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In this study biomimetic poly(glycerol sebacate) PGS matrix was developed for cardiac patch application. The
rationale was that such matrices would provide conducive environment for the seeded cells at the interphase
with PGS. From the microstructural standpoint, PGS was fabricated into dense films and porous PGS scaffolds.
From the biological aspect, biomimetic PGS membranes were developed via covalently binding peptides
Tyr-Ile-Gly-Ser-Arg (YIGSR) and Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP), corresponding to the epitope
sequences of laminin and fibronectin, respectively onto the surface. To improve and enhance homogenous
binding of peptides onto the PGS surface, chemical modification of its surface was carried out. A sequential
regime of alkaline hydrolysis with 0.01 M NaOH for 5 min and acidification with 0.01 M HCl for 25 s was
optimal. More COOH chemical group was exposed without causing deleterious effect on the bulk properties
of the polymer as revealed by the physicochemical analysis carried out. HPLC analysis, chemical imaging and
ToF-SIMS were able to establish the successful homogenous functionalization of PGS membranes with the
peptides. Finally, the developed biomimetic membranes supported the adhesion and growth of rat and
human cardiac progenitor cells.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
1. Introduction

Cardiovascular diseases CVDs are the number one cause of death
globally [1]. People die more annually from CVDs than from any
other cause. By 2030, almost 23.6 million people will die from CVDs,
mainly from heart disease and stroke [1]. These are projected to
remain the single leading cause of death. Myocardial infarction (or
heart attack) is one of the major causes of death in patients suffering
from CVD [1].

A biphasic ischemic/reperfusion injury occurs after coronary artery
occlusion. First, cardiomyocytes die resulting in a significant loss of
functioning muscle mass [2,3] and this is followed by a second wave
of inflammation based tissue damage. The adult heart cannot repair
the damaged tissue, as the mature contracting cardiomyocytes possess
a limited proliferative capacity [4,5]. Therefore, fibrous noncontractile
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scar replaces the ischemicmyocardial region of the ventricle constituting
the infarcted area. The scar does not effectively conduct the electro-
mechanical wave front, reducing left ventricular (LV) performance
which further leads to increased wall stress in the remaining viable
myocardium [2,3]. This process, brought about by a sequence of molec-
ular, cellular, and physiological events results in LV dilation and ulti-
mately leads to end stage congestive heart failure (CHF) [6,7]. Besides
poorly efficient pharmacological interventions, current available treat-
ments for CHF are cardiac transplantation and the use of ventricular
assist devices (VADs). However, these treatments are besieged with
acute problems of donor heart scarcity and high cost of VADs. It is in
this context, that research on regenerative approaches for engineering
cardiac tissues to treat myocardial infarction has been gaining momen-
tum. One such approach is the ‘cardiac patch’ approach. Here, matrices
or scaffolds are designed in order to be populated by relevant cells and
to develop a viable cardiac construct that can be patched onto the
infarcted region of the heart. The cardiac patch therefore aims to
achieve a twofold objective i.e. first to deliver healthy cardiac cells to
the injured infarcted myocardium and second to provide mechanical
support to the infarcted ventricle.

In this respect, research is taking place to exploit the native features
of extracellular matrix (ECM) for implementation in tissue engineering
approaches. The ECM components play a central role in growth and
 license.
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development of tissues [8]. Extensive research is now currently taking
place in designing and developing biomimetic materials to generate
three dimensional scaffolds that mimic native ECM. Thus, efforts have
been made to produce biomaterials matching native ECM biomechani-
cal properties and supporting cell functions such as adhesion, growth,
differentiation and the expression of tissue specific genes. ECM, in addi-
tion to functionally supporting the tissues, holds a plethora of informa-
tion needed for each specific tissue cell subtype. The information is
provided in the form of specific chemical signals from peptide epitopes
contained in a wide variety of extracellular matrix molecules such as
laminins and fibronectin. These peptide epitopes provide the chemical
cues/signals for cell–matrix interaction via integrin recognition and
thus play an important role in mediating and regulating the cellular be-
havior such as growth, differentiation, adhesion andmotility [9]. Owing
to these contentions, an approach has been to coat or covalently bind
such integrin binding epitopes on the surface of the designed biomate-
rial [10,11].

In this study biomimetic polyglycerol sebacate (PGS) membranes
were developed as cardiac patches for the treatment of myocardial
infarction. PGS, a synthetic polyester, is prepared by polycondensing
glycerol and sebacic acid. Sebacic acid is the naturalmetabolic interme-
diate in ω-oxidation of medium- to long-chain fatty acids [12–16]
and has been shown to be safe in vivo [16,17]. The US Food and Drug
Administration (FDA) has approved glycerol to be used as humectant
in foods, and polymers containing sebacic acid, e.g. polifeprosan has
been approved for medical applications like drug delivery [16,18]. As a
result PGS is a biocompatible and a bioresorbable polymer. It is also an
inexpensive polymer with tailorable mechanical properties and degra-
dation kinetics that could be targeted to a particular application. It is
because of these positive attributes that PGS is increasingly being stud-
ied for cardiac tissue engineering applications [19]. However, until
now only one such investigation has been carried out in developing bio-
mimetic surfaces of PGSmembranes using peptide epitope sequences of
the ECMmacromolecules for tissue engineering applications [20]. In the
study carried out by Pritchard et al. [20] the surface of PGS membranes
was functionalized with peptides containing the RGD sequence, GRGDS
for retinal transplantation. Other studies ofmodifying PGS surfaces have
involved coating of the surface with ECMmacromolecules such as lam-
inin, fibronectin, fibrin, collagen type I/III and elastin [21].

