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Donor Age and Time in Culture Affect Dermal Fibroblast
Contraction in an In Vitro Hydrogel Model

Amber Detwiler, BS, ™ Kathryn Polkoff, PhD,® Lewis Gaffney, PhD,?
Donald O. Freytes, PhD,? and Jorge A. Piedrahita, PhD'>

Current cellular hydrogel-based skin grafts composed of human dermal fibroblasts and a hydrogel scaffold tend to
minimize contraction of full-thickness skin wounds and support skin regeneration. However, there has been no
comparison between the sources of the dermal fibroblast used. Products using human adult or neonatal foreskin
dermal fibroblasts are often expanded in vitro and used after multiple passages without a clear understanding of the
effects of this initial production step on the quality and reproducibility of the cellular behavior. Based on the known
effects of 2D tissue culture expansion on cellular proliferation and gene expression, we hypothesized that dif-
ferences in donor age and time in culture may influence cellular properties and contractile behavior in a fibroblast-
populated collagen matrix. Using porcine skin as a model based on its similarity to human skin in structure and
wound healing properties, we isolated porcine dermal fibroblasts of three different donor ages for use in a 2D
proliferation assay and in a 3D cell-populated collagen matrix contractility assay. In 2D cell culture, doubling time
remained relatively consistent between all age groups from passage 1 to 6. In the contractility assays, fetal and
neonatal groups contracted faster and generated more contractile force than the adult group at passage 1 in vitro.
However, after five passages in culture, there was no difference in contractility between ages. These results show
how cellular responses in a hydrogel scaffold differ based on donor age and time in culture in vitro, and suggest
that consistency in the cellular component of bioengineered skin products could be beneficial in the biomanu-
facturing of consistent, reliable skin grafts and graft in vivo models. Future research and therapies using bioen-
gineered skin grafts should consider how results may vary based on donor age and time in culture before seeding.
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Impact Statement

Little is known about the impact of donor cell age and time in culture on the contraction of cellular, hydrogel-based skin
grafts. These results show how cellular phenotypes of porcine fibroblasts differ based on donor age and time in culture. This
information is beneficial when addressing important inconsistencies in biomanufacturing of bioengineered skin grafts and
in vitro models. These findings are relevant to research and therapies using bioengineered skin graft models and the results
can be used to increase reproducibility and consistency during the production of bioengineered skin constructs. The
information from this study can be extrapolated to future in vivo studies using human dermal fibroblasts in an in vivo model
to help determine the best donor age and time in culture for optimal wound healing outcomes or more reproducible in vitro
testing constructs.
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Introduction in 30% of burn hospitalizations and as treatment for chronic
skin wounds.>* While autologous skin transplants for full-

DUE TO THE vital functional role skin plays in protection, thickness skin wounds is common, it is not a viable treat-
insulation, and prevention of water loss, severe skin ment for larger, more severe wounds due to insufficient
injuries such as burns and deep wounds can be debilitating donor material to cover the affected area. Engineered bio-
and life-threatening.'* Skin grafting is performed annually materials can substitute autologous grafts, thus eliminating
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the need for harvesting autologous tissues, while also sup-
porting more natural healing. Many bioengineered grafts
utilize a hydrogel-cell construct, which focuses on mim-
icking the dermis by isolating and seeding dermal fibroblasts
in a collagen-based hydrogel. These hydrogels can be cre-
ated as a singular layer or bilayer dermal graft.

While there are many acellular skin grafts on the market,
they do not address the poor barrier function of grafts
without a cellular component, while also promoting extra-
cellular matrix (ECM) deposition, secreting growth factors,
and lengthening the time that the graft covers the wound.’
The cellular component of skin grafts may consist of
patient-derived dermal fibroblasts that are isolated and ex-
panded for use or from other sources such as neonatal
foreskin dermal fibroblasts, given their availability and
perceived notion that they will be more resilient and pro-
mote faster healing due to their neonatal phenotype. A
summary of current skin grafts and skin models currently on
the market, including human dermal fibroblast cell age and
time in culture at seeding, is shown in Table 1.

Even with differences in donor age (neonate to adult with
no definition of adult age) and time in culture (passage 1-8)
at seeding among grafts and skin models (Table 1), little is
known about whether variability in the cellular component
causes different properties in the graft, thus affecting its
manufacturability and eventual utility for wound healing
applications. We studied this cellular component using
porcine dermal fibroblasts as a model, hypothesizing that
dermal fibroblasts of differing donor age and time in culture
behave differently in a hydrogel scaffold.

