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DOI: 10.1039/x0xx00000x Hydrogels capable of responding to physicochemical dynamics in vivo are of significant interest in a variety of advanced

www.rsc.org/ biomedical applications. Herein, we develop novel fully biodegradable, biocompatible, highly elastomeric and pH-
responsive copolymer hydrogels by direct crosslinking of poly(glycerol sebacate) (PGS) pre-polymer and gelatin via their
inherent functional groups without the use of any crosslinking agents. The addition of hydrophilic gelatin into the
hydrophobic PGS enables the design of hydrogels with both elastomeric properties and water swelling capability as well as
pH-responsive behaviours. The copolymer hydrogels were highly flexible and stretchable, enduring complex deformations
such as stretching and knotting. Their Young’s moduli were in the range of 0.16-0.62 MPa, mimicking the values of some
soft tissues. A three-dimensional tissue scaffold with interconnected pore structures was also fabricated which shows full
shape recovery after compression further demonstrating high potential of these copolymers to be used in soft tissue
engineering applications. The pH-responsive swelling ratios of the copolymer hydrogels were found to be up to 11-fold
difference in acidic and basic environments, which resulted in pH-dependent release profiles of a model drug. Moreover, a
tunable biodegradation kinetics with an ultimate full degradation in 11 weeks in vitro and good cytocompatibility in cell
metabolic assay with mouse fibroblasts were also achieved with these copolymer hydrogels. The versatile
multifunctionalities in these new copolymer hydrogels illustrate their great potential in soft tissue engineering and
controlled drug delivery.

specific chemical species have been extensively investigated in
developing hydrogels with their ability to alter the diffusion
characteristics for controlled drug delivery.2‘7f11
Multifunctional hydrogels which are capable of responding to
the various biological dynamics, therefore, are an important
class of biomaterials for different biomedical applications such
as soft tissue engineering and drug delivery.

Poly(glycerol sebacate) (PGS) is a synthetic polyester.1 Its
excellent elastomeric mechanical behaviour resulted from the
macromolecular network structure, as well as good
biocompatibility with minimal inflammatory responses have
attracted much attention in soft tissue engineering such as
adipose,13 cardiac,“f16 cartilage,”‘18 nerve,19 retinal,zo‘21 and
vascular applications.zz*24 PGS also shows surface-erodible
biodegradation with a linear weight loss and good strength
retention, which is beneficial for long-term implantations in
the body and controlled release of functional molecules
incorporated within the polymer matrix.”>*  While its
mechanical properties are tunable by altering the synthesis

1 Introduction

Hydrogels are of great interest in biotechnology, with their
biomimetic macromolecular network structure and soft
mechanical property, as well as the high water content that
allows the diffusion of desired chemical species.l_5 A critical
aspect in designing hydrogels with advanced functionalities is
their interaction with biology. The complex physicochemical
dynamics in vivo drive the need for developing hydrogels
which are capable of responding to biological conditions and
stimuli. For instance, hydrogels with elastomeric mechanical
property are great assets for soft tissue engineering
applications, with their ability to provide biomimetic and
synchronous deformations responding to the mechanical
dynamics in native tissues.® Another example is the stimuli-
responsive property. Various in vivo stimuli such as water,
temperature, mechanical stress, pH, ionic strength, and

2
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mechanism27, molar ratio of monomers , and synthetic
conditions such as the reaction time and temperaturelﬁ‘zsf31
PGS has poor hydration property. In spite of the hydroxyl and
carboxyl pendant group present on its polymer backbone, it
does not swell in water to form swollen hydrogels owing to the
aliphatic carbon chains from the sebacic acid monomer. The
hydrophobicity of PGS was shown by a low equilibrium water
uptake capacity of 2.1 + 0.9 wt.%,32 and high water contact
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angles ranging between 77.5-85.7°3%3% as hydration property
is an important factor to achieve the optimal biocompatibility,
biodegradability, mechanical behaviour, and water-based
diffusion characteristics in vivo,32’35 hydrophilic segments such
as citric acid and poly(ethylene glycol) (PEG) were
incorporated to tackle the hydrophobicity in PGS and develop
hydrophilic, water-swellable PGS-based copolymers.c“"n’%f38
Nevertheless, most of these studies focused on the
modification of hydration properties of PGS. Only two
reported thermo-responsive PGS-based hydrogels owing to
the use of PEG,9'38 and other types of biological stimulus have
not been explored. Moreover, the resultant copolymers did
not show full biodegradation, which may limit their wider
application in biomedical fields.

Gelatin, a natural hydrophilic polymer derived by collagen
hydrolysis, is biocompatible, non-immunogenic, non-antigenic,
and biodegradable,39 and its use in medical applications has
been approved by U.S. Food and Drug Administration.*°
Furthermore, gelatin contains arginine-glycine-aspartic acid
peptide sequence inherited from its parental collagen that
promotes cell adhesion and migration.“'42 Gelatin hydrogels
have been applied in many biomedical applications such as cell
signalling,43 gene and drug deIivery,40 tissue engineering,44 and
bio-sensing.45 Another virtue of using gelatin to design
biomaterials comes from its abundant chemical functional
moieties such as amine, carboxyl, and hydroxyl groups, which
can incorporate further chemical modification, induce
hydrophilicity, as well as accept or donate protons in response
to the surrounding pH changes.39’46

Herein, we design a novel elastomeric, pH-responsive, and
fully biodegradable and biocompatible hydrogel system based
on copolymers of PGS and gelatin. We hypothesised that this
new hydrogel system would have synergistic benefits from (1)
networked molecular structure and elastomeric properties of
PGS, (2) hydrophilic and pH-responsive properties of gelatin,
and (3) a tunable and full biodegradability as well as good
biocompatibility from both biopolymers. To avoid the
biocompatibility issues with chemical crosslinking agents, the
synthesis was performed in a toxin-free manner without any
additional crosslinking agents, but by utilising the chemical
functional groups from both biopolymers to form ester and
amide linkages which directly crosslinked PGS pre-polymer and
gelatin. The chemical structure and mechanical behaviour, as
well as surface and bulk hydration properties of these new
copolymers were investigated using infrared spectroscopy and
tensile tests, as well as water contact angle and swelling ratio
measurements. The biodegradation kinetics was studied in
vitro with lipase and collagenase enzymes. Cytotoxicity was
examined by cell metabolic assay in vitro with L929 mouse
fibroblast cells. The potential biomedical applications in
controlled drug delivery and soft tissue engineering were
demonstrated by pH-responsive drug release tests and proof-
of-concept fabrication of a 3D, elastomeric and interconnected
porous scaffold.