Therefore, the main aim of this study was to develop biomimetic
PGS membranes containing peptide sequences able to function as a
cell delivery vehicle to supply healthy cardiac cells to the infarcted
myocardium and also left ventricular restrain. Twodifferent biomimetic
PGS membranes were developed by covalently binding the peptides,
containing the sequences Tyr-Ile-Gly-Ser-Arg (YIGSR) and Gly-Arg-
Gly-Asp-Ser-Pro (GRGDSP), corresponding to the epitope sequences of
laminin and fibronectin, respectively onto the surface. Laminin and
fibronectin are amongst the two vital biomacromolecules present in
the ECM. For the development of the biomimetic PGSmembranes,mod-
ification of PGS was first carried out to expose COOH functional groups
on its surface. This was achieved by sequential alkaline hydrolysis and
acidification of the PGS membrane. To this modified PGS surface, the
peptides YIGSR and GRGDSP were then covalently attached. To the
authors' knowledge this is the first time that such an approach of chem-
ical modification of PGS surface and subsequent covalent attachment of
peptides onto the chemicallymodified PGS surface has been carried out.
The developed biomimetic PGS membranes were also subjected to in
vitro biocompatibility assessment using human cardiac mesenchymal
stem cells (hC-MSCs) and rat cardiac progenitor cells (rCPCs).

2. Materials and methods

2.1. Materials

The chemicalswere obtained from Sigma-Aldrich or VWR Ltd. unless
otherwise stated. Analytical studies were carried out using analytical
grade reagents. Chromatography grade reagents were used for high
performance liquid chromatography (HPLC) study. The peptide
sequences chosen for functionalization were synthesized in Cambridge
Research Biochemicals, UK, introducing a spacermade by three residues
of glycine, (i.e. GGG-GRGDSP and GGG-YIGSR) in order to provide more
flexibility and to promote their interactions with the integrin receptors.

2.2. Synthesis of polyglycerol sebacate) (PGS)

The synthesis of PGS was carried out as described by Wang et al.
[16] with slight adaptation of the reaction parameters. The synthesis
involved two steps: (1) pre-polycondensation step and (2) crosslinking.
For the pre-polycondensation step, an equimolar mixture (0.1 M) of
glycerol (Sigma Aldrich, Germany) and sebacic acid (Sigma Aldrich,
Germany) was heated at 120 °C under inert nitrogen atmosphere to
form the pre-polycondensed polymer. The pre-polycondensed polymer
was a transparent viscous liquid. Following this, the crosslinking step
was carried out also at 120 °C and under a vacuum level of 1.3 to
2.5 × 10−2 mTorr for 4 days. The final crosslinked polymer produced
was a transparent film.

2.3. Fabrication of two dimensional, (2D) dense and 2D porous PGS films

Fabrication of the desired 2D PGS dense films was carried out
via solvent casting followed by crosslinking. Required amount of
prepolymer corresponding to the required thickness (>1 mm) of the
final fabricated PGS filmwas determined using the following equations:

Volume ¼ πr2h ð1Þ

ρ ¼ m=v: ð2Þ

From Eqs. (1) and (2) the mass of prepolymer used for obtaining
the desired PGS thickness was calculated. The desired amount of the
prepolymer (2 g) was dissolved in dimethylcarbonate (DMC) and
then casted into the Teflon molds (55 mm diameter). Following com-
plete removal of the solvent, the films were then crosslinked for
4 days at 120 °C and vacuum level of 1.3 to 2.5 × 10−2 mTorr.

Fabrication of porous PGS scaffold was carried out using the salt
leaching method. A bed of NaCl salt particles was first prepared in a
Teflon mold of 55 mm in diameter. Required amount of salt corre-
sponding to the required thickness (>1 mm) of the final fabricated
PGS film was again determined using the above Eqs. (1) and (2).
The required salt was then used for preparing a salt bed in the
mold. To this prepared salt bed, PGS prepolymer was introduced
and subjected to crosslinking for 4 days at a vacuum level of
1.4 × 10−2 mTorr. Once the crosslinking was over, the salt particles
were leached out by immersing the film in distilled water. Washing
was continued until no increase in pH was observed in the distilled
water in which the films were immersed for salt leaching, indicating
that all the salt particles have been leached out. The washed films
were then subjected to lyophilization followed by freeze drying.

2.4. Molar mass analysis

The molar mass of the PGS prepolymer was determined by car-
rying out Gel Permeation Chromatography analysis. PSSS10E6 col-
umn (length 30 cm; 0.8 cm diameter) was calibrated to 580–
7,500,000 Da using molar mass polystyrene standards and had
2,6-di-tert-butyl-4-methyphenol as internal standard. The eluent
used was toluene; 1 mg/mL of PGS was introduced into the GPC
system at a flow rate of 1 mL/min. The eluted polymer was
detected with a differential refractometer and analyzed using the
PSS WinGPC scientific V6.2 software.



Table 1
Hydrolysis conditions in terms of hydrolysis time, temperature and NaOH solution
concentration for the modification of the dense 2D films.

