1 and D2-D3, because they were seeded at a lower density.
Throughout treatment the well was confluent with healthy HaCaT cells and few floaters. By the end of the experiment, all wells were healthy and confluent.

On the final day, the wells were imaged to assess the health of the cells, and the images can be found in Figure 7. Overall, the
cells from the control model of HaCaT's with no retinoid treatments, were healthy and confluent. Control models with fibroblasts
embedded were more confluent than those without, indicating a possible relationship between fibroblast and HaCaT
proliferation. The models treated with tretinoin had relatively healthy cells but were less confluent than those treated with
adapalene. Tretinoin is more concentrated than adapalene, so the effects are stronger. Overall, the adapalene treatment, no matter
the treatment frequency or younger or aged model, had healthy and very confluent cells. For the younger adapalene treatments, as
the treatment frequency decreased, the cell confluency increased. However, for the aged adapalene treatments, as the treatment
frequency decreased, the cell confluency decreased.
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Figure 7. Final day images of the whole plate with wells that had HaCaT's seeded on top of the 3D collagen gel. In well Al, the cells look healthy and confluent.
The cells in wells A2 and A3 look healthy but more confluent than in Al. Though the cell density in A3 was lower than in A2, they are similarly confluent when
visually assessed. The everyday tretinoin treatment for the younger model, in well B1, had healthy cells, and they were less confluent than the other young tretinoin
treatments. For the aged everyday tretinoin treatment model, in well B4, there were more cells than in the other aged tretinoin treatments, but they had a strange
morphology. In the evety-other-day tretinoin treatment for the younger model, in well B2, the cells appeared more confluent than in B1 but appeared unhealthy
with strange morphology. For the aged every other day tretinoin treatment model, in well B5, there were fewer cells than in B4, and the few cells that were found
did not look healthy and had strange morphology. In the once-a-week tretinoin treatment for the younger model, in well B3, the cells were much more confluent
than B2 and more confluent than B1 and were healthy. For the aged once-a-week tretinoin treatment model, in well B6, there were fewer cells than in B4 and B5,
and the few cells that were found did not look healthy and had strange morphology.

=

Effects on Cell Proliferation

The alamarBlue resazutin assay provided a quantitative reflection of cell metabolism for each condition, which correlates to
proliferation of live cells. Table 2 shows the contents of the alamarBlue plate along with the associated reference-subtracted
fluorescence readouts. Numbers under each description represent these reference-subtracted fluorescence values obtained for the
well. 2 mm gel models used the 2 mm controls for reference subtraction, while 1 mm gel wells used the controls with 1 mm gels.
Media only wells were self-subtracted. Wells are color coded according to fluorescence values, with the brightest red color
representing the lowest reference-subtracted fluorescence, associated with the least number of live cells, while the brightest green
color representing the highest reference-subtracted fluorescence, associated with the greatest number of live cells. A detailed key
for the color code is included to the right of the table. Control wells present in both the T=0 and treatment plate included gels
with and without embedded fibroblasts. The presence of fibroblasts in the collagen gel matrix correlated to greater proliferation
and subsequently greater HaCaT cell proliferation. A fluorescence of 649,675 RFU was recorded with embedded fibroblasts in the
2 mm gel, and only 176,057 RFU for the same gel thickness without fibroblasts (A1).
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Table 2. AlamarBlue Well Contents and Associated Reference-Subtracted Fluorescence values

2mm CG + H| 2mm CG(F) | 1mm CG(F) - Highest fluorescence

A + M +H+M +H+M
176057 649675 477158
B X X

- Lowest fluorescence

Zmm CG + H]
[ + M
1132518 M = Complete DMEM
2mm CG(F) | 2mm CG(F) | 2mm CG(F) 1lmm CG(F) CG = Collagen Gel o B
+H+T + H +IT +H+T +HA+T +H+T +H+T CG(F) = Collagen Gel with NIH-3T3
D fibroblast cells embedded
daily alternating single daily alternate i H = HaCaT cells
197042 1180820 98911 A = Adapalene treatment
2mm CG(F) 2mm CG(F) | 1mm CG(F) T = Tretinoin treatment
S HEA +H+ A +H+A +H+A
E daily single daily
1983226 1780495 864618 1910548

Table 2 shows the well contents for the alamarBlue assay from the T=0 control plate, in row A, and the original treatment plate, in rows C through E. Numbers
under each description represent the reference-subtracted fluorescence values obtained for the well. 2 mm gel wells used the controls in wells A4 and C4 for
reference subtraction, while 1 mm gel wells used the controls in wells A5 and C5. Wells are color coded according to fluorescence values, with the brightest red
color representing the lowest reference-subtracted fluorescence, associated with the least number of live cells, while the brightest green color representing the
highest reference-subtracted fluorescence, associated with the greatest number of live cells. A detailed key for the color code and abbreviations is included to the
right of the Table.

To better visualize and compare fluorescence values for the different control and treatment conditions, data was graphed in
Figures 8 and 9. The graphed values ate referenced subtracted in the same manner as previously described. Figure 8 depicts the
primary T=0 controls, 2 mm (young) and 1 mm (old) collagen gels embedded with fibroblasts, seeded with HaCaT's on top, and
DMEM media treatment. This assay was completed prior to treatment and after 3 days of seeding. The young skin model was
seeded with higher HaCaT density and shows a significantly higher fluorescence, correlating with higher cell viability. Conversely
the old skin model shows lower fluorescence, and less cells. These controls act as a basis for the following young and old skin
models that were treated. Figure 9 includes data for the treated models with HaCaT proliferation based on an alamarBlue assay
fluorescence readout plotted against frequency of tretinoin or adapalene treatment for young (2 mm) skin in the left panel and old
(1 mm) skin in the right panel. 5 days indicates 5 consecutive days of treatment, 3 days indicates alternate days of treatment, and 1
day indicates a single first day of treatment during the course of 5 days. The well for alternate day adapalene treatment for the
young skin dried causing cell death and an inaccurate readout, so this data point is not representative of the true effects of the
treatment, so it was removed from Figure 9a; however, these data correlate with the microscopy results which show very few
viable cells after the well dried. Ignoring this data point, the adapalene appears to increase proliferation with increased treatment
frequency for young skin, but it does not meet or surpass the fluorescence measured for the untreated control. Adapalene with
the old skin model shows alternate day treatment to have the greatest fluorescence with a value neatly equivalent to the untreated
control (2,053,607 RFU and 2,085,823 RFU, respectively). Tretinoin treatment in both young and old skin shows an interesting
linear trend. When a simple linear regression is made for these points, there is a nearly perfect fit in both the young and old skin,
with R? values of 0.9963 and 0.9999, respectively. Tretinoin performed better when only treated once a week, but in both models
this single treatment reduces cell viability by about 43% compared to the untreated control. More significant toxicity was observed
if treated more than once per week.
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Fluorescence Detected at T=0 for

Young and Old Skin Models
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Figure 8. This Figure shows the fluorescence detected using an alamarBlue assay for the young (2 mm) and old (1 mm) skin models at T=0, priot to treatment
and 3 days after seeding. Cell metabolism was more active at the higher seeding density, as expected.
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Figure 9. These Figures show HaCaT proliferation, based on an alamarBlue assay fluorescence readout, plotted against frequency of tretinoin or adapalene
treatment for a) young (2 mm) skin and b) old (1 mm) skin in the right panel. Alternate day adapalene treatment (3 days/wecek) for the young skin data point was
not obtained due to the well drying out.

DISCUSSION

As human skin ages, it has been shown the epidermal and dermal layers thin due to the weakening of the junction between those
layers.5 It is also known that different types of retinoic acid help human skin rejuvenation and providing anti-aging effects by
increasing collagen production and cell proliferation while exfoliating and removing dead skin cells. It is necessary to understand
the proliferation rate provided by differing treatment frequencies with retinol products in 3D cell culture that mimics human
skin.’® The data gathered for this paper shows the proliferation rates of different treatment frequencies of retinol products
through an alamarBlue proliferation assay and visual observations during and after treatment on HaCaT cells.

The results show the frequency of treatment, and the type of treatment affects the proliferation rate of the HaCaT cells. Retinoids
like adapalene and tretinoin are known to increase cell turnover by promoting differentiation of skin cells, which can lead to
shedding of dead skin cells and the growth of new ones.!® Adapalene and tretinoin are known to cause differentiation in HaCaT
cells, differentiation of cells can lead to a slower rate of cell division and an overall decrease in cell proliferation; however, the
treatment may also have induced apoptosis. When looking at the data of the untreated control wells, they have a much higher
proliferation rate than those of the adapalene or tretinoin treated wells. Throughout the daily images, it can also be seen how the
tretinoin treatment causes the cells to change their morphology. This may be because tretinoin is inherently more concentrated
and thus more toxic to the cells than adapalene.

In addition, the side effects and safety profiles of each treatment should be considered when assessing the results. Tretinoin is
known to cause skin irritation and sensitivity, while adapalene is generally better tolerated.’® The effects of retinoids on cell
turnover and proliferation depend on the concentration of the treatment and duration of treatment. When the cells were treated
with adapalene they had a healthier, more confluent appearance than when treated with tretinoin. Again, since tretinoin is more
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concentrated, it probably leads to higher rates of cell turnover, resulting in more dead cells that were lifted from the gel and were
removed, without new cells being turned over in the skin cycle. The higher number of dead cells through more concentrated and
more frequent treatments can be seen quantitatively in Figure 9a and Figure 9b. In this figure, tretinoin-treated models are
significantly less confluent than the adapalene and control counterparts. When treated once a week and supplemented with a
complete medium, more nutrients and growth factors were introduced to the cells to help the surviving cells heal and proliferate.
This led to an increase in cell number over time in the once-a-week treatment.

