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Abstract 
Inspired by the mineralization process of bone, we have investigated mineralization on piezoelectric samples immersed in 
a solution with mineral ions. We have utilized polyvinylidene fluoride as a piezoelectric material and 10× simulated body 
fluid as a mineral solution. Three synthetic material systems were developed and characterized using scanning electron 
microscopy, X-ray diffraction, nanoindentation, and scratch testing. With these techniques, we provide insights into how 
the characteristics of the mineralization protocol affect the microstructure, chemical composition, crystal structure, and 
mechanical properties of the minerals. Increasing the solution temperature from 25 to 50 °C resulted in a greater packing 
density, roughly 10 times the stiffness and 4 times the fracture toughness. Collagen surface treatment resulted in roughly 7 
times the stiffness along with potential anisotropy in the fracture toughness. Lastly, calcium phosphate minerals appear to 
pack in low-density and high-density phases on the piezoelectric scaffolds.

Introduction

The remarkable self-adaptive mechanical properties and 
self-regeneration abilities of bone provide inspiration for 
the development of next generation synthetic material sys-
tems [1]. When bone is mechanically stimulated, the nega-
tive peptide charges attract positively charged ions from the 
blood stream to generate calcium phosphate minerals. Pre-
vious studies demonstrate that minerals also preferentially 
deposit onto negatively charged surfaces in synthetic mate-
rial systems in the presence of simulated body fluid (SBF), 
which mimics ion concentrations of blood [2, 3]. As such, 
piezoelectric materials, which generate electric charges in 
response to mechanical stimuli, have gained attention as 
scaffolds as they can show self-adaptive mechanical prop-
erties and self-regeneration abilities [4, 5].

The power of utilizing piezoelectric materials in this 
regard is that piezoelectric material combined with a source 
of materials like SBF can proportionally form minerals as 
a function of stress and repair damaged minerals. As piezo-
electric materials proportionally generate electrical charges 
upon stress, the generated charges can attract ions from SBF 
and deposit minerals, accordingly, resulting in a self-adap-
tive behavior, similar to bone. In addition, if a part of the 
mineral layers is damaged, it exposes the underlying charges 
and can facilitate mineral formation on the area. Hence, 
these charges can act as signals for mineral formation based 
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on the stress or damage. This makes them a good candidate 
for a number of applications [6].

Previously, piezoelectric materials have been used for 
biomedical applications by utilizing intrinsic charges on 
the material. For example, PVDF was used as a coating for 
titanium alloy surfaces in implants to improve their bio-
logical properties [7, 8]. In addition, piezoelectric scaffolds 
have been mineralized with calcium carbonate for bone tis-
sue integration applications as well as for promoting osteo-
genic differentiation [9–12]. More recently, the piezoelectric 
charge generated as a response to mechanical loading was 
studied to synthesize mechanically self-adaptable compos-
ites which can autonomously enhance their mechanical 
properties based on loading conditions [4]. As seen in all 
the previous examples, mineralization on a piezoelectric 
material has been employed to enhance the reliability and 
biocompatibility of scaffolds and implants.

There are multiple factors affecting the growth and prop-
erties of the minerals formed on piezoelectric scaffolds in 
SBF besides the surface charges. For instance, the classical 
model of heterogeneous nucleation indicates the dependence 
of the nucleation rate on the temperature [13]. Furthermore, 
surface treatment with materials such as collagen can impact 
mineralization. Wang et al. demonstrated that collagen could 
initiate and orient the growth of calcium phosphates [14]. In 
general, what is not fully understood is the influence of tem-
perature and surface treatment on the microstructure, chemi-
cal composition, and mechanical properties of the minerals 
formed on piezoelectric scaffolds in mineral solutions.

In this work, we have synthesized mineralized piezoelec-
tric scaffolds using three protocols. We have utilized the 
piezoelectric properties of polyvinylidene fluoride (PVDF) 
to generate mineral coatings in SBF. Then, we have char-
acterized the microstructure, chemical composition, crystal 
structure, and mechanical properties of the minerals using 
scanning electron microscopy, X-ray diffraction, nanoin-
dentation, and scratch testing. Lastly, we discuss how the 
characteristics of the mineralization protocols affect the 
properties of the minerals.

