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Abstract  

 

Piezoelectric materials that generate electrical signals in response to mechanical strain can be 

used in tissue engineering to stimulate cell proliferation. Poly (vinylidene 

fluoride‐trifluoroethylene) (P(VDF‐TrFE)), a piezoelectric polymer, is widely used in 

biomaterial applications. We hypothesized that incorporation of zinc oxide nanoparticles 

into the P(VDF‐TrFE) matrix could promote adhesion, migration, and proliferation of cells, 

as well as blood vessel formation (angiogenesis). In this study, we fabricated and 

comprehensively characterized a novel electrospun P(VDF‐TrFE)/ZnO nanocomposite tissue 

engineering scaffold. We analyzed the morphological features of the polymeric matrix by 

scanning electron microscopy, and utilized Fourier transform infrared spectroscopy, X‐ray 

diffraction, and differential scanning calorimetry to examine changes in the crystalline 

phases of the copolymer due to addition of the nanoparticles. We detected no or minimal 

adverse effects of the biomaterials with regard to blood compatibility in vitro, 

biocompatibility, and cytotoxicity, indicating that P(VDF‐TrFE)/ZnO nanocomposite 

scaffolds are suitable for tissue engineering applications. Interestingly, human mesenchymal 

stem cells (hMSCs) and human umbilical vein endothelial cells cultured on the 

nanocomposite scaffolds exhibited higher cell viability, adhesion, and proliferation 

compared to cells cultured on tissue culture plates or neat P(VDF‐TrFE) scaffolds. 

Nanocomposite scaffolds implanted into rats with or without hMSCs did not elicit 
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immunological responses, as assessed by macroscopic analysis and histology. Importantly, 

nanocomposite scaffolds promoted angiogenesis, which was increased in scaffolds 

pre‐seeded with hMSCs. Overall, our results highlight the potential of these novel 

P(VDF‐TrFE)/ZnO nanocomposites for use in tissue engineering, due to their 

biocompatibility and ability to promote cell adhesion and angiogenesis. 

 

KEYWORDS: scaffolds, electrospinning, poly(vinylidene fluoridetrifluoroethylene), 

(P(VDFTrFE)), ZnO, angiogenesis, cell adhesion, stem cells 

 

1 Introduction 

 

A wide range of polymeric materials has been suc‐ cessfully used to create tissue engineering 

scaffolds, but the search for an ideal scaffold material that can enhance cell adhesion, 

migration, and proliferation is still underway. An active blood vessel network, which is 

necessary for the integration of the scaffold with the existing host tissues, has been difficult 

to achieve with the present technology [1]. Though there are promising strategies to enhance 

angiogenesis, such as the incorporation of growth factors like vascular endothelial growth 

factor (VEGF) in scaffolds, their short half‐lives limit their usefulness [2]. In addition, such 

approaches have occasionally resulted in transient efficacy followed by chronic 

inflammation, fibrosis, and subsequent implant failure [3]. 

Electrical charges have a beneficial effect on cell adhesion, morphology, and proliferation [4, 

5]. Piezo‐ electric scaffolds, which generate electric signals in response to pressure or 

vibration, have been used for various tissue engineering applications [6]. Poly 

(vinylidenefluoride‐trifluoroethylene (P(VDF‐TrFE)), a copolymer of PVDF, has received 

special attention among piezoelectric polymers because it easily forms the active piezo 

β‐phase, without additional processing, upon polymerization with small amounts of TrFE 

[7]. The copolymer has been reported to further undergo crystallization into four different 

crystalline phases (α, β, , and ) [8]. With the exception of the α‐phase, all of the phases are 

polar. Spontaneous polarization of the ‐ and ‐phases leads to the formation of the β‐phase, 

and the α‐phase can be converted into the β‐phase by mechanical drawing or annealing 

under high pressure [9]. 

Electrospun tissue engineering scaffolds based on various biodegradable and 

non‐biodegradable polymers have been extensively studied [10]. The high electric potential 

and the stretching force applied during electrospinning induce the polarization of 

P(VDF‐TrFE) to form more β‐phase crystals than are present in the unprocessed powder [6]. 

Being a non‐biodegradable polymer, P(VDF‐TrFE) cannot be recommended for all tissue 

engineering applications. However, previous studies have demonstrated that P(VDF‐TrFE) is 

a good candidate for neural tissue engineering [11, 12], spinal cord regeneration [13], and 

skeletal muscle tissue engineering [14]. A recent study demonstrated the feasibility of using 

electrospun P(VDF‐TrFE) scaffolds, in conjunction with stem cell‐ derived cardiovascular 

cells, for engineering cardiovas‐ cular tissues [15]. 

Zinc oxide (ZnO) nanoparticles have attracted a great deal of attention in recent years 

because of their multifunctional properties, especially their antibac‐ terial activity, which 

could be exploited in specific biomedical interventions to prevent biomaterials‐ associated 

infections [16]. ZnO nanostructures, which are also endowed with piezoelectric features [17] 

as well as the capacity to generate reactive oxygen species (ROS) [18], have found 

applications in nanomedicine [19]. Our group previously reported that 60‐nm ZnO 



nanoparticles enhance animal cell proliferation both in vitro and in vivo [20, 21]. 

Furthermore, another study established that ZnO nanoparticles enhanced the expression of 

growth factors, like fibroblast growth factor (FGF) and VEGF, which, in turn, promoted cell 

proliferation and angiogenesis [22]. Although concerns remain regarding the toxicity of ZnO 

nanoparticles [23, 24], they are being considered for possible clinical application [25]. We 

designed a tissue engineering scaffold material to elicit robust cell proliferation and 

angiogenesis by exploiting the piezoelectric properties of both P(VDF‐ TrFE) and ZnO 

nanoparticles, as well as the ROS‐ mediated proliferation induced by ZnO nanoparticles. To 

the best of our knowledge, the use of electrospun P(VDF‐TrFE) fibers containing ZnO 

nanoparticles in tissue engineering scaffolds has not been reported. In the present work, we 

generated this novel nano‐ composite biomaterial and characterized the possible synergistic 

effects of both components on cell adhesion and angiogenesis. 

