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a b s t r a c t

The aim of this study was to design a dermal substitute containing adipose derived stem cells (ADSC) that
can be used to improve the regeneration of skin on difficult wound beds by stimulating rapid neo-
vascularization. This was achieved by first synthesizing methacrylated gelatin (GelMA) and methacry-
lated hyaluronic acid (HAMA) precursors which could be stored at �80 oC after lyophilisation. Polymer
precursors were then dissolved in media (in 15:1 ratio), ADSCs added together with the photoinitiator
and crosslinked with 40 s of UV. Hydrogels degraded by 50% over 3 weeks in an in vitro environment.
ADSC loaded hydrogels could be easily handled with forceps (compressive modulus was 6 kPa). Trans-
parency of the gel would allow a full field-of-view of a wound site. The hydrogels provided a suitable
microenvironment for ADSC proliferation as shown by the filopodia observed in confocal micrographs.
In vivo studies demonstrated that stem cell loaded hydrogels increased vascularization by up to 3 fold
compared to their cell free counterparts. In conclusion, GelMA/HAMA hydrogels loaded with ADSC
showed the desired proliferative and angiogenic properties essential to promote angiogenesis for wound
healing and improving survival of tissue engineered skin.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Skin is the largest organ in the human body accounting for
nearly 10% of the body weight. Loss of normal barrier and ther-
moregulatory functions of skin can have devastating consequences
in patients with burns, trauma and chronic wounds secondary to
diabetes or venous insufficiency. Patients who lost larger than 4 cm
in diameter of their full thickness skin will require an autologous
split thickness skin graft from elsewhere on their body. In cases
where the loss is extensive tissue engineered skin is then called on.
The currently available tissue engineered and cell-based treatment
iversity, Department of Bio-
strategies have been reviewed previously [1].
Tissue engineered skin has been under development since the

early 1980s. It is now possible to make skin grafts constituted of
both the epidermal and the dermal layers, however, one area that
remains a challenge is their “take” and survival onwound beds after
implantation. In a pilot clinical study from our group, in 4 of the 6
patients treated with tissue engineered skin based on de-
epidermised, decellularised, cadaveric donor dermis recon-
structed with autologous keratinocytes and fibroblasts, these grafts
were eventually lost due to delayed vascularization [2]. In contrast,
when a similar construct, tissue engineered buccal mucosa, was
grafted onto a well vascularized wound bed to treat scarring of the
urethra (urethral stricture disease) we could demonstrate excellent
grafting [3]. Taken together these confirm the point that survival of
tissue engineered skin grafts depend heavily on the rapid ingrowth
of blood vessels from the underlying wound bed.
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Converting a poorly vascularizedwoundbed to awell vascularised
wound bed prior to grafting of a tissue engineered skin has been
recognized and adopted for a long while. In practice, those groups
which have made most clinical progress in this area [4] have advo-
cated prior treatment of the wound bed, as part of a two stage oper-
ation, with a material such as Integra® [5]. This resulted in a very
impressive take of cultured skin substitutes in patients with full
thickness burns.Another strategy topromotevascularisationof tissue
engineered constructs can be incorporating mesenchymal stem cells
(MSCs) into it [6]. A number of studies, including somework fromour
laboratory, have looked atways of deliveringMSCs towoundbed.We
described a 2D carrier for delivering MSCs confirming that their ac-
tivityafter theyare transferred toawoundbedremainsunchanged [7]
and these were then assessed for their ability to promote wound
healing in a diabetic mousemodel where the results were consistent
with MSCs acting in a pro-angiogenic capacity [8].

It was also shown by our group in a bilayer tissue engineered
oral mucosal substitute that mesenchymal cell type used in a
dermal layer has an important effect on epithelial cells in control-
ling epithelial development. Mesenchymal cells of different sources
(oral, dermal, and corneal fibroblasts) showed that the cell source
had a significant influence on the thickness and ultrastructure of
the epithelial layer [9].

In the current study we take on the challenge of developing a
dermal substitute which contains MSCs that can be used in a two
stage procedure to improve the take and survival of tissue engi-
neered skin. The requirements for this dermal substitute are that it
should be biocompatible, biodegradable, have good handling
characteristics, be easy to assemble with MSCs in the laboratory
and critically support the growth and survival of MSC capable of
stimulating angiogenesis. It must also be simple to use in the clinic.
The latter is important as methodologies of delivering MSCs that
are not surgeon friendly are unlikely to be adopted.

Hydrogels meet most of these requirements as dermal sub-
stitutes and are commonly used as wound dressings due to their
good viscoelasticity and water content.

Hyaluronic acid is a polysaccharide with high water retention
capacity and elasticity, and abundant in shape forming tissues such
as nose and ear, and in joints where they also function as lubricants.
It is not adhesive for cells and therefore used in lower quantities in
hydrogels than collagen or gelatin in tissue engineering applica-
tions. Hyaluronic acid is effective in wound healing and is a vital
element of viscoelastic tissues.

