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a b s t r a c t

Polymeric scaffolds are a determinant part of modern tissue engineering owing to their

great diversity, adaptability, and processability. Interestingly, the physical properties of

these scaffolds, e.g., porosity, mechanical properties, and biocompatibility, can be tuned to

make them smart and stimuli-responsive. In this regard, piezoelectric materials can be

applied to stimulate bone regeneration by converting mechanical impulses to electrical

signals. In the present research, fibers made of various blend ratios of polyvinylidene

fluoride (PVDF)/polycaprolactone (PCL) were fabricated, investigated and optimized to

promote bone regeneration. Uniform fibers containing b-phase PVDF were obtained due to

the simultaneous stretching and high voltage applied during electrospinning. Furthermore,

components interaction, crystallinity, and piezoelectric behavior were estimated through

fourier-transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC),

and piezometery, respectively. The samples showed improved wettability and controlled

biodegradability, and the piezoelectric charge output reached up to 7.5 pC/N in the sample

containing 70 wt% PVDF. At the same time, these scaffolds could provide mechanical

properties close to the native bone tissue relying on the PVDF component. In vitro as-

sessments demonstrated that the composite scaffolds were biocompatible and could

support cell attachment and proliferation. Moreover, their piezoelectric behavior promoted

stem cell differentiation into osteoblasts. Considering the obtained results, the potential of

piezoelectric PVDF/PCL blend fibers for bone scaffolds is indisputable.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Bone regeneration, the finely-tuned cellular and molecular

events of bone reconstitution, is mandated for ongoing bone

remodeling during adulthood as well as bone healing in

pathological circumstances like trauma-mediated extensive

defects [1]. During the last decade, engineered biomaterials

with certain traits have shown tremendous potential in sup-

porting bone regeneration in preclinical and clinical in-

vestigations [2]. For instance, extreme traumatic bone injuries

may benefit from the hosting of osteogenic or stem cells by

porous polymeric scaffolds, promoting the production of

extracellularmatrix (ECM) components and supporting proper

signaling pathways between the cells and ECM [3]. However,

to actively govern diverse facets of bone regeneration, the

function of biomaterials as bone grafts has extended

dramatically beyond their original role as passive templates

[4e6]. Intriguingly, incorporating electrical stimulations using

innovative conductive or piezoelectric bioimplants propelled

bone tissue engineering treatments into the next step [7,8].

Due to their inherent structural asymmetry, biological mole-

cules (e.g., amino acids and collagen) and minerals (e.g., hy-

droxyapatite) endow bone tissue with piezoelectric capability

(i.e., to generate an electric charge due to applied mechanical

tension) as a stimulatory signal for osteogenic differentiation

and bone regeneration; hence, a suitable interim alternative

should likewise supply similar qualities [9,10].

Recently, tailoring the properties of already-approved bio-

materials to a specific bio-application has drawn much in-

terest [11,12]. Polycaprolactone (PCL), a biocompatible

polyester, has long been utilized for manufacturing three-

dimensional scaffolds in bone tissue engineering [13].

Regarding its approval for biomedical applications, ease of

access, stability under ambient conditions, and adjustable

physicochemical properties, PCL is currently the subject of

intensive research to evolve innovative and efficient bio-

implants facilitating the process of bone healing [13,14].

Incorporating natural or synthetic polymers into PCL, for

instance, has been shown to improve its electrical and me-

chanical strength, biological functions, and biodegradability

[15,16]. With this in mind, diverse PCL-based polymer blends

have been employed in developing bone regeneration scaf-

folds [17,18]. Polymer blending is a versatile and beneficial

approach for developing novel materials meeting the re-

quirements for safe and successful biological applications

[19]. Moreover, the intimate interaction between polymers in

blends gives better control over their properties and provides

more uniform structures with fewer complexities in the

fabrication process [20]. One such approach may include

blending PCL with stimuli-responsive agents to form com-

posites, such as smart piezoelectric polymer-based materials,

that are easily processable and responsive to external me-

chanical and electrical impulses [21].

The piezoelectricity in polymers originates from their

asymmetrical charge balance and structure. In polyvinylidene

fluoride (PVDF), which has the highest piezoelectric properties

among polymers, the relative arrangement of electronegative

-CF2 and electroactive -CH2 groups gives five different phases,

among them, piezoelectricity can be found in the polar b and g
phases, with non-symmetrical TTTT and TTTGTTTG’ chain

conformations (T-trans, G-gaucheþ, G0-gauche-), respectively
[22,23]. To achieve the highest piezoelectric properties, some

strategies should be employed to promote the phase conver-

sion of the thermodynamically stable a phase to the piezo-

electric b phase. For this purpose, methods like adding

nucleating agents to the primary PVDF solution, stretching,

and employing electric fields have been reported before

[24e27]. Further, the last two methods coexist in the electro-

spinning procedure, in which the polymer solution is

stretched out of a small needle in the presence of a strong

electric field; thus, a high efficiency of a to b phase trans-

formation is attainable [28,29]. Moreover, electrospun fibers as

scaffolds with large surface area provide structural resem-

blance to the native bone ECM [30].

