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Graphene is a promising reinforced material used in a vasty of applications due its high mechanical resistance, 

high electrical and thermal conductivity. These properties could improve the electrical conductivity and 

mechanical properties of polymeric nanofibers. Nervous, muscular, and cardiac tissues are a challenge for 

Tissue Engineering not only because of their poor regeneration but because conventional, non-conductive 

scaffolds are unable to establish an adequate electromechanical coupling. In the present work, graphene was 

investigated as a nanofiller in a muti-layered polymer scaffold manufactured by electrospinning. The graphene-

doped scaffolds were characterized to prospect their use in tissue engineering. 

1. Introduction 

Graphene is a promising reinforcement materials for potential applications such as flexible solar panels, 

batteries and capacitors, sensors, imaging, nanoelectronics, and tissue engineering (Ahadian et al., 2016). 

Furthermore, graphene has an outstanding mechanical resistance, electrical and thermal conductivity (Randviir 

et al., 2014). Additionally, the honeycomb structures, strong carbon-carbon bonding, elasticity, large specific 

surface area, and the ability to absorb biomolecules, cells, and tissues, make graphene suitable and practical 

for tissue engineering (Heidari et al., 2019).  

Tissue engineering conflates the engineering and life science to restore the function of damaged tissues using 

biomaterials. One of the most versatile, promising, and cost-effective method for fabricating nanofibers from a 

variety of polymers used in tissue engineering is electrospinning. Electrospinning scaffolds are capable of mimic 

the fibrous structure of the extracellular matrix (ECM) (Xue et al., 2019). Nanofibers are generated by the 

application of an electric field to an injected solution. In this technique, when the electrostatic forces overcome 

solution surface tension, an accelerated jet arrives at the collector (target) after the formation of a Taylor cone 

(Chem et al., 2021).  

Despite the current solutions for tissue engineering, some biomaterials lack in their electrical conductivity (Qasim 

et al., 2019), and mechanical properties, both relevant to stimulate the adhesion, spreading, and proliferation of 

cells. For example, conductivity is crucial for cardiomyocytes in myocardium tissue to couple with surrounding 

cells. Moreover, some of the obtained materials lack fibrous and anisotropic structure, appropriate morphology 

(porosity, for example, allows oxygen exchange, which it’s essential for cardiac construction), and show 

inadequate degradation rate, low mechanical strength, and poor hydrophilicity (Heidari et al., 2019).  

Conductive polymeric/graphene nanocomposites could influence and enhance the electrical conduction and 

mechanical properties of polymeric nanofibers (Bahrami et al., 2019) without any graphene addition. Hence, 

conductive polymeric nanofibrous scaffolds are a promising solution for heart failure and broken hearts (Qasim 

et al., 2019) and some other applications such as nerve, osteoblast, or culture and differentiate stem cells. The 

aim of this study was comparing the properties of a polymeric scaffold with and without graphene made with 

nanofibers by electrospinning technique. 
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2. Materials and Methods 

2.1 Materials 

Policaprolactone (PCL) (Sigma-Aldrich, CAS # 134490-19-0 MW=80000 Da), polyvinylpirrolidone (PVP) powder 

(Sigma-Aldrich, CAS # 9003-39-8 MW=10000 Da), ethanol (Sigma-Aldrich, CAS 64-17-5), isopropyl alcohol 

(Sigma Aldrich, 99,7 % CAS # 67-66-3), chloroform (Sigma Aldrich, 99,5 %, CAS # 67-66-3) and  graphene 

nanoplatelets was purchased in Bravecount Materials, China (CAS # 7782-42-5). 

2.2 Polymeric suspensions preparation 

For the multi-layer scaffolds obtention by means of the electrospinning technique, it was necessary to prepare: 

- PCL suspension: PCL suspension was used at 9% (w/v) in a 50:50 (v/v) chloroform and isopropanol solution. 

PCL suspension was subjected to an ultrasonic bath (ATU- ATM40-2LCD) with a frequency of 50 Hz per 60 

min at 20 °C.   

- PVP suspension doped with graphene: PVP was used at 25% (w/v) in 50:50 (v/v) ethanol and water. 

Afterwards, pristine graphene nanoplatelets solution was added drop by drop at 1% (w/v). PVP with 

graphene dispersion was stirred in a magnetic stirrer per 60 minutes at room temperature (21 °C). An 

ultrasonic processor for low volume applications (Cole-Palmer # EW-04714-53) was used to overcome the 

agglomeration of the graphene nanoplatelets. 