Materials and methods

Materials synthesis

Commercially available, 110-μm-thick PVDF (Measurement 
Specialties, Inc.) was cut into 25 ×  50 mm pieces. The 
edges of the pieces were sealed with low-friction polyether 
ether ketone tape (McMaster-Carr) to avoid leaving residue 
on the PVDF. A modified formulation of SBF called 10× 
SBF, with much higher ionic concentrations than human 
blood, was used to supply the mineral ions to the PVDF 
samples [15, 16]. This mineral solution was chosen over 

other formulations of simulated body fluid [17, 18] to accel-
erate the coating process so that full coatings were produced 
within two weeks.

PVDF samples were mineralized with three different 
protocols. The first two protocols involved placing the bare 
PVDF samples into 10× SBF at 25 °C (PVDF-25) or 50 °C 
(PVDF-50) for 2 weeks to induce mineral deposition. The 
third protocol involved pretreating the PVDF with collagen 
to investigate the effects of collagen on the minerals (PVDF-
col). For this protocol, prior to mineralization, type I bovine 
collagen (Sigma-Aldrich) was mixed with phosphate-buff-
ered solution and deposited onto both sides of the PVDF. 
The collagen solution was polymerized at 37 °C for 3 h. 
Then, the collagen-treated PVDF was placed into the 10× 
SBF at 25 °C for 2 weeks. For PVDF-25 and PVDF-col, the 
10× SBF was refreshed every 24 h. For PVDF-50, the 10× 
SBF was refreshed every 48 h. Samples were rinsed thor-
oughly with deionized water after mineralization to remove 
any residual sodium chloride from the surface.

Scanning electron microscopy

Backscattered environmental scanning electron microscopy 
(SEM) was conducted using the FEI Quanta 650 environ-
mental scanning electron microscope in low-vacuum mode 
at an accelerating voltage of 15 kV, a working distance of 
10 mm, and for magnification levels of 200×, 1000×, and 
5000×. Energy-dispersive X-ray spectroscopy (EDS) was 
also performed at these magnifications to investigate the 
chemical composition of the mineralized scaffolds.

X‑ray diffraction

X-ray diffraction (XRD) analysis was used to characterize 
the crystal structures of the mineralized scaffolds. The analy-
sis was performed using the Rigaku Smartlab 3 kW Gen2 
diffractometer. The parameters used for the powder diffrac-
tion were an accessible energy of 40 keV, current of 35 mA, 
2θ angle range of 10–75°, step size of 0.05°, and scan speed 
of 5 s/step.

Nanoindentation

The elasto-plastic behavior of mineralized scaffolds was 
probed using nanoindentation testing. The indentation 
modulus M and the indentation hardness H were measured 
by the application of the Oliver and Pharr method [19, 20]:

where S is the unloading slope, Pmax is the maximum vertical 
force, and A is the projected load-bearing contact area. The 

(1)M =

√

�

2

S
√

A
; H =

Pmax

A
,



Nanoscale characterizations of mineralized piezoelectric scaffolds﻿	

1 3

nanoindentation tests were conducted using an Anton Paar 
nanoHardness tester. Prior to testing, the Berkovich indenter 
was calibrated with fused silica. In our load-controlled tests, 
the maximum force, Pmax, was 300 μN, the loading/unload-
ing rate was 1200 μm/min, and the holding phase lasted 5 s. 
Load-controlled nanoindentation was only performed suc-
cessfully for PVDF-50 and PVDF-col. Given the softness of 
PVDF-25, depth-controlled nanoindentation was performed 
with a maximum depth of 1000 nm, loading/unloading rate 
of 2000 nm/min, and holding phase of 10 s.