2 Materials and methods

2| J. Name., 2012, 00, 1-3

2.1 Materials

Gelatin (Type A, from porcine skin, 300 bloom), sebacic acid,
glycerol, ethanol, glycine, hydrochloric acid, phosphate
buffered saline (PBS) tablets, Dulbecco’s Modified Eagle’s
Medium (DMEM) with high glucose, resazurin sodium salt,
lipase from porcine pancreas (54 U mg'l) were purchased from
Sigma-Aldrich. Collagenase (290 U mg'l) was from Thermo
Fisher Scientific. Doxycycline hyclate (DOX) and sodium
hydroxide was obtained from Alfa Aesar.
dehydrated in a vacuum oven at 25 °C for 24 h before use.
Water used in this study was prepared by double distillation.

Gelatin  was

2.2 Preparation of PGS-gelatin (PGSG) copolymers

Copolymerisation of PGS pre-polymer and gelatin was
performed in the following procedure: 1) polycondensation of
sebacic acid and glycerol to yield PGS pre-polymer; 2)
preparation of PGS pre-polymer/gelatin solutions in different
weight ratios; 3) synthesis of PGSG pre-polymers; and 4)
casting and crosslinking of PGSG pre-polymers into fully cured
copolymer films. First, an equimolar mixture of glycerol and
sebacic acid was loaded in a three-necked flask, equipped with
an oil bath, magnetic stirrer, Dean-stark apparatus, and
nitrogen gas line with a bubbler. The monomers were mixed
for 30 min, followed by polycondensation at 140 °C for 3 h to
produce PGS pre-polymer. In the second step, a specific
amount of gelatin (0-20 wt.%) was weighed, and solubilised
into the molten PGS pre-polymer by mechanical stirring until
transparent and homogeneous solutions were obtained. The
yellow to orange coloured low-viscosity PGS pre-
polymer/gelatin solutions were then reacted for 24 h at 120 °C
to yield viscous resins. The resulting PGSG pre-polymer resins
were evenly distributed onto PTFE substrates. After the
degassing process in a vacuum oven at 80 °C for 1 h to remove
the air bubbles, crosslinking was continued further for 24 h at
120 °C to achieve fully cured copolymer films. Finally, all the
samples were washed four times using 0%, 30%, 70%, and
100% water-ethanol solutions for 12 h each at 40 °C. The un-
crosslinked proportion of cured copolymers was determined
by the weight difference on a 4-decimal scale (Sartorius M-
power, Germany) before and after the washing steps. The
solubility of PGSG pre-polymer and cured copolymer samples
was evaluated by immersing the samples in various solvents,
namely, 1,4-dioxane, acetone, chloroform,
dimethylformamide, ethanol, tetrahydrofuran, and water, for
48 h at 37 °C. The nomenclature of the prepared PGSG
copolymers is presented as PGSGX, where “X” stands for the
weight percentage of gelatin in PGSG copolymers: PGSGO,
PGSGS5, PGSG10, PGSG15, and PGSG20.

2.3 Characterisation of PGSGs

The number average molecular weight (M,), weight average
molecular weight (M,,) and polydispersity index (PDI) of PGS
pre-polymer before copolymerization with gelatin were
measured by gel permeation chromatography (GPC, Agilent

This journal is © The Royal Society of Chemistry 20xx
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1260 GPC System), with tetrahydrofuran as the mobile phase
and polystyrene standards for calibration.

Attenuated total reflectance Fourier transform infrared
(FTIR) spectroscopy was conducted on a Perkin Elmer
Spectrum One NTS analyser (500-4000 cm™, Resolution: 2 cm’
1, number of scans: 16). A pressure of 70 N was applied using a
built-in screw to increase the extent of sample contact with
the diamond ATR crystal.

The microscopic surface analysis was carried out by
scanning electron microscopy (SEM) (Philips XL 30S FEG; spot
size = 3, accelerating voltage = 10 kV). The samples were cut
into small pieces and attached onto an aluminium stub by
applying a Pelco® conductive silver paste (Ted Pella, USA). A
gold-coating was applied using a high resolution polaron
sputter coater (Emscope SC500A) to reduce the charge-up
effects.

Mechanical property of dry and hydrated PGSG samples
was determined by tensile tests using a Hounsfield H100KS
(Tinius Olsen), according to the ISO 527. The specimens were
punched-out into dog-bone shapes (n = 6, thickness: 0.32—-0.46
mm) using a mould stencil (Ray-ran Test Equipment). A 10 N
load cell was used at the strain rate of 50 mm min™. For the
testing of hydrogels, the specimens were swollen in PBS
solution at 37 °C for 72 h, and tested under the same tensile
condition as above. The test results are reported in a manner
of mean * standard deviation.

The crosslink densities of cured PGSGs were determined by
Eq. (1), based on the theory of rubber elasticity.

E
n= m#(l)
where n is the density of active network chains, E is the
Young’s modulus, R is the universal gas constant, and T is the
temperature during the tensile test.”