This hypothesis was based on differences in levels of
regeneration, scarring, and contraction observed in vivo
during healing between fetal, neonatal, and adult skin, as
well as the impact of increased 2D culture on cellular
morphology and phenotype. In vivo wound healing studies
show differences between adult and neonatal skin, with
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neonates exhibiting faster re-epithelization, reduced in-
flammation and scarring, and better regeneration of natural
tissue structure.'® In vivo studies have also shown that fetal
skin can undergo scarless healing, contrary to comparably
wounded adult skin, which cannot heal to its original state
and instead forms scar tissue lacking skin appendages.?’
Two-dimensional culture does not accurately mimic condi-
tions in vivo and increased time in culture in this environ-
ment has been found to disturb cell-matrix interactions
and even alter cell morphology, division method, and cell
polarity.?!

Because of all these properties, we hypothesized that
donor age and increased time in culture of the dermal fi-
broblast component affect cellular response when seeded in
a collagen hydrogel, which could have further impacts on
consistency in biomanufacturing of skin grafts and models.
A porcine model was chosen based on research by Sullivan
et al., which found that porcine wound healing models agree
with human studies 78% of the time, whereas small-animal
studies agree only 53% of the time.*? Porcine skin is similar
to human skin in thickness, hair distribution, and coat at-
tachment.”” Hamilton ef al. suggest that the pig is the most
similar model for wound healing in humans, particularly in
terms of myofibroblast behavior.* Pigs are also frequently
used for preclinical testing of autologous cellular therapies,
as described by Thangapazham et al. who noted the use of
porcine dermal fibroblasts in a porcine wound model.**

To examine the phenotypic behavior of dermal fibro-
blasts, changes in contractile and growth properties of a
collagen-based hydrogel containing fibroblasts of varying
donor age and time in culture were measured. Under-
standing the impact of these factors on cellular behavior is
important for their application in skin grafts and models, and
could be beneficial in improving wound healing outcomes
and increasing reproducibility across skin grafts and models
with additional research.

TABLE 1. EXAMPLES OF HYDROGEL-BASED SKIN GRAFTS AND SKIN MODELS ON THE MARKET

Singular
Time in culture layer/
Manufacturer Cell type  Cell age at seeding bilayer Biomaterial Source(s)
Graft
Transcyte ~ Advanced Tissue Allogenic Neonatal Passage 8 Singular Nylon mesh with 6
Sciences layer a silastic layer
Apligraf Organogenesis, Inc.  Allogenic Neonatal Passage 5-7  Bilayer Bovine collagen ’
type I
Dermagraft Organogenesis, Inc.  Allogenic Neonatal  Passage 8 Singular Polyglycolic 8
layer acid mesh
MyDerm  Universiti Kebangsaan Autologous Adult Passage 3 Bilayer Plasma fibrin 9.10
Malaysia
OrCel Forticeﬁ] Bioscience, Allogeneic Neonatal Passage 4 Bilayer Type I bovine 112
Inc. collagen sponge
PermaDerm Regenicin Autologous Adult Passage 2 Bilayer Absorbable collagen 13
substrate
StrataGraft ~ Stratatech Corp. Allogenic  Adult or  Not specified Bilayer Murine collagen 1415
Neonatal
Model
Phenion Henkel Allogenic Neonatal Passage 1 Bilayer Not specified 16.17
EpiDerm-FT MatTek Corp. Allogenic  Adult or  Not specified Bilayer Not specified 18
Neonatal

Human dermal fibroblast cell type (allogenic or autologous), cell age (adult and/or neonatal), and time in culture at seeding (passage

number) are shown for comparison.
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Materials and Methods
Primary cell isolation

Porcine dermal fibroblasts were isolated from fetal (iso-
lated on day 42 of pregnancy), neonatal (<24 h after birth),
and adult (over 6 months) dermis in this study. This study
was carried out in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory An-
imals of the National Institutes of Health®> and approved by
the Institutional Animal Care and Use Committee of North
Carolina State University.

