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The fibrous scaffolds for bone tissue engineering that mimic the extracellular matrix with bioactive and bactericidal
properties could provide adequate conditions for regeneration of damaged bone. Electrospun ultrathin fiber covered
with nano-hydroxyapatite is a favorable fibrous scaffold design. We developed a fast and reproducible strategy to
produce polyvinylidene fluoride (PVDF)/nano-hydroxyapatite (nHAp) nanofibrous scaffolds with bactericidal and
bioactive properties. Fibrous PVDF scaffolds were obtained first by the electrospinning method. Then, their surfaces
were modified using oxygen plasma treatment followed by electrodeposition of nHAp. This process formed
nanofibrous and superhydrophilic PVDF fibers (133.6 nm, fiber average diameter) covered with homogeneous nHAp
(202.6 nm, average particle diameter) crystals. Energy-dispersive X-ray spectrometry demonstrated the presence of
calcium phosphate, indicating a Ca/P molar ratio of approximately 1.64. X-ray diffraction, Fourier transform infrared
spectroscopy, and Raman spectroscopy spectra identified B-phase of nHAp. Thermal analysis indicated a slight
reduction in stability after nHAp electrodeposition. Bactericidal assays showed that nHAp exhibited 99.8% efficiency
against Pseudomonas aeruginosa bacteria. The PVDF/Plasma and PVDF/nHAp groups had the highest cell viability,
total protein, and alkaline phosphatase activity by 7 days after exposure of the scaffolds to MG63 cell culture.
Therefore, the developed scaffolds are an exciting alternative for application in bone regeneration.
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Many studies have attempted to incorporate nano-

Ultrathin fibrous scaffolds have been used as bioactive compo-
nents [1, 2], but the rate of bacterial contamination is a concern.
Nevertheless, emerging biomaterials could have bioactive prop-
erties and promote bone tissue growth reducing bacterial
growth. The bacterial proliferation can be drastically reduced
when cultivated on polymeric surfaces due to hydrophobicity,
surface charge, chemical composition, surface roughness,
topography, or physical configuration [3, 4].

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

hydroxyapatite (nHAp) particles into piezoelectric polymeric
matrices [5, 6]. However, those strategies slowly make nHAp
available to the organism because polymer degradation is
necessary. Thus, the incorporation of nHAp outside the fiber
is a critical challenge, and many methods have been published
with polymers such as poly-L-lactic acid (PLLA), poly
(butyleneadipate-co-terephthalate) (PBAT), polypyrrole (PPy),
and polycaprolactone (PCL) [7, 8, 9].
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Piezoelectric materials have attracted growing interest in
regenerative medicine, since they can be configured to implant-
able active interfaces, transmitting electrical stimulation during
the mechanical impulse, thus improving tissue regeneration
[10, 11]. Among the various fabrication techniques available,
electrospinning is the most effective method to produce three-
dimensional fibrous and piezoelectric scaffolds in a single step
[12] to resemble the structure of the bone extracellular matrix.
This simple approach, coupled with the easy incorporation of
functional components, makes it an excellent technique for
applications in bone tissue engineering (BTE) [13, 14].

Polyvinylidene fluoride (PVDF), a semicrystalline polymer,
is attractive due to its piezoelectric efficiency, biocompatibility,
and easy processability [15]. This polymer has a higher piezo-
electric response than other polymers, such as nylon, polylactic
acid, and polyhydroxybutyrate [16]; however, few studies have
dynamically explored the potential of PVDF for bone regener-
ation [17, 18]. However, hydrophobicity of PVDF limits cell
attachment and growth [12].

In BTE, nHAp is one of the most used biomaterials, due to
its bioactive properties, osteoconductivity, and chemical and
crystallographic similarities with natural bone [19]. Several bio-
materials have been developed for autografts or allografts,
including nHAp inside scaffolds for bone repair [20, 21, 22]
Conductive piezoelectric fibers could be considered an interest-
ing scaffold to grown nHAp using the electrodeposition
method. Electrodeposition is a fast, simple, low-cost, and
reproducible method [8]. Few studies have investigated the
homogeneous covering of ultrathin fibers of conductive and
piezoelectric polymers with nHAp using the electrodeposition
technique [23, 24]. In previous studies, our research group
electrodeposited nHAp onto superhydrophilic porous poly-D,
L-lactic acid/carbon nanotube membranes, and PBAT/PPy
ultrathin fibers [25, 26].

