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Abstract 

Electroconductive scaffolds can be a promising approach to repair conductive tissue when 

natural healing fails. Recently, nerve tissue engineering constructs have been widely 

investigated due to the challenges in creating a structure with optimized physiochemical and 

mechanical properties close to the native tissue. The goal of the current study was to fabricate 

a graphene containing polycaprolactone/ gelatin/ polypyrrole (PCL/ gelatin/ PPy) and 

polycaprolactone/ polyglycerol-sebacate/ polypyrrole (PCL/PGS/Ppy) with intrinsic 

electrical properties, through electrospinning process. The effect of graphene on the 

properties of PCL/gelatin/PPy and PCL/PGS/PPy were investigated. Results demonstrated 

that graphene incorporation remarkably modulated the physical and mechanical properties of 

the scaffolds such that the electrical conductivity increased from 0.1 to 3.9 ± 0.3 S.m-1 (from 

0 wt.% to 3 wt.% graphene) and toughness was found to be 76 MPa (PCL/gelatin/PPy 3 wt.% 

graphene) and 143.4 MPa (PCL/PGS/PPy 3 wt.% graphene). Also, the elastic moduli of the 

scaffolds with 0, 1 and 2 wt.% graphene was reported as 210, 300 and 340 kPa in 

PCL/gelatin/PPy system and 72, 85 and 92 kPa for PCL/PGS/PPy system. Cell viability 

study demonstrated the non-cytotoxic nature of the resultant scaffolds. The sum of results 

presented in this study suggest that both PCL/gelatin/PPy/graphene and 

PCL/PGS/PPy/graphene compositions could be a promising biomaterial for a range of 

conductive tissue replacement or regeneration applications. 

Keywords: Conductive Scaffold; Nanofiber; Polycaprolactone; Gelatin; Polyglycerol-

sebacate; Graphene; Nerve tissue engineering. 
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Introduction 

The nervous system is considered as one of the most complex human tissue owed to its 

unique electrical, mechanical and chemical nature. The therapy and regeneration of the 

nervous tissue is very much reliant upon the type, size and severity of the injury. Typically, 

autologous grafts are the first choice of medical approach in nerve reconstruction and is 

widely applied to treat neural defects 1,2. However, autografts have limitations that include 

shortage of nerve supply, lack of functional recovery and the possibility of neuroma 

formation 3. Therefore a fundamental strategy would be to create a simulated functional and 

electrically conductive graft to enhance nerve regeneration for the replacement of injured 

tissue 4.  

Creation of an optimized scaffold that is bio-functional still remains a challenge. Fibrous 

scaffolds provide a platform for cell proliferation and attachment because they resemblance 

the natural extracellular matrix. Fabrication techniques such as electrospinning enables the 

creation of structures that closely mimic the unique properties of the native tissues. Through 

electrospining, a range of properties for the resultant structure can be easily tuned by 

modifying the process parameters and the material selection.  

Polymer blending is one of the most applicable methods in developing novel and appropriate 

composites for specific applications like biosensors 5,6, hydrogels 7,8 and drug delivery 

systems 9 in various tissues 10,11. Scaffolds based on blend of synthetic and natural polymer 

have shown improvement in cell adhesion and biodegradation 12–14. Nonetheless, the nerve 

grafts created using the aforementioned polymers, under long repeated mechanical stress, 

have mostly resulted in inelastic deformation and mechanical failure 15. Hence, to overcome 
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these drawbacks, there is currently a great need for the development of an elastomeric 

structure with suitable chemical, mechanical and biodegradation properties. 

Poly glycerol-sebacate (PGS) is a biodegradable, biocompatible and non-cytotoxic elastomer, 

that has been commonly applied in numerous applications such as nerve grafts and 

cardiovascular systems 16,17. However, the majority of the reported studies presented 

limitations like complicity in production process, incapability to manage the properties of the 

structures, limited fiber diameter and incontrollable biodegradation rate 18,19. Therefore, it is 

suggested to blend a fairly strong biopolymer such as polycaprolactone (PCL) with an 

elastomeric polymer (PGS) to develop a biomaterial with tunable mechanical, electrical and 

chemical properties suitable as nerve graft. PCL is a semi crystalline linear hydrophobic 

polymer. While the electrospun PCL scaffolds could mimic the uniqueness of ECM 

architecture and morphology and provide the toughness that is needed in a native tissue, its 

poor wettability can cause a decrease in cell adhesion, proliferation, movement, and 

differentiation 20,21. To overcome these limitations, it is suggested to blend PCL with a natural 

polymer. Gelatin is a natural collagen derived biopolymer with high hydrophilicity which is 

extensively applied for tissue engineering purposes 21,22. The electrical and mechanical 

properties are considered as a key characteristics crucial for a nerve tissue engineering 

applications  23,24.  