Dermis was removed from gestational day 42 fetal pigs
and the tissue was then digested in a 0.025% trypsin and
0.5% ethylenediaminetetraacetic acid solution in a 37°C
tumbling incubator for 45 min. An equal volume of alpha
Dulbecco’s modified Eagle medium (DMEM) was added to
resuspend the cell suspension in medium. Cells were cul-
tured at 37°C for at least 3-5 days, checking for attachment
and adding media if necessary, and then split after 6—
10 days. At 80% confluence, the fetal fibroblasts were har-
vested and frozen in dermal freezing media (6:3:1 ratio of
DMEM, fetal bovine serum [FBS], and dimethyl sulfoxide,
respectively).

Adult and neonatal dermal fibroblasts were isolated by
first removing fat and shaving hair from a fresh porcine skin
sample and dicing prepared skin into 2—3 mm square pieces
and incubated at 4°C overnight in a 10mg dispase per
milliliter of 1 X Dulbecco’s phosphate-buffered saline (PBS)
solution. After manually separating the dermis from the
epidermis, the dermis was digested in 4 mg collagenase per
1 mL DMEM in a rolling incubator at 37°C for 1-3 h. After
vortexing the dermis in solution in three, 10-s intervals, the
liquid was filtered with a 100 pm filter and frozen in dermal
freezing media, and stored at —80°C before transfer to liquid
nitrogen until use.

Proliferation assay

For the proliferation assay, cells were seeded at a known
cell density of 2.2 10° in a six-well plate. Fibroblasts were
passaged with 0.05% trypsin when confluent and counted
with an automatic cell counter. Doubling time was then
calculated using the following formula:

N, = N2¥ (D

where N, is the number of cells at passage, Ny is the number
of cells seeded initially, # is the time in hours from seeding
to passage, and fl is the doubling time in hours. Doubling

times were calculated using cells that had undergone at least
one passage after thawing (apart from passage 1). This assay
was performed with at least two biological replicates and
three technical replicates at each age and passage.

Actin cytoskeleton assay

Cells were cultured in six-well plates in DMEM with 15%
FBS and 1% antibiotic/antimycotic until they reached 30—
50% confluency. Fixation was performed by first rinsing
with PBS and then fixing directly within the six-well plate
using 1 mL of 4% paraformaldehyde per well for 15 min at
room temperature. Wells were rinsed thrice with PBS before
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permeabilizing with 1 mL per well of 0.5% Triton X-100 in
PBS for 15 min at room temperature. After rinsing each well
three times with PBS, the samples were blocked with 3%
bovine serum albumin in PBS for at least 1 h.

ActinGreen (phalloidin) and 4’,6-diamidino-2-pheny-
lindole (DAPI) ReadyProbes (Invitrogen) were added to the
block as per manufacturer’s instructions and incubated at
room temperature for 30 min before imaging. Imaging was
performed on a Leica fluorescent microscope at 20 X mag-
nification, with two representative photos taken of each well.
This assay was performed with three biological replicates
and three technical replicates at each age and passage.

Image analysis was performed using ImagelJ. Individual
fluorescent channels were thresholded to identify the DAPI-
stained areas in the blue channel and actin-stained regions in
the green channel. The thresholded area of actin was mea-
sured in pixels and the number of cell nuclei was counted
using the Analyze Particles plugin, manually adding any
overlapping nuclei. Finally, the actin area was divided by
the number of nuclei in each image to get a measure of actin
(area of positive pixels) per cell.

Hydrogel creation

For every 1mL of a hydrogel of ECM concentration
6 mg/mL, the following were combined on ice: 600 pL
Bovine Type-1 Collagen (Advanced BioMatrix), 275 uL
1 xPBS, 67pL 10xPBS, and 5 pL phenol red as a pH in-
dicator. This mixture was vortexed to combine before add-
ing 90 uL. of 0.1 M sodium hydroxide and vortexing again,
changing the color from the yellow, acidic pH, to a pink,
neutral pH. To seed the hydrogel with cells, the gel was
diluted to an ECM concentration of 3 mg/mL by adding an
equal volume of cell suspension in DMEM. This process is
simplified in Figure 2A. The gels used in this study were
seeded at a density of 1.5x 10" cells/mL. This mixture was
vortexed to combine and plated accordingly.