2.3 Multilayer fabrication by electrospinning and electrospray process and characterization 

The fibers were developed into a vertical electrospinning equipment composed by a high voltage source 

(CZE1000R, Spellman), a dosing pump (KDS100), a syringe, a needle (gauge 21) and a rotary collector 

(ESD30s). The distance between needle and rotatory collector was maintained in 15 cm. Applied voltage and 

solution feed rate was chosen as the most relevant electrospinning parameters and were established until 

uniform and defect-free fibers were obtained. 

The PCL suspension was deposited for 45 min at 1.0 ml/h and 14 kV (first layer, nPCL). The graphene-doped 

PVP suspension was deposited on the nPCL layer for 30 min at 1.5 ml/h and 23 kV (second layer, PVP+G). A 

final layer of nPCL was deposited under the same conditions as the first layer to seal the PVP+G. This final 

multi-layer scaffold was named MLS1. To compare the influence of the graphene layer, a control scaffold without 

graphene was fabricated using the same conditions mentioned above, this sample was named MLS0 (Figure 

1). The process was performed at 21 °C room temperature and 55% RH. 

 

 
Figure 1 Configuration of MLS0 and MLS1. 

 

The obtained nanofibers was visualized via scanning electron microscopy (SEM) (Tescan Vega 3 SB) at an 

accelerating voltage of 15 kV. Based on the SEM images, fiber diameter distribution was determined using 

Image J software. Statistical analysis was performed for determining the mean diameter and standard deviation 

at least 100 measurements. The conductivity of each suspension was measured (n=3) using a conductivity 

sensor (Hanna Instruments HI 5522). Measurements was taken at 17 °C. The mechanical properties of the 

multilayer scaffold were determined by tensile testing technique (Shimadzu UH-I) with 50 N load capacity of 50 

mm/min. Procedure and samples were prepared in rectangular-shape pieces with a length of 120 mm and width 

of 10 mm, according with the ASTM D882. Five specimens were tested to obtain average values. FTIR spectra 

were obtained with a Shimadzu® FT-IR solutions spectrometer with attenuated total reflectance (ATR) module 

and germanium crystal. FTIR spectra were recorded in the transmittance mode in the range of 4000 – 500 cm-

1 and processed with IR Solutions software at environmental temperature conditions. 
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3. Results and discussion 

SEM micrographs of nPCL, nPVP, PVP+G and multilayered scaffolds MLS0 and MLS1 are shown in Figure 2. 

From the images, it can be observed that the fibers, except in PVP+G exhibited a smooth and bead-free surface 

that was distributed aligned over the scaffold structure.  Figure 3 shows the mean fiber diameter of the nPCL 

sample was (620.30 ± 168.42) nm, for the PVP sample was (435.86 ± 151.15) nm and for the PVP+G was 

(371.42 ± 152.18) nm. According to the results, PVP+G reached a smaller diameter than nPVP and even smaller 

than nPCL, this could be explained because graphene increases the conductivity of the polymeric suspension 

making the diameter smaller by the increase in the charge transport (Das et al., 2013) and contributing with the 

stretching and elasticity of the fibers. The size reduction of the diameter is a desirable effect as a lower diameter 

fiber possesses higher surface area for cell attachment and proliferation (Leung   Ko, 2011) . Despite the 

decrease in the diameter due to the graphene addition, there are beads along the fibers produced by the difficulty 

of dispersing the graphene. Other results indicated that the percentage used in PCL/Gelatin/graphene fiber (1%) 

shows beads caused by the overdispersion of graphene (Chen et al., 2019). Further studies with different 

graphene proportions in polymer suspension and its electrospinning parameters will be addressed to the use of 

pristine graphene with PVP for tissue engineering applications.  

 

 
Figure 2 Morphology observed by SEM of (A) nPCL, (B) nPVP, (C) PVP+G, (D) MLS1 surface, and (E) MLS1 

thickness. 

 

 
Figure 3 Fiber diameter distributions of (A) nPCL in the MLS0, (B) nPVP, (C) PVP+G and, (D) average diameters 

summary. D50 is diameter when the cumulative percentage reaches 50% and S is the standard deviation.  
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Young’s modulus, maximum load, and maximum elongation of the scaffolds are presented in Figure 4. The 

Young’s modulus were determined to be 11.65±7.06 MPa, 138.52±6.87 MPa, 33.75±15.99 MPa, and 

34.43±7.90 MPa for the nPCL membrane, PVP+G, MLS0, and MLS1, respectively (Figure 4A). In particular, the 

modulus of MLS0, compared to MLS1 were not significantly different (p>0.05). Pure nPCL was the lowest value 

for Young’s modulus because it was not reinforced and slimmer than the other samples. Further, PVP+G had 

the highest value Young’s modulus despite its thickness, mechanical fragility, and lower diameter as shown in 

Figure 2. In Figure 5 the results show that it is evident the graphene addition reinforces the tensile strength of 

the polymer matrix.  