Statistical deconvolution analysis

The local packing density, �i , was determined for PVDF-50 
and PVDF-col using theoretical solutions for indentation in 
porous cohesive frictional materials [21]:

where ms , �s , cs , and �s are the plane strain elastic modulus, 
Poisson’s ratio, cohesion, and coefficient of internal friction 
of the solid skeleton, respectively. M and H are the inden-
tation modulus linear upscaling and indentation hardness 
nonlinear upscaling functions, respectively, which are deter-
mined using nonlinear optimization in Python [22].

Using the indentation modulus, indentation hardness, and 
local packing density, statistical deconvolution analyses were 
performed to identify the chemomechanical phases that are 
present in the minerals. This technique has been used to char-
acterize the phases of heterogeneous materials [23, 24]. In this 
analysis, it is assumed that each phase j is characterized by the 
surface fraction fj , the mean indentation modulus �M

j
 , indenta-

tion hardness �H
j

 , and local packing density �j , and the stand-
ard deviation of the indentation modulus sM

j
 , indentation hard-

ness sH
j

 , and local packing density s�
j
 . To determine these 

mechanical parameters, the squared sum difference of the 
experimental cumulative distribution functions FX(Xi) and 
weighted model cumulative distribution functions F(Xi,�

X
j
, sX

j
) 

were minimized:

The minimization was constrained by requiring the sum 
of the surface fractions of each phase to be equal to one 
∑n

j=1
fj = 1 . Moreover, to clearly distinguish the phases that 

are present in the minerals, the following constraint was 
provided:

(2)Mi = msM(�i, �s); Hi = csH(�i, �s, �s),

(3)min
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Scratch testing

The fracture response of the mineralized scaffolds was 
characterized using scratch testing. Scratch testing involves 
pushing a sphero-conical probe across the surface of a mate-
rial under a prescribed linearly increasing vertical load. The 
horizontal force FT and penetration depth d were measured 
and used to calculate the fracture toughness Kc [25]:

where 2pA is the scratch probe shape function, which was 
calibrated prior to testing using fused silica as a reference 
material [26]. Scratch tests were conducted with an Anton 
Paar microScratch tester. The scratch probe was a Rockwell 
C diamond probe with a tip radius of R = 200 μm and a half-
apex angle of 60°, the prescribed maximum vertical force 
was 300 mN (for PVDF-col) and 500 mN (for PVDF-25 and 
PVDF-50), the scratch length was 3 mm, and the scratch 
speed was 6 mm/min. Scratch testing was performed in two 
directions (parallel to the front edge of the scaffold (X1) and 
perpendicular to the front of the scaffold (X2)) for PVDF-col 
to account for potential anisotropy [27].

Results

Microstructure and chemistry

The mineralization conditions affect the morphology and 
the packing density of the minerals. The vast majority of 
the PVDF was covered by each of the three mineralization 
protocols (Fig. B1 in the Supplementary Material). Figure 1 
depicts SEM images of PVDF-25, PVDF-50, and PVDF-col 
at magnifications of 200×, 1000×, and 5000×. PVDF-25 has 
a porous coating of spherical minerals that are aggregated 
into bundles. PVDF-50 has a denser packing than PVDF-25, 
consisting of both spherical minerals and larger prismatic 
crystals. Compared to PVDF-25 and PVDF-50, PVDF-col 
exhibits a starkly different microstructure, consisting of a 
fragmented coating of mineralized collagen. The minerals 
are pancake-like and more densely packed and larger than 
that of PVDF-25 and PVDF-50.

Furthermore, the mineralization conditions are suggested 
by SEM-EDS (Tables B1–B3 and Figs. B2–B10) to affect 
the chemical composition of the precipitated minerals. 
Oxygen, calcium, phosphorus, carbon, and fluorine were 
detected in PVDF-25 and PVDF-50. Compared to PVDF-
25, PVDF-50 has a much greater relative amount of carbon. 
Oxygen, calcium, phosphorus, and carbon were detected in 
PVDF-col, while the fluorine in the PVDF was not detected. 

(5)Kc =
FT

√

2pA
,
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Moreover, slightly less calcium and phosphorus and more 
carbon and oxygen were detected in PVDF-col than PVDF-
25, potentially indicating a greater amount of carbonate 
groups.