Further studies need to be done to obtain proliferation data that incorporates HaCaT production instead of purely HaCaT growth
from a set cell density. Recommendations for future experiments would be to perform a viability assay to determine the
percentage of live and dead cells as well as immunostaining to assess the effects on cell differentiation between the two
treatments. For future experiments, observing the healthy proliferation rate of HaCaT's and supplementing additional HaCaT's
into the treatment wells to mimic cell turnover during treatment would help make the experiment and skin model more accurate.
Another aspect that can be considered is the elasticity of the model since loss in elasticity is a sign of aging skin.

CONCLUSIONS

When looked at in tandem, the data from the alamarBlue proliferation assay and the daily visual observations indicate the
proliferation of HaCaTs under retinoic acid conditions is not improved. However, this is due to the set-up of the model. It has
been shown that retinoic acid does increase the proliferation of cells in iz vivo conditions because the body is producing more
HaCaT cells underneath the layer that retinoic acid removes. When used on human skin, retinol products exfoliate and remove
the top layer of skin to bring the bottom layers of skin to the surface faster to increase cell turnover. Since there is nothing in the
model that allows new HaCaT's to be brought up from below the surface, proliferation could not be measured precisely. From
this experiment design, the optimal frequency and duration of retinoid treatment cannot be concluded as there were errors in the
treatment that were not consistent between each treatment well. Regardless, this study addressed the gap by creating a 3D model
of human aging skin while investigating the proliferation rate of human epidermal tissue cells and the retinoic acid effects.
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PRESS SUMMARY

Human skin aging is characterized by thinning, loss of elasticity, and wrinkles. Keratinocytes, the most common type of skin cell,
and fibroblasts, cells present in the stroma beneath the skin’s surface, both play a role in aging. Using these cell lines in research
can reveal a deeper understanding of skin function and changes in aging. 3D cell culture techniques provide an opportunity to use
these cell lines in a model that can more accurately mimic human skin compared to 2D models. Treatment of aging skin is of
interest to both medical and consumer communities. Retinoic acid (RA) is a derivative of both vitamin A and retinol that assists in
cell growth and immune functions. Over the counter (OTC) and prescription retinoids are common topical products used for
anti-aging and acne treatments. This study secks to determine the impact of topical retinoid creams on skin cell growth and
characteristics in 3D cell culture models mimicking aged and unaged human skin. NIH-3T3 fibroblasts were embedded in a 3D
collagen matrix of varying thickness, and HaCaT keratinocytes were seeded on top of the matrix at varying seeding densities.
Equivalent concentrations of 0.025% tretinoin and 0.1% adapalene topical creams were prepared in cell medium and used to treat
cells daily, on alternate days, or just once during a week-long period. AlamarBlue proliferation assays and microscopy provided
quantitative and qualitative data regarding the effects of the retinoid products on the skin models. Tretinoin treatment killed the
cells, and adapalene treatment, while resulting in significantly more live cells than tretinoin, did not exceed the proliferation of the
untreated control. It is understood that retinol increases cell turnover by killing cells rapidly, so it is proposed that in this model,
the rate of proliferation does not overcome the rate of cell death. Future studies should focus on creating a 3D model that can
more accurately represent the skin environment in the human body where cells can be readily grown.

25


https://doi.org/10.3390/gels8090545
https://doi.org/10.1016/j.yexcr.2004.02.017
https://doi.org/10.1111/j.1432-0436.1993.tb01602.x
https://asa.scitation.org/author/Yokoshiki%2C+Saaya
https://asa.scitation.org/author/Maeda%2C+Moe
https://asa.scitation.org/author/Saijo%2C+Yoshifumi
https://doi.org/10.1121/2.0000748
https://doi.org/10.1016/j.matbio.2015.03.009
https://doi.org/10.1038/s41514-020-0042-x
https://my.clevelandclinic.org/health/treatments/23293-retinol
https://asa.scitation.org/author/Yokoshiki%2C+Saaya
https://doi.org/10.1111/ics.12348
https://doi.org/10.1111/ics.12348
https://doi.org/10.1177/1090820X09360704
https://doi.org/10.1177/1090820X09360704
https://doi.org/10.1016/j.reth.2018.04.001
https://doi.org/10.1089/wound.2011.0356
https://doi.org/10.1089/wound.2011.0356

Anti-adhesive Hydrogel Synthesis for Post-operational Physical Barriers

Alexcander Boucher*, Grace McCarthy," Binh Died, Yizhe Ma", & Louis Roberts**

“Department of Biology and Biotechnology, Worcester Polytechnic Institute, Worcester, M.A
"Department of Biomedical Engineering, Worcester Polytechnic Institute, Worcester, MA

https:/ [ doi.org/

Students: arbocher@mpi.edu, bdied@mpi.edn, gpmecarthy@mpi.edu, ymal 2@mpi.edn
Mentor: laroberts@mpi.edu*

ABSTRACT

Post-operative cell adhesion can lead to a number of issues for surgical patients during internal healing, motivating new research
towards preventative treatments that can be imposed during surgeries to decrease the likelihood of cell adhesion during wound
healing. Biocompatible hydrogels offer a potential strategy to combat this issue due to the availability of both natural and synthetic
polymers/molecules that can be implemented into a hydrogel matrix. These materials can be used to create pure or functionalized
hydrogels from single polymers being treated with a chemical/drug, or composite hydrogels that combine featutes of the different
biomaterials. Our approach was to create a viable hydrogel with a mechanical strength that allows it to be held in place with
sutures that minimizes cell adhesion and degradation when applied to a wounded cell surface. The two synthetic polymers
polyethylene glycol (PEG) and polyvinyl alcohol (PVA) were added to two base materials commonly used in hydrogel synthesis-
collagen and alginate. Testing revealed that novel hydrogel synthesis is inherently difficult, as crosslinking a material requires a
great deal of revision when it comes to the deciding composition of the hydrogels and the additives that will produce a solid and
manipulatable hydrogel. We demonstrate the possibility of physically crosslinking a synthetic polymer to sodium alginate; we
observed the healing of a wound that the hydrogel is sheathing. Several of the created hydrogels were unable to be tested due to
their physical instability. Our results suggest further optimization of the hydrogel/biocompatible molecule compositions is
required to create physical barriers that would be able to withstand post-operative implementation. Cellular adhesion was
observed on our physical barriers which is non-ideal, however the experimentation with the different natural and synthetic

biomaterials has provided insight on future directions that will hopefully bear more promising, and mechanically strong hydrogels.
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INTRODUCTION

Post-operational cell adhesion is a serious issue facing not only patients having invasive or traumatic surgeries, but all patients left
with internal tissue wounds contacting other internal membranous tissue surfaces after a surgical operation. These adhesions are
fibrous bands of tissue produced during recovery of internal wounds after 50-90% of all surgeries no matter the anatomical
position (Fatehi Hassanabad et al., 2021)!. Many of these adhesions require further surgery resulting in a larger financial burden
and longer recovery time (Sikirica et al., 2011)% There are a number of current products to combat this issue, none of which are

perfect and require serious improvisation to create a simpler, less stressful surgical experience for patients worldwide.

Known for their elongated shape, fibroblasts can be either bipolar or multipolar, and grow attached to a substrate. Fibroblasts are
the most important cell type in connective tissues, producing extracellular matrix components like collagen, while also playing a
part in wound healing due to their abilities to contract and produce replacement tissue material (Piipponen, Li, & Landén, 2020)3.
A common type of fibroblast, NIH-3T3 cells, are derived from NIH/Swiss mice embryos. The NIH-3T3 line is widely used in
research as they are easy to maintain and are suitable for a wide range of applications within both cell and molecular research.
They can be grown in normal culture flasks in complete medium and have a doubling time of about 1 day, ~20-24 hours (Rahimi,
Cai, & Hoyer-Fender, 2022)*.

Keratinocytes are skin cells that have roles in a number of bodily and tissue system processes such as wound-repair, organ
structure, immune system function, and most importantly keratin production. Being skin cells, keratinocytes are native to the
stratum basal and stratum spinosum layers of the skin. HaCaT8ells are spontaneously transformed human skin cells, specifically
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keratinocytes. The HaCaT cell line is derived from a 62 year old caucasian male (Somaiah et al., 2015)>. Outside the skin,
keratinocytes form an adherent monolayer of cells when grown in a culture flask in complete medium; they have a doubling time
of ~1 day, closer to 26 hours (Somaiah et al., 2015)>.

Alginate is a natural anionic polymer that is extracted from brown seaweed, a biomaterial that has good biocompatibility and low
toxicity allowing it to interface with biological systems. It has a similar structure as an extracellular matrix and can be formed into
hydrogels through different cross-linking methods (Woo, Kim, & Kim, 2011)¢. One method of cross-linking that can be used is
ionic crosslinking, whete the aqueous alginate solution is combined with divalent cations, most commonly Ca?*. The divalent
cations allow for guluronate blocks within the alginate chains to form junctions with other guluronate blocks on other polymer
chains, resulting in a gel structure (Woo, Kim, & Kim, 2011)¢. This is possible due to alginate's native hydrophilic and negatively
charged surface. Cross-linking the alginate enhances the mechanical properties, but they can vary depending on gelation rate and
temperature (Woo, Kim, & Kim, 2011)¢. Alginate can also be functionalized to increase properties such as cell-adhesion by
chemical modification or adding functional groups, proteins/peptides, or growth factors (Yong Lee & Mooney, 2012)7. These

characteristics of alginate allow for applications in wound healing, drug delivery, and cell transplantation.

