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Cellular transplantation is now closer to becoming a practical clinical strategy to repair, regenerate or
restore the function of skin, muscle, nerves and pancreatic islets. In this study we sought to develop a
simple injectable collagen matrix that would preserve the normal cellular organization of skin cells. Three
different scaffolds were created and compared: collagen-glycosaminoglycan (GAG) scaffolds, crosslinked
collagen-GAG scaffolds without polyvinyl alcohol (PVA) and crosslinked collagen-GAG scaffolds contain-
ing PVA hydrogel. Importantly, all scaffolds were found to be non-cytotoxic. PVA-containing gels exhib-

;:ﬁg‘;ﬁse: scaffold ited a higher tensile strength (P <0.05), faster fibril formation (P <0.001) and reduced collagenase
COJllagen digestion (P <0.01) compared with other gels. Free floating fibroblast-populated, PVA-borate scaffolds

resisted contraction over a 10 day period (P < 0.001). The fibroblast-populated scaffolds containing PVA
demonstrated a 3-fold reduction in cellularity over 10 days compared with the control gels (P < 0.001).
Multicellular skin substitutes containing PVA-borate networks display a linear cellular organization,
reduced cellularity and the formation of a keratinized epidermis that resembles normal skin. In conclu-
sion, these data underscore the multifunctionality of a simple PVA-borate-collagen matrix as an inject-

Polyvinyl alcohol
Extracellular matrix
Skin substitute

able composite for tissue engineering or cell transplantation.

© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The extracellular matrix (ECM) is a major determinant of cell
survival and, ultimately, organ function. Delivery and transplanta-
tion of cells is quickly becoming recognized as a feasible clinical
strategy for the repair and regeneration of organs, in part because
it offers a less invasive approach. Whereas the success of skin cell
and pancreatic islet transplantation are rapidly improving, clinical
methods for muscle and nerve cell transplantation stand to benefit
from the advent of tailored delivery systems that mimic the ECM
when formed in situ [1-4].

Improved vehicles for cell delivery and encapsulation have
stemmed from the principles of tissue engineering and drug delivery
[1,2,5]. Tissue engineering strategies often employ collagen and
glycosaminoglycan (GAG) matrices as scaffolds to mimic the tissue
architecture. Simple crosslinking methods using either glutaralde-
hyde or 1-ethyl-3-3-dimethylaminopropyl carbodiimide:N-
hydroxy-succinimide (EDC:NHS) have been exhaustively investi-
gated as ways to improve mechanical properties and stability
[2,6-9]. These strategies are in most cases utilized to fabricate solid
(dry) scaffolds, however, solid scaffolds have limited application in
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cell transplantation. Even as a wound coverage, preformed solid
scaffolds are unable to immediately integrate with the surrounding
tissue. In this regard, a liquid matrix that could integrate with the
surrounding tissue upon application would be advantageous.
Furthermore, as a liquid, cells could be embedded prior to casting.
This is particularly important for injectable cell transplants such as
pancreatic islets [1,10,11]. Unfortunately, the use of unmodified
natural biomaterials has had limited success in producing useful
injectable gels [2,12]. Encapsulation of cells within injectable syn-
thetic mixtures of either pluronic acid, poly(ethylene glycol)-
poly(caprolactone)-poly(ethylene glycol) (PEG-PCL-PEG),
poly(lactic acid) (PLA), or poly(lactic-co-glycolic acid) (PLGA)
provide non-toxic, rapid gelling systems that can be modified to
improve stability, but often lack a natural architecture when gelled
in situ [2,5]. More recently Fitzpatrick et al. demonstrated the
functionality of poly(N-isopropylacrylamide) (PNIPAAm)-collagen
thermoreversible scaffolds for the delivery of retinal pigment
epithelial (RPE) cells [13]. However, as with other synthetic
polymers, degradation of this material may expose the tissue to
potentially cytotoxic products [2].In general, a major drawback with
many new synthetic polymer systems is the length of time that is
required to demonstrate safety and translate them to clinical
applications.

The development of an injectable ECM using clinically approved
polymers which can mimic biological structures would be
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advantageous for a number of medical procedures, including
dermal reconstruction (as a filler), islet transplantation and as a
skin graft for wound coverage. Polyvinyl alcohol is a well-known,
clinically approved synthetic analog of hyaluronic acid [11,14-
16]. It is an amphiphilic polymer that can crosslink to form a
hydrogel in the presence of sodium borates at pH > 7 and mechan-
ically resembles soft tissues [15,17-19]. Generally, crosslinked PVA
gels are isotropic and maintain a uniform shape that has been
shown to be useful for tissue engineering [20]. In this regard we
hypothesized that the incorporation of PVA hydrogels within a col-
lagen matrix would induce faster fiber formation by aiding in both
hydrogen bond formation, space filling and the nucleation of colla-
gen fibrils within a restricted environment. Although it remains to
be fully understood, PVA at neutral pH provides an unsuitable sub-
strate for cell adhesion [19,21]. We expected that the lack of cell
adhesion would also restrict cell proliferation and contraction. In
this study we describe the preparation of an injectable collagen
scaffold containing PVA networks and evaluate its efficacy for use
in tissue engineering and as an ECM for the application of skin
cells.

