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Abstract
The formation of a provisional scaffold is essential in wound healing. However, for tissues inside
of joints, this process is impeded by the synovial fluid environment and wound healing is
significantly impaired as a result. Therefore, development of substitute provisional scaffolds
which are effective in the intra-articular environment is of great interest. Collagen-platelet
hydrogels have recently been found useful as substitute provisional scaffolding materials. In this
study, our hypothesis was that increasing the collagen density in the hydrogel would result in
physiologic changes that would be likely to affect their function as provisional scaffold
substitutes. The primary functional outcome measures were modulus of the hydrogel, platelet
activation, fibroblast proliferation, and scaffold retraction. Increased collagen density resulted in
collagen-platelet hydrogels with a higher storage modulus. Platelet activation was not found to be
dependent on the collagen density within the range tested. Increasing the collagen density had a
suppressive effect on both fibroblast proliferation and scaffold retraction. These studies suggest
that the collagen density may be able to significantly influence the function of collagen-platelet
hydrogels used as substitute provisional scaffolds.
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INTRODUCTION
The formation of an effective provisional fibrin scaffold is essential in wound healing. The
provisional scaffold serves multiple functions, it physically fills the wound site and provides
structure for the migration of surrounding cells, it entraps platelets and activates them to
start the complex growth factor release pattern typical of wound healing, and it provides a
supportive environment for the fibroblasts that invade and remodel it into functional tissue.

However, injured tissues inside of joints do not form this provisional scaffold.1–5 One
possible explanation is the postinjury up-regulation of urokinase plasminogen activator in
the synovial environment,6 which results in increased circulating plasmin levels and,
consequently, in the premature dissolution of the fibrin provisional scaffold. For example,
recent work has shown that for intra-articular ligaments, such as the anterior cruciate
ligament (ACL), no provisional scaffold forms between the ruptured ligament ends, and
consequently, there is no formation of functional scar.1–4 Similar findings have also been

© 2009 Wiley Periodicals, Inc.
Correspondence to: E. L. Abreu; Eduardo.Abreu@childrens.harvard.edu.

NIH Public Access
Author Manuscript
J Biomed Mater Res A. Author manuscript; available in PMC 2011 April 1.

Published in final edited form as:
J Biomed Mater Res A. 2010 April ; 93(1): 150–157. doi:10.1002/jbm.a.32508.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reported in meniscus as well.5 Therefore, part of a novel strategy to enhance healing of
tissues within joints is the placement of a substitute provisional scaffold that can resist early
degradation and provide an environment supportive of the wound healing process.2–4

Collagen-based scaffolds combined with platelet concentrates have recently been found to
stimulate repair in the joint environment in two large animal models.2–4 This is likely due in
part to the collagen attenuation of the fibrin degradation by plasmin7 and the low levels of
normal catabolic activity of matrix metalloproteinases in the synovial environment,8 which
prevents the premature dissolution of this substitute provisional scaffold, and allows it to fill
the wound site and bridge the ACL ruptured ends. In addition, collagen stimulates the
platelet release of growth factors, including platelet-derived growth factor (PDGF), which
subsequently promote cellular proliferation within and adjacent to the wound site.4,9 This
provisional scaffold would be supported by the neovascularization that is part of the natural
response of the ruptured ligament.1,9

For optimal function in the intra-articular environment, the scaffold must meet mechanical
requirements including (1) sufficient stiffness to remain in the wound site and (2) minimal
scaffold retraction (to facilitate scaffold retention in the wound and maintain tissue
continuity over the early healing period). In addition to the mechanical requirements, the
scaffold must also provide several biologic functions. One of the key biologic functions that
must also be supported by the engineered scaffold is platelet activation, a function that
occurs when platelets come into contact with collagen10,11 and therefore is likely to be
dependent on both platelet density and collagen density. Finally, the scaffold must support
fibroblast growth as the functioning fibroblasts are needed to remodel the provisional
scaffold into more ligamentous-like tissue over time.12,13

Collagen-based hydrogels have been used as 3-D scaffolds to study cell properties14–16 and
to develop tissue analogs, such as vasculature,17,18 skin,19 spinal cord,20 bone,21 and tendon.
22 In all cases, the interaction of cells and scaffold is of foremost importance. Despite the
wide use of collagen-based hydrogels, relatively few studies have assessed the effect of the
collagen density on scaffold performance.22–25 Furthermore, these studies have looked into
only one scaffold characteristic at a time, for example, retraction,23 migration,24 rheology,25

or lower collagen concentrations.22 The effect of collagen density on the overall mechanical
and physiologic performance of the hydrogel has yet to be fully defined.