Collagen is a fibrous, structural protein that is found in animals and it is the most prevalent component of the extracellular matrix
within humans as it comprises one-third of the total protein within the body. The structure of collagen is a 3-dimensional helix
that consists of three parallel polypeptide strands. It is essential to tissue formation, structural integrity, and repair (Yang, Chen, &
Wang, 2014)8. Collagen is an ideal material to use in cell culture as cells natively recognize it, and it has been seen to promote
adhesion, survival, and proliferation. The matrix provides space for the cells to create microenvironments and regulate necessary
gene expression in a cultured environment (Yang, Chen, & Wang, 2014)3. There are five main types of collagen; collagen 1 from
bovine skin (COL1A1) is utilized in this model because it is the major structural protein for bone, tendon, skin, and tendon. Also,
it plays an important role in growth and maintenance of organs and tissues. Experimentally, collagen matrices can be prepared
both two and three dimensionally and they each have their benefits depending on the needs for a specific experiment (Yang,
Chen, & Wang, 2014)8. 3D collagen requires a scaffold to be introduced, cells to be seeded within the collagen mixture, and the
collagen to be filtered sterilely instead of denatured when prepared. 2D collagen is more conventional, where it is used to grow
cells on top of a layer of collagen, and can be sterilized in an autoclave because denaturing the collagen only affects its 3D
structure abilities (Yang, Chen, & Wang, 2014)8. All the properties outlined of collagen allow for applications in wound healing
and tissue regeneration because it can be used as a drug/treatment delivery method, cell scaffold, hydrogel, and more.

Polyethylene glycol (PEG) is a hydrophilic synthetic biocompatible polymer that is non-toxic and can be cross-linked with other
biomaterials to manipulate surface properties whether it be adhesion, repulsion, etc. PEG solidifies through free-radical
polymerization, and the viscosity and surface pore size will depend on the molecular weight or PEG chain size. Functionalizing
peptides and other protein or biomaterial modifications can also be performed to change the interaction between specific
molecules, cells, or surfaces and the PEG chains. PEG can be coupled with functional groups to change its interactive properties
such as hyaluronic acid, or RGD peptides that can promote anti-adhesion in physical barrier settings. These properties can vary
drastically depending on the molecular weight/PEG-arm size, whete in most cases the larger armed PEG detivatives have
increased gelation and are more viscous (Xu et al., 2022)°. The diverse functionality of PEG makes it a good candidate for
crosslinking in different applications whether it be postoperative barriers or other cellular interaction models.

Polyvinyl Alcohol (PVA) is another hydrophilic synthetic biocompatible polymer that has increased mechanical strength
depending on molecular weight, comparatively to other biocompatible hydrogels. PVA is able to form a cryogel, thus can be
solidified from liquid via freeze-thaw cycles. The PVA will form a hydrogel after repeating this process by forming strong
hydrogen bonds. The amount of cycles depends on the application, molecular weight, and composition of the PVA solution. The
cryogel properties of PVA allow for the encapsulation of non-synthetic biomaterials and natural extracellular matrix molecules but
also decreases the abilities of the hydrogel to chemically react with other biomaterials (Xu et al., 2022)%. Its innate strength makes
PVA a potentially ideal crosslinked molecule for producing a postoperative cell adhesion barrier that can be held in place with

sutures or other common medical devices.

Our model is inspired by a study using NIH-3T3 fibroblasts to demonstrate the adhesion properties of a chitin-based hydrogel, in
hopes of combating the issue of injuries caused by cell adhesion to improper surfaces after a surgical operation (Zou et al, 2023)1°.
The researchers set a goal to create an improved physical barrier that would inhibit cell adhesion to be used during wound healing
in-between a healing organ and the surface it would normally be in-contact with (Zou et al, 2023)10. Currently, thete are physical
barriers used in industry, but they are prone to undesirable sid§:7effects. One of the most commonly used physical barriers in
surgery is known as SepraFilm™, a hydrogel produced by Baxter Advanced Surgeries. Although this hydrogel does prevent some



cell adhesion, it has also been observed to cause abscesses, pulmonary embolisms, and fevers in patients with the bartier. The
hydrogel tested in this paper is a cross-linked chitin based gel crosslinked with BDDE, which is an ether in the glycidyl family,
commonly used for reducing the viscosity of resins (Zou et al, 2023)!0. The researchers obtained promising results when
implementing this hydrogel into a rat-based experiment, creating a wound in the rat’s abdomen and testing this experimental
hydrogel against an industry standard, as well as against a control of no physical batrier. The results wete positive as no healing
abnormalities were observed,the rats were able to live without experiencing toxicity from the hydrogel during the healing period,
and no cell adhesion was observed in the abdomen of the chitin gel samples (Zou et al, 2023)'°.

In this article, a model was designed to test cell adhesion to hydrogels made from and crosslinked with various natural and
synthetic biocompatible polymers. These experiments will help to identify a possible starting material to further develop into an
anti-adhesive hydrogel that can be implemented into surgical procedures to reduce fibrous adhesions between healing wounds and

other internal membranous surfaces.

METHODS AND PROCEDURES
Cell line maintenance and conditions
Cell cultures were grown at 37°C in a humidified 5% COz atmosphere. T25 flasks containing NIH3T3 fibroblast cells (ATCC
CRL-1658) or HaCaT cells (T0020001), were checked under a 100x bifocal light microscope to determine confluency. To
prepare for cell passaging, complete medium containing Dulbecco’s Modified Eagle Medium (DMEM) with 10% Fetal Bovine
Serum (FBS) and 1% Penicillin/Streptomycin (PS), PBS, and trypsin were utilized for routine passaging. Any excess liquids and
biohazard wastes are disposed of properly and the hood is wiped down using 70% ethanol.

Cell proliferation assay

This assay was completed to understand proliferative characteristics of the different cell types at varying seeding and growth
densities. To prepare for the cell proliferation assay, cells that had been cultured to about 100% confluency were trypsinized and
counted via hemocytometry. After counting the cells, they were diluted to a concentration of 1*10° cells/ml. These cells were
seeded into 32 wells of a 96 well plate through a two-fold serial dilution ranging from undiluted to a 1:64 dilution with a well
volume of 125 uL.. One additional well was plated with undiluted cells for hemacytometry; three wells were filled with 125 uL.
complete medium to serve as a blank for the assay. The cells were then left to incubate at 37°C in a humidified 5% CO»
atmosphere for 48 hours. The plate was observed under a microscope, and the cells in one undiluted well were counted using a
hemocytometer. An alamarBlue™ Cell Viability assay (Invitrogen® DAL1025™) was petformed, where 12.5uL of alamarBlue™
resazurin reagent was added to all utilized wells. The plate was incubated for 4 hours at 37°C in a humidified 5% CO;
atmosphere. When the plate was ready (signified by color change), the plate was read by in a Biotek Synergy H1 Hybrid Multi-
Mode Reader for fluorescence using excitation and emission values of 540 nm and 590 nm, respectively.

Synthetic tissue generation

A prepared 3D collagen solution was used to create NIH-3T3-fibroblast 3D cultures following the Sigma-Aldrich protocol for
collagen solution from bovine skin (Sigma, C4243). The cold (4°C) 2 mg/mL 3D collagen solution (1.5 mL) was combined 1:1
with NIH/3T3-Fibroblasts in complete growth medium at 2¥106 cells/mL (1.5 mL). A total of 3 mLs of the 3D
Collagen/Fibroblast mixture was created and pipetted into a clear 24-well plate at 1.0 mL, 0.75 mL and 0.5 mL volumes. The
plate was incubated at 37°C until solidified, approximately 30 minutes or until noticeably solid. 200 ul. complete growth media
was added on top of the cell/collagen matrix, which was incubated for six days with media changes every 2 days.

A second culture of NIH/3T3-Fibroblast cells at 80% confluency in a T75 flask was trypsinized and resuspended in complete
medium, where the total volume was 10mL. These cells were then transferred into a conical tube and placed in a centrifuge for 10
minutes at 3000 rpm. The excess complete medium was aspirated until only the cell pellet was left within the tube. The cells were
resuspended in 6mL of new complete medium (~1.1*%106 cells/mL) and 1mL of cells was added to each of the six collagen
wounded wells. The plate was incubated at 37°C in a humidified 5% COz atmosphere for 48 hours and then observed under a

microscope to confirm monolayer development.

Alginate hydrogel synthesis

To create the alginate-based hydrogels, three 200 mL Erlenmeyer flasks were filled with 30 mL of dH2O and 1.5% by weight of
sodium alginate (Sigma, W201502). Into one sample 1% by weight of PVA MW: 70,000-100,000 (Sigma, P-1763) was added; into
a second sample 1% by weight of PEG3550 (VWR Life Science, 0955) was added; a third sample was kept as a pure sodium
alginate solution. The three solutions were heated to 65°C and stirred with a stir bar until the powdered reagents were fully
dissolved. Once dissolved, the samples were transferred into thgee 50 mL conical tubes and heat pasteurized in a 100°C water
bath for 30 minutes. After pasteurization, the samples were stored at 4°C until gelation was required. In order to gel the alginate +



PEG/PVA mixtures two methods were used: the first was mixing the alginate samples with equal parts 50 mM CaCl2 in a syringe
(“syringe method”) and dispensing the mixture into a 24-well plate, then freezing the thin gel mixture at -20°C for 24 hrs; the
second method (“slab method”) was dispensing a 4 mL droplet of the alginate solution into a petri dish and pouring 50 mM
CaCl2 atop them and soaking until solid. Only the slab method was used for generating the two pure alginate gels.

2D collagen hydrogels conpled with PEG and PV/A

To cteate the collagen-based hydrogels Type I 2D collagen from rat tail (Sigma-Aldrich, C3867) at 4 mg/mL was diluted 1:1 with
sterile dH20O and aliquoted into three conical tubes with 10 mLs in each. To physically cross-link PEG3350 (VWR Life Science,
0955) and PVA (Sigma, P-1763) to the collagen, both were added at 13.5% by weight to 10 mLs of 1M NaCl in dH20O and stirred
with a stir-bar at 80°C until fully dissolved. The 10 mL. PEG and PVA solutions, respectively, were added 1:1 individually to
different 2 mg/ml. 10 mL collagen aliquots, which creates final solutions of 1 mg/mlL 2D collagen at 6.25% by weight PEG or
PVA in 0.5M sodium chloride. In order to use these solutions in a cell culture setting they needed to be pasteurized, so they were
heated to 100°C in a water bath for 30 minutes and stored at 4°C until ready to pour. The aliquot without PEG or PVA was kept

at 2 mg/mL and was already stetile so pasteurization was unnecessaty.