 

2 Experimental 

2.1 Materials 

 

P(VDF- -1) was obtained from Piezotech SAS, 

from Alfa Aesar (UK). Acetone was obtained from Merck (India). Histopaque, 

polyethyleneimine (PEI), paraformaldehyde and (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) (MTT) were purchased from Sigma-Aldrich (USA). Lactate 

dehydrogenase (LDH) assay kit obtained from Roche (Switzerland). Phalloidin was 

purchased from Thermo Fisher Scientific (France). Minimum essential medium Eagle-alpha 

modification (α-MEM) (Lonza) was used for hMSCs culture and endothelial basic medium 

(Lonza) was used for human umbilical vein endothelial cells (HUVEC) culture. Both media 

were supplemented with 10% fetal bovine serum (FBS), 100 mg ml-1 Fungizone (Fisher), 100 

IU ml-1 penicillin (Sigma-Aldrich) and 200 mM L-glutamine (Sigma-Aldrich) on culture 

plates. All the reagents used in this study were of analytical grade quality and used without 

further purification. 

 

2.2 Electrospinning of P(VDF‐TrFE)/ZnO nano‐ composites 

 

Scaffolds of P(VDF‐TrFE)/ZnO nanocomposites were fabricated by electrospinning. The 

electrospinning apparatus was assembled by Holmarc Opto‐ Mechatronics (India); it 

consisted of a high‐voltage power supply, a syringe pump, and a 10‐mL syringe with a 

21‐gauge needle. A steel rotating (1,000 rpm) mandrel was used as the collector. A 10‐cm 

distance and an applied voltage of 18 kV were maintained bet‐ ween the needle and the 

collector. The solution flow rate was precisely maintained at 1.5 mL∙h–1 using the syringe 

pump. P(VDF‐TrFE) solutions with different concentrations of ZnO nanoparticles were 

prepared in acetone. Before they were added to the solution, ZnO nanoparticles were 

accurately weighed and ultrasonicated for 15 min to achieve complete dispersal. Then, a 

known quantity of P(VDF‐TrFE) in pellet form was added to the above dispersions to 

achieve a final concentration of P(VDF‐TrFE) of 14% w/v, and the mixture was stirred 

magnetically (12 h) until the pellet complete dissolved. Finally, we electrospun 10 mL of the 

prepared suspensions with different percentages of ZnO nanoparticles (0%, 0.5%, 1%, 2%, 

and 4% w/w with respect to the polymer, referred to as P(VDF‐TrFE), P(VDF‐TrFE)/ZnO‐0.5, 

P(VDF‐TrFE)/ZnO‐1, P(VDF‐TrFE)/ ZnO‐2, and P(VDF‐TrFE)/ZnO‐4, respectively) for 6 h. 



After completion of the process, the fibrous scaffolds deposited on the collector were 

carefully cut and removed using a sharp blade. 

 

2.3 Scanning electron microscopy (SEM) and energy‐ dispersive X‐ray spectroscopy 

(EDS) 

 

The morphological features of the fabricated scaffolds were visualized with a Philips XL‐30 

FEG scanning electron microscope at 5 kV (Netherlands). Using a sharp blade, we made 3 

mm × 3 mm sections of the scaffolds, which we mounted on SEM sample holders, and 

subsequently coated with Pt. The average fiber diameter of each sample was measured using 

ImageJ software. Measurements were made at 100 random positions and the average of these 

measurements was used to determine the diameter of the fibers. The presence of ZnO 

nanoparticles in the scaffolds was confirmed by EDS (EDAX, USA) using the Philips XL‐30 

FEG SEM. 

 

2.4 Fourier transform infrared (FTIR) spectroscopy 

 

FTIR spectra of neat P(VDF‐TrFE) and P(VDF‐TrFE)/ ZnO nanocomposite scaffolds were 

obtained with a PerkinElmer spectrum 400 FT‐IR spectrometer (USA) with PIKE GladiATR 

attachment (USA) and DTGS detector on a diamond crystal; spectra were acquired in the 

550–1,500 cm–1 range with 15 scans at 4 cm−1 resolution, using Spectrum 400 software 62 

(version 6.3). 

 

2.5 X‐ray diffraction (XRD) 

 

We used XRD to determine the crystallinity and presence of ZnO nanoparticles in 

P(VDF‐TrFE)/ZnO nanocomposite scaffolds. XRD was recorded in the 2θ range of 20°–25° 

using a model D8 ADVANCE from Bruker (Germany) with CuKα radiation of 8.04 keV and 

wavelength of 1.54 Å. The applied voltage was 40 kV and the current was 25 mA. 

 

2.6 Differential scanning calorimetry (DSC) 

 

Calorimetric measurements were performed using a TA Instruments Q200 differential 

scanning calorimeter (USA). Samples of approximately 5 mg were cut from the neat 

P(VDF‐TrFE) and P(VDF‐TrFE)/ZnO nano‐ composite scaffolds and sealed in 30‐μL capacity 

Al crucible pans. All runs were carried out under a dry nitrogen flow of 20 mL∙min–1. 

Samples were heated from −80 to 200 °C at a rate of 10 °C∙min–1. Then, the samples were 

kept for 1 min at 200 °C to erase the thermal history and cooled to −80 °C. The melting 

temperature (Tm), the enthalpy of fusion (ΔHf), the ferroelectric‐to‐paraelectric transition 

temperature (TF‐P), and the enthalpy change during ferroelectric‐ to‐paraelectric transition 

(ΔHF‐P) were calculated from the heating ramp. The crystallization temperature (Tc), the 

paraelectric‐to‐ferroelectric transition temperature (TP‐F), and the enthalpy change during 

the paraelectric‐ to‐ferroelectric transition (ΔHP‐F) were established from the cooling ramp. 

 

2.7 Porosity measurement 

 

The porosity of the fabricated membranes was measured using the alcohol displacement 



method [26]. P(VDF‐TrFE) and nanocomposite scaffolds were immersed in 100% ethanol for 

48 h until they were saturated, and the percentage of porosity was calculated according to 

Eq. (1).   P = (W2 − W1)/ρV1 × 100 (1) 

 

where W1 and W2 are the weight of the scaffolds before and after immersion in ethanol, 

respectively. V1 is the volume of the scaffold before immersion in ethanol, and ρ is the 

density of ethanol. The experiment was repeated on three sets of samples and the porosity 

was expressed as mean ± standard deviation (S.D.) (n = 3). 