Considering the piezoelectric property of PVDF, it may help

to overcome the drawbacks associated with the insufficient

electrical properties andmechanical strength of PCL scaffolds;

however, few reports have explored the impact of PVDF/PCL

blends in tissue regeneration. The early attempts on this

subject focused on the temperature-dependent phase

behavior of the PVDF/PCL blends [31]. More than two decades

later, the isothermal crystallization of PCL in PVDF/PCL heat-

treated cast films and morphology of PVDF/PCL-block-

poly(dimethylsiloxane) (PDMS)-block-PCL blends were

explored to deepen the knowledge of the phase behavior and

crystallization phenomenon in these systems [32,33]. Despite

the simplicity of solution casting for preparing blend samples,

the resulting films are not suitable for scaffold preparation

since they cannot provide the porous structure required for

proper cell/environment interaction [34]. Lately, Cheng et al.

developed solution-cast PVDF/PCL films as nerve scaffolds

and artificially induced micro- and macro-porosity by

immersing the sample in an ethanol bath and puncturingwith

needles to improve the nerve regeneration capability of blend

scaffolds [34]. However, the major electroactive phase in cast

PVDF film samples is the g phase, which has a lower dipole

moment and electrical polarity than the b-phase [23,34]. This

is while electrospun PVDF fibers are highly porous, have a

remarkable surface-to-volume ratio, and include a dominant

percentage of b-phase PVDF,making them suitable candidates

for producing PCL/PVDF blends as scaffolds [28,35]. In this

regard, Hanumantharao et al. demonstrated that core/sheath

nanofiber scaffolds made by electrospinning a mixture of PCL

and polyaniline (PANI), and PVDF polymers remarkably

mimicked the natural anisotropy of extracellularmatrix (ECM)

by allowing cardiomyoblasts to align, penetrate, and prolif-

erate across the whole scaffold surface area without the

addition of any chemical factor [36]. In another study, basic

fibroblast growth factor (bFGF) incorporated PVDF/PCL co-

electrospun nanofibers were prepared, and their biological

properties were studied. The nanofibers sustained the sur-

vival and multiplication of pluripotent stem cells and

improved their osteogenic differentiation potential [37]. To the

best of our knowledge, the physical, mechanical, biological,

and structure-related piezoelectricity of blend PVDF/PCL fibers

has not been explored yet. Herein, it is aimed to fill this gap by

electrospinning the blend solutions of PCL and PVDF polymer

with different ratios to grant piezoelectricity to the scaffolds.

The focus of the present research is to provide in-depth

https://doi.org/10.1016/j.jmrt.2023.01.007
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knowledge of the underlying structural changes and mecha-

nisms that alter the piezoelectric properties and introduce

PVDF/PCL blend fibers as a potential material for bone tissue

engineering.
2. Experimental procedures

2.1. Materials and methods

PVDF (Kynar® 761, molecular weight (MW) ¼ 300,000

e400,000 Da) powder was provided by Arkema. PCL, with an

average MW of 80,000 Da, was purchased from Aldrich com-

pany. Dimethyl formamide (DMF, Merck, Germany) was uti-

lized as the solvent. A 20 wt% solution of PVDF in DMF was

developed and stirred at 60 �C for 1 h. Certain amounts of PCL

pelletswere also dissolved inDMF and stirred at 60 �C for 1 h to

produce a series of solutions with 9.2, 11.7, and 13.3 wt% con-

centrations. For composite samples, appropriate amounts of

PVDF solution were added to each of the above PCL solutions

and stirred for 2 h yielding PVDF:PCL ratios of 70:30, 50:50, and

30:70, respectively, with final concentrations, kept constant at

14.8 wt%. Thereafter, 5 mL plastic syringes (22-gauge) were

charged with blend solutions and placed in a horizontal elec-

trospinning setup. The solutions were accelerated towards a

ground collector rotating at 100 rpm, with fixed voltage (17 kV)

and needle tip-to-collector distance (10 cm), and fed into the

electric field at rates of 0.2e0.6 mL/h to obtain high-quality fi-

bers. SampleswithmorePVDFcontent requireahigher feeding

rate to prevent the electrospraying of the feed solution. The

produced fibers were gathered on an aluminum foil covering

the collector.

