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Recapitulating the typical features of extracellular matrix (ECM) in engineered biomaterials is crucial for
preparing a suitable niche to activate endogenous tissue repair. Here, we report the design and evalu-
ation of an ECM-mimetic scaffold that successfully accelerated wound healing through enriching
endogenous platelet-derived growth factor-BB (PDGF-BB). Specifically, we prepared a electrospun
hydrogel sponge (EGS) comprising a PDGF-BB-binding polysaccharide (EUP3) and gelatin. The two
polymers in concert exerted a ‘retention-and-release’ function: upon the application of EGS in vivo, EUP3
started to bind and sequester endogenous PDGF-BB at the wound site; gradually, gelatin was degraded to
free the PDGF-BB/EUP3 complex that acted on the cells in situ. Our serial in vitro and in vivo tests vali-
dated the efficacy of EGS in retaining PDGF-BB, releasing PDGF-BB/EUP3 in response to collagenase, and
promoting various PDGF-BB-mediated regenerative activities. Particularly, EGS accelerated the repair of a
full-thickness skin wound in mice and induced optimal neo-tissue formation, without the addition of any
exogenous GFs, cells or genes. Collectively, our results suggest that, by mimicking the distinctive GF-
affinitive feature of ECM, EGS as an engineered biomaterial can effectively harness the endogenous
regenerative power of the native tissue. Our investigation may inspire the design of new, effective and

safer approaches for tissue regeneration.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Design of biomaterials for wound healing and tissue regenera-
tion aims to restore the physical and biological functions of extra-
cellular matrix (ECM), which is the natural scaffold of tissue cells
[1—4]. In addition to its fundamental roles in supporting cell
growth and guiding tissue formation [5—7], one distinctive feature
of ECM is its affinity for numerous growth factors (GFs) that are key
biological mediators of the healing process [8—10]. Like a sponge,
ECM absorbs GFs in its three-dimensional (3D) network; but
beyond physical absorption, ECM can further retain the GFs
through affinitive bindings — between its certain polysaccharide
components called glycosaminoglycans (GAGs) and specific do-
mains on the GFs [4,11,12]. These bindings protect the GFs from
degradation, enrich their local concentration and enable them to
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interact with cellular receptors [13—15]. Thus, establishing proper
binding of GFs to a matrix is an essential pre-requisite for GFs to
exert their biological actions [12,16,17].

Nevertheless, few current biomaterials scaffolds could recapit-
ulate this prominent feature of ECM. Engraftment of these scaffolds
could hardly enrich endogenous GFs (which are usually secreted
more abundantly than normal and accumulate in response to
injury) or protect exogenous ones (which are often delivered in an
excessive amount to the wound bed [18,19]). Consequently, GFs that
are in high demand either diffuse or degrade rapidly, failing to
activate the tissue's endogenous healing potential and orchestrate
the regenerative process. Meanwhile, overdosing is often required
and causes severe safety concerns [20—22]. It emerges as a pressing
need to devise a scaffold that can mimic ECM in sequestering the
endogenous, pro-regenerative GFs around the site of injury and
thereby create a suitable niche to facilitate endogenously-driven
tissue regeneration.

Our recent discovery of a galacturonic acid-containing poly-
saccharide with unique GF-binding affinity may provide inspiration
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[23]. This polysaccharide, namely EUP3, demonstrated an extraor-
dinary bioactivity among natural polymers — it could preferentially
bind platelet-derived growth factor-BB (PDGF-BB) and specifically
enhance the latter's function both in vitro and in vivo [23]. EUP3
possesses desirable properties as the material to fabricate a GF-
affinitive scaffold. First, it selectively facilitates the action of
PDGF-BB. This potent mitogen plays a pivotal role in almost every
stage of wound healing; but it has an exceptionally short half-life in
the wound fluid [24—28] and requires binding to ECM (or possibly
an ECM-mimetic scaffold) [29,30]. Second, except for strengthening
the action of PDGF-BB, EUP3 exerted no bioactivity (and thus side
effect) on its own. It has no sulphate groups and is not derived from
animals, thereby avoiding undesirable activities commonly found
with molecules with such properties [31—35]. Third, as a poly-
saccharide macromolecule, EUP3 has an adequate size to be
incorporated into polymer network without easy leakage.

Although EUP3 can be used to fabricate a scaffold to bind PDGF-
BB, a further challenge emerged: how could this scaffold enrich
PDGF-BB in its framework while enabling the GF to act on the cells
around the injury site? Physiologically, ECM solves this issue by
adjusting the concentration gradients of GFs in a highly dynamic
and sophisticated manner [36]. Here, we devised a ‘retention-and-
release’ mechanism to achieve the goal. We selected EUP3 and
gelatin as the building blocks of the scaffold. Gelatin, an FDA-
approved natural polymer, has two roles in our design. First, it
supports cell adhesion [37,38], which fulfils the fundamental role of
ECM. Second, it is a substrate of type IV collagenase [39], which is
produced in elevated levels by keratinocytes and other cells
involved in the healing of the skin [40,41]. We expected that — soon
after scaffold implantation, EUP3 starts to bind and sequester the
endogenously produced PDGF-BB into the scaffold (‘retention’). As
healing continues, cells secrete more collagenase to degrade
gelatin, freeing the molecular complexes of EUP3/PDGF-BB that
further act on the cells (‘release’). We hypothesised that scaffolds
with such a local, retention-and-release control of PDGF-BB could
activate the body's endogenous regenerative power for wound
healing, without the addition of exogenous GFs or other therapeutic
agents (Scheme 1). To validate our hypothesis, we first employed
the electrospinning technology to fabricate EUP3 and gelatin into a
fibrous scaffold, mimicking the microstructure of the skin tissue
ECM [42,43]. Then, we evaluated its effects in sequestering
endogenous PDGF-BB and enhancing the function of this GF in
various aspects — specifically in promoting cell proliferation,
inducing neovascularisation and eventually accelerating wound
healing in mice created with full-thickness wounds.

