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Abstract

Three-dimensional (3 D) porous scaffolds based on graphene oxide (GO) incorporated pectin/chitosan
polyelectrolyte complex (PCGO) were prepared by the freeze-drying technique. The ¢chemical composition and
microstructure of the prepared PCGO scaffolds were studied by FTIR and XRD analysisaThe presence of GO and its
uniform distribution within the polymer matrix was confirmed by Raman spectroscopy<and confocal Raman mapping
analysis, respectively. TGA analysis revealed that the addition of GO improves the thermal stability of the
pectin/chitosan complex. SEM analysis confirmed the uniform pore distfibution.of PCGO scaffolds. Moreover, it showed
that the pore size of the scaffolds was decreased with the increasedn GO content. Among the developed PCGO scaffolds,
the scaffolds with 1 wt.% of GO presented the improved hydrophilicity by:exhibiting the water swelling degree of
2004%, water retention capacity of 1101% and water contact angle (WCA) of 21°. In addition, these scaffolds presented
better compressive strength (~283 KPa) and resistance towards lysozyme-mediated degradation. The PCGO scaffolds
presented an acceptable level of bio-and hemocompatibility and GO concentration-dependent cell attachment ability.
These results demonstrate the suitability of PCGO scaffolds,for tissue engineering.

Keywords Pectin; Chitosan; Graphene oxide; Scaffolds; Tissue engineering; Cytocompatibility

1. Introduction

Polyelectrolyte complexes (PECs) are formed due to the electrostatic interactions between a
polycation and a polyanion. Preparation of PECs is gaining popularity due to their versatile
applications in the field-of\waste-water treatment, pharmaceutical and food industries, drug delivery,
and tissue engineering. PECs produced from natural polymers are non-toxic, biocompatible, and
exhibit unique charagteristics that cannot be observed in their polymer counterparts [1]. Among the
several natural palymers available, chitosan is highly considered for PEC formation as it is the only
pseudo-natural cationic polymer. Chitosan is a linear, semi-crystalline polysaccharide consisting of
(1—4)-2-acetamido-2-deoxy-S-p-glucan (N-acetyl o -glucosamine) and (1—4)-2-amino-2-deoxy- f -
p -glucan (p -glucosamine) residues [2]. It is obtained by the partial deacetylation of chitin that is
present in the exoskeleton of crustaceans like shrimps and lobsters. Chitosan is a highly desirable
material for biomedical applications due to its non-toxicity, antibacterial activity, biodegradability,
biocompatibility, hemostatic and mucoadhesive properties [3, 4]. Chitosan needs to be crosslinked to
impart good chemical and physical stability. A variety of crosslinking agents such as glutaraldehyde,
genipin, tripolyphosphate have been used for crosslinking chitosan, but many of these crosslinking
agents cause toxicity and may affect the biological application of the resulting chitosan-based
composite [5]. PEC formation between chitosan and other polyanionic polymers can increase the
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stability and suitability of the resulting complexes for biomedical applications without the need for
any crosslinking agents [6]. A variety of anionic polymers such as alginate [7], hyaluronic acid,
pectin [8], carboxymethyl cellulose [9] and polyglutamic acid [10] have been employed for the
fabrication of chitosan-based PECs. Among the polyanionic polymers, pectin is considered to form a
PEC more effectively with chitosan when compared to other polymers. Pectin is present in the cell
walls of higher plants, and it comprises partially esterified galacturonic acid, rhamnose and several
sugar residues. It is used extensively in the food industry as a thickening and gelling agent. In the
pharmaceutical industry, pectin is employed as a prophylactic agent, colon-specific drug delivery
carrier and inhibitory agent against cancer cell metastasis and survival [11]. Due to the hydrophilic
nature, gelling behavior in presence of divalent metal ions and anti-inflammatory properties, pectin
has been considered for healing burn wounds and chronic diabetic wounds. The highly esterified
galacturonic acid residues of pectin were found to favor the anti-inflammatory activity by
suppressing the expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)
enzymes that are mainly responsible for inflammation reaction [5].