2.2. Characterization

A TESCAN-Vega 3 scanning electron microscope with an

accelerating voltage of 20 kV was employed for morphology

observations. The evaluation of existing functional groups

and bonds was conducted using a fourier-transform infrared

spectroscopy (FTIR) spectrometer (ATR-FTIR Tensor II, Bruker,

Germany) in a 4000-400 cm�1 spectrum. Thermal properties

were recorded using a differential scanning calorimetry (DSC,

TA, Q100) with a heating rate of 10 �C/min under nitrogen. For

determining the piezoelectric properties, a tapping load of 2 N

was applied to the surface of samples at a frequency of 5 Hz,

and the piezoelectric charge output was measured using a

piezometer (Piezo Test UI, Iran). The water wettability of the

fibers was evaluated by a contact angle goniometer and

tensiometer (CAG10, Jikan, Iran), and the water contact angle

of a 5 ml water drop was gauged using the ImageJ software.

Finally, a tensile test instrument (GOTECH, Al-3000-U, Taiwan)

was used to assess the mechanical characteristics of the

prepared samples at a crosshead speed of 10 mm/min.

2.3. Cell culture and in-vitro cell studies

The fabricated scaffolds were soaked in ethanol for 30 min,

then washed with phosphate-buffered saline (PBS) solution,

and finally exposed to UV irradiation for another 30 min to

ensure complete sterilization. To conduct cell studies, 1 � 104
human mesenchymal stem cells (hMSC) were seeded on each

sample in the osteogenic media (a-minimum essential me-

dium (MEM), 10% heat-inactivated-fetal bovine serum (HI-

FBS), 0.2 mM L-ascorbic acid-2-phosphate, 1% penicillin/

streptomycin (Pen/Strep), 10 mM b-glycerophosphate, and

10 nM dexamethasone) in 96-well plates. Metabolic activity of

the seeded cells was measured using Alamar blue assay after

1, 3, 7, and 14 days. For this purpose, seeded samples were

incubated in a-MEMmediumsupplementedwith 0.011mg/mL

resazurin salt for 2 h, and the fluorescent intensity of the

collected samples was determined at excitation/emission

wavelengths of 570/620 nm using a Clariostar plate reader

(BMG LABTEC, Germany). The DNA content was also quanti-

fied after 14 days using a Quant-iT™ PicoGreen® dsDNA

(Thermo Fisher Scientific, USA) kit according to the manu-

facturer's instruction. After being collected and rinsed with

PBS solution, samples were lysed by adding 200 mL of lysis

buffer (0.2% triton-100 in PBS) to each sample and incubating

them for 30 min at room temperature. The samples were then

subjected to three freeze-thaw cycles (�80 �C and RT).

As an indicator of osteoblastic activity, in the alkaline

phosphatase (ALP) assay, the ability of cultured cells to

convert para-nitrophenyl phosphate (pNPP) to para-

nitrophenol (pNP) by ALP enzyme was measured after 7

days. After washing the scaffolds with PBS, 200 mL lysis buffer

was added to each sample and incubated for 30 min at room

temperature. For ALP measurement, 50 mL of pNPP solution

was added to each well containing 50 mL of the cell lysate. The

absorbance was determined at 405 nm with a microplate

spectrophotometer. The rest of the cell lysate underwent 3

freeze-thaw cycles (�80 �C and RT) for complementary pico-

green assay. The ALP activity was normalized to the DNA

count determined by the picogreen assay.

Staining techniques were utilized to observe adherent cells

on the scaffolds. Samples were washed with PBS and fixed

with 4% formaldehyde solution at room temperature. Before

staining, cells were permeabilized by treatingwith 0.2% Triton

in PBS solution for 15min and thenwashedwith PBS. The 40,6-
diamidino-2-phenylindole (DAPI) and phalloidin were

engaged for staining cell nuclei and cytoskeleton, respec-

tively. Fluorescence images of cells were taken recruiting a

confocal fluorescencemicroscope (Leica SP8X, Germany) after

1 and 7 days of cell culture. Quantitative cell studies were

repeated three times, and analysis of variances (ANOVA) was

used to determinemeaningful variations, where p-values less

than 0.05 was assumed statistically significant.

The bioactivity of scaffolds was assessed usingmicroscopy

techniques. Samples (1 cm2) were soaked in 12 mL of simu-

lated body fluid (SBF) solution for 4 weeks, gently washedwith

distilled water, dried at room temperature, and used for

scanning electron microscopy (SEM) observation [38].

In vitro degradation studies were performed according to

the ASTM F1635 method. Briefly, 2 cm2 fibrous samples were

cut, weighed, and immersed in 10 mL PBS solution for specific

periods of 1, 4, 7, 14, 28, and 56 days. Each experiment was

repeated three times. After each time point, the sample was

rinsed with distilled water thoroughly, dried at room tem-

perature, and weighed to obtain the degraded sample weight.