2. Materials and methods
2.1. Electrospinning fabrication of EUP3/gelatin fibres

The EUP3 polysaccharide, which we discovered and reported for
the first time, was routinely isolated from Eucommia ulmoides Oliv
and characterised in our laboratory according to our published
protocol [23]. The proposed structure of EUP3 is shown in Fig. S1.
Gelatin (porcine skin, type-A powder, Sigma; 120 mg) and EUP3
(20 mg) was dissolved in trifluoroethanol (TFE, Aladdin, China;
1 mL) and ddH,0 (1 mL), respectively. The two solutions were
mixed to ensure the ratio of EUP3 to gelatin to be 1:36,1:16,1:6 and
1:4 (w/w). The mixture was filled into a syringe and kept in a sy-
ringe pump attached with the electrospinning instrument (Tongli
Weina, China). The fibres were collected with an aluminium foil
collector plate (10 x 10 cm). The distance between the syringe and
the collector was set at 13 cm, with a 15 kV voltage and flow rate of
1 mL/h.

The obtained fibres were crosslinked into scaffolds by using the

glutaraldehyde vapour (0.25%, w/v) for 30 min at room tempera-
ture, followed by washing with 1 M glycine aqueous solution to
block the unreacted glutaraldehyde. The scaffolds prepared from
pure gelatin were numbered as Sample I and referred to as GS, and
those with a EUP3/gelatin proportion of 1:36,1:16,1:6 and 1:4 were
numbered as Samples II to V, respectively. Sample IV was referred
to as EGS in most experiments.

2.2. Characterisation of the fibres and scaffolds

The morphology of the fibres/scaffolds was observed by scan-
ning electron microscope (FEI nanoSEM 430, USA). The average
diameter was calculated using Image], with at least 100 different
fibres collected from each image. The porosity of the scaffolds was
calculated by densimetry and each value was obtained from six
repeated measurements [44]. To visualise EUP3 in the scaffolds, this
polysaccharide was labelled with fluorescein-5-thiosemicarbazide
(FTSC), by reacting with FTSC (EUP3: FTSC = 10: 1, W/W) for
overnight at room temperature in the presence of 1-Ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and N-hydrox-
ysuccinimide (NHS) in MES solution (EUP3/EDC/NHS = 3:3:1, w/w/
w, pH = 5.0) [45]. After weaving into the fibres and crosslinking into
scaffolds, the fluorescence signal was detected by using a fluores-
cent microscope (IX73, Olympus).

The tensile strength and air permeability of the fibres/scaffolds
were measured by Instron 5848 (Instron, Canton, MA) and the air
permeability tester (PORTAIR FX3360, Switzerland), respectively.
The contact angles of the scaffolds were continuously measured
within 10 s by five-point fitting method with a contact angle in-
strument (JC-2000D1, Powereach Co.). The thermal stability of the
scaffolds was measured by the TGA technology (TGA/DSC1, MET-
TLER TOLEDO). The samples were weighted in open aluminium
pans and heated from 25 to 800 °C with the rate of 10 °C/min. In
addition, the water retention of the samples was measured. Briefly,
the weight of the samples before and after 24-h water absorption
was defined as wy and wy, respectively. The samples were then left
in air at room temperature and the weight (w;) was measured at
pre-determined time points. The water sorption was calculated
according to the following equation.
sR=""Wd , 100%

Wy

2.3. Determination of VEGF-A, FGF-2 and PDGF-BB bound to the
sponges

The amount of murine VEGF-A, FGF-2 and PDGF-BB (Peprotech,
USA) sequestered by the sponges was determined by ELISA.
Different sponge samples were incubated with recombinant VEGF-
A, FGF-2 and PDGF-BB (10 pg/mL in PBS) in 24-well plates for
overnight at 4 °C. After proper rinsing against PBS to remove the
unbound GFs, the samples were homogenised in PBS, vortexed
(1 min) and centrifuged (10,000 rpm; 5 min). The supernatants
were carefully aliquoted and measured using corresponding ELISA
kits (R&D systems, USA). Additionally, the presence of PDGF-BB
retained by the sponges were visualised in situ by using a modi-
fied ELISA protocol, by incubating the substrates with anti-PDGF-
BB, rinsing and directly staining.

2.4. Cell adhesion, proliferation and GF-retention in vitro

The mouse fibroblast cell line NIH-3T3 (ATCC, USA) was cultured
in Dulbecco's Modified Eagle Medium (DMEM) with the addition of
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Scheme 1. Schematic illustration of the mechanisms of the designed ECM-mimetic sponge (EGS) for wound healing. EGS, with its unique PDGF-BB-binding affinity and collagenase-
responsive degradability, exerted to harness the regenerative activity of the endogenous PDGF-BB for accelerating wound healing in situ. Inset images on the top left: a gross view

and SEM observation of the fibrous scaffolds of EGS.

10% FBS. The cells were seeded onto EGS or GS sponges with or
without pre-incubation with PDGF-BB (5 x 10%/sample) and incu-
bated at 37 °C for 24 h. First, the viability and gross morphology of
the cells were examined by calcein-AM staining (15 min) and
observation under a confocal microscope (Nikon, Japan). Second,
following proper rinsing with PBS, the cells were fixed with
glutaraldehyde (2.5%) for overnight at 4 °C, followed by dehydra-
tion with a gradient of ethanol solutions (from 30% to 100%), freeze-
drying and gold coating for SEM observation.

Third, the cell viability was quantitatively measured by with a
CCK-8 assay at day 1 and 3. To each mL of cultural medium, one
hundred microliter of CCK-8 agent was added to each well and
incubated for 2 h at 37 °C. Then, 100 pL of the final medium was
transferred into the 96-well plate and the absorbance was
measured at 450 nm on a microplate reader.

Fourth, the retention of PDGF-BB in vitro was assessed
by immunofluorescent (IF) staining. As described above, the
cells treated for 24 h were fixed with paraformaldehyde (4%;
20 min), blocked with BSA (5%; 30 min) and incubated with the
primary antibody (anti-PDGF-BB, Bioss Technology, China) for
overnight at 4 °C. After proper rinsing against sterile PBS, incu-
bation with a secondary antibody (AlexaFluor488-conjugated
anti-rabbit, Cell Signaling Technology, USA) and counter-
staining with DAPI, the cells were observed under a confocal
microscope.