NaOH (M) Temperature Time

1 30 °C
room temperature

1 h, 30 min
1 h

0.5 30 °C
room temperature

30 min
1 h

0.25 30 °C
room temperature

30 min
4 h

0.1 30 °C
room temperature

30 min
5 min, 15 min, 30 min, 1 h, 2 h, 3 h, 4 h
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2.5. Development of biomimetic PGS membranes

2.5.1. Modification of the PGS surface
The approach used in this study to develop a biomimetic PGS

membrane was to covalently attached the peptide sequences onto
the surface of the PGS rather than just coating the surface of the
membrane with the peptides. Therefore to enable and enhance this
covalent binding of the peptides onto the membrane surface, modifi-
cation of the PGS surface was carried out to expose hydrophilic COOH
groups on its surface. The modification was done in two sequential
steps of alkaline hydrolysis and acidification treatment as described
below.

2.5.1.1. Alkaline hydrolysis. The alkaline hydrolysis was carried out by
treating the PGS films (1 cm2) with sodium hydroxide (NaOH) solu-
tion. As the parameters of alkali concentration used, temperature and
duration of treatment have an effect on the hydrolysis outcome of the
polymer, the PGS films were subjected to NaOH concentration ranging
from 0.1 to 1 M and time of treatment ranging from 5 to 240 min
respectively, working at 30 °C or room temperature, as detailed
in Table 1. The optimal hydrolysis conditions were optimized by
physicochemical analysis. Following this alkaline treatment the
samples were then thoroughly washed with distilled water to remove
the NaOH.

2.5.1.2. Acidification. For the acidification step the alkaline treated
samples were exposed to 0.01 M HCl for few seconds. After treatment
the samples were then washed thrice with distilled water.

2.5.2. Activation
For activation a solution containing 3 M 1-ethyl-3-(3-

dimethylaminopropyl) carbodimide hydrochloride) (EDC) and 1 M N-
hydroxysuccinimide (NHS) reagents was prepared in a pH 5 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (0.1 M). In this solution
then after, the acidified PGS samples were incubated at 4 °C for
30 min under constant stirring. The samples were then statically incu-
bated at 4 °C for another 2 and a half hours. At the end of the incubation
the samples were again washed thrice with distilled water.

2.5.3. Coupling step
After the activation treatment of the PGS films, the respective pep-

tides were covalently coupled to it. To achieve this covalent coupling
the peptide sequences were dissolved in phosphate buffer solution
(PBS) of pH 7.4 at a concentration of 0.5 mg/mL. The activated mem-
branes were then incubated in this peptide solution for 16 h. Samples
were finally washed thrice with bidistilled water, to remove any
unbound peptides and then air dried.

2.6. Qualitative and quantitative assessments of the peptides bound to
the PGS membranes

2.6.1. High performance liquid chromatography (HPLC) analysis
In order to obtain the amount of GGG-GRGDSP and GGG-YIGSR

bound to the films, HPLC analysis was performed. A calibration
curve was plotted by injecting known concentration of each peptide
in PBS solution. The amount of peptide covalently linked to thematerial
surface was calculated by subtracting the residual amount registered in
both post-coupling and washing solutions from the initial peptide
amount. Finally the peptide surface density was calculated according
to the following equation:

density ¼ Vi·Ci−Vf ·Cf−VwCw

A
ð3Þ

where Ci is the concentration of the pre-coupling solution, Cf is the con-
centration post-coupling and Cw is the concentration of the washing
solution, Vi,Vf,Vw are the corresponding volumes and A is the area
exposed to the peptide modification.

The analysis system consisted of a Perkin-Elmer 200 series HPLC
pump, autosampler, a C4-Alltech Prosphere HP (300A 5u, 25 cm ×
4.6 mm) column and UV detector (280 nm). A mobile phase of 0.1%
v/v TFA in bidistilled water (A) and 0.085% v/v TFA in acetonitrile (B)
was used and a gradient elution from 30% B to 60% B for 10 min was
selected. The flow rate was 1 mL/min and the injected volume was
100 μL.

2.6.2. Time-of-flight secondary ion mass spectroscopy (ToF SIMS)
The peptide functionalized PGS samples were also subjected to

ToF SIMS analysis. The methodology for performing the analysis has
been described elsewhere [22]. Briefly both positive and negative static
SIMS measurements were performed using a ToF. SIMS 5 spectrometer
(ION-TOF, Münster). The samples were irradiated with a pulsed 25 keV
Bi3+ liquid metal ion beam. Spectra were recorded in high-mass-
resolution mode (m/Δm > 8000 at 29Si). The beam was electro-
dynamically bunched down to 25 ns in order to increase the mass
resolution and rastered over a 500 × 500 μm2 area. The primary ion
dose density (PIDD) was kept at 5 × 1011 ions cm−2, ensuring static
conditions. Signals were identified using the accurate mass as well as
the isotopic pattern.

2.7. Scanning electron microscopy (SEM)

The morphological analysis of PGS fabricated samples, before and
after hydrolysis, wasperformed through a scanning electronmicroscope
JSM 5600 (Joel Ltd., Tokyo, Japan). Before analysis, the samples were
mounted on metal stubs and coated with gold to a thickness of
200–500 Å with a gold splutter.

