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Simulated body fluid nucleation of poly(vinyl alcohol)/

nanohydroxyapatite hydrogels
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Abstract: Novel poly(vinyl alcohol) (PVA) and chitosan (CS) or 2-hydroxyethyl methacrylate (HEMA)
and nanohydroxyapatite (nanoHAp) electrospinning-produced membranes were evaluated, in terms of
their bioactivity under exposure to simulated body fluid (SBF). After soaking them in SBF for 5, 8 and
15 days, the scanning electron microscopy (SEM) images show the accumulation of calcium carbonate
or calcium phosphate SBF on the surface of the nanohydroxyapatite (nanoHAp). This indicates that there
might be an increased bioactivity on the surface of the nanoHAp prepared by this method.
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Nukleacja hydrozeli poli(alkohol winylowy)/nanohydroksyapatyt

w symulowanym plynie ustrojowym

Streszczenie: Zbadano bioaktywnos¢ nowych membran, otrzymywanych w wyniku elektroprzedze-
nia z hydrozeli poli(alkoholu winylowego) (PVA) z chitozanem (CS), metakrylanem 2-hydroksyetylu
(HEMA) i/lub nanohydroksyapatytem (nanoHAp), poddanych dziataniu symulowanego ptynu ustrojo-
wego (SBF). Metoda skaningowej mikroskopii elektronowej (SEM) stwierdzono, ze po zanurzeniu wy-
tworzonych membran w roztworze SBF na 5, 8 i 15 dni na powierzchni czastek nanoHAp w badanych
probkach nastgpita akumulacja czasteczek weglanow i fosforanow wapnia pochodzacych z SBF, co do-
wodzi, ze tg metoda mozna zwigkszy¢ bioaktywnos¢ przygotowanych membran, przeznaczonych do
zastosowania w rekonstrukcji tkanki kostne;.

Stowa kluczowe: symulowany ptyn ustrojowy (SBF), biopolimery, bioaktywnos¢, elektroprzedzenie.

Bone is an essential supportive structure of the body,
characterized by its rigidity, hardness, and regeneration
ability. It serves to guard necessary organs, produces
blood cells, acts as a mineral reservoir for calcium and
maintains acid-base balance. Ceramics, natural and syn-
thetic polymers are used in scaffold preparation [1].

Polymers are mostly made out of organic compo-
nents and are characterized by macromolecular proper-
ties comparable to lipids, proteins and polysaccharides,
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which are key functional organic components of the bio-
logical environment. A variety of biodegradable natural
and synthetic polymers has also been extensively inves-
tigated for biomedical applications [2].

Poly(vinyl alcohol) hydrogel (PVA) is a hydrophilic
semicrystalline biodegradable polymer with low toxicity,
which presents many excellent properties such as chemi-
cal properties stability, availability and low cost of the
molding, and well biocompatibility. It has been widely
studied as a potential artificial replacement material in
previous studies for biomedical and tissue engineering
applications [3-7].

2-Hydroxyethyl methacrylate (HEMA) has many appli-
cations in medicine and industry. It is known as impor-
tant substance that is used extensively in a wide range for
both industrial and biomedical applications [8]. Because
of their biocompatibility, for instance, molecularly engi-
neered hydrogels based on HEMA have been shown to
be potential carriers in drug delivery, dental, ophthalmic,
and neural tissue engineering applications [9-11].

Chitosan (CS) is a semisynthetic polymer which is ge-
nerally used alone or in combination with different poly-
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mers or ceramics as scaffolds in bone tissue engineering
[12]. Scaffolds are prepared by several techniques such as
fiber bonding, melt molding, solvent casting, gas foaming
and phase separation [13-18].

Thin membranes make good candidates for membrane
scaffold due to their water absorbance and retention cha-
racteristics [19]. These polymers can increase their volume
several times when exposed to aqueous environments,
property that allows water release in a controlled way,
preventing possible membrane denaturalization [20, 21].
The preparation and characterization of mimetic func-
tional membranes is a modern and relevant topic in nano-
medicine and biotechnology fields [22, 23].

Electrospinning is one of the techniques to prepare
scaffolds ranging from nanoscale to microscale fibers,
and the nanostructures prepared by this technique re-
semble the native components of the extracellular ma-
trix [12].

In several bone tissue engineering strategies, bioactive
materials in the form of highly porous structures, termed
scaffolds, are required [24], and they depend on biomate-
rials, cell formation capacity, regulatory signals and tech-
niques applied (Fig. 1).

Biomaterials Cells
Bone tissue
engineering
Regulatory signals Techniques applied

Fig. 1. Bone tissue engineering elements

Two decades ago, Kokubo et al. used simulated body
fluid (SBF) to perform in vitro simulations of in vivo condi-
tions. In 2006, Kokubo and Takadama reiterated the state-
ment that SBF could be used to test [25, 26].