In order to provide electrical simulation suitable for nerve conduits, various materials have 

previously been evaluated including, but not limited to, poly lactic acid (PLA):carbon 

nanotube micro fibrous scaffolds 25, chitosan/PCL fibrous mat 26 and poly (3, 4-

ethylenedioxythiophene):chitosan/gelatin fibrous structures 27. However, the majority of the 

above-mentioned scaffolds show some drawbacks such as low conductivity and the inability 
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to mimic the native tissue. In our previous studies 28,29, PCL containing bio-composite 

constructs were used to mimic the native cardiac tissue through the optimization of electrical 

conductivity (5 S.cm-1) and mechanical stiffness (100 KPa). The findings were based on the 

effect of polypyrrole (PPy) and graphene incorporation within the PCL structure. 

Combination of PPy and graphene can provide the electrical conductivity that is necessary for 

nerve tissue therapy. It is worth mentioning that the carbocyclic group on functionalized 

graphene could support the intermolecular interaction in polymeric structure as well as 

nurturing a more biocompatible structure for cell regeneration. Nevertheless, there are no 

information on PCL/gelatin/Polypyrrole/graphene and PCL/PGS/PPy/graphene nano-fibrous 

scaffolds for nerve tissue applications. It is hypothesized that the mechanical properties and 

hydrophobicity will be greatly influenced by the presence of gelatin and PGS in the 

polymeric network. Hence, the current study focuses on the utilization of electrical 

components to create a conductive construct with properties suitable for nerve tissue repair 

applications. 

 

Experimental Section 

2.1 Materials 

 PCL (Mn 80,000), gelatin (Mn 50,000), Pyrrole, glycerol and sebacic acid were obtained 

from Sigma–Aldrich; multilayered graphene nanosheets (thickness smaller than 40 nm and 

lateral size 1µm) were purchased from VCN materials. FeCl3, Chloroacetic acid, Sodium 

hydroxide, para toluene sulfonate(pTS), acetic acid and formic acid were obtained from 

Merck Co. 
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2.2 Polymerization of PGS 

A volume of glycerol and sebacic acid with 1:1 M ratio was mixed at 120 °C under nitrogen 

atmosphere and extreme vacuum (less than 50 mTorr) for a day to produce PGS prepolymer 

30. The crosslinking density is 38.3 ± 3.40 mol/m3, and relative molecular mass between 

crosslinks is 18,300 ± 1,620 for PGS prepolymer. 

2.3 Polypyrrole polymerization  

 All the chemical syntheses reactions were done in deionized ultrapure water at 5 °C31. 

Oxidizing agent (FeCl3) and pTS (dopant) solutions (0.1 M) were used to polymerize 

polypyrrole (PPy) with chemical method then pyrrole suspension (0.1 M) was mixed with a 

pTS (dopant) solution with the same ratio (monomer: dopant,1:1). Following, ferric chloride 

(oxidizing agent) was gently added to the system with the ratio of 1:2.4 (monomer: oxidant) 

under low stirring rate for 30 minutes 32. Polymerization reaction was continued for four 

hours under constant stirring; the polymerized pyrrole was then centrifuged, washed and 

dried. 

2.4 Chemical functionalization of graphene by carboxyl group 

2.57 g of Sodium hydroxide tablet with 1.2 g of chloroacetic acid powder was dissolved in 

1 ml of Graphene suspension (1M) in deionized ultrapure water and mixed for 5 minutes to 

solve all powders. Then, the solution was left under ultra-sonication (sonication power was 

500 watt) for 3 hours to complete the reaction 33. Chemical functionalization of graphene by 

carboxyl group showed in following equation. 
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2.5 Fabrication of fibrous scaffolds 

All polymeric solutions were prepared based on Table 1. The multilayered functionalized 

graphene powder was scattered in formic acid/ acetic acid (ratio of 7:3) solvent by ultra-

sonication. Subsequently, the graphene solution was added to the 

polycaprolactone/gelatin/polypyrrole and polycaprolactone/Polyglycerol-

sebacate/polypyrrole blend and stirred for three hours until complete homogeneous solution 

was prepared. Electrospinning process was optimized by using a 21G needle under 10 ± 2 

kV high voltage with the infuse rate of 2 ml per hour. The Electrospinning process was 

performed at 25 ± 3 °C and a humidity of 40 ± 6%. 15 cm gap was fixed between the 

collector and needle. 

Table1. Concentration of each sample in 30% acetic acid/ 70%formic acid solvent. 