In this study, we hypothesized that higher collagen density within the hydrogel would
minimize provisional scaffold retraction and improve its rheologic properties, at the same
time increasing the degree of platelet activation and stimulation of fibroblast proliferation.
To test this hypothesis, provisional scaffolds containing three different densities of collagen
were evaluated in vitro using rheologic behavior, platelet activation, and fibroblast
proliferation as the primary outcome measures. A secondary outcome of scaffold retraction
was also assessed.

MATERIALS AND METHODS
Manufacture of the provisional scaffolds

Tail tendons were obtained from breeder rats undergoing euthanasia for other Institutional
Animal Care and Use Committee approved studies. The tendons were sterilely harvested,
minced, and acid-solubilized into a slurry. Collagen content within the slurry was indirectly
determined by quantifying hydroxyproline and adjusted to 12 mg/mL, which correspond to a
collagen density in the provisional scaffold of 4 mg/mL. Aliquots of the slurry were further
diluted in order to have provisional scaffolds of 2 and 3 mg/mL. This range of collagen
density (2–4 mg/mL) is appropriate for the in vivo delivery of the gel. Lower collagen
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density gels do not achieve sufficient viscosity for delivery, and gelation is too slow. Higher
collagen density gels would be extremely viscous, which would be problematic in terms of
delivery of the gel.

The collagen slurry was mixed with HEPES Buffer (Cellgro, Mediatech, Herndon, VA),
Ham's F-10 medium (MP Biomedicals LCC, Aurora, OH), Antibiotic-Antimycotic solution
(Cellgro, Mediatech, Herndon, VA), and sterile water. The solution was neutralized to a pH
of 7.4 using 7.5% sodium bicarbonate (Cambrex BioScience Walkersville, Walkersville,
MD) and kept on ice until adding the fibrin-platelet concentrate (FPC) component of the
scaffold.

Platelet preparation
A platelet solution was produced using the Harvest Smart PreP2 System (Harvest
Technologies, Plymouth, MA). Briefly, 54 mL of human whole blood was drawn into a 60
mL syringe containing 6 mL acid-citrate dextrose (Harvest Technologies, Plymouth, MA).
The blood was centrifuged to allow for the decantation of plasma, platelets, and white blood
cells from most of the red blood cells. A second centrifugation step was used to form a pellet
of platelet concentrate at the bottom of the decantation chamber. Excess plasma was
removed and the platelet pellet resuspended in the remaining plasma to obtain a FPC. This
method resulted in platelet enrichment of at least 7×.

Low passage, human ACL fibroblastic cells were obtained by culturing explants of ruptured
human ACL tissue, retrieved at ACL reconstruction, in Dulbecco's Minimum Essential
Medium (DMEM) (Cellgro, Mediatech, Herndon, VA) supplemented with 10% defined fetal
bovine serum (FBS) (Hyclone, Logan, UT) and 1% antibiotic-antimycotic solution (Cellgro,
Mediatech, Herndon, VA). Media was changed twice a week and third passage fibroblasts
were used in this experiment. The fibroblasts were suspended in the platelet solution at 1.5 ×
106 cells/mL just before incorporation in the hydrogels.

Culture of fibroblast-seeded provisional scaffolds
Collagen-platelet hydrogels were prepared at three different collagen densities (2, 3, and 4
mg/mL). For each collagen density, 12 hydrogels were seeded with human ACL fibroblasts
and cultured for one (n = 6) or 10 days (n = 6); six hydrogels without cells were also
cultured for one and 10 days. The cell-seeded hydrogels had a final fibroblast density of 0.5
× 106 cells/mL. All hydrogels had a platelet concentration of 4 × 108 platelets/mL. Scaffolds
without platelets were not included in this study because previously no PDGF-AB was
detected in the conditioned medium of similar collagen gels cultured without platelets.26 To
make the scaffolds, 0.5-mL aliquots were cast in 3 cm long silastic semitubular molds
between two sections of polyester mesh to produce tethered hydrogel constructs.