The mineralization conditions appear to affect the Ca/P 
molar ratios of the mineralized scaffolds. The Ca/P molar 
ratios of PVDF-25 and PVDF-col are near 1.9 at all mag-
nifications. On the other hand, the Ca/P molar ratios of 
PVDF-50 are 2.24, 2.11, and 2.15 at magnifications of 200×, 
1000×, and 5000×, respectively, suggesting a greater relative 
amount of calcium than PVDF-25 and PVDF-col. All three 
samples exhibit Ca/P molar ratios that reasonably compare 
to stoichiometric hydroxyapatite (Ca/P = 1.67) [28].

PVDF-50 exhibits a different XRD spectra compared to 
PVDF-25 and PVDF-col, as shown in Fig. 2. XRD anal-
ysis of the unmineralized PVDF shows the characteristic 
peaks of PVDF at 2θ = 20.35°, 36.10°, 41.95°, and 56.60°. 
These peaks are identified in the XRD results of the min-
eralized scaffolds as well, along with peaks in between 2θ 
= 25.60°–25.95° and 31.85°–32.10°, representing the pres-
ence of hydroxyapatite. The XRD results of PVDF-25 and 
PVDF-col are very similar, suggesting that the presence of 
collagen does not significantly alter the crystal structure of 
the minerals. However, PVDF-50 is the only sample that 
displays clear characteristic peaks of calcite (e.g., at 2θ = 
23.15°. 29.15°, 39.25°, and 43.00°). Furthermore, the peaks 
assigned to hydroxyapatite in PVDF-50 are narrower than 

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

Fig. 1   SEM images of PVDF-25 at magnifications of a 200×, b 1000×, c 5000×; PVDF-50 at magnifications of d 200×, e 1000×, f 5000×; and 
PVDF-col at magnifications of g 200×, h 1000×, i 5000×

(a)

(b)

Fig. 2   X-ray diffraction results for unmineralized PVDF, PVDF-25, 
PVDF-col, PVDF-50 between a 2� = 10-70◦ and b 2� = 20-50◦
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those same peaks in PVDF-25 and PVDF-col, indicating a 
difference in crystallinity.

Elastic response

The mineralization conditions affect the mechanical proper-
ties of the minerals, as indicated by the indentation modulus 
histograms in Fig. 3a–c. PVDF-25 has an indentation modulus 
of 0.75 ± 0.58 GPa and indentation hardness of 6.25 ± 5.59 
MPa, PVDF-50 has an indentation modulus 7.37 ± 11.87 GPa 
and indentation hardness of 0.73 ± 2.81 GPa, and PVDF-col 
has an indentation modulus of 4.91 ± 4.43 GPa and indenta-
tion hardness of 0.25 ± 0.21 GPa. PVDF-25 consists of the 

softest minerals and PVDF-50 consists of the hardest minerals. 
PVDF-50 has a greater standard deviation of the indentation 
modulus than mean indentation modulus, which a consequence 
of the 6% of the tests resulting in an indentation modulus above 
20 GPa. These indentation moduli are believed to represent 
calcite based on the findings in Sect. 3.1 and results in the 
literature [29, 30]. The enhancement in mechanical proper-
ties of PVDF-50 and PVDF-col compared to PVDF-25 agrees 
with the greater packing density that was observed in the SEM 
images (Fig. 1).

Statistical deconvolution analysis was performed to pro-
vide a greater understanding of the local packing density in 
PVDF-50 and PVDF-col. The focus was on the indentation 

(a)

(c)

(b)

(d) (e)

Fig. 3   Indentation modulus, M, histograms for a PVDF-25, b PVDF-
50, and c PVDF-col; statistical deconvolution analysis of the indenta-
tion modulus, hardness, and local packing density data for d PVDF-