SAMPLES 
PCL 

(wt.%
) 

Gelatin 
(wt.%) 

PGS 
(wt.
%) 

PPy 
(wt.%

) 

Graphene 
(wt.%) 

Electrical 
conductivity of 

Polymer solution 
(mS) 

Viscosity of 
Polymer solution 

(cP) 

PC
L

/ G
R

A
PH

E
N

E
 

/P
PY

 

PG0 (without 
Graphene) 4.36 - 1.86 0.49 - 2.45 ± 0.06 196 ± 6 

PG1 (Graphene 
(1%)) 4.36 - 1.86 0.49 0.032 2.91 ± 0.06 222 ± 5 

PG2 (Graphene 
(2%)) 4.36 - 1.86 0.49 0.098 3.74 ± 0.05 241 ± 8 

PG3 (Graphene 
(3%)) 4.36 - 1.86 0.49 0.164 4.42 ± 0.07 300 ± 9 

PC
L

/ 
G

R
A

PH
E

N
E

 /P
PY

 

GG0 (without 
Graphene) 4.36 1.86 - 0.49 - 

2.23 ± 0.04 189 ± 8 

GG1 (Graphene 
(1%)) 4.36 1.86 - 0.49 0.032 2.85 ± 0.05 214 ± 7 
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GG2 (Graphene 
(2%)) 4.36 1.86 - 0.49 0.098 3.64 ± 0.06 232 ± 9 

GG3 (Graphene 
(3%)) 4.36 1.86 - 0.49 0.164 4.28 ± 0.05 278 ± 11 

 

2.6 Characterizations  

Chemical testing: Fourier Transform Infrared Spectroscopy FTIR (Bruker tensor) was used 

in the range of 400-4000 cm
-1 to detect the structural characteristics of the polymeric 

structures. 

Surface morphology: Scanning Electron Microscopy (SEM, Philips) was used to inspect 

diameter and morphology of the electrospun nanofibrous sheets. For better vision, SEM 

samples were covered with thin layer of gold (6 μm). The norm fiber size (n=50) was 

measured using Digimizer software to process SEM images. 

Wettability testing: A optical contact angle measuring device was operated for wettability 

evaluations. To achieve consistency, identical pictures of the surface 3 × 1 cm samples were 

fixed on a thin flat piece of glass and 6 μL droplet of deionized water was used for the test. 

Both sides of the drop were measured to establish the contact angle (n=6).  

Mechanical testing: Straps of nanofibrous scaffolds (4 × 1 cm) were used to investigating 

the mechanical factors by Tensile testing (Hounsfield H25KS). For wet state testing, samples 

were immersed and soaked in the buffer solution (PBS) and prepared for the test. For each 

condition at least 3 samples were measured. 

Electrical Conductivity: 10×30 mm
2 straps of nanofibrous scaffolds were used to measure 

the electrical conductivity. Gold-coated probes were used to measure conductivity by two 
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contact method (Instek LCR-819 High Precision LCR Meter), at 25 ± 2 °C. The Conductivity 

(C (S.cm-1)) of the samples was determined as below: 

 

Here, L is the length (cm) of the sample, and W is the width (cm) of the sample, and t is the 

thickness (cm) of the sample and R is the resistance (Ω) of samples evaluated by LCR 

Meter. 

2.7 Degradation 

Biodegradation of samples were studied for four weeks. To perform the test, samples were 

added to phosphate-buffered solution (PBS, pH 7.4) with a ratio of 0.01g: 5 ml and then 

retained at 37 °C. At each time point (1, 3, 5, 7, 14, 21 and 28 days), the buffered solution 

was removed and samples rinsed in deionized water to dissolve the adsorbed salts. Next, 

samples dried and re-weighed to establish the change in dry mass after incubation periods. 

Degradation (D) was computed using the following formula: 

t. r timeetfa ightwedry  hetis  tWd na tch,ap of the ightwel dry aitiin hetis  iW Here, 

2.8 Hemocompatibility 

Platelet adhesion: To evaluate the blood related assay, human blood was taken from a 

healthy adult volunteer with informed consent under regulations of Isfahan University of 

Technology.  Measurement of lactate dehydrogenase (LDH) appear after lysis of the adhered 

platelets was used to establish the platelet adhesion. Test was done by centrifuging 30 ml of 

𝐶	 = 	
𝐿

𝑅 × 𝑤 × 𝑡
 

𝐷% =
𝑊𝒊 −𝑊𝒕
𝑊𝑖

× 100 
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fresh human complete blood at 2000 RPM for 20 min to prepare platelet rich plasma (PRP) 

from blood 30. Human fresh platelet rich plasma (PRP) was added to the samples and placed 

in a 48 well plate and ePTFE and glass samples was used as a positive and negative controls, 

respectively. Then samples were placed in an incubator at 37 °C for 120 minutes. Next, PRP 

was removed, and samples were rinsed several times with PBS to ensure the elimination of 

unattached platelets. Half of the samples were immersed in 2.5 wt% glutaraldehyde solution 

for 45 minutes at the room temperature, then washed and air-dried overnight. The platelet 

adhesion was studied on the surface of the samples by SEM. The other half of samples was 

treated with 40 μL of Triton X-100 (Sigma Aldrich, diluted to 1%) at 37°C for 30 minutes to 

cause cell lysis and releasing of LDH. Then 20 μL of each lysate solution added to 1 mL of a 

substratum solution including pyruvate and NADH. LDH catalyzes the decrease of pyruvate 

by NADH. The absorbance was measured at 60 seconds intervals till 180 seconds. The LDH 

concentration in the sample was calculated by the following equation:  