Herein, we develop nanofibrous, bioactive, and bactericidal
scaffolds based on PVDF covered with electrodeposited nHAp
crystals. Electrospinning and electrophoretic depositions
were employed to create this new nanobiomaterial. The gram-
positive and -negative bacterial growth was reduced consider-
ably. Cultivated osteoblasts demonstrated the improved
in vitro calcium deposition and alkaline phosphatase of this
material. Our strategy is very attractive to biomaterials science
because it associates a bioactive scaffold with bactericidal
properties, avoiding cross-contamination and antibiotics after

bone grafts.

Figure 1 shows the micrographs of ultrathin PVDF, PVDF
(PLASMA), and PVDF/nHAp (nHAp obtained by electrode-

position) fibrous scaffolds. The average diameter of the

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

PVDF scaffolds [Figs. 1(a) and 1(b); 133 +0.03 nm] was
more significant than that after plasma treatment (Plasma)
[Figs. 1(c) and 1(d); 103.6 £ 0.018 nm], but all were ultrafine
fibers. This measurement is essential, because nanometric
fibers demonstrate the potential to influence the biological
interaction of the biomaterial [27].

Figure 1(c) illustrates the change in the texture and rough-
ness of the PVDF fiber surfaces after the effect of the plasma
treatment. Correia et al. [28] discussed that electrospun ultrathin
fibers treated with O, plasma present small “reliefs” on the sur-
face of the fibers, leading to eventual reduction in the number of
fibers, which is probably related to the plasma treatment and the
incorporation of oxygen groups onto the surface of the mats.
Despite the surface effects, no significant reductions in mean
diameter were found for fibers treated with O, plasma. In
addition, no complete fusion of the fibers was detected after
the treatment, as open spaces remained between the fibers in
the mats [28]. Figure 1(e) elucidates the growth of a uniform
nHAp layer onto the scaffold surfaces with a good distribution
of the crystals, demonstrating that the electrodeposition
technique was efficient for the nanocomposite production.
Details of nHAp crystals are shown in high-resolution scanning
electron microscopy (SEM) image [Fig. 1(g)]. Figure 1(f) charts
the behavior of the average current density over time during
nHAp electrodeposition. The PVDF/nHAp scaffolds obtained
current density 12x higher than PVDF scaffolds.

The energy-dispersive X-ray spectrometry (EDS) spectrum
[Fig. 1(f.1)] shows the presence of calcium, phosphorus, and oxy-
gen, evidencing the electrodeposited nHAp crystals onto PVDF
ultrafine fiber scaffolds. The atomic Ca/P ratio = 1.64 was calcu-
lated (using the stoichiometric formula Ca;o(PO,)s(OH),)
using the results obtained from EDS spectra [Fig. 1(f.1), inside
Fig. 1(f)]. These values are according to the Ca/P ratio =1.63
of normal bone [29].

Figure 2(a) illustrates that PVDF is a hydrophobic polymer
with a water contact angle of 105°. However, PVDF surfaces had
a hydrophilic behavior after O, plasma treatment [Fig. 2(b), con-
tact angle =35°] and a superhydrophilic behavior after 5 min
(Supplementary Video 1).

Figure 3(a) contains the X-ray diffraction (XRD) patterns
of the PVDF, PVDF (Plasma), and PVDF/nHAp scaffolds.
The PVDF spectrum presents an intense peak at 20 =20.6°,
corresponding to the 200/010 plane reflections of B-phase,
which indicate coexistence in the PVDF fibers [30]. In the
diffractogram of the PVDF (Plasma), the peak at 26 =20.6°,
corresponding to the 200/010 planes of PB-phase, slightly
decreased.

