M. Simsek / Hacettepe J. Biol. & Chem., 2018, 46 (3), 381-389

PVA Nanofibers Including Biopolymer-grafted Copolymer for
Potential Biomedical Applications

Potansiyel Biyomedikal Uygulamalar icin Biyopolimer-
Yamalanmis Kopolimer iceren PVA Nanofiberler
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ABSTRACT

M ultifunctional nanofibers were fabricated by electrospinning of polyvinyl alcohol/octadecylamine mont-
morillonite layered silicate nanocomposite as a matrix polymer and amphiphilic copolymer-g-biopolymer
(polylactic acid, PLA) as a biocompatible partner polymer. Crystal structure of the nanofibers significantly
changed due to in situ phase separation processing via different chemical and physical interfacial interactions.
Relative high thermal stability, high first melting and low crystallinity were observed for the matrix/polymer
nanofibers. Nanofibers exhibit low cytotoxicity and necrotic effect for MC3T3-E1 preosteoblast cells.
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6z

ok fonksiyonlu nanofiberler matris polimer olarak polivinil alkol/oktadesilamin montmorillonit tabakali sili-

kat nanokompozitin ve biyouyumlu partner polimer olarak amfifilik kopolimer-g-biyopolimer’in (polilaktik
asit, PLA) elektroedrilmesi ile Uretilmislerdir. Nanofiberlerin kristal yapisi farkli kimyasal ve fiziksel araylizey
etkilesimler yoluyla ortaya ¢ikan in situ faz ayrimi prosesi sebebiyle énemli seviyede gelismistir. Nanofiberler
MC3T3-E1 preosteoblast hiicreleri varliginda diisiik seviyede sitotoksik ve nekrotik etki sergilemislerdir.
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INTRODUCTION
Polymer nanofibers from various polymers
such as engineering plastics, biopolymers,
conducting polymers, block and graft copolymers
and matrix-partner polymer blend systems
have attracted a great deal of attention due to
their uniqgue properties, such as high surface
area-to-volume ratio, low basis weight, excellent
structural mechanical properties, high axial
strength combined with extreme flexibility,
high functionality and high porosity [1-4].
Electrospinningis a simple, low cost, and effective
technology to prepare nanofibers from these
polymers for various applications [5,6].

Electrospun polymeric nanofibers
incorporated with inorganic nanoparticles inside
have great interest for their potential applications
in biomedical and photonics. Larsen et al. firstly
combined electrospinning with sol-gel methods
to design vesicles and nanofibers made from
inorganic oxides and hybrid (organic/inorganic)
materials [7]. A wide range of potential nanosized
fillers have been used for the preparation of high
efficient nanocomposites. Among them, clays
and layered silicates have been considerably
investigated since they are environmentally
friendly, naturally occurring, readily available, and
low cost. One of the most extensively used clay is
montmorillonite (MMT) and it has been employed
in many polymer nanocomposite systems as filler
[8-10]. However, in most cases, it needs to be
organically modified to produce well-organized
nanocomposites  [10].  Octadecylammonium
derivatives are typical used for preparing
organomodified MMT [11]. The composite material
based on poly(butylene succinate), poly(butylene
adipate-co-terephthalate) and organo-modified
montmorillonite (OMMT) were prepared by melt
blending technique and characterized [12]. Results
showed that tensile strength, thermal stability,
and the morphology of the blends improved with
presence of OMMT.

Poly(vinyl alcohol) (PVA) is a hydrophilic and
semi-crystalline polymer that has received great
attention due to its excellent biocompatibility,
non-toxicity, and good water permeability. These
properties have led to the use of PVA in a number
of applications in medical, pharmaceutical, food,

cosmetic and packaging industries [13-17]. As
a matrix polymer, PVA has also excellent film-
and fiber-forming, emulsifying, surfactant and
adhesive properties and utilized to fabricate
unigue nanofiber compositions [18-201.
Development of PVA-clay nanocomposites has
attracted many researches attention in order to
improve its mechanical, thermal, and gas barrier
properties. Zhuo et al. prepared PVA/hydrotalcite
composite nanofibers by electrospinning [13]. In
another study, PVA/MMT composite fibers were
investigated by Lee et al. [21]. Strawhecker and
Manias prepared the PVA/clay nanocomposites
by casting the water suspension of PVA and MMT
[221.

