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Biocomposite hydroxyapatite/poly(vinyl alcohol)/chitosan/gentamicin coatings were fabricated on
titanium by an electrophoretic deposition process (EPD) from an aqueous suspension using the constant
voltage method. Characterization of the deposited coatings was performed by scanning electron micros-
copy with field emission (FE-SEM), Fourier transform infrared spectroscopy (FT-IR), and X-ray diffrac-
tion (XRD) after immersion in simulated body fluid (SBF) at 37 °C. The concentration of the released
gentamicin was determined using high-performance liquid chromatography (HPLC) coupled with a mass
spectrometer (MS). The release profile confirmed an initial “burst-release effect” with ~ 30 % of the gen-
tamicin released in the first 48 h, which could be of assistance in the prevention of biofilm formation. An-
tibacterial activity was proven by the agar diffusion method on Staphylococcus aureus TL and Escherich-
ia coli ATCC 25922 bacterial strains. Cytotoxicity was tested by the dye exclusion test (DET) on MRC-5
and L929 fibroblast cell lines, with both coatings expressing nontoxicity. The results showed the high ap-
plicability potential of a poly(vinyl alcohol)-based biocomposite coating for medical purposes.

Keywords: antibacterial; gentamicin release; poly(vinyl alcohol); chitosan; electrophoretic deposition

EJIEKTPO®OPETCKH BO EJIEH YEKOP HAHECEH ITPEMA3
OJ1 XUJJPOKCUATIATUT/MOJIM(BUHI AJTKOXOJ)/XUTO3MH/TEHTAMUIIUH
3A BUOMEJJUIWHCKH HEJIN

BrokoMIo3uTHH TIpemMasd OA XHUIPOAnaTUT/TIONH(BUHHUI aJIKOXOJ)/XUTO3WH/TEeHTAMUIIMH Ha
TUTaHUYM Oea MPOM3BEICHN CO MPOLeC Ha enekTpoHaHecyBawe (EPD) o1 BoaHa cycneH3uja, co mpuMeHa
Ha METOJ Ha KOHCTaHTEH HaroH. KapakrepusauujaTa Ha HaHECEHUTE NpeMasu Oelle M3BpIIeHa CO
CKeHHpayKa eNeKTPOHCKa MHKpockomuja co emucuja Ha mojie (FE-SEM), ®ypueoBa tpanchopmua
un¢paupeena cnekrpockonuja (FT-IR) u penarencka mudpakuuja (XRD) oTkako Oea MOTONEHH BO
cumynupan TeneceH Guynn Ha 37 °C. KoHneHTpanujaTta Ha 0cI000JCHHOT TeHTAMUIIUH Oellie oJipeicHa
cO mpuMeHa Ha BUcokoepukacHa TeuyHa xpomarorpaduja (HPLC) cnperHata co maceH cnektpomerap
(MS). IIpodunoT Ha 0CTOO0AYBAKHETO TO MOTBP/IH ,,e(HEKTOT HA EKCIIO3UBHO OCI000IyBamke™, IPHU MITO
30 % ox reHTaMUIMHOT ce ocioboayBa Bo mpBute 48 h, mTo momara Bo crpedyBame Ha 00pa3yBame
ouodunm. AHTHOAKTepHCKaTa aKTUBHOCT Oelle MOTBpJEHa CO METOJOT Ha arapHa audysuja Ha
Gakrepuckure coeBu Staphylococcus aureus TL u Escherichia coli ATCC 25922. IlutoToKCHYHOCTA
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Oelle TecTUpaHa co TECTOT 3a UCKIydyBame Ha 0ojara (DET) Ha kierounnTe nuHuMM Ha GuOpodIacTuTe
MRC-5 u 1929, npu 1mTo u ABaTa npeMasa Nokaxkaa Jieka He ce TOKCHYHH. Pe3yiraTuTe mokaskaa BUCOK
MOTEHIMjajl 32 TPUMEHINBOCT HA OMOKOMITO3UTHHOT MpeMa3 Oa3mpaH Ha TOJIH(BUHWI aJIKOXOJN) 3a

MCIOUIIMHCKH LICIIH.

Kayuynu 360poBH: aHTHOAKTEPUCKH; OCIO00yBakhe Ha TCHTAMUIIMH, MMOJU(BHHUI aIKOXOJ); XUTO3HH,;