Raman spectra obtained from all analyzed groups [Fig. 3(b)]
contained typical bands attributed to PVDF and nHAp. Raman
spectroscopy has been used in an increasing number of scientific

studies [31, 32]. The main region of the Raman spectrum for

cambridge.org/JMR

www.mrs.org/jmr

Issue 23-24 W Dec 14, 2020

Volume 35

Journal of Materials Research

3266


http://www.mrs.org/jmr
http://www.cambridge.org/JMR

Ym

Journal of
MATERIALS RESEARCH

L
= s PVDF
00 —_——
g FVDF/aiAp
il K —
g <Al c 32
: o 141
é 240 F 53
E Ca 167
E 0 ] 102
]
2 PVDF (Plasma)
0

Average Diameter: 133.6 £ 0.03 nen

R~
°E.‘l) 40 60 80 100 120 140 160 180 200 220 240
Diameter (nm)

Average Diameter: 1036 £ 0.018 nm

-

20 40 60 B0 100 120 140 160 180 200 220 240
Diameter (nm)

® ;0 &0 W0 ®0 00 mw w0 We e
Time (s)

Figure 1: SEM micrographs of the scaffolds: (a) PVDF, (c) PVDF (PLASMA), (e) PVDF/nHAp (details of fibers and nHAp crystals described in the figure; circle showing
details of nHAp crystals in high resolution (g); the ultrathin fibers of the PVDF and PVDF (PLASMA) scaffolds exhibited average diameter, calculated by the Image J
program, of (b) 133.6 + 0.03 nm and (d) 103.6 + 0.018 nm, respectively. (f) Current density curve over time during nHAp electrodeposition. (f.1) EDX of the PVDF/
nHAp scaffolds containing their chemical composition, with a Ca/P ratio of stoichiometric nHAp at 1.64. (g) High resolution image showing details of nHAp crystals
(circle in (e)).

PVDF was between 700 and 900 cm™'. PVDF modes can be
seen at 488 and 611 cm ™" and are addressed to carbon-fluorine
(CF,) vibrations. The modes at 513 cm™" are attributed to CF,

bending vibration and 839 cm™ to combination of CH, rocking

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

Figure 2: Measurements of the
contact angle with water in
PVDF scaffolds: (a) before and
(b) after O, plasma treatment.

and CF, stretching mode. These modes are addressed to B-phase
or form I of PVDF, where to all-trans conformation of the PVDF
chains can be attributed. Raman band at 796 cm™" corresponds
to the a-phase [33].
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Figure 3: (a) XRD analysis for PVDF, PVDF (PLASMA), and PVDF/nHAp samples; (b) Raman Spectroscopy spectra of PVDF, PVDF (PLASMA), and PVDF/nHAp nano-
composites; (c) ATR-FTIR spectra of PVDF, PVDF (PLASMA), and PVDF/nHAp, (d) ATR-FTIR zoom at 1500-580 cm™' to 1300580 cm™" of the PVDF, PVDF (PLASMA),

and PVDF/nHAp scaffolds.

Attenuated total reflectance (ATR)-Fourier transform infra-
red spectroscopy (FTIR) spectra of the PVDF, PVDF (Plasma),
and PVDF/nHAp scaffolds [Fig. 3(c)] showed a characteristic
peak attributed to PVDF polymer. According to the previous
studies [34, 35], the uniaxial stretching of PVDF films results
in the appearance of the PB-phase, which was confirmed.
Figure 3(d) illustrates the ATR-FTIR spectra of the scaffolds in
the range of 1500-600 cm™". These bands could be attributable
to different functional groups of the molecules. As seen in the
PVDEF spectra, characteristic bands appeared at 880 and
1183 cm™, which are attributed to the nonpolar o-phase of
the PVDF vibration [36]. The bands at 840 cm™" (r(CH,)-vo.
(CFy) [37], 1073 ecm™" (va(CC)-w(CE,)+ w(CH,)), and 1,
404 cm™' (w(CH,)-vo(CC)) [38] can be assigned to PVDF
polar B-phase [37]. The band centered at 840 cm™" corresponds
to the electroactive dipoles perpendicular to the polymer struc-
ture in the application of a high electric field. During this pro-
cess, the stretching and alignment of the ultrathin fibers slide
[37]. The band centered at 880 cm™" is due to the vibration of
the C-F bond and flexion of the CH, bond, characterized by

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

the conformation of the trans-gauche-trans-gauche’ (TGTG)
chain [39]. The 1,073 cm™" band represents the C-F bond with-
out planar deformation characteristic of phase B [40]. The band
at 1,183 cm™! represents the C-C bond of PVDF [41]. The 1,
404 cm™" band is related to the orientation of the molecular
chain, which favors the alignment of fibers along the longitudi-
nal axis with perpendicular electroactive dipoles [42].