Contraction assay

For the contraction assay, the hydrogel/cell mix described
above was plated 0.5mL per well in a 24-well plate,
avoiding bubbles. The hydrogels were incubated at 37°C for
15-30 min, or until set, before gently detaching the gel from
the well sides with a pipette tip and adding 1 mL. DMEM
with 15% FBS and 1% antibiotic/antimycotic. The con-
traction assay was repeated with fibroblasts isolated from at
least two different pigs of the same age and cultured to the
same passage (either passage 1 or 5) before seeding. The
assay for each sample had at least two technical replicates.
One well was seeded without any cells and only collagen
hydrogel to act as a control, with no contraction expected in
this well.

Photos were taken every day for 5-7 days after seeding.
Percent contraction as determined by surface area was cal-
culated in ImageJ and MATLAB was used to calculate the
day at which each sample reached a threshold of 70% of
total contraction.

Micropost assay

A micropost assay was used to measure force generation
of the cells in the hydrogel, as done by Nandi et al.*®
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Microposts were created using polydimethylsiloxane in a
3D printed mold. These microposts were then plasma trea-
ted and stored in deionized water. Right before use, the
microposts were sterilized with 70% ethanol and set out to
air dry under a hood. The microposts were then coated with
0.3% bovine serum albumin for 10 min, aspirated to dry, and
seeded with hydrogel. Approximately 1.5 pL. of hydrogel of
the same cell density and ECM concentration of the con-
traction assay was pipetted into each micropost.

The gels were incubated for 15-30 min, or until set, be-
fore gently adding 1 mL DMEM with 15% FBS and 1%
antibiotic/antimycotic to the microposts in the well of a 24-
well plate. Since the same hydrogel/cell mix was used in the
micropost assay as was used in the contraction assay, the
hydrogel-only well described in the contraction assay pro-
tocol also acted as a control for the micropost assay. The
micropost assay was performed with at least two biological
replicates and at least two technical replicates.

Photos were taken every day for 5-7 days after seeding.
Force generation was calculated with the equation F=kJ,
where F is the force in micronewtons (pN) applied to cause
the micropost deflection, k is the spring constant of the
microposts, and o is the deflection distance (um). ImageJ
was used to measure deflection, and the constant k was as-
sumed to equal 7.5 newtons per meter.°

Gene expression analysis

RNA extraction was performed using a Zymo RNeasy
Mini-Prep Kit. Dermal fibroblasts were suspended in lysis
buffer immediately after passages 1 and 5 according to the
manufacturer’s instructions with the on-column DNAse di-
gest. cDNA was synthesized according to the Agilent Affi-
nityScript cDNA Synthesis Kit protocol. Polymerase chain
reaction (PCR) products were run using gel electrophoresis
to confirm that product sizes matched those shown in Sup-
plementary Table S1.27>* For gene expression analysis,
each of the genes in Supplementary Table S1 was measured
by real-time PCR (RT-qPCR) in the qTOWER3 by Analytik
Jena with the iTaq Universal SYBR Green Supermix kit
with GAPDH (glyceraldehyde 3-phophate dehydrogenase)
as the control. ddCt values were then normalized to passage
1 for each age group (i.e., adult passage 5 was normalized to
adult passage 1, neonatal passage 5 to neonatal passage 1,
etc.). Three biological replicates were analyzed for each age
and passage number.

Statistical analysis

Micropost assay, contraction assay, and actin cytoskele-
ton data were analyzed using an unpaired, two-tailed #-test.
Pearson correlation coefficient was calculated for the actin
cytoskeleton assay, and the resulting test statistic was used
to measure statistical significance. The qPCR data were
analyzed using Welch’s #-test for comparison between pas-
sage 1 and passage 5 data within each age group in
GraphPad Prism. Significance was set at p <0.05.

Results

Measured proliferation was consistent across cell ages

Dermal fibroblasts isolated as shown in Figure 1A were
frozen immediately after isolation at passage zero before
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being thawed and plated for use in the proliferation assay.
No morphological difference in fibroblasts based on age was
noted (Fig. 1B-D). All age groups decreased in doubling
time with a smaller standard deviation immediately after
passage 1 and into passage 2 (Fig. 1E). No other notable
difference in doubling time was noted between age groups
and passages, indicating consistent proliferation from pas-
sages 1 to 6 as measured by doubling time.