 

2.8 Blood compatibility studies 

 

Since the tissue engineering scaffolds are expected to come into direct contact with blood, 

assessment of their hemocompatibility is essential. We performed blood cell aggregation and 

hemolysis tests, according to published protocols, with minor modifications [27]. After we 

obtained informed consent, we collected human blood samples (approximately 10 mL) from 

healthy volunteers into tubes containing 3.8% sodium citrate at a 9:1 ratio 

(blood:anticoagulant). Normal saline and PEI were used as the negative and positive controls 

for hemolysis, respectively. Both neat P(VDF‐TrFE) and P(VDF‐TrFE)/ZnO nanocomposite 

scaffolds were cut into 1 cm × 1 cm pieces and sterilized by dipping in 70% alcohol for 20 min 

followed by UV irradiation for 20 min. The samples were incubated overnight in 1 mL of 

sterile phosphate buffered saline (PBS) solution and the resulting solutions were used for red 

blood cell (RBC) and white blood cell (WBC) aggregation, platelet activation, and hemolysis 

tests. 

 

2.8.1 Blood cell aggregation study 

For the RBC aggregation studies, blood was centri‐ fuged at 700 rpm for 10 min to separate 

the RBCs from the blood plasma. The cell fraction was washed twice with saline and diluted 

with PBS (1:4). Then, 2 mL of the diluted RBCs was added to the PBS solution generated by 

overnight incubation with the scaffolds, and kept at 37 °C for 20 min. The diluted RBCs were 

also incubated with the negative and positive control solutions. To assess WBC 

compatibility, cells were isolated from anticoagulated blood overlaid on Histopaque® by 

centrifugation (15 min at 800 rpm). The collected WBCs were incubated with the PBS 

solution generated by overnight incubation with the scaffolds for 20 min at 37 °C. WBCs 

were also incubated with the positive and negative controls. After incubation, both RBCs and 

WBCs were isolated by centrifugation, resuspended in PBS, and mounted on wet slides. 

Images were captured by optical microscope (Leica DMIRB, Germany). 

 

2.8.2 Platelet aggregation 

Platelets were isolated from anticoagulated blood (1 mL) overlaid on Histopaque® (1 mL) in 

order to separate RBCs and WBCs into distinct layers, then centrifuged for 15 min at 800 rpm 

at room temperature; platelets were separated into the topmost layer above the WBC 

fraction. The collected platelets were incubated with the PBS solutions generated by 

overnight incubation with the scaffolds for 20 min at 37 °C. The platelets were also incubated 

with the positive and negative controls. Images were captured by optical microscope (Leica 

DMIRB, Germany). 

 

2.8.3 Hemolysis assay 



Hemolysis assays were carried out with the P(VDF‐TrFE) and P(VDF‐TrFE)/ZnO scaffolds. 

In brief, 100 μL of the separated blood was diluted with 800 μL of saline. To this diluted 

blood, we added 100 μL of each PBS solution generated by overnight incubation with the 

scaffolds. We used normal saline as the negative control (no hemolysis) and distilled water 

as the positive control (complete hemolysis). The samples were incubated for 30 min at 37 °C 

and centrifuged at 700 rpm for 5 min. The absorbance (optical density, OD) was measured at 

541 nm using a UV–Vis spectrophotometer (Shimadzu double‐beam spectrophotometer, 

Model 1700, Japan). The percentage of hemolysis (% Hemolysis) was calculated using Eq. (2). 

 

% Hemolysis = (OD of sample − OD of negative control)/ (OD of positive control – OD of 

negative control)  (2) 

 

2.9 Cell compatibility and cell attachment 

 

We used hMSCs and HUVECs to assess cell bio‐ compatibility with and attachment to the 

scaffolds. Fresh human umbilical cords were obtained with informed consent after full‐term 

births (cesarean section or vaginal delivery) using the guidelines approved by the University 

Hospital Center of Nancy (France). HUVECs and hMSCs were isolated and expanded as 

previously reported [28]. HUVECs (passage 2) and hMSCs (passage 4) were seeded on neat 

P(VDF‐TrFE) and P(VDF‐TrFE)/ZnO nano‐ composite scaffolds at 50,000 cells∙cm–2 and 

cultured with appropriate media for 24 h. To visualize cell attachment, samples were fixed 

with 4% parafor‐ maldehyde for 15 min, permeabilized with 0.5% w/v Triton X‐100 solution 

for 15 min, then cell cytoskeletons were stained with phalloidin and nuclei were stained with 

DAPI. Images were taken with a fluorescent microscope (Leica DMI3000 B, Germany). To 

assess the compatibility of hMSCs and HUVECs with the scaffolds, MTT and LDH assays 

were carried out according to the corresponding protocols provided by the manufacturers (n 

= 3). 

 

2.10 In vivo implantation studies  

 

Implantation studies to determine the biocompatibility and biological performance of the 

nanocomposite scaffolds in vivo were carried out in Wistar rats. All animal experiments 

were carried out after authorization from the regional animal ethics committee in France 

(APAFIS #1123‐2015070711576639V3). Based on the in vitro cell culture studies, 

P(VDF‐TrFE), P(VDF‐TrFE)/ ZnO‐1, and P(VDF‐TrFE)/ZnO‐2 were selected for animal 

studies. Before implantation, all scaffolds were cut into 1 cm × 1 cm pieces, then sterilized 

with 70% alcohol for 20 min followed by UV radiation for 20 min. One set of scaffolds was 

seeded with hMSCs (50,000 cells∙cm–2) and allowed to grow for 24 h prior to animal 

implantation. In order to track these cells, hMSCs were labeled with 1,1’‐dioctadecyl‐3,3,3’,3’‐ 

tetramethylindocarbo‐cyanine perchlorate (DiI, D282, Invitrogen, France). A total of 6 rats 

(male, 231 ± 13 g) were used. Anesthesia was induced by inhalation of 4% isoflurane (Isovet, 

France) and maintained in 1.5% isoflurane. Scaffolds were implanted subcutaneously in the 

abdominal region. After 7 and 21 days of im‐ plantation, the implantation site was reopened 

and the scaffolds were visually inspected for immune reactions and angiogenesis. Scaffolds 

were then explanted for cell tracking and histological evaluation. Samples were cut into 

transverse and cross‐sections, and stained with hematoxylin‐eosin‐saffron and Masson’s 

trichrome. Stained sections were used to assess in vivo bio‐ compatibility and the formation 



of blood vessels. The stained sections were examined with a Leica DMI3000 B inverted light 

microscope. 