SBF has been applied to generate mineralized layer [27].
Immersion in SBF can also be used to measure the ability
of biomaterials in formation of apatite layer to predict the
bioactivity in vivo [28]. This may enhance the bioactivity
of ceramics. However, the SBF measurement is consid-
ered as an indicator of bioactivity of ceramics because
of the differences between the actual in vivo process of
biomaterial integration inside a living human body and
the process of measuring apatite-forming ability of bio-
materials inside SBF solution [29]. Therefore, whether SBF
treatment on ceramics has the ability to enhance bioactiv-
ity [30] or not was uncertain to us.

In this study, the impact of SBF immersion for 5, 8 and
15 days on bioactivity hydrogels based on PVA obtained
by electrospinning was investigated. The performance of
the surface modified specimen was then evaluated using
various surface characterization techniques.

EXPERIMENTAL PART
Materials

In this work we used poly(vinyl alcohol) (PVA) in-
dustrial grade, chitosan medium molecular weight
(CS, CAS No. 9012-76-4), 2-hydroxyethyl methacrylate
(HEMA, CAS No. 868-77-9), hydroxyapatite (nanoHAp,
< 200 nm, CAS No. 12167-74-7), acetic acid (CAS No.
64-19-7), glutaraldehyde solution 50 wt % in H,O (CAS
No. 111-30-8), calcium chloride anhydrous 97 % (CaCl,,
CAS No. 10043-52-4), sodium chloride (NaCl, CAS No.
7647-14-5), tris(hydroxymethyl)aminomethane 99.8 %
[NH,C(CH,OH),, TRIS, CAS No. 77-86-1] and hydrochlo-
ric acid 37 % (HCl, CAS No. 7647-01-0) purchased from
Sigma Aldrich.

Solution preparation

Chitosan solution (3 % w/v) was prepared in an aque-
ous 1 % v/v acetic acid solution. PVA solution was pre-
pared by dissolving PVA in 3 : 2 alcohol : water solution
under mechanical stirring for 1.5 h at 60 °C. PVA compos-
ite solutions were prepared using analogous procedures,
adding CS, HEMA and nanoHAp as mentioned in Table 1.

Table 1. Matrix of composite solutions

CSs
Sample PVA (3 % wiv) HEl\/gA nanoHAp
g 3 cm mg
cm
PVA 8
PVA/CS 8 1
PVA/nanoHAp 8 1 5,10, 15
PVA/HEMA/nanoHAp | 8 0.3 515

Electrospinning setup

The experimental setup used for electrospinning pro-
cess consists of a high-voltage power supply (0-40 kV), a
plastic syringe containing the polymer solution and sy-
ringe needles with an internal diameter of about 0.5 mm,
as can be observe in Fig. 2.

The electrospinning exposition was carried for 60 min
and 25 kV.

The composite fibers were collected by a rotational collec-
tor which rotates at a constant speed (200 rpm). The negative
electrode was connected to the collector and the positive
electrode was connected to a needle. Considering the de-
scribed scaffold materials, several types of tubular scaffolds
are proposed and investigated in this study. The choice of
the scaffold concepts was based on tissue development.

Solutions for in vitro tests

In this study, the behavior of the scaffold was investi-
gated by exposing the materials in simulated body fluid
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Fig. 2. Schematic of electrospinning setup

(SBF), according to the Kokubo methodology taking into
account the variations in concentration in SBF. The pH
value was set at 7.38-7.44 at 36 °C. The ion composition
of SBF solution is shown in Table 2. The SBF solution was
refreshed every 8 days to maintain the ion concentration
that decreased due to calcium and phosphorous deposi-
tion on the samples [31].

Table 2. Composition of simulated body fluid (SBF)

Volume 1000 cm? 500 cm?® 250 cm?®
Concentration 1.5M 1.5M 1.5M
CaCl, 0249 g 01245 g 0.06225 g
K,HPO, 0.255 g 01175 g 0.05875 g
NaCl 12535 ¢ 6.2675 g 313375 g
TRIS 6.055 g 3.0275g 151375 g
Methods of testing

— The morphology and microstructure of the sam-
ples were evaluated using scanning electron microscopy

a)
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H

Fig. 3. SEM of PVA: a) before SBF (1500x), b) after 5 days SBF (1000x), c) after 8 days SBF (1000x), d) after 15 days SBF (1000x)

(SEM). The electrospinning fiber samples were coated
with a thin layer of gold by sputtering (Denton Vacuum,
model Desk V) and their morphologies were observed
under a scanning electron microscope JEOL model
JSM-6810LV that operated at voltage of 20 kV. The apatite
growth was observed.

— The samples were examined by Fourier transform
infrared (FI-IR) analysis with a PerkinElmer model
Spectrum Two, at room temperature (27 °C). The sam-
ples were analyzed with 16 scans averaging 4 cm™ reso-
lution between 4000 cm™ to 650 cm™. The FT-IR analysis
was used to characterize the presence of specific chemi-
cal groups of apatite.