Adult fibroblasts contract collagen gel less than other
ages at passage 1

To determine the differences in contractile properties
across age groups after minimal culture, we first measured
the impact of donor age upon the rate of contraction of
collagen hydrogels. After seeding the dermal fibroblasts
within a collagen hydrogel as shown in Figure 2A, the
change in area was measured over the course of 5 days. The
adult dermal fibroblasts (Fig. 2C) took significantly longer
time than the other two groups to reach the contractile
threshold of 70% of total contraction (Fig. 2D, E).

To quantitatively confirm the effectiveness of the con-
traction assay in accurately measuring contractile forces,
force generation was measured using a micropost assay
(Supplementary Fig. S1A). Neonatal and fetal dermal fi-
broblasts generated more force than adult fibroblasts, al-
though only fetal and adult were found to be statistically
significantly different (Supplementary Fig. S1B). Based on
the similar contractile force generation results of the con-
traction assay and micropost assay at passage 1, the con-
traction assay alone was deemed sufficient to measure
contractile forces for samples seeded at passage 5.

Contraction was similar between age groups
and faster within groups at passage 5

Since many of the products on the market expand the
fibroblasts in culture (Table 1) before using, the next step
was to determine how serial passaging of the fibroblasts
would impact hydrogel contraction. Passage 5 was chosen as
the average of passages provided in Table 1. Results from
contraction of passage 5 cells overlaid with passage 1 cells
show that the neonatal and fetal donors have similar con-
traction curves at both passages, but the adult dermal fi-
broblasts contracted faster at passage 5 than passage 1
(Fig. 2C).

Comparison of contraction rate (time required for gel to
contract to 70% of total contraction) showed that fetal
contracted faster than adult (p=0.001) and neonatal faster
than adult (p=0.02) (Fig. 2F). When seeded at passage 5,
however, there was no statistically significant difference
between any age group. This is because, while the neonatal
group contraction did not change between P1 and PS5
(p=0.57), the adult and fetal groups demonstrated sig-
nificantly increased contraction after 5 passages (p=0.004
and 0.04, respectively). These results suggest that, al-
though there were significant differences in contraction of
early passage cells based on donor age, after five passages,
their behavior was more homogenous and suggests that
time in culture generally increases contractile properties of
fibroblasts.
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FIG. 1.

Proliferation measured by doubling time remained relatively consistent between adult, neonatal, and fetal fibroblasts

at passages 1-6. (A) Schematic illustration of primary cell isolation of dermal fibroblasts and epidermis from porcine skin. (B—
D) Brightfield 10 x image of passage 1 adult, neonatal, and fetal dermal fibroblasts in 2D culture. (E) Average doubling time in
hours for adult (red), neonatal (blue), and fetal (magenta) samples from passage 1 to passage 6. Each marker shape corresponds
to a different sample for that age group. Cells from at least two different pigs were analyzed at each passage, with three technical
replicates of each cell sample averaged to produce each point above. Color images are available online.

Actin cytoskeleton was significantly larger for neonatal
fibroblasts at passage 5 versus 1

Based on the association between upregulation of actin and
increased fibroblast contractile activity, a fluorescent stain for
F-actin was used to compare the cytoskeleton of fibroblasts of
different donor age and passage.>” Differences in cytoskeleton
based on donor age and time in culture were quantified by
calculating the area of cytoskeleton per cell. As shown in

Figure 3G, neonatal dermal fibroblasts exhibited a signifi-
cantly larger cytoskeleton area per cell at passage 5 compared
to passage 1 (p=0.01), as well as between fetal at passage 5
(p=0.02) and adult at passage 5 (p=0.02). To compare to the
contraction results in Figure 2, actin expression was plotted
versus days to contract to the 70% threshold, as shown in
Figure 2F. There was a nonsignificant correlation (p=0.27)
between actin expression and contraction with a Pearson
correlation coefficient of r=-0.514 (Fig. 3H).
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FIG. 2. Adult dermal fibroblasts contracted slower than neonatal and fetal when seeded at P1. Adult, neonatal, and fetal age
groups experienced similar contraction between age groups, and faster contraction within age groups when seeded at P5. (A)
Schematic illustration displaying the combining of dermal fibroblasts and bovine type I collagen gel to culture in 3D. (B) Fetal
fibroblasts seeded in collagen contractility assay at 48h, 72h, and 5 days after seeding. (C-E) Average percent contractility
from day O (seeding) to day 5 was found based on the percent difference in surface area, which was then normalized to
maximum contraction for easier comparison. Adult (left, red), neonatal (middle, blue), and fetal (right, magenta) shown. Data
for cells seeded at passage 1 are shown in dashed gray and those seeded at passage 5 are shown in black. A threshold of 70% is
shown in dotted red, blue, and magenta for adult, neonatal, and fetal, respectively. (F) Time in days for each age group to
contract to a threshold of 70%, grouped by the passage number of cells at seeding (passage 1 on left and passage 5 on right).
Passage 5 was chosen as the approximate average of the existing human bioengineered skin equivalents listed in Table 1, and is
compared to passage 1, which represents minimal time in culture before seeding. Statistical significance between groups with an
alpha value of 0.05 is indicated by an * and bars indicate standard deviation. Cells from at least two different pigs with three
technical replicates were analyzed in each group. Color images are available online.