2.5. Western blotting (WB)

As described before, the cells were seeded onto the sponges
with or without pre-incubation with PDGF-BB. After incubation for
24 h at 37 °C, the cells were gently rinsed with cold PBS and lysed
with RIPA buffer containing protease. The lysate was collected and
centrifuged (rpm 14,000 g, 15 min) to obtain total proteins, which
were then quantified (MicroBCA Kit, Thermo Scientific, USA) and
subjected to WB. Briefly, equal amounts of protein samples were
resolved with SDS-PAGE electrophoresis and transferred to PVDF
membranes (Bio-Rad, USA). The membranes were then blocked
with skimmed milk or bovine serum albumin (5%) for 1 h at room
temperature with gentle shaking, blotted with anti-PDGFR (1:1000,
Cell Signalling, USA) at 4 °C for overnight and incubated with sec-
ondary antibody for 2 h at room temperature. The bands were
visualised with the SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific, USA).

2.6. Degradation

The scaffolds of EGS or GS were cut into pieces, seeded into 24-
well plates and incubated at 37 °C in collagenase IV (0.5 mL/well,
0.8 units/mL of PBS) or PBS as control. The solution was changed
every other day. The samples were collected by centrifugation and
rinsed for three times against ddH,O, followed by lyophilisation
and measurement of the mass. Additionally, the fibres collected at
day 3 and 7 were observed by SEM.

2.7. The releasing profile of PDGF-BB

To sketch the release profile of PDGF-BB from the sponges, the
PDGF-BB-incubated samples were placed in PBS (pH 7.4; 1 mL) or
collagenase IV solution (1 mL, 0.8 units/mL of PBS) and kept on a
shaker at 37 °C. The GF released from the sponges was collected at
different time points (from day 1 to day 12), with fresh PBS or
collagenase IV solution replenished. The amount of PDGF-BB was
assayed using ELISA.

2.8. Gel-shift and co-immunoprecipitation (co-IP) assays

EGS/GS incubated with PDGF-BB (and rinsed gently) were put in
the transwell membrane inserts (Corning Inc., NY, USA) placed into
the 24-well tissue culture plates. Collagenase IV (200 pL; 0.8 units/
mL of PBS) and PBS (600 puL) were added into the upper transwell
insert and the lower chamber, respectively. The sponges were
incubated at 37 °C for 72 h, with the solution in the lower chamber
collected, stored at —80 °C and replenished with fresh PBS every
12 h. Each collected sample was lyophilised and separately re-
dissolved in PBS (10 pL) for the subsequent experiments.

The gel shift assay was performed by native polyacrylamide gel
electrophoresis [46]. Briefly, the above solution was loaded onto a
native polyacrylamide gel (T (%) = 12%,T (%) = [acrylamide + bis-
acrylamide/V (mL)] x 100%; C (%) = 3.3% C (%) = bis/
(acr + bis) x 100%; separating buffer was 0.06 M potassium hy-
droxide, pH 4.3). The loading buffer consisted of 15% glycerol, 0.02%
methyl green and 70 mM B-alanine. The running buffer was 0.14 M
B-alanine (pH 4.5). Electrophoresis was performed under 70 V on
ice for 1 h followed by Coomassie Blue Fast Staining Solution
(Beyotime, China).

The co-IP experiment was performed according to an estab-
lished protocol [14]. Briefly, the acquired solution was incubated



Q. Li et al. / Biomaterials 148 (2017) 54—68 57

with or without PDGFRB Fc chimera (500 ng/mL, R&D System:s,
USA) at room temperature for 2 h. The complex was precipitated
with the Protein A/G Agarose (Santa Cruz Biotechnology, USA) for
10 h at 4 °C. The solution was centrifuged (10,000 rpm, 15 min) and
the supernatant discarded. The acquired samples were subjected to
the phenol-sulfuric acid assay to detect the presence of sugars and
the absorbance was measured at 490 nm. Meanwhile, according to
the standard protocol, the acquired solution was eluted with equal
and adequate PAGE sample buffer containing 1 mM phenyl-
methanesulfonyl fluoride (PMSF) (Sigma-Aldrich). After heat
denaturation at 95 °C for 5 min and centrifugation at 12,000 rpm
for 5 min, the eluted proteins were loaded onto the SDS-PAGE gel
for WB examination with anti-PDGF-BB (1:2000, Abcam, UK). Both
the input control and isotype control (Mouse IgG; 500 ng/mL,
ThermoFisher Scientific, USA) were set for the IP experiment.

Moreover, the obtained solution was incubated in equal volume
with maximum recovery diluent (MRD, Thermo Scientific, USA,
diluted with PBS in equal volume) that mimic the wound bed
microenvironment [47], and the activity of PDGF-BB was measured
by ELISA. Further, we seeded the fibroblasts onto the bottom of the
Transwell device, and placed EGS/GS pre-incubated with PDGF-BB
(following rinsing) in the upper inserts with the addition of colla-
genase IV as described before. Cell proliferation was determined
with a CCK-8 assay at different time points.

2.9. Full-thickness wound model

The animal protocols were approved by the Animal Care and Use
Committee of Nanjing University and conformed to the Guidelines
for the Care and Use of Laboratory Animals published by the Na-
tional Institutes of Health. C57BL/6 mice (male, 18—20 g) were
provided by the Experimental Animal Centre of Nanjing Medical
University (Nanjing, China). A total of 30 male mice, weighing be-
tween 18 and 20 g, were anesthetised and cut off with one circular
full-thickness skin wound (7 mm diameter) under the sterile con-
ditions. The mice were randomly divided into three groups: i) blank
control (no treatment except for sterile gauze), ii) receiving GS and
iii) receiving EGS. The mice having recovered from anaesthesia
were reared in different cages.

2.10. Analysis of wound healing

The gross view of wound was observed at 0, 3, 5, 7, 10 and 12
days after operation. The wound healing rate of different groups
was calculated based on comparison with the original area of
wound. In each group, wounds were excised with a 5 mm sur-
rounding intact tissue. The tissues were immersed into the para-
formaldehyde (4%) for 24 h and then embedded into paraffin. After
the paraffin was sectioned, hematoxylin-eosin (H&E) and Masson's
trichrome staining were carried out for histological analysis.

