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Abstract In this study, chitosan—Laponite nanocomposite
coatings with bone regenerative potential and controlled drug-
release capacity are prepared by electrophoretic deposition
technique. The controlled release of a glycopeptide drug, i.e.
vancomycin, is attained by the intercalation of the polymer and
drug macromolecules into silicate galleries. Fourier-transform
infrared spectrometry reveals electrostatic interactions between
the charged structure of clay and the amine and hydroxyl groups
of chitosan and vancomycin, leading to a complex positively-
charged system with high -electrophoretic mobility. By
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applying electric field the charged particles are deposited on the
surface of titanium foils and uniform chitosan films containing
25-55 wt% Laponite and 937-1655 pg/cm? vancomycin are
obtained. Nanocomposite films exhibit improved cell attach-
ment with higher cell viability. Alkaline phosphatase assay
reveals enhanced cell proliferation due the gradual dissolution
of Laponite particles into the culture medium. In-vitro drug-
release studies show lower release rate through a longer period
for the nanocomposite compared to pristine chitosan.
Graphical Abstract

1 Introduction

Recently, biopolymer-clay mineral nanocomposites have
attracted considerable research interest in biomedical and
pharmaceutical applications [1]. The superior properties of
these materials such as biodegradability, biocompatibility
and tunable mechanical properties are essential keys for
tissue engineering and controlled drug delivery [I, 2].
Among biopolymers, chitosan (CS), a positively charged
semi-crystalline polysaccharide, has been widely used to
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prepare nanocomposites with many different types of clay
[3, 4]. Chitosan is mainly composed of N-acetyl p-glu-
cosamine and D-glucosamine units [5]. The antibacterial
nature [6, 7], biocompatibility [8], biodegradability [9] and
non-toxicity [10] combined with some of the polymeric
properties of chitosan have made this polysaccharide as a
promising candidate for tissue engineering [5, 11] and drug
delivery applications [12]. The biocompatibility of chitosan
is originated from its structural similarity to glycosamino-
glycans, which are the major component of the extracel-
lular matrix (ECM) of bone and cartilage [13]. Chitosan
has also widely been used as an excipient, e.g. as film
forming or gelling agent in the field of pharmaceutics [14].
Due to its controlled-release properties, chitosan is com-
monly used in the preparation of tablets, beads, micro-
spheres, hydrogels and films [12]. Recent studies have
shown that not only clay minerals enhance the thermal
stability and mechanical properties of chitosan [4], but also
improve the drug encapsulation and release rate [15]. As a
result, clay minerals such as Montmorillonite [16], Lapo-
nite [17] and magnesium aluminum silicate [14] are used in
pharmaceutical technology as active agents for the devel-
opment of new hybrid drug delivery systems with suit-
able biological activities. This is primary due to their
desirable properties including chemical inertness, bio-
compatibility, high specific surfaces areas, large pore vol-
umes, and mechanical stability [18].

