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INTRODUCTION
Poor wound healing is associated with several factors, 

including tissue ischemia, local infection, and the pres-
ence of foreign bodies. This is further complicated by 
chronic diseases, such as diabetes and obesity, as well as 
other factors, including wound infection, advanced age, 
and stress.1–3 Current wound care therapies include nega-
tive pressure wound therapy (NPWT), specialized wound 
dressings, and hyperbaric oxygen. Each of these treatment 
modalities attempts to address specific aspects of wound 
healing, like tissue ischemia or infection, but have limited 
prospective data about their efficacy4 and clinical limita-
tions. For example, NPWT, one of the current standards of 
care within the United States for chronic wounds, can be 
prohibitively expensive due to the machinery and dress-
ings required.5 Additionally, NPWT requires an airtight 

seal, which is difficult to achieve in deep or irregular 
wounds or near joints.6 Other specialized treatments like 
Apligraf (Organogenesis, Canton, Mass.), a bilayer of 
fibroblasts (FBs) and keratinocytes derived from human 
foreskin, require application by health care providers, are 
sensitive to shearing forces, and have a limited application 
in deep ulcers due to their 2-dimensional shape.7

To address these challenges, we propose a novel 
human-derived collagen-rich hydrogel (cHG) that is able 
to provide both mechanical and molecular support for 
wound healing.8 It is rich in type I collagen, a major com-
ponent of normal skin.9 The thermoresponsive nature of 
cHG allows it to conform to deep and irregular wounds 
while giving it a 3-dimensional framework for cellular 
support. The gelatinous nature of cHG prevents tissue 
edema and maintains the humidity necessary for wound 
healing.10 Furthermore, cHG is easily applied with read-
ily available equipment and is painless for the patient. 
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Because of its resemblance to human extracellular matrix, 
cHG may be able to promote the migration of endoge-
nous cells into the wound8 and act as a lattice that can be 
seeded with cells important for wound healing, such as 
FBs,11 adipose-derived stem cells (ADSCs),12 and endothe-
lial cells (ECs).13,14

In this study, we investigate the ability of cHG to sup-
port the culture and migration of FBs, ADSCs, and ECs 
in vitro. Additionally, we use a stented-excisional wound 
model in diabetic rats to assess the ability of ADSC-seeded 
cHG to enhance wound healing in vivo.

MATERIALS AND METHODS

Preparation of cHG
cHG was synthesized using previously described meth-

ods.8,15 Briefly, finger flexor tendons were harvested from 
fresh frozen cadaveric donors, decellularized, lyophilized, 
ground into a fine powder, and stored at −80°C. Samples 
were enzymatically digested in a 1 mg/mL solution of pep-
sin in hydrocloric acid to a final concentration of 25 mg/mL  
(2.5%) of tendon powder. Solution pH was adjusted to 2.2 
for optimal pepsin digestion. After 14 hours, pepsin activ-
ity was reversed by increasing the pH of the solution to 
above 8 before adjusting the pH of the final solution to 
7.4. The cHG was stored in liquid form at 4°C for up to 
2 weeks.

Cell Seeding and Culture in Collagen Hydrogel
Commercially obtained ADSCs, FBs, and ECs (Cell 

Applications, San Diego, Calif.) were grown to conflu-
ence in a humidified tissue culture chamber using cell-
specific growth media. At the time of seeding, cells were 
lifted from culture plates, placed in a suspension of fetal 
bovine serum (FBS; Lonza, Morristown, N.J.), and mixed 
into the 2.5% cHG solution. For ADSCs and FBs only, ×10 
Minimum Essential Medium (Thermo Fisher Scientific, 
Waltham, Mass.) was added to the mix for nutritional sup-
port. The composition of the final solution was either (1) 
80% cHG, 10% 10× Minimum Essential Medium, and 10% 
FBS (ADSCs and FBs) or (2) 80% cHG, 20% FBS (ECs), 
with the final concentration of tendon powder 20 mg/mL 
(2%). This mixture was incubated for 45 minutes at 37°C 
to allow for gelation. After addition of appropriate culture 
medium, seeded cHG was incubated in a humidified tis-
sue culture chamber.

Cell Viability and Proliferation Assays
cHG was prepared to final concentrations of 2, 4, or 6 

million cells per mL of seeded cHG. Ninety six–well plates 
were used with each well containing 100 μL samples of 
seeded cHG. After gelation, 200 μL of culture medium 
was added to each sample and replaced every other day. 
Samples were incubated for 0, 1, 5, 10, 15, 20, or 25 days. 
At each time point, samples were used for Live/Dead and 
proliferation assays.