The polymeric biomaterials and their
synthetic structural analogs as well as biopolymer
nanocomposites with specific surface activity as
potential bone substitute materials were utilized
to control cellular and physiologic responses [23-
25]. Meredith and Amis reported the effect of
the chemistry, microstructures, and roughness
of polymer (poly (D,L-lactide) and poly( -
caprolactone)) blends on MCT3T3-E1 osteoblast
cell function [26]. In a study osteoblasts’ response
was investigated to a biodegradable porous
composite of poly (lactide-co-glycolide) and
hydroxyapatite in order to quantitatively assess
the matrix’'s ability to support living cell adhesion
[271.

Recent developments in the fabrication of
bioactive functional polymer systems, polymer
capsulated nanoparticles, biopolymers, and
synthetic polymers functionalized with bioactive
groups have indicated that these systems
can be successfully utilized in many areas,
especially in tissue and bone engineering. In
this work, we developed a new approach for the
fabrication of polymer nanocomposites and
nanofibers reinforced with reactive organoclay
and biocompatible partner polymer by
electrospinning method. Another aspect of this
work was to evaluate effects of structural factors
and incorporated reactive organoclay on the in
situ processing, physical and chemical interfacial
interactions in the formation of nanostructures,
as well as influence of partner polymer on
osteoblast cells.



MATERIALS and METHODS

Materials

PVA (89 % hydrolyzed, average Mw = 31.000-
51.000 g/mol), L-Lactic acid (98 % analytical
standard, density 1.209 g/cm?, refraction index
1.427) were purchased from Sigma-Aldrich.
Maleic anhydride (Fluka) monomer was purified
by recrystallization from anhydrous benzene
solution and sublimated under vacuum before
its use. Analytical grade 1-octadecene olefin
monomer (Aldrich) was used without purification.
Octadecyl amine-montmorillonite (ODA-MMT,
Nanomer 1.30E, Nanocor Co.) was purchased from
Aldrich having the following average parameters:
content of ODA surfactant-intercalant 25-30 %,
particle size 8-10 um, bulk density 0.41 g/cm3,
caption exchange capacity (CEC) 95 mEqg and
crystallinity 55.0 % (by XRD). Deionized pure
water was used as a medium. Dimethylformamide
(DMF) as a solvent for partner polymer,
dimethylsulfoxide (DMSO) as a water absorbent
and other solvents and reagents were analytical
grade and used without purification. MC3T3-E1
preosteoblast cells were obtained from ATCC.
Cell culture flasks and other plastic material
were purchased from Corning. Dulbecco Modified
Eagle’'s Medium with L-glutamine, fetal calf serum,
Trypsin-EDTA, Hoechst 33342 and propidium
iodide were purchased from Serva.

Synthetic Procedure

PVA (96.5 wt%)/ODA-MMT (3.5 wt%) layered
silicate nanocomposite as a matrix polymer was
synthesized by intercalation of PVA between
layers of ODA-MMT organoclay in pure water
solution by intensive mixing at 80°C for 3 h up to
formation of homogeneous viscose product.

The production of poly(MA-alt-1-octadecene)-
g-PLA (molecular mass 35960 m/z) as a
partner was realized according to our previous
study [28]. Briefly, it was synthesized by graft
copolymerization of L-lactic acid (LA) onto
amphiphilic alternating copolymer of maleic
anhydride with 1-octadecene (as a first preventer)
via esterification-grafting of anhydride units
with LA. The following graft copolymerization
was performed under vacuum in the presence
of DMSO as a water absorbent and isopropanol
as a second preventer at 80°C using a specially
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constructed vacuum reactor with Dean-Stark
unit. Graft copolymer was isolated from reaction
mixture by twice precipitation by ethanol, and
then, dried under vacuum at 60°C for 6 h.

Fabrication of Nanofibers by Electrospinning
Fabrication of nanocomposite fibers (NCF) from
blends of matrix polymer (PVA/ODA-MMT)/
partner polymer (copolymer-g-PLA) with ratios
of 10/0 (NCF-10/0), 9/1 (NCF-9/1), 8/2 (NCF-8/2),
and 0/10 (NCF-0/10) (v/v) were realized by using
following electrospinning parameters: a syringe
pump (NE 300, New Era Pump Systems) with a
gauge needle was fixed vertically with the flow
rate of 1.5 mL/h; a distance of 15 cm was set
between needle tip-to-collecting aluminum foil;
and high voltage (Gamma High Voltage Research)
of 23 kV was applied between the capillary and the
collector. Matrix/partner polymer concentrations
were 10 wt% for both solutions. Distilled water
was the solvent for the matrix polymer, whereas
DMF was used for the partner polymer.

Characterization

The surface morphology of nanofibers was
examined by a Scanning Electron Microscope
(SEM). Fiber diameters were calculated by ImageJ
software (NIH, Bethesda, MD) by taking the
average of at least 100 measurements from SEM
images.