 

2.11 Statistical analysis 

 

Data are presented as mean ± S.D. For fiber diameter, MTT, and LDH evaluation, statistical 

significance was determined by analysis of variance (ANOVA) followed by Student’s t‐test 

between each group; p‐values less than 0.05 were defined as statistically significant. 

 

3 Results 

3.1 Morphology of scaffolds 

 

In this study, we aimed to develop a P(VDF‐TrFE)/ ZnO nanocomposite scaffold by means of 

an electrospinning technique. A schematic representation of the fabrication process is shown 

in Scheme 1. 

 
 

Scheme 1 Schematic representation of the production of electrospun P(VDF-TrFE)/ZnO 

nanocomposite scaffolds, hMSC seeding of scaffolds, and implantation in rats (figures are 

not to scale). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 1 SEM micrographs showing the morphology of electrospun (a) P(VDF-TrFE), (b) 

P(VDF-TrFE)/ZnO-1, (c) P(VDF- TrFE)/ZnO-2, and (d) P(VDF-TrFE)/ZnO-4. The images in (e) 

and (f) are higher magnification images of (b) and (d), respectively. 

 

Representative morphological features of neat P(VDF‐TrFE) and P(VDF‐TrFE)/ZnO 

nanocomposite scaffolds are presented in Fig. 1. As expected, scaffolds were highly porous 

with randomly oriented fibers and good pore interconnectivity. In addition, both 

P(VDF‐TrFE) and P(VDF‐TrFE)/ZnO nanocomposite scaffolds appeared to have almost 

uniform fiber diameter. Higher magnification micrographs confirmed the presence of 

well‐dispersed ZnO nanoparticles. In the scaffolds with a low ZnO nanoparticle load, the

    

particles were mainly embedded and homogeneously dispersed in the P(VDF‐TrFE) fibers 

(Fig. 1(e)). However, an increase in the ZnO content resulted in the for‐ mation of 

nanoparticle agglomerates that protruded from the fibers and were visible on the surface 

(Fig. 1(f)). 

To further understand the impact of the incorporation of ZnO nanoparticles on the fibers, we 

measured the diameter of the fibers (Table 1). In neat P(VDF‐TrFE) scaffolds, fibers had an 

average diameter of 1,035 nm. The fiber diameter of P(VDF‐TrFE)/ZnO nano‐ composites 

varied as the nanoparticle concentration increased. In P(VDF‐TrFE)/ZnO‐1 scaffolds, the 

change was marginal and did not reach statistical difference (p = 0.68). However, for 

P(VDF‐TrFE)/ZnO‐2, the diameter was significantly larger than the neat counterpart (p = 

0.0004). Further increases in the ZnO nanoparticle content up to 4% w/w in the P(VDF‐TrFE) 

scaffolds led   to additional increases in   the fiber diameter (p < 0.0001 in both cases). 

 

Table 1. Effect of ZnO concentration on the fiber diameter of P(VDF-TrFE) scaffolds. 

Sample Fiber average diameter ± S.D. 

(nm) 

P(VDF-TrFE) 1035 ± 331 

P(VDF-TrFE)/ZnO-1 1052 ± 275 



P(VDF-TrFE)/ZnO-2 1185 ± 249 

P(VDF-TrFE)/ZnO-4 1227 ± 301 

 

3.2 EDS 

 

EDS spectra of electrospun P(VDF‐TrFE) scaffolds and their nanocomposite counterparts 

were used to confirm the presence of ZnO nanoparticles in the polymer matrix (Fig. 2). Neat 

P(VDF‐TrFE) scaffolds displayed sharp low‐energy peaks that could be assigned to the 

elements carbon (Kα radiation with 0.277 keV) and fluorine (Kα radiation with 0.677 keV) 

(Fig. 2(a)). Similar results have been reported elsewhere [29]. In the case of the 

nanocomposites, the characteristic signals of Zn were observed at energy levels 1.01 keV 

(Lα), 8.63 keV (Kα), and 9.5 keV (Kβ) (Figs. 2(b)–2(d)). 

These peaks were in full agreement with our previous results [20]. Importantly, there was a 

marked increase in the intensity of the three characteristic peaks of Zn in the scaffolds with 

increased ZnO nanoparticle content. Oxygen and fluorine showed characteristic Kα 

emissions at 0.525 and 0.677 keV, respectively. Thus, it was not possible to discern the peaks 

corresponding to the oxygen from the ZnO nanoparticles due to the overlapping 

high‐intensity fluorine peaks belonging to P(VDF‐TrFE). 

 

 
 

Fig. 2. Representative EDS spectra of (A) electrospun P(VDF-TrFE), (B) P(VDF-TrFE)/ZnO-1, 

(C) P(VDF-TrFE)/ZnO-2, and (D) P(VDF-TrFE)/ZnO-4.   

 

 

3.3 Crystalline phase analysis 

 



3.3.1 FTIR 

The FTIR spectra of the electrospun neat scaffolds are shown in Fig. 3(a). The 1,283 cm–1 

band was assigned to the symmetric CF2 stretching vibration coupled to the backbone 

stretching and bending vibrations corresponding to trans isomer sequences that are four or 

more units long in the extended chain or β‐phase structure [30, 31]. The two bands near 845 

cm–1 and the band at 1,283 cm–1 belonged to long sequences of at least three trans isomers 

[30]. They were assigned to a mixed mode of CH2 rocking [32] and CF2 asymmetric 

stretching vibration parallel to the chain axis [33]. Characteristic peaks at 1,400, 1,284, and 

845 cm–1 corresponded to the electroactive ‐phase, whereas a very weak and broad band at 

975 cm–1 and an ill‐defined peak around 613 cm–1 in neat P(VDF–TrFE) scaffolds were due 

to the non‐polar 

1,455, 1,430, 1,385, 1,212, 1,152, 976, 855, and 796 cm–1 were completely absent. The same was 

true of the ‐phase peak at 1,232 cm–1. Incorporation of ZnO nanoparticles did not result in a 

considerable shift of any of the characteristic IR bands. Since we conducted the analysis by 

attenuated total reflectance, we were able to obtain semi‐quantitative information regarding 

the relative amounts of the different crystalline phases (Fig. 3(b)). We focused on the 

spectrum region between 1,500 and 1,300 cm–1, and analyzed the variation in the intensity of 

the band at 1,400 cm–1, which represents the ‐phase [35]. The intensity of the ‐phase band 

at 1,400 cm–1 increased due to the incorporation of ZnO nanoparticles, and P(VDF‐TrFE)/ 

ZnO‐2 had the most substantial increase. Overall, these findings stress the fundamental role 

of the production procedure in the microstructural properties of the polymer in the final 

product and the ability to fine‐tune them by incorporating solid nanoparticles that serve as 

nucleation and crystallization sites during the formation of the fibers. 