The surface and bulk hydration properties of PGSG
specimens were determined by water contact angle and
swelling studies. The water contact angle on the PGSG samples
was measured using a drop shape analyser (DSA-100, KrUss,
Germany). A droplet of water (10 pL) was dosed onto the
sample surface using a 22-gauge, blunt-end syringe needle.
The angle measurement was done by capturing high-
resolution images after 10 seconds. The bulk hydration
properties were analysed by swelling behaviour of PGSG
specimens in PBS. Dry PGSG specimens (n = 5; diameter: 5.3
mm; thickness: 0.41 + 0.09 mm) with known initial weight
(Wgy,) were prepared by a hydraulic press and disc-shaped
mould stencil. The specimens were fully immersed in the
medium and incubated at a physiological temperature of 37
°C. At specific time intervals, the swollen specimens were
collected, blotted with a filter paper to remove the excessive
surface water, and weighed (W,.:). The swelling ratio was
determined by Eq. (2).

Wwet -

. . Wdry
Swelling ratio (%) = x100#(2)

dry

This journal is © The Royal Society of Chemistry 20xx
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2.4 pH-responsive swelling and drug release tests

The pH-responsive swelling ratio of PGSGs was measured using
the following two buffer solutions: citrate buffer (pH 5.0), and
glycine-NaOH buffer (pH 9.1), at 37 °C, and calculated using Eq.
(2). The pH-dependent drug release profiles of the PGSG20
were evaluated. DOX was selected as a model drug, as it is one
of the most commonly prescribed antibiotics for soft tissue
infections.”® The drug loaded PGSG20 specimens (n = 5;
diameter: 5.3 mm; thickness 0.40 + 0.11 mm) were prepared
by soaking in 10 mL of DOX water solution (pH 6.2, 10 mg mL'l)
for 72 h at 4 °C to minimise drug denaturation, followed by
washing twice with fresh water to remove the excessive
surface-adsorbed drug and drying in a vacuum oven at 37 °C
for 48 h. The specimens were then immersed in 10 mL of
citrate buffer, PBS, and glycine-NaOH buffer solutions for the
release tests. The buffer solutions were used here again not
only to modulate the pH values of drug releasing media, but
also to minimise the non-specific Coulomb interactions
between DOX and PGSG.*’ At scheduled time intervals, 1 mL of
the medium was collected and replaced by a fresh medium.
The cumulative drug release profiles were obtained by
measuring the absorbance of collected media at 345 nm (Amay)
and pre-prepared calibration curve of known drug
concentrations using an ultraviolet-visible spectrophotometer
(UV-vis, Perkin Elmer Lambda 900, US).50 The drug loading
capacity of PGSG20 hydrogels was measured as 0.41 + 0.05 mg
per specimen (i.e., 3.8 + 0.6 wt.% of the dried specimen) by the
same spectroscopic analysis as above using the drug loading
solutions before and after the loading procedure.

2.5 Biodegradability and cytotoxicity tests in vitro

The degradation behaviour of the PGSG hydrogels was
investigated in vitro. The specimens (n = 5; diameter: 5.3 mm;
thickness: 0.43 £ 0.15 mm) were sterilised in 70% ethanol and
dried in a vacuum condition until constant weights were
observed. The incubation was carried out in the following
degradation media: 1) PBS without enzymes, 2) PBS with lipase
(110 U L'l), and 3) PBS with collagenase (62 U L'l). The
concentration of enzymes in this test was decided based on
the serum activity of enzymes in healthy adults found in
previous literature.”>*? The media were kept fresh by
replacement daily to ensure the full enzyme activity. The
incubation was performed at 37 °C in a shaker incubator at 100
rpm (Stuart SI500). After 3, 7, 14, 21, and 28 days, the weight
loss by degradation was determined after washing the
specimens with a copious amount of water to remove surface
bound enzymes and drying in vacuum. The percentage weight
loss was calculated by the following Eq. (3), where W,,; and
Wyq, are the initial weight (215 + 17 mg) before degradation
and the weight measured at the specific incubation day,
respectively.

I/Vim' - Wday

Weight loss (%) = x100#(3)

ini

Cytotoxicity of PGSGs was analysed by cell metabolic assay
using resazurin in vitro. Prior to the cell seeding, all the
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Fig. 1 (A) Synthetic scheme of PGSG copolymers. (B) Sketch showing the formation of the macromolecular network consisted of directly crosslinked PGS pre-polymer

and gelatin.

specimens were sterilised by 70% ethanol, washed thrice with
plenty of water and soaked in DMEM overnight in an incubator
(37 °C, 5% CO,). PGSG specimens were then placed in a 12-well
plate and fixed by metal rings for cell seeding. After cell
trypsinisation with trypsin-ethylenediaminetetraacetic acid,
trypsin activity was neutralised with 5 mL of warm medium,
and the cells were collected by centrifugation (1000 rpm, 5
min). The optimum cell density (3.0 x 10* cells per specimen)
was obtained by dilution with DMEM and seeded onto PGSG
specimens. Cell-free and cell-only tests were also performed
for negative/positive control, and used to normalise the data.
After 3 days of incubation, the DMEM was removed from the
well plate and the cell-seeded specimens were washed with
PBS and placed in a new well plate. One mL of resazurin
solutions (0.1 mM in PBS) was added to each sample and
incubated for 2 h. The absorbance at 570 nm was recorded
using a colorimetric plate reader (Bio-TEK). This assay was
repeated on day 6, 9, 12, and 15. Microscopic images were
taken by an optical microscope (Motic, AE2000 Inverted
Microscope) to observe cell morphology on the specimen
surfaces. The experiments were triplicated and the data was
reported as mean * standard deviation.

2.6 Statistics

All measurements were reported as mean * standard
deviation with a confidence level of 95% unless otherwise
stated. Two-way analysis of variance (ANOVA) was used to
determine the differences in the in vitro cell metabolic assay
results in respect to the test time and material. A p value <
0.05 was considered to be statistically significant.