eNneKTpoOPeTCKO HAHECYBahe

1. INTRODUCTION

Synthetic biomaterials have attracted much
attention from the scientific community and health
institutions due to their great possibilities for im-
plementation in various branches of regenerative
medicine.! The most widely researched biomateri-
als are bioceramic composites for applications in
dentistry and orthopedics.?® Titanium (Ti) is still
the most commonly used metallic material in re-
construction surgery due to its good mechanical
properties and corrosion resistance.*> To improve
biocompatibility and bioactivity and prevent bacte-
rial biofilm formation, surface modification of tita-
nium could be performed.®® Coating by hydroxy-
apatite (Caio(PO4)s(OH)2) (HAP) is very often a
good choice due to its similarity to the mineral part
of natural bone tissue.®'® As HAP is such a brittle
material,! synthetic and/or natural polymers are
often used in producing HAP-based composites to
provide good adhesion and improve the mechani-
cal properties of the coatings.’*** The natural pol-
ymer chitosan (CS) is a low-toxicity, biocompati-
ble, and biodegradable material. It has a wide
range of applications, e.g., in dental therapy, drug
and gene-delivery systems, wound healing, treating
skin after severe burns, etc.*>1" Poly(vinyl alcohol)
(PVA) is a synthetic, non-toxic, chemically stable,
biocompatible, water-soluble, biodegradable pol-
ymer. It has found applications in various pharma-
ceutical and biomedical areas, e.g., artificial carti-
lage, tissue engineering, drug carriers, and wound
dressing.®?2 PVA is used to immobilize chitosan,
reducing the crystallinity of the CS network and
thus enabling strong interactions among functional
groups.22 Chitosan and PVA are known to pos-
sess high film-forming ability.?>?® A combination
of PVA and CS can improve coatings” adhesion to
metal substrates and mechanical characteristics.

Surgical site infections caused by microor-
ganism colonization and contamination represent
more than 30% of in-hospital infections, having a
huge impact on morbidity and mortality in patients.
With the aim of successfully preventing and treat-
ing infections, the fundamental issue is to choose

the appropriate type of antibiotic. The antibiotic
must be sensitive towards a broad antibacterial
spectrum (both Gram-negative and Gram-positive
bacteria) and have a low percentage of resistant
species.?’ The use of antibiotic prophylaxis can
potentially reduce post-surgical complications,?
but prolonged antibiotic therapy can cause antimi-
crobial resistance across bacterial, fungal, protozo-
al, and viral infections. Nowadays, the prevention
of post-surgery conditions can be provided by ap-
plying sufficient doses of antibiotics at the implan-
tation site during surgical procedures, preventing
biofilm formation on the surrounding tissue.?®
There are two different approaches when applying
local antibiotic therapy, e.g., the application of bi-
oceramic and/or bioactive glasses or the applica-
tion of antibiotic-loaded polymers. Antibiotic-
loaded polymethyl methacrylate (PMMA) beads or
bead chains can be applied directly in situ as local
antibiotic delivery to prevent biofilm formation.°
Although good results are achieved this way,
PMMA beads are intended for temporary use,
needing second-stage surgery to remove them and
a reconstructive procedure to fill the void.®! On the
other hand, applying bioceramics and bioactive
glasses allows single-step surgery, omitting the
need for additional surgical procedures.®* The in-
jection of antibiotics in bioceramics can improve
the implant's ability to prevent biofilm formation.
A significant number of post-surgery orthopedic or
fracture fixation infections are caused by Staphylo-
coccus aureus, Gram-positive bacteria.3* Very
often, the antibiotic of choice is gentamicin (Gent),
3438 3 water-soluble, wide-spectrum, aminoglyco-
side antibiotic sensitive to both Gram-negative and
Gram-positive bacteria.??®333%40 Dye to its nu-
merous advantages (e.g., uniform composition and
thickness of the deposited coatings, the possibility
of deposition on substrates of complex geometries
found in orthopedics, low degree of environmental
pollution, and room temperature processing, which
is crucial for deposition of bioceramic coatings
containing thermolabile antibacterial agents)*
electrophoretic deposition (EPD) was chosen for
the production of biocomposite coatings loaded
with Gent. 4+
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Electrophoretic deposition of composite
coatings containing chitosan and gentamicin (along
with methyl-cellulose,*® gelatin and bioactive
glass,*” gelatin, silica-gentamicin and bioactive
glass,*® hydroxyapatite*, etc.) has been reported in
the literature. Gentamicin could be introduced into
the composite coatings by pre-loading®* or in a
single-step process. #6474

In this research, we represent novel results
dealing with biocompatibility and antibacterial
properties, as well as bioactivity and mathematical
modeling of the gentamicin release from a compo-
site coating of unique composition, i.e., hydroxyap-
atite/poly(vinyl alcohol)/chitosan/gentamicin, ob-
tained from a four-component aqueous suspension
by single-step electrophoretic deposition. The for-
mation of organosolvent-free biocompatible com-
posite coatings deposited from aqueous suspension
is especially advantageous due to the potential ap-
plications in reconstructive surgery where local
drug administration is needed.

2. EXPERIMENTAL

Materials. Hydroxyapatite powder (parti-
cles <200 nm particle size, Sigma-Aldrich), chi-
tosan powder (medium molecular weight, 190-310
kDa with 75-85 % deacetylation degree, Sigma-
Aldrich), poly(vinyl alcohol) (medium molecular
weight 89-98 kDa, 99 % hydrolyzed, Sigma-
Aldrich), and agqueous gentamicin sulfate solution
(concentration 50 mg/ml, Sigma-Aldrich) were
used. Titanium plates, Ti, (99.7 % purity, 0.25 mm
thickness, Sigma-Aldrich) were mechanically pol-
ished before EPD (grit emery paper) and ultrasoni-
cated (15 min in acetone and 15 min in ethanol). Ti
plate dimensions used for all characterization
methods were 1 x 1 cm, except for the cytotoxicity
assay where 0.5 x 0.5 cm Ti plates were used.