Effect of passage on TAZ, STAT1, on nine genes involved in wound healing, contraction, and
and COL1A2 expression ECM deposition.

From passage 1 to passage 5, TAZ fold change showed a

To further understand differences in the cellular pheno- statistically significant difference within adult, neonatal, and

type that could contribute to the contraction observed in fetal groups with p-values of 0.002, 0.03, and 0.02, respec-

Figure 2, gene expression analysis was performed focusing tively (Fig. 4A). STATI significantly increased from neonatal
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FIG. 3. Actin cytoskeleton was significantly larger for neonatal fibroblasts at passage 5 versus 1. (A—C) Fluorescent
20x1images of passage 1 adult, neonatal, and fetal dermal fibroblasts in 2D culture. (D-F) Fluorescent 20 x images of passage 5
adult, neonatal, and fetal dermal fibroblasts in 2D culture. All fluorescent images were stained with DAPI and actin. (G) Average
actin expression in pixels per cell for each donor age and time in culture, grouped by the passage number of cells at seeding
(passage 1 on left and passage 5 on right). Statistical significance between groups with an alpha value of 0.05 is indicated by an *
and bars indicate standard deviation. (H) Plot of average actin expression per cell (pixels) versus days to reach the 70%
contraction threshold. Red, blue, and magenta circles correspond to adult, neonatal, and fetal groups, respectively. Passage
number is marked by openness of the circle, with the filled circles representing passage 1 and the open circles representing
passage 5. Cells from at least two different pigs were analyzed at each passage and age, with three technical replicates of
each cell sample averaged to produce each point above. DAPI, 4’,6-diamidino-2-phenylindole. Color images are
available online.

passage 1 to neonatal passage 5 with a p-value of 0.03 Discussion

(Fig. 4B). The adult group saw a significant increase from

passage 1 to 5 for fold change in expression of COLIA2 with a The focus of this research was to look more closely at the
p-value of 0.02 (Fig. 4C). Genes which showed no statistically  potential effects of culture conditions of the cellular com-
significant difference in expression are shown in Supplemen- ponent of bioengineered skin grafts using a porcine model.
tary Figure S2. Specifically, the goal was to understand how donor age and
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FIG. 4. Gene expression analysis for a panel of genes related to wound healing, contraction, and ECM deposition. (A-D)
Fold change in ddCt from passage 1 to 5 for adult (red circle), neonatal (blue cross), and fetal (magenta diamond) dermal
fibroblasts. These comparisons are based on passage 5 as the approximate average of the existing human bioengineered skin
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indicated by a black bar. dCt values were standardized to GAPDH, followed by ddCt values where adult passage 5 was
standardized to adult at passage 1, neonatal passage 5 to neonatal passage 1, and so on. Cells from at least two different pigs
with three technical replicates were analyzed in each group. Statistical significance between groups with an alpha value of
0.05 is indicated by a black bar and *. ECM, extracellular matrix; GAPDH, glyceraldehyde 3-phophate dehydrogenase.

Color images are available online.

time in culture affect fibroblast behavior and contraction of
a fibroblast-populated collagen matrix. Given the incon-
sistencies in donor age and time in culture for skin grafts
and models on the market, this research suggests that there
may be differences in cellular behavior based on those found
using this initial porcine dermal fibroblast and collagen
hydrogel model. Understanding and addressing these dif-
ferences could be beneficial in manufacturing a more con-
sistent and predictable skin graft model.