2.8. Attenuated total reflectance fourier transformed infrared spectroscopy
(ATR-FTIR) chemical imaging

The efficacy and the entity of the hydrolysis treatment performed
on sample surfaces, the occurrence of the coupling reaction and the dis-
tribution of the biomolecules on the treated surfaces were investigated
by ATR-FTIR Chemical Imaging. IR images of functionalized polymeric
films were acquired with an infrared imaging system (Spotlight 300,
Perkin Elmer) using a liquid-nitrogen-cooled 16-pixel mercury cadmi-
um telluride line detector. The analysis was performed in themid infra-
red region, 4000–720 cm−1. The spectral resolution was 4 cm−1. The
spatial resolution was 100 × 100 μm. Background scans were obtained
from a no sample region. An absorbance spectrum, resulting from 16
scans, was recorded for each pixel in the μATRmodewith a penetration
depth of 2–3 μm. Spectra were collected by touching the ATR objective
on the sample and recording the spectrum generated from the surface
of the sample. The Spotlight software used for the acquisition was also
used to pre-process the spectra. Spectral images were analyzed with a
compare correlation image, using as reference spectrum the most fre-
quent one of the chemical map (the medium spectrum). The obtained
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correlationmap indicated the areas of an imagewhere the spectra were
most similar to a reference spectrum.

2.9. Roughness measurements

The roughness measurements of the fabricated PGS samples were
carried out using a laser profilometer (UBM). The method utilized a
reflection of 670 nm laser beam to determine the vertical position
of the surface. 3D surface profile of the samples was recorded using
a stage positioning system with maximum measurement frequency
of 10 kHz. The roughness was measured on both sides of the sample
and represented as average root mean square (Ra) value.

2.10. Thermal properties

The thermal properties of the polymer, i.e. glass transition tempera-
ture (Tg) and melting temperature (Tm), were studied by carrying out
differential scanning calorimetry (DSC), using a Perkin Elmer DSC7
(Perkin Elmer Instrument). This analysis was carried out in order to
study the effect of the hydrolysis procedure on the thermal properties
of the treated materials. The amount of polymer used for the study
ranged from 8 to 10 mg and was encapsulated in standard aluminum
pans. All tests were carried out under inert nitrogen. The samples
were heated at a heating rate of 10 °C min−1 between −20 and
50 °C. The test was carried out on 3 repeats of the samples. The endo-
thermic peaks were measured with the DSC7 software.

2.11. Contact angle study

The motivation for this study is to determine if hydrophilicity and
surface energy of the material change with chemical modification and
peptide coating. The hydrophilicity of the PGSmembranes was evaluat-
ed using static contact angle measurements. Reference liquid deionized
water (4 μL) was placed on the sample by means of a gas tight micro-
syringe forming a drop. Photos (frame interval: 1 s, number of frames;
100) were taken to record the shape of the drops. The water contact
angles on the specimens were measured by analyzing the recorded
drop images using the Windows based KSV CAM software. The experi-
ment was done on a KSV CAM 200 optical contact angle meter (KSV
Instruments Ltd.).

2.12. Biocompatibility assessment — in vitro studies

2.12.1. Human cardiac mesenchymal stem cells (hC-MSCs)
Cardiac samples were obtained from auricles or myectomy of

patients undergoing cardiac surgery, after Local Ethical Committee
approval and signed informed consent in accordance with the declara-
tion of Helsinki. Cell isolation was performed according to a previously
reported methodology [23,24]. Briefly, myocardial fragments were
minced and enzymatically digested before seeding on Petri dishes
(Corning, USA) containing 10 mL of IMDM supplemented with 1%
penicillin–streptomycin (P/S, Sigma, Italy) and 1% insulin–transferrin–
sodium selenite (I/T/S, Sigma, Italy). After initial expansion, cells were
seeded in full growth medium composed by IMDM, 10% fetal bovine
serum (FBS, Sigma, Italy), 1% P/S, 1% I/T/S and 10 ng/mL basic-
fibroblast growth factor (b-FGF, Sigma, Italy) for their amplification.
At each passage (P), a cell aliquot was cryopreserved in a medium
composed of FBS supplemented with 1% dimethylsulphoxide (DMSO,
Sigma, Italy). The immunophenotypic and biological properties of
these cells have been extensively documented [25]. For the present
investigation, hC-MSCs from P3 to P4 were employed.

2.12.2. Rat cardiac progenitor cells (rCPCs)
rCPCs were isolated from 3 month old rat hearts according to a

methodology repeatedly employed by our laboratory [26] and originally
described by Beltrami et al. Cell 2003 [27]. In a subset of experiments of
cell tracking, rCPCs were isolated from the heart of rats carrying the
transgene encoding for the Green Fluorescent Protein (GFP), kindly pro-
vided by Dr Okabe [28]. Briefly, the rat heart was quickly excised from
anesthetized animals and hanged by an aortic cannula to the perfusion
system. Theheartwasdissociatedwith collagenase type II (Worthington
Biochemical Corporation, USA) at 37 °C for 20′ andminced. After centri-
fugation at 300 rpm to separate cardiomyocytes, the cell supernatant
wasplaced on Percoll (Sigma, Italy) gradient and the cell layer visualized
at the interface of the desired gradient was centrifuged at 1000 rpm.
Cells were resuspended in 10 mL IMDM culture medium supplemented
with 1% P/S, 1% I/T/S, 10% FBS and cultured in Petri dishes (Corning,
USA) at 37 °C–5% CO2 for their amplification. c-Kit positive cells with
monomorphic blast-like characteristics representing CPCs were ampli-
fied and cryopreserved. These cells have been extensively characterized
in terms of stemness and multipotentiality. CPCs at P3 to P4 were
employed for this study.