Electrophoretic deposition. EPD was per-
formed in an aqueous suspension consisting of hy-
droxyapatite (1.0 wt%), chitosan (0.05 wt%), and
poly(vinyl alcohol) (0.1 wt%) for HAP/PVA/CS
coatings, with the addition of gentamicin sulfate
(0.1 wt%) for HAP/PVA/CS/Gent coatings. The
pH value was 4.23.

The CS solution was prepared by dissolving
0.05g of CS in a 1% acetic acid solution under
vigorous stirring and ultrasonication for 6 h. PVA
(0.1 g) was dissolved in water by stirring and heat-
ing for 2 h at 90 °C. The PVA solution was then
cooled to room temperature and added to the CS
solution drop-wise under constant stirring. HAP
(1.0 g) was added to the PVA/CS solution under
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vigorous stirring followed by ultrasonication. After
complete homogenization of the HAP/PVA/CS
suspension, Gent (2 ml of gentamicin sulfate in
100 ml suspension) was added. The HAP/PVA/CS/
Gent suspension was refrigerated and aged for 5
days. The cathodic EPD process was performed on
the titanium plate (working electrode, cathode)
under constant stirring. Two platinum panels
(counter electrodes, anodes) were placed parallel to
the Ti plate at distances of 1.5cm. An EV231
Electrophoresis Power Supply (Peglab, Erlangen,
Germany) was employed as a constant voltage
source. Coatings were deposited at previously de-
termined optimal deposition parameters, e.g., a
constant voltage of 7V and deposition time of
12 min. Optimal deposition parameters for the
EPD process were determined in the voltage range
from 5 to 8 V and for deposition times between 5
and 25 min (data not shown). The optimal parame-
ters were determined to be 7 V and 12 min, accord-
ing to the adhesion test, the coatings' mass, and
surface homogeneity. After deposition at optimal
conditions, the coatings were air-dried at room
temperature for 24 hours. Coatings thicknesses
were 30 + 11pum and 3.1 = 09pum for
HAP/PVA/CS and HAP/ PVA/CS/Gent coatings,
respectively.®!

Characterization. Scanning electron mi-
croscopy with field emission (FE-SEM) was em-
ployed to examine the surface morphology of
HAP/PVA/CS and HAP/PVA/CS/Gent coatings
deposited on the Ti substrate before and after im-
mersion in simulated body fluid (SBF). A Mira 3
XMU FEG-SEM (Tescan, Czech Republic) in-
strument, operated at a voltage of 20.0 kV with a
secondary electron detector (SE), was used. The
coatings were analyzed by Fourier transform infra-
red spectroscopy (FT-IR) in ATR mode (range
from 4000 to 400 cm™) using a Nicolet iS10 FT-IR
spectrometer (Thermo Scientific, Sweden) with a
resolution of 4cm™? X-ray diffraction (XRD)
analysis was performed by a powder diffractometer
(Philips PW 1710, Philips, the Netherlands) with
Ni-filtered Cu Ko radiation (1 =1.5418 A). The
diffraction intensity was recorded between 4 and
70° at a step of 0.05°. Composite coating adhesion
strength was investigated according to 1SO 2409,5
and tests were performed in triplicate.

Gentamicin release. The experimental pro-
cedure for determining the total amount of gen-
tamicin loaded on coated Ti plates is described in
detail in our previously published papers.*# In
brief, the total amount of gentamicin transferred to
the coating during the EPD process was deter-
mined after the complete dissolution of the
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scrapped coating in acidified deionized water. As a
model system, gentamicin release studies were per-
formed during 21-day immersion in deionized wa-
ter at 37 °C, and all the measurements were done
in triplicate. High-performance liquid chromato-
graphy (HPLC) (Dionex UltiMate® 3000 LC sys-
tem, Thermo Fisher Scientific, USA) was utilized
for gentamicin component separation. The detec-
tion and quantitative analyses were done in a linear
ion trap mass spectrometer (MS) (TQ XL, Thermo
Fisher Scientific) with an electrospray ionizer. The
HPLC was equipped with a reverse-phase column
(75 mm X 4.6 mm, 3.5 um) Zorbax Eclipse®
XDB-C18 (Agilent Technologies, USA), in front
of which a pre-column (12.5 mm X 4.6 mm, 5 pm)
was placed. Methanol (A), deionized water (B),
and 10 % acetic acid (C) comprised the mobile
phase. The optimized HPLC and MS operating
parameters (mobile-phase gradient, analytes' pre-
cursor ions, fragmentation reactions used for quan-
tification, and optimal collision energies) for the
determination of gentamicin compounds were pub-
lished in our previous paper.** The gentamicin
mass spectra were collected in the m/z range of 50—
1000. As expected, the MS spectrum revealed the
three most abundant ions since gentamicin is com-
posed of three compounds: gentamicin Cla, C2,
and C1. These ions were further chosen as the pre-
cursor ions for each compound. Their most sensi-
tive transitions were selected for quantification
purposes. The gentamicin concentrations presented
represent sums of the three determined gentamicin
compounds.