Gelatin on the other hand, is a derivative of collagen and is
frequently included in hydrogels because of its excellent gelling
properties, biocompatibility and biodegradability. A limitation of
gelatin based hydrogels, however, is their poor mechanical prop-
erties, particularly in terms of thermostability. These limitations
can be overcome by chemical or physical crosslinking of gelatin.
Also, gelatin based hydrogels can be enriched by adding other
extracellular matrix (ECM) components such as hyaluronic acid.
Previously, we showed that porous gelatin scaffolds carrying
epidermal growth factor (EGF) lead to a fast and proper healing of
full skin defects created on rabbits [10] and on diabetic rats [11]. We
observed that the wound dressings prepared from Heparin-
Chitosan-Alginate demonstrate very effective antibacterial prop-
erty against S. Epidermidis [12]. In another study, we have shown
that tissue engineering using biomolecules like collagen blended
Methacrylation degree ð%Þ ¼ Number of methacrylate grou
Number of amine groups on unreacte
with synthetic polypeptides called ELR (elastin like recombinamer)
lead to highly vascularized oral mucosa equivalents [13].

Bicomponent polymer network (BCN) hydrogels are unique
structures that allow the combination of two independent net-
works to be integrated with each other resulting in better me-
chanical properties while preserving the desired properties of the
original polymers.

In this study we hypothesized that gelatin and hyaluronic acid
could be effectively crosslinked into a BCN hydrogel structure
suitable for incorporating MSCs within them for delivery to wound
beds to stimulate new blood vessel formation and for later use as
the dermal layer of a bilayer skin substitute.

2. Materials and methods

2.1. Preparation of the gel

2.1.1. Synthesis of methacrylated gelatin (GelMA)
Methacrylated gelatin was synthesized according to the Nichol

et al. (2010) [14]. Briefly, a solution of porcine skin gelatin type A
(Sigma-Aldrich, UK) (10%, w/v) in phosphate buffer (10 mM, pH 7.4)
was prepared. Methacrylic anhydride (Sigma-Aldrich, UK) (20%)
was added dropwise into the gelatin solution at 50 �C and stirred
for 1 h. Then, the mixture was diluted 5 fold with warm phosphate
buffer (40 �C), filtered and dialysed against distilled water for 1
week and lyophilised (Labconco Freezone 6, USA) (Fig. 1A).

2.1.2. Synthesis of methacrylated hyaluronic acid (HAMA)
Methacrylated hyaluronic acid was prepared as described by

Messager et al. (2013) [15]. Briefly, a solution of hyaluronic acid in
distilled water (0.5 w/v, %) was prepared and DMF (dime-
thylformamide) was added to achieve a ratio of 3:2 H2O:DMF.
Methacrylic anhydride (1%) was added dropwise while stirring. pH
was adjusted to ca. 8e9 with NaOH (0.5 M), incubated overnight
at þ4 �C with continuous stirring, dialysed against distilled water
for 3 days and lyophilised (Fig. 1B).

2.1.3. Preparation of GelMA/HAMA bicomponent network (BCN)
hydrogels

A solution of GelMA and HAMA was prepared in cell culture
media in which the final concentrations of the polymers were 15
and 1% (w/v), respectively, yielding a 15:1 (w:w) ratio of the two
polymers. Photoinitiator (Irgacure 2959, 0.3%, w/v) was added and
placed in a PDMS mold (i.d. 1 cm). The solution was exposed to
365 nmUV (Omnicure s1000) for 40 s. After release from themolds,
the hydrogels were washed with PBS (Fig. 1C).

2.2. Characterization of the hydrogels

2.2.1. NMR spectra of GelMA and HAMA hydrogels
High resolution proton nuclear magnetic resonance (1H NMR)

spectra of GelMA and HAMA were obtained at room temperature
on a Bruker DPX 400 spectrometer operating at 1H resonance fre-
quency of 400 MHz, 16 scans and used to characterise GelMA and
HAMA by the determination of their methacrylation degree.