 

where ΔA/min is the average of absorbance data; the molar absorbance of NADH at 340 nm 

is ε; Vt is total reaction volume; and Vs is the sample volume. 

Red blood cells hemolysis: Previously separated red blood cells (RBCs) from blood plasma, 

were thinned in physiological solution for more accurate measurements. Next, scaffolds 

immersed in the thinned red blood cells solution at 37 °C for 60 minutes. Moreover, distilled 

water and physiologic serum were used as positive and negative controls. To measure the 

hemolysis ratio, liquid from each sample was centrifuged after incubation period and 
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examined at 542 nm by UV-vis spectrometer. The hemolysis ratio was evaluated as below 

(equation 8): 

	

where, IS (each samples), IN (negative control) and IP (positive control) represent the UV-vis 

intensity. 

Blood Coagulation: Whole blood kinetic clothing time method was used to established the 

thrombogenicity of the samples. Glass and ePTFE samples used as the positive and negative 

controls samples. 500 μL of CaCl2 was mixed to 5 mL of anticoagulant whole blood, and 

samples was incubated with 100 μL of the activated blood. All of the samples placed in 

individual 12‐well plate for 5, 15, 25, 35 and 45 minutes at room temperature. 2.5 mL of 

deionized water was added to the samples at the end of each time point. The suspension was 

distributed into a 96‐well plate, and the released hemoglobin from red blood cells that been 

lysed was measured at 542 nm by spectrophotometric plate reader (BioTek, FLX800). The 

absorbance of the clotted red blood cells was drawn versus the blood treatment time. 

2.9 Biological Evaluations 

Electrospun Fibers were prepared according to parameters in section 2.4 and was collected on 

circular cover slips suitable for a 24-well plate. UV sterilization was conducted to eliminate 

contamination. Human fibroblast cells (Royan ATMP-HDFs cell line) were maintained in a 

50 cm3 tissue culture flasks at 37 °C in a humidified 5 % CO2 atmosphere in an incubator, in 

RPMA1640 culture media (Gibco, Germany) with 10 % FBS (fetal bovine serum) (Gibco, 

Germany).  
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To evaluate the toxicity of the scaffolds, MTS viability rest was conducted according to 

manufacturer’s method. In this regard, a seeding density of 30,000 cells/well was selected. 

The mitochondrial activity of the cultured cells was controlled using a colorimetric MTT (3-

[4,5-dimethylthiazol-2yl]-2,5-diphenyl tetrazolium bromide) assay. At the end of each time 

point, the absorbance was read at 540 nm by ELISA reader (Awareness Technology INC.). 

Here, for better comparison, two control groups of positive (cells only) and negative (cells 

with DMSO) was used. 

For cell attachment study, after 72 h of culture, the cell seeded onto the scaffolds were 

washed with PBS (pH 7.4) and placed in 4.5 % glutaraldehyde for 3 h to enable cell fixation. 

Then, scaffolds were washed with PBS followed by a course of dehydration procedure using 

ethanol (from 60 to 100 %) and then dried for 24 h. For SEM visualization, the scaffolds 

were sputter coated with a gold layer prior to imaging (SEM, Philips). 

 

2.10 Statistical analysis 

statistical evaluations were done by One-way ANOVA. To investigate significant variances 

between results, Tukey’s post-hoc test used by Prism Software (V.8).  P-value <0.05 was 

measured significant. 

3 Results and discussion 

3.1 Physical properties  

Nanofibrous scaffolds, with different ratios of graphene nanosheets, were fabricated through 

electrospinning technique. Fig. 1(A-H) shows the effect of various ratios of graphene on the 

diameters and morphology of the resultant nanofibrous structure. The surface morphology of 
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the electrospun defect-free PCL/gelatin/PPy/graphene nanofibers with 1 and 3 wt.% graphene 

shows an average diameter of 350±52 and 90 ± 34 nm, respectively while in 

PCL/PGS/Ppy/graphene scaffolds the fiber diameter appears to slowly reduce in a pattern of 