Antibacterial activity. The agar diffusion
test of antibacterial activity was performed in Len-
nox broth medium containing 0.7 wt% of agar in
the final volume. The heated medium was poured
into Petri dishes forming thick layers (~4 mm) and
densely inoculated with Gram-negative Escherich-
ia coli ATCC 25922 and pathogenic Gram-positive
Staphylococcus aureus TL (collection of cultures
of the University of Belgrade, Faculty of Technol-
ogy and Metallurgy) bacterial strain cultures not
older than 18 h in concentrations 10°-10° CFU/ml.
The Petri dishes were left for 15 min at room tem-
perature. HAP/PVA/CS and HAP/PVA/CS/Gent
coatings (10x10 mm on Ti plates of 1 mm thick-
ness), previously sterilized in an autoclave at
121 °C for 30 min, were then placed onto the agar
surface. After overnight incubation at 37 °C, sam-
ples displayed antibacterial activity, which was
subsequently evaluated by measuring the diameters
of the inhibition zones.

Cytotoxicity. The cytotoxicity of HAP/
PVA/CS and HAP/PVA/CS/Gent coatings was

tested by dye exclusion test (DET) using two fi-
broblast cell lines (L929 and MRC-5). The L929
(ATCC CRL-6364) mouse-origin cell line was
used along with the MRC-5 (ATCC CCL-171)
human fibroblast line. As per the FDA Biological
Evaluation Guidance and the recommendations
given by International Standard 1SO 10993-1, cy-
totoxicity testing of a new medical implant materi-
al was conducted on a mice fibroblast cell line
L929 (ATCC CRL-6364). Human-origin fibroblast
cell line MRC-5 was also tested due to its similari-
ty to the targeted connective tissue. A standardized
cell propagation protocol was used where cells
were cultivated in DMEM medium supplemented
with 10% fetal calf serum (FCS) and antibiotics
antimycotic solution (Sigma). Cells were subcul-
tured twice a week and trypsinized in EDTA
(Serva), 0.1 wt % solution, to achieve a single-cell
suspension. Flasks of 25 cm? (Costar) were used
for cell line culturing at 37 °C, 100 % humidity,
and 5 % CO,. Cells in the exponential phase of
growth were used for all the assays.

Statistical analysis. One-way analysis of
variance (ANOVA) was used to evaluate the statis-
tical significance of the cytotoxicity assay results.
The differences between the samples were statisti-
cally evaluated by comparing the calculated p-
value to the p-value of the null hypothesis with a
significance level of 0.05. The results were consid-
ered statistically significant if the p-value was low-
er than 0.05.

3. RESULTS AND DISCUSSION

3.1. FT-IR analysis

FT-IR spectra of biomimetically grown HAP
on the top of HAP/PVA/CS and HAP/PVA/CS/
Gent coatings on Ti after immersion in SBF at
37 °C for 7 and 14 days are represented in Figs.la
and b, respectively. The positions of detected
bands are listed in Table 1. Characteristic bands
confirming the presence of POs* groups can be
detected in two regions: 450-620cm™ (O-P-O
bending modes in the phosphate group) and 900-
1200 cm™ (P-O stretching vibrations of the phos-
phate group).**444° Hydroxyl groups in the HAP
structure can be detected at around 630 cm™ (OH-
bending) and at 3568 cm™ (OH- stretching),*34%53
for all of four biomimetically grown HAP coatings.
The wide bands at around 3300 cm™ (for
HAP/PVA/CS) and 3350 cm™ (for HAP/PVA/CS/
Gent) can be assigned to the adsorbed water.5+5°
As reported in the literature,® carbonate bands can
be detected at approximately 872, 879, 1415, 1455,
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and 1468 cm™ for all biological apatites. Natural
bone consists of an organic phase (collagen) and a
mineral phase (substituted hydroxyapatite). The
substitution with carbonate groups occurred be-
tween hydroxyl and phosphate groups from HAP,
leading to the formation of A- and B-type substi-
tuted HAP, respectively, or combined AB-type
substitution.*>* As represented in Figure 1, the
vibrational mode of the O-C-O group can be de-
tected at around 873 cm™, while bands in the re-
gion 1400-1500 cm™ can be attributed to the O-C
group vibrational mode.*? Based on the position of
carbonate bands in HAP layers grown on the top of
HAP/PVA/CS and HAP/PVA/CS/Gent coatings
after immersion in SBF at 37 °C for 7 and 14 days
(Table 1), it can be concluded that both AB- and
B-type substitution in HAP occurred.>”* Bands at
around 1413 and 1420 cm™! can be assigned to B-
type substitution in HAP, along with a band posi-
tioned at 1465 cm™, known as the "signature" band
for B-type substitution in a HAP structure.**” On
the other side, bands positioned at around 873 and
1458 cm™ can be assigned to the AB-type of sub-
stitution.** Therefore, for our biomimetically
grown layers on the top of both coatings, B-type
substitution in HAP dominated over AB-type sub-
stitution. These findings corroborated well with the
results of XRD analysis (Section 3.2.), where the
presence of B-type carbonated HAP was detected
as a separate phase. As natural bone apatites are
classified as carbonate substituted,> it can be pro-
posed that our coatings, with the matching compo-
sition, could be potentially used as biomaterials.