The methacrylated biopolymer samples were dissolved in D2O
(30 mg/mL). The methacrylation degree is defined as follows [16]:
ps
d polymers

� 100 (1)



Fig. 1. Assembly of an ADSC containing hydrogel from GelMA and HAMA polymer chains. Prior to gel assembly, gelatin and hyaluronic acid are methacrylated separately and
lyophilised for storage. A) The binding of methacrylate groups to the primary NH2 groups of gelatin, B) The binding of methacrylate groups to the hydroxyl groups of hyaluronic acid.
C) To create a bicomponent hydrogel, a solution of methacrylated gelatin and methacrylated hyaluronic acid was formed by rehydrating lyophilised powders of both in media alone
(control hydrogel) or media containing cells (cell-containing hydrogel) then crosslinked by the addition of a photoinitiator and UV irradiation for 40 s.
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2.2.2. Morphology and porosity analysis by SEM
Hydrogels were frozen in liquid nitrogen, lyophilised and

sputter coated with Au-Pd (2 nm) and examined with QUANTA
400F field emission SEM (Netherland). Porosity and pore sizes were
calculated with Image J software (NIH). Each group had 3 hydrogel
samples. 5 images from each sample were randomly selected and 5
measurements from each image were taken.

2.2.3. Mechanical testing
Compressive mechanical tests were performed on a universal

test machine (Shimadzu AGS-X, Japan) at room temperature.
Hydrogels were kept in PBS for swelling prior to the testing. The
crosshead speed was 1 mm/min. The applied force (F), cross-
sectional area (A), initial sample length (l) and the displacement
(Dl) measured during the experiments were used to calculate the
stress (s ¼ F/A), the strain (ε ¼ Dl/l), and compressive modulus
(s/ε).

2.2.4. Transparency
Transmittance (T) of the BCN hydrogels was measured in the

range 250e700 nm with 5 nm intervals (n ¼ 5) using a UVeVis
spectrophotometer (Thermo Scientific, USA).

2.2.5. In situ degradation
The test was performed according to ASTM F 1635-04a on each

hydrogel formulation. Pre-weighed hydrogels were placed in sterile
PBS and weighed daily after lyophilisation.
2.2.6. Swelling
The degree of swelling (DS) of the GelMA/HAMA hydrogels were

calculated from the weights of the samples in dry and wet states
after 48 h in PBS. DS was calculated according to the following
equation:

DSð%Þ ¼ ws �wd

ws
� 100 (2)

where ws is swollen weight and wd is dry weight of the
hydrogels.
2.3. In vitro studies

Adipose derived stem cells (ADSCs) were a kind gift from Dr.
Sabiniano Roman and were isolated from human subcutaneous fat
tissue from abdominoplasties (covered under a Human Tissue Au-
thority research tissue bank license: 08/H1308/39, England) and
used up to passage 5. Cells were cultured as previously described
[17].

ADSCs (0.5 � 106 � 2 � 106 cells) were resuspended in GelMA/
HAMA polymer solution (200 mL) containing 0.5% (w/v) photo-
initiator and the BCN hydrogels (GelMA/HAMA) were produced as
described in Section 2.1.3.

In some tests VEGF (100 ng/hydrogel) was added into the
hydrogel composition as a positive control of ADSC presence.
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2.3.1. Viability of ADSCs in the hydrogels assessed by Live-Dead
assay

Hydrogels loaded with ADSCs were cultured for 3 weeks,
washed with PBS and double stained with calcein AM (4 mM in PBS)
and ethidium homodimer-1 (10 mM in PBS) for 20 min. Excess stain
was removed, gels were washed with PBS, and examined by
confocal microscopy (CLSM, Zeiss LSM 9100, Germany).

2.3.2. Cell proliferation by total DNA quantification assay
Total DNA of the ADSCs was isolated at each time point using a

Genomic DNA Purification Kit (Promega, USA) according to the
manufacturer's protocol. Total DNA isolated was quantified (n ¼ 5)
with PicoGreen dsDNA Assay (Invitrogen, USA). The samples and
DNA standards (10 mL) were incubatedwith PicoGreen reagents and
fluorescence was measured at 560/590 nm (excitation/emission),
and DNA content was determined.

2.3.3. Assessment of ADSC behaviour in the BCN hydrogels
Behaviour of ADSCs in the hydrogels at different time points

were studied with CLSM. Cytoskeleton and nuclei of the cells were
stained with Alexa488 (lex: 495 nm, lem: 519 nm) and Draq5 (lex:
646 nm, lem: 697 nm), respectively and observed with 20� and
40� objectives.

2.4. Evaluation of angiogenic potential of the BCN hydrogel

The angiogenic potential of the BCN hydrogels was studied with
2 different assays, chick aortic arch assay and chick chorioallontoic
membrane (CAM) assay.

2.4.1. Incubation of eggs
Pathogen-free fertilized white leghorn chicken eggs (Gallus

gallus domesticus) were obtained from Henry Stewart Co. Ltd (UK).
Care was consistent with the guidelines of the Home Office, UK.
Chick embryos were cultured as described previously [18] except
this time an ex ovo (shell less) culture method was used [19]. The
egg shells were cracked and embryoswere transferred into a square
petri dish on embryonic development day (EDD) 3. The ex ovo
cultures were maintained in a humidified incubator at 38 �C be-
tween EDDs 3 to 14. The survival of the embryos was checked daily
and recorded.

