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Abstract 25 

Modified chemically crosslinked polyesters as soft and electroconductive materials for tissue 26 

engineering applications have gained notable attention. In this work, electroconductivity, thermal 27 

stability, and mechanical properties of synthesized Poly (glycerol-sebacate-itaconic) (PGSIT) by 28 

the solvent-free method was improved by incorporating polypyrrole (PPy) and clay within the 29 

PGSIT matrix. Hydrogen bonds between PGSIT and PPy lead to a homogeneous dispersion of 30 

clay and PPy within the PGSIT matrix. The evaluations indicated that PPy and clay could raise the 31 

conductivity of PGSIT to 1.4×10-4 S/cm, Young’s modulus to 0.9 MPa, tensile strain to 0.91 MPa, 32 

and improve the thermal stability and hydrophilicity of the matrix. Moreovere, the toxicity of the 33 

developed matrix was studied by MTT assay. According to the results, the PGSIT-PPy-clay 34 

composite might be used as a electroconductive bio-elastomer in tissue engineering applications.  35 

Keywords: Polyester; Polypyrrole; clay; Electroconductive; Tissue engineering  36 
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1. Introduction  48 

In recent years, synthetic implants and tissue transplants have been replaced with tissue 49 

engineering procedure that creates 3D scaffolds from degradable porous biomaterials and 50 

combines them with biological cells or molecules [1]. These scaffolds require biomaterials that are 51 

mechanically and structurally compatible with the target tissue while facilitating tissue healing 52 

through molecular interactions [2][3]. Generally, synthetic polymers offer more flexible properties 53 

than natural materials, making them very desirable as constituent materials for scaffold 54 

manufacturing. They have been widely applied in human biomedical applications such as tissue 55 

engineering [4], drug delivery systems, and wound healing, in the form of shape memory polymers 56 

[2], hydrogels, nanoparticles, and nanofibers [5]. 57 

Aliphatic polyesters, as a derivative of synthetic polymers, could provide a wide range of 58 

required properties for biomedical applications by modifying reaction and processing conditions 59 

and also the nature of initial chemicals [6]. Designing and developing elastic materials for muscles, 60 

cardiac, and skin are crucial since these materials require adequate shape-recovery to mimic tissue 61 

elasticity without rupture and irritating surrounding tissues [7]. However, polyesters such as poly 62 

(lactic Acid) (PLA)[6,8–10], Poly (caprolactone) (PCL)[11], and Poly (lactic-co-glycolic Acid) 63 

(PLGA)[12] have been used in a variety of biomedical applications; these polymers suffer from 64 

rigidity and poor deformation ability for soft tissues. The use of new rubber-like aliphatic 65 

polyesters, which are biocompatible and elastic, with a straightforward synthesis method, and 66 

resorbable by-products such as Poly (xylitol dicarboxylates) (PXD)[13], Poly (glycerol sebacate) 67 

(PGS)[14,15], Poly (glycerol succinic) (PGSu)[16] and other solvent-free produced polyesters 68 

have been widely reported. Poly (glycerol-itaconic Acid) (PGI) is a unique bio-resorbable 69 

polyester synthesized through the melt condensation of itaconic Acid and glycerol, with promising 70 

results for utilization as coatings, adhesives, and phase change materials [17,18]. Constituents of 71 

PGI are bioresorbable. Itaconic Acid is a biomass-derived unsaturated acid produced industrially 72 

by fermentation of carbohydrates and glycerol which is a building block of tri-glyceride, a typical 73 

lipid in the human body. PGI follows a two-step polymerization; 1. synthesizing meltable and wax-74 

like pre-polymer, and 2. Crosslinking the pre-polymer via high temperature and vacuum. 75 

Copolymerization of the pre-polymers of PGI with Poly (ethylene glycol) (PEG) and ammonium 76 
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polyphosphate (APP) could modify the properties of the synthesized product and extend its 77 

applications in the field of stable flame retardant and phase change materials [18].  78 

Conductive biomaterials, such as polypyrrole (PPy), polythiophene, polyaniline, 79 

polyphenylene, and polyacetylene, could transfer cell signals and respond intelligently to electrical 80 

domains under physiological conditions by supplying π-bonding [19,20]. So far, many applications 81 

of this type of conductive polymer have been demonstrated and approved, including piezoresistive 82 

composites[21][22], energy storage supercapacitors[23][24], electromagnetic shielding[25], and 83 

water treatment[26][27]. In the field of electroactive scaffolds for tissue regeneration, PPy plays a 84 

critical role among conductive polymers. Although PPy is biocompatible and stable in the 85 

environment [28], it has a brittle structure with low hydrophilicity [20,28]. PPy has been blended 86 

within the rubber-like polymer matrix to take advantage of its mechanical properties and improve 87 

the conductivity of the host bio-elastomer matrix [28]. Fantino et al. [29] combined PPy within the 88 