50 and e PVDF-col; the purple markers denote the low-density phase 
and the yellow markers denote the high-density phase
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tests corresponding to indentation moduli below 20 GPa, as 
these are believed to represent the calcium phosphate min-
erals. In both samples, two distinct phases were identified 
(Fig. 3d, e). In PVDF-50, the first phase ( M = 3.57 GPa, 
H = 0.12 GPa, � = 0.29 ) comprises 85% of the minerals 
while the second phase ( M = 11.36 GPa, H = 0.71 GPa, 
� = 0.76 ) comprises 15% of the minerals. In PVDF-col, 
the first phase ( M = 2.13 GPa, H = 0.14 GPa, � = 0.29 ) 
accounts for 63% of the minerals while the second phase 
( M = 9.14 GPa, H = 0.44 GPa, � = 0.59 ) accounts for 37% 
of the minerals. These results suggest that calcium phos-
phates precipitate into low-density and high-density phases. 
Furthermore, PVDF-col has the highest packing density, 
agreeing with the SEM images (Fig. 1).

Fracture behavior

The mineralization protocol for PVDF-50 leads to a signifi-
cant enhancement in the fracture toughness, while collagen 
surface treatment leads to potential anisotropy in the frac-
ture response. Figure 4 depicts the fracture scaling curves of 
the mineralized scaffolds. PVDF-50 has the largest fracture 
toughness (169.44 ± 28.16 kPa

√

m ), followed by PVDF-
col-X1 (47.90 ± 7.14 kPa

√

m ), PVDF-25 (46.63 ± 11.97 
kPa

√

m ), and PVDF-col-X2 (40.99 ± 9.30 kPa
√

m ). There 

does appear to be a slight anisotropy in fracture behavior in 
PVDF-col, with the fracture toughness being 14% less and 
more variable in direction X2.

Discussion

In PVDF-50, the higher mineralization temperature and 
longer duration between refreshing the 10× SBF seem to 
produce a denser, stiffer, and more fracture-resistant coat-
ing of minerals compared to PVDF-25. The higher tempera-
ture is believed to improve the density and stiffness of the 
minerals by enhancing the precipitation and nucleation on 
the negatively charged surface of the PVDF. Additionally, 
the higher temperature is believed to enhance the crystal-
lization of calcium phosphates [31]. The presence of calcite 
in PVDF-50 is attributed to the longer duration between 
refreshing the 10× SBF based on the results of another 
study [4]. The calcite is believed to significantly contribute 
to the higher fracture toughness of PVDF-50 compared to 
PVDF-25.

Collagen surface treatment is observed to change the 
size, density, and stiffness of the calcium phosphates min-
erals that are precipitated at 25 °C. The piezoelectric charge 

(a) (b)

(c) (d)

Fig. 4   Fracture scaling curves for a PVDF-25, b PVDF-50, c PVDF-col-X1, and d PVDF-col-X2
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of PVDF with collagen, which was measured to be over 2 
times greater than that of bare PVDF (Table A1 in Sup-
plementary Material), may be the primary reason for the 
differences between PVDF-col and PVDF-25. Additionally, 
recent molecular dynamics simulations suggest that calcium 
phosphate minerals may aggregate near charged surface resi-
dues on type I collagen [32]. As such, this could be a reason 
for the enhanced precipitation and nucleation of calcium 
phosphates in the presence of collagen.

Conclusions

The influence of the three protocols on the morphology, 
packing density, elemental composition, Ca/P molar ratio, 
crystal structure, mechanical properties, and phase distribu-
tion of the minerals on piezoelectric PVDF scaffolds was 
assessed. By increasing the mineralization temperature from 
25 to 50 °C, a denser packing was achieved with roughly 
10 times the stiffness and 4 times the fracture toughness. 
By pretreating the PVDF with collagen, the minerals pre-
cipitated at 25 °C had a greater packing density, roughly 
7 times the stiffness, and potential anisotropy in fracture 
toughness. Lastly, calcium phosphate minerals were sug-
gested to nucleate in low-density and high-density phases. In 
future studies, the characteristics of mineralization protocol 
(e.g., temperature and duration between refreshing the SBF) 
will be systematically evaluated to enable further control of 
the microstructure, chemistry, and mechanical properties of 
the minerals on PVDF.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1557/​s43580-​023-​00600-7.
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