The initial and final sampleweightswere used to calculate the

degradation percentage of each sample.

https://doi.org/10.1016/j.jmrt.2023.01.007
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3. Results and discussion

3.1. Morphological and structural assessment

As described earlier, the prepared blend solutions of different

compositions and pure PVDF and PCL solutions were electro-

spun. The cloudy appearance of the blend solutions indicated

that the components were mostly immiscible; nevertheless,

no visible phase separation occurred in the solutions for at

least 3 h [39]. The electrospinning solution was replaced every

2.5 h to prevent possible inhomogeneity in the fibers. As

illustrated in the electron micrographs (Fig. 1aee), all fabri-

cated fibers had uniform morphologies. The collected micro-

graphs were analyzed to determine the fiber diameter

distribution in each sample, and the resulting histograms are

plotted in Fig. 1f. The blend fibers showed a relatively narrow

distribution compared to PVDF fibers. Pure PCL had the

smallest fiber diameter, and the average fiber diameter has

grown as the PVDF content of the blend fibers has increased.

The bond structure of samples was assessed by FTIR

spectroscopy, and the obtained spectra are shown in Fig. 2a.

The characteristic bands of PCL appeared at 1722 and

1166 cm�1 due to C¼O and CeO stretching vibrations,

respectively. The carbon atoms belonging to the carbonyl

group of PCL are known to interact with PVDF chains via

hydrogen bonding; thus, the slightly blue-shifted C¼O ab-

sorption band at 1725 cm�1 in all blend samples may be

attributed to such interaction [33]. Furthermore, double bands

at 2944 and 2866 cm�1 have emerged due to the symmetric

and asymmetric stretching modes of CH2 bonds in PCL [36].

The FTIR spectra of all electrospun composite fibers depicted

the characteristic bands of PCL. The absorption lines at 510,
Fig. 1 e The morphology of electrospun fibers: a) PCL, b) 30PVDF

fiber diameter distribution of electrospun fibers.
840, and 1274 cm�1 were evident in pure PVDF and all com-

posite samples, and associated with the CF2 bending, CH2

rocking, and out-of-plane deformation of the CeF bond in

polar b-phase PVDF, respectively [36,40e42]. The weak char-

acteristic a-phase band at 763 cm�1 in the spectra indicates

that PVDF is predominantly generated in b-phase chain

conformation; nevertheless, the relative amounts of PVDF

phases can be quantified using the unique absorption in-

tensities for each phase in the FTIR spectra. The transmittance

values provided in Fig. 2a can be used to calculate the absor-

bance data using the following equations.

Aa ¼ log

�
I0a
Ia

�
(1)

Ab ¼ log

 
I0b
Ib

!
(2)

I0 and I are the incident and transmitted beam intensities,

respectively, and the a and b subscripts specify each phase.

The absorption values at 763 and 840 cm�1 are specific to a and

b structures, respectively. Incorporating the absorption data at

these wave numbers into Eq. (3) gives the fraction of b-phase

in PVDF [43,44].

FðbÞ¼ Ab

1:26Aa þAb

(3)

The fraction of the electroactive phase in the PVDF

component and the entire composite was calculated, and re-

sults are plotted in Fig. 2b. As represented, the b-phase for-

mation was predominant in samples with higher PVDF

content. Of note, extending the b-PVDF chain conformation to

larger fractions of the polymer requires intimate interactions
-70PCL, c) 50PVDF-50PCL, d) 70PVDF-30PCL, e) PVDF, and f)

https://doi.org/10.1016/j.jmrt.2023.01.007
https://doi.org/10.1016/j.jmrt.2023.01.007


Fig. 2 e a) FTIR spectra of electrospun PVDF-PCL composites and their constituents, b) the variation of electroactive phases

in the PVDF component and PVDF-PCL composites, c) DSC heating, and d) DSC cooling curves of electrospun PVDF-PCL

fibrous samples and their pure components.

Table 1 e The obtained data from DSC plots of pure and
blended electrospun samples. The o, m, and c indices
denote onset, melting, and crystallization, respectively.

Sample
Property

PCL 30PVDF-
70PCL

50PVDF-
50PCL

70PVDF-
30PCL

PVDF

Tom, PVDF (�C) e 154.6 153.1 155.5 158.7

Tm, PVDF (�C) e 164.3 164.4 165.8 163.4

DHm, PVDF (J/g) e 32.61 39.22 41.41 41.61

Xc, PVDF (%) e 31.1 37.5 39.5 39.7

Tom, PCL (�C) 52.4 54.2 51.7 53.3 e

Tm, PCL (�C) 60.7 60.3 58.7 59.1 e

DHm, PCL (J/g) 63.08 63.51 67.88 66.03 e

Xc, PCL (%) 45.2 45.5 48.7 47.3 e

Toc, PVDF (�C) e 136.3 137.8 138 137.6

Tc, PVDF (�C) e 128.2 132.2 132.6 133.9
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between PVDF polymer chains [45]. Further, the fraction of

interfaces concerning the PVDF component grows as the

overall PVDF content of the composite decreases; thus, the

interface between PCL and PVDF affects a more significant

portion of PVDF chains and restricts them from accommo-

dating all-trans b-phase conformation. Consequently, low-

content PVDF samples have a smaller b fraction.