2.11. Retention of PDGF-BB in vivo

To evaluate the retention of endogenous PDGF-BB in situ and
in vivo, the sponges were retrieved from the wounds at different
days after implantation. The sponges were homogenised in PBS (pH
7.4) and centrifuged (10,000 rpm, 5 min). The supernatant was
collected for the determination of PDGF-BB by ELISA. The tissue
paraffin sections at the different time points were also prepared for
IF staining for PDGF-BB.

2.12. Immunofluorescent (IF) staining of the tissue samples

IF staining was performed to detect the presence of PDGF-BB in
situ as well as the expression of various specific markers. The

primary antibodies (all diluted in 1% BSA) detecting murine pro-
teins used in this study are below: anti-PDGF-BB (Bioss China,
1:200), anti-Ki67 (1:100, Abclonal Technology, China; proliferative
marker), anti-CD31 (1:20, Abcam, Cambridge, UK; endothelial
marker) anti-alpha-smooth actin (2-SMA, 1:200, Boster Biotech-
nology, China), anti-Desmin (1:200, Abcam, Cambridge, UK; both
pericyte marker), anti-CD68 (1:100, Abclonal, China; macrophage/
monocyte marker) and anti-CD206 (1:500, Abcam, Cambridge, UK;
M2-macrophage marker). The secondary antibodies used included
Alexa Flour 488-conjugated donkey-anti-mouse and Alexa Fluor
546-conjugated donkey-anti-rabbit (1: 200, Life Technologies, USA;
both diluted in 1% BSA).

The paraffin sections representing samples collected at different
time points were deparaffinised with xylene and ethanol, rehy-
drated, operated with antigen retrieval, blocked with BSA (5%,
30 min) and applied with the specific primary antibody for over-
night at 4 °C. After proper rinsing against PBS, the samples were
incubated with corresponding secondary antibodies and counter-
stained with diamidino-phenyl-indole (DAPI; Sigma-Aldrich). All
images were captured on a Nikon confocal microscope (C2+, Nikon,
Japan) and analysed by using the Nis-element advanced research
software (Nikon).

In addition, EUP3 conjugated with the sulfo-cyanine3 carboxylic
acid [48] was fabricated into EGS, for the assessment of the
degradation of EGS and the binding of PDGF-BB in vivo (with IF
staining for PDGF-BB). In certain samples, the density of micro-
vessels was calculated and their numbers were counted in the
representative areas with vascularisation, with at least three
different regions randomly chosen.

2.13. Blood coagulation and biochemical analysis

The serum of mice at day 10 after operation were collected and
stored at —80 °C until analysis, in which the levels of creatine kinase
(CK), lactate dehydrogenase (LDH), blood urea nitrogen (BUN),
aspartate transaminase (AST) and alanine aminotransferase (ALT)
were assessed with corresponding kits (Jiancheng Biotech, China).
The blood of mice at day 3 and day 10 after operation were collected
into blood collection tubes with KEDTA and prothrombin time (PT)
was measured with the Sysmex cs-5100 (Japan).

2.14. Statistics

For all the quantitative measurements, at least three biological
replicates were performed. Data are presented as mean + standard
deviation (SD). Statistical analyses were performed using one-way
ANOVA (GraphPad Prism 6), with * and ** standing for p < 0.05
and < 0.01, respectively.

3. Results and discussion
3.1. Preparation and characterisation of EUP3/Gelatin sponge (EGS)

We prepared EGS in two stages — i) fabricating fibres by elec-
trospinning and ii) crosslinking the fibres into scaffolds that rapidly
turned into sponges in an aqueous solution.

In the first stage, we optimised the proportion of gelatin and
EUP3, with an aim to incorporate as much EUP3 as possible while
ensuring the viscosity of the mixture suitable for electrospinning.
Among the five sample groups, Sample [ was based on pure gelatin;
Sample II-V contained EUP3 and gelatin at ratios of 1:36, 1:16, 1:6
and 1:4, respectively. The spinning process of Samples I to IV went
smoothly, but that of Sample V was frequently discontinuous. SEM
examination showed that the diameter of the fibres ranged be-
tween 0.6 and 1 um (Fig. 1a and Fig. S2). The porosity of the fibres
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ranged from ~62% (Samples I) to ~ 68% (Samples IV). Observation of
the FTSC-labelled EUP3 revealed a homogenous distribution of
EUP3 in the fibres (inset images, Fig. 1a). From Sample I to IV, fibres
containing increasing amounts of EUP3 showed higher fluorescent
intensity and smaller average diameters; but in Sample V the fibres
appeared irregular in morphology and contained knots of varying
sizes. This phenomenon, together with its intermittent spinning
process, suggested that the concentration of EUP3 in Sample V was
too high, making the viscosity of the mixture solution too low to
produce a continuous fibre.

In Samples II to IV, EUP3 demonstrated its advantage as a
macromolecule component: it served as a building block of the fi-
bres and stably embedded even without crosslinking. In contrast,
when heparin, another polysaccharide with smaller molecular
masses, replaced EUP3 for electrospinning, it easily leaked from the
fibres between 24 and 48 h (Fig. S3). A thermal stability analysis
confirmed that these fibres exhibited a similar profile, showing
little change at between 50 and 80 °C but considerable weight loss
at between 250 and 300 °C (Fig. 1c).

In the second stage, we crosslinked the fabricated fibres with
glutaraldehyde vapour (0.25%, w/v) for 30 min into scaffolds, which
exhibited a porous microstructure (Fig. 1b) and a white, opaque,
fabric morphology (inset images, Fig. 1b). Samples containing more
EUP3 demonstrated higher air permeability: for instance, Sample I
and IV had an average permeability of 30 and 90 cm?/cm?fs,
respectively (Fig. 1d). We suspected that the addition of the poly-
saccharide increased the porosity and thereby air permeability of
the scaffolds, which could potentially benefit healing. In addition,
we confirmed 30 min to be an optimal crosslinking time, as the
crosslinked scaffolds quickly absorbed PBS and turned into trans-
parent sponges within a minute. In contrast, scaffolds crosslinked
for shorter than 20 min failed to form a shape in PBS, yet those
crosslinked for 60 min tended to produce rigid scaffolds lacking
water-absorbing capacity (Fig. 1e).