Due to the electrostatic interaction between the carboxyl group of pectin (COO") and the
amino group of chitosan (NHs"), pectin-chitosan PECs were found to exhibit the desired propetties
such as increased solubility, stability, biodegradability, biocompatibility, mechanical strength, in vivo
targeting, stimulated release and poroviscoelasticity required in various areas sueh as seft tissue
regeneration [12], soil irrigation [13], drug delivery [14], bone tissue engineering [15], pH indicator
[16], biosensors, nanoelectronics and photonics [4]. In recent years, pectin/chitosan PECs were
combined with bioactive materials such as ceramics, clay and metal nanoparticles (NPs) to broaden
their biomedical applications. A ternary nano dressing made up of titanium.dioxide NPs loaded
pectin/chitosan PECs have been evaluated for wound healing applications.” These wound dressing
materials exhibited a good in vivo wound closure rate in albinoarats [17]. The porous films based on
ZnO NPs loaded chitosan-pectin PECs were found to be good:wound healing agents since they
exhibited improved antibacterial activity, human dermal, fibrablast viability, and cell proliferation
[18]. The successful in situ mineralization of nanohydroxyapatite in the pectin/chitosan PECs
suggested the potential of pectin/chitosan PECs in hone.tissue engineering [19]. The hydrogels based
on pectin/chitosan PECs incorporated with hydroxyapatite and g-tricalcium phosphate have been
employed for the regeneration of alveolar bone[20]. Similarly, 3 D porous scaffolds made up of
pectin/chitosan PECs loaded with hydroxyapatite and S-tricalcium phosphate coated with
vancomycin were found to be suitable for treating periprosthetic infections [21]. These studies
suggest that the incorporation of bioactive nanofillers can impart unique characteristics to the
pectin/chitosan PECs that are required. for.the regeneration of particular tissues.

In recent years, carbon-based nanomaterials such as carbon nanotubes, graphene and GO
have received much attention as,organic nanofillers. Among these nanofillers, GO has been
considered for drug delivery, wound healing, and tissue engineering due to its biocompatibility and
presence of oxygen-containing functional groups such as carboxyl, hydroxyl, and epoxy groups. It
has been proved-that the.scaffolds loaded with an optimum amount of GO can exhibit improved
mechanical strength and favor the differentiation of mesenchymal stem cells into osteoblasts or
neurons. Due to the favorable properties of GO, so far, various types of GO-containing polymeric
scaffolds have been developed. Recently, hydroxypropyl chitosan grafted with GO and GO-loaded
agarose/chitosan complex has been developed as 3 D porous scaffolds for tissue engineering [22, 23].
The physicochemical and biological properties of these scaffolds were found to depend on not only
the GO content but also polymer composition. The PEC composed of chitosan/sodium
carboxymethyl cellulose incorporated with halloysite nanotubes and GO was developed for the
regeneration of soft tissues [24]. Also, polyacrylamide/sodium carboxymethyl cellulose PEC
reinforced with GO and cellulose nanocrystals were prepared for tissue engineering [25]. Further,
pectin-coated chitosan-GO nanocomposites were developed for cancer therapy. These
nanocomposites selectively killed cancer cells and delivered DsiRNA efficiently into the cells for



gene silencing on the target gene [26]. In the present study, a novel type of porous scaffolds based on
pectin/chitosan PECs combined with GO (PCGO) was developed by the freeze-drying method and
characterized for tissue engineering applications. Freeze-drying is a well-known technique to
fabricate 3 D porous scaffolds from polymeric composites with the desired shape, pore size, porosity
and other physicochemical properties [27]. Due to the synergistic effects of pectin/chitosan PEC and
GO, the developed composite scaffolds could exhibit improved stability, morphological
characteristics, mechanical properties, swelling behavior, water retention and cell-binding abilities
required for tissue engineering.

2. Materials and Methods

2.1. Materials

Chitosan (Molecular weight, 193.4 KDa; degree of deacetylation, 75 — 85%), pectin
(Molecular weight, 25 — 50 KDa; galacturonic acid content, >80%), propidium iodide and3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were procured from SRz, India.
Graphite fine powder (98%) was obtained from Loba Chemie Pvt. Ltd, India. Trypsin-EDTA
(0.25%), Dulbecco's Modified Eagle Medium (DMEM), and Fetal Bovine Serum (FBS) were
procured from ThermoFisher Scientific Corporation, India. Pig blood was provided.by the Centre for
Animal Health Studies (CAHS), Tamil Nadu Veterinary and Animal Sciences University
(TANUVAS), Chennai, India. The Vero cells (epithelial cells from the kidney of'the African green
monkey) were purchased from National Centre for Cell Sciences (NCES), Pune, India. All other
reagents used were of analytical grade.