To assess cell viability, we used Live/Dead Cell Viability/
Cytotoxicity assay (Thermo Fisher Scientific). Live/Dead 
reagent was prepared according to the manufacturer’s 

instructions. After removal of cell culture medium, 100 μL 
of Live/Dead reagent was added to each sample. Samples 
were incubated at 37°C for 30 minutes and mounted onto 
a slide. The cells were visualized through fluorescence 
imaging and counted using Image J software (National 
Institutes of Health, Bethesda, Md.).

To assess cell proliferation, we used Quant-iT 
PicoGreen dsDNA assay (Thermo Fisher Scientific) for 
quantification of double stranded DNA at different time 
points. After incubation, cHG samples were harvested, fro-
zen at −80°C, and lyophilized for 24 hours. Lyophilized 
samples were digested in papain at 60°C for 16 hours. 
Picogreen reagent was added to each sample, and DNA 
quantity was measured using a fluorescent plate reader. 
A known DNA standard curve was used to calculate the 
amount of DNA per gram of cHG in each sample. This was 
expressed as a multiple of the average amount of DNA on 
day 0 (proliferation coefficient).

We combined the results of the viability and prolifera-
tion assays into one graph by multiplying the average per-
cent of viable cells by the mass of DNA per gram of cHG 
on each day. This was termed viable DNA mass. This allows 
us to estimate the amount of DNA present in viable cells, 
thereby creating an approximation of the viable and non-
viable cellular mass present in the cHG at each time point.

In Vitro Migration Assays
Cell migration was assessed in 3 different ways: (1) 

migration through cHG (from cell-seeded cHG to non-
seeded cHG) (Fig.  1); (2) migration from cell media 
into cHG; and (3) migration from cHG into cell media. 
Migration through cHG was measured by fluorescently 
labeling cells red using CellTracker Red CMTPX (Thermo 
Fisher Scientific) according to manufacturer’s recom-
mendations. Labeled cells were seeded into cHG at a 
concentration of 6 M/mL. A 3/8-inch cloning cylinder 
(Sigma-Aldrich, St. Louis, Mo.) coated with a thin layer 
of sterile silicone grease (Sigma-Aldrich) was placed in 
a 24-well plate to prevent migration of cells along the 
bottom of the dish. Hundred microliters of nonseeded 
cHG was placed inside the cloning cylinder, whereas 600 
microliters of seeded cHG was placed outside of it. The 

Fig. 1. a model of cHG cellular migration. Cells fluorescently labeled 
red (red region) are placed in a ring surrounding nonseeded cHG 
(gray region) in a 24-well plate. this construct is incubated for 7 days 
in a 24-well plate. migration is tracked from the seeded into the non-
seeded region. a, Sagittal cutaway. B, top-down view.
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cloning cylinder was removed, allowing contact between 
the seeded and nonseeded cHG regions. After gelation, 
the construct was incubated for 6 days, with fluorescent 
images taken every other day. Migration was tracked via 
Image J by counting the total number of fluorescently 
labeled cells in the seeded and nonseeded cHG regions.

Migration from cell media into cHG was measured by 
seeding fluorescently labeled cells into the appropriate 
cell media at a concentration of 0.5 million cells per milli-
liter. Nonseeded cHG was incubated in 96-well plates. For 
6 days, 100 μL of seeded media was added to the surface of 
the nonseeded cHG, with the media replaced daily. After 
6 days, the cHG samples were frozen and sectioned. The 
total number of cells present in cHG was quantified using 
fluorescent microscopy.

Migration from cHG into cell media was measured by 
preparing seeded cHG samples at the 6 M/mL concentra-
tion. Media was replaced every other day. Removed media 
was centrifuged. The supernatant was removed, replaced 
with Recovery cell culture freezing medium (Thermo 
Fisher Scientific), and stored at −80°C. After 6 days, fro-
zen media was thawed and combined. The number of 
cells present in the thawed media was counted using a 
hemocytometer.