To evaluate the thermal properties of materials and mea-

sure the crystallinity of the polymers, DSC was performed on

all blend samples, and the obtained plots during the first

heating and cooling cycles are presented in Fig. 2c and d,

respectively. While the cooling cycle only provides informa-

tion on the properties of the material, the heating cycle yields

thermal properties associated with the fabrication process.

Since electrospinning has a discernible impact on the phase

structure and crystallinity of the polymers, the first heating

cycle was analyzed and reported. The corresponding curves of

pure PVDF and PCL electrospun fibers are also presented for

better comparison.

In semicrystalline polymers, the enthalpy of melting can

be used to estimate the crystallinity of the polymer using Eq.

(4), where DHm is the enthalpy of melting of the polymer, ∅ is

the polymer fraction in a composite material, and DH0
m is the

melting enthalpy of a fully crystalline polymer. The values of

DH0
m for pure PVDF and PCL are reported as 104.7 and 139.5 J/g,

respectively [28,46]. The enthalpy of melting for each polymer
and the crystallinity percentage was calculated and presented

in Table 1.

Xc ¼DHm=∅
DH0

m

� 100 (4)

The data given in Table 1 implies that the PCL crystallinity

degree increases up to 50 wt% regarding the PVDF content,

which is normally attributed to the difference in the melting

temperature of these polymers when the fabrication method

involves a heating stage. In such circumstances, the pre-

https://doi.org/10.1016/j.jmrt.2023.01.007
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crystallized PVDF component may prompt the PCL crystalliza-

tion at about 50 �C; nevertheless, the explanation seems invalid

here since both polymers had been dissolved in a solvent [32].

The initial concentrations of pure polymer solutions are likely

the clue to this phenomenon. As noted earlier, the primary

PVDF solution had a higher concentration and, thus, lesser

solvent content than the PCL solution. Consequently, after

blending solutions, the PVDF solvent would evaporate consid-

erably faster; hence, PVDF crystallization precedes the PCL

crystallization, and the pre-crystallized PVDF possibly plays the

role of nucleating agent for the PCL component. Crystallization

essentially occurs throughout the interfaces. As the relative

proportion of interacting interfaces at 70 wt% is less than that

of the 50 wt% PVDF-containing composites, the crystallinity of

PCL declines; nevertheless, it is still significantly above that of

pure PCL. Conversely, with increasing PCL concentration, the

crystallinity of PVDF has declined, indicating that PCL cannot

play the nucleating role for PVDF crystallization [47]. Moreover,

the onset melting and crystallization temperatures of the PVDF

were lower in all blend compositions compared to pure PVDF

fibers. It is believed that the crystallization temperature is

related to the crystal size. The decreasing crystallization trend

shows that blending has induced confined crystallization in

blend samples [33]. The melting temperature of the PCL

component has the same behavior in the blend samples. These

observations imply the existence of some degree of miscibility

in the structure [32].
Fig. 3 e a) Piezoelectric measurement device, b) oscilloscope's sc

of pure PCL and PVDF and their blend electrospun fibers under
3.2. Piezoelectric, surface, and mechanical properties

The piezoelectric behavior of pure and blended polymer

samples was assessed by the piezoelectric measurement de-

vice (Fig. 3a). Three fibrous samples of each composition were

tapped 50 times by a load of 2 N at a frequency of 5 Hz. Upon

loading, the output charge generated by sampleswas recorded

by an oscilloscope (Fig. 3b). The alteration of the piezoelectric

charge output according to the PVDF content is plotted in

Fig. 3c. As represented, neat PCL is not piezoelectric; while in

blend samples, the piezoelectric charge output has increased

from 1.25 pC/N in 30PVDF-70PCL to 7.41 pC/N in 70PVDF-

30PCL. Furthermore, the obtained results show a similar

ascending trend with the fraction of the electroactive phase

shown in Fig. 2b. The significant correlation observed between

the PVDF content and piezoresponse in the prepared samples

confirms that the relative b-phase fraction is mainly liable for

the piezoelectricity of polymer blends. As was mentioned

earlier, extending b-phase PVDF to larger portions of the

polymer is impeded by the PVDF/PCL interface, which be-

comes more significant in low-content PVDF blend fibers.