2.4.2. The chick aortic arch assay
Chicken embryos were sacrificed on EDD 14, aortic arches

removed aortic branches were cut into 1 mm rings under a ste-
reomicroscope. Aortic rings were embedded in 50 mL of Matrigel®

(Basement Membrane Matrix, Corning®) in a 24 well plate. After
30 min of incubation, DMEM (2 mL, supplemented with 2.5% FCS,
50 units/mL penicillin and 50 mg/mL streptomycin, GIBCO, Carlsbad,
CA) was added into eachwell and incubated in an incubator at 37 �C
and 5% CO2.

With the aid of a transparent tissue culture insert (Greiner Bio-
One GmbH) the aortic rings were co-cultured with unloaded or
ADSC loaded BCN hydrogels (2.5 � 105; 5� 105 and 10� 105 ADSCs
were loaded in the hydrogels). The endothelial sprouts were
observed under an inverted microscope on Day 5 and the longest
sprout length for each sample was calculated, as described previ-
ously [20]. Endothelial cells were characterized by immunofluo-
rescence staining with Griffonia Simplicifolia Lectin I, isolectin B4
(Vector Laboratories, Burlingame, USA).

2.4.3. The ex ovo CAM assay
Unloaded, VEGF loaded and ADSC loaded BCN hydrogels with an

internal diameter of 8 mmwere prepared. At EDD 8, two gels from
the same group were placed on the CAM surface at opposite sites.
At EDD 14, pictures of hydrogel and surrounding CAM area were
taken with a digital microscope. After imaging, embryos were
sacrificed by cutting their vitelline arteries and gels were resected
from the CAM surface with 1 cm margin.

2.4.4. Morphometric quantification of angiogenesis
Quantification of angiogenesis was performed on 6 digital im-

ages from each group using an online Image J plug-in, NeuronJ
(Meijering et al., Cytometry Part A 2004; 58A:167e176; http://
www. imagescience.org/meijering/software/neuronj/). The total
number of vessels and total vessel length of all traced vessels were
calculated together with a ‘vasculogenic index’ which is defined as
all discernible blood vessels traversing a 1 mm annulus about the
2 mm imaginary circle drawn around the hydrogel [21].

2.5. Histology

The gels and surrounding CAM were fixed with formaldehyde
(10%), embedded in paraffin and 6 mm sections were cut. Conven-
tional haematoxylin and eosin (H&E) staining was performed.
Slides were examined under light microscopy to see blood vessels
and the inflammatory response in the CAM adjacent to hydrogels.
Blood vessels were also stained with a conjugated alpha smooth
muscle actin antibody (a-SMA, Sigma-Aldrich, UK) together with a
40,6-diamidino-2-phenylindole dihydrochloride (DAPI, Gibco Invi-
trogen, UK) nuclei staining. Slides were observed under an epi-
fluorescence microscope (Olympus, Japan) and the area of a-SMA
stained blood vessels were measured (n ¼ 6).

2.6. Statistical analysis

Statistical analysis was performed with Graphpad Prism6 pro-
gramme. Differences between group means were analysed with
Student's T test when the data was normally distributed. Mann
Whitney U test was used for data that was not normally distributed.
Comparisons of more than 2 groups were performedwith One-way
ANOVA with Tukey's post-hoc test, to determine significant dif-
ferences. All values are represented as the mean ± standard devi-
ation. Differences were taken to be significant for p < 0.05.

3. Results

3.1. Characterization of hydrogels

3.1.1. Methacrylation of gelatin and hyaluronic acid
The degree of methacrylation of gelatin was calculated from the

peaks of spectrum obtained from the proton NMR at 7.4 ppm for the
aromatic amino acid residues of gelatin, and the peaks at 5.5 ppm
and 5.7 ppm for the double bonds of the methacrylate groups
[14,16] (Fig. 2A).

The methacrylation reaction of hyaluronic acid showing the
methacrylate peaks at 6.1, 5.6, and 1.85 ppm (Fig. 2B) presents a
proton NMR spectrum characteristic for this reaction [15]. The
degree of methacrylation was calculated from the relative inte-
grated intensities of the methacrylate protons and methyl protons
in hyaluronic acid (peak at 1.9 ppm). NMR results demonstrated
that gelatin was 63% methacrylated and hyaluronic acid 25%
methacrylated (Fig. 2A and B). Thus, the efficiency of gelatin
methacrylation was about 2.5-fold higher than that of hyaluronic
acid.