3. Results and discussion
3.1 Synthesis and characterisation of PGSG hydrogels

4| J. Name., 2012, 00, 1-3

PGSG copolymers with varying ratio between PGS pre-polymer
and gelatin were synthesised by a thermal crosslinking
approach (Fig. 1A and B). The first step involved
polycondensation of glycerol and sebacic acid to produce PGS
pre-polymer. The synthesis of PGS pre-polymer was confirmed
by FTIR with the distinct peaks at 1176 cm™ and 1733 cm'l,
which is attributed to the formation of ester linkages between
hydroxyl groups from glycerol and carboxyl groups from
sebacic acid (Fig. 51).47’53'54 However, the absorption bands of
hydroxyl and carboxyl groups are still shown in the spectrum
of PGS pre-polymer. This indicates that the PGS pre-polymer is
not fully cured, therefore further chemical crosslinking is
possible with the functional groups. GPC analysis affirmed the
synthesis of PGS pre-polymer with the M,, M,,, and PDI values
of 455, 1875, and 4.12, respectively. It should be noted that

PGSGO \‘

b
@
(%

\ 1cm
Fig. 2 A photograph showing fully-cured PGSG copolymer specimens with

various gelatin contents. The colour change from pale yellow to orange was
observed due to the addition of gelatin in copolymer synthesis.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 ATR-FTIR spectra of PGSG copolymers before and after
crosslinking. The dotted lines and solid lines refer to the PGSG pre-
polymers and cured copolymers, respectively.

the PGS pre-polymer in this study was synthesised by a
relatively short reaction time to achieve low molecular weight,
which facilitates further copolymerisation with gelatin. In the
second step, gelatin was added to and reacted with PGS pre-
polymer to yield PGSG pre-polymers. The PGSG pre-polymers
were then further crosslinked thermally to produce fully cured
PGSG copolymer films. The prepared PGSG copolymers are
characterised by soft mechanical properties and the gloss
surfaces with the distinct yellow to orange colours depending
on the concentration of gelatin as seen in Fig. 2.

The PGSG pre-polymers before curing were found to be
soluble in 70% ethanol-water solution. Moreover, the pre-
polymers were re-meltable and deformable into a desired
physical morphology, enabling fabrication of complex
architectures such as an interconnected porous scaffold for
tissue engineering applications (discussed below). The un-
crosslinked proportion (sol) of cured PGSG copolymers was

This journal is © The Royal Society of Chemistry 20xx
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determined by the weight loss after extraction with a series of
warm water-ethanol solutions and showed a minimal increase
from 16.4 to 19.4% with the addition of gelatin (Fig. S2).

All the cured and purified PGSGs were not dissolved, but
rather swelled in 1,4-dioxane, acetone, chloroform,
dimethylformamide, ethanol, tetrahydrofuran, and water. The
maximum uptake of ethanol of PGSG specimens after 48 h of
immersion at 37 °C was measured as 58.0-69.5% (Fig. S2),
inversely proportional to the amount of gelatin within
copolymers. This amphiphilic swelling characteristics in PGSG
copolymers, driven by copolymers of hydrophobic PGS and
hydrophilic gelatin, suggests that post-functionalisation with
desired chemical species is possible, such as the loading of a
drug into the hydrogel by diffusion (discussed below).

As we previously discussed, the PGS pre-polymer consisted
of a network macromolecular structure with the hydroxyl and
carboxyl groups from its monomers, glycerol and sebacic acid
(Fig. S1). Gelatin is a protein, therefore it contains amide
backbone structure with amine and carboxyl groups from its
amino acid sequence (Fig. S3). During the thermal curing
process of PGS pre-polymer and gelatin by polycondensation
reactions, the hydroxyl and carboxyl groups would yield ester
bonds, whereas amide bonds would be formed between
amine and carboxyl groups (Fig. 1).55 The proposed chemical
structure of PGSG copolymers was affirmed under FTIR by
comparing PGSG pre-polymers and cured copolymers, as
shown in Fig. 3.

The ester bonds in PGSG pre-polymers were confirmed by
intense peaks at 1733 cm™ (C=0) as well as 1159 em™ and
1095 cm™ (C-0O). After the thermal curing of PGSG pre-
polymers into copolymers, the intensity of the ester bond
peaks was further enhanced, indicating the newly formed
ester bonds between the polymer chains.*’”>®> On the other
hand, the intensities of hydroxyl peak at 3455 cm™ (O-H) and
carboxyl peaks at 1291 cm™, 1221 cm™ and 1048 cm™ (C-0)
were reduced due to the curing process.M'53 Regarding the
amide bond, the peak intensities of amide | at 1644 cm™ (C=0)
and amide Il at 1537 cm™ (N-H and C-H) in PGSG pre-polymers
were also further enhanced in the cured copolymers,56
whereas the peak intensities of amine at 3315 cm™ (N-H) and
carboxyl (also partially due to the ester bonds) were reduced
by forming the new amide bonds.

When the cured PGSG copolymers were compared
between each other, it was found that with an increasing
gelatin content the amide peaks (at 1644 cm™ and 1537 cm'l)
became stronger while the ester bond peaks (at 1733 cm'l,
1159 cm'l, and 1095 cm'l) diminished gradually. These results
are attributable to two factors: (1) gelatin has amide groups in
its backbone, leading to an increase in the amide content in
the copolymer with a higher gelatin content; and (2) the amine
groups in gelatin react with hydroxyl groups competitively
against carboxyl acid groups as previously described, resulting
in more amide bonds and fewer ester bonds in the copolymer.