We characterised the physical properties of these five scaffolds
in two aspects — i) the rate and capacity of water absorption and ii)
mechanical strength. All the samples absorbed water fast — the
instant contact angle (ICA) of the scaffold surface against a drop of
PBS sharply decreased from 100° + 20° to almost 0° in 5—7 s
(Fig. 1f). Meanwhile, all the scaffolds absorbed PBS in the capacity of
500—550% — and retained approximately 450% after 5 days — of
their own mass (Fig. 1g). As time increased, the scaffolds were
gradually saturated with PBS. Additionally, the fully-hydrated
scaffolds displayed typical stress-strain curves. Increasing the
EUP3 ratio considerably decreased the tensile strength and elon-
gation. For example, Sample [ and IV encountered fracture at the
elongation of 60% and 50% (Fig. S4a) and had Young's modulus of
~520 and ~230 kPa (Fig. S4b), respectively. We suspected that the
samples with higher contents of EUP3 might have fewer crosslinks
between gelatin molecules, making the scaffolds more flexible.

In summary, we have optimised the conditions to fabricate EGS
and characterised the samples in different forms — fibres, scaffolds
and sponges. The EUP3-containing Samples II to IV demonstrated
homogenous morphology, stability and reasonable physical char-
acteristics for wound dressings and tissue scaffolds. These data
provided essential information for selecting an optimal condition
to fabricate EGS as well as understanding the physical features of
the materials in their various forms.

3.2. In vitro retention of VEGF-A, FGF-2 and PDGF-BB in EGS

Based on the above physical characterisation, we continued to
examine the GF-retaining capacity of the different sponges by
incubating them in PBS containing recombinant growth factors for
12 h. After proper rinsing, the amount of VEGF-A, FGF-2 and PDGF-

BB retained in each scaffold was determined by ELISA. These
samples barely absorbed VEGF-A and mildly retained FGF-2, but
exhibited significantly higher binding capacity for PDGF-BB
(Fig. 2a). Moreover, the samples containing higher ratios of EUP3
retained more of PDGF-BB, though there was no significant differ-
ence between the two highest samples, IV (1:6) and V (1:4), in their
retained amount of PDGF-BB (Fig. 2a). These results highlighted the
binding selectivity of the EUP-3-containing matrix for PDGF-BB
over the other two GFs, which is consistent with our previous
finding [23].

Compared with other samples, Sample IV contained a relatively
high proportion of EUP3 and retained almost the highest amount of
PDGF-BB; and compared with Sample V, it showed a more homo-
geneous fibre morphology and stable physical properties. Hence,
we selected to prepare EGS in the conditions of Sample IV. Mean-
while, Sample I based on pure gelatin served as control. From this
step on, the scaffolds/sponges of Sample IV and I was referred to as
EGS and GS throughout this study.

We next validated the capacity of EGS and GS, in the form of
sponges, in retaining PDGF-BB. By using a directly staining assay
based on the principle of ELISA, we visualised the sequestration of
PDGF-BB onto EGS, but not GS, after repeated rinsing in the
washing buffer (Fig. S5).

Although EGS demonstrated its capability in retaining PDGF-BB,
its ability to support cell growth was unknown. Thus, we examined
the growth of fibroblast cells on both EGS and GS, with or without
pre-incubation with PDGF-BB. First, immunofluorescent staining
(IF) for PDGF-BB (green) indicated that the highest concentration of
PDGF-BB accumulated on the EGS substrate pre-incubated with
this GF (Fig. 2b), with the signal focused around the cell body (inset
images, Fig. 2b). Second, Live staining and SEM observation illus-
trated that the cells adhered well on the surface of both EGS and GS
sponges, showing their native spreading morphology (Fig. 2c).
Among them, the cells growing on EGS supplemented with PDGF-
BB had obviously the highest density and exhibited clear filopodia,
which is a typical consequence of GF stimulation (inset images,
Fig. 2¢). Third, over 72 h, the cells proliferated faster on EGS than on
GS, both supplemented with PDGF-BB (Fig. 2d). Further Western
blotting analysis revealed an elevated level of phosphorylated PDGF
receptor (p-PDGFR) in cells on EGS than those on GS — both stim-
ulated by PDGF-BB (Fig. 2e).

We employed EUP3 to build up EGS based on its proven, se-
lective affinity for PDGF-BB. And this polysaccharide convincingly
fulfilled its mission, enabling EGS to not only retain PDGF-BB but
also enhance the PDGF-mediated cellular activity. Previously,
others and we explored the use of several other polysaccharides for
the GF-binding purpose, notably including GAGs such as heparin/
heparan sulphate (HS) [11,12,16,19,49—53]. The selection of these
molecules were based on solid scientific rationale and led to valu-
able findings; however, they had both theoretical and technical
limitations. First, heparin, the hyper-sulphated form of HS, despite
being relatively easier to obtain, has severe adverse effects such as
anti-coagulant/haemorrhagic and immunogenic [32,54]. Moreover,
both heparin and HS lack specificity in binding GFs [53,55,56], and
sophisticated technologies were needed to increase the selectivity
of acquired GAGs that were already in low amounts [12,50]. In
comparison, the plant-derived EUP3 molecule is obtainable in the
scale of grams and with high purity, showing selective affinity
and enhancing activity for PDGF-BB while possessing no
immunogenicity.

3.3. In vitro release of PDGF-BB/EUP3 complex from EGS

According to our design, the PDGF-BB-retained EGS can degrade
in response to type IV collagenase, which is highly expressed in the
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Fig. 1. Characterisation of EGS throughout the sample preparation. Sample I was based on pure gelatin; Samples II to IV contained increasing contents of EUP3: a-b) representative
SEM images of a) un-crosslinked, and b) glutaraldehyde-crosslinked samples; c¢) TGA analysis of the samples; d) measurement of the air permeability of the samples (n = 6;
**p < 0.01); e) the morphology change from fibrous scaffolds to sponges of sample IV crosslinked for different periods of time; f) examination of the water absorption rate, as
reflected by the change in instantaneous contact angle of the sponges; g) examination of water absorption capacity of the sponges.

wound bed, because its gelatin backbone is a substrate of this
enzyme. We expected that this degradation would lead to the
release of the EUP3/PDGF-BB complex into the microenvironment.