3.1.2. Morphology of GelMA/HAMA BCN hydrogels
BCN hydrogel was obtained after the methacrylated gelatin and

hyaluronic acid solutions were mixed and crosslinked with UV
(Fig. 3). The GelMA and HAMA solutions were free-flowing before

http://www
http://www


Fig. 2. 1H NMR spectra of gelatin, hyaluronic acid and their methacrylamide forms prepared in D2O at room temperature. A) 1H NMR spectra of gelatin (left) and gelatin meth-
acrylamide (Gel-MA) (right). The expanded region in Gel-MA between 5 and 6 ppm (shown with an asterix) is presented as insets which show the methacrylation of gelatin. B) 1H
NMR spectra of hyaluronic acid (left) and hyaluronic acid methacrylamide (right). The expanded region between 1.5 and 2 ppm (shown with an asterix) represents the increase in
the peaks because of methacrylation as shown at the inset.
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UV exposure (Fig. 3A, left), and turned into a solid mass after
crosslinking with UV (Fig. 3A, right). The 3D bulk structure of the
GelMA/HAMA BCN hydrogel was shown with SEM to be highly
porous (Fig. 3B). The average pore size was 120 ± 76 mm with 79%
porosity (n ¼ 75). Such pore size and the porosity are very suitable
for tissue engineering applications.

3.1.3. Handling of the hydrogel and its mechanical properties
A round 1 cm-diameter piece of the BCN hydrogel could be

easily manipulated using surgical forceps without breaking and
deforming showing it was robust enough for handling (Fig. 3C).

In compression testing, the BCN hydrogels were stable until
compression with a load of 12.86 ± 1.23 kPa and had a modulus of
6.17 ± 2.05 kPa.

3.1.4. Swelling and in situ degradation
Hydrogels are a crosslinked network of hydrophilic polymers

that can swell in water to capture many times their original mass
and can undergo hydrolytic degradation in aqueous environments.
The hydrogels reached equilibrium swelling after about 48 h. The
degree of swelling (DS) of the hydrogels was calculated as
227% ± 11 (n ¼ 5).

Theweight loss over timewas used as a measure of degradation.
Measurable differences inweights were observed, initially at a slow
rate and after the first week at a higher rate. GelMA/HAMA
hydrogels lost 50% of their weight during the 21 days in PBS at 37 �C
in an incubator and rotated at a rate of 70 rpm (Fig. 3D).
3.1.5. Transparency
The transmittance analysis of unloaded and ADSC loaded BCN

hydrogels show that the unloaded hydrogels have 85% light
transmittance in the visible spectrum allowing a full field-of-view
of the wound site at all times (Fig. 3E and F). Loading the stem
cells into the BCN hydrogel did not significantly affect the trans-
mittance up to a loading of 1 million ADSCs. The transmittance
decreased to 56% in the visible range when 2 million cells were
loaded. All samples transmitted very lowUV light at wavelengths of
320e400 nm (UVA) and 290e320 nm (UVB).
3.2. In vitro studies

3.2.1. Viability of ADSCs in the hydrogels by Live-Dead assay
On Live-Dead Cell staining, live cell (green) coverage was 99, 97,

94 and 96% on days 3, 7, 14 and 21, respectively (Fig. 4A) showing
that more than 90% of the cells were alive, able to elongate and
move freely in the hydrogels for 3 weeks.



Fig. 3. Characterization of BCN hydrogels. A) BCN gel solution before (left) and after (right) 50 s of UV treatment, B) SEM of the cross-section of the BCN hydrogel (scale bar: 100 mm).
C) Photograph showing easy handling of the BCN hydrogel with surgical forceps, D) In situ weight loss from the hydrogel over 21 days, E) Transparency of the hydrogel. Up to 2
million cells in the BCN gel did not significantly affect the transparency of the gel. The BCN hydrogel does not transmit light in the ultraviolet region making it inherently sun
protective. F) A decrease in the transparency of the hydrogels with an increasing number of cells. Opacity increases with the loading of 2 million cells.
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3.2.2. Cell proliferation and DNA quantification in hydrogels
The amount of DNA after 3 weeks of in vitro culture was deter-

mined by quantification of DNAwith PicoGreen staining (Fig. 4B). It
was observed that ADSCs in the hydrogels proliferated at a rate
similar to that in 2D culture on TCPS and gradually increased
throughout the 21 day incubation. There was a gradual increase in
the amount of DNA over the 21 days of culture indicating cell
proliferation in the hydrogels.

3.2.3. Determination of ADSC morphology in the hydrogels
After 3 days in culture, ADSCs encapsulated in the GelMA/HAMA

BCN hydrogels started to spread and form protrusions into the
hydrogels (Fig. 5A). On Day 14, they appeared more elongated, and
by Day 21 formed interconnected networks with the neighbouring
cells. Pore size and porosity of the hydrogels were measured from
their SEM using NIH imageJ program. Porosity increased from
130 ± 72 on Day 3e210 ± 98 mm on Day 21 (Fig. 5B) indicating the
degradation of the hydrogel.