2.12.3. DiI cell labeling
CellTracker CM-DiI (Invitrogen, C-7001) is a DiI derivative that is

somewhat morewater-soluble thanDiI, thus facilitating the preparation
of staining solutions for cell suspensions. CellTracker CM-DiI contains a
thiol-reactive chloromethyl moiety (CM) that allows the dye to cova-
lently bind to cellular thiols. Thus, unlike other membrane stains, this
label is well retained in the cells throughout several mitotic divisions
and cell to cell contact does not allow dye diffusion.

rCPCs and hC-MSCs were incubated in 1–2 μMworking solution for
15 min at 37 °C, and then for an additional 15 min at 4 °C. Incubation at
this lower temperature appears to allow the dye to label the plasma
membrane but slows down endocytosis, thus reducing dye localization
into cytoplasmic vesicles. After labeling, cells were washed cells with
phosphate-buffered saline (PBS), resuspended in fresh medium and
used for experimental plan.

2.12.4. Cell culture on PGS membranes
PGS membranes were cut to fit exactly the size of one well of 8

well chamber slides (BD, USA). After membrane sterilization in 70%
ethanol and UV exposure, DiI labeled rCPCs or hC-MSCs were counted
and seeded at 15 × 103 cells/cm2 concentration onto PGS membrane
and PGS membranes containing YIGSR or GRGDSP sequences. Cell
cultured in standard conditions was considered as control. Cell loaded
membranes were evaluated7 days and 14 days after cell plating.
Fluorescent images were digitally captured with “LAS Advanced Fluo-
rescence” software (Leica) connected to a motorized epifluorescent
microscope (Leica DMI6000B) provided by a digital camera (Leica
DFC350FX) and a Z-stack automation system. Image analysis was
performed with “LAS Advanced Fluorescence” software. Quantification
of cell survival and adhesion was performed on photomicrographs
covering the entire area of each membrane, to detect red fluorescent
spots corresponding to pre-labeled cultured cells. The supernatant
was carefully removed to change the medium every 2 days and to
exclude from counting possible stromal fragments of dying cells. In
addition, some sample was stained by DAPI to visualize nuclei. The frac-
tional area occupied by red fluorescence and its intensity, expressed as
Integrated Optical Density (IOD), were then evaluated using a software
for image analysis (Image Pro Plus 4.0). All images were acquired with
precalibrated gain and exposure time. Aspecific fluorescence was
carried out by merging the emission signals from different excitation
lengths on the same microscopic field. Due to the intrinsic limitations
of cell detection on thick membranes, in some experiments, GFP rCPCs
were utilized to visualize the cellular profile under specific fluorescence
emission (509 nm) and the presence of DiI within their cytoplasm was
assessed.

2.12.5. Scanning electron microscopy (SEM) analysis of cell seeding
In a subset of experiments, we obtained SEM images of rCPCs

seeded for two weeks on PGS membrane. Briefly, after fixation on



Fig. 2. Chemical structure of PGS.
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PAF, samples were dehydrated and critically treated with 72 atm
pCO2 at 37 °C; the PGS membranes were mounted on metal stubs
and coated with gold to a thickness of 60 nm with a gold splutter
and analyzed by SEM (Philips SEM 501, Eindhoven, The Netherlands).

3. Results and discussion

3.1. Microstructural properties of the PGS matrices

In an attempt to develop tissue engineered cardiac patch (TECP) for
the treatment of myocardial infarction, we investigated the develop-
ment of PGS based matrices from two standpoints i.e. microstructural
and biological. For themicrostructural aspect PGS prepolymer (molecu-
lar weight, Mw = 1.11 × 103 g/mol) was fabricated into PGS scaffolds
with porosity and dense films. The PGS matrices were then surface
modified and functionalizedwith peptides corresponding to the epitope
sequence of fibronectin and laminin respectively to develop biomimetic
membranes.

Human cardiacmuscle is ~1 cm in thickness with a high cell density
of 2 × 108 cells/cm3 [29]. However, the generation of a thick cardiac
patch (~200 μm) has been limited due to lack of vasculature in the tis-
sue constructs [30]. Establishing stable and sustainable microvascula-
ture in engineered tissues is of critical importance. Porous PGS
scaffolds were therefore fabricated to enable exchange of nutrients
and gases to the seeded cells, ultimately paving way for a sustainable
microvasculature. The porous PGS scaffold prepared via salt leaching
had 75% porosity. Leachate, i.e. NaCl particles of 100–125 μm range
was used for the fabrication of the porous scaffolds. However morpho-
logical evaluation of the porous films via SEM, Fig. 1A–B, revealed that
the films contained two different sizes of pores i.e. macropore size
ranges between 20 and 50 μm and micropore size ranges between 2
and 5 μm, respectively. The small sizes of the pores in the final films
Fig. 1. SEM images of the fabricated porous scaffolds and dense films of PGS: (A) planar an
surface of the dense PGS films with (C) smooth surface morphology and (D) rough surface
could be because of the fabrication process. During the fabrication
stage, the prepolymer once introduced into the salt bed is then
subjected to crosslinking at 120 °C, which may lead to fusion of the
salt particles leading to the final pore size distribution observed.

As expected for the porous PGS scaffold, SEM images, Fig. 1A–B
revealed that the surface of the films was not smooth. The use of the
leachate and its subsequent removal had incorporated cavities and
random protrusions on the surface of the films, collectively resulting
in a rough surface. The Ra value for the porous PGS scaffold is 2.07 μm.
The dense PGS films possessed smooth morphology (Fig. 1C) with
Ra = 0.09 μm, on the side not in contact with the mold. However, the
side in contact with the mold revealed rough parallel groove like mor-
phology (Fig. 1D) and had a roughness value, Ra = 0.62 μm.