2. Materials and methods
2.1. Collagen-glycosaminoglycan scaffolds

Three types of collagen-chondroitin sulfate scaffolds were
prepared as reported by Surronen et al. with modifications [8].
Briefly summarized in Table 1, rat tail collagen type I (BD, Missis-
sauga, Canada) was neutralized with HEPES buffer and 1 N NaOH
to pH 7.0 and combined with chondroitin 6-sulfate (1:5 wjw).
Crosslinked gels were prepared by crosslinking for 2 h in the dark
with 0.02% (w/v) glutaraldehyde. A 2 h glycine wash was per-
formed to deactivate remaining aldehyde groups. PVA composites
were prepared by adding a mixture of 5 wt.% PVA (2.5 wt.% PVA 86,
2.5 wt.% PVA 99, 1 wt.% glycerol, Alfa Aesar, Ward Hill, MA) in 10x
Dulbecco’s modified Eagle’s medium, pH 7.5 (Gibco®, Invitrogen,
Burlington, Canada) to 0.0625 M sodium tetraborodecahydrate,
pH 8.0 (Sigma, Oakville, Canada) (final concentration 0.05 wt.% so-
dium tetraborohydrate, 0.2% (w/v) PVA). PVA mixtures were com-
bined with glycine washed crosslinked scaffolds and allowed to
settle overnight at 4 °C prior to use. Sodium ascorbate (in filtered
water pH 7.0) was added to each scaffold to a final concentration
of 100 uM. Crosslinked scaffolds not containing PVA were prepared
by adding sodium borate and ascorbate to the scaffold mixture fol-
lowing the glycine wash. Ascorbate was added to the non-cross-
linked scaffolds during initial preparation. All scaffolds were
prepared at the same time to a final collagen concentration of
3 mg ml~!. Prepared liquid composites were stored at 4 °C and
used within 1 week.

2.2. Cell populated scaffolds

Primary keratinocytes and fibroblasts were isolated from human
neonatal foreskin obtained from consenting donors in accordance

Table 1
Scaffold formulation.
Col xCol xCol HG

Collagen 3mgml~! 3mgml! 3mgml!
Chondroitin sulfate (in 1x PBS) 15mgml™! 15mgml~' 15mgml’
Glutaraldehyde/glycine No Yes Yes
PVA (pH 7.0) No No 0.2% (w/v)
Sodium borate decahydrate (pH8) 0 0.05% (w/v) 0.05% (w/v)
Sodium ascorbate (pH 7.0) 100 uM 100 uM 100 uM

All concentrations are for the final product.

with the ethical guidelines set forth by the University of British
Columbia. Briefly, keratinocytes were isolated from the epidermis
following enzymatic digestion using 1x trypsin:EDTA (Gibco®,
Invitrogen) and Dispase (Gibco®, Invitrogen). Fibroblasts were iso-
lated from sections of dermis cultured in 1x DMEM supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin/
ampbhotericin B (Gibco®, Invitrogen). Fibroblast populated scaffolds
were established at a density of 200,000-250,000 cells ml~! with
the exception of the proliferation assay, which used
100,000 cells ml~!. Cell numbers were counted using a hemocy-
tometer and combined with the liquid matrix in a 10% of the final
gel volume suspension, producing a collagen gel of 3 mgml~'.
Other cell numbers were as follows: primary keratinocytes
106 ml~!, baby hamster kidney cells (BHK) 5 x 105 ml~!, HaCat
10° ml~1. Cells were cultured for 1 h at 37 °C prior to the addition
of fresh medium (200-300 pl) specific to the cell type: keratino-
cytes, KSFM (Gibco®, Invitrogen); BHK, DMEM:F12 (Gibco®,
Invitrogen).

2.3. Cell viability and morphology

Viability was assessed using a Live/Dead toxicity assay (Molec-
ular Probes®, Invitrogen, Carlsbad, CA). Cells (primary or cell line)
were cultured for 24 h in or on top of the scaffolds (fibroblasts
and BHK cultured within and keratinocytes and HaCat on top).
After 24 h the scaffolds containing cells were washed three times
with 1x phosphate-buffered saline (PBS), pH 7.0, and a mixture
of ethidium homodimer and calcein-AM according to the manufac-
turer’s instructions. After 30 min the scaffolds were washed three
times with 1x PBS and visualized using a Zeiss Axiovert 200 M
fluorescence microscope and Axiovision software. Cell counts were
obtained using Image ] software (NIH, Bethesda, MD). Cell mor-
phology was visualized using wheatgerm agglutinin-conjugated
Alexa Fluor 488 (Invitrogen) membrane staining of fibroblasts
seeded in the collagen scaffolds 24 h after casting. Images were
captured using a Zeiss Axiovert 200 M fluorescence microscope
and Axiovision software.