3D printed Poly (ethylene glycol) diacrylate hydrogels, which diminished the template’s resistivity 89 

by more than one order of magnitude. Similarly, a semi-conductor self-heal hydrogel has been 90 

synthesized by Sander et al. [30], which demonstrated an electrical conductivity of higher than 10− 91 

5 S/cm. Moreover, adding PGS to the reaction media of collagen and PPy improved the system’s 92 

electrical conductivity and cell adhesion [31].  93 

The present work aims to incorporate PPy into itaconic acid-based polyesters as a 94 

conductive composite to develop electroactive biomaterials for tissue regeneration. In this work, a 95 

series of newly electroactive and flexible Poly (glycerol-sebacate-itaconic) (PGSIT)/PPy was 96 

synthesized, and the mechanical properties of the synthesized polyester were improved with clay. 97 

The synthesized composites were studied by Fourier transform infrared (FT-IR) spectroscopy, X-98 

ray diffraction (XRD), and field-emission scanning electron microscopy (FE-SEM). A more in-99 

depth evaluation of the performance in terms of mechanical and thermodegradation as well as 100 

electrical conductivity was accomplished. Furthermore, the biocompatibility of the synthesized 101 

composite was studied by evaluating the viability of the L929 cells in extracted media from the 102 

synthesized composite.  103 

2. Experimental  details 104 
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2.1. Materials  105 

Glycerol (>99%), ferric chloride (FeCl3), stannous octoate (Sn(Oct)2), and hydrochloric 106 

acid (HCl, 1 mol/l) were supplied by Merck. Clay (Cloisite 30B grade) was purchased from Saturn. 107 

Sebacic Acid (99%), itaconic Acid (>99%), pyrrole (reagent grade, 98%), 1,4-Dioxane 108 

(anhydrous, 99.8%), 4-methoxyphenol (MEHQ), p-toluenesulfonic acid monohydrate, dibutyltin 109 

dilaurate (DBTL), and hexamethylene diisocyanate (HDI, 98%) were all procured from Sigma-110 

Aldrich. All raw materials were of analytical grade and used in their original condition. 111 

2.2. Sample preparation  112 

2.2.1. Synthesis of PGSIT pre-polymers 113 

PGSIT pre-polymer was synthesized following the procedure described in the literature 114 

[32–34]. Briefly, glycerol , sebacic Acid, and itaconic Acid (I.A.) in 1:0.5:0.5 molar ratios were 115 

reacted for 2 h in a two-necked flask under the nitrogen flow at 140 °C in an oil bath. To complete 116 

the pre-polymerization procedure, the specific amount of p-toluenesulfonic acid monohydrate 117 

(0.5% mol proportional to I.A.) and MEHQ (0.5 wt.% per total weight) was added to the reaction 118 

flask as the catalyst for pre-polymerization and an inhibitor for the radical polymerization, 119 

respectively. Afterward, DBTL (0.5 wt.% per total weight) was added drop-wise to the mixture to 120 

catalyze the polycondensation. The reactants were then allowed to maintain at 140 °C for 2 h in 121 

vacuum conditions to obtain the PGSIT pre-polymers. The synthesis mechanism is depicted in 122 

Fig.1a.  123 

2.2.2. Synthesis of crosslinked PGSIT/PPy/clay composites 124 

The PPy was prepared following the synthesis method reported by Golbaten-Mofrad et al. 125 

[35]. 6 mmol of pyrrole and doping agent (HCl, 1 mL) was added to 50 mL of deionized (DI) water 126 

and stirred for 30 min to complete the doping process. Subsequently, 0.025 mmol of FeCl3 as an 127 

oxidant was combined with the prepared solution to initiate pyrrole polymerization. The 128 

polymerization was continued for 48 h and stirred at 150 rpm. The synthesized PPy was rinsed 129 

with water until it attained pH 6 and then dried and purified in an oven for one day. The PPy 130 

powder was mixed with synthesized PGSIT pre-polymer (3% w/w) at 140 °C and stirred for 24 h. 131 
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The PGSIT/PPy pre-polymer mixture was dissolved into 10 mL of a 1,4-Dioxane solution 132 

containing 1 gr of HDI and 3 wt.% of clay. The resultant solution was mixed with three drops of 133 

Sn(Oct)2 as a catalyst and agitated at ambient conditions for a day. The mixture was cast in the 134 

PTFE mold and maintained for 48 h at room temperature to dry and obtain fully crosslinked films. 135 