To keep similar size to the 3D collagen tissue matrices and induce gelation, freezing the hydrogels was tested by dispensing 1.5

mL of each collagen solution into a well of a 24-well plate, to, and placing them at -20°C for two days. A larger surface was also
tested by pouring just enough of each solution to cover the entire bottom of a petri dish and freezing it with the goal of cutting
the gels to size after gelation.

3D tissue wounding and hydrogel barrier application
In order to wound the 3D collagen, a sterile 26 /2 gauge needle was used to create an intersecting wound on the surface of the
collagen matrix. When wounding the collagen only the surface of the collagen was cut, as shown in Figure 1 below.

Adhesion Test Model

Varying hydrogels
covering wounds

N

Artificial =O
wound

I

Tissue cut with
3D Tissue mattix iR mlep

Figure 1. Visualization of the Adhesion Test Model. This was the method used to show how the varying hydrogels will be applied to the healing wound mattices.

To remove the hydrogels from their mold-wells, 10 ul. microbiology inoculation loops were used to carefully scoop around the
perimeter and then sweep beneath the hydrogel and balanced in the middle of the loop. The hydrogel was then placed on top of
the wounded collagen, ensuring that the wound was fully covered.

The hydrogel organization for which was covering which of the near identical wound surfaces is outlined in Figure 2 below, as
shown only alginate-based hydrogels. After covering the wounds, each well received 1mL of new complete medium and incubated
at 37°C in a humidified 5% CO; atmosphere for 48 hours. After this incubation period, the hydrogels were removed from the
collagen with 10 ul. microbiology inoculation loops, and both the collagen wound surface and hydrogel barriers were observed
for cell adhesion as described in the sections below. To remove the hydrogels from the 3D matrix, 10 ul. microbiology

inoculation loops were used to carefully scoop around the perimeter and then sweeping beneath the hydrogel, above the 3D tissue



mattix, and balancing it in the middle of the loop.

+PVA + PEG

(syringe) ‘ (syringe)

Figure 2. This image shows the layout of hydrogels in the 24-well plate atop of a wounded collagen tissue/fibroblast matrix.

Fixing and staining cells on hydrogels

The hydrogels were removed from the wounded collagen surface gently with 10 ul. microbiology inoculation loops and placed in
a new 6-well plate. They were rinsed twice with 4 mL of 1X PBS to clean off excess complete medium. The cells were fixed into
place on the hydrogel using 2 mL of 3.7% paraformaldehyde in each well and left for 30 minutes. The paraformaldehyde was
removed and the hydrogels were rinsed with another 4 mL of 1X PBS. The cells were stained with 500 mL of 0.5% crystal violet
by ensuring full coverage of hydrogel via rocking the plate. Once fully covered the hydrogels were left for 20 minutes and washed
2 more times with 4 mL of 1X PBS. One unused well in the plate was filled with 2 mL of 1X PBS to ensure the gels did not dry
out when parafilmed and stored at 4°C until imaging was conducted.

Imaging healing tissues and hydrogels

The hydrogels and collagen 3D tissues were placed under a 100x bifocal light microscope to visualize any cell adhesion that
may have occurred from the monolayer-wound sutface of the collagen onto the respective hydrogel’s contact surfaces.
Groupings of cells were searched for on the contact surface of the hydrogels where they were directly touching the wound
surface of the 3D tissue matrices. Different focus fields were viewed to observe migration deeper into the hydrogels, as well
as multiple fields of view on the contact surfaces to ensure that any cell adhesion was detected. This data collection method
is purely observational and qualitative to understand a baseline of cell adhesion to the biomaterials composing the

hydrogels.

RESULTS

Cell Proliferation assay: Understanding the proliferative bebaviors/ characteristics of cell lines at varying seeding densities

The cell proliferation assay was performed in order to determine the growth rate of the cells that will be used throughout the
experiments mentioned in this paper. The analyzed tesults of the resazurin assay are shown in Table 2 below, where it was
observed that the average relative fluorescence unit (RFU) for the wells decreased as the dilution factor of cells decreased. The cell
count was calculated based on the dilution factor and cell count of control well D1 which contained 160,000 cells. This data was
plotted to create Figure 3 (below), with an x-axis of log; to stabilize the data variance between the cell counts.
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Figure 3. This graph shows a proliferative characterization of NIH/3T3-Fibroblasts based on metabolic conversion of tesazurin (non-fluotescent) to its
metabolite, resorufin (fluorescent), at different culture densities.

Healing assessment (adbered cell counting, and wound migratory analysis)

The process and results of the healing assessment are shown in Figures 4-6. Created using a sterile 26 /2 gauge needle, the
intersections cut into the collagen are visible in Figure 4. It is to be noted that Figure 4 shows five out of the six wells with an
intersection cut into them, but all six wells were wounded with an intersection prior to hydrogels being placed on top. Figure 5
shows the 6 wounded wells after hydrogels were placed on top. The alginate-only hydrogels are the most opaque and the
wounded collagen is not visible below these hydrogels. The alginate and PVA hydrogels are the most transparent with the wound
intersection being completely visible under these hydrogels. The alginate and PEG hydrogels are both slightly opaque which is
why the wounds become less visible i

n Figure 5 since they are covering the wounds.

sixth well (bottom right).
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Figure 5. This image shows the wounds made on the collagen after the hydrogels were applied. Left hydogels (top and bottom) are alginate. Middle hydrogels
(top and bottom) are alginate and PVA. Right hydrogels (top and bottom) are alginate and PVA.

The results of the wound migration assay are shown below in Figure 6. The wound migration assay performed to see if healthy
cells would migrate back into wounded areas of collagen. Figure 6 shows a close-up view of wound intersections for alginate,
alginate and PVA, and alginate and PEG after a 48 hour incubation period.

Figure 6. The figure depicts the contact surface of 3 of the wounded collagen wells in the following order: Alginate (Panel A), Alginate and PVA (Panel B), and
Alginate and PEG (Panel C).

In Figure 6, clumps of fibroblasts ate shown in/ neat the edge of the wound in all three panels. These cells have migrated from
the “healthy” collagen into the wounded area.

Cell Adpesion Assessment

The results from the fixing and staining of the hydrogels are shown below in Figure 7. The staining of the hydrogels made cells
present on the hydrogels post removal from the wounded collagen visible. Cells are represented by the deep purple coloring and
can be seen in each of the images grouped below. All of the hydrogels observed did in fact have cells adhered to their respective
contact surfaces. Qualitatively, it seems like there was more general adhesion from the monolayers in contact with the alginate +
PVA, whereas the alginate controls look like adhesion is happening in linear columns resembling the wound surfaces.
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Figure 7. This figure depicts the fixing and staining of cells present on the hydrogels after removal from the collagen. On the top row, Panel A shows the contact
surface side of alginate control 1 (slab method) field of view (FOV) with the only grouping of fibroblasts, Panel B shows alginate control 2 (slab method) FOV 1
with a small grouping of divided cells on the outer ring of the hydrogel’s contact surface, and Panel C shows alginate control 2 (slab method) center of wound
surface with cells dispersed and suspended within the gel. On the bottom row, Panel D shows alginate+PVA (slab method) FOV 1 two surface groups of cells left
of wound surface, Panel E shows alginate+PVA (slab method) FOV 2 direct wound surface contact suspended within gel, and Panel F shows alginate+PVA (slab
method) FOV 3 top right of wound surface with large groupings of cells.

DISCUSSION

Post-operational cell adhesion can cause an extreme amount of discomfort for recovering patients and can require correction
surgeries and side effects, depending on the types of adhesions, like internal or abdominal bleeding, blood in stool, etc. Current
solutions for this issue like SepraFilm™ and CoSeal™ by Baxter Advanced Surgeries have been implemented into current surgical
practice, but have not shown consistent abilities to reduce or prevent adhesions for varying reasons (Fujita et al., 2021)11.
Hydrogel synthesis can be complicated due to the properties of the biomaterials that compose them, which is why different
hydrogel compositions were researched aimed towards improving the current post-operative barriers being used currently in
surgical operations. To do so, 2D collagen and alginate were selected as bases for the newly designed barriers, which were
physically crosslinked with PEG and PVA to test anti-adhesive abilities when exposed to an artificial wound surface (i.e., 3D
collagen seeded with NIH-3T3 fibroblasts). Synthesis of solid hydrogels composed of these natural and synthetic polymer-based
biomaterials proved difficult with somewhat limited research available. Determining the correct proportions and concentrations
of these materials was likely the undetlying issue in solidifying the hydrogels enough for mechanical manipulation onto the
artificial wound surfaces.

Of the two hydrogel bases planned to test, 2D collagen and sodium alginate, only the alginate hydrogels were able to be
successfully synthesized to be solid enough to be imparted onto the artificial wound surfaces. The pure alginate, alginate + PVA,
and alginate + PEG were all placed upon wounds, but only the pure alginate and alginate + PVA were successfully removed and
imaged, as seen in Figure 7. The alginate + PEG dissolved during the staining process after being exposed to the
paraformaldehyde and thus, its anti-adhesiveness was unable to be analyzed. The 2D collagen hydrogels, both pure and
crosslinked, after numerous trials with increasing amounts of crosslinked PEG and PVA were still liquid after attempting
numerous methods to induce gelation so they could not be used as barriers atop the wounded synthetic tissues. Nevertheless, the
alginate gels were incubated atop the recovering wounded synthetic 3D collagen tissues and the results were surprising. Alginate is
usually believed to be anti-adhesive when not functionalized nor treated with another polymer or additive, but all the hydrogels
imaged had cells adhered to them, two of which were composed of purely 1.5% sodium alginate solidified in 50 mM calcium
chloride. More sporadic adhesion outside of the wound zone occurred on the alginate + PVA hydrogel, which seemed to come
from even the unwounded monolayer, whereas the pure alginate was seen to only have cells adhered in a pattern similar to the
wounded area of the tissue the gel was covering. The combination of two relatively non-adhesive biomaterials through a single
test did not appear to reduce adhesion in comparison to the pyse alginate, which is opposite of expected results.