2.4. Cellularity

Primary human fibroblasts were grown in 200 pl volume scaf-
folds (uncrosslinked (Col), crosslinked (xCol), crosslinked with
PVA (xCol HG)) for a period of 10 days. Briefly, gels were prepared
as described above and 100,000 cells ml gel ! were combined with
the liquid matrix. To confirm cell totals at time 0 gels were di-
gested with 1 U ml™! collagenase (Sigma, St. Louis, MO) and the
cells subsequently counted using Trypan blue to ensure similarity
(data not shown). Fibroblasts were then grown for 10 days with gel
harvest on days 2, 5, 7 and 10. Gels were removed from the wells
and fixed in 4% (w/v) paraformaldehyde (Sigma) for 24 h at 4 °C.
Gels were then transferred to 70% ethanol and prepared for paraf-
fin embedding. Six cross-sections (5 wm) per gel obtained from
three batches of gel were de-waxed and stained with DAPI nuclear
stain (Vector Labs, Burlington, Canada). Cell counts (per low power
field) were obtained using a Zeiss Axioplan 2 upright fluorescence
microscope.

2.5. Time to fibril formation

The time it took for collagen gels to form fibers was used to
indicate casting time. Gels were prepared as described previously.
Initial simple inverted test tube assays, as described previously
[12], were used to estimate casting time during formulation (data
not shown). Chilled gel resins (100 pl) were aliquoted into 96-well
plates (Corning, Corning, NY). DMEM containing 10% FBS and 1%
penicillin/streptomycin was used as a blank. Gel resins were
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chilled on ice until the absorbance measurements were taken as
described previously [22,23]. Absorbance at 313 nm was recorded
every 60 s over a 1 h period at 35 °C, demonstrating the rate of col-
lagen fiber formation.

2.6. Tensile strength

Gels were cast in 5-well rectangular chamber slides (500 pl
each) and incubated for 24 h at 37 °C. Tensile testing was done
using a KES-G1 Micro-Tensile Tester (Kato Tech, Kyoto, Japan),
with a 1kg load cell. Prior to loading gels were dried of excess
liquid using KimWipes™ (Kimberly Clark, Irving, TX) and weighed.
Two pieces of KimWipe™ were then used to firmly secure the gel
to the specimen holder. Gels were then stretched until breakage at
a deformation rate of 0.02 cm s~ . Tensile strength was calculated
by dividing the breaking load (g) with sample width (mm) and area
density (g m~2) of the polymerized gels. For statistical purposes six
batches of gels were evaluated.

2.7. Differential scanning calorimetry (DSC) and scanning electron
microscopy (SEM)

The same preparation procedure was used to prepare samples
for both DSC and SEM, except that gels were not fixed for DSC anal-
ysis. Collagen scaffolds (100 pl) were cast in 96-well plates for 24 h
followed by fixation in 4% formalin solution for 24 h at 4 °C. After
fixation the gels were dehydrated twice for 12 h in 70% ethanol
and then frozen at —80 °C prior to lyophilization. Lyophilized scaf-
folds were then weighed and evaluated in a Q1000 Differential
Scanning Calorimeter (TA Instruments, New Castle, DE) at
5°Cmin~! within the range 20-100°C. SEM samples were first
gold coated prior to loading inside the vacuum of a Hitachi
S-3000N scanning electron microscope (Hitachi, Tokyo, Japan).

2.8. Gel contraction

Primary fibroblasts were populated within each of three colla-
gen gels, Col, xCol and xCol HG, prepared as described previously,
and cultured at 37 °C. Cell medium (DMEM containing 10% FBS and
1% antibiotics) was changed daily. Fibroblast populated collagen
gels (250,000 cells ml~!) were released from the plate walls 24 h
after gel casting (on day 0) and allowed to contract. Images were
taken on days 1, 3, 5, 7 and 10 using a Sony CyberShot H9 digital
camera at a standardized range. Gel size was measured using
Image ] (NIH, Bethesda, MD).

2.9. Collagenase digestion

Collagen gels (100 pl) were cast in 96-well plates as described
previously. Each gel was placed in 20 pl of 1x PBS (pH 7.0) contain-
ing 0.3 U of Clostridium serine peptidase A (CLSPA) purified from
Clostridium histolyticum (Worthington, Lakewood, NJ). The mixture
was then incubated at 37 °C for 1, 2, 6, 12 or 24 h to determine the
optimal ratio of gel digestion (data not shown). Hydroxyproline
measurements were carried out on digested samples (supernatant
and pellets). Following digestion the gels were centrifuged three
times at 15,000g for 10 min at 4 °C with a 1x PBS wash. The super-
natants were separated from the pellet and recombined with
200 pl of concentrated HCI for a final concentration of 6 N. The
hydroxyproline analysis was preformed as described previously
[24] with minor modifications. Briefly, digested pellets were
washed three times with PBS prior to adding concentrated HCI.
Both pellets and supernatants were hydrolyzed for 16 h using
6 N HCl. Hydroxyproline concentrations were obtained by reading
the OD at 550 nm.