The composition of the synthesized samples is listed in Table 1. 136 

Table 1: The constituents of fabricated biomaterials 137 

sample 
PGSIT pre-polymer in 

solution (g/mL) 

clay content 

(wt.%) 

PPy content 

(wt.%) 

PGSIT 0.2 0 0 

PGSIT-clay 0.2 3 0 

PGSIT-PPy 0.2 0 3 

PGSIT-PPy-clay 0.2 3 3 

 138 

Fig1: (a) The chemical structure of PGSIT and PGSIT-PPy and their possible 139 

interactions, and (b) the chemical structure of PGSIT crosslinked with HDI containing PPy 140 

and the possible intramolecular hydrogen bonds between them.   141 

2.3 Characterization  142 

2.3.1. Fourier Transform Infrared Spectroscopy (FT-IR). 143 
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The I.R. spectra of specimens were collected using an FT-IR spectrometer (Thermo Nicolet 144 

Nexus 470FT-IRESP) equipped with an ATR module. The absorbance spectra were recorded over 145 

the wavenumber range of 600-4000 cm-1, and each sample was subjected to an average of 64 scans 146 

at a resolution of 4 cm-1.  147 

2.3.2. X-ray Diffraction (XRD)  148 

The XRD data of the samples were taken using the Ultima IV diffractometer (Rigaku, 149 

Japan) with Cu Kα radiation (λ = 1.5418 A ̊) operating at a generator voltage of 40 kV and a current 150 

of 30 mA. The scan was carried out at an ambient temperature in the 2Ө range of 1o to 50o. 151 

2.3.3. Field emission-scanning electron microscopy (FE-SEM) 152 

The clay’s structural morphology, interaction, and dispersion in the polymer matrix were 153 

evaluated using the FE-SEM instrument (Mira3, Tescan, Czech Republic, Razi Metallurgical 154 

Research Center) with an operating voltage of  15 kV. The samples were broken in half after 155 

soaking them in liquid nitrogen. The cross-section of samples was mounted on aluminum stubs 156 

with copper adhesive tape. Afterward, each sample was gold-coated by a sputter coater (Emitech 157 

K450X). Energy-dispersive spectroscopy (EDS) was applied to identify the microscale elemental 158 

distribution. 159 

2.3.4 Surface hydration ability 160 

The surface hydration behavior of the composites was determined by dynamic water 161 

contact angle measurement. The timer began when a droplet of DI water detached from the needle 162 

and made contact with the sample’s surface. Images from various wetting time intervals (0, 30, 60, 163 

and 90 s) were acquired using the Dino-lite AM3111 digital microscope, and the contact angle was 164 

computed using ImageJ software [36]. 165 

2.3.5 Electrical conductivity testing 166 

The electrical parameters of the specimens were assessed using a four-point probe 167 

apparatus (FPP-SN-554, Sanat Nama Javan Co, Iran). The experiment was accomplished at room 168 

temperature, and the mean value of three replicate tests was reported. In accordance with a method 169 

previously mentioned [35,37,38], the  equation (1)  was used to measure the electrical conductivity 170 

of a thin layer of material whose thickness (t, m) is less than the probe spacing (t, m) (t/S << 5). 171 
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σ =
ln 2

πt
×  

I

V
                    𝐸𝑞 [1]                                                                                                    172 

Where the sample’s electrical conductivity (S/cm), current intensity (mA), and voltage 173 

(mV) are referred to as σ, I, and V, respectively. 174 

2.3.6 Thermal degradation 175 

Thermal gravimetric analysis (TGA) was performed to evaluate the influence of  each 176 

component (clay and PPy) on the thermal degradation of the final composite. The test was 177 

conducted on the Pyris Diamond Series TG/DTA (Perkin Elmer, USA) instrument in the 178 

temperature range of 38-700 °C. The specimens were scanned at a heating rate of 10 °C/min and 179 

under an inert nitrogen flow [14]. 180 

2.3.7 Mechanical properties 181 

The mechanical performance of the prepared biomaterials was studied by the SANTAM 182 

STM-20 testing machine fitted with a load cell of 100 N. Before mechanical testing, the film 183 

samples were subjected to hydrated conditions (24 h immersion in PBS at 37 °C). The test was 184 

performed for each sample (n = 5, 20 mm × 10 mm × 1 mm) at a constant strain speed of 50 185 

mm/min. The ultimate tensile strength (UTS) and elongation (El.) were calculated from the 186 

resulting stress-strain curves, and the initial linear slope was utilized to determine Young’s 187 

modulus (Y.M.)[16]. 188 

2.3.8 In-vitro cell biocompatibility 189 

To investigate the sample’s cytotoxicity and evaluate the cell growth and proliferation, the 190 

samples were first soaked in 70% alcohol for 10 min washed with DI water, and exposed to U.V. 191 