The preliminary research performed through these experiments have sparked new ideas on how to further close the gap in
knowledge about the synthesis of hydrogels with the purpose of inserting them in during a surgical procedure, in which case
increased viscosity or mechanical rigidity is of utmost importance. The ability to remain fixed with sutures or internal surgical
adhesives to a wound surface is a necessity to ensure the correct area is being protected from cellular adhesion while recovering
from a surgical procedure. To do so, future work would consist of increasing concentrations of PEG and PVA being crosslinked
to the hydrogel bases as preliminary tests showed that too high concentrations created issues with homogenization of ingredients
because of the thickness of the dissolved PEG and PVA solutions. A larger armed PEG may also be tried in comparison to the
PEG 3350 used in the experiments shown in this article because polymers with larger molecular weights tend to form longer
polymer chains and branching molecular structutres that promote interconnected polymer networks and increased crosslinking
sites. Another area with possible improvement would be selecting another hydrogel base material to try crosslinking with PEG
and PVA that has more innate, or reliable, gelation abilities. 3D collagen is of interest to test as a hydrogel base as it becomes
viscous in an incubated environment which could be increased by the crosslinking of another polymer. This base would be ideal
as the synthetic wounds are incubated during their “recovery” process so ensuring the hydrogel stays solid during incubation is
essential. This may serve as an improvement to the 2D collagen as it is a denatured collagen product which was seen to congeal at
lower temperatures, such as in the refrigerator, but these are only inclinations as to improving the mechanical strength of the
physical barriers being designed.

Opverall, this research can serve as a starting point for synthesis of new and better hydrogels that can act as physical barriers to
prevent internal cellular adhesion. Certainly, more testing is required to improve the anti-adhesive properties of the hydrogels, but
increasing their viscosity and ensuring they do not degrade to even be able to assess their effectiveness.
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ABSTRACT

Investigating experimental designs in order to determine an ideal tissue model domain has the potential of isolating favorable
environments to cultivate advancements in the medical field and the exploration of other prospective applications. Exploring
cytokine production via Human-Interleukin-6 ELISA kit post-wound infliction exposed a developing method of observing
inflammatory response when NIH3T3 and HaCaT cells are co-cultured in a 3D tissue model environment. This experiment was
executed through the routine passaging of cells, generation of collagen gel microenvironment and air-media interface, and wounding
of tissue models to determine cytokine production. Cytokine production was analyzed using an ELISA assay which displayed that
the cytokine production was highest in the puncture samples and lowest in the scrape model samples, contrary to intensity of the
wound. The assay also showed that cytokine production was similar in both co-culture conditions, revealing that cell type is not the
primary factor when determining cytokine production, but rather, total number of cells is a far better indicator of the potential
cytokine production of a tissue model in a specific wounding period.
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INTRODUCTION

Currently there are no methods to model the inflammatory response in vitro that do not involve animal models, which can be costly
and low throughput. Developing a tissue engineered skin analog would be beneficial on many fronts mainly as a way to examine skin
pathologies and study the relationship between the various tissues making up the skin during these events. One step on the road to
creating a functional skin analog is an understanding of the relationship between keratinocytes and fibroblast in modulating the
inflammatory response. The objective of this study was to create a 3D model of the human skin using differing concentrations of
keratinocytes and fibroblast. This model was then wounded using various methods and analyzed for its cytokine production to
examine the interplay between the two cell types. This study will aid in the creation of a functional skin analog by characterizing
which cell type has more of an effect on cytokine production and examining if the ratio of cells contributes to the cytokine output
over a period of time

NIH-3T3 cells ate an immortalized cell line of mouse fibroblast [1]. Specifically 3T3 cells come from the NIH/Swiss strain of mice
and are harvested at the embryo stage of the mouse's development [1]. The cell line was established in 1963 and were named 37T3
cells based on 3-day transfer, inoculum 3 X 10™5 cells [1]. During their initial development the cells were observed to go from
diploid to tetraploid meaning they developed four homologous chromosomes as opposed to two. Fibroblast are a form of adherent
cell they primarily are found in the connective tissue of the body and produce vital components responsible for making up the
extracellular matrix (ECM) and dictating organ structure [2]. Despite being somewhat ubiquitous through the body they differ in
their morphology based on the organ ECM they inhabit. 3T3 cells specifically are used in studies on cell cycle control [2]. 3T3 cells
are also utilized to study skin synthesis and mechanics especially in coculture with keratinocytes. Such studies often investigate how
3T3 cells contribute to the ECM and help define tissues like the basement membrane and dermal epidermal junction.

HacCat cells are an immortalized line of keratinocytes. HaCat cells were derived from normal human skin specifically from a 62 year
old male patient. These cells are mainly used in skin pathology and homeostasis studies [3]. Primary keratinocytes have the tendency
to die if they are led into differentiating. HaCaT however are able to be cultured for extended periods of time and will express the
same makers of differentiation such as keratin K10, which inhibits proliferation and tumorigenesis [3][4]. Like 3T3 cells HaCaT cells
form an adherent monolayer. HaCat cells are also incredibly useful for the study of skin cancer as they harbor mutations in their p53
genes that are characteristics of UV radiation damage. Keratinocytes are the primary cells in the epidermis acting as a barrier.
Keratinocytes also play a key role in modulating the inflammatory response [3]. Keratinocytes release inflammation factors such as
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interleukin-1 and Interleukin-6 (IL-1, IL-6 ) responsible for modulating the inflammatory response. The release of these factors also
causes the surrounding fibroblast to begin releasing Interleukin-6 among other tissue and vascular growth factors to upregulate cell
proliferation. This creates a positive feedback loop as the skin begins to heal itself [5]. HaCat cells are especially employed for
inflammation studies as they are able to be supported in cultures without repeated use of growth factors to keep them alive.

Collagen can be categorized as a fibrous protein that is the most essential component in connective tissue and is specifically present in
mammalian cells. 3D Collagen can be obtained when placed in an aqueous solution and is typically derived from mammalian
properties such as cartilage and bone [6]. The structure of this protein mimics a DNA double helix with three alpha chains, containing
amino acid repeats, Gly-Xaa-Yaa (GXY) . This collagen triple helix is crucial to maintaining stability, as the chain consists of
hydroxyproline and proline imino acids by forming strong hydrogen bonds thus maintaining structure [6]. This structure in
combination with polymerization provides high viscosity, producing gel-like substances. Ideal environmental factors contribute to the
construction of 3D collagen. Low pH contributes to the dissociation of fibers to insoluble fibrils [7]. Similar to alginate, soluble fibrils
permit 3D collagen to endure naturally occurring cross-linking. Although a similar outcome is reached, the collagen cross-linking
process utilizes targeted reactive moieties within the soluble fibrils, allowing for the attachment of cells directly. This chemical process
of conjoining molecules through covalent bonds only improves collagens' already strong extracellular matrix.
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METHODS AND PROCEDURES

General Cell Culture Upkeep

Both NIH 3T3 and HaCaT cells were cultured according to standard protocol in an incubator set to 37°C with 20% O, 5% CO,,
The cells were first observed for confluency and then passaged in either a 1:4 or 1:2 split depending on their density. Cells were
observed on an Olympus brand inverted microscope on 100x brightfield with 10X magnification. Briefly once observed the
supernatant was aspirated and the cells were washed with 1x PBS. The cells were then treated with between one and two milliliters of
trypsin and allowed to sit for five minutes for proper detachment. After the cells were found to be fully detached they were
resuspended in complete medium consisting of 90% DMEM supplemented with 10% fetal bovine serum and 1% Penn Strep at a
final volume of between six and twelve milliliters of medium depending on the flask type (T25-T75). To perform a 1:2 or 1:4 split
cell solution at the required volume was taken and added to a new T75 flask. This flask was then brought to a final volume of 12 ml
using the supplemented media. Both HaCaTs and NIH3T3 cells received the same media. The cells were grown approaching
confluencey until needed for the experiment.Cells counts were obtained throughout the experiment via hemocytometer on an
Olympus brand light microscope at 10X magnification and 100X brightfield. When necessary to concentrate or wash trypsinized
cells, centrifugation at ~3000 rpm for 10 minutes was utilized.

Creation of 3D Environment and Seeding of Cells

NIH3T3 and HaCaT cells were allowed to grow to conflunency using the procedure detailed above. Once the cells appeared to be
close to confluency, they were trypsinized and counted in order to ensure correct seeding densities for the 3D environment. The
number of viable cells was determined by averaging cell count results from one hemocytometer square, multiplying by 1x10' and
finally multiplying by the number of milliliters present, which fell at six milliliters each time the cell count was executed.

HaCaT and fibrobalst were harvested according to protocol from Wilkins et al. [7] the seeding density of the control was found to be
3.1 x 10*ml fibroblast to 1x10° keratinocytes. The total number of cells was found to be 3.7 x 10° cells assuming the culture dish
used is a 12 well plate. Additionally the ratio of cells used in the Wilkins et al article was found to be 80/20 keratinocytes to
fibroblast. Once found this ratio was iterated on to create an expetrimental group of 70/30. To seed the collagen gels the volume of
cell solution was found to be in a /5 ratio with collagen used. The volume of cell solution and collagen needed was then calculated
based on the number of wells per group. These values were calculated assuming the total cell number of 3.7 x 16 cells would remain
constant. These values can be seen in Table 1.

Groups Calculated Fibroblast Concentration Calculated Keratinocytes Concentrations
80/20 1x10° cells/ml 8.5x10* cells/cm?
60/40 1.6x10° cells/ml 7.4 x 10* cells/cm?

Table 1: A table displaying the calculated cell concentrations of fibroblast to keratinocyte ratios.

The fibroblasts were allowed to grow for two days in one milliliter of media before being seeded with keratinocytes on the surface of
the gels. Fibroblast and keratinocytes were allowed to culture for 2 days in 1ml of media before it was changed to .15 ml to establish
a media interface. This culture went on for six days before wounding [8].