The collagen-platelet hydrogels were maintained at 37°C for 1 h before adding enough
complete medium (DMEM + 10% FBS + 1% antibiotic/antimycotic solution) to cover the
constructs. Fibroblasts were allowed to equilibrate in the scaffolds overnight before baseline
fibroblast number (at day 1) was determined for the three collagen density groups. Media
was collected at 12 and 36 h and on days 3, 5, and 7. On days 1, 7, and 10, the cultures were
photographed for further image analysis to evaluate provisional scaffold retraction. At the 10
day time point, fibroblast number was determined again for the three collagen density
groups.

Rheological properties
For rheological properties, the collagen slurry aliquots (n = 5 for 2, 3, and 4 mg/mL groups)
and the other components used to manufacture the provisional scaffolds (except the sodium
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bicarbonate and the platelet solution) were kept on ice until testing. Immediately after being
mixed, 1 mL of the collagen-platelet slurry was placed onto the center of the plate of a AR
1000 Rheometer (TA Instruments, New Castle, DE) at 25°C, fitted with a 60 mm, 1° angle
acrylic cone, to measure the rheological properties of gelation. As they gelled, the collagen-
platelet slurries were cyclically loaded to 1% strain with angular frequency equal to 6.3 rad/
s. The shear viscoelastic parameters storage and loss moduli (G′, G″, respectively) were
recorded as a function of time. The storage modulus represents the elastic component of the
provisional scaffold, whereas the loss modulus represents its viscous component.

Platelet activation—PDGF-AB
At 12, 36, 72 h, conditioned media was aspirated from around each of the collagen-platelet
hydrogels. Platelet activation was determined by measuring levels of the heterodimer
PDGF-AB (which comprises 70% of all PDGF isoforms purified from human platelets11) at
each time point. Concentrations of human PDGF-AB were determined using the
commercially available Quantikine colorimetric sandwich ELISA kit (R&D Systems,
Minneapolis, MN). Assays were performed in duplicate on media samples (n = 5, per group
and time point) according to the instructions of the manufacturer. A standard curve was
produced by a 2-fold serial dilution of a known concentration of PDGF-AB provided in the
kit to make final concentrations of 0, 31.2, 62.5, 125, 250, 500, 1000, and 2000 pg/mL. The
color changes of the final reactions were measured at 450 nm and the standard curve was
used to calculate the PDGF-AB concentrations in the conditioned media.

Fibroblast proliferation
Fibroblast number in the collagen-platelet hydrogels was measured using the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The MTT assay evaluates the
ability of the fibroblasts’ mitochondrial dehydrogenase enzymes to convert yellow, soluble
MTT salt into purple formazan salt. The MTT solution was prepared fresh at a concentration
of 1 mg/mL in serum-free DMEM from a sterile 5 mg/mL MTT (Sigma-Aldrich, St. Louis,
MO) stock solution in sterile 1× Dulbecco's Phosphate Buffered Saline (DPBS) (Cellgro,
Mediatech, Herndon, VA). For each collagen density, at each time point, there were six
experimental, fibroblast-seeded, scaffolds and three control, unseeded, scaffolds. A sterile
spatula was used to transfer each provisional scaffold from the culture tubes to individual
wells of a fresh 12-well plate. MTT solution (1 mL) was added to each well and the plates
incubated for 3 h (at 37°C, 5% CO2). Subsequently, the excess MTT solution was removed
and 1 mL of sterile 1× DPBS added to each well. The plates were placed on a horizontal
shaker (Fisher Scientific Clinical Rotator, 100 rpm) at room temperature for 30 min. Rinses
were repeated until the absorbance values of the wash were less than 0.100. Then each
provisional scaffold was transferred with a sterile spatula into sterile 3 mL centrifuge tubes
with 1 mL of a detergent reagent obtained by mixing (1:1 volume ratio) 20% Sodium
Dodecyl Sulfate (SDS) (Teknova, Hollister, CA) and Formamide (VWR, West Chester,
PA), and incubated overnight at 37°C. Finally, the tubes were centrifuged for 5 min at 1500
rpm, and aliquots of the supernatant from each tube (200 μL) were transferred onto a sterile
96-well plate. Absorbance was measured at 562 nm. Control groups had only background
values. Fibroblast proliferation was calculated based on the increase in absorbance between
days 1 and 10, after subtraction from the control background.