PG0 ˃ PG1 ˃ PG2˃ PG3 from 250 nm in PG0 to 200 nm in PG3. Hence, it is apparent that 

with the increase in graphene nanosheet, the average diameter reduces significantly. This may 

be caused by the enhanced electrical conduction of the spinning dope that could help the 

polymeric stream to form finer fibers during fabrication. The high electrical conduction of the 

polymeric solution generates a more powerful electrical force during the spinning course 

preceding to superior strain and smaller fiber diameter 34. Also adding graphene nanosheet 

produces a more viscous mixture that results in finer fibers (Table 1). This is in accordance to 

our previous findings 32. 
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Figure 1. SEM images and fiber diameter size distribution for PCL/gelatin/PPy/graphene system with A) 0 

wt.% B) 1 wt.% C) 2 wt.% D) 3 wt.% graphene incorporation and for PCL/PGS/PPy/Graphene system E) 0 

wt.% g F) 1 wt.% G) 2 wt.% and H) 3 wt.% graphene. (Scale bar: 2 µm) 

 

Wettability results demonstrate that the PCL/gelatin/PPy scaffold with a contact angle of 79.5° 

± 2. 1° is hydrophilic (Fig. 2A). Functionalized graphene with carboxylic groups contributes 

towards the hydrophilicity of the samples. With the increase in graphene ratio from 1 to 3 

wt.% in the PCL/ gelatin/ PPy/ graphene nanofibers, a decreased from 63.4° ± 2. 7° to 41.7° ± 

2. 7° is evident in water contact angle results.  

Furthermore, with increase in graphene concentration, the hydrophilicity is also improved in 

PCL/PGS/Ppy/graphene nanofibers such that in PG3 sample contact angle of 31.7° ± 2 

compared to 51.4° ± 3 in the control group PCL/PGS/PPy fibers is detected. Also, water 

drops on PG1, PG2 and PG3 were absorbed within 5 to 10 seconds demonstrating their high 

wettability, which is considered an important characteristic for cell support and attachment. 

Based on our previous study 28, it was found that the electrical conductivity of the scaffolds 

were influence by the concentrations of polypyrrole (PPy) as a result of conductive network 

throughout the polymeric chains that act as a linker between graphene nanosheets. This 

phenomenon enhances the electron  current velocity throughout the network. In the current 

study, the conductivity was tuned by controlling graphene concentration (Fig. 2B). Samples 

show a conductivity of 1.7 ± 0.2 S.m-1 (1 wt.% graphene), 3.1 ± 0.3 S.m-1 (2 wt.% graphene) 

and 3.9 ± 0.3 S.m-1 (3 wt.% graphene) in wet condition for PCL/gelatin/PPy/graphene 

nanofibers. Also, in PCL/PGS/Ppy/graphene nanofibers the conductivity of the fibrous mats 

shows an increase from 1.1 ± 0.2 S.m-1 to 3.9 ± 0.2 S.m-1 as the graphene content increases 
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from 0 wt.% to 3 wt.%. As expected, the electrical conductivity was improved by an increase 

in graphene concentration. Established results are in the general reach of electrical 

conduction that is reported for native neural tissue 35. Also, compared to similar attempts in 

creating fibrous platform for nerve tissue regeneration, this system showed a superior 

electrical conductivity 36. For example,  Baniasadi  et al.37 fabricated a conductive scaffold by 

incorporating polyaniline/graphene (PAG) nanoparticles into a chitosan/gelatin matrix with 

0.1 S.m-1  conductivity. In a different study Zhou et al.38 developed polypyrrole/poly(lactic 

acid) nanofibers to regenerate  peripheral nerve with a 1 × 10–4  S.cm-1 electrical conductivity. 

Also Soltani et al.39 formulated a conductive scaffold containing graphene with 3.3 mS.cm-1 in 

film form. 

 

Figure 2. A) Images of water contact angle and average water contact angles of the of fiber mats. B) Electrical 

conductivity of fiber mats. Error bars indicate standard error of the means, asterisks mark significance levels of 

p < 0.05 (*). 
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3.2 Chemical Evaluations  

Fig. 3 presents the FTIR spectra for PCL/gelatin/PPy/graphene and PCL/PGS/PPy/graphene 

scaffolds. Commonly, PCL is marked with asymmetric -CH2 stretching at 2973 cm-1, 

symmetric -CH2 stretching at 2842 cm-1, ester group at 1777 cm-1 where the normal bands of 

C=O stretching at 1675 cm-1 (amid I), and N–H bending coupled with C–N stretching at 1556 

cm-1 (amide II) and asymmetric C-O-C stretching at 1239 cm-1 for gelatin structure28. In 

PCL/PGS/PPy/graphene scaffolds energy band slightly changed in a way that PCL bands 

with asymmetric -CH2 stretching at 2969 cm-1, symmetric -CH2 stretching at 2813 cm-1, ester 

group at 1789cm-1 are detected. The common bands for PGS carbonyl stretching at 1778 cm-