Hydration properties of cured PGSG copolymers were
investigated in both surface and bulk characteristics. First, the
surface hydration property was analysed by measuring the
water contact angles (Fig. 4A). In this test, a droplet of water

J. Name., 2013, 00, 1-3 | §
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Fig. 4 (A) The surface water contact angle of PGSG copolymers. The inset
photographs show the shape of water droplets on the surface of PGSG
specimens. (B) Percentage swelling ratio of PGSG copolymers (PBS, 37
°C) from 0 to 120 h. The incorporation of gelatin within PGS greatly
improved the water uptake by a maximum 13-fold increase.

was dosed on the sample, and the angle between the sample
surface and the tangent line to the water drop was measured.
A higher contact angle implies lower surface wettability and
higher hydrophobic surface characteristics. PGSGO exhibited a
high water contact angle of 85.4 + 2.9°, similar to the previous
report for pristine PGS.* Incorporation of hydrophilic gelatin in
PGSGs greatly improved the surface wettability with decreases
in water contact angle. The lowest water contact angle of 44.2
+ 2.7° was measured from PGSG20, which is generally
considered as a hydrophilic surface.®* This improvement of
surface wettability makes the PGSG copolymers more
attractive for tissue engineering applications, as cells are
known to adhere to and proliferate on hydrophilic surfaces
better than on hydrophobic surfaces.”®> The surface
hydrophilicity is also an important parameter in wound
dressing applications. The better surface wettability, the
higher adsorption of the exudates in the wound sites,
promoting healing process.‘rﬂ’58

Secondly, the bulk hydration properties of PGSG
copolymers were determined by measuring their water
swelling ratio. In this test, PGSG copolymers were immersed in
PBS at 37 °C, and the amounts of water uptake were recorded
in specific time intervals. Fig. 4B shows the swelling ratio of
PGSG up to 120 h. All the PGSG specimens showed the
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equilibrium water uptake after 72 h of immersion and volume
expansion by swollen water (Fig. S4). While PGSGO exhibited a
minimal water swelling ratio of 5.0 £ 1.9%, incorporation of 20
wt.% gelatin in PGSG20 induced almost a 13-fold increase in
water uptake of 67.8 + 5.9%, resulting in swollen hydrogels.

The kinetics in water diffusion into the PGSG polymer
matrix was further investigated mathematically in order to
understand the determining mechanisms of swelling process.
The data points at the early stage (W,/W,q < 0.6) were fit to
the following Ritger-Peppas equation, Eq. (4),

i

= ki"#(4)
eq

where W, and W,, are the water uptake values at a specific
time (t) and at equilibrium, respectively.s’59 k is the
characteristic swelling constant and n is the determining factor
of the mode of water transport through the copolymers. The
calculated n values for PGSG5, PGSG10, PGSG15, and PGSG20
were 0.28, 0.33, 0.37, and 0.49 respectively (Fig. S5) (PGSGO
was omitted here due to the minimal water swelling ratio),
indicating Fickian diffusion. In this diffusion process, the water
penetration rate in the gels is slower than the polymer chain
relaxation rate.?® In other words, the elastic polymer chains in
PGSG copolymers instantaneously responded to the stress
given by water absorption, thereby the water diffusion
through the polymer matrix is not limited by the relaxation of
polymer networks. Fickian diffusion is known to be an asset in
building diffusion-controlled drug delivery systems from an
aqueous stimulus. 3%

3.2 Elastomeric mechanical properties

The mechanical properties of dry and hydrated PGSG
copolymers were evaluated by uniaxial tensile tests and the
results are shown in Fig. 5. In respect of the tensile properties
of dry specimens, PGSGO featured Young’s modulus, tensile
strength, and strain to failure of 0.59 + 0.05 MPa, 0.55 + 0.07
MPa, and 142 *+ 17%, which are in agreement with PGS
homopolymers in previous reports.lz'47 The effect of gelatin on
the tensile modulus and strength of PGSGs was measured by
an almost 9-fold increase in modulus and 14-fold increase in
strength from PGSGO to PGSG20. The crosslinking densities
calculated by Eq. (1) were 80.2 (PGSGO0), 114.1 (PGSG5), 127.7
(PGSG10), 249.9 (PGSG15), and 812.3 mol m™ (PGSG20),
respectively, showing an increase in the crosslinking density
with increasing gelatin content. When even higher gelatin
contents (30 and 40 wt.%) were used, the resultant
copolymers were extremely brittle and could not be stretched
or bended (hence not tested in this study), confirming that the
crosslinking density is increased by the addition of a higher
amount of gelatin. The increased crosslinking densities in
PGSGs are accounted for by the additional ester and amide
linkages provided by the crosslinking between PGS pre-
polymer and gelatin, which was confirmed by FTIR previously.
The changes in tensile properties of PGSG copolymers can
also be attributed to the mechanical properties of gelatin. As
gelatin has relatively high tensile modulus and strength of 3.0
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Fig. 5 Tensile properties of PGSG copolymers. The representative tensile stress-strain curves of (A) dry, and (B) hydrated PGSG copolymers. (C) Young's

modulus, (D) tensile strength, and (E) strain to failure values of PGSG copolymers, both dry and hydrated. (F) Demonstration of mechanical stretching and

knotting with hydrated PGSG20 specimens.