These changes in the structure directly affect the piezoelectric

properties of the blend fibers. The polarization that occurred

in b-phase PVDF upon tapping is responsible for the piezo-

electric charge output. Therefore, Samples with more PVDF

content, hence, higher b phase fraction, render greater

piezoelectric output.
reen of a piezoelectric sample, and c) piezoelectric response

a tapping load of 2 N at a frequency of 5 Hz.

https://doi.org/10.1016/j.jmrt.2023.01.007
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Fig. 4 e a) The water contact angle, and b) the stress-strain curves of pure PCL and PVDF, and their blend electrospun fibers.
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Wettability is a crucial property in many applications

where the material is exposed to water-based environments.

The wettability of polymers greatly depends on the existing

functional groups in their structure and their morphology.

Thewater contact angle of the developed fibers wasmeasured

by a goniometer, and the results are presented in Fig. 4a. Since

PCL is less hydrophobic, the water contact angle shows a

descending trend with increasing PCL fraction in the polymer

composites.

The mechanical performance of prepared fibers was

assessed under tension. The related stress-strain curves are

plotted in Fig. 4b, and themechanical properties are presented

in Table 2. Porous structures generally have lower mechanical

strength and stiffness compared to bulk materials. For

instance, bulk PCL samples have ultimate tensile strength

(UTS) and Young's modulus of about 43 and 360 MPa, respec-

tively [48]. Indeed, the increased surface area in the fibrous

PCL structures comes at the expense of a dramatic decrease in

mechanical properties. Herein, the fibrous PCL mat had a UTS

of 2.44 MPa, which is within the lowest range of the reported

UTS for bones [49]. Intriguingly, using PVDF in the blending

approach improved the UTS value by almost 230% in the

70PVDF-30PCL sample. Meanwhile, the stiffness and elonga-

tion at break were significantly enhanced compared to pure

PCL. These findings indicate that PVDF has a reinforcing effect

on PCL mechanical properties in blend fibers. The applied

force is transmitted onto the PVDF portion, which can
Table 2 e The mechanical properties of PVDF/PCL fibers
and their pure components.

Sample Ultimate
strength (MPa)

Elongation at
break (%)

Tensile
modulus (MPa)

PCL 2.44 ± 0.56 35.94 ± 6.19 8.89 ± 0.37

30PVDF-

70PCL

4.18 ± 0.36 65.47 ± 8.49 12.95 ± 0.49

50PVDF-

50PCL

3.43 ± 0.64 90.38 ± 5.82 14.55 ± 0.61

70PVDF-

30PCL

8.28 ± 0.3 127.32 ± 1.67 21.54 ± 0.562

PVDF 11.65 ± 1.045 122.04 ± 8.5 18.95 ± 1.95
effectively withstand larger applied stress, improving tensile

strength. Moreover, PVDF with significant toughness can

resist the propagation of crazes in the material. Therefore,

blend fibers can undergo higher elongations. However, despite

the increasing trend in tensile modulus, stiffness, and elon-

gation at break with increasing PVDF, UTS has dropped in the

sample containing 50 wt% of PVDF. The mechanical strength

of multicomponent systems is deeply affected by the exis-

tence of interfaces. The 50PVDF-50PCL mat has the highest

fraction of interfaces weakening the tensile strength of the

material by restricting effective load transfer between the

components. Once the detachment occurs at interfaces, the

applied load cannot be transferred efficiently, leading to a

drop in the tensile strength. Contrarily, the percent elongation

is less prone to interfaces; meaning that upon interface

detachment, the tougher portion of the material (PVDF in this

case) can still elongate. As a consequence, the UTS has drop-

ped in the 50PVDF-50PCL sample compared to 30PVDF-70PCL,

but its elongation at break has increased.

Regarding the surface properties of the fabricated samples,

as well as their piezoelectric and mechanical properties, the

70PVDF-30PCL sample met the requirements for bone tissue

engineering; thus, was considered for further biological

studies in comparison to neat PVDF and PCL scaffolds.

3.3. In-vitro biological and cell studies

The metabolic activity of cells on PVDF, PCL, and blend PVDF/

PCL fibers was evaluated by the Alamar blue assay and gath-

ered data are represented in Fig. 5a. The meaningful increase

in the metabolic activity in the presence of PVDF and PCL

scaffolds (Fig. 5a) implies significant cell proliferation within

14 days. Contrarily, the obtained data showed no significant

cell proliferation on the composite fibers in the same period.