2.2. Synthesis of GO and fabrication of PCGO scaffolds

GO was prepared by a previously reported method\[28]< To prepare PCGO scaffolds,
initially, 100 mL of 2 wt. % pectin solution was prepared and mixed uniformly with different
concentrations of GO (0.5, 1, and 1.5 wt. % based on the polymer weight) using a sonicator. Also,
100 mL of 1 wt. % chitosan solution was prepared using 1% (v/v) acetic acid under stirring at room
temperature. Thereafter, the pectin-GO solution was added dropwise to the chitosan solution under
vigorous stirring for 2 h to form the homogenous PCGO solution. Then, this solution was added to
24 well plates, frozen at —80°C for 12t and freeze-dried at —50°C under 0.15 mbar pressure. The
resulting materials were neutralized'with.agueous NaOH and washed repeatedly with distilled water
and freeze-dried to obtain the PCGO scaffolds. In this study, the ratio in which pectin and chitosan
combined to form a high yield of PEC was used for the fabrication of scaffolds.

2.3. Characterization

The morphelogy-of GO was observed under Field Emission-Scanning Electron Microscope
(FE-SEM) (Quattro, ThermoFisher Scientific, USA) and Transmission Electron Microscope (TEM)
(Libra Model 200, Zeiss, Germany). The zeta potential of GO was measured using Dynamic Light
Scattering (DLS) Model- Nanotrac Wave Il, Microtrac Inc, USA. FTIR spectra of the samples were
recorded using Perkin Elmer Spectrum Two FTIR spectrometer from the range 4000 to 500 cm . X-
ray diffraction (XRD) analysis was performed using SmartLab SE Powder X-Ray Diffractometer
(Rigaku Corporation, Japan) with CuK-B1D filter at a scanning speed of 10°/min. Raman
spectroscopy was conducted at room temperature using a Confocal Raman microscope (alpha 300 R,
WilTec, Germany) with an excitation wavelength of 532 nm and laser power of 1.75 mW. For Raman
mapping, the pelletized samples were placed on the stage and the analysis was performed by taking
about 10,000 individual spectra over an area of 50 x 50 umz. The dispersion of GO in the polymer
matrix was mapped based upon the integrated intensity of the G band of GO. Thermogravimetry



analysis (TGA) was performed using a thermogravimetric analyzer (TGA-DSC 3+, Mettler Toledo,
Switzerland) from 25 to 600 °C at the heating rate of 10 °C/min under nitrogen atmosphere. The
morphology of the scaffolds was observed using TESCAN VEGA3 SEM. The pore diameter of the
scaffolds was measured from the SEM images using ImageJ software. The compressive strength of
the scaffolds (1.5 cm height x 1.3 cm diameter) was determined using the Universal Testing Machine
(FSA, M-100) as per ASTM standard D 695-96 with a load cell of 100 kN and a crosshead speed of
1 mm/min. The porosity of scaffolds was measured using the liquid displacement method. The in
vitro degradation profile of scaffolds was observed for 28 days in lysozyme (0.5 mg/mL) containing
phosphate-buffered saline (PBS) at 37 °C. Hemocompatibility of the scaffolds was analyzed using
the red blood cells (RBCs) derived from pig blood by the standard method [29]. The in vitro
cytocompatibility of the scaffolds was analyzed using the Vero cells by indirect MTT assay [30] and
flow cytometry analysis [31]. The morphology of Vero cells cultured in the presence of a PCGO
scaffold was observed by the fluorescein diacetate (FDA) staining method [32].

2.4. Determination of swelling and water retention capacity

The swelling and water retention capacity of the scaffolds were analyzed using PBS.at pH 7.4
and 37 °C. The precisely weighed (W) scaffolds were engrossed in 25 mL of PBS,solutiens. At
regular time intervals, the swollen scaffolds were weighed (W,) after the excess water was removed
using soft tissue paper. The swelling degree of the scaffolds was determined using.the following
equation.

Swelling degree, (%) :V%xloo

1
where W, and W, are the weight of the scaffolds.in the'wet and dry state, respectively.

To determine the water retention capacity of the scaffolds, a known weight of the dry
scaffolds (W;) was submerged in 25 mL of PBS solutien at 37 °C for 24 h. Thereafter, the scaffolds
were removed from PBS and centrifuged at 500pm for 3 min with filter papers at the bottom of the
centrifuge tube. Finally, after measuring wet weight (W) of the centrifuged scaffolds, the water
retention capacity of the scaffolds was determined using the following formula.

Wz _Wl

Water retention ability, (%) = %100

1

where W, and W; are the wet and-dry weight of the scaffolds, respectively.

2.5. Water contact angle (WCA) analysis

WCA measurements were carried out to analyze the surface wettability of the scaffolds using
a contact angle meter (HO-IAD-CAM-01, Holmarc, India). To study the hydrophilicity of the surface
and to avoid the influence of pores, before conducting analysis, the scaffolds were pelletized. During
analysis, the pelletized scaffolds were placed on the sample holder and 5 pL of distilled water was
dropped on the surface of the samples through a 20 pL syringe with a blunt-edge needle. The water
droplet shape at different time points were recorded using a camera attached to the instrument and
WCA was calculated with inbuilt software (Contact angle meter application, Version 8.1.0.0,
Holmarc Opto-Mechatronics Pvt. Ltd.). To calculate the mean contact angle, the water droplet was
placed at three different points on the sample surface and average values were calculated [33].