Wounding of 3D Tissue Model to Induce Cytokine Production

Using a 1000 uL. pipette tip, used media was aspirated from the air-media interface and discarded. Each hydrogel was washed with
900 pL of 1x PBS before being aspirated and discarded. Then, each wounding condition was applied to its respective well. One of
each 60/40 and 80/20 well was punctured 4 times with a 1000 pL pipette tip, one of each 60/40 and 80/20 well was sliced using a
scalpel, and one of each 60/40 and 80/20 well was scraped using a cell scraper. After this, 400 uL of complete media was added to
each well, and 100 uL was collected from each sample to be tested as a zero hour time point. 100 pL was also collected four hours
after wounding, and twelve hours after wounding [8].

ELISA for Interlenkin-6 Cytokine

A Human IL-6(Interleukin 6) ELISA kit with 24 wells was purchased from Elabscience (Cat.No.:E-EL-H6156) . The
manufacturer protocol was followed. Two separate blanks were used, one for the sample diluent used to create a standard curve
and one for the complete DMEM, which was the blank used for the supernatant which the cytokine samples were suspended
in. Samples tested from the tissue model were not diluted hgfore testing, When creating the standard curve, only the 50, 12.5,
6.25 and 1.56 pg/mL standards were utilized. Ultimately, the data used from this assay was not the cytokine concentrations, but



the blank corrected OD values of each of the samples, referred to as “normalized cytokine production.”

RESULTS

The data collected is a direct result of the procedures listed above. This experiment aims to test and identify future methods to model
inflammatory response in animal cells to advance therapeutic approaches in many common diseases. This data aimed to analyze a
successful Human Interleukin-6 ELISA assay that provides viable data to determine cytokine production in various co-culture
conditions, and diverse wounding techniques. Cell lines were observed at various points throughout this experiment and are included
below to account for all experimental factors that may impact the overall results. Routine passaging and upkeep were maintained
inorder to avoid nonviable data and/or toxicity. Amplifying the qualitative analysis throughout the course of this experiment provides
long-term investigation of culture conditions and the significance of simulated 3D tissue models.

Images shown in Figures 1,2 and 3 were taken after aspirating and replacing media in 12 well plate. Images of wells 70/ 30 were not relevant in this study
due to little variance from 60/40 wells

| D | D
Figure 1. Image taken 2/17/23 via inverted microscope after seeding culturing fibroblasts in collagen gels for two days and seeding HaCaTs
A. 80:20 keratinocytes to fibroblast, B.70:30 keratinocytes to fibroblast
The two figures above display the two day progression of the generated 3D collagen environment in combination with culturing
fibroblasts after seeding HaCaTs. Co-culture conditions allowed for the determination of cytokine production to reflect the immune
response initiated by different wounding methods. It is detectable that the tissue model shown in Figure 1 contains a higher
concentration of fibroblasts due to the confluency difference. Three wounding methods were deemed essential for examining

variation in injury infliction and immune response. The contrast in wounding methods; puncturing, scraping, and slicing offered
diverse data to examine juxtaposition.

0@

Figure 2. Image taken 2/22/23 via inverted microscope after initial wounding of the 80:20 group. A. collagen after four puncture wounds were inflicted on culture
using a single sterile 1000 microliter pipette tip. B. collagen after a sterile scalpel was used to injure the culture
Wound imagining displayed above represents the impact of a puncture wound and scalpel scrape in 80:20 co-culture. This injury
provides the most qualitative analysis, as the layers of collagen gel are apparent when viewed under the microscope. The scalpel
wound, while considered the most intense injury in this experiment, has little visibility through the microscope. Scrape is not evident
and layers of collagen are hardly qualitative. Due to complications in magnification, cell scraping wounds were not captured in this
group.
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Figure 3. Image taken 2/22/23 via inverted microscope after initial wounding of the 70:30 group. A. culture after four puncture wounds were inflicted on well B.
culture after a sterile scalpel was used to injure. C. culture after wounding with a cell scraper

Microscope images post-wound injury are displayed above to recognize the difference between the three wounding methods, and
their effectiveness according to qualitative analysis. Contrary to the 80:20 puncture wound, the 70:30 puncture has minimal visibility
that features the multiple layers of collagen gel. The scalpel scrape image proves to be more intense in the wounding of the 70:30, as
seen in Figure 3. B. This set of images provides anillustration of a cell scraper, which was not observed in the 80:20 group. This
injury has distinct qualities that demonstrate the impact of the wound, but is limited in showing the dimensions of the 3D
environment.
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Figure 4. Standard Curve of IL-6 Production vs OD. This information was obtained from the use of the ELISA assay kit purchased from Elabscience. The

equation shown represents the dotted trendline, and shows the logarithmic relationship between IL-6 concentration and OD at 450 nm when graphed on log-log
axes.

Following wounding of the tissue model and execution of the ELISA assay, a standard curve was created using the 4 standards tested
on the assay plate. Unfortunately, due to lack of wells in the provided assay kit, only 4 wells were able to be utilized for standard curve
creation. As a result of this, the standard curve had a comparatively small range, as well as low statistical significance, contributed to
by the lack of replicates. The R value shown in the standard curve is 0.7296, showing that it is not a strong indicator of actual
cytokine production in the samples tested. There is potential that it could be used to assign approximate values to samples up to the
OD shown in the 50 pg/mL sample, howevet, consideting that many of the collected samples fall outside that value, much of the
comparison done in this section was performed based on the OD values shown in Table 1.

Table 1: Normalized Cytokine Production of Each Injury Method, Time Point and Co-Culture Ratio. This table shows the blank corrected normalized
production (OD) of cytokines by each of the samples tested. Using the equation from the standard curve shown in Figure 4, it is possible to determine the
concentration of cytokines by using these values as the “y” value in the equition and solving for x.



80/20 0 Hour 80/20 4 Hour 80/20 12 Hour 70/30 0 Hour 70/30 4 Hour 70/30 12 Hour
Puncture 0.02 0.045 0.101 0.015 0.062 0.122
Scalpel 0.002 0.046 0.031 0.012 0.079 0.084
Scrape 0.038 0.022 0.064 0.005 0 0

The lack of wells for use in the creation of the standard curve not only limited the statistical significance of the curve, but also the
range across which it was valid. Because of the small range, many of the samples tested had OD values outside of the range of the
curve, meaning that there was no valid means to calculate the actual cytokine production in these samples. For this reason, the
primary data used in analysis of these results is the blank corrected OD readings obtained from the ELISA assay. This means that the
actual concentrations of cytokine production cannot be scientifically determined as a result of this experiment, but the dynamics at
play between the injury methods and co-culture ratios can still be explored. For the duration of this paper, any mention of normalized
cytokine production refers to the values shown in Table 1 above, as they show relative productions of cytokines by each co-culture
best in light of the low R* value produced by the standard curve. These values effectively show the relative cytokine production of
each sample relative to the other samples in the trial.

Injruy Method Influnences Cytokine Production
0.07
0.06
0.05
0.04
0.03
0.02

0.01

Normalized Cytokine Production

Puncture Scalpel Scrape

Injury Method

Figure 5. Cytokine Production by Injury Method A graph showing normalized Cytokine Production sorted by each of the injury methods, punctured with a
pipette tip, slicing with a scalpel and scraping with a cell scraper. The puncture wound showed the highest cytokine production, followed by the scalpel wound then

the scrape wound.

Viewing the relative cytokine production, shown in Figure 5, shows that each injury method is distinct in influencing cytokine
production. Puncturing the tissue model with a 1000 uL. pipette tip resulted in the highest cytokine production. Scraping with a cell
scraper resulted in the lowest amount of cytokines produced, while injury with a scalpel provided a midpoint between the puncture
and scrape wounds. Each wounding method showed rather distinct cytokine production relative to the others.
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Cytokine Production Increases Over Time, Regardless of Co-
Culture Ratio
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Figure 6. Cytokine Production by Co-Culture Ratio and Time Post Wounding. The graph shows the two different groups of co-culture ratio, the 80%
keratinocyte, 20% fibroblast and 70% keratinocyte, 30% fibroblast, at each specific time point samples were taken from the tissue model post wounding. These values
are charted against the normalized cytokine production in each of the categories.

Samples collected at 4 and 12 hours post wounding revealed that cytokine production increased up to 12 hours in both co-culture
ratios. Although there are minute differences in each co-culture’s cytokine production when comparing time points, the two appear
to increase in a relatively similar fashion.

Cytokine Production is Similar in Each Co-Culture
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Figute 6. Cytokine Production by Co-Culture Ratio. A graph showing the total amount of cytokines produced by each co-culture of keratinocytes and fibroblasts.
The error bars shown are standard deviations comprised of all samples in each category, and have been included to help visualize the range of cytokines produced by
each of the co-cultures over the course of this experiment.

When comparing both co-cultures to each other, it becomes clear that there is no significant difference in cytokine production
between the two models. The error bars shown are the standard deviation of all the samples in each co-culture. They allow the range
of values assayed to be visualized, showing the relative similarity of the average cytokine production of each co-culture across all
wounding methods and time points.

DISCUSSION 41
Human tissue models provide a huge potential in drug and disease research, as well as a number of other prospective



applications. Understanding the ways in which tissue models behave is integral to their design. Keratinocytes and fibroblasts are
both very important types of cells within tissues, and understanding the ways in which alternating their proportions affects
wounding patterns. This is crucial to the advancement of mapping the dynamics of how information from these tissue models can
be applied to more complex organisms.