1, C=O stretching at 1358 cm-1 (amid I), and N–H bending coupled with amide II C–N 

stretching at 1256 cm-1. Moreover, the stretching of C–O and C-C stretching is also noticed in 

the range of 1000–1250 cm-1 and asymmetric C-O-C stretching at 1079 cm-1. Also, the 

interaction of carboxyl groups on the functionalized graphene with polymers structures and 

amide groups in gelatin chain and polypyrrole ring can lead to the development of a new 

covalent intermolecular bond 29. Besides, expected intermolecular hydrogen bonds between 

polymeric structures are presented in Fig. 4. This interaction is inveterate through the 

changing of the distinctive bands of polymer chain (i.e., amide I and amide II) to lesser 

wavenumbers alongside with lowered intensity diffraction in the FTIR spectra curves (Fig. 3) 

in both polymeric systems. 
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Figure 3: FTIR characterization of nanofibers for A) PCL/gelatin/PPy/graphene B) PCL/gelatin/PPy C) 

PCL/PGS/PPy/Graphene and D) PCL/PGS/PPy. 
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Figure 4: Schematic illustrations of the interaction between the composite components in A) 

PCL/gelatin/PPy/graphene system B) PCL/PGS/PPy/graphene system. 

3.3 Nanocomposite mechanical properties  

The stress–strain curve for the nanofibrous PCL/gelatin/PPy/graphene and 

PCL/PGS/PPy/graphene scaffolds are presented in Fig. 5. The blending of graphene with 

PCL/gelatin/PPy and PCL/PGS/PPy has significantly enhanced the mechanical behavior of 

the composite structure. The strain for the samples with graphene was improved by 76% in 

comparison to the PCL/gelatin/PPy sample (Table 2) which may be due to the intermolecular 
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bands in the polymeric network (Fig. 4). The tensile strength (2.71 MPa) of the 

PCL/gelatin/PPy/3 wt.% graphene (GG3) nanofiber mat showed a 46 % improvement, 

compared to the sample without graphene (GG0) (1.85 MPa) scaffold. The tensile strength 

(2.66 MPa) of PCL/PGS/PPy/3 wt.% graphene (PG3) nanofiber reached 52 % improvement 

compared to PG0 (1.75 MPa) group. All fibrous scaffolds demonstrated a good toughness 

such that for without graphene (GG0) sample 28 MPa, (PG0) 42 MPa and for 3wt.% 

graphene (GG3) sample up to 76 MPa, 143 MPa for PG3, revealing more than 230% increase 

in PCL/gelatin/PPy system and remarkable 330% increase in PCL/PGS/PPy system. These 

polymeric system offers highly tunable deformability (up to 67 MPa toughness for GG3 and 

143 MPa for PG3), flexibility (up to around 75% elongation for both systems) and strength 

(up to 1.31 MPa in GG0 and 1.5 MPa in PG0 tensile strength in wet state). For example, the 

elastic steep of PCL/gelatin/PPy with 0, 1 and 2 wt.% Graphene was 210, 300 and 340 kPa 

and for PCL/PGS/PPy with 1, 2 and 3 wt.% Graphene was 85, 92 and 97 kPa, respectively. 

These values are within the range of the stiffness stated for the natural spinal cord and 

peripheral nerve system tissue (~20-350 kPa) 40–42 and other connective tissue such as natural 

myocardium (~ 30-100 kPa) 43.  

The Tensile strength in PCL/gelatin/PPy with 1-3 wt% graphene in the system is 1.85, 2.24, 

2.71 MPa, respectively. However, in 3 wt.% graphene samples the strength had reduced to 

2.38 MPa, whilst elongation and toughness also decreased due to the increased probability of 

agglomeration that could potentially affect the mechanical properties. Also, in PCL/PGS/PPy 

system the same trend could be observed. Elongation intends to improve in wet condition due 

to the swelling of the fibers, which change the diameter, twisting angle and lowers the 

friction coefficient of the fibers 44. Hence, the strong decrease in friction influences the 
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reduction in the modulus and tensile strength. Plus, the strain at break was increased (78% in 

GG3 and 75% in PG3) because of the high modulus area points to the fiber original 

movement and the low modulus area mostly alter on the fiber aligning and slippage. In the 

wet condition, initial mobility of the fibers reduces due to the decrease of the friction 

coefficient between fibers and enlarges the fibers’ stretching phase which lets the fibers to 

straighten out without breaking and shredding, and growing in length, which is the key cause 

for their strain increase in a wet state. 

All the mechanical properties in wet condition were measured to be lower than the dry 

condition in both systems. This could be due to fibers swelling ratio and lower friction factor 

which could promote the elongation in wet condition test. Although, the mechanical 

properties were less favorable in the wet condition, they were still tolerable for supporting 

native tissue. 