Fourier TransformInfrared (FTIR)spectrawere
recorded on a Thermo-Nicolet 6700 spectrometer
in the range of 4000-500 cm™with a resolution of
4 cm?. X-ray powder diffraction (XRD) patterns
were obtained with a X-ray diffractometer
equipped with a CuK tube and Ni filter (A =
1.5406 A). XRD diffractograms were measured
at 2 ,in the range 1-50°. The Bragg equation was
used to calculate the interlayer spacing (d): n =
2dsin , where n is the order of reflection, and
is the angle of reflection. Average crystallite size
of nanocrystalline domains in matrix polymer/
partner polymer nanofibers was determined
by using the following Scherrer equation: 1
= K/ cos , where, is mean crystallite size
of the ordered nanocrystalline domains; K is
dimensional shape factor with a typical value
of about 0.89, but varies with the actual shape
of crystallite; is the X-ray wavelength (1.5406
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A of Cu K radiation); is the line broadening at
half the maximum intensity (FWHM) which is also
sometimes donated as A(2 ); is the Bragg angle.

Thermogravimetric (TGA) and differential
scanning calorimetric (DSC) analyses were
performed using EXTRAR600 TG-DTA6300 and
Diamond DSC Perkin Elmer Thermal Analyzers
by using a linear heating rate of 10°C/min under
nitrogen flow. Samples were measured in a sealed
alumina pan with a mass of about 10 mg.

Cytotoxicity and Necrotic Effect

WST-1 test was used to evaluate cytotoxicity of
nanofibers against human MC3T3-E1 osteoblast
cells. In this procedure, the tetrazolium salts are
cleaved to formazan by succinate tetrazolium
reductase enzyme. An increase in the number of
viable cells results in an increase in the overall
activity of mitochondrial dehydrogenases in
the samples. Quantification of the formazan
dye produced by metabolically active cells is
determined by Elisa-Reader. MC3T3-E1 cells were
cultured into 96-well plate (5x10° cells/well) and
incubated for 24 h at 37°C. Different amounts
(25-200 ug/mL) of PVA/ODA-MMT NCF-10/0
and matrix polymer/partner polymer nanofibers
(NCF-8/2) were added in the incubation medium
and the incubation was sustained additionally for
24 h. Then, 15 uL of WST-1 solution was added
to each well and the culturing time was set to
4 h. Thereafter, the absorbance at 440 nm was
measured by an ELISA plate reader. Wells not
containing fiber mats were used as a control
group.

Double staining with Hoechst dye 3342 (2
pug/mL™") and propidium iodide (Pl) was used
to quantify the number of necrotic cells (10x103
cells/well) seeded into 24- well plates with
DMEM medium. After treating with different
concentrations (25-200 pg/mL) of NCF-10/0 and
NCF-8/2 for 48 h, attached and detached cells
were harvested. After washing with PBS, cells
were incubated with Hoechst dye 3342 (2 ug/
mL-), Pl (1 ug/mL") and DNAse free-RNAse (100
ug/mL™) for 15 min at room temperature. Then,
10-50 pL of cell suspension was smeared on a
glass slide and cover slipped for examination
under a fluorescence microscope (Leica, DMI

6000). In the double staining method, the nuclei
of normal cells are stained light blue by Hoechst
whereas necrotic cells are stained red by PI. As
necrotic cells lack of plasma membrane integrity,
Pl dye can cross the cell membrane. The number
of necrotic cells in 10 random microscopic fields
were counted. The number of apoptotic and
necrotic cells were determined with DAPI and
FITC filters of a Fluorescence Inverted Microscope
(Leica,Germany). Data was expressed as the ratio
of necrotic cells to normal cells. Each group was
triplicated.

RESULTS AND DISCUSSION
Synthesis and Characterization of Nanofibers

The surface morphologies of nanofibers were
investigated by SEM. SEM images of partner
polymer fibers showed beaded morphology
(Figure 1a). In contrast, matrix/partner polymer
nanofiber mats (10/0, 9/1 and 8/2, v/v) exhibited
smooth and regular morphology (Figures 1b, c-e,
and f-h). Micro-beaded morphology of fibers
from partner polymer fully disappeared when it
was blended with matrix polymer. Matrix polymer/
partner polymer nanofibers with ratios of 10/0, 9/1
and 8/2 (v/v) had diameters of 323+62 nm, 312+56
nm, and 290440 nm, respectively. An increase in
partner polymer ratio had an effect in favor of
obtaining thinner and more uniform nanofibers.
SEM results also indicated that the concentration
of partner polymer was an important parameter
to optimize electrospinning conditions and control
in situ reactive fiber formation processing. On
the other hand, the loading reactive organoclay
and structural factors from functional matrix/
partner polymers influenced the surface
morphology of nanofibers due to different types
and degrees of in situ physical and chemical
interfacial interactions during the formation of
thermodynamically stable fibrous morphology
with higher surface area. Among NCFs NCF-8/2
was used for further characterization studies due
to its better morphology and uniformity.