2.6. Cell attachment analysis

The scaffolds were placed in 12 well plates and 1 x 10° cells in 200 pL of the medium were
added to the scaffold surface slowly for the cells to penetrate the scaffolds. Then, they were
incubated at 37 °C for 2 h. Thereafter, | mL of the medium was added to hydrate the scaffolds and
incubated at 37 °C for 48 h [34]. Cell attachment onto the scaffolds was observed using FE-SEM.
Before FE-SEM analysis, the scaffolds were washed with 1X PBS to remove the excess medium
present in the scaffolds. Then, the scaffolds were treated with 2.5% glutaraldehyde in 1X PBS for 2 h
to fix the cells, followed by a dehydration process with gradient ethanol (25, 50, 75 and 100%) for
10 min, air-dried overnight, and observed under FE-SEM.

3. Results and discussion

3.1. Preparation and characterization of GO

GO was prepared by modified Hummer’s method. The formation of GO was confirmed by
FTIR, XRD, and Raman spectral analysis. Figure 1A shows the FTIR spectrum of GO 'which
confirms the presence of oxygen-containing functional groups in GO. The broad-peakiat 3410 cm*
corresponds to the -OH groups of GO. The peaks at 1733 and 1386 cm™* contribute'to the C=0 and
C-O stretching vibration of the carboxyl groups. The bands at 1056 and 1226:em ‘are due to the C-O
of alkoxy and epoxy groups of GO. The peak at 1623 cm ™ arises due to the.6=C bonds of the
unoxidized graphite domains present in GO [35]. Figure 1B shows the XRD.pattern of GO where a
peak observed at 11.8° confirms the successful oxidation of graphite'into GO [36]. The Raman
spectrum of GO shows its characteristic D, G and 2 D peaks at 135631586 and 2696 cm *,
respectively (Figure 1C). D band occurs due to the presence.of defects in the surface of GO sheets
caused by the inclusion of oxygen-containing functional groups by disrupting the C=C bonds. The G
band corresponds to the in-plane vibrations of pure graphite caused by C-C stretching [37].

The morphology of GO was characterized by FE-SEM and TEM analysis. FE-SEM image
shows the presence of wrinkles on the surface.of.exfoliated GO sheets (Figure 1D). These wrinkles
could prevent the aggregation of GO sheets during the composite preparation. As shown in Figure
1E, the TEM image displays the presence of several folds on the surface of GO sheets, which
indicated the multi-layered structure of GQ. It is known that the particles with zeta potential in the
range of —30 to +30 mV were found'te be.stable in suspension due to electrostatic repulsion between
their functional groups. In this study, the prepared GO flakes exhibited a zeta potential of —29.2 mV
due to the presence of electronegative functional groups, which confirmed its stability in the aqueous
solution.

3.2. Preparation and characterization of PCGO scaffolds

Initially, PCGO solutions with varying concentrations of GO were prepared to fabricate
PCGO scaffolds.'Due to the presence of cationic amino groups in chitosan and anionic carboxyl
groups in pectin and GO, chitosan formed a strong electrostatic interaction with pectin and GO in the
PCGO solutions. Here, the surface charge of pectin, GO and chitosan plays an important role in the
entanglement between molecular chains that promote the development of PCGO PECs [38].
Thereafter, the prepared PCGO solutions were freeze-dried to obtain different types of PCGO
scaffolds as given in Table 1. The chemical nature of PCGO scaffolds was analyzed by FTIR
spectroscopy. In the FTIR spectrum of pectin (Figure 2A), a peak observed at 3392 corresponds to
the -OH stretching vibration due to the intra- and intermolecular hydrogen bonding of the
galacturonic acid. The peaks at 2944 and 2875 cm * attributed to the stretching vibration of the C-H
bond and 1636 and 1438 cm * due to the asymmetrical and symmetrical vibration of the carboxylic