Doubling time remained relatively consistent be-
tween all age groups across the first six passages, sug-
gesting that increased expansion on tissue culture plastic
did not have any major effect on fibroblast proliferation
rates. Based on this fibroblast proliferation and growth
rate, there appears to be no advantage to expanding one
donor age or passage over another. However, gene ex-
pression analysis of donor cells found TAZ, STATI, and
COLIA2 expression to significantly increase from passage
1 to passage 5 in some groups, suggesting that increased
time in culture before seeding may affect graft/skin model

behavior, given the potential phenotypic changes sug-
gested by the measured gene expression. This pheno-
typic change should be explored in more detail in future
studies.

Contraction was similar between age groups at passage 5,
but not at passage 1. These results are supported by Hopp
et al., which found substrate stiffness to affect adhesion,
proliferation, and morphology, meaning that increased time
in culture on stiff tissue culture plastic causes the cells to
behave differently when moved to the much less stiff hy-
drogel environment.*® While the time to reach 70% con-
traction decreased significantly from passage 1 to passage 5
in the adult fibroblast-populated collagen matrix, there was
no significant difference in the neonatal model from passage
1 to passage 5. This could suggest that neonatal donor cells
present more a consistent phenotype and predictable con-
traction at a range of passages.

However, the actin cytoskeleton was found to signifi-
cantly increase from passage 1 to passage 5 in neonates,
suggesting that time in culture may still impact the
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contractile behavior of neonatal fibroblasts. Alternatively,
adult donor fibroblasts may allow for tunable contraction
based on time in culture before seeding.

This research establishes—in an initial porcine model—
that donor age and time in culture at seeding should be
considered and standardized for reproducibility and con-
sistency across human graft products. The similar con-
traction behavior among age groups at passage 5 as
opposed to passage 1 offers more consistency in the cel-
lular component of the graft, including more usable cells
per donor tissue, and potentially more predictable scaffold
needs. Overall, these results provide insight into fibroblast
behavior in an in vitro collagen hydrogel based on age and
time in culture, factors that may also apply to the cellular
component of skin grafts and the outcomes of those grafts
when applied in vivo.

Current skin grafts are known to reduce wound con-
traction and scarring compared to healing by secondary
intention; however, contraction after initial skin graft ap-
plication can create a need for surgical release and appli-
cation of additional skin graft.’’” For skin wounds near
joints, this can increase the risk for graft failure and total
cost of treatment.’’ Similarly, in vitro skin model con-
traction can result in detachment of the epidermal layer
from the insert wall, creating a less-functional skin mod-
el.¥® Research has focused on graft contraction based on
matrix formation and properties, including the effects of
temperature on plasma-based hydrogel contraction,” and
reduced graft contraction with cross-linked collagen®® and
nanofibrillar cellulose®® hydrogels.

While a fibroblast-populated collagen matrix is by no
means a full measure of the complete nuances of in vivo
wound healing contraction, the different contractile
properties based on donor age and time in culture could
foreshadow different graft outcomes based on the char-
acteristics of cells seeded in the graft. Cellular phenotype
as measured by proliferation, protein synthesis, con-
traction, and cell viability has been shown to be similar
between in vivo wound healing models and the in vitro
fibroblast-populated collagen matrix model.*' The con-
traction of the fibroblast-populated collagen matrix is an
indicator of cell activation, with this behavior associated
with in vivo wound healing.*? This research shows dif-
fering cellular phenotypes in vitro based on donor age
and time in culture, and could suggest different in vivo
wound healing outcomes due to these varying cellular
phenotypes.

Future assays expanding on these results should assess
gene expression in human dermal fibroblasts at a broader
range of cell donor ages and time in culture and compare the
cell types discussed in vivo. This research is useful for all
current and future applications of cellular hydrogel-based
skin grafts and could also aid in determining which donor
age is best for supporting skin appendage regeneration in
biomaterial skin grafts.

Conclusions

Findings show that in 2D cell culture, doubling time
remained relatively consistent between all age groups
from passage 1 to 6. Contraction of collagen hydrogels
differed significantly based on donor age as well as time in
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culture at seeding. Gene expression analysis of donor cells
showed changes in TAZ, STATI, and COLIA3 with in-
creased time in culture. These results provide support for
differing cellular phenotypes in vitro as a function of age
and time in culture, which may also foreshadow differ-
ences in the cellular component of skin grafts and models
for use in vivo.
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