Figure 2a shows FTIR spectrum of NCF-8/2.
Pristine PVA has characteristic OH peak at 3304
cm? [29]. However, the area and intensity of this
band in the spectra of matrix polymer/partner
polymer nanofibers essentially increased and
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Figure 1. SEM images of (a) partner polymer fibers, b) NCF-10/0 (c-e) NCF-9/1, and (f-h) NCF-8/2 with their diameter distri-
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Figure 2. a) FTIR spectra and b) XRD patterns and reflection parameters of NCF-8/2.
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shifted to higher region (from 3304 to 3326 cm’
) due to formation of the additional complexes
through the interactions carboxyl-OH and amine-
OH groups. The absorption band around 2913 cm™
was related to C-H stretching from CH and CH,
groups of backbone chain of PVA and octadecyl
amine surfactant from organoclay, respectively.
These bands were confirmed with presence of
the bending vibrations around 1429-1374 cm
from CH, groups. Bands at 1732, 1720 and 1050
(weak) cm™ were related to ester C=0 and C+0
groups from vinyl acetate and maleate units of
partially hydrolyzed PVA, monoesterificated
graft copolymer and its side-chain PLA fragment,
respectively. The characteristic two stretching
bands at 1770 and 1840 cm™ were associated with
C=0 groups of maleic anhydride/maleate units
of partner polymer [28]. The C-0 band from C-
OH groups appeared at 1243 and 844 cm™. FTIR
spectrum also show the characteristic broad
band at 1145 and 1084 cm™, which were associated
with Si—0 and Si—0-Si stretching from dispersed
ODA-MMT layers in matrix polymer. Bands at 467
and 518 cm™were related to the Si—0 bending and
Al-0 stretching, respectively.

The physical structures of nanofibers were
investigated by XRD analysis (Figure 2b). Pristine
partner polymer had predominantly amorphous

structure with weak crystalline peaks at 2

around 19-26° due to branched PLA fragment
[28]. PVA has intense characteristic peak around
19-20°2 [28]. When partner polymer was added
to matrix polymer the peak intensity decreased in
favoring lowering the crystallinity. The nanofiber
films showed various diffraction peaks from
crystals of layered silicate fragments, partner
polymer chains and octadecyl amine surfactant-
intercalant. Diffraction parameters of pristine
ODA-MMT [31] significantly changed when it
was incorporated with the partner polymer.
Characteristic peak belonging to the organoclay
(4.45°) shifted to 2.24°and 3.17° 2 . In addition,
d o SPACING (22.29 A) increased to 39.40 A
and 27.84 A. Thus, (PVA/ODA-MMT)/copolymer-
g-PLA fiber nanocomposites predominantly
exhibited an intercalated nanostructure. In
conclusion, crystal structure of the matrix/partner
polymer nanofibers significantly changed due to
in situ phase separation processing via different
chemical and physical interfacial interactions,
and it was observed an improvement structural
compatibility of applied multifunctional matrix
and partner polymers in colloidal and solid states.

Thermal Behaviors of Nanofibers
Figure 3 shows TGA-DSC curves of NCF-8/2.
Thermal degradation properties of matrix/partner
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Figure 3. TGA-DTA and DSC thermal behaviors of NCF-8/2.
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Table 1. Cytotoxic and necrotic effects of NCF-10/0 and NCF-8/2 against MC3T3-E1 osteoblast cells.

Concentration of

nanofibers NCF-10/0 NCF-8/2

(ug/mL) cell viability (%) necrotic cells (%) cell viability (%) necrotic cells (%)
0 100 £ 0.5 2+1 100 £ 0.5 2+1

25 99 £1.7 3+1 99+0.8 141

50 94 +21 5+1 98 £ 0.7 2+1

100 91+ 0.8 10 +1 97+ 0.5 3+1

200 87+0.5 14 +1 95+23 4+1

polymer nanofibers from TGA and DTA analysis
are also illustrated in Figure 3. Agreeing with
these results, NCF-8/2 exhibited two step chain
degradation with total weight loss 93.56%. The
broad exothermic peaks around 300-350°C in the
DTA curves can be attributed to the degradation
processing the side chain through loss of hydroxyl
groups and main chains of copolymer reinforced
with organoclay. Relative high thermal stability
was observed for NCF-8/2 (T, = 314.7°C) as
compared with those for pristine powder PVA (T,