This test employed 3 different wounding methods, all ranging in intensity. The puncture wound was the most minimally
invasive wound, while the scalpel cut deep across a larger area. The cell scraper was used as the most intense form of wounding,
and dug deep into a large section of the tissue model. Contrary to these notions, the cytokine production was highest in the
puncture samples and lowest in the scrape model, as shown in Figure 5 above. This may be due to the nature of the wounding,
and since the samples were so small, perhaps the wounding methods which were hypothesized to be more intense killed more
cells, limiting the number of cells that were left to produce cytokines. Additionally, if this test were to be repeated, a more
consistent wounding method for scraping would need to be determined. Some of the wells that were subjected to scraping
appeared to experience almost no visual change, while others lost hydrogel cover in 25-30% of the sample area. This inconsistency
may also contribute to the magnitude of cytokine production seemingly not coordinating to wound intensity.

Interestingly, when averaging all wounding methods at each timepoint and co-cultute ratio as shown in Figure 7, each of
the co-culture ratios showed nearly identical cytokine production levels. This result implies that the cell type is not the primary
factor when determining cytokine production, but rather, total number of cells is a far better indicator of the potential cytokine
production of a tissue model in a wounding period.

CONCLUSIONS

Tissue models have great potential to provide solutions to a variety of health problems, and striving to improve their
accuracy to the best possible degree will allow them to better provide answers to our questions. This experiment sought to
determine potential factors when determining accurate cell signaling, such as cytokine expression, within 3D tissue models. The
results of this experiment imply that cells produce the most cytokines when wounded with a puncture method, and the least when
scratched with a cell scraper, allowing documentation of different wounding method’s effects on cytokine production. Additionally,
the results imply that the type of cell does not strongly impact cytokine production, but rather, total number of cells is a far better
indicator of cytokine production. This result is supported by the seemingly small difference in cytokine production between the two
different ratios of keratinocytes and fibroblasts.

There are many steps that could follow this experiment. Primarily, this research would benefit from more replicates in
testing. All of the conditions tested in this experiment were only able to be assayed one time, and improving this to duplicate or
triplicate testing would enhance the validity of the results drastically, and potentially allow for a more robust standard curve that
could be used to comment on concentrations of cytokine production. Although this experiment provides interesting directions to
explore, full conclusions cannot be drawn without more testing. Additionally, this test only applied 3 potential wounding methods. It
is more than possible that there are methods which were not tested in this experiment that could inflict wounds which allowed for
more robust or consistent cytokine production. For this reason, it would be wise to test other wounding methods to compare them
to the ones employed in this experiment. Additionally, the wounding application may need refining. As mentioned in the paper,
wounding methods such as using a cell scraper to injure the tissue model surface are difficult to standardize, and as a result may be a
poor way to wound cells due to lack of consistency. If it is to be used as a wounding method in testing of tissue models, more
consistent methods must be developed.
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ABSTRACT

The goal of this study was to test toxicity, carcinogenicity, and the UV-protective effects of commercially available
sunscreen products in a three-dimensional cell culture model. A collagen and NIH-3T3 fibroblast matrix was created
where HaCaT cells were seeded on top. All cells were treated with either 1 uL. of sunscreen, 3 seconds of UV ray
exposure, both, or neither. A cell proliferation assay was then performed on the different cell treatment groups. Through
RFU values, it was determined that sunscreen decreased cell proliferation in all groups treated with 1 pL. of sunscreen,
whether or not exposed to UV. This suggests that sunscreen is toxic for both HaCaT and NIH-3T3 fibroblast cells.
Interestingly, it was also determined that sunscreen appears to have a protective quality for HaCaT cells and NIH-3T3
cells grown together when exposed to UV rays, and for NIH-3T3 cells grown alone when comparing RFU values. The
mechanisms for this difference remain unclear and present a new pathway to explore regarding sunscreen toxicity on

different human cell types.
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INTRODUCTION

There are a variety of cell types that have applications in tissue regeneration.! Fibroblasts account for a diverse group of
cells and are the main component of connective tissues, which makes them a compelling candidate for use in tissue
regeneration.! Studies have described fibroblasts as having a large and irregular shape that can be elongated, polygonal,
or stellate. These cells have a significant amount of cytoplasm that surrounds the oval-shaped nucleus and tapers off.?

Fibroblast cells are connected to nearby cells via adhesion.? Through adhesion, different subpopulations of fibroblasts
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interact with other cell types including epidermal, vascular endothelial, and immunocompetent cells. Fibroblasts hold a
significant role in the healing of wounds and inflammation due to interactions with immunocompetent cells and their

ability to regulate neuropeptides at the sites of wounds and inflammation, displaying their important role in the healing
process.! Additionally, fibroblasts play a key role in the aging of specific organs and the individual. The phenotypic and

functional diversity of fibroblasts displays the significance of fibroblasts in connective tissues in the body.!

Another cell type that has applications in tissue engineering are HaCaT cells which are a spontaneously immortalized
human keratinocyte cell line. HaCaT's are used frequently in studies of immunological and inflammatory responses, as
they are similar enough to normal keratinocytes to be a practical model.* Additionally, HaCaTs ate used for studying the
pathophysiology of epidermal homeostasis.> HaCaT cells do not come with the complications that fresh human
keratinocytes do. For example, fresh human keratinocytes need supplementary growth factots i vitrd*. When
differentiation is induced in fresh human keratinocytes, the cells die rapidly. The plating efficiency, proliferation, and
differentiation differ between keratinocyte cells from different donors, which causes increased complications in
passaging*. All of the above complications can be minimized with the use of HaCaT cells, which makes them an

excellent candidate for experiments testing compounds on epidermal tissue.*

3D collagen is a material that is often used with both HaCaT's and fibroblasts to recreate in vivo cellular environments.
Additionally, the interactions that occur between collagen and cells play a key role in tissue remodeling and the wound-
healing process. Since collagen is a natural molecule, it is biodegradable and biocompatible.® The use of 3D collagen has
led to a greater understanding of the growth, survival, and migration of cells.” 3D collagen can be manipulated to imitate
physiological conditions along with having properties that are controllable and adaptable.® In the extracellular matrix,
there is an abundance of collagen protein.’ Collagen can be used to form 3D hydrogels.® 3D collagen is a versatile tool
that can be used to study various types of cells. Specifically, collagen interacts with cells in ways that are crucial for

wound healing processes and tissue remodeling.

Ultraviolet (UV) rays are a well-known mutagen of human cells. Ultraviolet radiation can be divided into three

categories: UV-A, UV-B, and UV-C. These categories of UV rays are divided based on wavelength. Ultraviolet B is

defined as the ultraviolet rays from 320 to 286 nm. These are the rays that come from the sun that cause damage to the
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skin and sunburns.!® Additionally, UV-B rays are carcinogenic. Severe sunburns from these types of ultraviolet radiation

have caused an increase in melanoma, the most fatal form of skin cancer.!!

The mutagenic effects of ultraviolet radiation on human cells have been studied for years and are well known.!! In an
effort to reduce the likelihood of skin cancer, various active ingredients are added to topical sunscreens to absorb UV
rays before they can penetrate into someone’s skin. However, in some studies, active ingredients like octyl
methoxycinnamate (also known commonly as octinoxate) have been linked to altered gene expression in fibroblast and
breast cancer cell lines when UV rays break the active components down.!? The exact degree to which this altered gene
expression could cause mutagenesis or toxicity with alternative sunscreen active components is still unknown. The
objective of this experiment was to determine the degree to which sunscreen can be toxic or carcinogenic. This was
done by treating HaCat and NIH-3T3 cells in a collagen matrix with sunscreen and UV rays, and measuring their

viability via a cell proliferation assay.

METHODS AND PROCEDURES

2.0 Acquiring and Passaging HaCaT and NIH-3T3 Fibroblast Cells

HaCaT cells from AddexBio (catalog number T0020001) were obtained and plated into a T-75 flask with Dulbecco’s
Modified Eagle Medium (DMEM) + 10% Fetal Bovine Serum (FBS). These were passaged as needed to keep cells at
95% confluency. NIH-3T3 fibroblast cells from ATCC (CRL-1658™) were obtained and plated into a T-75 flask with
DMEM + 10% FBS. These were passaged as needed to keep cells at 95% confluency. All cell lines were placed in a 37-
degree Celsius incubator at 5% carbon dioxide. Humidity was maintained in the incubator through a water tray at the

bottom.

2.1. Determining Lethal Dosage of Sunscreen and UV Rays on HaCaT Cells (Phase 1)

This phase aimed to test the lethality of both sunscreen and UV light on the cells. The tests were run on a 12-well
plate with 1 mL of DMEM + 10% FBS medium and 200 pL of HaCaT cells in each well. In the first column, the wells
were exposed to 20 seconds of UV light. In the second column, the wells were exposed to 10 seconds of UV light.

The third column was not exposed to UV light, but each of the three wells had a different volume of sunscreen
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(Neutrogena™ Beach Defense Water+Sun Protection Lotion SPF 30) in it, being 5, 15, and 25 ul. of sunscreen

respectively.

2.2 Creating the NIH-3T3 cells and collagen matrix with HaCaTs

The NIH-3T3 cells were washed, trypsinized, centrifuged, and then resuspended in 1 mL of complete medium. This
mixture was added to collagen in a 1:11 ratio (total volume of 12 mL). Using a P-1000 micropipette, 500 pL. of the
collagen and cell mixture was pipetted into each well in two 12-well plates. The plates were incubated for an hour until
the collagen was set. Once the matrix was set, 500 pul. of HaCaT cells were added to half of the wells on each plate (6
wells out of 12 per plate). The two plates were then placed in the incubator to allow the HaCaT cells to settle and
proliferate over a five-day period. At the end of this five-day period, 500 uL. of fresh DMEM + 10% FBS medium was
added to each well. They were then placed back in the incubator for 2 more days, at which point 500 uL. of medium was

added to each well again.