radiation for 45 min. In accordance with ISO 10993-5, the extraction method was carried out, 192 

during which 1 mL of Dulbecco’s Modified Eagle’s Medium (DMEM) was added to each sterile 193 

sample for every 3 cm2 of the surface. Following the 3 and 7-day periods, the extract medium was 194 

separated and applied to cells. Additionally, DMEM was considered as a control medium. A 96-195 

well cell culture plate was filled with 1×104 cells and 100 μL of culture medium to determine the 196 
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cell reproduction rate. The cell-contained plate was then placed in an incubator at 37 °C for a day 197 

to allow the cells to adhere. After reaching the favorable cells attachment, a portion of the medium 198 

was removed from the cells, and 90 µL of each sample's extract was added to each culture well 199 

along with 10 µL of fetal bovine serum (FBS). Following this, the cells were placed in contact 200 

with these extracts for a period of 24 h. After removing the culture medium, 100 µL of MTT at 0.5 201 

mg/ml was transferred into each well and incubated for 4 h. Subsequently, purple crystals were 202 

dissolved with isopropanol once the solution was collected from the cells. For better dissolution, 203 

the plate was shaken for 15 min. An ELx808 microplate reader (BioTek) with an optical 204 

wavelength of 570 nm was utilized to quantify the concentration of formazan in the isopropanol 205 

solution. The culture well with a higher number of cells produces a higher optical density (O.D.) 206 

than the culture well with a lower number of cells. Based on equation (2), the culture well with 207 

higher amounts of cells was determined and compared to the control sample. 208 

Toxicity = (1- 
mean O.D.of the sample 

mean O.D.of control
) × 100        Viability % = 100 –Toxicity %                𝐸𝑞 [2] 209 

Scanning electron microscopy at a 10 kV acceleration voltage was used to detect cell 210 

adhesion and proliferation on the sample’s surface. To investigate the cell adhesion morphology, 211 

in a 24-well plate, sterilized samples were inserted into each well individually. Each well received 212 

a total of 20000 cells (100 µL), which were then incubated for 4-5 h. After the adherence of cells, 213 

a specific portion of the culture medium including 10% FBS was transferred to each well. To fix 214 

cells, 3.5% glutaraldehyde was employed after the removal of the culture medium at 1, 3, and 7 215 

days. The fixative agent was spread over the samples and stored in the refrigerator for 2 h, followed 216 

by the removal of the fixative. The specimens were washed first with DI water and then with 217 

ascending concentrations of ethanol (20, 40, 60, 80, and 96%).  218 

3. Results and discussion  219 

3.1. Chemical and microstructural identification 220 

The functional groups of synthesized PGSIT composites and initial chemicals were 221 

characterized by FTIR and compared to authenticate the successful synthesis. As depicted in 222 

Fig.2a, the following characteristic PGSIT bands were observed in the 3500-800 cm-1 range: C=O 223 
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stretching of carbonyl groups at 1720 cm-1 [14]; asymmetric and symmetric stretching of CH2 of 224 

alkane at 2920 cm-1 and 2860 cm-1, respectively [39]; CH2 bending at 1460 cm-1 [40]; and C=CH2 225 

stretching of itaconic Acid at 1640 and 815 cm-1 [17]. The crosslinking reaction of PGSIT-based 226 

pre-polymers with HDI led to the formation of urethane linkages confirmed by the appearance of 227 

three amide absorption peaks at 1650 cm-1 (amide I), 1530 cm-1 (amide II), and 1240 cm-1 (amide 228 

III) [35]. For all crosslinked samples, the broad peak in the wavelength of 3480-3240 cm-1 was 229 

attributed to the O-H and N-H stretching [41,42]. In the case of the PPy-contained composites, the 230 

PPy distinct peaks were overlapped by PGSIT peaks. Fig.2b illustrates the peaks related to 231 

signature bands of PPy. The prominent peaks are located at 1311 cm-1 (C-N stretching) [43], two 232 

peaks at 1556 and 1482 cm-1 (C=C stretching) [44], 1038 cm-1 (N– H in-plane bending), and 1159 233 

cm-1 (C– H in-plane deformation) [35]. Moreover, the out-of-plane deformation of C-H bonds was 234 

identified by two peaks at 960 and 920 cm-1 [35]. Regarding the clay particles (Fig.2a), typical 235 

characteristic peaks were found at 3630 cm-1 (-OH stretching), 2860 and 2920 cm-1 (-CH stretching 236 

from 30B-modifier), and 1020 cm-1 (Si-O stretching) [45]. Besides, three types of -O.H. 237 

deformation peaks related to Al, 2Al-Mg, and Si-O at 914, 837, and 792 cm-1 were detected, 238 

respectively, and all of which were in accordance with those declared in the literature [45]. 239 