Provisional scaffold retraction
Digital pictures of the cultures (n = 6 for cell-seeded groups and n = 3 for unseeded groups)
were taken on days 1, 7, and 10, and construct “area” measured using a public domain image
processing software (ImageJ 1.37V, NIH). Retraction, for each construct, was evaluated as
the percent decrease of a particular construct's area at days 7 and 10 with respect to that
construct's area at day 1.
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Statistical analysis
The statistical analysis was performed using SPSS version 15.0 (SPSS Inc, Chicago, IL).
The rheological properties of the provisional scaffolds were compared using one-factor
ANOVA model. The MTT absorbance at days 1 and 10 (fibroblast proliferation) were
compared using two-factor ANOVA mixed model. PDGF-AB levels in conditioned media at
12, 36, and 72 h (platelet activation) were compared using a repeated measures two-factor
ANOVA mixed model. Scaffold areas at days 1, 7, and 10 (retraction) were compared using
a repeated measures three-factor ANOVA mixed model. Post-hoc multiple comparisons,
when necessary, were adjusted using the Bonferroni correction. All values of p < 0.05 were
considered statistically significant.

RESULTS
Rheological properties

Both the storage (G′) and loss (G″) moduli of the provisional scaffolds were directly
proportional to collagen density, as shown in Figure 1(A,B), all comparisons significant, p <
0.001. The time needed to reach the maximum storage modulus ( ) decreased with
increasing collagen density (17.2 ± 0.9, 11.6 ± 1.0, and 9.2 ± 1.4 min, mean ± standard
deviation, for the 2, 3, and 4 mg/mL groups, respectively (n = 5 per group), all comparisons
significant, p ≤ 0.017).

Platelet activation—PDGF-AB
For all collagen concentrations, the majority of the PDGF-AB released into the medium
occurred in the first twelve hours after platelet contact with collagen (1157 ± 48, 1215 ±
100, and 1097 ± 107 pg/mL, mean ± standard deviation, for the 2, 3, and 4 mg/mL collagen
groups, n = 5 per group, respectively). The release of PDGF-AB declined by more than 75%
by 36 h (224 ± 26, 272 ± 27, and 335 ± 33 pg/mL for the 2, 3, and 4 mg/mL collagen
groups, respectively), and even further by 72 h (10.2 ± 2.4, 10.1 ± 3.7, and 14.4 ± 3.8 pg/mL
for the 2, 3, and 4 mg/mL collagen groups, respectively). ANOVA mixed model analysis
showed a significant interaction of the factors “collagen concentration” and “time” (p =
0.014), meaning that the effect of collagen concentration on the PDGF-AB release varied
according to the time point evaluated. Post-hoc tests revealed that at 12 h the 3 mg/mL
scaffolds had the highest release of PDGF-AB, significant difference with respect to the 4
mg/mL scaffolds, p = 0.005; while the 4 mg/mL scaffolds released most PDGF-AB at 36 h,
significant difference with respect the 2 mg/mL scaffolds, p = 0.008 (Fig. 2). No other
comparison was statistically significant (p > 0.2).

Fibroblast proliferation
Fibroblast number after 10 days of culture was significantly higher in collagen-platelet
hydrogels with collagen density of 2 mg/mL than in hydrogels with higher collagen
densities. An 181 ± 42% increase in fibroblast number was seen in the 2 mg/mL scaffolds
(mean ± standard deviation) with respect to initial seeding, whereas the 3 mg/mL group had
only an increase of 110 ± 41% and the 4 mg/mL group had an increase of 128 ± 30% over
the same time point (p < 0.005 for comparisons between 2 mg/mL and the other two groups,
Fig. 3). Fibroblast number at day one was similar for all fibroblast seeded hydrogel groups
(p = 0.84), suggesting satisfactory uniformity in the fibroblast seeding process. The
unseeded control hydrogels had absorbance values comparable to blank readings.

Provisional scaffold retraction
There were no changes in scaffold size between days 1 and 7 for all groups (p > 0.99). At
day 10, scaffold retraction was significantly affected by collagen density and fibroblast-
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seeding condition, as shown in Figure 4, with fibroblast-seeded scaffold retraction inversely
proportional to collagen concentration (33.1, 17.6, and 3.3% for the 2, 3, and 4 mg/mL
collagen concentration scaffolds, respectively, p < 0.001). There was no significant
retraction of unseeded scaffolds, independent of collagen concentration (p ≥ 0.78), or of the
4 mg/mL collagen concentration scaffolds, regardless of time (p ≥ 0.98) or fibroblast-
seeding condition (p = 0.25).