Table 1

—— HAP/PVA/CS coating, after 14 days in SBF

Transmitance (%)

1 I 1 1 I 1 1 I

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’™)

@)

——IAP/PVA/CS/Gent coating, alter 14 days in SBF

Transmitance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

(b)

Fig. 1. FTIR spectra of (a) HAP/PVA/CS and
(b) HAP/PVA/CS/Gent coatings after soaking in SBF at 37 °C
for 7 and 14 days (bands denotation: * PO4%; + CO3s%; ° OH")

Characteristic FTIR bands of HAP layers biomimetically grown on the top of HAP/PVA/CS and
HAP/PVA/CS/Gent coatings after immersion in SBF at 37 °C for 7 and 14 days

Wavenumber, cm-142-44.49,53,54

Coating Group Immersion time, days
7 14
Vibrational modes of 962; 1024; 1087 962; 1020; 1087
PO43 group 468; 560; 600 560; 600
N 626 629
HAP/PVA/CS -
Vrlc?uratlonal mode of OH 3332 3334
group 3568 3568
Vibrational mode of CO3% 873; 1414; 1420; 1458; 873; 1413; 1420; 1458;
group 1465 1465
Vibrational modes of 961; .10225 1087 962; _10225 1086
POs* group 472; 562; 600 472; 561; 600
I 630 628
HAP/PVA/CS/Gent Vibrational mode of OH- 3357 3345
group 3568 3568
Vibrational mode of CO3z* 873; 1412; 1420; 1458; 874, 1414, 1420; 1458;
group 1466 1465
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3.2. X-ray diffraction

XRD patterns for biomimetic HAP, grown on
the top of HAP/PVA/CS and HAP/PVA/CS/Gent
coatings after immersion in SBF at 37 °C for 7 and
14 days, are represented in Figure 2.

Diffraction maximums corresponding to hy-
droxyapatite are denoted as 1 (hydroxyapatite
(HAP), JCPDS 09-0432), 2 (carbonate substituted
hydroxyapatite (C-HAP), JCPDS 19-0272), and H
(HAP and C-HAP, where diffraction maximums
are overlapped). Diffraction maximums corre-
sponding to titanium substrate (#-a-Ti, JCPDS 44-

80
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1294) were also detected. For all coatings, the
broadening of diffraction maximums suggested the
existence of small HAP crystallites (Fig. 2). Table
2 shows d-spacing values for biomimetic coatings
obtained on top of HAP/PVA/CS and HAP/PVA/
CS/Gent coatings after immersion in SBF for 7 and
14 days. The values were calculated from the char-
acteristic hydroxyapatite crystal planes (002),
(211), (112), (300), and (202). For newly formed
biomimetic coatings, d-spacing values remained
unchanged for different soaking periods for both
HAP/PVA/CS and HAP/PVA/CS/Gent coatings.
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Fig. 2. XDR patterns for (a, ¢) HAP/PVA/CS and (b, d) HAP/PVA/CS/Gent coatings after immersion
in SBF at 37 °C for 7 and 14 days, respectively

Table 2

The d-spacing values of the characteristic hydroxyapatite crystal planes

Crystal planes

Coating Time in SBF, (002) @10 (112) (300) 202)

days d-spacing, A
HAP/PVAICS 7 3.4512 2.8114 2.7811 2.7271 2.6320
HAP/PVAICS 14 3.4514 2.8100 2.7811 2.7183 2.6300
HAP/PVA/CS/Gent 7 3.4411 2.8151 2.7805 2.7274 2.6311
HAP/PVA/CS/Gent 14 3.4487 2.8115 2.8051 2.7184 2.6300
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Hydroxyapatites' characteristic crystal plane
(002) was used for the calculation of unit cell pa-
rameters (a and c) and unit cell volume (V), as well
as the crystallite domain size of biomimetically
grown coatings after soaking in SBF. The results
are represented in Table 3.

The growth of biomimetic HAP occurred
through the parallel processes of precipitation and
dissolution during exposure to the SBF solution
(biomineralization process). Also, the antibiotic
present in the HAP/PVA/CS/Gent coating was re-
leased during the biomineralization process. After
the composite coatings were exposed to the SBF,
negatively charged hydroxyl and phosphate ions
from the coatings' surface attracted calcium ions
from the SBF solution, leading to the formation of
a supersaturated solution towards apatite, and, con-
sequently, nucleation and growth of biomimetic
HAP. Along with biomimetic HAP precipitation,
its dissolution occurred, leading to an increase in
Ca?* and PO.* ion concentrations on the coating
surface.5%6! The precipitation rate dominated over
the dissolution rate of HAP, leading to the for-
mation of biomimetic coatings. After drug-loaded
coating (HAP/PVA/CS/Gent) exposure to SBF, the
release of the antibiotic occurred simultaneously
with the biomimetic HAP precipitation/dissolution.
The release of an antibiotic from biodegradable
systems could be described through diffusion, dis-
solution, and erosion mechanisms or a combination
thereof.®2%® As a consequence of all the processes
mentioned above, crystallite domains for the newly