However, in the case of composites, no significant change in band position or intensity was 240 

observed in their spectra. 241 
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 242 

Fig.2 (a): Infrared spectra of synthesized PGSIT composites, clay, and PPy from 600 to 243 

4000 cm− 1, (b): View of the infrared spectra within 600–2000 cm− 1 range, (c): X-ray 244 

diffraction pattern of the synthesized biomaterials. 245 

X-ray analysis was accomplished to evaluate the extent of clay dispersion and study the 246 

reflection patterns of crosslinked polyesters. The existence of a flattened peak around 2=20 247 

confirmed the amorphous state of the prepared composite films (Fig.2c) [46]. This amorphous 248 

behavior in pure PGSIT is composed of the short-range ordered arrangement of cured chains and 249 

the disordered structure of the amorphous region within the matrix. The relative amorphous peak’s 250 
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intensity at 2=20 dropped as PPy was blended with the system. The ordered microstructural 251 

regions of the matrix were affected by interfacial interactions of PPy with PGSIT as PPy could act 252 

as an impurity to disturb the ordered arrangement of the chains [14].  253 

The well-characteristic diffraction peak of the clay particles (d001 value) was observed at 254 

2=5 and the relative d-spacing of 1.76 nm was obtained according to the Bragg’s formula (nλ = 255 

2dsinθ). However, the XRD spectra of clay-contained samples showed no reflection corresponding 256 

to clay galleries, which may be due to the well-dispersion of exfoliated clay within the matrix [14]. 257 

3.2. Morphological visualization 258 

The cross-section microstructure of the fabricated composites was studied by FE-SEM to 259 

detect the clay distribution in the PGSIT matrix. Fig.3 illustrates the FE-SEM micrograph images 260 

of the PGSIT-clay and PGSIT-PPy-clay samples. As is seen, the silicate platelets related to the 261 

clay were homogeneously distributed in PGSIT (Fig.3B1-2) and PGSIT-PPy (Fig.3A1-2) matrix. 262 

According to the homogeneous distribution, it can be related to the hydrogen connections 263 

involving the amine groups of PPy and hydroxyl groups in 30B clay and PGSIT. Moreover, as 264 

depicted in Fig.3A3-B3, the insertion of PSGIT chains into the clay galleries’ spacing led to the 265 

formation of intercalated layered silicate structures and aided in the expansion and dispersion of 266 

clay within the polymer substrate. 267 

 268 
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Fig.3: FE-SEM micrographs correspond to PGSIT-PPy-clay (A1-3), and PGSIT-clay 269 

(B1-3) with various magnification: (A1-B1) 1000X (50 μm), (A2-B2) 5000X (10 μm), and 270 

(A3-B3) 75000X (500 nm). 271 

EDX-point analysis revealed the spatial distribution of PPy and clay within the PGSIT 272 

matrix. As shown in Fig.4, the minimum phase separation of nitrogen atoms related to PPy has 273 

been observed. The uniform dispersion of PPy through the matrix might be due to the strong 274 

hydrogen-bonding interactions among the PGSIT and PPy, which could facilitate the electrical 275 

conductivity of the composite [30]. As anticipated, carbon (C-blue dots) was the major element 276 

throughout the matrix as it was the major constituent element of both polymers (Table 2). 277 

Furthermore, silicon (Si-red dots) was selected to provide direct confirmation of the presence of 278 

clay particles in the composite. The pulled-out arrangement of the clay from the PGSIT-PPy matrix 279 

showed that the chemical interaction between the matrix and clay leads to strong adhesion between 280 

components. Based on the micrograph of Si mapping, it could also be inferred that along with the 281 

random distribution of layered silicate, some micro-clusters of Si related to clay aggregates were 282 

also formed within the biopolymer matrix. According to the absence of clay peaks in the XRD 283 

pattern and the existence of some macroaggregates in the matrix, it could be deduced that a broad 284 

mixture of heterogeneous microstructures ranging from single layers to intercalated galleries with 285 

random dispersion is present, and the XRD analysis does not demonstrate the whole microstructure 286 

of the composite [47]. 287 

 288 
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Fig.4: FE-SEM micrograph of PGSIT-PPy-clay composite and its corresponding EDX 289 

spectroscopy. 290 

Table 2: The elemental composition of PGSIT-PPy-clay composite 291 

Elt C N O Al Si 

W.% 47.94 23.43 21.64 2.82 4.16 

 292 

3.3. Surface Wettability  293 

The surface hydration behavior of the synthesized composite was evaluated using dynamic 294 

contact angle measurements. For each sample, the alteration of water contact angle (WCA) over 295 

time was depicted, as displayed in Fig.5 and listed in Table 3. Bypassing the assay’s time, the 296 

angle of water with the samples’ surface decreased, which shows their hydrophilicity (all samples 297 

had an initial WCA of less than 90°). Although PPy and clay could increase the hydrophilicity of 298 