  

3.3.2 XRD 

Crystallinity in polymeric biomaterials determines their physical, mechanical, and biological 

properties. P(VDF‐TrFE) is a semi‐crystalline copolymer that consists of an amorphous 

matrix with an embedded ferroelectric crystalline β‐phase, composed of a quasi‐ hexagonal, 

close‐packed orthorhombic mm2 structure [36]. The XRD patterns of electrospun 

P(VDF‐TrFE)/ZnO nanocomposite scaffolds revealed that the main diffraction peak of the 

3(c)). This diffraction peak could be assigned to the (200) and (110) planes 

was observed. When ZnO nanoparticles were incorporated, the corresponding diffraction 

and 63.8° (Fig. 3(c)). Moreover, the intensity of the signals increased correspondingly with 

ZnO content. 
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Fig. 3. (A, B) FTIR spectra of (A) neat P(VDF-TrFE) and P(VDF-TrFE)/ZnO nanocomposite 

scaffolds with growing concentration of ZnO nanoparticles and (B) an enlarged view of the 

band at 1400 cm-1 -phase in the 

nanocomposites. (C) XRD patterns of the scaffolds where (*) represents the diffraction 

patterns of ZnO nanoparticles in nanocomposite scaffolds. 

 

3.3.3 DSC 

To gain deeper insight into the thermal and crystal properties of the electrospun 

P(VDF‐TrFE) scaffolds with and without ZnO nanoparticles, we analyzed the samples by 

DSC. We observed two endothermic peaks for all fabricated scaffolds. The first peak around 

67 °C corresponded to the TF‐P of the copolymer, and the second transition near 158 °C was 

the Tm of the polymer [38]. This broad endothermic peak during melting could be described 

Fig. S2 in the ESM). We did not detect considerable variation in the Tm and TF‐P 

upon incorporation of ZnO nanoparticles into the fibers (Table 2). Similar to their properties 

during the heating process, during the cooling process, neat P(VDF‐TrFE) and ZnO‐loaded 

scaffolds exhibited exothermic peaks of Tc and TP‐F at approximately 141–143 and 59–61 °C, 

respectively. In P(VDF‐TrFE)/ZnO scaffolds, we did not observe variation in Tc or TP‐F. 

Interestingly, ΔHc slightly decreased in scaffolds with low ZnO nano‐ particle content. 

Similarly, ΔHP‐F considerably increased with growing concentrations of ZnO nanoparticles, 



up to 2% w/w ZnO. However, a further increase in ZnO content resulted in a decrease in 

ΔHP‐F. 

 

Table 2. Effect ZnO nanoparticles on the thermal behavior of P(VDF-TrFE) scaffolds. 

Samples Tm 

(°C) 

ΔHf 

(J/g) 

TF-P 

(°C) 

ΔHF-P  
(J/g) 

Tc 

(°C) 

ΔHc 

(J/g) 

TP-F 

(°C) 

ΔHP-F  
(J/g) 

Neat P(VDF-

TrFE) 

158 25 67 10 143 27 61 9 

P(VDF-

TrFE)/ZnO-1 

158 23 68 13 142 24 60 11 

P(VDF-

TrFE)/ZnO-2 

159 23 68 12 141 24 59 12 

P(VDF-

TrFE)/ZnO-4 

159 23 67 9 142 26 60 9 

 

 

3.4 Porosity measurements 

 

The porosity of the fabricated P(VDF‐TrFE)/ZnO nanocomposite scaffolds was evaluated 

using the alcohol displacement method (Table 3). The fabricated membranes all had 88%–

92% porosity. Nanofiller addition had no significant effect on the porosity of the scaffolds. 

 

Table 3. Porosity of P(VDF-TrFE) membranes in percentage. 

Sample Porosity (%) 

P(VDF-TrFE) 92.2 ± 1.5 

P(VDF-TrFE)/ZnO-0.5 90.4 ± 1.8 

P(VDF-TrFE)/ZnO-1 88.7 ± 2.2 

P(VDF-TrFE)/ZnO-2 91.3 ± 2.1 

P(VDF-TrFE)/ZnO-4 90.6 ± 1.2 

 

  

3.5 Blood cell aggregation, platelet activation, and hemolysis studies 

 

Tissue engineering scaffolds are in direct contact with blood at the implantation site. Thus, 

scaffold‐ induced aggregation of blood cells would preclude the use of a particular 

biomaterial. We studied the aggregation behavior of RBCs, WBCs, and platelets upon 

incubation with aqueous extracts of the pristine and modified scaffolds (Fig. 4). We did not 

observe aggregation of blood cells that were incubated with the aqueous scaffold extracts or 

with saline solution (negative control). In contrast, incubation with PEI (positive control) 

induced aggregation. Platelet acti‐ vation is the initial step in blood coagulation. Neat 

P(VDF‐TrFE) scaffold and nanocomposite scaffold extracts did not activate platelets. The 

positive control, however, caused platelet aggregation and formation of circular clumps (Fig. 

4). 

 



 
Fig. 4. RBC, WBC and platelet aggregation upon contact with P(VDF-TrFE), P(VDF-

TrFE)/ZnO-1, P(VDF-TrFE)/ZnO-2 and P(VDF-TrFE)/ZnO-4 extracts. PBS and PEI were 

included as negative and positive control.  

 

Hemolysis is another critical property to be tested in the determination of the blood 

compatibility of biomaterials. We calculated the hemocompatibilty of the scaffolds with 

respect to a negative control (normal saline, assumed to be 0% hemolytic) and a positive 

control (double distilled water, assumed to be 100% hemolytic). The hemolysis test results 

for the P(VDF‐TrFE) and P(VDF‐TrFE)/ZnO nanocomposite scaffolds are shown in Table 4. 

All tested samples had comparable hemolysis (p > 0.05). 

 

Table 4. Percentage of hemolysis due to P(VDF-TrFE) and P(VDF-TrFE)/ZnO nanocomposite 

scaffolds. 

Sample %Hemolysis ± S.D. 