3.3. The angiogenic potential of BCN hydrogel

The sprouting tubular structures observed in the chick aortic
ring assay were identified as endothelial cells as they stained
positively with the endothelial cell marker Isolectin B4 (Fig. 6A). A
significant increase in the length of the endothelial cell sprouts
when co-cultured with ADSC loaded BCN hydrogels was observed
unlike the unloaded hydrogels (Fig. 6B). Also an effective
concentration for ADSCs to increase endothelial cell sprouts was
found to be between 5 � 105 - 1 � 106 (Fig. 6C).

The CAM assay clearly demonstrated newly growing blood
vessels towards ADSC loaded and VEGF loaded BCN hydrogels
where unloaded hydrogels served as controls (Fig. 7A). The total
number and length of blood vessels growing on the CAM tissue
adjacent to the VEGF loaded and ADSC loaded hydrogel was
significantly higher compared to unloaded ones. Also, the vascu-
logenic index (number of vessels growing towards the gel in a
spoke-wheel pattern) was highest for VEGF loaded hydrogels and
ADSC loaded hydrogels was the second highest with unloaded
hydrogels being the lowest (Fig. 7B).

3.4. Histological evaluation of angiogenesis and initial in vivo tissue
response to BCN hydrogels

Histological and immunohistological evaluation of normal
CAM structure is demonstrated in Fig. 8A. Histologic examination
of CAM-hydrogel complex have confirmed a significantly
increased area of a-SMA positive blood vessels in CAM tissue
under and adjacent to the VEGF loaded hydrogel compared to the
hydrogel alone whereas ADSC loaded hydrogel was associated
with a moderate increase in the number of blood vessels (Fig. 8B
and C). Also the H&E staining of the samples demonstrated
almost no inflammation in the CAM underneath the hydrogel and
VEGF loaded hydrogel whereas a mild inflammatory response
together with infiltration of inflammatory cells in the



Fig. 4. Viability and proliferation of ADSC in the hydrogels. A) Live-Dead analysis of
ADSCs using CLSM, on BCN hydrogels at different time points (3e21 days). Hydrogels
stained with calcein AM for live and ethidium homodimer-1 for dead cells
(Magnification �10). Lower micrographs are the z-stacks of the micrographs showing
the level of penetration of the ADSCs in the hydrogel (Scale bar: 250 mm). B) Quanti-
fication of DNA content by staining with PicoGreen. DNA of the ADSCs in the hydrogels
was extracted at different time points and determined with fluorescence intensity
measurements at 560/590 nm (excitation/emission). The number of cells in the
hydrogels and on the TCPS (2D culture of the cells) were similar and statistically
insignificant at each time point showing that the cell survival in the hydrogels was
similar compared to control cells (Anova One-Way Tukey test, p: 0.014).
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perivascular area was observed consistently in the ADSC loaded
hydrogel group (Fig. 8C).

4. Discussion

In this study we synthesized and characterized a gelatin/hyal-
uronic acid based UV crosslinkable bicomponent (BCN) hydrogel
that allows effective incorporation of stem cells within them that
allows us to deliver cells to stimulate new blood vessel formation
in vivo. This biodegradable hydrogel was designed to improve the
take of tissue engineered skin when used in a two stage operation
and also as the dermal layer for a bilayer skin substitute. Such an
MSC containing hydrogel would also be valuable in stimulating
blood vessel formation in poorly vascularized chronic wounds-a
growing burden for patients and healthcare providers worldwide
[22,23].

The main findings of the study are that one can readily combine
ADSC with the GelMA/HAMA BCN hydrogels using only 40 s of UV
crosslinking. Cells increase in number in this hydrogel over three
weeks and stimulate new blood vessel formation assessed using an
ex ovo CAM assay. This hydrogel is easy to handle and transparent.

A “bicomponent network” (BCN) is a network system
comprising of two chemically different polymer sequences that are
covalently bonded via a single chemical bond. BCNs can be differ-
entiated from interpenetrating networks which comprise two or
more independent networks that cannot be separated without
breaking covalent bonds [24]. BCNs allow combining the properties
of two different polymers while preserving their desired qualities.
In our BCN hydrogel we combined the mechanical and cell attrac-
tive properties of gelatin with unique water retention and visco-
elastic features of hyaluronic acid by crosslinking them via their
methacrylate groups with the application of UV. Among other
chemical and physical crosslinking methods, UV crosslinking has
the advantage of being rapid and reliable.

In situ degradation studies showed that 50% of the hydrogel
eroded within 21 days showing that the BCN hydrogel has a stable
structure in the short term but will breakdownwithin a few weeks
in vitro. Prior studies with the commercial dermal substitute
product Integra have shown that it takes at least 3 weeks or more
for new blood vessels to grow into this product from the underlying
wound bed [3,25]. We hypothesise that this rate of hydrogel
degradation will be appropriate for it acting as a dermal substitute
and also a biological wound dressing for stimulating chronic
wounds to heal. Further, the fact that the hydrogels are reasonably
transparent even when loaded with cells will enable clinicians to
view the wound bed under the hydrogel and see the extent of new
blood vessel formation.