RESULTS AND DISCUSSION

The in vitro bioactivity of samples of composite hydro-
gels based on PVA and nanoHAp was assessed by im-
mersion in an SBF solution. Sample modifications were
evaluated by SEM analysis. SEM analysis confirmed that
after the immersion in SBF solution, the samples didn't
preserved their fibrillar structure, SEM examination also
showed that in case of the surface of all samples covered
by a mineral, it was possible to observe the presence of ap-
atite growth on the surface which was greater for samples
containing nanoHAp, since the presence of nanoHAp in
the material increases the nucleation points for the apatite.

In Fig. 3, it is observed that in the PVA the fiber struc-
ture was lost in the membrane, evidencing that after
8 days of immersion in SBF there was a growth of apa-
tite on the PVA surface: mineral crystals covered most re-
gions of the surface of the samples, but the mineral layer
formed was very thin and the PVA could still be seen.

In case of the PVA/CS membrane it was observed
(Fig. 4) that the apatite growth on its surface was carried
out with 5 days of immersion in SBF, increasing this for-
mation in 8 (Fig. 4c) and 15 days of immersion (Fig. 4d).

With the addition of nanoHAp in the composites based
on PVA, it was observed that the apatite growth was more
evident, due the nucleation points increased with the

H

Fig. 4. SEM of PVA/CS: a) before SBF (1500x), b) after 5 days SBF (1000x), c¢) after 8 days SBF (1000x), d) after 15 days SBF (1000x)
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b)

Fig. 5. SEM PVA/nanoHAp 5 mg: a) before SBF (1500x), b) after 5 days SBF (1000x), c) after 8 days SBF (1000x), d) after 15 days SBF

(1000x)

a) b)

SBF (1000x)

a) b)

i

Fig. 7. SEM of PVA/nanoHAp 15 mg: a) before SBF (1500x), b) after 5 days SBF (1000x),

SBF (1000x)

a) b)

Fig. 8. SEM of PVA/HEMA/nanoHAp 10 mg: a) before SBF (1500x), b) after 5 days SBF (800x), c) after 8 days SBF (1000x), d) after

15 days SBF (1000x)
a)

Y - H 4
Fig. 9. SEM of PVA/HEMA/nanoHAp 15 mg: a) before SBF (1500x), b) after 5 days SBF (1000x), c) after 8 days SBF (1000x), d) after
15 days SBF (1000x)

presence of nanoHAp, having an acceptable bioactivity
in the samples (Fig. 5). The bioactivity in the samples in-
creases with increasing of the ceramic’s concentration of
5,10 and 15 mg (Figs. 5, 6 and 7) as a function of both the
concentration and the days of immersion in SBF.

In the case of PVA/HEMA/nanoHAp membranes, the
structure of the fibers is no longer observed as before the
immersion in SBF, but the growth of apatite on the sur-
face of the membrane is more evident as a function of
the nanoHAp concentration increased (10 and 15 mg) and

" (& ¥ H g
J A p

the SBF immersion time (5, 8 and 15 days), as seen in the
Figs. 8 and 9.

The FT-IR spectra of the mineralized
PVA/HEMA/nanoHAp membranes are shown in Fig. 10.

The absorption peaks of PVA were observed at
1464 cm™ (bending of OH and wagging of CH,), 1374 cm™
(stretching of C=0), and 1092 cm™ (stretching of CO and
bending of OH from amorphous sequence of PVA).
The peak on 1142 cm™ increased after the SBF immer-
sion, the intensity of this peak is influenced by the
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Fig. 10. FT-IR analysis of PVA/HEMA/nanoHAp before and
after SBF immersion

1400

crystalline portion of the apatite growth. On the other
hand, the formation of apatite is evidenced by P-O asym-
metric stretching bands lying at 1000-1144 and at 946 cm™
corresponding to PO,® group of nanoHAp. However,
there are also vibrational bands corresponding to the car-
bonate groups [CO,*] (840, 1430 cm™) after immersion in
SBF due to the organic origin that has the apatite.

CONCLUSIONS

The formation of apatite active layer occurs within a
short period on the surface of the PVA and nanoHAp
composites obtained by electrospinning technique after
soaking in SBF. It demonstrates high in vitro bioactivity of
tested samples and makes the composite suitable candi-
date for applications in tissue engineering. In case of the
addition of HEMA and 15 mg nanoHAp after 5 days of
immersion, this behavior is more evident, showing excel-
lent bioactivity. The bioactivity property of the composite
under exposure to SBF solution can be tailored by vary-
ing the nanoHAp concentration in the composite [32]. The
FT-IR analysis showed the increase of apatite after the
SBF immersion.
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