2.3 Determining the Lethal Dosage of Sunscreen and UV Rays on HaCaT Cells (Phase II)
Additional testing was performed to determine the proper UV exposure time and concentration of sunscreen. These

tests were run on a 12-well plate with HaCaT cells seeded to 40% confluency in DMEM + 10% FBS medium. In the
first column, the wells were exposed to 4 seconds of broad spectrum UV light at a wavelength of 254 nm (BioGlow®

Dual Wavelength UV Lamp). The second column was exposed to 2 seconds of UV light. The third and fourth columns
tested the amount of sunscreen in each, using volumes of 5 pul, 10uL, 15 pl., 25 pL, 50 uL, and 100 ul. of sunscreen.
The sunscreen used was CareOne™ Sport Sunscreen Spray (SPF 30), which was sprayed into a sterile cylindrical tube
for ease of pipetting. The active ingredients in this sunscreen are Avobenzone (3%), Homosalate (15%), Octisalate (5%),

and Octocrylene (8%).

2.4 Treatment of NIH-3T3 and HaCaT Cell Collagen Matrix with Sunscreen and UV Rays

From the preliminary tests that were performed, it was determined that 3 seconds of UV rays at a wavelength of 254 nm
and 1 uL of sunscreen would be used as treatments. 1 pl. of sunscreen was pipetted into each designated area for
sunscreen on both 12-well plates. Additionally, the plate being treated with UV rays was given 3 seconds of radiation

after the sunscreen was added. The plate setup can be seen in Figure 1.
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Figure 1. This diagram shows the plate maps for both the UV-treated and non-UV-treated plates, as described in section 2.4 of Methods and

Procedures. The (-) symbol indicates no sunscreen was added to these wells. The (+) sign indicates that 1 uL. of sunscreen was added to these wells.

2.5 Cell Proliferation Assay

A cell proliferation assay was performed to determine how sunscreen and UV rays impacted cell growth and cytotoxicity.
A cell count was performed in order to determine the density of cells for each variable that was tested. These cell counts
were then used to determine how much cell suspension and medium to add to each well and how to perform the
dilution for the assay. A 1X, 5X, and 25X dilution was pipetted into the wells of a 96-well plate for each variable being
tested. The plate was then left in the incubator at 37 degrees Celsius for 48 hours. AlamarBlue dye (Invitrogen
DAL1025) was added to each well to perform this assay. Each well received 15 pl. of alamarBlue dye. The 96-well plates
were then returned to the incubator at 37 degrees Celsius for an hour. After an hour, the plate was taken out of the
incubator to observe the color change in the wells. With no color change, it was placed back in the incubator for 24
hours. At that point, color changes were detected in the wells, and the plate was wrapped in aluminum foil and placed in

the refrigerator.
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2.6 Reading Cell Proliferation Assay and Imaging Wells
The 96-well plate was quantitatively analyzed using a fluorescence reading in the BioTek HIM2 plate reader. The
excitation wavelength was set to 540 nm and the emission wavelength was set to 590 nm. The RFU values were not

blank subtracted before graphing.

Each well that had been seeded was also imaged at a 10X brightfield in the Cytation 5 Imaging Reader by BioTek. Auto-

focus and auto-exposure was used for all images.

RESULTS

Sunscreen and UV Ray Toxicity on HaCaT and NIH-3T3 Fibroblast Cells through a Cell Prolifetation Assay
All treatment conditions followed an expected decrease in relative fluorescence units (RFUs) as one goes froma 1X
dilution to a 25X dilution. The condition with the highest RFUs throughout all dilutions had no sunscreen and no UV
treatment, and both HaCaT and NIH-3T3 fibroblast cells were present (Figure 2 and Figure 4G, 4H, 4I). The HaCat and
NIH-3T3 cell condition that was (+) sunscreen (SS) and (-) UV treatment did not have cells present when counting in

the hemocytometer and therefore was not seeded into a well.

In the HaCaT and NIH-3T3 fibroblast cell conditions, the cells that proliferated the least were in (+) UV and (-) SS
(Figure 2 and Figure 4A, 4B, 4C). Comparatively, the cells in (+) UV and (+) SS (Figure 2 and Figure 4D, 4E, 4F )had
slightly higher RFUs than those in (+) UV and (-) SS (Figure 2 and Figure 4A, 4B, 4C). The cells in (-) UV and (-) SS

had the greatest number of RFUs of these three conditions (Figure 2 and Figure 4G, 4H, 41).
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HaCaT and Fibroblast Cells Viability (Treated with UV, sunscreen (SS),
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Figure 2. Graph of HaCaT and Fibroblast cells’ viability after being treated with sunscreen, UV light, both, or neither via RFU values.

In the NIH-3T3 fibroblast cell wells, the cells that had the highest RFUs were in (-) UV and (-) SS (Figure 3 and Figure
5G, 5H, 5I'). The cells in (+) UV and (-) SS had the next highest RFU values (Figure 3 and Figure 5A, 5B, 5C).
Comparatively, the cells in (+) UV and (+) SS had fewer RFUs than the two wells in (-) SS (Figure 3 and Figure 5D, 5E,

5F). Lastly, the cells in (-) UV and (+) SS had the smallest number of RFUs (Figure 3 and Figure 5], 5K, 5L).
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Figure 3. Graph of Fibroblast cells’ viability via RFU values after being treated with sunscreen, UV light, both, ot neither.

After imaging the different wells, all dilution series visibly followed the expected density decrease. Wells that were seeded
with both HaCaT's and NIH-3T3 cells were confirmed visually to have both (see Figure 4), and wells seeded with only

NIH-3T3 cells were confirmed visually to have only NIH-3T3 cells (see Figure 5).
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Figure 4. Plate imaging for wells with HaCaTs and NIH-3T3 cells. A (1X dilution), B (5X dilution), and C (25X dilution) are images from the wells
that were (-) SS and (+) UV rays. D (1X dilution), E (5X dilution), and F (25X dilution) were images from the wells that are (+) SS and (+) UV rays. G
(1X dilution), H (5X dilution), and I (25X dilution) are images from the wells that were (-) SS and (-) UV rays. These images show a successful dilution

of each condition.

For wells with both HaCaT's and NIH-3T3 cells, the plate images for (-) SS and (+) UV rays showed the least amount of

visible cells for all dilutions when compared to other treatment conditions (Figure 4A, 4B, 4C).



E. I:.
.L.

Figure 5. Plate imaging for wells with no HaCaT's, and only NIH-3T3 cells. A (1X dilution), B (5X dilution), and C (25X dilution) are images from the

wells that were (=) SS and (+) UV rays. D (1X dilution), E (5X dilution), and F (25X dilution) are images from the wells that were (+) SS and (+) UV
rays. G (1X dilution), H (5X dilution), and I (25X dilution) are images from the wells that were (-) SS and (-) UV rays. ] (1X dilution), K (5X dilution),

and L (25X dilution) are images from the wells that were (+) SS and (-) UV rays. These images show a successful dilution of each condition.
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For wells that were seeded with only NIH-3T3 cells, the (-) ss and (+) UV rays visually appeared to have the least

amount of cells from plate imaging (Figure 5A, 5B, 5C).

DISCUSSION

Through the creation of a three-dimensional cell culture model and performing a viability assay, the toxicity or potential
carcinogenesis of sunscreen could be determined. As shown from comparing Figure 2 to Figure 3, UV and sunscreen
treatment caused different effects in the wells with HaCaT's versus those without. In the wells with HaCaT's, the cells
that were treated with sunscreen and UV rays had higher viability than treating the same cells with UV rays. Higher
RFUs most likely means that there were more cells that survived and were proliferating. This suggests that the sunscreen
had a protective element over the cells when they were exposed to UV rays. However, as seen in Figure 2, the addition
of sunscreen to both cells reduced RFUs when compared to untreated HaCaT and NIH-3T3 cells. Due to experimental
error, we cannot make any comparisons on the HaCaT and NIH-3T3 cells treated only with sunscreen, as there were no

cells visible upon hemocytometer counting for that treatment group.

NIH-3T3 fibroblast cells grown alone have much lower RFUs when treated with sunscreen compared to cells treated
with only UVs (see Figure 3). However, when cells are treated with both sunscreen and UV rays, they have higher RFUs
than cells treated only with sunscreen. Along with the similar effect we saw with both HaCaT and 3T3 cells cultured
together, this suggests that the UV rays themselves are making the sunscreen less toxic to the cells, possibly through

degrading the chemicals.

Furthermore, in relation to our hypothesis that sunscreen may act as a carcinogenic or toxic compound to HaCaT and
NIH-3T73 cells, it appears to negatively affect both cell types. When HaCaT's and NIH-3T3 cells are together, the
addition of sunscreen to UV-treated cells reduces death. However, the sunscreen-treated cells still had much lower RFUs
than the non-sunscreen-treated wells. When NIH-3T3 cells are cultured alone, the addition of sunscreen also reduces
RFUs, but to a lesser degree of reduction than when the sunscreen is coupled with UV rays. Whether or not the
sunscreen induced cancerous mutations in our cells is unknown, as the conditions with the highest REUs were ones that

had no sunscreen treatment (see Figures 2 and 3). In order to determine if something was cancerous, we made the
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assumption that the wells treated with sunscreen would have much higher RFUs than the wells that were not treated

with sunscreen.

Additionally, when we imaged all of our wells, the cells appeared to follow their dilution series as they should (see
Figures 4 and 5). There were the most cells in the 1X dilutions, followed by the 5X, and much fewer cells were visible in
the 25X dilutions. This confirms that our proliferation results were valid, and were not potentially affected by an error

like simply seeding cells to the wrong density in one well.

CONCLUSIONS

Although we did not find that sunscreen induced carcinogenesis in HaCaT and NIH-3T3 cells, we did find that it can be
toxic for both cell types. In the case of HaCaT cells grown with NIH-3T3 cells, sunscreen appears to kill some of the
cells but still has a protective quality when coupled with UV ray treatment. In the case of NIH-3T3 cells grown alone,
and both cell types coupled together, sunscreen becomes less toxic when it is coupled with UV ray treatment, than on its
own. This implies that sunscreen is more toxic in the absence of UV rays. It would be worthwhile to repeat this
experiment and screen cells with an assay that could detect biochemical molecules usually associated with cancer. It
would also be interesting to determine the molecular mechanism for why sunscreen becomes less toxic to cells when

those cells are also treated with UV rays.
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