Hydrogels absorb and retain large amounts of water which then
affects solute diffusion, surface properties and mechanical prop-
erties [26]. The degree of swelling of hydrogels is dependent on the
concentration of the polymer solution, the methacrylation degree
and the ratio of the components. Nichol et al. (2010) and Oud-
shoorn et al. (2007) showed that the swelling ratio increased with
decreasing degree of methacrylation because of a decrease in the
crosslinkage allowing the increase in swelling capability of the
hydrogel [14] [27].

The GelMA/HAMA hydrogels serve as a dynamic environment
for the ADSCs to proliferate and deposit their pericellular and
extracellular matrix. Hyaluronic acid, a nonsulfated glycosamino-
glycan, has shown its versatility by being used for wound healing
[28] and the involvement of hyaluronic acid in the hydrogel is
important because it mimics the composition of the in vivo cellular
environment and also acts as a promoter of early inflammation,
which is crucial in the whole skin wound healing process. Mesen-
chymal stem cells have the ability to differentiate into various lin-
eages as a result of physical, chemical and mechanical signals from
their microenvironment. A limitation of this study is that the effect
of the hydrogel microenvironment on the stemness of the MSCs
have not been studied, however, previous studies suggest that the
keymechanical guide in stem cell differentiation in hydrogels is the
bulk matrix stiffness [29]. Our hydrogel can be considered rather
soft (6 kPa) and this stiffness would not be expected to stimulate
stem cell differentiation [30].

A relevant study evaluated the effect of different concentrations
of gelatin and hyaluronic acid on physical and biological properties
of a biomimetic hybrid hydrogel and demonstrated that addition of
gelatin methacrylate (GelMA) into HA methacrylate (HAMA)



Fig. 5. Behaviour of ADSCs in the hydrogels at different time points as studied with CLSM and SEM. A) CLSM images of ADSC loaded hydrogels. Orange (Alexa488, cytoskeleton) and
cyan (Draq5, nucleus). Filopodia were observed starting from Day 7. Magnification �20. Cells are homogenously distributed inside the hydrogel. Inset micrographs show that the
cells change from spherical to spindle like morphology. B) SEM micrographs show the cross-section of ADSC loaded hydrogels. Individual elongated cells could be seen starting from
Day 7. Pore sizes and porosity of the hydrogel increased due to the in vitro degradation. Arrow heads in the insets show the change in cell morphology at different time points. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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promoted cell spreading in the hybrid hydrogels [31]. Thus, it was
necessary for us to initially explore various ratios of HA to gelatin as
HA has been previously shown to resist cell adhesion for a few
hours [32]. Once the cells were seeded, they initially tended to leak
from the HA hydrogels. In order to obtain a cell adhesive HA
Fig. 6. ADSC loaded hydrogels were co-cultured with chick aortic arches to evaluate endoth
observed with epifluorescence microscopy. Lectin IB4 positive endothelial cells are stained g
The change in the length of endothelial sprouts with the seeding density of ADSCs. C) Micro
bars represent 250 mm). (For interpretation of the references to colour in this figure legend
carrying hydrogel with appropriate mechanical integrity, the ratio
of HA to gelatinwas adjusted to 1:15 and their concentrations in the
final solutionwere 1% and 15%, respectively. With this HA to gelatin
ratio the gels were cell friendly, easy to crosslink, transparent and
easy to handle.
elial cell proliferation and sprouting on Day 5 of culture. A) Endothelial cell sprouts as
reen, nuclear components stained blue (DAPI). Arrows show endothelial cell sprouts. B)
graphs for sprout length measurements used in the calculation of data for Fig. 6B (scale
, the reader is referred to the web version of this article.)



Fig. 7. Evaluation of the angiogenic properties of the BCN hydrogel in the chick chorioallantoic membrane (CAM) assay. A) Micrographs (upper row) and semi-automatic processed
images (lower row) of the hydrogel, hydrogel containing ADSCs and hydrogel containing VEGF (positive control), taken on Day 14 of embryonic development. B) The change in total
number of vessels, total vessel length and vascularization index of ADSC and VEGF loaded hydrogels calculated from processed images (p < 0.005, nunloaded ¼ 5, nadsc loaded ¼ 4, nVEGF

loaded ¼ 5, One-way ANOVA, pairwise comparison Tukey's post-hoc test, *: p < 0.05, **: p < 0.01, ***: p < 0.005, ****: p < 0.001, ns: nonsignificant). Scale bars 2 mm.
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In the literature GelMA hydrogels with concentration and de-
gree of methacrylation similar to our study had a compressive
modulus of about 10 kPa showing that our results are in line with
previously published studies [14,33]. Also, the BCN hydrogels
proved easy to handle and manipulate, which will be important in
their handling in the laboratory and in the clinic in the future.