2.10. Bi-layered skin substitute

Collagen gel scaffolds were prepared as described previously.
Primary human fibroblasts were combined with the liquid matrix
at 200,000 cells ml~! prior to casting in Transwell™ permeable
supports (Corning). Fibroblast populated gels were then incubated
for 48 h at 37 °C in DMEM containing 10% FBS and 1% antibiotic
(Gibco®, Invitrogen). Primary human keratinocytes were cultured
to 60% confluence in KSFM containing bovine pituitary extract
(BPE), epidermal growth factor (EGF) and 1% antibiotic (Gibco®,
Invitrogen). After 48 h keratinocytes (1 x 10° cells) were seeded
on top of the cultured gel scaffolds and the medium was changed
to 49% DMEM, 49% KSFM with 1% FBS, and 1% antibiotic (50/50
medium) as previously described [25]. The medium was changed
after 24 h and after 36 h the gels were raised to the liquid air inter-
face in order to differentiate keratinocytes. The gels were cultured
in a Transwell™ (with a dry surface) for 10 days (5% CO,) with 50/
50 medium containing 100 pM ascorbic acid. The medium was
changed daily. After 10 days the bi-layered skin substitutes were
removed from the Transwell™ and cast in a 1% agar gel. The gel
was then fixed in 4% formalin for 24 h. Paraffin embedded sections
(5 wm) were stained with hematoxylin and eosin (H&E) and images
were captured using a Zeiss Axioplan 2 (Carl-Zeiss, North York,
Canada) upright microscope.

2.11. Statistics

The number of repeats represents different batches of gels.
Experimental results were evaluated using analysis of variance
(ANOVA) with a post hoc Tukey test. Statistical significance was
estimated with an o value of <0.05. Measurements are reported
as means * standard deviation.

3. Results
3.1. Casting time

Two key characteristics of an injectable ECM are rapid gelation
and immobilization of cells. Our goal is to create a system that
could be applied through injection or topically within a working
window of 15 min prior to solidification. Fibril formation in vitro,
through entanglement of the collagen coiled-coiled structure, is
the final step of collagen gelation. As such, acellular liquid collagen
solutions, either uncrosslinked (Col, Fig. 1A), crosslinked (xCol,
Fig. 1B) or crosslinked containing PVA-borate hydrogels (xCol
HG, Fig. 1C), were evaluated for their rate of fibril formation. Time
to fibril formation is calculated by the time to half maximum
absorbance at 313 nm. The lag time (t,¢) is described as the time
difference between the time of the intersect between the slope
(dA/dt) and the initial baseline absorbance (A;) [22], represented
by the equation:

g = (A — b)/(dA/dt)
where b is the intercept of the line (dA/dt).

The results shown in Fig. 1D suggest that PVA-borate gels (xCol
HG) require less than half the time to form (P<0.001) with a
reduced lag time to initiate fibril formation compared with other
gels (P <0.001). As described in Supplementary Table S1, the time
to initiate fibril formation when heated from 4°C to 37 °C is
13.65min (819.1+153.7s), with fibrils being formed after
16.3 min (978 + 268.4 s). Although both crosslinked gels with and
without PVA-borate undergo shorter transitions to complete fibril
formation, both the lag time and the time to half maximum absor-
bance for crosslinked gels without PVA-borate (1556.6 + 203.9 and
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Fig. 1. Time to fibril formation and gelation of collagen-GAG scaffolds. (A, B) Three collagen gels were prepared on ice and maintained at 4 °C: collagen-GAG (Col),
crosslinked collagen-GAG (xCol) and crosslinked collagen-GAG containing PVA-borate networks (xCol HG). To measure turbidity and rate of fibril formation gels were
incubated from 4 °C to 37 °C and absorbance was measured every 30 s at 313 nm. DMEM (cell medium), DMEM with borate and DMEM containing PVA-borate were used as
the respective blanks. (A) Turbidity shift of collagen scaffolds. (B) Time to fibril formation (12 max absorbance) (solid bars) and lag time to initiate fibril formation (open bars).
(C) Ejected xCol HG scaffold after casting in a catheter tube at 37 °C for 7 min. (D) xCol HG scaffold after casting in a rectangular tray at 37 °C. (n=9, P<0.05) *P < 0.05.

2096 + 196.4 s) were not significantly different from uncrosslinked
collagen gels (1589.2 + 186.9 and 1920 + 128.6 s).

3.2. Tensile strength

Matrix strength is integral in predicting its functionality as an
engineered tissue. Although it is well known that crosslinking of
collagen increases the matrix strength, we were interested in
whether the addition of PVA-borate networks at a dilute concen-
tration had any effect on the tensile properties of the matrix.
Stress—strain curves of collagen gels, shown in Fig. 2A-C, depict
good agreement among different batches and are consistent with
previous findings [9,26]. The results demonstrate that the maxi-
mum strain at break was statistically similar among the uncross-
linked (8.4 %1.2%), crosslinked (12.5+7.02%) and crosslinked
with PVA-borate (8.0 + 1.3%) systems (Supplementary Table S2).
However, the tensile modulus (Y (Astress/Astrain)) of the cross-
linked collagen containing PVA-borate (1.414 + 0.5015 MPa) was
significantly greater than that of the crosslinked collagen
(P=0.03) and uncrosslinked collagen (P<0.001). Furthermore,
the maximum stress at break was also significantly greater in the
xCol HG (0.074 +0.0498 N m~2) system compared with uncross-
linked collagen (0.014 + 0.0056 N m~2, P=0.01).