The effect of nHAp particles on the thermal stability of the
PVDF matrix was studied. Figures 4(a) and 4(b) show typical
lines of the thermogravimetry analysis (TGA) and DTA ther-
mograms for the pure PVDF and PVDF/nHAp matrix, respec-
tively. The loss of adsorbed water is visible for the two analyzed
scaffolds in the range of 38-100 °C. Between 212 °C and 450 °C
for the PVDF/nHAp scaffold curve, the stage is assigned to the
elimination of interstitial water, in addition to CO, adsorbed,
CO03?, and HPO;? representing a loss of about 8% [21, 43].

Figure 5 describes the bacterial effect of PVDF, PVDF/
Plasma, and PVDF/nHAp scaffolds against the Pseudomonas
aeruginosa bacteria, which is prominent in the hospital envi-

ronment [44]. This is a common gram-negative rod-shaped
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Figure 4: (a) TGA and (b) DTA curves of the PVDF and PVDF/nHAp scaffolds.
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Figure 5: Bactericidal assay showing the percentage in proliferation of (a) viable bacteria and (b) unviable bacteria.

bacteria system [45]. In addition, pseudomonas infections are
complicated and can be deadly. The results showed that
0.22% of the bacteria survived [Fig. 5(a)] and 99.88% died in
the presence of scaffolds [Fig. 5(b)]. Similar results were
founded for all materials tested without a statistical difference
(P >0.05). The presence of nHAp did not significantly increase
the antimicrobial activities of the ultrathin fibers compared
with the nonelectrodeposited nHAp. The concentration of via-
ble bacteria was reduced by 99.8% [Fig. 5(b)] for all ultrathin
scaffolds. the PVDF, PVDF/Plasma,
PVDEF/nHAp scaffolds had an approximate conservation with

However, and
100% unviable bacteria.

Figure 6 illustrates the cell viability test [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumbromide, MTT], total protein, and
alkaline phosphatase (ALP) activity 7 days after the scaffolds were
exposed to MG63 cell culture. The highest cell viability was
observed for PVDF (Plasma) and PVDF/nHAp groups where it
showed a statistical difference compared with control (P> 0.05),
but PVDF/nHAp did not show a statistical difference (P> 0.05)
compared with PVDF and control groups [Fig. 6(a)] (more
than 70%).

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

The electrodeposition process of nHAp first involves an evolu-
tion of hydroxyl ions next to scaffold surfaces, promoting an
acid-base reaction to form HPO2™ and PO3, which facilitates
the precipitation of calcium phosphate onto PVDF scaffolds
[8]. After that, the electrodeposition of nHAp was controlled
by diffusion to form a dense layer, as observed in Fig. 1(e)
[46]. The oxygen plasma improves the hydrophilic property
of PVDF by introducing the oxygen containing polar groups
on the surface [47]. Several research reports have noted changes
in surface biocompatibility for cell attachment and protein
adsorption upon plasma treatment [48].

The modification of polymers by O,-plasma treatment
introduces some hydrophilic groups. Consequently, this treat-
ment was designed to assess the influence of wettability, topog-
raphy, and cell behavior on the surface [49]. The surface
topography was slightly altered under these treatment condi-
tions [Fig. 1(c)]. Previous results revealed that cell adhesion
on PVDF samples significantly improved in hydrophilic scaf-
fold, showing about twice the scattering areas as cells grown
on untreated hydrophobic scaffolds [50].
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Figure 6: The effect of the sample on osteoblast behavior: (a) MTT; (b) total protein; (c) alkaline phosphate activity. The letters indicate statistical difference

between the groups.

The decrease of the B-phase [Fig. 3(a)] content may be
related to the local increase in the temperature of the scaffolds
during treatment with O, plasma, leading to the transforma-
tion of the B-phase to a-phase [51]. The application of O,
plasma on different polymeric substrates had generated prom-
ising results in promoting cell growth, due to the incorporation
of hydrophilic and oxygenated functional groups [52].

However, in the diffractogram of the PVDF/nHAp scaf-
folds [Fig. 3(a)], no significant change was detected in the crys-
talline structure of the composite membranes in relation to the
pure PVDF at the peak at 20 = 20.6°. Therefore, the presence of
the very low intense peak of characteristic nHAp phase at 38.4°
[Fig. 3(a)] confirms its formation in nanometric size [53]. The
typical diffraction peak of nHAp (38.4°) was practically hidden
as a consequence of the mat structure obtained in the
PVDF/nHAp scaffolds and the low crystallinity of nHAp [54].