Another attractive feature of the GelMA/HAMA BCN hydrogel is
its optical transparency. It is important to have a therapeutic device
that can function as a wound dressing and transparent when wet
and thus allows the follow up of the healing process without
removing the dressing [26]. Another advantage of our hydrogel is
its low transparency to UVA and UVB which makes it inherently
protective against UV radiation. Whether the hydrogel will
continue to remain transparent in vivo as it degrades will need to be
investigated in vivo.

In designing the cell based hydrogel dressing to stimulate blood
vessel formation it is important to consider how the cells will work,
how long they need to be in place and the fate of the hydrogel in the
long term. MSCs secrete a wide variety of pro-angiogenic factors
such as vascular endothelial growth factor (VEGF), fibroblast
growth factor 2 (FGF-2), and interleukin-6 (IL-6) that are shown to
act at different steps of angiogenesis. Functionalization of tissue
engineered constructs with stem cells to improve their vasculari-
zation has been investigated before [34,35]. Our study clearly
demonstrates the BCN hydrogel per se had no effect on angiogen-
esis but when loaded with ADSC they increased the angiogenic
response. ADSCs were not as effective as VEGF used as a positive
control here. In other studies, degradation products of HA were
demonstrated to increase angiogenesis, however, our results did
not showan increased angiogenic response to control gels [36]. This
may be due to the low concentration of HA used or possibly 7 days
was not enough for the degradation products of HA to occur.

Currently the vasculogenic potential of tissue engineered ma-
terials are mainly evaluated by in vivo studies which do not allow
direct visualization of the blood vessels andmaterials are expensive
and the process is time consuming. The ex ovo CAM assay that we
used in this study allows direct visualization of the newly forming
vessels, is relatively rapid (within 2 weeks), and inexpensive. Also
this method can potentially be used as a rapid, simple and low cost
screening tool to test the initial tissue response to biomaterials, as a
pre in vivo method [37]. Additionally, in this paper we have
demonstrated an increasing number of endothelial cell sprouting
from the chick aorta in response to an increasing number of ADSCs
when they are co-cultured. Taken together our data suggests that it
is the paracrine action of ADSCs, rather than the hydrogel, that
promotes angiogenesis.

Finally, the link between neo-angiogenesis and inflammation
has long been established. It is important to rule out inflammation
as a trigger in angiogenesis, especially when xenogenic cell sources
are studied. The chick embryo lacks a mature immune system,
especially in the first 11 days of the embryonic development which
appears as an advantage of using the CAM assay. Our histologic
examination results proved that the BCN hydrogel alone did not
cause any inflammation on the CAM tissue whereas ADSC loaded
hydrogels caused a mild inflammatory reaction.



Fig. 8. Histological and immunohistological evaluation of angiogenic properties of BCN hydrogels on CAM at Day 14. A) Normal appearance of CAM structure on Haematoxylin
&Eosin (H&E) staining and fluorescence staining of CAM vessels with alpha-smooth muscle actin (a-SMA) and 40 ,6-diamidino-2-phenylindole dihydrochloride (DAPI). Arrows and
arrow heads indicate large and small blood vessels, respectively. B) Bar chart showing quantification of fluorescent a-SMA positive blood vessel area (n ¼ 5) where ADSC loaded
hydrogels had significantly increased vessel area compared to unloaded hydrogel (One-way ANOVA, pairwise comparison Tukey's post-hoc test, **: p < 0.01, ***: p < 0.005). C)
Representative images from each group demonstrating no inflammation and slight perivascular inflammatory cell infiltration on CAM tissue adjacent to unloaded and VEGF loaded
BCN hydrogels and ADSC loaded hydrogels, respectively. Fluorescent stained images demonstrate more a-SMA stained blood vessels on the CAM underneath ADSC loaded and VEGF
loaded hydrogels (Scale bars: 100 mm).
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5. Conclusion

We conclude the GelMA/HAMA B hydrogel assessed in this
study appears very promising when combined with ADSCs as an
approach to provide a well vascularized dermis to improve the
engraftment of tissue engineered skin. With respect to the possible
future clinical applications, the proposed approach would be most
clinically relevant in chronic non-healing wounds to stimulate
wound healing.

This approach to achieve a vascularized dermis now merits
further research in an in vivo animal model and prior to translation
to the clinic issues of sterilisation of the hydrogel, the use of
autologous or donor cells and the transport of cells from a GMP
laboratory to the clinic will also need to be determined to translate
this into a product to be tested in man.
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