Table 3

grown HAP on both coatings after immersion in
SBF for 7 days were very similar though slightly
smaller than the crystallite domain size of as-
deposited coatings, e.g., 138 A for HAP/PVA/CS
after 7-day immersion (172 A for as-deposited
HAP/PVA/CS) and 141 A for HAP/PVA/CS/Gent
after 7 days of immersion (165 A for as-deposited
HAP/PVA/CS/Gent) (Table 3).>* On the other side,
a greater difference in the crystallite domain size
could be observed after 14 days of exposure to the
SBF compared to the crystallite domain size of
biomimetic HAP grown after 7 days of immersion
in SBF. It can be assumed that the large molecule
of gentamicin could suppress further growth of
biomimetic HAP crystals, leading to the formation
of finer crystallites in the biomimetic HAP coating
formed on the top of gentamicin-loaded coating
(305 A) than in the antibiotic-free coating (421 A).
Unit cell parameters remained almost unchanged
during soaking time. Based on the experimental re-
sults, both HAP/PVA/CS and HAP/PVA/CS/Gent
coatings were able to induce the nucleation and
growth of biomimetic HAP and, therefore, could be
considered potential biomaterials for improving im-
plant and natural bone integration. Additionally,
carbonate-substituted HAP (JCPDS 19-0272), de-
tected in all biomimetic coatings, is known to be B-
type substituted (Caio(POs4)3(COs)3(OH),).** Based
on literature data, all carbonate substitutions in bone
minerals are primarily B-type substitutions.®® Judg-
ing on this property alone, our coatings are promis-
ing biomaterials for osseointegration.

Unit cell parameters (a and c), unit cell volume (V), and crystallite domain size of hydroxyapatite layer on
the top of HAP/PVA/CS and HAP/PVA/CS/Gent coatings after immersion in SBF at 37 °C for 7 and 14 days.

Coating Time in Parameter Crystal_lite domain

SBF, days a, A ¢, A Vv, A3 size, A

0* 9.3754* 6.8549* 521.82* 172*
HAP/PVA/CS 7 9.4274 6.8859 530.00 138
14 9.4585 6.8962 534.30 421

0* 9.3637* 6.8400* 519.38* 165*
HAP/PVA/CS/Gent 7 9.4389 6.8945 531.86 141
14 9.4449 6.8929 532,51 305

*Cell parameters of hydroxyapatite of as-deposited HAP/PVA/CS and HAP/PV A/CS/Gent coatings®*

3.3. Scanning electron microscopy and adhesion
properties

Figure 3 shows FE-SEM micrographs of

HAP/PVA/CS (Figs. 3a and ¢) and HAP/PVA/CS/
Gent (Figs. 3b and d) coatings before and after

Maced. J. Chem. Chem. Eng. 42 (2), 249-262 (2023)

immersion in SBF for 7 days at 37 °C, respective-
ly. No significant differences in the surface mor-
phology could be observed for both coatings be-
fore immersion in SBF (Figs. 3a and b). However,
hydroxyapatites” characteristic spherical agglom-
erates of different sizes, embedded into the poly-
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mer matrix of PVA/CS, can be visualized, meaning
that the gentamicin incorporation (Fig. 3b) did not
affect the coatings’ morphology. SEM micrographs
of HAP/PVA/CS and HAP/PVA/CS/Gent coatings
after immersion in SBF are shown in Figures 3c and
d, respectively. Compared to the coatings before im-
mersion, a change in the surface morphology can be
observed after only 7 days of exposure to SBF, sug-
gesting the formation of a new biomimetic layer with
needle-like shaped HAP agglomerates. Noticeable
differences between the topography of newly formed
HAP on the top of HAP/PVA/CS/Gent and
HAP/PVA/CS coatings could be attributed to the
presence of gentamicin. It is known that the release of
antibiotics from a polymer matrix is governed by
diffusion, dissolution, and erosion or by a combina-
tion of these three processes,® leading to coatings

SEM HV: 20.0 kV WD: 9.20 mm MIRA3 TESCAN

View field: 3.79 pm Det: SE 1pm
SEM MAG: 50.0 kx Date(m/dly): 05/18/21

¢ o

SEM.HV: 20.0 kV WD: 8.97 mm
View field: 6.32 ym Det: SE
SEM MAG: 30.0 kx | Date(m/dly): 05/18/21

(b)

topography change. FE-SEM, along with XRD and
FTIR results, confirmed the bioactivity of both
HAP/PVA/CS and HAP/PVA/CS/Gent composite
coatings after immersion in SBF through the coat-
ings’ ability to induce the growth of a new layer, fa-
cilitating bonding between implants and natural bone.