PGSIT either when they were added separately or together, the WCA composite of PGSIT-PPy-299 

clay was the lowest (60.8°).     300 

 301 
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Fig.5: Graphical representation of samples and their WCA at various intervals (0, 30, 302 

60, and 90 s). 303 

Similar to other studies, the results confirmed the improvement of wettability as a 304 

consequence of the addition of clay and PPy [16,48]. This could be ascribed to the hydrophilic 305 

functional groups in the PPy (amine group) and clay (hydroxyl group) chemical structure [36,49]. 306 

These hydrophilic groups have a high attraction for polar water molecules due to the likelihood of 307 

hydrogen bonding interactions. The produced composites’ hydrophilic nature can provide a moist 308 

environment that supports cell growth and adhesion [50]. 309 

Table 3: The data collected from WCA measurements at multiple wetting periods.  310 

Time  0 s 30 s 60 s 90 s 

 PGSIT 91.4 70.4 64.2 60.8 

Sample WCA at the 

varied wetting 

intervals (°) 

 

PGSIT-clay 63.8 52.2 50.2 47.9 

PGSIT-PPy 64.2 50.2 63.5 48.2 

PGSIT-PPy-clay 60.8 47.9 62 46 

3.4. Electrical properties 311 

The primary feature that a biomaterial should provide for substituting for electroactive 312 

tissue like nerve and cardiac is conductivity to the direct transmission of intercellular electrical 313 

signals. The conductivity of synthesized composites was determined using the four-point probe 314 

technique. In line with previous findings [30,35], the PPy-coated composite displayed a 315 

conductivity value of 1.04×10-4 S/cm, higher than its insulating counterpart (PGSIT: 5.9×10-11 316 

S/cm). The results proved that the generation of hydrogen bonding interactions among the 317 

functional sites of PGSIT and PPy resulted in the homogeneous dispersion of PPy, by which an 318 

effective pathway of conductive PPy chains was built during the blending process. Moreover, the 319 

prepared materials were subjected to a closed-circuit assay to analyze their conductivity further. 320 

As illustrated in Fig.6, the pure PGSIT did not illuminate the LED bulb due to the insulating nature 321 

of PGSIT. However, the formation of conductive interconnected pathways of PPy throughout the 322 

PGSIT-PPy-clay composite led to the higher light output of the LED bulb. 323 
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 324 

Fig.6: Images of (a) PPy-contained, and (B) pristine PGSIT films in a closed circuit 325 

experiment to evaluate their illumination capability with an LED. 326 

3.5. Thermal stability 327 

The influence of the clay and PPy on the thermal stability of PGSIT was analyzed via the 328 

TGA technique. The temperature-dependent profile of mass loss with the derivative curve (DTG) 329 

of the synthesized samples is illustrated in Fig.7. During the synthesis of PGSIT and its 330 

composites, the PGSIT pre-polymer was directly crosslinked with HDI by forming urethane 331 

linkages as described in FTIR section. Therefore, the two-step decomposition pattern of urethane-332 

based compounds was found in the TGA curves of the samples [51]. The first step started around 333 

220 °C and continued with the maximum rate of weight loss at 290 °C, which corresponded to the 334 

breakdown of urethane bonds [52]. The second step commenced at 350 °C and was followed by 335 

the maximum rate of weight loss at 425~445 °C, which was assigned to the chain dissociation of 336 

ester bonds [35,51,52]. Besides, the final decomposition stage emerged above 480 °C with an onset 337 

temperature of 539~553°C, which could be ascribed to the dehydrogenation and creation of 338 

advanced chain fragmentation as a consequence of the first and second decomposition steps, as 339 

well as the degradation of ashes produced in prior stages [35].  340 
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 341 

Fig.7: TGA (a) and DTG (b) graphs of the PGSIT-based samples. 342 

The rigid π-conjugated molecular structure of PPy makes it a more thermally stable 343 

component and enables it to serve as a protective thermal barrier for the PGSIT substrate. Similar 344 

findings were reported for PPy-blended Poly (glycerol sebacate), in which the PPy retarded the 345 

decomposition profile [30]. In addition to PPy, incorporating clay increased the thermal stability 346 

of PGSIT. As demonstrated in the XRD section, PGSIT and clay have a strong interaction with 347 

each other due to their functional groups. Therefore, clay could act as a physical crosslinker and 348 

hinder the thermal decomposition of the matrix. Also, the dispersive morphology of clay illustrated 349 

in the FE-SEM section supplies a significant barrier effect in inhibiting the releasement of 350 

degraded components [14]. Finally, the samples’ char residue was determined at 700 °C (Table 4). 351 