group, respectively. A peak at 1754 cm * belongs to the C=0 stretching vibration of methyl ester of
carboxylic group. The other bands at 1115 and 1070 cm " attributed to the stretching vibrations of C-
OH groups and C-O-C glycosidic bonds, resPectiver [39]. The FTIR spectrum of chitosan (Figure
2B) shows a characteristic peak at 3420 cm ~ due to the —OH stretching vibrations. The peaks noted
at 2990 and 2850 cm ™ corresponded to C-H symmetric and asymmetric stretching, respectively. The
peaks that appeared at 1650 and 1325 cm * attributed to C=0 stretching of amide | and C-N
stretching of amide 111, respectively, which indicated that chitosan is not completely deacetylated.
The peaks at 1597 and 1152 cm ™ * attributed to the N-H bending of the primary amine and
asymmetric stretching of the C-O-C bridge, respectively [40]. In the FTIR spectrum of pectin-
chitosan (PC) scaffolds (Figure 2C), the broadband that appeared at 3400 cm ™ could be assigned to
O-H stretching of both pectin and chitosan overlapped with N-H stretching vibrations of chitosan.
The band at 1754 cm * corresponding to the ester carbonyl stretching vibration of pectin has shifted
towards 1741 cm*. The peaks at 1634 and 1554 cm * correspond to the amide -CO stretching and -
NH bending vibrations that confirm the electrostatic interactions between the amino group of
chitosan and the carboxyl group of pectin [39]. The peaks at 1072 and 1019 cm ™" correspond to the
C-0 and C-C stretching vibrations of pectin and chitosan, respectively. The FTIR spectrum,of PCGO
scaffolds (Figure 2D-F) shows the characteristic peaks of both pectin and chitosan. However,the
peaks noted for PC scaffolds at 1634 and 1554 cm ™" merge with the increase in GO«content. Strong
ionic interactions among the -NH3" group of chitosan and -COO" groups of both pectinand, GO along
with hydrogen bonding between GO and pectin might be the reason for this observation [6]. The
increase in the intensity of peaks at 1740 and 1019 cm ™ with the increase in GO content could be due
to the carboxyl and alkoxy groups of GO [30].

XRD analysis was performed to study the microstructure of the composite scaffolds. Figure
3A shows the XRD pattern of pectin, which exhibits its characteristic.crystalline peaks at 8.6°, 11.9°,
19.1°, 25.4° and 47.2° [41]. In the XRD pattern of chitosan (Figure 3B), the peaks that appeared at
8.7° and 20.2° corresponded to its semi-crystalline nature [42]. In'the XRD pattern of the PC scaffold
(Figure 3C), the characteristic peaks of both pectin and chitosan vanished, and new peaks appeared
at 13° and 22°. This observation could be due to the €lectrostatic interaction between the polymers
and thereby decreasing the crystalline property. of the individual polymers [39]. In the case of PCGO
scaffolds (Figure 3D-F), no characteristic peaks for GO were observed. However, the amorphous
diffraction peaks were noted at 8° and 22°. The absence of peaks corresponding to GO confirms good
dispersion of GO in the polymer matrix [43;44].

The distribution of GO in the'RC'matrix was analyzed by Raman spectroscopy (Figure 4A).
In the spectra of PCGO scaffolds, the characteristic D and G peaks of GO were appeared at 1356 and
1617 cm ", respectively. Whereas in the spectrum of the PC scaffold, these peaks were not observed.
This result proves the suceessful.incorporation of GO in the PC polymer matrix. Compared to the
spectrum of GO, a shift in the!G band from 1586 to the range of 1617 — 1622 cm ™" was observed in
the spectra of PCGO scaffolds, which could be due to the interactions between the GO sheets and PC
matrix [45]. The«distribution of GO in the polymer matrix was further analyzed by Raman mapping.
Figure 4B shows the Raman mapping and the representative spectrum of the different color zones
corresponding to PCGO-2 scaffolds. In the image, the bright red region (1) corresponds to GO sheets
and the blue region (1) relates to the PC polymer matrix. The uniform distribution of the red area
over the blue region indicated the homogenous distribution of GO sheets in the PCGO scaffolds.

The thermal stability of the PCGO scaffolds was analyzed and compared with that of PC
scaffolds using TGA. As shown in Figure 5, all the samples exhibited two stages of weight loss,
where the initial weight loss starts at ~40°C due to the loss of moisture content from the samples and
the second stage of weight loss starts at ~170°C due to the polymer degradation through the random
splitting of glycosidic bonds followed by the decomposition of the resulting smaller molecules [46].
The values of Tsg (the temperature at which 50% of the weight loss occurs) and the residual mass of
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the samples were increased from 279.5 to 297.2 °C and 31.4 to 33.5%, respectively, with the
increasing concentration of GO from 0 to 1.5 wt. %. This observation indicates that the presence of
GO can improve the thermal stability of the PCGO scaffolds.