3.3. Cell viability and morphology

Although glutaraldehyde crosslinked collagen matrices have
been used and studied extensively, it was essential to determine
whether PVA-borate systems exhibit toxicity. As there is the po-
tential for this scaffold to be used as a cell delivery matrix, as a
wound coverage or via injection we assessed and compared the
toxicity across a range of cell lines and primary cells. As shown
in Fig. 3, primary human fibroblasts and keratinocytes, two key cel-
lular components of skin, exhibited 86 + 12% and 78.8 + 3.2% via-
bility, respectively, when cultured in or on the xCol HG
composite. Similarly, BHK cells and the HaCat cell line remained
79.6 £9.7% and 84.8 + 4% viable when cultured on the xCol HG
composite scaffolds. With the exception of primary human

keratinocytes, cell viability on crosslinked scaffolds was similar
to uncrosslinked scaffolds. Primary human keratinocytes cultured
on either crosslinked scaffold were on average 12% less viable
(P<0.001) than those cultured on uncrosslinked collagen. The
morphology of fibroblasts cultured inside the xCol HG gels for
24 h (Fig. 3C) displayed a linear pattern compared with those cul-
tured in either uncrosslinked or crosslinked collagen gels. Interest-
ingly, cell spreading in both the uncrosslinked and crosslinked gels
was random, whereas in xCol HG gels it appeared to be unidirec-
tional relative to a given location (i.e. plane) in the scaffold.

3.4. Cellularity

High cellularity is a marker of tissue fibrosis. Control of fibro-
blast proliferation can be beneficial to reduce the degree of post-
wound scarring and capsular contracture around implanted mate-
rials. It has been established that cells grown in a collagen gel
(three-dimensional, 3-D) exhibit reduced cellularity than those
cultured on a plate surface (two-dimensional, 2-D). In order to
evaluate cellularity in these collagen systems paraffin embedded
gels were sectioned and analyzed under a fluorescence microscope
in a low power field (LPF). The results in Fig. 4B describe a marked
increase in cellularity from day 6 to day 10 in uncrosslinked scaf-
folds. As of day 10 xCol HG scaffolds have 5-fold fewer cells per
LPF (P<0.001) compared with uncrosslinked collagen-GAG gels.
Furthermore, the addition of PVA-borate hydrogels to the scaffold
significantly reduced cellularity (23 =4 cells per LPF) compared
with the xCol gels (35 £ 5 cells per LPF, P < 0.001).

3.5. Resistance to contraction

Hallmark determinants of contracture are a high cellularity and
a reduction in gel strength [27]. In order to evaluate whether xCol
HG could mitigate cell-mediated contraction cast gels were re-
leased from the plate surface and the surface area was measured
daily over 10 days. As shown in Fig. 5A uncrosslinked collagen gels
rapidly underwent contraction to nearly half the original size with-
in 1 day of being released from the plate surface (P < 0.001). Both
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Fig. 2. Mechanical properties of hydrate collagen-GAG gels. Three collagen gels were cast in 500 pl rectangular wells at 37 °C for 24 h prior to testing: collagen-GAG (Col),
crosslinked collagen-GAG (xCol) and crosslinked collagen-GAG containing PVA-borate networks (xCol HG). Following incubation gels were weighed and loaded on the
tensile mounts. Gels were then stretched until breaking point at a rate of 0.1 cm s~'. The results represent six different batches of gel. Strain (¢) was calculated as a function of
area density and Young's modulus as the slope of the curve (¢/a). (A-C) Stress versus strain curves for six different trials of each collagen scaffold: (A) Col, (B) xCol and (C) xCol
HG. (D) Average Young’s modulus for six batches of collagen scaffold. The error is represented as the standard deviation. (P < 0.05) *P = 0.03, **P < 0.001, ***P = 0.01.
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Fig. 3. Viability and morphology of cells cultured in or on collagen-GAG scaffolds. Three collagen gels were prepared at 4 °C: collagen—-GAG (Col), crosslinked collagen-GAG
(xCol) and crosslinked collagen-GAG containing PVA-borate networks (xCol HG). (A, B) Primary human fibroblasts (hFF, solid bars), baby hamster kidney cells (BHK, open
bars), a human keratinocyte cell line (HaCat, grey bars), and primary human keratinocytes (hKC, gradient bar) were evaluated for viability after 24 h on each of the different
scaffolds. HaCat, hKC and BHK were all cultured on top of the collagen scaffolds, whereas hFF were cultured within them. Cells were stained with a mixture of calcein AM
(green, viable) and ethidium homodimer (red, dead) to indicate cytotoxicity of the scaffolds. 30% ethanol was used as a negative control. Cell numbers were obtained from low
magnification field images using Axiovision lite software. Cell numbers and standard deviations reflect the entire population of cells in triplicate (three batches of gels). (C)
Phase contrast micrograph of fibroblasts within xCol HG gels. Fibroblasts were pretreated with a fluorescent dye-n-glutenin membrane label (green) to depict cell
morphology and surface area inside the cast scaffold after 24 h. (n =3, P<0.05) *P=0.045.

crosslinked gels were able to mitigate contraction over a 3 day per- at 25 £ 6% of their original surface area, whereas the xCol HG scaf-
iod (>75% original size), however, following day 3 the xCol scaf- folds were still 91 + 5% of their original surface area (Fig. 5B). Fur-
folds significantly reduced in size (day 5 P<0.0001; day 7 thermore, by day 10 the xCol HG scaffolds were able to resist
P=0.004; day 10 P<0.0001) relative to xCol HG. On day 5 the contracture by 57 +7.2%, compared with the xCol scaffolds at
uncrosslinked scaffolds had reduced to near their minimum size 38 +9.6% (P <0.001).
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triangle). Cell medium (DMEM containing 10x FBS and 1x antibiotics) was changed daily. FFPC were released from the plate walls on day 0 and allowed to float. (A)
Contraction images of FFPC over the course of 10 days. (B) Resistance to gel contraction as marked by the per cent original gel on days 1, 3, 5, 7 or 10, where day 1 represents
24 h following release of the scaffold from the plate walls. (n = 3 batches of gel, P < 0.05) ***P < 0.001, **P < 0.01, *P < 0.05.