GPa®® and 63.2 MPa,64 the addition of gelatin to PGS gives
PGSG copolymers with higher stiffness and strength compared
to the PGS homopolymer. The amide bond is, in general,
known to be more rigid than the ester bond due to the partial
double bond character through tautomerism.®>% According to
the FTIR analysis earlier, the PGSGs with a higher content of
gelatin have more amide bonds than those with a lower
content of gelatin, thereby showing a higher stiffness.
Interestingly, the strain to failure of dry PGSG specimens
also shows an increase between PGSGO (PGS homopolymer)
and PGSG15 copolymers. Although the addition of gelatin
increased the crosslinking density in PGSG as calculated above,
gelatin has highly coiled molecular structures, therefore one
can expect that the relaxation of gelatin coils promoted higher

This journal is © The Royal Society of Chemistry 20xx

ductility in PGSG.5>54¢7 However, too high crosslinking density

in PGSG20 became a dominant factor which drastically
decreased free volume in the polymer matrix and restricts the
molecular motion, resulting in a decrease in strain to failure.®®

PGSGs featured highly elastomeric mechanical behaviours
even in fully swollen state. Complex deformations such as
stretching and knotting were possible with hydrated PGSGs, as
demonstrated in Fig. 5F. With the increasing gelatin amount in
hydrated PGSGs, the Young’s modulus and tensile strength
were decreased from 0.62 + 0.08 MPa to 0.16 + 0.04 MPa and
from 0.70 £ 0.07 MPa to 0.27 = 0.05 MPa. In contrast, the
strain to failure value increased from 121 + 23% to 252 + 23%,
primarily due to the higher polymer chain flexibility led by
higher water swelling ratio as discussed previously.
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Fig. 6 Comparison of Young’s modulus of PGSG hydrogels to that of
native tissues from the literature. Each shaded area represents the range
of Young’s modulus of cartilageeg (magenta), myu::cardial16 (yellow), and
adipose13 (cyan) tissues.

As shown in Fig. 6, the tensile modulus values of hydrated
PGSG copolymers are in the range of soft tissues such as
adipose, myocardial, or cartilage tissues,ls‘m‘69 illustrating a
promising future of PGSGs in soft tissue engineering. With
their biomimetic mechanical behaviours, porous tissue
scaffolds were fabricated with PGSG20 as a proof-of-concept
(Fig. 7). The PGSG pre-polymers were re-meltable and easily
deformable into a desired shape, therefore fabrication of a
three-dimensional and large scaffold was feasible by a
combined technique of salt-leaching and freeze-drying (see Sl
for the detailed fabrication technique). The macro-pores were
generated by salt crystals (300 um) in the salt-leaching stage,
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whereas the micro-pores were formed by the ice crystals
during freeze-drying. The benefits of well-defined and
interconnected pore structures as well as the micro-pores
shown in Fig. 7B and C are well-demonstrated in tissue
engineering fields, with the ability to help cell penetration and
proliferation, as well as transportation of chemical species
such as water, gas, nutrients, and metabolic waste products
throughout the tissue scaffolds.””’* The prepared scaffold is
also highly elastomeric and exhibits excellent shape recovery
after the release of a compressive load, with compressive
Young’s modulus and compressive stress at 75% strain of 0.19
+ 0.05 MPa and 1.16 + 0.40 MPa, respectively (Fig. 7D and E).
The interconnected pore structures and elastomeric
mechanical properties, as well as good biocompatibility and
controllable biodegradation (discussed below) make this PGSG
scaffold an attractive candidate for applications in soft tissue
engineering. Future work may include dynamic and cyclic
mechanical tests with PGSG porous scaffolds under simulated
body conditions to fully illustrate the advantages associated
with the elastomeric properties of PGSGs and explore them
further as potential candidates in soft tissue engineering.

3.3 pH-responsive behaviours

In our body, there is a large variation in pH in terms of the
physiological roles and medical conditions. For instance, the
gastric pH is highly acidic ranging between 1.0 and 2.5 (up to 5
when fed), whereas the proximal small intestine exhibits
almost neutral pH of 6.6.”%”% The healthy skin surface has
slightly acidic pH of 5.5, however the injured skin tissue in burn
patients features basic pH values ranging between 9.5-10.5.7*
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Fig. 7 (A) Photograph showing a proof-of-concept tissue scaffold fabricated from PGSG20 (scale bar: 1 cm). (B) Well-defined and interconnected porous
microstructures seen in an SEM image (scale bar: 300 pm). (C) A closer look at a pore revealing micro-pores on the wall surface (scale bar: 100 um). (D1 — D3)

Elastomeric PGSG20 porous scaffold showing excellent shape recovery after the release of a compressive load. (E) A representative compressive stress-strain curve
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Fig. 8 pH-responsive water swelling ratio of PGSGs measured at (A) pH 5.0 and (B) pH 9.1. (C) The equilibrium water uptake of PGSGs in three different pHs
(the equilibrium water uptake at pH 7.4 was derived from Fig. 4. (D) Pictures of PGSG20 specimens after 72 h of hydration at pH 5.0, 7.4, and 9.1 (scale bars:

5 mm).

Hydrogels with pH-responsive properties, therefore, are of
great interest in many biomedical fields, with their ability to
alter the material structure and properties depending on the
surrounding biological pH values.

Hydrogels containing ionic groups respond to external pH,
making them pH-responsive hydrogels.75 As shown previously
in FTIR study, although some amine and carboxyl groups were
sacrificed to form covalent linkages in PGSG, there were still
ionic functional groups remained in copolymer hydrogels.
Therefore, the pH-responsiveness of PGSG hydrogels was
examined by swelling tests in three different pHs. Fig. 8A and B
illustrate the water swelling ratio of PGSG specimens in acidic
(citrate buffer, pH 5.0) and basic (NaOH-glycine buffer, pH 9.1)
pHs. Fig. 8C shows the equilibrium water uptake values of
PGSGs in three different pHs (pH 5.0, 7.4, and 9.1). The higher
the pH value was the higher the water swelling ratio was
achieved in PGSG20. The values of the water uptake at
equilibrium measured at pH 5.0 were 4.0 + 0.5% (PGSGO0), 6.4 +
0.3% (PGSG5), 9.6 + 1.4% (PGSG10), 12.5 + 1.0% (PGSG15), and
21.2 + 1.0% (PGSG20), which indicates the PGSG copolymers
swell less in an acidic pH than in a neutral pH condition. In
contrast, the swelling ratio of PGSG copolymers at pH 9.1
increased greatly, to the values of 27.1 + 2.1% (PGSG5), 47.5 +
5.5% (PGSG10), 60.5 + 9.0% (PGSG15), and 250.2 + 21.1%
(PGSG20), while it was not changed much in PGSGO
homopolymer (4.6 £ 2.5%). The pH also affects the kinetics in
the equilibrium of water swelling for the copolymers. It was

This journal is © The Royal Society of Chemistry 20xx

shown previously that the equilibrium was acquired in 72 h at
pH 7.4. In acidic condition (pH 5.0), 12 h was enough to reach
equilibrium at pH 5.0, whereas a longer time of 96 h was
required at pH 9.1.