DISCUSSION
The main objective of this study was to test the hypothesis that increasing the collagen
density within a provisional scaffold would alter the physiologic and biomechanical
functions of that scaffold. The results demonstrate that by moderately increasing collagen
density we were able to triple the scaffolds’ strength, shorten the time needed for the
gelation, and minimize scaffold retraction, without major adverse effect on the scaffolds’
biological functionality.

Three collagen densities were investigated: 2, 3, and 4 mg/mL. These values are higher than
usual collagen densities found in the literature for provisional scaffolds used in similar
applications,15,16,24,27 but prior in vivo studies showed this range to be desirable in terms of
gelation time, viscosity, and retention in the wound site.2 Briefly, in vivo, after combining
the neutralized collagen and the fibrin-platelet concentrate, the mixture is injected around
the sutured ACL, filling the gaps between the ligament stumps, and attaching to the torn
ends of the ligament. Relatively rapid gelation and sufficient mechanical stability to
withstand the fluid flow within the joint during motion are desirable properties.2,4 In this
study, we used a constrained (anchored) gel model because it has been shown to be
advantageous when compared with free-floating cultures23,28–31 and it mimics the
attachment of the scaffold to the torn ends of the ruptured ligament.

Collagen density had a significant effect on the rheological properties of the collagen-
platelet hydro-gels. Increasing the collagen density of the hydrogels not only increased their
maximum storage and loss moduli (  and , respectively) by a factor of 3× to 3.5×
but also decreased the time necessary for the hydrogels to reach their maximum storage
modulus (i.e., ). Interestingly, the lowest collagen density group transitioned most
quickly from liquid to gel. However in practice, it is more important to know when the
provisional scaffold reaches its maximum , as that is when the maximum stiffness of the
gel (or “full set”) is reached. The average  obtained in this study for 4 mg/mL collagen-
platelet hydrogel (376 Pa) is higher than that found by Wu et al. for collagen hydrogels
made and tested under similar experimental conditions (152 Pa).32 The same authors
reported that stiffer scaffolds would favor fibroblast growth,32 whereas in our case the stiffer
scaffolds (which had a higher collagen density) had suppressed fibroblast proliferation in
comparison with lower density hydrogels. These differences could be due to the presence or
absence of other extracellular matrix (ECM) proteins in the acid-solubilized slurries as a
consequence of differences in collagen extraction protocols, or possibly due to the presence
of the platelets and fibrin in our collagen-platelet hydrogels.

Contrary to our hypothesis, increasing the collagen density of the collagen-platelet scaffolds
did not result in a consistent increase in PDGF-AB release at any time point, with the release
over 72 h being very similar for all three concentrations. The decreased level of PDGF-AB
released after 12 h is consistent with previous reports demonstrating a peak release of
PDGF-AB in the first 12 h of platelet activation in vitro,26,33 likely due to the high
percentage of platelet activation on contact with even 2 mg/mL of collagen. Despite the
relatively high release of PDGF-AB into the media, when these scaffolds are used in vivo,
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PDGF-AB has been retained within the collagen-platelet hydrogels up to 42 days after
actvation,9 suggesting that while some PDGF-AB is released from the gels, enough is
retained to sustain biologic activity within the provisional scaffold substitute. Overall, our
results suggest that there in no additional benefit in terms of platelet activation when the
collagen density of the scaffolds is increased from 2 to 4 mg/mL.

Other researchers have investigated how fibroblast proliferation is affected by differences in
experimental conditions and scaffold composition.14,23,24,27,28,34–36 However, this is the
first study to examine the effect of collagen density on fibroblast proliferation. In this study,
increasing the collagen density of fibroblast-seeded scaffolds to 3 and 4 mg/mL led to a
decrease in cell proliferation of 39.2% and 29.3 %, respectively. The physiologic
significance of the higher fibroblast proliferation seen in the 2 mg/mL collagen density
group requires further study.