As the electrodeposition of nHAp particles occurs in the
PVDF solution, a peak appears at 961 cm™" attributed to
PO} group, a characteristic of nHAp [55]. The intense peak
at 1044 cm™" and the less intensity peak at 431 cm™" are typi-
cally attributed to crystalline structures of apatite, such as
octacalcium phosphate, which is only observed in crystallized
hydroxyapatite [32, 56].

Analyzing the PVDF(Plasma) spectrum [Fig. 3(d)], we
observed the preservation of the bands but with lower character-
istic intensities than for PVDF [50]. This result was expected and
supports the XRD spectrum [Fig. 3(a)]. The electrodeposition of
nHAp in PVDF/nHAp scaffolds could be confirmed by
ATR-FTIR. The vibrational sharp band in the region of 3000-
3750 cm ™! [Fig. 3(c)] is characteristic of the stretching and vibra-
tion of OH™' groups in the nHAp and a broadband of the
adsorbed water group vibration. The vibration bands at 1100
1000 and 630-600 cm™' are due to the vibration of POZ>,
referring to the crystalline phosphate phase of nHAp calcium
[Fig. 3(d)] [57]. Along with Raman spectroscopy, FTIR analysis
proved the addition of nHAp by the electrodeposition process.

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

Both samples showed thermal stability for temperatures
up to 450 °C with a maximum decomposition temperature at
475 °C for the PVDF sample and 470 °C for PVDF/nHAp
[Fig. 4(a)], with significant weight loss between 450 and
510 °C. This corresponds to PVDF decomposition [58] and
indicates the lack of modification in the composite structure
[59]. This dissolution temperature corresponds to the slope
of the thermal degradation curves and is indicated as the
maximum reaction rate (weight loss) temperature [60].
Enayati et al. [61] verified that the incorporation of nHAp in
ultrathin fibers of PVA caused a minimum reduction at the
maximum degradation temperature.

The slight shift in the differential thermal analysis (DTA)
curve in the PVDF/nHAp sample [Fig. 4(b)] indicated moder-
ately decreased thermal stability with the incorporation of
nHAp. The PVDF/nHAp scaffolds degrade at a lower tempera-
ture than pure PVDF. Such interactions could weaken the PVDF
side chains, reducing the maximum temperature of bulk degra-
dation [and probably a shift as observed in Fig. 4(b)] [61].

The reduction on bacterial growth [Figs. 5(a) and 5(b)] was
expected, considering that the ultrathin structure is less prone
to bacterial adhesion and growth [62]. Recently, our group
discussed that roughness and surface energy from PCL micro-/
nanofibers reduced the gram-positive and -negative bacterial
growth and adhesion [4]. Saravanan et al. [63] developed scaf-
folds of chitosan/nanohydroxyapatite/nano-silver ~particles
(CS/nHAp/nAg) and biomaterials of CS/nHAp, so scaffolds
with nAg showed a greater inhibition zone due to the antibacte-
rial activity of silver. However, here we have developed a strategy
without any nanoparticles, just associating the surface properties.

Similar to our cellular results [Figs. 6(a) and 6(b)], Kitsara
et al. [50] also observed greater than 70% viable seed cells with
PVDF materials. Total protein assays are important to evaluate
cell-biomaterial contact [52]. The developed biomaterials
induced the differentiation of MG63, exhibiting an immature
osteoblast phenotype [Fig. 6(b)] [36]. Alkaline phosphatase
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activity is an early osteoblast differential marker [64]. Figure 6
(c) demonstrates that PVDF/Plasma and PVDF/nHAp induced
more ALP activity than the control (P > 0.05). PVDF has a pie-
zoelectric property that promotes bone repair, and this intrinsic
property could explain why the nHAp did not induce more
ALP activity. However, the ALP activity of all engineered scaf-
folds were superior to the PCL and PLLA electrospun scaffolds
(65, 66].

Here we presented, for the first time, the production of PVDF/
nHAp nanofibrous scaffolds. Furthermore, this study demon-
strated that the electrodeposition of nHAp stoichiometric crys-
tals in PVDF was efficient and has potential application in
BTE. Although nanocomposites exhibited a slight reduction
in thermal stability, they had important bactericidal and bioac-
tive properties for improved total protein and ALP expression
when MG63 osteoblast cells were cultivated on the engineered
scaffolds. Although more investigations are needed to verify the
application of this new nanobiomaterial, the results suggest that
porous PVDF/nHAp membranes are potential alternatives for

bone grafts.