3.3. Morphology of PCGO scaffolds

Figure 5 shows the SEM micrographs of PC and PCGO scaffolds. From these images, it is
clear that all types of scaffolds exhibited smooth surface morphology with uniformly distributed and
well-interconnected micropores. However, the pore size of the scaffolds was decreased considerably
when increasing the content of GO from 0 to 1.5 wt. %. The average pore size of PC, PCGO-1,
PCGO-2 and PCGO-3 scaffolds was 299 + 139, 287+ 49, 261 =30 and 231 £ 31 um, respectively.
Several factors such as temperature, pressure and viscosity of the polymer determine the size of
pores developed during the freeze-drying process. Of these parameters, polymer viscosity plays a
major role in the formation of ice crystals that determines the pore size. During the drying process,
the increase in polymer viscosity hinders the movement of polymer chains and thereby reduces the
pore size [47]. In the case of PCGO scaffolds, the increase in GO content could improve.the
viscosity of the polymer solution due to the electrostatic interaction between the functional groups of
the polymer chains and GO and the n-n interactions between the GO layers [48]. Hence,the
decreased pore size was observed in the PCGO scaffolds upon increasing GO content. Porosity is
one of the major factors that influence the physical and biological properties of a scaffold. Pores in a
scaffold help in the distribution of nutrients throughout the matrix when implanted in vivo. It also
favors the migration of cells through the scaffold matrix and provides a suitable substrate for tissue
regeneration. Hence, in this study, the porosity of PC and PCGO scaffolds was determined. The
porosity of PC, PCGO-1, PCGO-2 and PCGO-3 scaffolds was found to.be 79+9, 74+ 6, 72 + 7 and
64 + 13%, respectively. The decrease in porosity when increasing theicontent of GO could be due to
the increased viscosity of the polymer solution. The porosity determined in the range of 64 + 13 to
74 + 6% for PCGO scaffolds could be ideal for tissue regeneration.

3.4. Swelling, water retention, contact angle; degradation and mechanical
behaviors

A scaffold with good swelling properties'will hold physiological fluid when implanted in vivo
and favor the adsorption of serum proteins by the scaffolds. Increased protein adsorption could
improve cell adhesion, proliferationrandultimately the formation of 3 D tissues. Therefore, adequate
swelling is highly desired for the‘ideal scaffolds for tissue engineering applications. Figure 6A shows
the in vitro swelling kinetics of PC and PCGO scaffolds as a function of time. It can be observed that
all the scaffolds exhibited.rapid swelling and reached the swelling equilibrium within 1 h due to the
hydrophilic nature of chitosan; pectin and the GO. The PC, PCGO-1, PCGO-2 and PCGO-3
scaffolds exhibited aswelling degree of 1363%, 1622%, 2004% and 1581%, respectively, at the
swelling equilibrium,which indicated that the swelling degree of PCGO scaffolds was increased
with the increase in'GO content up to 1 wt. % and then decreased with the further increase in GO
content. The presence of an adequate number of pores (~72%) and the improved hydrophilicity due
to GO could be responsible for the increased swelling degree of PCGO-2 scaffolds. Whereas in the
case of PCGO-3 scaffolds, the decrease in porosity (~64%) and the rigid nature of pore walls could
be the reason for its decreased swelling degree.

The water retention ability of the scaffold plays an important role in maintaining its structure
and stability while implanted in vivo. In the wound healing process, it will prevent dehydration of the
wound area and hold the wound exudates. Similar to the swelling kinetics, the water retention ability

of the PCGO scaffolds increased with increasing GO content up to 1 wt. % and then decreased with a
further increase in GO. The water retention ability of PC, PCGO-1, PCGO-2 and PCGO-3 scaffolds
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was 835+ 11,910%11, 1101 £54 and 651 £ 6%, respectively. The PCGO-2 scaffolds with 1 wt. %
of GO exhibited the highest water retention ability, which might be due to their improved porosity
and hydrophilicity as discussed previously.

The success of a tissue engineering scaffold lies in its ability to promote cell adhesion,
proliferation and formation of 3 D tissues. This in turn depends on the adsorption of proteins on the
scaffold’s surface, which occurs well on the hydrophilic surface rather than hydrophobic surfaces.
Therefore, analysis of surface hydrophilicity is an important parameter to find the suitability of tissue
engineering scaffolds. In this study, the effect of GO on the surface hydrophilicity of PCGO
scaffolds was analyzed by the WCA measurement. If the WCA of samples is from 0 to 90° they are
considered to be hydrophilic and otherwise they are considered to be hydrophobic [29]. Figure 6B
shows the image of the contact angle of PC and PCGO scaffolds at different time intervals (0, 2, 4, 6
and 8 s). Due to the presence of pectin and chitosan, all the samples presented the WCA lesser than
90°, which indicated their hydrophilicity. A previous study has also reported that the incorporation of
pectin in the chitosan matrix decreases the WCA of the resulting PEC due to improved
hydrophilicity [49]. In this study, among the developed PCGO scaffolds, PCGO-2 scaffolds showed
the lowest WCA of 51° and 21° at 2 and 4 s, respectively. Moreover, they started to swell quite early
(~6 s). The reason for these observations could be the increased affinity towards water due.to the
presence of an adequate amount (1 wt. %) of GO.