=298°C) [29] and PVA/ODA-MMT nanofibers
(T, may = 295°C) [29]. The first transition observed
in DSC curve can be attributed to thermal effects
due to melt-transition (T ) branched PLA chains
and second endothermic peaks due to melting
transition (T _,) of nanostructured fibers. The
broad exothermic peaks around 75-150°C can
be attributed to the chemical interactions of
functional groups from copolymer and organoclay
at applied isothermal conditions. The comparative
analysis of these polymer systems indicated that
nanofibers from matrix/partner polymer system
exhibited relative high first melting T value
(52.6°C) than those for pristine PVA (39.59°C)
[29] and PVA/ODA-MMT nanofiber (23.08°C) [29].
All these polymer systems showed approximately
the same T_ values (~190°C) with the different
heat and enthalpy (AH) parameters. The enthalpy
(AH) strongly depended on the composition and
structural factors of nanofibers and changed
from 27.45 J/qg (pristine PVA) [29] to 25.34 (NCF-
10/0) [29] and 14.9 J/g (NCF-8/2). Crystallinity
of NCF-8/2 were calculated using AH° = 67.38
J/g for 100% melting of PVA. The value of

(max)

crystallinity obtained from DSC curve of NCF-8/2
(x. = 10.75%) was lower than those for pristine
PVA (x = 40.70%) [29] and NCF-10/0 (y_= 33.2%)
[29]. This observed relative low value of matrix/
partner polymer nanofibers can be explained by
transformation of nanofibers to the colloidal state
with amorphous structures via electrospinning of
matrix polymer/partner polymer composites.

Cytotoxic and Necrotic Effect of Nanofibers

In order to determine if the fibrous mats released
toxic products or not, cytotoxicity test was
carried out. Cytotoxicity of NCF-10/0 and at
various concentrations (25-200 ug/mL) were
determined by testing the viabilities of MC3T3-E1
cells. WST-1 method was used for evaluating the
cell viabilities and testing results are summarized
in Table 1. As a control, no fiber-added cell cultures
were used. Although the cell viability decreased
with increasing fiber ratio in the culture medium,
tolerable amounts of toxicity were determined
for NCF-10/0 fibers at all used concentrations.
However, NCF-8/2 had lower degree of toxicity
than NCF-10/0 fibers. This can be attributed
the presence of biocompatible partner polymer
in NCF-8/2. The images of necrotic cells are
illustrated in Figure 4 and necrotic index values
are summarized in Table 1. The necrotic effects
appeared to change in parallel with the toxicity
results. PLA side-chain biofragments in the
nanofiber structure of NFC-2, which did not exist
in organoclay modified PVA fibers, improved its
biocompatibility for the osteoblast cells. This
can be concluded a role of impact generator for
physical and chemical stimulation of osteoblast
cells.
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100 pm

Figure 4. Inverted fluorescent light microscopy image of double staining osteoblast cells. A) Control group image, B)
Sample including group (long arrow and short arrow show non-necrotic cell nuclei and necrotic cell nuclei, respectively).

Conclusion

Thiswork presentsnovelmultifunctional polymeric
nanofibers fabricated from solution blends of
the PVA/ODA-MMT and amphiphilic reactive
copolymer-g-PLA as matrix/partner polymers
by electrospinning for potential bone and tissue
engineering applications. Matrix/partner polymer
nanofibers exhibited semi-crystalline structures
due to intermolecular hydrogen bonding and
absorbed water molecules. The comparative
analysis of surface morphologies of the fibers
revealed the formation of nanofibrous structures
with cross-section morphology and fine diameter
distribution fabricated from matrix/partner
polymer solutions blends. Incorporation of the
partner polymer to fiber composition significantly
increased reactivity of fiber surfaces and their
biocompatibility due to reactive anhydride units
and grafted PLA biopolymer. The structural
factors played an important role in situ interfacial
interactions and phase separation processing.
Cytotoxic and necrotic effects of polymer
nanofibers against MC3T3-E1 cells depended
on the structure, composition and surface
morphology of nanofibers. NCF-2 having PLA side-
chain biofragments improved biocompatibility
of fibers for the cells. It was proposed that the
structural factors, especially hydrogen bonding in
the chosen reactive organoclay, functional matrix
and partner polymers played an important role
in phase separation processing, in situ interfacial
interactions and in the formation of self-
assembled thermodynamically stable nanofiber
structures as effective platforms for future
incorporation of various biopolymer systems.
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