3.2. Development of biomimetic PGS membranes

PGS polymer does not possess much hydrophilic group on its
carbon backbone (Fig. 2). Therefore an important prerequisite for
successfully covalently binding the desired peptides on its surface is
to first incorporate hydrophilic carboxylic (COOH) groups on the
polymer surface. Incorporation of such COOH group will enable cova-
lent binding of the desired peptides via amide bonding. To enable
d (B) cross section of the porous scaffold prepared via porogen (NaCl) leaching. Planar
morphology.

image of Fig.�2


Fig. 4. Thermal profiles showing the melting temperatures and heat of fusion for the
PGS films subjected to alkaline hydrolysis for different time periods.
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COOH incorporation, a strategy to modify the polymer was successfully
developed involving sequential treatment of alkaline hydrolysis
followed by acidification. The rationale of this strategywas to hydrolyze
the (C_O) ester groups to COO− carboxylate ion. These carboxylate
ions, would then be converted to COOH groups during the acidification
step. Another crucial step in this modification was to find optimal con-
ditions that would incorporate the desired COOH chemical group onto
the polymer without causing deleterious effect on its bulk properties.
Therefore to evaluate the hydrolysis reactions, the samples were
subjected to physicochemical analysis. It must be pointed out that all
the preliminary investigations for optimizing the hydrolysis step were
performed on the dense 2D films. Once the initial parameters were
obtained the hydrolysis of the porous PGS scaffolds was then carried
out.

ATR-FTIR spectra of hydrolyzed dense samples, prepared
according to the conditions reported in Table 1, were acquired and
compared with that of untreated PGS. This analysis was not
performed on the dense samples treated by using NaOH concentra-
tion above 0.5 M and a temperature of 30 °C, since these conditions
resulted in the dissolution of the samples.

The infrared spectra of all the remaining hydrolyzed samples
showed the adsorption peaks due to the presence of the COO−

group at 1600 cm−1 demonstrating that hydrolysis occurred even
under milder conditions (data not shown). The results of the ratios
of the C\H band (range: 3027 cm−1–2754 cm−1) to C_O band
Fig. 3. The FTIR and chemical imaging spectra indicating the incorporation of COOH groups o
trol samples; (C) chemical imaging and (D) FTIR spectrum of hydrolysed samples.
(1843 cm−1–1582 cm−1) of the 0.1 M NaOH hydrolysed samples,
which was (0.49) was the highest in comparison to that of the control
(0.46) (Fig. 3B and D). The high ratio of the hydrolysed samples with
respect to that of the control, indicates that an amount of (C_O) ester
groups has been hydrolysed to COO− chemical group. Chemical cor-
relation map (Fig. 3C) also revealed the homogeneity in the presence
n the hydrolysed PGS membranes. (A) chemical imaging and (B) FTIR spectrum of con-
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Fig. 5. ATR spectra of (A) peptide sequences and (B) functionalized PGS.
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of these chemical groups (COO−) on the surface of the membranes
indicating that the hydrolysis had occurred uniformly throughout
the samples. The chemical map of the control PGS film is shown in
Fig. 3A. Therefore, from this chemical study, treatment of the samples
with 0.1 M NaOH at room temperature was chosen.

Once the optimal concentration of NaOH for the hydrolysis was
considered, the next step was to identify the optimal treatment
time. This was determined by performing thermal analysis of the
hydrolyzed samples using DSC. When subjected to thermal treat-
ment, untreated PGS exhibited the transition due to the melting
of the crystalline phase (Tm) at −1.8 °C, with an associated en-
thalpy of fusion (ΔHf) of 12.7 J/g. A significant reduction of both
Tm and associated ΔH was observed for hydrolysed samples, treat-
ed for 30 min or more. The decrease of melting enthalpy indicated
a decrease in the degree of crystallinity. Although the 5 min
and 15 min treatment produced a small variation of Tm and
Fig. 6. Chemical maps (A and D), spectra (B and E) and correlation maps (C and F) for GGG-
and F).
associated ΔH, when compared to the control (unhydrolysed
PGS) thus indicating only a small reduction of surface crystallinity
which however could promote cell adhesion [31] the 5 min alka-
line treatment was chosen as this would reduce the processing
time (Fig. 4).

SEMmicrographs (provided as Supplementary Fig. 1)were obtained
for untreated PGS and hydrolysed PGS treated according to the chosen
procedure. The morphological analysis confirmed that the chosen
hydrolysis condition did not produce any significant morphological
modification on the surface of the sample.

Chemical, thermal and surface studies therefore confirmed that the
chemical modification of the PGS membranes via alkaline hydrolysis
(5 min treatment) had successfully modified the surface property of
the films by incorporating more COOH chemical groups. The modifica-
tion step did not seem to have deleterious effect on the bulk properties
of the polymer.
GRGDSP modified porous PGS (A, B, and C) and GGG-YIGSR modified porous PGS (D, E,

image of Fig.�5
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Fig. 7. Surface topography of the fabricated (A) PGS functionalized with GGGGRGDSP peptide and (B) PGS control films.
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3.3. Properties of the developed biomimetic PGS membranes

3.3.1. Chemical properties
Once the hydrolysis conditions were optimized, coupling reaction

with bioactive peptides was performed on PGS hydrolysed samples.
ATR spectra were then acquired in order to verify the efficacy of the
coupling reaction and the presence of peptide sequence on PGS func-
tionalized samples.