Compared to PGSIT with a char amount of 3.2%, adding PPy and clay-PPy increased the char 352 

value to 6.4% and 12.9%, respectively. The obtained char values confirmed that the hydrogen 353 

bonding interaction among each component resulted in the formation of interconnected crosslinked 354 

networks that remain stable in this temperature range. 355 

Table 4: Thermometric data derived from TGA thermograms of the specimens.  356 

Sample Tonset (°C) T10 (°C) T50 (°C) TMax1 (°C) TMax2 (°C) R700 (wt.%) 

PGSIT 157 216 409 296 414 3.2 

PGSIT-PPy 175 232 422 292 430 6.4 

PGSIT-PPy-clay 190 246 422 295 414 12.9 

Note: Tonset, T10, and T50 refer to the temperature at which the 5, 10, and 50% of weight 357 

loss eventuate. The temperatures that correspond to the highest rate of weight loss during 358 
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the initial and secondary steps of disintegration are regarded as Tmax1 and Tmax2. R700 is 359 

the proportion of char that remained at 700°C. 360 

3.6. Mechanical and viscoelastic properties  361 

The mechanical compatibility of the composites with native tissues is essential as these 362 

materials need to supply desirable deformations to mimic the mechanical dynamics in host tissues 363 

[53]. Additionally, the mechanical characteristics of scaffolds can have a significant role in cell 364 

activities such as signaling, adhesion, and also cell growth [16]. The synthesized composite 365 

(PGSIT) demonstrated that in a hydrated condition (soaking in PBS solution at 37 ˚C for 48 h), 366 

they could withstand extreme deformation (bending) without breaking and cracking (Fig.8a-d). 367 

The hydrated biofilms were subjected to the tensile test, and their mechanical behavior and the 368 

summary of the collected data are represented in Fig.8 and Table 5.  369 

As depicted in Fig.8b, all samples exhibited an almost linear elastic behavior. The neat 370 

PGSIT featured Young’s modulus (Y.M.), ultimate tensile strength (UTS), and elongation at break 371 

(El) of 0.19 ± 0.015 MPa, 0.25 ± 0.02 MPa, and 123 ± 4%, which are in the range of soft tissues 372 

like skin, cornea, and human bladder [53]. It was detected that adding clay (3 wt.%) increased the 373 

Y.M. and UTS of the composite to 0.68 ± 0.13 MPa and 0.82 ± 0.03 MPa, respectively. It could 374 

be deduced that the uniform dispersion of clay in the matrix and the formation of strong interfacial 375 

interaction between polymer chains and filler particles provide the possibility for enhancement of 376 

the mechanical properties of the composite [54,55]. Also, compared with neat PGSIT, a slight 377 

decrease in El value was observed in the PGSIT-clay composite (El: 114.76 ± 1.52%). The reason 378 

for such a reduction might be related to the restriction effect of filler-polymer interactions on the 379 

polymer chains’ movement and flexibility [55].  380 



19 

 

 381 

Fig.8: Tensile results of the prepared samples. (a) Demonstration of PGSIT and (d) 382 

PGSIT-PPy-clay feasibility in enduring intensive deformations without inducing any 383 

cracks or disintegrations. (b) The indicative strain-stress curves of PGSIT and its 384 

composite. (c) The obtained values of Young’s modulus and strain to failure for each test 385 

sample. 386 

On the other hand, the incorporation of PPy caused the increment in Y.M. and UTS of the 387 

PGSIT-PPy and reached the values of 2.5 ± 0.11 MPa and 1.75 ± 0.09 MPa, respectively (Fig.8c). 388 

It could also be seen that the blending of PPy strengthened the resultant composite and reduced 389 

the El value (El: 68.18 ± 4.31%). According to the literature [56], despite the desired electrical 390 

characteristics of PPy, this polymer is intrinsically brittle and has poor processability, which limits 391 

its application as a scaffold for tissue restoration. Hence, it could be inferred that the blending of 392 

PPy with elastic polymers like PGSIT increases the stiffness, although it makes the final scaffold 393 

more brittle. However, in the case of PGSIT with both clay and PPy components, the elastic 394 

behavior was better than in the PGSIT-PPy sample. The possible explanation could be attributed 395 

to the high aspect ratio of clay, which can exert strong interfacial interactions between polymer 396 
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and particles. Clay could act as a compatibilizer to create a strong interfacial zone between the 397 

hard (PPy) and soft (PGSIT) segments of the matrix. This interfacial zone between polymer matrix 398 

and clay can absorb tensile load from the brittle phase (PPy) and transfer it to the elastic phase 399 

(PGSIT). In addition, the similar polarity between the 30B modifier in clay and PPy segments in 400 

the matrix could improve the PPy dispersion in the PGSIT matrix during the blending process. 401 

Altogether, our findings demonstrated that PPy’s shortcomings, such as poor processability, can 402 

be solved by combining it with elastic PGSIT containing clay. 403 

Table 5: The collected data from strain-stress curves of fabricated biomaterials. 404 

Sample UTS 

(MPa) 
El. (%) 

Y.M. 