Materials

For the production of polymeric solutions, PVDEF pellets (Mw =
275,000 g/mol), N-dimethylformamide (DMF, Merck, 99.5%),
acetone solutions (Merck, 99.5%), CH;COCHSs;,
Ca(NO;),-4H,0, (NH4)-H,PO,, ammonium persulfate
((NH,4),S,0s), and sodium dodecyl sulfate (NaCl,H,5SO,)
were obtained from Sigma-Aldrich Co. (USA).

alcohol,

Electrospinning of PVDF ultrathin fibers

The PVDF was dissolved in DMF (3 mL) with a concentration
of 25 wt% (1 g) using a magnetic stirrer until complete disso-
lution. Afterward, the temperature control was turned off and
acetone (1 mL) was added. The proportion of DMF/acetone
solvents was 3:1. The electrospinning process was performed
using a high-voltage power supply (SPELLMAN CZE 1000R,
Hauppauge, NY, USA). The polymeric solution was inserted
into a syringe [3 mL, BectonDicKinson (BD)] with a metal nee-
dle (65 mm—22 gauges, Intelbras) and transferred to an infu-
sion pump (KDS 100, KD Scientific, Holliston, MA, USA). The
electrospinning process employed the following parameters:
flow rate of 0.3 mL/h; distance of 12 cm between the collector
and the needle; applied voltage of 14 kV; relative air humidity
around 45-55%; metallic collectors covered with aluminum foil

(92 x 78 mm), and around 120 min.

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

Plasma treatment of ultrathin fiber mats

The electrospun scaffolds were submitted to oxygen plasma
treatment on both surfaces. The treatment process was con-
ducted using the following parameters: 0.0012 kg/sec O, flow,
0.3 mbar pressure, 489-562V voltage, 0.07-0.10 A electric

current, and around 58 °C for 5 min.

Electrodeposition of nHAp on PVDF ultrathin fibers

A standard three-electrode cell (MSTAT 400 BIPOTENTIOSTAT/
GALVANOSTAT, STAT 400) was used to electrodeposit
nHAp crystals on PVDF scaffold. The electrolyte solutions used
contained 2.5mM of Ca(NO;),4H,O and 1.5mM of
(NH,)-H,PO,, with pH adjusted to around 5 (automatically mea-
sured throughout the electrodeposition process using a pX1000
real-time pH meter) and the temperature adjusted to 65°. The
PVDF scaffold was employed as a working electrode by inserting
it inside a copper/Teflon sample holder (~0.28 cm?). A platinum
rod was used as a counter electrode (5x 107> m in length and
2x10™* m in diameter). The Ag/AgCl (3 M KCI [aq.]) was used
as a reference electrode. The electrodeposition process was carried

out for 30 min.

Physical, chemical, morphological, and structural
characterizations of scaffolds

The surface morphology, the shape, and the average diameters
of the ultrathin fibers were characterized using a SEM (Quanta
FEG 250, FEI company) coupled with EDS (Apollo-EDAX).
For SEM analysis, a thin layer of gold (~10 nm) was deposited
using a sputtering machine (Quorum Company, argon plasma
at 2 x 10~" mbar, and a current of 30 mA, for 2 min). The aver-
age diameter of the ultrathin fibers was measured using the
Image] software. The micro-Raman spectra were collected
using a SENTERRA system (Bruker, microscope Olympus
BX50 with 20x objective), excitation laser at 785 nm wave-
length, 50 mW laser output power, spectral resolution of
3-5cm™’, and a CCD camera (Andor Company) as a detector.
FTIR operated in ATR [Vertex 70 System (Bruker)] was
collected with a scanning range in the region from 4000 to
600 cm™'. Raman and FTIR data were normalized (normaliza-
tion model: divided by norm). The crystallographic planes of
nHAp and PVDF were collected using an XRD (Shimadzu
XRD 6000 diffractometer) equipment with Cu K, radiation
generated at 40 kV and 50 mA. The thermal behavior of the
scaffolds were investigated by TGA and DTA (Q600 V20.9
Build TA instrument, nitrogen atmosphere at a flow rate of
100 mL/min and with a heating rate of 10 °C/min). Contact
angle analysis was carried out after a drop of deionized water
(2 uL) on scaffold surface using a homemade machine. The

scaffolds were fixed on teflon substrates and the contact angles
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were measured immediately afterwards. The pictures were
obtained from a web camera, and the contact angle was
analyzed using the Image] software. All measurements were
performed in a controlled humidified atmosphere (+60%).
A video was recorded of the PVDF after O, plasma treatment
to show its
Video 1).