In Fig. 5 the ATR spectra of GGG-GRGDSP, GGG-YIGSR, PGSmodified
with GGG-GRGDSP and PGS modified with GGG-YIGSR are shown. The
GGG-GRGDSP spectrum was characterized by the following adsorption
peaks: ν N-H = 3400 cm−1; ν N-H (Amide I) = 1640 cm−1 and ν
N-H (Amide II) = 1550 cm−1. The GGG-YIGSR spectrum was charac-
terized by the following adsorption peaks: ν N-H = 1550 cm−1 and ν
Tyr = 723 cm−1. The same characteristic adsorption peaks were
detected in the spectra of functionalized samples, demonstrating the oc-
currence of the coupling reaction.

FTIR Chemical Imaging investigation was performed to investigate
the distribution of the biomolecules on the functionalized surfaces
(Fig. 6). Chemical maps were acquired from both surfaces of the
Fig. 8. ToF-SIMS spectra of PGS surfaces functionalized with GGGGRGDSP and GGGYIGSR pe
confirmed the functionalization of the PGS surface with the respective peptide sequences.
PGS samples functionalized with GGG-GRGDSP and GGG-YIGSR.
From the map, spectra were recorded and analyzed in order to verify
the presence of the typical adsorption peaks of the peptides. In Fig. 6B,
which is the magnification of spectra acquired from the chemical map
in Fig. 6A, it is possible to observe the presence of a small adsorption
(at 1550 cm−1) related to amide II and a shoulder related to amide I.
These results can confirm the presence of the GGG-GRGDSP on the sam-
ple surface. The same results were obtained for the spectra of
GGG-YIGSR modified PGS (Fig. 6D and E). Correlation maps between
the chemical map and the adsorption peaks in the interval of interest
(1700–1400 cm−1 range) were therefore elaborated (Fig. 6C and F).
The correlation index showed a value between 0.8 and 0.9 suggesting
homogenous distribution of the peptides on the film surface.

3.3.2. Microstructural properties
No apparent differences in surface morphology of the dense PGS

peptide functionalized films in comparison to the control films
(nonfunctionalized) could be deduced at the micron scale level by
SEM analysis (data not shown). Roughness assessment of the surfaces
of peptide functionalized and control samples again ascertained what
ptides. The peaks for the reference, signature amino acid and spacer sequence observed
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was observed morphologically. No differences in the surface roughness
of the dense PGS peptide functionalized samples (Ra = 0.09 μm) in
comparison to the control samples (Ra = 0.09 μm) were observed.
Fig. 7 shows the roughness of the smooth side of the PGS peptide func-
tionalized with GGG-GRGDSP peptides and the smooth side of the PGS
control films. Because of the observations made from the roughness
measurements of the dense PGS peptide functionalized films, porous
PGS scaffolds post peptide functionalizationwere not evaluated for fur-
ther roughness assessment.

Surface modification of the PGS surface with peptides as expected
led to a change of its wettability. Control PGS dense samples possessed
a water contact angle (θH2O = 65 ± 2) and a total surface energy of
41.97 mN/m. The surface energy associated with a biomaterial gives
an indication as to its surface polarity and how it will interface with
the surrounding tissue [32]. As a general rule, as the proportion of
polar groups (e.g. OOH groups) on the surface of an implant increases,
the attractive forces to highly polar water molecules increase. Although
the control PGS dense filmswere hydrophilic, incorporation of the pep-
tides on their surface had further increased hydrophilicity with com-
plete spreading of the water drop observed during the testing i.e.
θH2O = 0o. On the other hand for the porous PGS scaffold, reliable con-
tact anglemeasurement studies could not be carried out. This is because
as soon as the water droplet was in contact with the porous surface, the
Fig. 9. A: DiI labeled hC-MSCs seeded on PGS membranes in the absence or presence of fib
phase contrast and upon fluorescence excitation is merged in the right panels. B: Quantifi
cells grown in the absence of PGS membranes (growth medium) are shown for compariso
YIGSR similarly increased the signals of DiI labeled hC-MSCs and rCPCs. The overall red
hC-MSCs. Scale bars: 200 μm. * p b 0.01 vs PGS.
dropletwas absorbeddue to the presence of thepores. However, similar
conclusion of increased wettability of peptide functionalized porous
PGS scaffold in comparison to the control can be drawn.
3.3.3. Qualitative and quantitative assessments of the covalently bound
peptides onto the PGS membranes

The peptide surface density on functionalized PGS samples was de-
termined byHPLC. The resultswere 60 ng/cm2 for theGGG-GRGDSP se-
quence and 10 ng/cm2 for the GGG-YIGSR sequence for the porous PGS
scaffold. The dense PGSfilms contained 50 ng/cm2 of GGG-GRGDSp and
65 ng/cm2 of GGG-YIGSR.

The presence of peptides on the surface of PGS was further con-
firmed by the ToF-SIMS analysis as shown in Fig. 8. From the fragmen-
tation pattern the peak at m/z = 69 corresponded to the substrate
signal C3HO2

+. This substrate signal was chosen as the reference.
Owing to the modification of the PGS surface the intensity of the
substrate is the highest in the control and is seen to decrease in the
modified surfaces of both the dense and the porous sample (Fig. 8).
The peak corresponding to m/z = 30 is for CNH4

+, which is a signature
fragment of amino acids. As triple base sequence of GGG as spacer was
incorporated in the peptide sequences, therefore the peak correspond-
ing to glycine at m/z = 42 was also observed.
ronectin sequence (GRGDSP) functionalization. The same microscopic field shown by
cation of the fractional area occupied by DiI labeled cells. The fluorescent signals of
n. Data were grouped for PGS membrane functionalization because either GRGDSP or
uced fluorescent signals of rCPCs were likely due to their smaller size compared to
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Fig. 10. A: Co-localization of green fluorescence protein (GFP, green) and DiI (red) on GFPpos CPCs after two weeks of culture on PGS membranes. Scale bar = 100 μm. B: Growth
characteristics of rCPCs cultured on PGS membranes. -YIGSR (red line) functionalization improves rCPC adhesion and growth compared to -GRGDSP (blue line) and control PGS
membrane (black line) at 2 and 14 days after seeding. * = p b 0.01 vs control; ** = p b 0.05 vs -GRDSP.