The tissue engineering scaffold should have a controlled rate of degradation at the implanted
site and its degradation rate should match the rate of regeneration of new tissue. In this study, the
effect of GO on the degradation rate of PCGO scaffolds was analyzed and compared with that of PC
scaffold (Figure 6C). The PC, PCGO-1, PCGO-2 and PCGO-3 scaffolds showed the controlled rate
of degradation over the period studied and exhibited about 58 =4, 52+ 4, 39 + 6 and 41 +4% of
degradation, respectively, at the end of 28 days of incubation=This,observation demonstrated that
PCGO scaffolds have a higher resistance towards lysozyme-mediated degradation when compared to
the control PC scaffolds. The immaobilization of lysozyme by the abundant oxygen-containing
functional groups of GO sheets could be responsible for.this remark [50].

To understand the mechanical propertiesiof PCGO scaffolds, their compressive stress-strain
behaviors were analyzed by the universal testing machine. As shown in Figure 6D, the compressive
strength of PC, PCGO-1, PCGO-2 and PCGO-3 composite scaffolds was found to be 197 £ 8,

266 £ 6, 283 + 6 and 209 + 6 KPa, respectively, which demonstrated that the strength of PCGO
scaffolds was initially increased withincreasing content of GO up to 1 wt. % and then decreased with
a further increase in GO content. The increased compressive strength of PCGO-2 scaffolds could be
due to the homogeneous distribution‘ef GO sheets within the polymer matrix and thereby distributed
load transmission betweenthe GO sheets and the polymer phase. In the case of PCGO-3 scaffolds,
the drop in the compressive strength and the ability to resist deformation could be due to the
aggregation of GO that affects the uniform load transmission and increases the brittleness of
scaffolds.

3.5. Cyto- and hemocompatibility analysis

The in vitro cytocompatibility of PCGO scaffolds with different GO concentrations was
studied by MTT assay using the Vero cells after 24 and 48 h of incubation (Figure 7A). The results
showed that all the scaffolds exhibit > 80% cell viability at both time points. Moreover, no
significant difference in cell viability was observed among the samples. A similar trend was also
noted for chitosan-GO porous scaffolds, which exhibited the improved viability of human
mesenchymal stem cells due to the cytocompatible effects of GO [51]. The cytocompatibility of the
PCGO scaffolds was also evaluated by flow cytometry analysis using propidium iodide (PI). Pl is
capable of entering into dead cells through the damaged cell walls and chelating with their DNA to



form the red fluorescence. Whereas in the live cells, this is not possible due to the presence of an
intact cell membrane. Therefore, the amount of red fluorescence produced is directly proportional to
the number of dead cells present [52]. The flow cytometry results showed that all the types of PCGO
scaffolds exhibited > 95% live cells with a negligible number of dead cells after 48 h of incubation
(Figure 7B). These results confirm that the developed PCGO scaffolds are biocompatible and can be
utilized for tissue engineering applications.

The RBCs can undergo cell degradation and release hemoglobin upon contact with polymer
scaffolds, which is highly undesirable for biomedical applications. Therefore, to test the
hemocompatibility of PCGO scaffolds, % hemolysis of porcine RBCs after incubation with the
scaffolds was observed. The change in optical density due to the presence of hemoglobin released
from the damaged RBCs directly correlates with the hemocompatibility of the PCGO scaffolds [53].
In this study, the RBCs treated with distilled water and pure saline were considered as the positive
(100% hemolysis) and negative (0% hemolysis) control, respectively. As shown in Figure 7C, the
percentage hemolysis of the PC, PCGO-1, PCGO-2 and PCGO-3 scaffolds was 2.57 +0 .32,
2.62+0.31, 1.76 £ 0.76 and 0.43 + 0.048, respectively. Since these values are within the aceeptable
level (<5%), the PCGO scaffolds could be considered hemocompatible.