3.6. Thermal stability

Thermal stability and heat capacity is not only important for
“shelf-life” but also as an indicator of molecular bonding. It has
separately been established that PVA and collagen exhibit distinct
thermal properties, and that a combination of these polymers can
alter material characteristics [16]. Lyophilized collagen gels were
evaluated using DSC at a rate of 5°C min~!. Representative DSC
isotherms found in Fig. 6A-C show that crosslinking of collagen
eliminates the glass transition observed with uncrosslinked colla-
gen. The heat loss by crosslinked collagen (Fig. 6B) is much greater
than that by uncrosslinked collagen approaching its crystallization
point at 90 °C (consistent with both scaffolds). However, the addi-
tion of PVA-borate (Fig. 6C) (even at 0.2%) distinctly changes the
isotherm of the crosslinked scaffold (Fig. 6B). The heat capacity is
notably increased at a T, of 30°C through to a second peak at
45 °C in xCol HG with no evident sign of crystallization at temper-
atures under 100 °C (Fig. 6C). It is known that PVA has a T, of 85 °C,

which may explain the slight change in heat flow at around 90 °C
[28]. The homogeneity of the heat flow curve suggests that addi-
tion of the PVA-borate hydrogel produces a stable polymer
network.

3.7. Resistance to enzyme degradation

It has been previously established that the level of matrix
metalloproteinases (MMP), matrix degrading enzymes, increases
when fibroblasts are cultured within a collagen gel. In order to
investigate whether the addition of a PVA-borate hydrogel to the
scaffold could mitigate enzymatic degradation acellular gels were
incubated in the presence of pure collagenase (CLSPA) for 24 h.
Results were quantified by measuring the hydroxyproline content.
80 +0.4% (P<0.001) of the uncrosslinked collagen was digested
(Fig. 6D). Interestingly, as is evident from the hydroxyproline
content, PVA-borate hydrogels exhibited reduced degradation
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Fig. 6. Thermal and enzymatic stability of collagen-GAG scaffolds. Three collagen gels were prepared at 4 °C and cast at 37 °C: collagen-GAG (Col), crosslinked collagen-GAG
(xCol) and crosslinked collagen-GAG containing PVA-borate networks (xCol HG). (A-C) Differential scanning isotherms representative of different lyophilized scaffolds. The
temperature was raised at 5 °C min~', within the range 20-100 °C. (D) Hydroxyproline content of the digested supernatant calculated as a percentage of the total gel content.

(n=3,P<0.05) *P=0.01, *P < 0.001.

(19.5 +1%) compared with those of both crosslinked (45.2 +2%)
and uncrosslinked collagen (above) after 24 h.

3.8. Scanning electron microscopy (SEM)

Pore size and fiber diameter are key modulators of cell physiol-
ogy in a collagen scaffold. SEM imaging in Fig. 7 reveals a distinct
network of fibers in the crosslinked collagen scaffolds (Fig. 7B
and E) resembling a mesh, unlike the larger fibers found in the
uncrosslinked gels (Fig. 7A and D). Unexpectedly, addition of the
PVA-borate hydrogel to the crosslinked networks created a heter-
ogeneous network of channels, which appeared to be separated by
a thin film rather than fibers (Fig. 7C and F). The topography of the
xCol HG network suggests that it contains fibrous elements that
are filled with PVA-borate (or glycosaminoglycan), similar to pre-
vious findings [16,19,21,29].

3.9. Engineered skin substitute (ESS)

The development of a liquid matrix system for cell delivery may
be advantageous for application as a skin substitute. In vitro mor-
phology of cells cultured in the xCol HG composite ESS showed a
linear arrangement, which differed from the random attachments
observed in either uncrosslinked or crosslinked collagen scaffolds.
In order to evaluate the architecture of skin substitutes prepared
over a 14-day period using both primary fibroblasts and keratino-
cytes paraffin embedded sections of ESS were mounted on slides
and analyzed using H&E staining. The results demonstrate that a

similar linear morphology to the fibroblasts depicted in Fig. 3C
was also achieved in the xCol HG ESS (Fig. 8C). On the other hand,
cellular organization was random in both of the other ESS. Further-
more, the cellularity was also markedly less in xCol HG (Fig. 8C)
and resembled the cross-section of full thickness skin. Finally, it
was also evident that the thickness of both crosslinked scaffolds
(Fig. 8A and B) was consistent across the entire section, whereas
in the uncrosslinked scaffolds the middle of the gel was thinner
than at the edge.