PCL is an FDA-approved biocompatible material; hence, the

lack of daily difference among PVDF, 70PVDF-30PCL scaffolds,

and PCL confirms that none of them had any cytotoxic effect

for up to 14 days. Consistently, the picogreen assay data

(Fig. 5b) confirm that all samples had approximately the same

DNA content suggesting that their cell count is comparable to

that of the control PCL group.

https://doi.org/10.1016/j.jmrt.2023.01.007
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Fig. 5 e a) Alamar blue activity of hMSC cells for different experimental groups at 1, 3, 7, and 14 days. b) DNA content

determined by Picogreen assay after 14 days. c) Quantification of ALP activity in cells on scaffolds at day 7. Representative

confocal images of cells on scaffolds after 1 (d) and 7 (e) days. Actin filaments were stained with phalloidin (red) and cell

nuclei with DAPI (blue). Error bars represent the standard deviation of three repetitions. *, p < 0.05; **, p < 0.01; ***,

p < 0.001, and ****, p < 0.0001.
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The ALP enzyme presents in numerous tissues, including

bone, and has long been considered an early osteogenic

differentiation marker [50]. Accordingly, the ability of the

scaffolds to facilitate hMSCs differentiation into osteoblasts

was investigated by examining the ALP function. The

normalized ALP activity in cultured cells after 7 days is

shown in Fig. 5c. The ALP activity in the presence of

70PVDF-30PCL was significantly higher compared to PVDF

and PCL scaffolds. Further, the PVDF scaffold caused a

slightly higher ALP induction than PCL. Notably, electro-

mechanical stimulation has an established impact on oste-

ogenic differentiation; therefore, PVDF and 70PVDF-30PCL

scaffolds with remarkable piezoelectric properties would
probably produce electromechanical stimulation upon cell

attachment and migration [51]. Since the piezoelectric

charge output is triggered by adhering cells to the scaffolds,

their surface properties become critical. Morphology and

wettability assessments showed that the 70PVDF-30PCL

fibrous scaffold had a smaller average fiber diameter and

water contact angle compared to the PVDF scaffold, facili-

tating cell attachment and migration on its surface. This

agrees with the Alamar blue results, which showed

nonsignificant cell proliferation on the 70PVDF-30PCL sam-

ple. Moreover, triggering differentiating pathways on the

composite scaffold possibly provided chemical stimuli to

stop cell proliferation [52].

https://doi.org/10.1016/j.jmrt.2023.01.007
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Fig. 6 e Apatite formation on the surface of electrospun fibers. The top row shows untreated samples, while the bottom row

depicts samples immersed in SBF after 4 weeks.
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The confocal images of actin (red) and nucleus (blue)

staining after 1 and 7 days of cell culture are given in Fig. 5d

and e, respectively. Stretching of actin filaments on day 7

compared to day 1 suggests that scaffolds have supplied a

proper environment for cell attachment. Consistent with

Alamar blue assay results, the increased number of blue-

stained nuclei after one week in the presence of PVDF scaf-

fold showed considerable cell proliferation, probably attrib-

uted to the electrical stimulation of cells. However, no

remarkable cell proliferation was observed on 70PVDF-30PCL

scaffolds, which was expected considering the Alamar blue

and ALP activity assay results confirming the dominance of

cell differentiation over proliferation in this sample.

To further understand the hierarchy of cellular activities

augmentation due to the electric potential generated in

response to mechanical loading in a piezoelectric biomaterial,

it is worthwhile to look into the natural phenomenon in the

bone tissue. Although the involving mechanisms in this pro-

cess are not yet fully understood, researchers have found

electrical stimulation responsible for improved bone adapta-

tion and repair. It is believed that the electric potential could

direct the activity of primary bone cells and also orient the

arrangement of macromolecules in the natural bone ECM.

Research studies in the mid-twentieth century speculated

that osteocytes could detect high stress bone regions due to

the higher electric potential in these areas [53]. Once cells

migrated to the damaged bone site, further electromechanical

stimulation would promote cell proliferation and also matrix

mineralization of osteoblast-like cells. The underlying mech-

anism for the induced cell proliferation and differentiation in

electrically stimulated zones is thought to be due to either the

migration of intracellular components such as ions, growth

factors, and receptors to these regions, which improves
cellular activity or by the adsorption and conformation of

extracellular ions and proteins onto the charged surface of the

piezoelectric material [54]. Piezoelectric scaffolds can stimu-

late bone regeneration in almost the same manner by regu-

lating calcium ionic pathways on cells membrane and

inducing cell differentiation. Moreover, electrical stimulation

could induce intracellular signaling by altering the polariza-

tion of cell membrane proteins, excelling cell migration to-

wards the scaffold surface [55].