Differences in hydrogel retraction were evident only for fibroblast-seeded scaffolds at 10
days of culture, with significant differences in retraction (33.1, 17.6, and 3.3% for the 2, 3,
and 4 mg/mL collagen concentration scaffolds respectively). Notwithstanding, a moderate
increase in collagen density from 2 to 4 mg/mL resulted in a substantial decrease in
retraction from 33.1% to 3.3%. Because fibroblasts have a role in collagen gel retraction,
37,38 the higher fibroblast proliferation in the 2 mg/mL FPC-collagen scaffolds possibly
contributed to their higher retraction. In general, comparisons between ours and other
studies were not possible because of the diversity in experimental conditions.23,27,36,39

However, our scaffold retraction results (33.1%) are comparable to those reported by
Gentleman et al.40 (32%) for similar experimental conditions (i.e., collagen density of
approximately 2 mg/mL, initial fibroblast seeding around 2 × 105 cells/scaffold and
evaluation at day 10 of culture). The fact that minimal retraction was seen in the fibroblast-
free scaffolds suggests that, under our experimental conditions, scaffold retraction was
mostly a fibroblast-mediated phenomenon. Interestingly, although platelets have also been
shown to stimulate fibroblast-mediated retraction of collagen gels,39 there was hardly any
provisional scaffold retraction by day 7 in all experimental groups. Previous studies31,39,41

have reported higher degrees of retraction before 7 days for provisional scaffolds with lower
collagen densities (<1 mg/mL) and/or cultured as floating hydrogels. Whether decreasing
the collagen density below 1 mg/mL or culturing floating scaffolds without changing other
experimental conditions of this work would result in the same findings requires further
investigation.

The major limitation of this study is its in vitro nature. Although 3-D ECM models may
more closely approximate a wound site than 2-D models, the in vivo biomechanical and
biological cues are clearly absent. In addition, the static nature of the cultures does not
recapitulate the dynamic mechanical environment of an ACL wound site. Further studies in
vivo will be required to determine whether the differences found in vitro also occur in vivo.
Another limitation is that higher platelet activity at the first 12 h of culture could have
stimulated cell metabolism and affected the MTT assay. However, because platelet activity
was similar to all groups at each time point, it is less likely to have affected the increase in
absorbance of any particular group between days 1 and 10.

CONCLUSIONS
We have shown that increasing the collagen density of collagen-platelet hydrogels from 2 to
4 mg/mL resulted in stiffer scaffolds which suppress fibroblast proliferation and are more
resistant to retraction when seeded with fibroblasts. However, higher collagen densities did
not result in higher levels of PDGF-AB in the surrounding medium, suggesting that platelet
activation is not significantly affected in this range of collagen density. Future directions of
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this work include the evaluation of how changes in collagen density may affect wound
healing in vivo. These studies suggest that the collagen density may be able to significantly
influence the function of collagen-platelet hydrogels used as substitute provisional scaffolds.
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Figure 1.
(A) Storage modulus (G′) and (B) loss modulus (G″) vs. time as a function of collagen
concentration (n = 5 per group) demonstrating the direct correlation between maximum
moduli and collagen concentration for both storage and loss moduli. All between-group
comparisons for  and  were significant (p < 0.001).
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Figure 2.
PDGF-AB eluted into surrounding medium from collagen provisional scaffolds at 12, 36,
and 72 h, n = 5 per cell-seeded group. Post-hoc comparisons showed significant differences
as noted by * (3 mg/mL higher than 4 mg/mL, p = 0.005) and ** (4 mg/mL higher than 2
mg/mL, p = 0.008). No other comparison was statistically significant (p > 0.2). Symbols and
error bars represent mean and standard deviation, respectively.
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Figure 3.
Fibroblast proliferation over 10 days as a function of collagen concentration, n = 6 per group
and per time point (* denotes statistically significant difference with respect to other day-10
groups, p < 0.005). Day 1 absorbancies around 0.4 reflect initial cell density of 5 × 105 cells/
mL (i.e., 2.5 × 105 cells per construct). Columns and error bars represent mean and standard
deviation, respectively.
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Figure 4.
Retraction of cultured FPC-collagen hydrogels shown as percent decrease with respect to
initial area (day 1), n = 6 for cell-seeded groups and n = 3 for unseeded groups. Initial areas
of all groups were similar, p = 0.14. * denotes statistically significant difference when
comparing cell seeding conditions at day 10 and time (i.e., day 10 vs. days 1 and 7), in both
cases, p < 0.001. ** denotes statistically significant difference when comparing cell-seeded
groups at day 10, p < 0.001. Columns and error bars represent mean and standard deviation,
respectively.
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