 

 
Figure 5: Stress-strain; diagram of A) PCL/gelatin/PPy/graphene system B) PCL/PGS/PPy/graphene system 

(significance levels of p < 0.05 (*) and p < 0.01 (**)). 
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Table 2: Mechanical properties of scaffolds in dry and wet conditions. 
Sample  Tensile strength (MPa)  Tensile modulus (KPa)  Elongation (%)  Toughness (MPa) 

  Dry  Wet  Dry  Wet  Dry  Wet  Dry  Wet 

GGO  1.85 ± 0.2  1.31 ± 0.1  210 ± 13  56 ± 2  22 ± 2  49 ± 4  28.34 ± 3.2  46.29 ± 4.2 

GG1  2.24 ± 0.3  1.08 ± 0.2  300 ± 14  43 ± 1  26 ± 3  58 ± 3  42.89 ± 3.5  41.34 ± 3.9 

GG2  2.71 ± 0.2  1.21 ± 0.2  340 ± 21  61 ± 2  36 ± 2  67 ± 4  76.27 ± 4.8  60.71 ± 4.5 

GG3  2.38 ± 0.4  1.31 ± 0.2  370 ± 23  63 ± 3  32 ± 3  78 ± 2  67.11 ± 5.1  76.84 ± 9.1 

PG0  1.75 ± 0.3  1.5 ± 0.1  72 ± 3  65 ± 2  38 ± 2  51 ± 3  42.85 ± 2.2  56.29 ± 3.2 

PG1  2.49 ± 0.3  1.3 ± 0.2  85 ± 4  49 ± 1  54 ± 4  65 ± 2  83.89 ± 4.5  66.31 ± 3.4 

PG2  2.65 ± 0.1  1.11 ± 0.1  92 ± 6  48 ± 2  59 ± 3  71 ± 4  110.5 ± 5.8  56.7 ± 3.7 

PG3  2.66 ± 0.2  1.01 ± 0.2  97 ± 3  37 ± 3  68 ± 3  75 ± 2  143.4 ± 6.9  56.99 ± 5.1 

Significance levels of p < 0.05 (*) and p < 0.01 (**) 

 

3.4 Biodegradation study 

The physical properties of the scaffolds can be affected by additional water consumption 45. 

Hence, it is important to investigate the changes in polymeric behavior following immersion 

in biological fluids. The degradation of PCL/gelatin/PPy/graphene and 

PCL/PGS/PPy/graphene scaffolds in PBS was observed over 28 days' period (Fig. 6). 

Biodegradation of the scaffolds were altered alongside with the topographical factors and 

chemical alignment of the polymeric scaffolds. The result of sample degradation presents a 

semi-linear profile for both systems. The data of PCL/gelatin/PPy/graphene scaffolds show a 

higher degradation ratio. The observed difference between various groups could be due to the 

amine groups, hydroxyl and carboxylic on the activated graphene and gelatin that can 

enhance biodegradation. Besides, the ester bonds of sebacic acid and glycerol monomers in 
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PGS network may control the degradation rate of the scaffolds 46,47. As well as chemical 

factors, topographical conditions such as fibers diameter of the mats are effective to the 

degradation profile. The finer fiber diameter of the graphene contained scaffolds could 

accelerate the hydrolysis alongside weight loss compared to the thicker nanofibrous scaffolds 

due to enhanced contact area. Based on the properties evaluated for all groups containing 

various amounts of graphene, the 3 wt.% graphene scaffolds in both systems were found to 

be the optimum structure due to its great mechanical strength, elongation, superior electrical 

conductivity and wettability, hence, taken forward for the blood compatibility evaluation and 

cell studies.  

 

Figure 6: Weight loss of different concentrations of both systems after incubation in PBS solutions for various 

periods (pH: 7.4). Error bars indicate standard error of the means, asterisks mark significance levels of p < 0.05 

(*). 

 

3.5 Hemocompatibility study 

The blood compatibility evaluation is essential for confirming the suitability of a device for 

blood-contacting applications. Surface properties of the biomaterials trigger platelets to attach 
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on to the surface of a foreign material and they can become activated to preform blood 

coagulation and thrombosis 48. Hence, the hemocompatibility of blood-contacting materials is 

a vital factor for numerous practical applications 49. In this study, blood compatibility of 

PCL/gelatin/PPy/graphene scaffolds prepared using 3 wt.% graphene was evaluated by 

studying the platelet adhesion, red blood cells (RBC) hemolysis and blood coagulation of 

scaffolds. 