Neat P(VDF-TrFE) 0.3 ± 0.04 

P(VDF-TrFE)/ZnO-0.5 0.2 ± 0.01 

P(VDF-TrFE)/ZnO-1 0.3 ± 0.02 

P(VDF-TrFE)/ZnO-2 0.3 ± 0.04 

P(VDF-TrFE)/ZnO-4 0.3 ± 0.07 

Negative control 0 

Positive control 100 

 

3.6 In vitro performance of the scaffolds 

 

To further confirm the applicability of the developed scaffolds for tissue engineering, we 

assessed cell viability, cytotoxicity, and attachment with HUVECs and hMSCs. The viability 

of HUVECs grown in the presence of P(VDF‐TrFE) was comparable to the viability of those 

grown on commercial cell culture plates (Fig. 5(a)). Interestingly, HUVECS grown on 

P(VDF‐TrFE)/ZnO‐1 and P(VDF‐TrFE)/ZnO‐2 scaffolds had significantly higher viability 

than the controls. In contrast, P(VDF‐TrFE)/ZnO‐4 was slightly cytotoxic. We found a similar 

trend with hMSCs (Fig. 5(b)). Thus, the viability of cells grown in cell culture plates, 

P(VDF‐TrFE) scaffolds, and P(VDF‐TrFE)/ZnO‐1 scaffolds were comparable. Similar to the 

HUVECs, hMSCs grown on P(VDF‐TrFE)/ZnO‐2 were more viable than controls, or cells 

grown on P(VDF‐TrFE)/ZnO‐1 and P(VDF‐TrFE)/ZnO‐4 scaffolds. Finally, the viability of 



hMSCs in the presence of P(VDF‐TrFE)/ZnO‐4 was substantially lower than the viability of 

those grown in the control conditions. 

We used the LDH assay as a complementary study to reveal cell membrane damage that 

could result in cell death at a later stage. Neat P(VDF‐TrFE), P(VDF‐TrFE)/ZnO‐1, and 

P(VDF‐TrFE)/ZnO‐2 scaffolds were largely non‐toxic to both HUVECs and hMSCs (Figs. 5(c) 

and 5(d)). In contrast, P(VDF‐TrFE)/ZnO‐4 scaffolds were cytotoxic to HUVECs, but not 

hMSCs. 

To evaluate the ability of the scaffolds to allow end‐ othelial cell adhesion, a prerequisite for 

angiogenesis, HUVECs or hMSCs were seeded on P(VDF‐TrFE) and nanocomposite 

scaffolds, then allowed to grow for 24 h. Previous reports have indicated that hMSCs can 

differentiate into endothelial cells [39]. Figure 5(e) shows the adhesion of both cell types to 

P(VDF‐TrFE) and P(VDF‐TrFE)/ZnO nanocomposite scaffolds (additional micrographs of 

crystal violet‐stained cell‐ seeded scaffolds are included in Fig. S3 in the ESM). 

 



 

Fig. 5. In vitro cell compatibility and cytotoxicity studies. (A, B) Cell viability of (A) HUVECs 

and (B) hMSCs on the scaffolds, as determined by MTT assay. (C, D) Cytotoxicity of (C) 

HUVECs and (D) hMSCs, as determined by LDH assay. Data are mean ± SD (n=3, * p< 0.05 

indicate statistically significant differences using ANOVA and followed by a Tukey test 

between all groups). NS, no significance. Cell attachment of HUVECs and hMSCs (E) on the 

scaffolds after 24 hours of culture (50000 cells/cm2 seeded). 

 

We observed similar proliferation and spread morphology of HUVECs on neat P(VDF‐TrFE) 

scaffolds and control plates. Unlike on P(VDF‐TrFE)/ZnO‐4 scaffolds, cell adhesion and 

proliferation were considerably higher on P(VDF‐TrFE)/ZnO‐1 and P(VDF‐TrFE)/ZnO‐2 

scaffolds. Compared with cells grown under control conditions, hMSCs grown on neat 

P(VDF‐TrFE) scaffolds and P(VDF‐TrFE)/ZnO‐1 scaffolds demonstrated slightly less cell 

adhesion and spreading. However, P(VDF‐TrFE)/ZnO‐2 scaffolds supported confluent 



growth of hMSCs with elongated morphology. As observed before, the decrease in cell 

proliferation was most notable for cells grown on P(VDF‐TrFE)/ZnO‐4 scaffolds compared to 

those grown on the neat P(VDF‐TrFE) and nanocomposite scaffolds with lower ZnO 

nanoparticle content. 

 

3.7 In vivo angiogenesis in scaffolds 

 

Based on the results of the in vitro cell culture studies, we selected the P(VDF‐TrFE), 

P(VDF‐TrFE)/ZnO‐1, and P(VDF‐TrFE)/ZnO‐2 scaffolds for subcutaneous implantation 

studies to evaluate their in vivo per‐ formance (Fig. S4(a) in the ESM). We did not observe 

visual inflammation or severe immunological responses at the implantation sites of any of 

the scaffolds after 7 and 21 days (Fig. S4(b) in the ESM). 

  

Macroscopic observation indicated the formation of more blood vessels on the scaffolds 

containing ZnO nanoparticles than on neat P(VDF‐TrFE) scaffolds. We observed highly 

branched vasculature in the P(VDF‐TrFE)/ZnO‐2 scaffolds that were pre‐seeded with hMSCs 

(Figs. 6(a) and 6(b)). Tracking of fluores‐ cently labeled hMSCs confirmed their presence in 

the scaffolds even after 21 days of implantation (Fig. 6(c)). Histological   evaluation   of   

scaffold   cross‐sections 7 days after implantation revealed extensive networks of collagen 

fibers throughout the scaffolds (Fig. 7(a)). Although we observed some inflammatory cells, 

we did not detect intergroup differences. At 7 days post‐ implantation, we observed 

neovascularization in the tissue adjacent to the scaffolds; the number of newly formed blood 

vessels depended on percentage of ZnO nanoparticles in the scaffolds and the presence of 

hMSCs (Fig. 7(c)). At 21 days post‐implantation, we observed the in‐growth of blood vessels, 

especially on nanocomposite scaffolds pre‐seeded with hMSCs (Fig. 7(b)). Notably, 

throughout the period of study, the best angiogenic responses were observed with 

P(VDF‐TrFE)/ZnO‐2 scaffolds that had been pre‐ seeded with hMSCs (Figs. 7(c) and 7(d)). 