Bioactivity is another essential property of biomaterials

recruiting in bone tissue engineering. Bone is continually

remodeling due to its dynamic structure of organic nanofibers

and calcium phosphate minerals [56]. Of note, the capacity of

biomaterials to enable apatite structures generation on their

surface is correlated with their bonding with living bone tis-

sue, which can be evaluated by long-term soaking of bio-

materials in the SBF solution [38]. Fig. 6 illustrates the

morphology of the electrospun fibers after 4 weeks of soaking

in SBF solution. Minerals precipitation has occurred in all

samples. The morphology of the fibrous samples before im-

mersion in SBF solution is also presented for a better com-

parison. As noted earlier, the PVDF scaffold has the highest

average fiber diameter and thus the least surface area, leading

to less precipitation, whereas the surface of the other two

samples, with significantly thinner fibers and smaller pores, is

almost entirely covered by the precipitated particles. Further,

polar b-PVDF chains have well-separated negative and posi-

tive charge centers, disturbing the local dynamics of SBF and

attracting the existing positive (Ca2þ) and negative (PO4
3�) ions;

however, these ions should be adsorbed on the surface of the

fibers to form apatite nuclei. It is also worth mentioning that

in-depth precipitation has not occurred in the PVDF scaffolds,

probably due to the hydrophobic nature of the polymer and

https://doi.org/10.1016/j.jmrt.2023.01.007
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Fig. 7 e a) Biodegradation of the electrospun fibers in PBS within eight weeks, and b) electron micrographs of degraded

samples after eight weeks.
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limited SBF permeation into the scaffold [57]. In a nutshell, ion

adsorption depends on the surface properties of the scaffolds.

In the case of PVDF fibers, the smaller surface area and hy-

drophobicity have hindered proper ion adsorption and, thus,

apatite formation. In contrast, a continuous apatite layer can

be observed in the 70PVDF-30PCL sample, where surface

properties and piezoelectricity favor mineral precipitation.

The biodegradation results of the electrospun samples in

PBS medium within two months are represented in Fig. 7a.

Themorphology of samples after eightweeks of soaking in the

PBS solution is also shown in Fig. 7b. The existing twisted and

distorted fibers with thinned parts in SEM images can be

regarded as evidence of biodegradation in the prepared scaf-

folds. For a better interpretation of the biodegradability re-

sults, meaningful differences were determined using two-way

ANOVAanalysis, and the obtained results are shown in Fig. 7a.

The outcomes demonstrated that the samples’ weight

meaningfully decreased after two months in all five compo-

sitions. The PCL had a higher degradation rate in the PBS so-

lution and lost 20% of its initial weight after two months. On

the other hand, the PVDF degraded more slowly and retained

about 90% of its initial mass at the end of the test period. As

was expected, the presence of PCL has improved the
biodegradation of polymer composites which is the conse-

quence of a higher intrinsic degradation rate of PCL, the better

wettability of composites containing higher PCL contents, and

the presence of weak interfaces between PVDF and PCL

portions.

Overall, the outcomes of the present research revealed that

the PVDF/PCL blend electrospun fibers have significant

piezoelectric performance, mainly due to the presence of the

electroactive phase of PVDF. Intriguingly, the prepared

degradable fibers showed good mechanical properties and

were responsive to external stimuli to promote bone

regeneration.
4. Conclusions

Regarding the research history, originating biocompatible

scaffolds with optimized physicochemical characteristics

facilitating the regeneration of bone defects is themain focus

of investigations in this area. In the present study, a series of

PVDF/PCL blends in the whole range of compositions were

electrospun to produce fibrous scaffolds. The obtained data

revealed that electrospinning could effectively induce b-
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phase generation in the PVDF component. The evaluation of

DSC heating and cooling profiles showed that PVDF regions

could be the nucleating sites for PCL crystallization leading to

an increased degree of crystallinity of PCL with PVDF per-

centage, up to a certain extent. Due to the development of the

electroactive b phase in PVDF, the composite fibers became

responsive to external loading and showed a piezoelectric

response, positively correlated with PVDF content.While PCL

showed almost zero piezoelectric performance, 70PVDF-

30PCL rendered a piezoelectric charge output of about 7.5 pC/

N. Further, blending PVDF with PCL improved wettability

compared to pure PVDF; thus, these samples exhibited better

biodegradability in PBS medium. In addition, the tensile test

outcomes revealed that both the material composition and

structure affect the mechanical properties of the scaffolds.

Although PVDF addition to PCL would improve its mechani-

cal performance, the extent of improvement would be less

when the fraction of the weak interfacial region is relatively

large, as in the 50PVDF-50PCL scaffold. In vitro cell studies

showed that the 70PVDF-30PCL composite scaffold was

biocompatible, and its piezoelectric response promoted stem

cell differentiation into osteoblasts. According to the in vitro

bioactivity results, apatite formation was observed in the

prepared scaffolds, implying the suitability of the products

for bone regeneration applications. Overall, the results

showed that fibrous blended PVDF/PCL scaffolds with sig-

nificant piezoelectric performance could be promising for

scaffolds in bone tissue engineering.
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