To verify whether type IV collagenase could trigger the degra-
dation of the sponge, we incubated EGS and GS in PBS with or
without this enzyme (0.8 units/mL of PBS). Because gelatin is a
well-known degradable polymer, both EGS and GS almost entirely
degraded at day 12 in PBS. However, the presence of type IV
collagenase accelerated this process, causing EGS and GS to degrade
completely after 6 and 8 days, respectively (Fig. 3a). SEM

observation of EGS samples collected at day 3 and 7 revealed the
structural change during the degradation (Fig. 3b). The degradation
kinetics of EGS in the presence of the enzyme should approximately
match the typical rate of neo-tissue growth and thus be favourable
for wound healing.

We next assessed the ability of EGS in retaining and releasing
PDGF-BB, in the absence and presence of type IV collagenase,
respectively. In the absence of the enzyme, GS pre-incubated with
PDGF-BB failed to hold the GF, which was almost completely
released within 2 days; however, EGS retained over half amount of



60 Q. Li et al. / Biomaterials 148 (2017) 54—68

(a)
30+ 30+ 30+
5 254 254 5 25
£ 5 £
> 204 £ 204 * o 20
£ = I 1 £
< 154 £ 154 o 154
uw NS § o
O 104 w104 w 104
w O [T)
> w a
o T 11 1 W .
0 0 0-
N A » Q 3 3> \J 3
¥ W @ e \® »® @ @ @
Q Q N \¢ X ) 3 Q
& Q S L & JJ Q Q L <
< >4 e c_,’be 696\ & e’f g’b‘e 4&6\ %’b& P

C) = ) ® P
£ 300- o S \906?;\?06?
c *
g  |mm GsPocFBB M P L7 P O
5 EGS/PDGF-BB
9\2200- (| - p-PDGFR
£
S
& 1007 ——— T
£
s .
3 0 --d B-actin
= o ® v

Time (h)
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EGS and GS, pre-treated or not with PDGF-BB; d) cell proliferation and e) the activation of PDGFR signalling pathway in the cells cultured on EGS and GS, pre-treated or not with
PDGF-BB.



Q. Li et al. / Biomaterials 148 (2017) 54—68 61

PDGF-BB at 5 days (Fig. 3¢). In the presence of the collagenase, the
release of PDGF-BB from the EGS sponge was accelerated owing to
the added enzyme and reached around 70% after 4 days; though it
was likewise burst released from GS within 2 days (Fig. 3d). These
data validated the expected, critical ‘retention-and-release’ feature
of EGS, which demonstrated to retain PDGF-BB in its matrix and
release it upon enzyme cleavage.

Since the collagenase cleaves gelatin but not EUP3, and since
PDGF binds to EUP3 in the scaffold, we assumed that a PDGF/EUP3
complex — instead of the GF alone — was released from EGS after
collagenase treatment. To validate this, we incubated the PDGF-BB-
absorbed EGS in the upper insert of a Transwell device and added
type IV collagenase into the insert. From the lower chamber, we
collected the degraded products that could penetrate the insert
membrane (Fig. 4a). A native gel electrophoresis revealed that the
movement of PDGF-BB was significantly retarded, as compared
with its positions in other groups (Fig. 4b). We could exclude
gelatin molecules as a main influence for two reasons — i) theo-
retically, gelatin has no specific affinity for PDGF-BB except for
some weak interactions; ii) the data showed that the band of PDGF-
BB retrieved from the GS group appeared almost at the same place
of the recombinant protein. Thus, the retardation should be
attributed to the formation of the complex between EUP3 and
PDGF-BB.

To further prove that EUP3 and PDGF-BB were complexed in the
degradation product collected from EGS, we performed a co-
immunoprecipitation (co-IP) assay to pull down PDGF-BB/EUP3,
with the acquired solution before immunoprecipitation set as the
input control and the group added with a mouse anti-IgG set as
isotype control. The simultaneous presences of the polysaccharide
and PDGF-BB in the EGS degradation sample were confirmed by a
phenol-sulfuric acid assay (Fig. 4c) and a WB assay, respectively
(Fig. 4d). The quantitative result of the phenol-sulfuric acid assay
was in good agreement with the colorimetric outcome (Fig. 4e),
which indicated that PDGF-BB was complexed with EUP3 when
being released.

In our design, EUP3 could bind and protect PDGF-BB against
degradation. To verify it, we collected the released products and
added them into the MRD solution — a commercially-available,
peptone-containing product that mimic the wound fluid [47]. Ac-
cording to the ELISA results, PDGF-BB from the ‘leftover’ of GS
rapidly degraded, losing over 75% after 8 h; encouragingly, PDGF-
BB in the EGS release products resisted degradation, with around
60% still detectable after 8 h (Fig. 4f).

We further confirmed that the released product from EGS
accelerated the growth of fibroblasts. After 72 h of treatment, the
viability of the cells treated with the lower-chamber solution from
EGS and GS was ~2.2 and 1.6 folds of that of the untreated cells,
respectively (Fig. 4g). This result suggested that binding with EUP3
amplified the mitogenic effect of PDGF-BB on these cells.

This series of findings about ‘release’ answered two questions
crucial to our design. First, EGS (also GS) could be degraded by
collagenase IV, which was the basis for the ‘bio-responsive’
degradation of this scaffold in the wound environment. Second,
once degraded, the scaffold released PDGF-BB in the form of PDGF-
BB/EUP3 complex that could exert the activity of PDGF on cells,
which was pivotal for EGS to initiate the PDGF-BB-mediated
regenerative actions. These data, together with the earlier find-
ings regarding ‘retention’, validated in vitro the ‘retention-and-
release’ function of EGS.

3.4. In vivo retention of PDGF-BB by EGS

The in vivo regenerative performance of EGS was evaluated in
the full-thickness injury model created in mice. We first monitored

the retention of endogenous PDGF-BB in situ to EGS, which is
fundamental to its therapeutic efficacy. The outcomes from IF
staining showed that PDGF-BB accumulated more in EGS than GS or
control group (without any sponge) at day 3. At day 5, it not only
appeared more but also penetrated deeper into the implanted EGS
— but not GS. At day 10, PDGF-BB remained in a high amount and
spread from the edge to the inside of the EGS implants, but almost
disappeared in both control and GS groups (Fig. 5a). Determination
of PDGF-BB in the implants (or in the neighbouring tissues in
control) by ELISA indicated that significantly more PDGF-BB was
enriched in EGS (7.9 ng PDGF per mg total protein) than in GS
(5.2 ng/mg) or control (3.8 ng/mg) 3 days after implantation, and
this trend maintained throughout the experiment (Fig. 5b).