LDH activity has a direct relation with the number of adhered platelets on the surface area of 

a material. As shown in Fig. 7A, LDH concentration for samples were found to be 21 ± 5, 19 

± 4, 22 ± 6, and 274 ± 14 U.L-1 in response to PCL/gelatin/PPy/graphene scaffold, 

PCL/PGS/PPy/graphene scaffold, ePTFE, and glass samples, respectively. Fig. 7B shows 

SEM images of platelet adhered on the surface of scaffold. As it appears, none of the attached 

platelets are pseudopodium or aggregated and activation process not occurred for any of 

platelet. These results suggest the great capability of electrospun PCL/gelatin/PPy/graphene 

scaffolds and PCL/PGS/PPy/graphene scaffold in slowing down the platelet adhesion 

compared to glass samples. 

Hemolysis ratio is an important factor for evaluating compatibility with blood 50. The ratio of 

hemolysis represents the release of hemoglobin that is initiated by ruptured red blood cell. In 

the time that samples are in contact with RBC, samples could initiate the inner and outer 

membrane degradation of red blood cells, hence start to hemolysis 51. The hemolysis ratios 

for PCL/gelatin/PPy/graphene scaffold, PCL/PGS/PPy/graphene scaffold, negative and 

positive controls sample are shown in Fig. 7B. The tested  scaffold showed a low hemolysis 

ratio of 2.3% for PCL/gelatin/PPy/graphene scaffold and 2.1% for PCL/PGS/PPy/graphene 

scaffold which is significant different to glass sample (5.7%) and a previous report 52. All the 
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medical materials with hemolysis ratio below 5%, are accepted as non-hemolytic as stated by 

international biological safety association 53, so PCL/gelatin/PPy/graphene scaffold and 

PCL/PGS/PPy/graphene scaffold are hemocompatible. 

 

Figure. 7: A-B) SEM images of platelet adhered on the surface PCL/gelatin/PPy/graphene (A) and 
PCL/PGS/PPy/graphene (B) system. C) red blood cells hemolysis, D) LDH concentration and e) blood 

coagulation profile. Error bars indicate standard error of the means, asterisks mark significance levels of p < 
0.05 (*). (Scale bar: 20 µm and inner scale bar: 10 µm). 

 

Fig. 7D denotes the blood coagulation data for nanofibrous PCL/gelatin/PPy/graphene 

scaffold and PCL/PGS/PPy/graphene scaffold, ePTFE, and glass models. At each time point, 

blood treated with glass substance demonstrated a major difference in absorbance rate than 

PCL/gelatin/Ppy/graphene scaffold, PCL/PGS/PPy/graphene scaffold and ePTFE samples (P 

< 0.05) suggesting clot formation capability of glass compared to scaffold and ePTFE. The 



 
 
 

 

24 
 
 

 

results confirm that the electrospun PCL/gelatin/PPy/graphene scaffold, 

PCL/PGS/PPy/graphene scaffold and ePTFE samples have lower chance of thrombogenicity 

compare to glass samples. 

3.6 Cell studies  

Fibrous substance simulates the extracellular matrix (ECM) construction, accelerate cell 

proliferation and adhesion. Cellular interactions of the nanofibrous scaffolds were established 

by measuring two commonly known complementary assays; mitochondrial metabolic activity 

and cell viability. Fig. 8 demonstrates the cell viability assessments on 

PCL/gelatin/PPy/graphene and PCL/PGS/PPy/graphene fibrous scaffolds prepared using 3 

wt.% graphene. Figure 8A-B shows SEM micrographs of fibroblast attachment on the 

scaffolds following 3 days. As it is shown, the scaffolds have maintained cell adhesion and 

multiplying. Interestingly, at day 7 (Fig. 8B), the scaffolds are intact and a greater area is 

covered with the cells. This suggests that the fibrous structure greatly supports the cell 

adhesion and proliferation. Furthermore, the MTT results confirms that the scaffolds are non-

cytotoxic, support cell proliferation and do not inhibit cell growth. 
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Figure 8. SEM images of human fibroblast cells on fibrous mat for PCL/gelatin/PPy/graphene blend following 

A) 3 and B) 7 days in culture and for PCL/PGS/PPy/graphene blend C) 3 and D) 7 days in culture. E) MTT cell 

viability assay of human fibroblast cultured on both blends. Scale bar: 20µm. Error bars indicate standard error 

of the means, asterisks mark significance levels of p < 0.05 (*). 

4 Conclusion 

In this study, a highly tunable nanofibrous structure suitable for conductive-tissue 

engineering applications was developed. The physical, chemical, mechanical, blood 

compatibility, and biological properties of two individual polymeric systems 

PCL/gelatin/PPy/graphene and PCL/PGS/PPy/graphene were fully evaluated. 3 wt.% 

graphene scaffolds showed superior overall mechanical strength, great electrical 
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conductivity and excellent hemocompatibility and biocompatibility. Overall, the results 

demonstrated remarkable tunable properties that can be controlled through the amount of 

graphene within the structure to mimic the native tissue properties. 
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