(MPa) 

PGSIT 0.25±0.02 123.54±4.12 0.19±0.015 

PGSIT-clay 0.82±0.03 114.76±1.52 0.68±0.13 

PGSIT-PPy 1.75±0.09 68.18±4.31 2.5±0.11 

PGSIT-PPy-clay 0.91±0.06 98.53±6.55 0.9±0.15 

3.7. Biocompatibility 405 

Biocompatibility is required for a substance to be classified as a biomaterial. In the present 406 

study, PGSIT and the composites based on PGSIT were synthesized using reactive monomers, 407 

which have been introduced as biocompatible and non-toxic materials [16,32,57–59]. To 408 

investigate the biocompatibility of the synthesized composites, the toxicity of the extracted media 409 

of the developed composites was evaluated by MTT assay.   410 

 411 
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Fig.9 (a): The cell viability of the extracted media from PGSIT and PGSIT-PPy-clay after 412 

days three and seven, and the optical microscopic images of the morphology of the 413 

seeded cell in the extracted medium from (b) PGSIT and (c) PGSIT-PPy-clay after 7 days.  414 

 The viability of the L929 cells in the extracted media after three and seven days from the 415 

extraction was determined using MTT assays (Fig.9a). According to the MTT results, the PGSIT-416 

PPy-clay composite showed acceptable biocompatibility since the cell viability more than 60% is 417 

an indicator for non-toxic materials. As is seen, the PGSIT-PPy-clay composite showed 8% and 418 

22% higher cell viability than the PGSIT composite on days three and seven, respectively which 419 

might be due to the presence of PPy and clay in the extracted media[60]. Furthermore, the 420 

morphology of the cultured cells in the extracted media was investigated by an optical microscope 421 

(Fig.9b and c). The number of cells in the extracted medium from the PGSIT-PPy-clay was more 422 

than the cell number in the PGSIT extracted media. 423 

The morphology of the cells on PGSIT-PPy-clay composite and PGSIT after seven days 424 

from cell culture were studied, which are shown in Fig.10. Compared to neat PGSIT (Fig.10a1), 425 

more cell spreading zones on the composite surface was detected after combining clay and PPy 426 

with PGSIT (Fig.10a2), which confirm the results of the cell viability assay. This better cell 427 

viability of PGSIT-PPy-clay composite than PGSIT might be due to the presence of PPy and clay 428 

as their positive effect on biocompatibility and cell metabolic activity has been proven[14]. 429 

  430 
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 431 

Fig.10 (a): SEM images of the morphology of L929 cells on the surface of (a1, b1, c1) 432 

PGSIT and (a2, b2. c2) PGSIT-PPy-clay after (a1-a2) 1, (b1-b2) 3, and (c1-c2) 7 days of 433 

cell incubation. 434 

4. Conclusion 435 

A reinforced conductive composite based on PGSIT, PPy, and clay was synthesized using 436 

a solvent-free approach, and the success of the synthesis was proven by comparing functional 437 

groups peaks of initial chemicals and PGSIT-PPy-clay. Due to the high interaction (hydrogen 438 

bonding) between amide groups of PPy with carbonyl, hydroxyl, and ester groups of PGSIT, PPy 439 

had a homogeneous dispersity within the PGSIT matrix, which was illustrated by XRD, SEM 440 

micrographs, and elemental mapping. Moreover, the intercalated layered silicate structure of the 441 

clay in a polymer substrate was further detected by FE-SEM images and EDX mapping. PGSIT-442 

PPy-clay composite showed electrical conductivity values of 1.04×10-4 S/cm, which confirmed 443 

the continuous formation of conductive routes within the matrix. It was determined from the 444 

contact angle measurements that both PPy and clay enhanced the hydrophilicity of the PGSIT-445 

PPy-clay composite due to their hydrophilic functional groups. The rigid molecular structure of 446 
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PPy and the thermophysical barrier properties of clay contributed to an improvement in composite 447 

thermal resistance and mechanical performance. Based on MTT analysis and morphology of 448 

cultured L929 cells, the PGSIT-PPy-clay composite had better cell viability than PGSIT. This 449 

study suggests that the PGSIT-PPy-clay composite can be tested in further development for soft 450 

tissue restoration. 451 
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