To more directly observe the sequestration of endogenous
PDGF-BB by EGS, we employed sulfo-cyanine3 carboxylic acid-
labelled EUP3 to fabricate a batch of EGS samples for implanta-
tion and performed IF staining for PDGF-BB as described above.
From the samples collected at day 5 and day 10, we could see a
widespread co-localisation of the sugar and GF (Fig. 5¢): at day 5,
PDGF-BB tangled with EUP3 extensively as they were responding to
the beginning of EGS degradation; at day 10, as the sponge further
degraded and neo-tissue grew, both the molecules were more
scattered and possibly interacted with the cells, but co-localisation
of their signals was still apparent. These findings provided evidence
of the complexation of EUP3/PDGF-BB in situ.

The effective retention of PDGF-BB by EGS in vivo was particu-
larly encouraging because it proved our concept of using a bioactive
polymer to ‘enrich an endogenous GF’, rather than to ‘accompany
the delivery of an exogenous GF’ — the latter had been trialled in
numerous studies using GAGs [11,16]. In mimicking how the native
ECM functions in the healing process, EGS recruited and enriched
the locally produced PDGF-BB in its framework, preparing a niche
for PDGF-BB to exert its repairing activities. In other words, EGS
served to induce, harness and fulfil the inherent regenerative po-
tential of the target tissue, which is essentially different from
conventional concepts that a scaffold is designed to protect and
promote the activity of an exogenous GF delivered into the body.

3.5. In vivo enhancement of PDGF-BB activity by EGS

According to our design, EGS sequesters PDGF-BB in situ and
enhances the functions of this GF in tissue regeneration. Although
PDGF-BB plays essential and versatile roles in the multiple stages of
wound healing, the two most established ones are — i) stimulate
mesenchymal cells proliferation [57,58] and ii) promote blood
vessel maturation [59,60]. Therefore, we investigated whether EGS
could strengthen these two roles of PDGF-BB, by examining the
expression of ki-67, CD31, desmin and a-SMA 5 and 10 days after
implantation. The outcomes of IF staining are illustrated in Fig. 6a.
First, the number of ki-67-positive cells remarkably increased in
EGS at day 5, compared with the other two groups, suggesting that
EGS effectively strengthened the mitogenic effect of PDGF-BB at the
site of implantation. Next, the migration of endothelial cells to the
site of injury was found in all these groups, which was part of the
natural process of wound healing. EGS contained only mildly more
CD31-positive cells than GS did. However, the key to successful
revascularisation is not only the lining of endothelial cells but, more
importantly, the maturation of newly formed vessels, as charac-
terised by the recruitment of pericytes/smooth muscle cells. Then,
we noticed that both desmin and a-SMA, which are markers for
vasculature maturation [61 ], were remarkably higher in EGS than in
the two other groups, particularly at day 10. And the quantitative
data of the fluorescent intensity, which showed the similar trend,
further confirmed the findings (Fig. S6a). Meanwhile, quantification
of the density of blood vessels revealed that new blood vessels were
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present in the highest number in EGS among the three groups,
increasing from by average 86 to 118 microvessels per hot spot at
day 5 to day 10 (Fig. 6¢). These data demonstrated that EGS, through
sequestering endogenous PDGF-BB, could effectively enhance cell
proliferation and maturation of new blood vessels.

In addition to these two classical roles, PDGF-BB could also in-
fluence the migration and phenotypes of immune cells [62,63].
Among the multiple types of immune cells, macrophages play a
central role in organising physiological events relating to wound
healing [28,64,65]. As such, we examined the phenotypes of mac-
rophages in different groups 3 and 5 days after implantation. We
stained for CD68 and CD206, which are typical markers of macro-
phages in general and those in a pro-regenerative (or ‘M2’) type of
polarisation, respectively. At day 3, we found the presence of
macrophages in all groups, which is reasonable since a
macrophage-mediated inflammatory response is an integral stage
of wound healing. Neither EGS nor GS triggered excessive, acute
immune responses. Interestingly, at day 5, more M2 macrophages
accumulated in EGS (Fig. 6b). The quantitative data in Figure S6b
also showed more CD206-positive cells in EGS group (43.2%; nor-
malised to the intensity of nuclei) than in GS (32.8%), indicating that
EGS accelerated the polarisation of the recruited macrophages into
a pro-regenerative phenotype.

As such, EGS demonstrated its effect in promoting PDGF-BB-
mediated activities in vivo, including i) cell proliferation, ii) vascu-
larisation and iii) macrophage regulation, which are all desirable for

wound healing and tissue regeneration. The first two are classical
functions of PDGF-BB signalling, and their establishment provided
the most convincing evidence that EGS was effective in enhancing
PDGF-BB-mediated regeneration in vivo and in situ. Interestingly,
the third activity, though favourable, was slightly less expected.
Despite several reports revealing the role of PDGF-BB on the ac-
tivity of different immunocytes [63,66—68], there still lacked a link
between this GF and macrophage polarisation. Also, phenotypic
change of macrophages in wounds is highly dynamic and can be
affected by many factors. Thus, we considered the observed change
in macrophage behaviour as a positive sign and consequence of
improved microenvironment, rather than attributing it to the effect
of PDGF-BB or any other signalling molecule alone. To sum up, the
encouraging findings in these three aspects highlighted that EGS
managed to sequester PDGF-BB and support the physiological ac-
tivities organised by this GF — in perfect accordance with our
design.