3686 R. Rai et al. / Materials Science and Engineering C 33 (2013) 3677–3687
3.4. Biological investigation of the biomimetic PGS membranes

Human and rat resident cardiac progenitors were employed as the
most appropriate cellular substrate to determine the biological effects
of the developed PGS matrices. rCPCs and hC-MSCs are self renewing,
multipotent and give rise in vitro and in vivo to all myocardial cell
compartments [9-12]. Moreover, these cells constitutively express
α4β3 integrin receptor of fibrinogen/fibrin and upon growth factor
stimulation may activate α6β4 integrin receptor of fibronectin [13].
Seeding was performed on cells labeled with CM-DiI, a membrane
bound red fluorescent dye, to detect by microscopic analysis cell
behavior and to allow the comparative quantification of their survival
and adhesion to the surface (Fig. 9A). As expected, compared to stan-
dard in vitro conditions, the presence of PGS membranes (control
samples) reduced the number of rCPCs and h-C-MSCs after 7 days
of culture (Fig. 9B).

However, functionalization using GGG-GRGDSP or GGG-YIGSR
sequences corresponding to the epitope sequence of fibronectin and
laminin, respectively, was able to favor cell survival and adhesion to
Fig. 11. SEM images of rCPCs (*) two weeks after seeding on PGS membranes. A: on a c
cytoplasmic protrusions (O.M. = 5000×; scale bars = 1 μm). B and C: rCPCs laying on -GRG
clear formation of filopodia and cell-to-cell contact (O.M. = 2500×; scale bars = 10 μm).
PGS biomembranes (Fig. 9A and B). The prototype of cell adhesive
and bioactive matrix proteins, fibronectin has been shown to regulate
cell growth, cell shape, cytoskeletal organization, differentiation,
migration, and apoptosis of almost all tissue cells [9,11,33]. Laminins,
a family of about 20 different heterotrimeric cross-shaped glycopro-
teins are the most bioactive components of basement membranes in
which they assemble into a cross-linked web, interwoven with type
IV collagen network [9,34,35]. Our studies therefore showed that
the amount of ligand bound onto the surface of the membranes was
able to promote cell adhesion and growth. In this respect, ligand surface
concentration of 10−15 mol/cm2 was found to be sufficient for cell
spreading [36].

No significant difference was observed between RGD and YIGS
sequences in these positive effects so that results were combined.
Thus, 7.4-fold and 14-fold increase in area occupied, respectively, by
DiI labeled rCPCs and h-C-MSCs was measured one week after plating
on fibronectin and laminin peptides covalently bound to PGS mem-
branes. To assess the effect of PGS membranes on long term growth
characteristics of cardiac progenitors, DiI labeled GFP-rCPCs were
ontrol membrane, cells show a gobular shape and adhesion is mediated only by few
DSP (B) and -YIGSR (C) functionalized PGSmembranes showing cytoplasmic extension,

image of Fig.�11
image of Fig.�10


3687R. Rai et al. / Materials Science and Engineering C 33 (2013) 3677–3687
examined at 48 h, 7 days and 14 days after seeding on biomimetic
membranes (Fig. 10A). The study revealed that the functionalized
PGS was able to support the growth of the seeded CPCs. Both
GGG-GRGDSP and GGG-YIGSR functionalizations of PGS improved
rCPC growth compared to control. In fact a 2-fold increase and a 5.5-
fold increase in cell number were measured two weeks after plating
on GRGDSP- and YIGSR-sequences, respectively (Fig. 10B).

The improved biological properties of rCPCs produced by
functionalizations of PGS membranes were investigated at submicro-
scopic levels by SEM. On control PGS membranes, round shaped cells
weakly connected to the membrane by few filopodia were observed
(Fig. 11A). Both GRGDSP- and YIGSR-sequence functionalizations
increased the surface accessible for cell adhesion to the membrane
and promoted intercellular communication (Fig. 11B and C).

4. Conclusions

We reported the successful development of PGS matrices with mi-
crostructural features and functionalized to mimic native epitope se-
quences of laminin and fibronectin for cardiac patch applications. A
novel strategy of surface modification of the PGS membranes was car-
ried out by sequential treatment of alkaline hydrolysis and acid treat-
ment without exerting adverse effect on the bulk properties of the
polymer as evaluated from microstructural analysis. This chemical
modification of the PGS surface ensured homogenous immobilization
of the fibronectin and laminin peptide sequence, facilitated via
EDC-NHS chemistry. The developed biomimetic membranes were
found to be biocompatible with both rCPCs and hC-MSCs, supporting
their adhesion and growth. Thus, the PGS biomimetic membranes
developed hold promise to serve as carrier and delivery vehicle for func-
tional cardiomyocytes to the infarct region of the heart.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.msec.2013.04.058.
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