Figure 4 represents the test of the adhesion
between Ti substrate and HAP/PVA/CS (Fig.4a)
and HAP/PVA/CS/Gent (Fig. 4b) coatings, per-
formed according to ISO 2409 standard (six-step
classification). The adhesion test results showed
the appearance of small detachments of the coat-
ings at the intersections of the cuts (less than 5 %
of the coatings' surface). These can be classified as
“1”, according to the ISO 2409 standard. These
results suggest good adhesion properties for both
composite coatings.

HAP/PVA/CS -7 days, SBF

) T ~
SEM HV: 20.0 kV WO: 8.44 mm MIRA3 TESCAN|
View fleld: 3.79 ym Dot: S& 1pm
SEM MAG: 50.0 kx  Date{midy): 018721

b

levycS/Gsm -7 days, SBF
Ay

SEM HV: 200 %V
View fleld: 3.79 pm
SEM MAG: 50.0 kx Date{midy): 051821

Fig. 3. SEM microphotographs of HAP/PVA/CS and HAP/PVA/CS/Gent coatings before (a, b)
and after (c, d) immersion in SBF at 37°C for 7 days, respectively
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@)

!
(b)

Fig. 4. Test of adhesion between titanium substrate and composite coatings (a) HAP/PVA/CS and (b) HAP/PVA/CS/Gent.

3.4. Gentamicin release

Gentamicin release from the deposited
HAP/PVA/CS/Gent coating was investigated dur-
ing immersion in deionized water for 21 days (Fig.
5). The initial burst-release reaching ~30% ob-
served in the first 48 h could be of importance in
the prevention of biofilm formation by bacterial
cell adhesion. After 21 days, the percentage of gen-
tamicin released from the HAP/PVA/CS/Gent
coating remained at approximately the same level.

The experimental data were fitted with early
time approximation (ETA) kinetic models in order
to investigate the main diffusion mechanism and
determine the diffusion coefficient of gentamicin.

0.35
030 — .

025 /

0.20

Crul.l /C()

0.10 H

0.05

0.00 1 L L 1
0 5 10 15 20 25

t (days)

Fig. 5. Gentamicin release from HAP/PVA/CS/Gent coating
in deionized water at 37 °C for 21 days

ETA assumes a linear correlation between
the released amount of active substance and the
square root of time. According to Ritger and Pep-
pas®, this model can be used for one-dimensional
release from thin films, and it is utilized to calcu-
late the diffusion coefficient of gentamicin at the

Maced. J. Chem. Chem. Eng. 42 (2), 249-262 (2023)

time of its release from the HAP/PVA/CS/Gent
coating (Equation 1):
Crel,t _ Dt
C_o =4 X e @
The parameters in Equation (1) are as fol-
lows: Cr is the concentration of gentamicin re-
leased at the time t; Cy is the total initial concentra-
tion of gentamicin in the deposited coating; D is
the diffusion coefficient of gentamicin; and ¢ is the
thickness of the coating. The ETA model can be
used as a Fickian diffusion model for release from
thin composite films only for the initial release
period. The ETA model applied to the release pro-
file of HAP/PVA/CS/Gent coating is represented
in Figure 6. The diffusion coefficient, D, of gen-
tamicin was calculated to be 9.6-107° cm? st A
steady release of gentamicin from the coating
could be beneficial for the intended purpose of a
biocomposite in orthopedic implants because the
risk of infection is the highest post-operation. This
system allows targeted drug delivery with an initial
release burst, thus preventing initial bacterial infec-
tion and biofilm formation at the implantation site.

030F ¥y=0.0007x -
R? =0.9996 .
0.25
,..
0.20 F
<
S 015F
N
0.10 F
0.05 |
000 o 1+ oy
0 50 100 150 200 250 300 350 400 450

rIt‘2 (SIJE)

Fig. 6. Early-time approximation of gentamicin release
from HAP/PVA/CS/Gent coating
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3.5. Antibacterial activity

The antibacterial activity of HAP/PVA/CS
and HAP/PVA/CS/Gent coatings against Esche-
richia coli ATCC 25922 and Staphylococcus aure-
us TL bacterial strains was examined by the agar
diffusion method. The results are shown in Figure
7. Control samples of HAP/PVA/CS coatings did
not show any antibacterial activity, while the
HAP/PVA/CS/Gent coating was active against
bacteria. In the case of E. coli (Fig. 7a), lighter
(maximum bacterial susceptibility 19 mm in diam-
eter) and darker (moderate bacterial susceptibility
29 mm in diameter) circular inhibition zones were
observed. Against Staphylococcus aureus (Fig.
7b), darker (measured dimensions: width 37 mm,
length 42 mm) and lighter inhibition (measured
dimensions: width 32 mm, length 40 mm) zones,
ellipsoidal in shape, were also noticed. According
to the dimensions of the inhibition zones measured
against both bacterial strains, strong activity of the
selected antibacterial agent Gent could be verified
against E. coli ATCC 25922 and Staphylococcus
aureus TL, with stronger activity against Staphylo-
coccus aureus TL. Gent is a prototype aminogly-
coside antibiotic. Its mechanism of action is inhibi-
tion of protein synthesis in bacteria. Aminoglyco-
sides, in general, and gentamicin, in particular,
bind irreversibly to specific bacterial 30S protein
subunits and 16S rRNA, thus preventing the for-