This pH-responsive swelling behaviour found in PGSG
copolymers is different to that of neat gelatin. The latter
shows the minimum swelling ratio at the isoelectric point near
the neutral pH (pH 7-9, type A, form porcine skin), where
anionic and cationic forms are exactly balanced resulting in
chain collapse.‘m’76 In contrast, PGSG copolymers showed the
minimum swelling at the acidic pH and the maximum was
achieved at the basic pH. It can be concluded that the number
of ionisable carboxyl groups is higher than that of amine
groups in PGSG copolymers. The carboxyl group (-COOH)
ionises by deprotonation, becoming negatively charged
carboxyl groups (-COQO’). The amine group (-NH,), on the other
hand, becomes positively charged groups by accepting protons
(-NH3"). To acquire the electrostatic repulsion that leads to the
higher swelling ratio of PGSG copolymers in basic pH
conditions as described above, the deprotonation of carboxyl
group should be dominant and counter the protonation of
amine group.77 This is attributable to the fact that the amine
groups are supplied only by the relatively minor amount of
gelatin in the synthesis of PGSG copolymers, whereas the
carboxyl group was offered by both PGS pre-polymer and
gelatin becoming abundant within PGSG copolymers.
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Fig. 9 Cumulative drug release profile of DOX from PGSG20 at three
different pH values.

It was also noted that the swelling ratio of PGSG20 at pH
9.1 was much greater than that of other PGSGs. In amphiphilic
hydrogels such as PGSGs, the ionisation of functional groups is
often hindered by the resistive aggregation of hydrophobic
polymer chains.”® The ionisation of carboxyl groups can
happen much more easily in PGSG20 compared to the case
with other PGSGs, owing to its much better hydrophilicity
arising from the higher gelatin content which provides more
chain relaxation and much more free space for the ionisation
of carboxyl groups, resulting in a significantly higher swelling
ratio of PGSG20 at pH 9.1.

The potential application of pH-responsive PGSGs in
controlled drug delivery was investigated selectively on
PGSG20 with the greatest pH-responsiveness. PGSG20
specimens loaded with a model drug, DOX, were exposed to
the same buffer solutions as for the pH-responsive swelling
study (pH 5.0, pH 7.4, and pH 9.1) and the cumulative drug
release profiles are depicted in Fig. 9. A quite different drug
releasing kinetics was observed from the three different pH
values. The drug release kinetics at pH 9.1 quickly reached the
equilibrium in 12 h and the cumulative drug release was
measured at 89.6 £ 0.6% of the loaded drug amount (or 0.37
mg) initially. However, the cumulative amount of released
drug at pH 5.0 was 41.9 £ 4.2% (or 0.17 mg) after 12 h and the
equilibrium was not detected even after 120 h. This result
suggests a potential use of PGSG copolymers in controlled drug
delivery applications. For instance, oral administration of drugs
often faces a difficulty in conserving drug stability and drug
amount at dynamic gastrointestinal pH conditions.”
Therefore, pH-responsive PGSG copolymer hydrogels that
release drug more slowly and less amount at lower pHs, but
more quickly and more amount at higher pHs could be a
reliable carrier for controlled drug operations targeting specific
organs in the digestive system with pHs ranging from 1 to near
8.”2 The model drug used in this study (DOX) is water-soluble.
Since PGSG copolymers exhibit amphiphilic characteristics as
discussed previously, future work may also include
hydrophobic drugs and steroid hormones to extend their
application in controlled drug delivery.

3.4 Biodegradability and biocompatibility in vitro

10 | J. Name., 2012, 00, 1-3

Fig. 10A illustrates the in vitro degradation profiles of two
selective PGSG samples (PGSG10 and PGSG20) for up to 28
days. Three different degradation media were used in this
study; 1) PBS only, 2) PBS + lipase, and 3) PBS + collagenase.
Lipase was used to degrade ester linkages, and collagenase
was to break down gelatin. Both the PGSG10 and PGSG20
exhibited weight losses of 7.5 + 3.3% and 8.1 * 2.1%,
respectively after 28 days of incubation in the PBS only
medium. In contrast, the presence of enzymes led to
accelerated degradation kinetics of PGSG specimens, and
lipase appeared to be yielding more polymer degradation than
collagenase. This was expected as the majority of PGSG
copolymers is PGS (polyester) rather than gelatin. PGSG20
presented faster enzymatic degradation kinetics compared to
that of PGSG10, which can be assigned to the better hydration
properties of PGSG20 as demonstrated previously in water
swelling ratio. PGSG10 yielded a weight loss of 33.2 + 1.9%
with lipase and 15.2 + 4.6% with collagenase, whereas PGSG20
underwent the weight losses of 69.3 + 1.0% with lipase and
54.1 + 2.0% with collagenase after 28 days. It should be noted
that the degradation rates of PGSGs are faster than that of PGS
homopolymer in our previous study with a similar
experimental condition (9.6% in enzyme-free media and 29.1%
with lipase, after 31 days), which can be attributable again to
the presence of gelatin and the higher hydration properties of
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Fig. 10 Percentage weight loss data of (A) PGSG10 and PGSG 20 incubated
in PBS solutions with or without the enzymes (collagenase and lipase) for

0 7

up to 28 days at 37 °C, showing controllable biodegradation, and (B)
PGSG20 incubated in PBS solution with lipase enzyme at 37 °C in 77 days
showing full degradation.