Other authors with similar material compositions presented similar values. Zhao et al. developed silk 

biomaterials using controllable surface deposition on the nanoscale to recapitulate electrical microenvironments 

for cardiac tissue engineering reaching 12-13 MPa in tensile tests (Zhao, G, 2018). In the same way, Liu and 

Xu got values between 10-60 MPa getting with core-sheath fibers loaded with 5% carbon nanotubes (Liu & Xu, 

2017). Obtained results demonstrate an enhancement in mechanical properties due to graphene addition and 

the improving of multilayer configuration with respect to a single polymer nanofiber scaffold. The obtained values 

overcome physiological values, so the fabricated material could endure under cyclic stretch due to the rhythmic 

heartbeat and diastolic and systolic contractions into physiological conditions (Nguyen-truong & Li, 2020). 

 

 
Figure 4 Mechanical properties of nPCL membrane, PVP+G, MLS0 and MLS1. The columns represent (A) 

Young’s Modulus, (B) maximum stress, and (C) maximum strain. 

 
 

 

Figure 5 Stress-Strain profiles of a representative sample of the nPCL, PVP+G, MLS0 and MLS1 groups. 

 

Figure 6 represents FTIR spectra of PCL, PVP+G and MLS1 scaffold. Characteristics bands of nPCL were 

identified at 2945, 2868, 1725, 1291, 1239, and 1170 cm-1 and attributed to asymmetric νas(CH2), symmetric νs 

(CH2) stretching, carbonyl (C=O) stretching, C-O and C-C stretching, asymmetric C-O-C stretching, and 

symmetric C-O-C stretching, respectively. The FTIR spectra of PVP doped with graphene showed bands at 

3431, 2954, 1646, 1373, 1287, 1018, 937, and 841 cm-1 corresponding to O-H band, asymmetric νas(CH2) of 

pyrrole ring, C=O band, C-H band, CH2 wagging v(C-N), C-C, C-C bond and δ(CH2), respectively, characteristics 

of PVP. Further, there are peaks at 1460, 1422, 1317,1222 and, 1044 cm-1 attributed to CH2 bending, C-O, δ 

(CN), v(O-H or Ar-OH) and, C-O alkoxy stretching vibrations may be due to the remaining carbonyl groups after 

the reduction in the fabrication process of graphene. No presence of the O-H group (3000 and 2500 cm-1), 

characteristic of the graphene oxide and not of the graphene was detected (Ojrzynska et al., 2020). 
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All the characteristic peaks of PCL and PVP were identified in the MLS1 scaffold at 2945, 2864, 1725, 1295, 

1239, 1165, and 932 cm-1, confirming the structure of the PCL and PVP. Also, peaks at 1417, and 1365 cm-1 

corresponding to C-O, and δ/β(O–H or C–OH) were observed and are associated with graphene. nPCL, PVP+G 

and MLS1 curves shown in Figure 6 exhibit, presumably, the interaction between layers by the interaction 

enclosed by nearby peaks and the similar curves; for example, in 1365 cm-1 peak in MLS1 exists an interaction 

between C-OH in graphene and C-H in PVP.  

 

 
 

Figure 6 FTIR of (A) nPCL, (B) PVP+G and, (C) MLS1. 

 

PCL, PVP, and PVP+G solutions conductivity were measured. Results were 0.101±0.018, 83.365±0.592 and, 

85.867±0.860 µS/cm for PCL, PVP, and PVP+G, respectively. As observed, the PCL solution is insulating 

because of its low conductivity value. An increase of conductivity by the addition of graphene in PVP solution is 

satisfactory considering that the nanofiller is graphene rather than graphene oxide. Conductivity value in PVP+G 

contributes to low diameters as discussed above. As long as the graphene/polymer ratio is low, is possible that 

the critic point of percolation threshold is not reached maybe because of the viscosity, concentration, or time of 

preparation of the PVP solution that could affect the graphene dispersion having dead zones where particles 

can arrive, leaving no interaction with the polymer. 

4. Conclusion 

The results of this study demonstrate that doping graphene into polymeric nanofibers resulted in the 

enhancement of morphological properties such as diameter which was smaller than the polymeric mats without 

graphene despite the appearance of the beads. Tensile measurements showed that graphene can reinforce the 

mats and it was demonstrated that the effect of the nPCL layer increases the overall mechanical strength of the 

MLS1 compound and Young’s module was higher and overcome the physiological values. FTIR results confirm 

the chemical composition of the MLS1 scaffold showing probable interactions between graphene and the 

polymers. It was demonstrated that the doped polymeric solution with graphene improves the electric 

conductivity even in a low amount. This study is the initial basis of characterization for an appropriate platform 

to have cell adhesion, proliferation, and an environment to maintain cell viability for use in cardiac engineering 

tissue. 
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