4. Discussion

Cell transplantation offers significant advantages over solid or-
gan transplants for tissue repair and regeneration as a less invasive
approach with potentially reduced immunosuppression [1,30].
One of the main hurdles for cell transplantation is the development
of a viable injectable cell matrix system that will integrate with
surrounding tissues while mitigating fibrotic responses. Several
approaches to creating injectable scaffolds have employed cross-
linking reagents, as well as modified synthetic and natural poly-
mers that undergo crosslinking in situ. In this study we chose to
use glutaraldehyde as a rapid, well-established collagen cross-
linker. Notably, we found our crosslinked gels to be non-toxic to
both cell lines and primary cells. Although primary fibroblasts
were used throughout the study, the viability of primary keratino-
cytes cultured on the gels was also evaluated in order to asses the
usefulness of the scaffolds as skin substitutes. Furthermore, the
viability of BHK cells (an epithelial cell type) and the HaCat
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Fig. 8. Phase contrast micrographs of engineered skin substitutes (ESS). Three different collagen gels were used to prepare ESS: collagen-GAG (Col), crosslinked collagen-GAG
(xCol) and crosslinked collagen-GAG containing PVA-borate networks (xCol HG). First, primary fibroblasts were combined with gel resin prior to casting in a permeable
support for 48 h at 37 °C. After 48 h primary keratinocytes were seeded on top of the scaffolds and the medium was changed to 50/50 DMEM/KSFM as described in Section 2.
After 36 h the medium was lowered to expose the gel liquid interface and allow keratinocytes to develop over a 14 day period. Images represent H&E stained sections from

paraffin embedded ESS. Scale bars 100 um (A-C) and 50 pum (D-E).

(immortalized keratinocyte) cell line were included in our investi-
gation to ensure that a variety of cells could be grown in our scaf-
fold. Importantly, all cultured cells remained viable in the presence
of polyvinyl alcohol-borate in or on any of the collagen-GAG
scaffolds.

PVA is a neutral polymer that easily undergoes hydrogen bond-
ing under physiological and basic conditions [17,18,21,31]. The for-
mation of a gel as a result of hydrogen bonding is most pronounced
in the presence of sodium borates. The bonding between borate
and PVA is well known to cause rapid gelation under concentrated
conditions [18]. In this study we added a dilute PVA-borate mix to
collagen-GAG resins in order to produce a rapidly formed inject-
able ECM. Using a simple inverted tube assay [15,32] we were able
to observe the crosslinking of collagen at 37 °C in less than 10 min
(data not shown). Although a solid gel may form within 10 min, the
formation of fibrils (i.e. complete gelation) will take longer. Cross-
linked collagen scaffolds containing the PVA-borate hydrogel (xCol

HG) showed a significantly increased rate of fibril formation
(16.3 min), as well as a reduction in the lag time. This could be ex-
plained as the result of hydrogen bonding between PVA-borate
and collagen complexes that increases the viscosity and enhances
the nucleation of collagen fibers at 37 °C [33,34]. Bonding between
PVA and collagen was previously shown to create stronger bioma-
terials [16]. In vivo collagen provides strength and toughness.
Hyaluronic acid (HA) is an abundant tissue glycosaminoglycan pro-
viding lubrication and resiliency. It was thought that the addition
of a PVA-borate hydrogel similar to HA would not only increase
the strength but also elasticity. When xCol HG demonstrated a sig-
nificantly higher tensile strength (Y) (1.414 +0.5015 MPa) than
either of the control gels the ultimate elasticity was not improved.
One possibility is that there is more extensive bonding between
the collagen and PVA networks at dilute PVA concentrations, which
requires a greater force per unit area of strain [34]. Thus, once the
breaking force is reached the bond energies are broken and the gel



3068 R. Hartwell et al./Acta Biomaterialia 7 (2011) 3060-3069

tears. The DSC results (Fig. 6) suggest that there is a more exten-
sively bonded (hydrogen) network in the PVA-borate and colla-
gen-GAG crosslinked composites compared with the other two
scaffolds, as marked by an increased heat capacity. These data sug-
gest that intramolecular bonding between the polymer species
(PVA and collagen) may have an additive effect in improving the
strength of the gel [35]. In comparison, the elastic strength of the
actual dermis (in vivo and ex vivo) has been found to be in the
range 0.6-5 MPa, with rat dermis slightly less at 0.4 MPa and sim-
ple dermal equivalents of the order of 8-10 kPa [36-38]. Normal
loads (using indentation) have recently been reported to be in
the range 1-10 kPa [39]. In actual dermis it was shown that below
a 10% strain rate the mechanical properties of the dermis differ sig-
nificantly from at higher strain rates, which may be due to the
presence of elastin-unwinding and adhesion of proteoglycans.
Where patient age, matrix composition, hydration, relative humid-
ity and the method can alter these values considerably, our results
demonstrate that even in the absence of cells the hydrogel-con-
taining injectable scaffold (once formed) can exhibit comparable
mechanical stiffness to actual dermis. More importantly, these data
demonstrate that the composite collagen matrix confers a greater
tensile strength compared with crosslinked and uncrosslinked
scaffolds, and may in part explain the resistance to contraction of
free floating gels.