mation of mRNA initiation complexes.®® The re-
sults are in compliance with the literature data
since gentamicin is generally very active against
some staphylococcus and streptococcus, which
explains its strong antibacterial activity against
Staphylococcus aureus TL.8” Although meticulous-
ly assessed, agar diffusion analysis provided more
of a qualitative measure of HAP/PVA/CS/Gent
coating antibacterial activity. However, these re-
sults were in excellent compliance with the quanti-
tative monitoring of changes in the viable number
of bacterial cells in suspension that we had already
published for the system.®* The antibacterial effect
of HAP/PVA/CS/Gent was very prominent against
E.coli since the bacteria cell count of 10® CFU mlI*
decreased to 102 CFU ml in just 15 min of inocu-
lation®. After 1h of incubation, no bacterial colo-
nies were visualized on the plates. The same con-
clusion was verified for the wide inhibition zone of
E.coli (Fig. 7a). In the case of antibiotic-loaded
coating, HAP/PVA/CS/Gent, S.aureus viable cells
were completely diminished immediately after in-
oculation, i.e., bacterial cell count dropped from
the initial 10° CFU ml to zero® for this Gram(+)
bacterial strain. Indeed, the wide, light inhibition
zone in Fig 7b confirms the calculated values.
Therefore, the HAP/PVA/CS/Gent coating materi-
al could be classified as bactericidal®® due to the
effective and immediate reduction of both bacteria.

Fig. 7. Antibacterial activity of HAP/PVA/CS (control plate, 1) and HAP/PVA/CS/Gent (2)
coatings against bacterial strain E. coli (a) and Staphylococcus aureus (b)

3.6. Cytotoxicity

The bar chart in Figure 8 depicts the results
of the trypan blue DET assay for HAP/PVA/CS
and HAP/PVA/CS/Gent coatings, performed on

two fibroblast cell lines, human MRC-5 and mouse
L929, to estimate cell viability in the presence of
the material.

The Trypan blue exclusion test of cell viabil-
ity is based on cell staining after mixing with the

Maced. J. Chem. Chem. Eng. 42 (2), 249-262 (2023)
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dye. Damaged cells uptake the dye, while undam-
aged cells remain unstained. The evaluation of cell
growth (% cell viability) was expressed as a per-
cent of control and further estimated based on the
ratio of stained and unstained cells. The
HAP/PVAICS coating slightly provoked the inhi-
bition of growth in MRC-5 (94.2 %) and L929
(89.1 %). After the gentamicin introduction, the
cell growth appeared to increase for both MRC-5
(96.9 %) and L929 (92.1 %) cell lines. The surface
granulation of the HAP/PVA/CS/Gent composite
coating seemed to stimulate the proliferation of
both cell lines regardless of their origin.

DET

H MRC-5

Cell viability, (%)

80

HAP/PVA/CS

HAP/PVA/CS/Gent

Fig. 8. Viability of MRC-5 and L929 cells (expressed as a
percent of control) when exposed to HAP/PVA/CS and
HAP/PVA/CS/Gent coatings. *p < 0.05 for the respective
cell lines

4. CONCLUSION

Biocomposite  poly(vinyl alcohol)-based
HAP/PVA/CS and HAP/PVA/CS/Gent coatings on
Ti substrates were successfully obtained by elec-
trophoretic deposition (EPD). Homogeneous coat-
ings of uniform thickness were assembled at a con-
stant deposition voltage of 7 V for 12 min. The
bioactivity of both HAP/PVA/CS and HAP/PVA
/CS/Gent coatings after immersion in simulated
body fluid (SBF) at 37 °C, i.e., the growth of a new
phase of hydroxyapatite, was proven by FE-SEM,
FT-IR and XRD analysis. In addition, XRD and
FT-IR spectra confirmed the presence of character-
istic carbonate bands and AB-type substitution in
HAP structure, as well as B-type substitution. Both
HAP/PVA/CS and HAP/PVA/CS/Gent coatings
proved non-cytotoxic against two fibroblast cell
lines — human MRC-5 and mouse L929.

Only the HAP/PVA/CS/Gent coating exhibit-
ed antibacterial activity against Escherichia coli
ATCC 25922 and Staphylococcus aureus TL bacte-

Maced. J. Chem. Chem. Eng. 42 (2), 249-262 (2023)

rial strains. The gentamicin release study indicated a
"burst" release effect in the first 48 h, with ~ 30 %
of total gentamicin released from the HAP/PVA/
CS/Gent coating, which is beneficial for the block-
age of biofilm formation, followed by slow and
steady release in the later time period. Using the
Fickian diffusion model and early time approxima-
tion, the value of diffusion coefficient, D, of gen-
tamicin through the HAP/PVA/CS/Gent coating
was calculated to be 9.6-101° cm? s ™2,

All the above indicates good potential for
the implementation of bioceramic HAP/PVA/CS/
Gent coatings on titanium implants in orthopedic
and dental practice.
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