PGSG copolymers than the PGS homopolymers.47
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SEM analysis revealed the surface morphology of PGSG
specimens after the degradation test with or without enzymes
(Fig. S6). The non-enzymatically degraded PGSG specimens
featured smooth surfaces in both PGSG10 and PGSG20 due to
relatively minor weight losses (less than 10%) as verified
previously. However, enzymatically degraded PGSG specimens
showed severe surface damages with irregular swelling and
pores, indicating the degradation was catalysed by lipase and
collagenase enzymes.‘”’80 Especially, PGSG20 with lipase
enzymes exhibited extremely rough surface morphology with
the greatest weight loss found in this study.

In addition, an ultimate full biodegradability was found in
PGSG20 in 77 days with lipase (Fig. 10B). Many biomaterials
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Fig. 11 In vitro cell metabolic assay results. (A — B) Optical microscopic
images show the cell morphology of L929 fibroblasts cultured on PGSGO and
PGSG20 for 15 days; (A) PGSGO, and (B) PGSG20 (scale bars: 50 um). (C) The
normalised optical density from the resazurin assays of PGS and PGSG20
from 3 to 15 days, demonstrating no cytotoxicity observed from PGSG20 (n
=3;* p<0.05 was considered to be statistically significant).
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such as tissue scaffolds and drug carriers are not intended to
remain permanently in our body.gl’82 For instance, tissue
scaffolds should be designed to have the optimal degradation
kinetics to match the rate of new tissue formation regenerated
by cells and eventually replaced by native tissues.®® In drug
delivery systems based on biodegradable polymers, the drug
release profile is dependent on the degradation kinetics of
polymeric matrix.5% Therefore, the controllable and full
biodegradation found in PGSGs is a great asset for their
potential uses as biomaterials.

In vitro cell metabolic assay was conducted on PGSGO and
PGSG20 with resazurin dye and L929 mouse fibroblast cells for
up to 15 days. Fig. 11A and B show the morphology of L929
mouse fibroblast cells cultured for 15 days on PGSGO and
PGSG20 specimens. While the cells on both the PGSGO and
PGSG20 appeared to have normal and highly confluent cell
populations, PGSG20 showed more adherent, embedded cell
morphologies compared to PGSGO. This can be attributed to
the better surface wettability of PGSG20, which was
demonstrated previously.

No evidence in cytotoxicity was found in the PGSGO and
PGSG20. The cell metabolic activity of both PGSGO and
PGSG20 showed steady growth from day 3 to day 15 (Fig. 11C),
with the maximum cell metabolic activity found on day 15 in
both cases. The normalised optical density of resazurin dyes
increased from 21.5 + 2.5% to 38.1 + 6.5% in PGSGO, and from
26.2 £ 5.2% to 42.1 + 7.6% in PGSG20 from day 3 to day 15.
Two-way analysis of variance (ANOVA) was used to determine
the statistical significance in respect to the test time and
material. Both the PGSGO and PGSG20 were found to have a
significant increase between day 3 and day 15. PGSG20 also
presented another significant increase between day 6 and day
15. There was no statistical significance between PGSGO and
PGSG20 in cell metabolic activity, indicating PGSG20 has
similar biocompatibility to PGSGO (PGS homopolymer) in vitro.
Since PGS has been investigated for various tissue engineering
applications due to its well-known good biocompatibility both
in vivo and in vitro,n’z‘l’zs'86 the result suggests that PGSG20
also has great potential in various biomedical fields with its
demonstrated biocompatibility in this test. Full assessment on
biodegradability and biocompatibility of PGSG hydrogels,
which are critical aspects in developing biomaterials for tissue
engineering and drug delivery, should be performed with in
vivo experiments in the future.

4 Conclusions

PGSG copolymer hydrogels with different weight ratios
between PGS pre-polymer and gelatin were successfully
prepared by condensation copolymerisation followed by
swelling in water; the PGS pre-polymer was thermally
crosslinked by gelatin during the copolymerisation stage. FTIR
studies confirmed that the thermal crosslinking stage induced
both ester and amide linkages between the polymers by using
the inherent functional groups such as hydroxyl, carboxyl, and
amine groups present in both polymers. The improved
hydrophilicity of PGSG was determined by the decrease in
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water contact angle and the increase in water swelling ratio,
resulting in the swollen copolymer hydrogels.

Tensile test results showed that the PGSG copolymer
hydrogels had excellent elastomeric properties that endure
high and complex mechanical deformations such as stretching
and knotting. Their biomimetic mechanical properties were
tunable in the range of soft tissues by varying the gelatin
content in PGSG copolymers. The potential use of PGSG
copolymers in soft engineering was further
demonstrated by the possibility of manufacturing a 3D,
elastomeric, and interconnected porous scaffold.

The pH-responsive behaviour of PGSG copolymers was
analysed by the dramatic differences in water uptake at acidic,
neutral and basic pHs due to the ionisable functional groups
found under FTIR studies. The potential of PGSG copolymers as
a pH-controlled drug delivery system was also validated by pH-
responsive drug release tests. The controllable and full
biodegradation of PGSG was shown by biodegradation tests in
with lipase and collagenase enzymes. The
biocompatibility of PGSG was confirmed, with no evidence in
cytotoxicity by cell metabolic assay as well as highly confluent,
well adherent morphology of cultured fibroblast cells.

These results suggest that the multifunctional PGSG
copolymer hydrogels created in this study have great
prospective in various biomedical fields such as soft tissue
engineering and controlled drug delivery.
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