Stented-excisional Wound Model
This animal protocol was approved by our institutional 

review board. Eight male Zucker diabetic rats (16 weeks 
old; average weight, 400 g) were used (Envigo, Hayward, 
Calif.). Four 10-mm circular wounds were created on the 
dorsum of each rat following a previously established 
model.15 The wounds were stented open using a 15-mm 
silicone ring and securely attached using sutures. Two 
wounds per rat were treated with occlusive dressing, and 
2 wounds were treated with occlusive dressing plus 100 μL 
of cHG seeded with 2 M/mL ADSCs tagged with luciferase 
(Fig. 2), allowing each animal to serve as its own control 
group. Seeded cHG and occlusive dressing were reapplied 
every other day. Wound positions were alternated cranial/
caudal and left/right on each rat to assure location on the 
dorsum did not affect healing. Differences in wound clo-
sure percentage were compared using t test analysis.

Cell survival in wounds was detected by applying lucif-
erin mixed in 10 μL of ADSC media to all wounds and 
detecting bioluminescence using an in vivo imaging spec-
trum system (PerkinElmer, Waltham, Mass.). Wound clo-
sure was tracked using digital photographs taken every 
other day and analyzed using Image J. Animals were killed 
on day 16 for wound immunohistochemistry and histo-
logic analysis.

Histology and Immunohistochemistry
Hematoxylin and eosin staining was used to exam-

ine wound architecture. Wound length, defined as the 
length of the gap between epithelial cells, was examined 
using Image J. Wound collagen content was assessed 
using Masson’s trichrome stain. Immunohistochemistry 
was used to evaluate angiogenesis and cell proliferation 
using a mouse anti-rat EC antigen-1 (RECA-1) monoclo-
nal antibody (MCA970R; Bio-Rad Laboratories, Hercules, 

Calif.) and a rabbit anti-rat antigen Ki67 polyclonal anti-
body (ab15580; Abcam, Cambridge, Mass.). RECA-1 is a 
cell surface antigen expressed by all rat ECs, and Ki67 is a 
nuclear protein present during cellular proliferation and 
absent during quiescent cellular stages.

Angiogenesis (RECA-1) and cell proliferation (Ki67) 
were quantified by computing the percentage of the area 
of the wound bed tagged by each antibody per high-power 
field image. Differences were examined using t test analysis.

RESULTS

In Vitro Cell Viability and Proliferation Assays
The highest percentage of cell survival was seen at 6 

M/mL concentration, with 58% (FBs), 71% (ECs), and 
81% (ADSCs) of cells in each sample viable on day 25 
(Fig.  3). This is compared with 58% (FBs), 54% (ECs), 
and 55% (ADSCs) for the 4 M/mL concentration and 
54% (FBs), 39% (ECs), and 58% (ADSCs) for the 2 M/
mL concentration. Through days 0–5, most of the seeded 
cells remained viable in the cHG, with most cell line con-
centrations having >55% viable cells on each of those days. 
Notable exceptions include the FB 2 M/mL concentration 
(42% viable cells) and ECs on day 1 (23%, 22%, and 31% 
for the 2, 4, and 6 M/mL concentrations, respectively).

Proliferation factor results are shown in Figure 4A–C. 
Overall, the quantity of DNA, which is correlated with the 
number of cells present in the sample, decreased on each 
consecutive day of the study. All cell concentrations had a 
similar rate of reduction in DNA quantity; however, as more 
cells are present initially in higher concentrations, there 

Fig. 2. the diagram showing configuration of wounds in the in vivo 
model. Wounds were alternated cranial/caudal and left/right to pre-
vent wound location from affecting healing. cHG: Wounds receiv-
ing aDSC-seeded cHG plus occlusive dressing. OD: Wounds that 
received occlusive dressing only. OD indicates occlusive dressing.
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was on average a higher amount of cell death in the higher 
concentrations compared with the lower concentrations. 
Each cell line and concentration combination approached 
an equilibrium concentration between 10% and 20% of 
the original cellular mass toward day 15. After this time 
point, the rate of DNA mass loss was much smaller.

Figure 4D–F shows viable DNA mass as defined above. 
The 6 M/mL concentration had a larger amount of viable 
cell mass than all other concentrations at any time point. 
This concentration also had a larger amount of nonviable 
cell mass than the other concentrations following day 1.

In Vitro Migration Assays
Migration through, into, and out of the gel was limited. 

The number of cells crossing into the nonseeded region 

after 6 days was in the hundreds. When examining migra-
tion from media into the gel, cells were not seen beyond 
the surface of the cHG after 6 days. Migration from cHG 
into media was quantified as a percentage of the total 
number of cells initially seeded into the cHG. After 6 days, 
0.09% (FB), 0.14% (EC), and 0.11% (ADSC) of the initial 
cell load migrated from cHG into media.