3.6. Acceleration of wound healing by EGS

We finally examined the healing of the full-thickness wounds
covered by EGS and GS, in parallel to untreated control. All the mice
survived through the 12-day observation; all wounds recovered
gradually without infection, with the accelerated healing observed
in the EGS group only. As illustrated in Fig. 7a and quantitatively
demonstrated in Fig. 7b, wound sizes measured at day 3 had no
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significant differences among the different groups; but from day 5
on, EGS facilitated faster healing than the two other groups. On day
10, the wounds treated with EGS almost completely closed, while
uncovered wounds (diameter ~ 4 mm) remained significant in the
two other groups. On day 12, all the EGS-treated wounds accom-
plished healing.

Histological analysis indicated that, at day 3, the granulation
tissue appeared in all groups; but at day 7, the epithelisation and

vascularisation were accomplished significantly better in EGS-
treated wounds than in other groups (Fig. 7c). Particularly, we
found increasing numbers of newly blood vessels in EGS (Fig. 7c,
red arrows). At day 12, the wounds treated with EGS were
completely closed, with faster formation of a continuous, regularly-
shaped epithelium, compared with GS or the untreated group
(Fig. 7c). We further performed Masson's trichrome staining to
examine the deposition of collagen matrices in the wound tissue,



66 Q. Li et al. / Biomaterials 148 (2017) 54—68

which marked the remodelling of newly formed tissue. In agree-
ment with the H&E staining, the results indicated that newly pro-
duced collagen was deposited in the highest amount in the EGS
group (Fig. 7¢). Quantification of the wound closure indicated that
EGS healed the wounds the fastest among the three groups, and the
difference was most obvious between day 5 and 7 (Fig. 7d). Inter-
estingly, significantly more skin appendages were found in the neo-
tissue formed in EGS than that in other groups at day 12 (Fig. 7e),
suggesting that EGS facilitated healing of the wounds and regen-
erate more functional tissues. These results highlighted that EGS
could induce the formation of tissue microenvironment favourable
for neo-tissue growth that led to a both accelerated and improved
wound healing.

For any biomaterials to be used in vivo, it is important that they
exert no (or as little as possible) adverse effect to the body. As re-
ported above, we did not observe death or any abnormal conditions
in the animals implanted with EGS throughout the experimental
periods. To further confirm that the implants exerted no toxicity,
while taking into consideration the release of EUP3, we examined
blood coagulation and performed a series of biochemical analyses.
First, the PT values of all groups tested at day 3 and day 10 were
between 6.8 and 7.2 s and in the normal range, suggesting that
blood coagulation was unaffected by EGS implantation (Fig. S7a).
Next, the levels of CK (240—300 U/L), LDH (660—700 U/L) and BUN
(5.5—6.2 mmol/L) were normal in all groups after 10 days of im-
plantation, excluding the possibility of cardiac or renal toxicity.
Meanwhile, the readings of ALT and AST, the two key markers of
liver function, remained close among different groups (all between
27 and 31 UJL) (Fig. S7b). Collectively, together with the gross
observation of the animal conditions, these analytical data sug-
gested that EGS exerted no adverse responses in vivo and high-
lighted the safety of this natural polymer-based scaffold.

The overall performance of EGS has validated our hypothesis
that enriching endogenous GF with an ECM-mimetic biomaterial
could be a novel, safe and effective approach to promote tissue
regeneration. First, to our knowledge, our design is the first attempt
focusing on harnessing the power of endogenous PDGF-BB, in
comparison to conventional methods of delivering exogenous GFs
or transfecting encoding genes [69,70]. Our design was built upon
the physiological mechanism that several GFs are present in
elevated levels in situ in response to injuries. In sequestering
endogenous PDGF-BB, EGS demonstrated the way to creating an
‘inductive niche’ [1] to activate the endogenous repairing mecha-
nism of the wounded tissue. In this perspective, our strategy adds
weight to — and may be combined with — another methodology
that employed GAGs to sequester inflammatory cytokines for
wound healing [71]. Second, as a biomaterial system, EGS
adequately recapitulated both the general physical property (e.g.
3D network and fibrous microstructure) and subtle biological fea-
tures (e.g. cell adhesion and GF-affinity) of the skin ECM. In
accordance with our design, EUP3 and gelatin, the two major
components, exhibited their unique PDGF-BB-binding affinity and
enzyme-triggered degradation profile, respectively (in tandem
with other potential advantages of gelatin in wound healing [72]).
Their functions underpinned the ‘retention-and-release’ effect of
EGS that proved fundamental to the accomplishment of tissue
regeneration. Third, as a novel polysaccharide molecule, EUP3 has
demonstrated great potential for use in the fabrication of bioactive
materials. It is easy to be incorporated in fibres and stable under
physiological circumstances, and has no such safety concerns that
are often found in polysaccharides with potential GF-binding ac-
tivities, such as those highly-sulphated ones isolated from sea-
weeds (e.g. carrageenans) [34,35] or derived from animals (e.g.
heparin) [31—33]. In addition, its specific affinity for PDGF-BB,
which is particularly desirable for skin tissue regeneration, was

rarely found in alternative molecules suitable for fabrication of
biomaterials.

4. Conclusion

In this study, we report the design of an ECM-mimetic bio-
materials sponge (EGS) that successfully accelerated the healing
of full-thickness skin wounds in mice. As its most prominent
feature, EGS could effectively bind and retain endogenous PDGF-
BB via the selective affinity of its polysaccharide component for
this growth factor. Meanwhile, EGS managed to release PDGF-BB
(together with EUP3) in response to the progression of wound
healing. In exerting this ‘retention-and-release’ effect, EGS suc-
cessfully recapitulated one of the most powerful, distinctive and
sought after features of native ECM — in situ sequestration of
growth factors for regulating tissue development. Our data from
serial in vitro and in vivo examinations showed that EGS effi-
ciently facilitated PDGF-BB-mediated cellular functions that led
to an accelerated wound healing with enhanced neo-
vascularisation, controlled immune activation and improved neo-
tissue formation. Notably, no exogenous PDGF-BB — either in the
form of recombinant proteins or encoding genes — was delivered
in our investigation, and the regeneration was accomplished
relying upon the power of endogenous PDGF-BB. Thus, combining
its convincing therapeutic performance, optimal physical prop-
erties, ECM-mimicking fibrous morphology and demonstrated
safety in the mice body, EGS demonstrated the potential to target
and activate a specific endogenous mechanism in tissue repair,
which may represent a new strategy for the design of regenera-
tive materials.
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