Transverse and cross‐sections of the scaffolds confirmed that angiogenesis took place 

throughout the sample, not only on the surface (Figs. S5 and S6 in the ESM). 



 

 
 

Fig. 6. Observation on scaffolds after subcutaneous implantation. Macroscopic inspection of 

explanted samples at 7th day (A) and 21st day (B) after implantation. (C) Fluorescent cell 

tracking at 21st day after implantation. hMSCs were confirmed by pre-labeled DiI after 

eliminating the influence of autofluorescence of scaffolds and tissue. (C1) Scaffold without 

cells as control, (C2) P(VDF-TrFE), (C3) P(VDF-TrFE)/ZnO-1, (C4) P(VDF-TrFE)/ZnO-2. 



 

 
Fig. 7. Histological analysis of scaffolds after implantation. Scaffolds were cross cut and 

stained with Masson trichrome. (A) 7th day after implantation, blood vessels were observed 

in connective tissue adjacent to scaffolds (distinguished by yellow dash lines). 

 

Collagen was found in all scaffolds (green). (B) Extensive angiogenesis was observed 

throughout the scaffolds after 21st day of implantation. Quantitative analysis of number of 

blood vessels in tissue adjacent to scaffolds after 7 days (C) and 21 days (D) of implantation. 
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(n=3, 6 areas (1.3×1mm/area) of each cross section sample were randomly selected, blood 

vessels with diameter larger than 8µm were counted, ***p< 0.001) 

 

4 Discussion 

 

Synthetic biomaterials are being developed at a rapid pace for therapeutic applications and 

basic biological studies [40]. Their popularity is mostly due to ease of manipulation, as well 

as the ability to tailor their properties for specific tissue engineering applications and mimic 

the natural extracellular matrix environ‐ ment to support cell growth (e.g. stem cells); 

synthetic biomaterials can also be produced on an industrial scale in a reproducible manner 

[41]. Recently, synthetic biomaterials have begun to incorporate molecular cues that control 

their interactions with the biological environment. 

P(VDF‐TrFE) has been recognized for its potential in tissue engineering for over a decade 

[42]. P(VDF‐ TrFE) and its nanocomposite copolymers are widely appreciated because of 

their piezoelectric properties and potential in tissue engineering [43, 44]. Here, we reported 

the synthesis of P(VDF‐TrFE) scaffolds con‐ taining ZnO nanoparticles by electrospinning. 

Detailed morphological and spectroscopic characteri‐ zations confirmed the presence of ZnO 

nanoparticles in P(VDF‐TrFE) fibers. The highly porous morphology and randomly oriented 

fibers of the scaffolds are highly promising for cell adhesion. We observed a slight increase in 

fiber diameter due to the incor‐ poration of increasing concentrations of nanoparticles. These 

results are in agreement with our previous studies [20]. The increase in fiber diameter may 

be due to the increased viscosity of the spinning solution caused by the presence of nanofiller 

agglomerates [45, 46]. Lee and coworkers reported that electrospun P(VDF‐TrFE) scaffolds 

with micron‐sized fibers are more effective for tissue engineering applications due to higher 

cell growth [12]. All of the scaffolds in this study possessed micrometer‐sized fibers. 

Once an engineered scaffold is implanted in vivo, a series of complex events will be initiated, 

including cell adhesion, migration, proliferation, and scaffold‐ native tissue integration at the 

implantation site. The electric potential in the injured tissue has been pro‐ posed to play a 

fundamental role in tissue repair [47]. Piezoelectric scaffolds can convert ambient mechanical 

energy into electric signals, which enhance cell responses [48]. FTIR analysis indicated that 

the relative abundance of electroactive β‐phase material in nanocomposite scaffolds was 

higher than in neat P(VDF‐TrFE) scaffolds. XRD analysis further confirmed the presence of 

ZnO nanoparticles in the nano‐ composite scaffolds, as indicated by more intense ZnO 

signals. These results confirmed that ZnO nanoparticles were successfully incorporated into 

the polymer matrix during the electrospinning process without adversely affecting the 

formation of the piezoelectric β‐phase. 

DSC analysis demonstrated that the incorporation of ZnO nanoparticles into the fibers did 

not affect the Tm and TF‐P owing to retention of the ferroelectric crystalline fraction or the 

lamellar thickness of the crystalline domains in the nanocomposite copolymers [37]. The 

analysis demonstrated that the lower percentages of ZnO nanoparticles in P(VDF‐TrFE) did 

not substantially alter the amount of crystalline phase in the polymer matrix. During the 

cooling process, neat P(VDF‐TrFE) scaffolds exhibited a Tc and TP‐F that are comparable 

with those reported in the literature [49]. The slight decrease in both Tc and TP‐F observed 

for the nanocomposites implies that they crystallized at lower temperatures than the neat 

P(VDF‐TrFE). The ΔHF‐P endothermic peak was weighted toward higher temperatures, 

characteristic might further improve the performance of the scaffolds in vivo. For example, 



Guo et al. reported that electrospun polyurethane/PVDF piezoelectric composites promote 

cell adhesion better than the pure polyurethane counterpart [51]. Our FTIR and DSC results 

previously indicated that the incorporation of ZnO nanoparticles increased the crystalline 

β‐phase in the electrospun biomaterials [52]. These findings suggested that the enhanced 

electroactive phase in the P(VDF‐TrFE)/ ZnO scaffolds could be one of the reasons for 

improved cell adhesion [53]. All of the nanocomposite scaffolds, irrespective of ZnO 

nanoparticle concentration, have shown adequate porosity to facilitate cell migration, 

nutrient supply, and blood vessel penetration [54]. 

Since P(VDF‐TrFE) scaffolds could eventually be used in tissue engineering applications 

involving direct contact with blood, we confirmed their com‐ patibility with RBCs and 

WBCs. In addition, we found that platelets did not undergo aggregation after contact with 

extracts from samples containing up to 4% w/w ZnO nanoparticles. Moreover, all the 

aqueous scaffold extracts induced <1% hemolysis, the upper limit for medical devices that 

will come into contact with blood as defined by ASTM (ASTM Standard, F756‐08). The 

results of the blood cell aggregation and hemolysis tests indicate that P(VDF‐ TrFE)/ZnO 

nanocomposite scaffolds containing up to 4% w/w ZnO nanoparticles are compatible with 

blood cells and suitable for the fabrication of various tissue engineering scaffolds. 