In Vivo Stented-excisional Wound Model
There was a faster rate of wound closure in wounds 

treated with seeded cHG and occlusive dressing compared 
with those wounds treated with occlusive dressing only. 
This difference was statistically significant on days 6, 8, and 
12 (P < 0.05) (Fig. 5). From day 6 to day 12, the average 
absolute wound closure percentage difference (wound 

Fig. 3. results of live/Dead assays showing the percentage of viable cells in cHG over time. a and B, Sample images showing microscopic 
images of viable (green) and nonviable (red) adipose-derived stem cells at ×10 magnification on day 0. C–E, Calculated percent viable cells 
over time for adipose-derived stem cells, endothelial cells, and fibroblasts.
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closure percentage of seeded cHG-treated wounds minus 
that of the control wounds) ranged from 9.6% (day 8) to 
12.2% (day 12). ADSC luciferase bioluminescence was 
detected in rat wounds through day 10.

Histology and Immunohistochemistry
On day 16, samples were obtained for histology and 

immunohistochemistry (Figs. 6–8). The average length of 
wounds treated with seeded cHG was significantly smaller 

than control wounds (1444 and 2277 μm, respectively;  
P < 0.05). We observed a higher percent area of collagen in 
the seeded cHG treatment group compared with control 
(48.3% versus 35.5%; P < 0.05). RECA-1 staining revealed 
that angiogenesis was 4.9 times higher in the seeded cHG 
group compared with control (P < 0.01). Ki67 immunohis-
tochemistry showed that cell proliferation in the seeded 
cHG group was 4.3 times higher than the control (P < 0.05).

Fig. 4. Dna mass over time graphed as a factor of the Dna mass present on day 0 (proliferation factor, a–C) and viable Dna mass over time 
(mass of Dna present in live cells) (D–F). a and D, adipose-derived stem cells. B and E, Endothelial cells. C and F, Fibroblasts. 
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DISCUSSION
We have previously studied the capacity of non-

seeded cHG to enhance wound healing; the results of 
which have been previously published, which demon-
strated that cHG independently enhances the speed of 
wound healing. Additionally, in preparing for this study, 

we investigated the possibility of topically applying cells 
without a carrier as a control group. Unfortunately, topi-
cal application of cells onto rat wounds leads to failure 
of cell survival as determined using in vivo biolumines-
cence imaging with labeled cells. The study presented 
here demonstrates the capacity of cHG to act as a carrier 

Fig. 5. Wound closure percentage data. a–H, Sample wound images after 16 days. the top row shows wounds treated with aDSC-seeded 
cHG and OD. the bottom row shows wounds treated with OD only. i, average wound closure percentage over time. J, Bioluminescence 
signal of aDSC in cHG-treated wounds (right) compared with OD (left) detected on day 10. *Statistically significant difference in wound 
closure percentage, P < 0.05. OD indicates occlusive dressing.
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of the aforementioned cell lines, which may be beneficial 
to enhance wound healing.

In vitro, cHG was able to support the survival of FBs, 
ECs, and ADSCs for 25 days. Across all cell lines, the 6 M/
mL concentration had a greater proportion of viable cells 
present than the remaining concentrations. However, the 
6 M/mL concentration also had large amounts of non-
viable cells present. Achieving a balance in cellular aug-
mentation of wound healing is important. Maximizing the 
number of viable cells delivered to the wound bed and 
minimizing the number of nonviable cells delivered to the 
wound bed help minimize excessive inflammation and 
pathologic tissue repair.16–19 It is important to note that 
inflammation is an important part of the wound healing 
mechanism, and it is expected that both live and dead cells 
will cause a degree of inflammation in the wound bed. It is 
thus difficult to distinguish and quantify the inflammation 
that is caused by viable and nonviable cells.

We were unable to detect significant cellular migra-
tion through, into, or out of cHG in vitro. This may rep-
resent an inability of cells to navigate the cHG matrix. 
Alternatively, the absence of a chemotactic factor to drive 
cellular migration in vitro potentially limits cell migration. 
In vivo, this could mean that exogenous cells remain at 
the surface of the wound. However, the presence of che-
motactic growth factor, such as platelet-derived growth 
factor, vascular endothelial growth factor, and FB growth 
factor, likely enhance the migration of not only the exoge-
nous cells, but also promote the migration of endogenous 
stem cells to the wound in vivo.20–23 We have used a rat 
model to examine the homing of systemic stem cells to 

cHG and cHG +ADSCs, noting an increase in the attrac-
tion of endogenous cells to seeded cHG.24