3.6. Cell morphology and attachment studies

The morphology of Vero cells was observed by the fluorescein diacetate (FDA) staining
method after 48 h of incubation with the PCGO scaffolds. FDA is a fluorescent dye that can
penetrate the live cells and produce green fluorescence due to its hydrolysis'by the esterase enzyme
present in the cytoplasm [54]. Figure 8(A) shows the morphology-ef Vero cells after FDA staining
under the fluorescence microscope. As shown in the images, the cellsitreated with PCGO scaffolds
exhibited well-spread morphology with distinct cytoplasmi¢’extensions. This proves that PCGO
scaffolds could provide favorable conditions for the growth and proliferation of cells apart from their
cytocompatibility.

An ideal tissue engineering scaffold should promote cell attachment and proliferation. Cell
adhesion on tissue engineering scaffolds is the first step in tissue regeneration since other steps such
as cell growth, migration, gene expression-andidifferentiation occur after the cells attach to the
scaffolds. Hence, to assess the suitability of PEGO scaffolds for tissue engineering, their ability to
attach with Vero cells was analyzed. ‘As shewn in Figure 8(B), the PCGO-1 and PCGO-2 scaffolds
presented the highest amount of cell attachment when compared to PC and PCGO-3 scaffolds due to
their improved hydrophilicity..The‘increased amount of GO and reduced porosity (64%) could be the
reasons for the decreased cell attachment ability of PCGO-3 scaffolds. These results confirm that
PCGO scaffolds with 1 wt. % of GO could be an excellent substrate for the attachment of cells.

4. Conclusions

A novel type of 3 D porous PCGO scaffolds with varying GO content was prepared using the
freeze-drying technique. The prepared scaffolds were characterized by FTIR, XRD, Raman
spectroscopy, TGA and SEM. Raman mapping analysis confirmed that GO was uniformly
distributed within the PCGO scaffolds. SEM analysis illustrated that the pore size of the scaffolds
was decreased with increasing GO content. Accordingly, the PC, PCGO-1, PCGO-2 and PCGO-3
scaffolds exhibited the pore size of 299 + 139, 287 £49, 261 £ 30 and 231 + 31 um, respectively. The
porosity analysis revealed that the developed PCGO scaffolds had porosity in the range of 64 — 74%,
which could be ideal for tissue regeneration. Among the developed PCGO scaffolds, the scaffolds
with 1 wt. % of GO (PCGO-2) presented the higher water swelling degree (2004%), water retention
ability (1101%) and WCA of 21° in 4 sec due to its superior hydrophilicity. Besides, PCGO-2



scaffolds showed a well-controlled rate of degradation (~39%) in the lysozyme-containing medium
and improved compressive strength (~283 KPa). The presence of an adequate amount of GO and its
effective interaction with the polymer matrix within the scaffolds could be the reasons for these
observations. MTT assay conducted with Vero cells confirmed the cytocompatibility of PCGO
scaffolds, where all the types of scaffolds irrespective of their GO content exhibited >80% cell
viability. Hemolysis assay revealed the hemocompatibility of PCGO scaffolds, which showed the
acceptable level of hemolysis percentage in the range of ~ 0.43 — 2.62%. Flow cytometry analysis
confirmed the cytocompatibility of the developed PCGO scaffolds. Cell attachment studies showed
that PCGO-1 and PCGO-2 scaffolds had a greater number of attached cells when compared to
control and PCGO-3 scaffolds. These results suggest that the PCGO scaffolds with an appropriate
amount of GO (1 wt. %) could be ideal for tissue engineering.
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Figure 1. (A) FTIR, (B) XRD, (C) Raman spectra, (D) FE-SEM/and (E)*'TEM images of GO.
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Figure 2. FT-IR spectrum of (A) pectin, (B) chitesan, (C) PC and (D) PCGO-1, (E) PCGO-2 and (F)
PCGO-3.
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Figure 3. XRD spectrum of (A) pectin, (B)«chitosan, (C) PC and (D) PCGO-1, (E) PCGO-2 and (F)
PCGO-3.
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Figure 5. SEM images of (A) PC, (B) PCGO-1, (C) PEGO-2and*(D) PCGO-3 composite scaffolds.
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(D) compressive stress-strain curves of the compositeiscaffolds.
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Figure 8. (A) Morphology of Vero cells after 48 h of incubation with the composite scaffolds and
(B) Cell attachment observed by SEM after 72 h of incubation onto composite scaffolds.



Table 1. Types of PCGO composite scaffolds.

Types of scaffolds Pectin solution (2 wt. Chitosan solution. (1 GO, wt. %
%), mL wt. %), mL

PC 50 50 0

PCGO-1 50 50 0.5

PCGO-2 50 50 1

PCGO-3 50 50 1.5