We studied the interaction of the scaffolds with cells in vitro to select the best prototypes for 

in vivo characterization. In this study, we demonstrated that the incorporation of 1%–2% 

w/w of ZnO nano‐ particles increased the attachment of both HUVECs and hMSCs to 

P(VDF‐TrFE) scaffolds. Apart from the piezoelectric effect of P(VDF‐TrFE), ZnO 

nanoparticles are known to play a major role in cell adhesion and proliferation [55, 56]. 

However, P(VDF‐TrFE)/ZnO‐4 scaffolds were slightly cytotoxic, probably due to cell 

membrane damage mediated by the nanofiller agglomerates that were more exposed at the 

nanofiber surface in the scaffolds with higher ZnO content [22, 57]. It is important to bear in 

mind that differences in the cytotoxic concentrations of ZnO nanoparticles that have been 

reported in the literature might be due to variation in the properties of the nanoparticles (e.g. 

size, size distribution, shape, and purity) and the polymer matrix used. Previous studies 

have shown that the size and shape of ZnO nanoparticles could influence their cytotoxic 

effects [58, 59]. Although a detailed study on the effects of the size and morphology of ZnO 

nanoparticles on cell interactions with P(VDF‐TrFE) fibers is beyond suggesting that they 

could be utilized for the development of various tissue engineered products. 

Vascularization of a tissue engineering scaffold is one of the most important events that 

determines its ultimate success (or, conversely, failure). Our results demonstrated a higher 

degree of blood vessel sprouting in nanocomposite scaffolds. At an early stage after 

implantation, blood vessels were found in adjacent tissue; at 21 days post‐implantation, 

blood vessels began to penetrate the scaffold. Unlike the neat scaffolds, where very few 

blood vessels formed even after 21 days of implantation, significantly more capillaries were 

observed in P(VDF‐TrFE)/ZnO nano‐ composites (p < 0.001). ZnO nanoparticles can play a 

crucial role in the promotion of angiogenesis [61]. Scaffolds seeded with hMSCs have also 

been reported to enhance angiogenesis, as the cells secrete soluble angiogenic signaling 

molecules [62]. We used a com‐ bination strategy, in which hMSCs were seeded on 

P(VDF‐TrFE) or P(VDF‐TrFE)/ZnO nanocomposites and allowed to grow for 24 h prior to 

implantation. The groups of RBCs that were apparent in P(VDF‐ TrFE)/ZnO scaffolds can be 

considered the hallmark of enhanced angiogenesis [22]. In the current study, 

P(VDF‐TrFE)/ZnO scaffolds pre‐seeded with hMSCs promoted a higher degree of 

angiogenesis than unseeded scaffolds. The cumulative beneficial effects of piezoelectric 



P(VDF‐TrFE), ZnO nanoparticles, and hMSCs make the P(VDF‐TrFE)/ZnO scaffolds 

promising candidates for use in tissue engineering. 

An illustration of the likely mechanism behind the improved performance of 

P(VDF‐TrFE)/ZnO scaffolds compared to the neat P(VDF‐TrFE) scaffolds is shown in Scheme 

2. The electric potential generated by piezoelectric P(VDF‐TrFE) scaffolds can enhance cell 

responses [48]. Moreover, ZnO nanoparticles can the scope of this work, it is a critical avenue 

of future generate reactive ROS like O– and, subsequently, investigation. 

The ability of P(VDF‐TrFE)/ZnO biomaterials to form well‐cellularized scaffolds could 

improve their function and reduce failure after implantation [60]. Our study demonstrated 

that P(VDF‐TrFE) scaffolds containing less than 4% w/w ZnO nanoparticles were non‐toxic 

to both HUVECs and hMSCs; both cell types had satisfactory viability on neat P(VDF‐TrFE), 

P(VDF‐TrFE)/ZnO‐1, and P(VDF‐TrFE)/ZnO‐2 scaffolds, H2O2 [63]. This can enhance cell 

proliferation [20] and angiogenesis by stimulating the expression of growth factors like 

VEGF and FGF [22]. Although further studies are required to conclusively determine the 

causes of improved cell viability, cell adhesion, cell proliferation, and angiogenesis, our 

results strongly support a major role for both the piezoelectric pro‐ perties of P(VDF‐TrFE) 

and the redox reactions that occur on the surface of ZnO nanoparticles. 

 

 
 

Fig. 8. Schematic illustration of the mechanism of cell proliferation on P(VDF-TrFE)/ZnO 

nanocomposite scaffolds. Both piezoelectric property of P(VDF-TrFE) and H2O2 molecules 

released due to ZnO nanoparticles  will simultaneously enhance cell proliferation through 

the scaffolds. 

 

5 Conclusion 

 

Electrospun P(VDF‐TrFE)/ZnO nanocomposite scaffolds with various concentrations of ZnO 



nanoparticles were fabricated and characterized. SEM, EDS, and XRD analyses confirmed the 

successful incorporation of ZnO nanoparticles into the P(VDF‐TrFE) fiber matrix. It was 

evident from the SEM micrographs that, at lower filler concentrations, ZnO nanoparticles 

were well‐dispersed in the P(VDF‐TrFE) copolymer matrix. However, above 2% w/w, ZnO 

nanoparticles formed agglomerates in the polymer matrix. Crystalline phase characterization 

indicated that the P(VDF‐TrFE) in the copolymer scaffolds was mainly in the piezoelectric 

 with blood. In vitro cell culture 

studies using hMSCs and HUVECs showed that the scaffolds were cell‐ compatible and 

supported cell adhesion, particularly when the content of ZnO nanoparticles was 2% w/w. 

Finally, in vivo studies in rats confirmed the non‐ toxicity of the P(VD‐TrFE)/ZnO scaffolds 

and their ability to promote angiogenesis. Moreover, the presence of ZnO nanoparticles in 

the scaffolds enhanced angiogenesis and favored more successful integration of the scaffold 

into the surrounding tissue, which was further boosted by pre‐seeding with hMSCs. 

Collectively, this study suggests that P(VDF‐TrFE) containing a low concentration of ZnO 

nanoparticles could be used as a promising alternative in tissue engineering. However, 

concerns regarding systemic toxicity, the fate of stem cells on the scaffolds, and long‐term 

patency of the scaffold should be addressed in detail prior to clinical application of the 

developed material. 
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