In the in vivo model, ADSC-seeded cHG showed faster 
rates of wound closure compared with wounds treated 
with occlusive dressing only. This difference first became 
apparent on day 4 and became statistically significant on 
day 6 (P < 0.05). Previous studies in our laboratory have 
shown that cHG, when used on its own, is also able to accel-
erate wound healing.16 However, there was no difference 
observed between nonseeded cHG and control until day 7, 
3 days later than the effect seen with the cell-seeded cHG. 
Previous studies have shown ADSCs to be beneficial in 
enhancing endogenous wound healing, primarily through 
growth factor secretion.12,17 Thus, by seeding the cHG, we 
may have enhanced the inherent wound healing properties 
of the cHG. Future studies will further elucidate this effect.

Furthermore, we showed that ADSCs can survive the 
transfer from cHG to the wound when seeded in cHG. 
ADSC luciferase bioluminescence was detected up to day 
10 and absent from day 12 onward. It is possible that after 
day 10, the smaller wound diameter and depth lead to a 
lack of nutrition to adequately support the cells. Thus, 
after day 10, any benefit to wound healing is likely to 
arise from inherent cHG properties rather than from cel-
lular augmentation. The addition of seeded cHG may be 
important in the early stages of healing, whereas, in later 
stages, nonseeded cHG is sufficient to provide accelerated 
wound healing.

Previous studies have shown the ability of ADSCs to 
enhance wound healing when seeded into hydrogels, 
with increased angiogenesis and proliferation compared 

Fig. 6. images showing day 16 histology. a and B, trichrome stain. C and D, Hematoxylin and eosin stain. 
a and C, Wounds treated with seeded cHG plus OD. B and D, Wounds treated with OD only. OD indicates 
occlusive dressing.
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Fig. 7. images showing day 16 iHC. a and B, Ki67 iHC (green) and Dapi stain (blue). C and D, rECa-1 iHC 
(red) and Dapi stain (blue). a and C, Wounds treated with seeded cHG plus OD. B and D, Wounds treated 
with OD only. iHC indicates immunohistochemistry; OD, occlusive dressing.

Fig. 8. images showing day 16 iHC quantification. the area occupied by stained cells was quantified and expressed as number of pixels 
per high-power field. a, Ki67 expression. B, rECa-1 expression. Ki67 expression was 4.3 higher in seeded cHG-treated wounds compared 
with control. rECa-1 expression was 4.9 higher in seeded cHG-treated wounds compared with control. Hpf indicates high-power field; 
iHC, immunohistochemistry.
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with nonseeded scaffolds.18,19 Our histologic and immuno-
histochemical analyses of cHG show similar results. cHG-
treated wounds had significantly decreased wound length, 
increased collagen production, enhanced angiogenesis, 
and accelerated cell proliferation compared with control. 
These results further support cellular augmentation of cHG 
in improving the inherent wound healing benefit of cHG.

There are potential limitations to consider in this 
study. First, we used an in vitro model to study cell 
behavior within the hydrogel. This environment does 
not replicate the wound environment as it is missing 
chemokines, leukocytes, and growth factors present in 
the wound bed, as well as the cellular milieu, which may 
interact synergistically with cells present in the cHG. We 
hypothesize that cells delivered through cHG in vivo 
are likely to be more biochemically active, but further 
studies are needed. Finally, the calculated difference 
in wound closure percentage, although significant, was 
small. This is likely due to the small size of the initial 
wound (10 mm). In larger wounds, such as those seen in 
diabetic patients, the benefit from cHG may be greater 
due to its ability to enhance angiogenesis and cell prolif-
eration, both of which are limited in this patient popula-
tion.25,26 Future studies will use larger initial wound sizes 
to more precisely determine long-term effects of seeded 
cHG application to wounds.

In summary, in this study, we have shown that cHG 
is able to support the survival of FBs, ECs, and ADSCs in 
vitro and that ADSC-seeded cHG is able to enhance wound 
healing in vivo in diabetic rats with improved angiogen-
esis despite limited migration in vitro. Further studies will 
examine the ability of chemotactic factors to induce cellu-
lar migration in cHG, as well as determine whether differ-
ent cellular combinations can further enhance early stage 
wound healing with cHG.

Paige M. Fox, MD, PhD
Division of Plastic Surgery

Stanford University School of Medicine
770 Welch Road

Suite 400
Palo Alto, CA 94304

E-mail: pfox@stanford.edu
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