Free floating collagen gels have a tendency to contract when
populated with fibroblasts [27]. Contraction in vitro is a function
of both the mechanical force required to cause contraction and
the total number of fibroblasts needed to apply a given force
[40]. Thus it is reasonable to suggest that a stiffer material will re-
quire more fibroblasts to produce contraction. Our results sug-
gested a significant decrease in proliferation from day 5 to day
10 in both crosslinked gels compared with the uncrosslinked gel.
The addition of PVA further reduced proliferation from day 6 to
day 10 as the total number of cells on day 10 was significantly less
in xCol HG than that in xCol gel. Previously PVA composites were
found to be inadequate growth substrates for fibroblasts, as sug-
gested by the possible lack of adhesion points. In our study we
used a significantly lower amount of PVA within our composites,
whereby cells could adhere. Cell morphology (Fig. 3) in the pres-
ence of PVA-borate was visibly different, maintaining a spindle
shaped morphology. The amount of PVA (0.2% w/v) was less than
the amount of HA used in other gel composites, and was also the
upper limit that could be applied without causing premature gela-
tion (data not shown) [41]. Together, the improved tensile strength
and reduced proliferation observed in our composite gels suggests
that they would provide greater resistance to contraction com-
pared with either crosslinked or uncrosslinked gels. The significant
difference in contraction between the crosslinked collagen gels and
those containing PVA-borate occurred after day 3. In fact, with the
exception of day 7, scaffolds containing PVA significantly resisted
contraction from day 5 to day 10 (compared with crosslinked gels
without PVA) and maintained nearly 60% of their original size at
the end of the study. Interestingly, these data follow the same
trend observed in cell counts over the same period (Fig. 4).

Within a short period of time fibroblasts are able to remodel
collagen scaffolds, causing them to degrade. Fragmented collagen
and GAG have been shown to induce proliferative, fibrotic and im-
mune responses [40]. As a cell transplant delivery system we were
interested to learn if this composite system would be able to with-
stand specific degradation by collagenase. Clostridium serine pepti-
dase A is the most purified Clostridium collagenase responsible for
initiating digestion by unwinding and cleaving collagen, ultimately
exposing it to other proteolytic enzymes [42]. The hydroxyproline
content in digested samples demonstrated that the PVA-borate
gels were more resistant to degradation than either of the other
gels. Similar to previous findings, crosslinked collagen was more

resistant than uncrosslinked collagen. One explanation for these
observations is that in addition to the glutaraldehyde crosslinks,
the entanglement of PVA-borate networks among collagen fibrils
further inhibited enzymatic attack [35]. In support of this explana-
tion, SEM images of the PVA-borate composites, unlike the Col and
xCol gels, show a lack of any fibers, and the rather film formed cre-
vasses. Compared with SEM images of other PVA-borate mixtures,
thin films in the void space between and around the crosslinked
collagen bundles may in part explain the absence of fibers in the
xCol HG images [15]. Interestingly the “crack and crevasse”
appearance in Fig. 7F, is similar to the SEM topography of acellular-
ized pig and human dermis [43,44].

Skin substitutes, as a cell transplant, are now becoming a more
attractive option for the treatment of severe burns and chronic
wounds. When we compared the histology of skin substitutes cre-
ated using either uncrosslinked, crosslinked or crosslinked PVA-
borate containing collagen-GAG scaffolds it was found that those
containing PVA were most similar to skin. Cellularity, cell morphol-
ogy and even the skin layers (dermis and epidermis) were more
consistent with the normal anatomy. Furthermore, the evident
reduction in cell proliferation within the skin substitute containing
PVA-borate (Fig. 8) was also consistent with our findings in Fig. 4.
Interestingly, fibroblasts maintained a linear shape (similar to the
morphology found in Fig. 3) that may be caused by a restrictive
environment created by the PVA-borate network. Ultimately this
could produce a niche in which fibroblasts can survive but not
overgrow. The extensive hydrogen bonding and, perhaps, charge
neutralization as a result of PVA-borate networks could reasonably
create regions that are unfavorable for cell adherence. Further
studies are required to better understand the morphological re-
sponse of fibroblasts cultured within the PVA-borate containing
skin substitutes. The use of injectable gels has the potential to im-
prove the success of skin cell transplants as in situ forming skin
substitutes. At present there exist a variety of materials in which
to deliver cells. Refinement of these injectable systems is needed
to produce a matrix that, once gelled, assumes the desired archi-
tecture, similar to solid, preformed scaffolds.

5. Conclusion

Our study evaluated the formulation of a simple, injectable col-
lagen-GAG ECM containing networks of PVA-borate. Specifically,
we demonstrated that the incorporation of PVA-borate networks
was not only needed for timely gelation of the ECM, but also im-
proved the architecture and mechanical properties. While high cel-
lularity and contracture is usually associated with fibrosis, these
gels demonstrated the potential to dampen cell proliferation and
contraction, without compromising cell viability. Taken together,
the improved functionality of our simple PVA-borate containing
collagen system warrants further investigation for use in cell trans-
plantation as a dermal substitute or injectable matrix.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 1, 3, and 4, are
difficult to interpret in black and white. The full colour images can be
found in the on-line version, at doi:10.1016/j.actbio.2011.04.024.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.actbio.2011.04.024.
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