superhydrophilic behavior (Supplementary

Bactericidal assays

Bactericidal activity was assessed according to De Paula et al. [44]
and ISO 20776-1:2019. Briefly, the bacteria Pseudomonas aerugi-
nosa (ATCC 27853) were inoculated into Tryptic Soy Agar (TSA)
by isolation and incubated at 37 °C for 24 h. The bacteria were
resuspended in PBS up to 1.5x10° CFU/mL (Tube 0.5 of
MacFarland Stands) and diluted in TSA up to 1.5 x 10%. They
were resuspended in PBS up to 1.5x 10® CFU/mL (Tube 0.5
of MacFarland Stands) and diluted in TSA up to 1.5x
10* CFU/mL. Then, scaffolds (10 mm x 10 mm x 0.5 mm) (in
triplicate and previously sterilized) were placed in 24-well culture
plates and individually inoculated with 1000 uL of the bacterial
solution, and incubated for 24 h at 37 °C. After that, they were
rinsed twice with PBS to remove any nonadherent bacteria.
Next, the scaffolds were placed in individual flasks with PBS
(1000 uL) and then vortexed to remove strongly adherent bacteria
for 15 s. These suspensions of bacterial solution were diluted in
series (10x; 100x; 1000x) and plated on TSA plates as 10 uL ali-
quots, in triplicate and incubated overnight (~24 h) at 37 °C.
Finally, colonies were counted to calculate colony-forming units
(CFUs). The data were normalized by raw PCL data to highlight
the bactericidal activity of frameworks produced without the

use of antibiotics.

In vitro assays

ISO-10993-5 developed all tests. MG63 osteoblast-like cells
(human osteogenic sarcoma, Rio de Janeiro Cell Bank,
APABCAM, Rio de Janeiro, RJ, Brazil) were cultivated using
Dulbecco’s (DMEM—-Cultilab,
Campinas, SP, Brazil) supplemented with 10% bovine fetal

modified Eagle medium
serum (Invitrogen, New York, NY, USA) and 1% penicillin-
streptomycin (Gibco, Grand Island, NY, USA). To expand the
cells, the culture medium was changed once every 2 days (37 °C
in a humidified atmosphere of 5% CO,). All the procedures
were carried out as described by De Andrade et al. [67]. The scaf-
folds were sterilized by UV before each biological assay and incu-
bated with a basal medium at 37 °C for 8 h. Polystyrene culture
plate wells were used as negative control group.

After 7 days, the cellular viability was verified by reduction
of MTT (Sigma-Aldrich) in formazan into of the MG63 cells

(2 x 10* viable cells), which was in 24-well plates containing

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

1 mL of DMEM and the experimental materials such as
PVDF, PVDF (Plasma), and PVDF/nHAp (37 °C; 5% CO,).
The well without cells was used as control. The colorimetric
analysis was performed in a microplate spectrophotometer
(Bio-Tek, Winooski, VT, USA) at 570 nm. The data were
expressed in percentage (%) and normalized by control
(considered 100%).

On day 7, the TP level was checked, when 50 uL was col-
lected and added in triplicate into a 96-well plate, and the
optic density was measured at 680 nm in a UV 1203 spectro-
photometer (8582 Micronal, Sdo Paulo, Brazil). The total
protein content was calculated from a standard curve deter-
mined from bovine albumin and expressed as micrograms
per milliliter.

From the same cell lysate described above, the ALP activity
was determined by means of the thymolphthalein monophos-
phate release assay, using the commercial kit (Labtest
Diagnostica, Belo Horizonte, MG, Brazil), in accordance with
the manufacturer’s recommendations. Absorbance was mea-
sured at a wavelength of 590 nm in a UV 1203 spectrophotom-
eter (8582 Micronal, Sdo Paulo, Brazil). The results were
expressed in pmol of thymolphthalein/min/mL.
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