Laponite (LP; Nag,[(Mgs sLigs)SisO20(OH),], ), is of
particular interest for bone tissue engineering as it has a
similar chemical composition to the bioactive glasses [19,
20]. This nano-layered clay is biocompatible and non-toxic
[21] with high potential to enhance osteoblast proliferation
and cell differentiation [20]. Therefore, Laponite is con-
sidered as the next generation of bioactive materials, not
only because of its unique biological properties but also
due to its advantages such as high-purity, low cost and easy
processing [22]. Therefore, chitosan-Laponite (CS-LP)
nanocomposites are potential polymeric nanocomposites of
interest for biomedical applications including tissue engi-
neering, controlled drug delivery, and biosensors. Notably,
negatively charged Laponite particles can form biodegrad-
able nanocomposites with positively charged chitosan
through strong electrostatic interaction [1]. Recently, CS—
LP nanocomposites have successfully been utilized to
prepare a new type of an amperometric biosensor for
phenol determination [19] and amperometric glucose
biosensor [23]. Yang et al. [24] prepared CS-LP hydrogel
beads as a drug delivery carrier and showed that the
incorporation of Laponite significantly improved the
swelling behavior, enhanced the drug entrapment effi-
ciency, and slowed down the drug release behavior in
contrast to the pure chitosan beads.
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The aim of the present work is to prepare CS-LP
nanocomposite films with antibiotic-eluting capacity on
titanium implants. These films can potentially be used for
reducing of microbial risk of bone implants as this infec-
tion is the major issue in orthopaedic surgery [25]. Pro-
phylactic systematic antibiotic therapies, which are
administered routinely to patients who receive an ortho-
paedic device, usually fail because of the poor penetration
into bone and possible systemic or organ-specific toxicity
[26]. Therefore, local administration of antibiotics from
implants through antibacterial drug-eluting coatings has
received much attention in recent years [27]. We adopted
the facile and reproducible electrophoretic method to pre-
pare CS—LP nanocomposite coatings on titanium implants
with antibiotic-eluting potential and bone regeneration
capacity. To the best of our knowledge, this study is the
first to apply electrophoretic deposition to the synthesis of
biodegradable drug-eluting CS-LP nanocomposite coat-
ings. The advantages of the electrophoretic deposition
process include low-cost, high versatility, simplicity, pro-
cessing of complex shapes, high purity and microstructural
homogeneity of the deposits [28, 29]. This technique has
been used for preparation of chitosan [30, 31] and chitosan-
based composite coatings [29, 32]. Recently, this technique
has been applied to prepare drug-eluting chitosan [33],
chitosan—bioactive glass [34], and chitosan—graphene oxide
composite coatings [35]. In chitosan/antibiotic coatings,
rapid destruction of hydrogen bonding between the drug
and chitosan by polar water molecules and rapid degrada-
tion/de-attachment of the coating lead to a non-uniform and
short releasing behavior [33]. Incorporation of bioactive
glass particles prolongs the release time, however, the
amount of initial burst release is intensified [34]. Graphene
oxide makes the release rate more controllable but reduces
osteogenesis [35]. Motivated by our previous studies, in
this paper, we present the effect of Laponite clay on the
physical, chemical, and biological properties of drug-elut-
ing chitosan-based coatings deposited on the surface of
titanium foils. By studying the drug release profile versus
time (up to 28 days) and in vitro cytocompatibility using
MG-63 osteoblast-like cell lines, we introduce a new
strategy for preparing antibacterial drug-eluting biocom-
posite coatings for bone implants.

2 Methods
2.1 Electrophoretic deposition
An aqueous chitosan solution with a concentration of 0.5 g/

1 was prepared by dissolving chitosan flakes (85 %
deacetylated, 190-310 kDa; Sigma-Aldrich, USA) in 1 %
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(v/v) glacial acetic acid (Merck, Germany). The pH of the
solution was adjusted to a value of 3£ 0.05 by a
Metrohm® 827 pH Lab Meter (USA Inc.). The solution
was stirred overnight and then filtered to remove residuals
(Whatman® quantitative filter paper, Grade 42, pore size
2.5 pm). Laponite RD, a synthetic layered silicate con-
sisting of nanoparticles (diameter, 25-30 nm; thickness,
1 nm), was obtained from Southern Clay, USA. Suspen-
sions containing different amounts of Laponite (0.05, 0.1,
0.25, 0.5 and 1 g/l) were prepared by dispersing Laponite
particles in chitosan solution using magnetic stirring. To
prepare drug-eluting coatings, vancomycin, which is a
glycopeptide antibiotic with high activity against Gram-
positive bacteria [36], was utilized. This antibiotic has
frequently been utilized to treat and prevent osteomyelitis
and deep infections [37]. Based on our previous studies
[33, 34], the drug-loaded coatings were prepared by adding
2 g/l vancomycin (Dana Tabriz Company, Iran) to the
chitosan-based suspensions followed by magnetic stirring
for 30 min. Titanium foils (ASTM B265, ATI Allegheny
Ludlum, USA) with dimensions of 10 x 20 x 0.45 mm?>
were utilized as both deposition substrate and counter-
electrode in the cell. The electrodes were mounted parallel
to each other with the separation of 10 mm in a glass
container containing 25 ml of the suspensions. A dc volt-
age of 10 V was applied and remained on for 10 min. After
deposition, the cathodic films were stored and dried in a
desiccator for further characterizations.

2.2 Materials characterization

In order to study the electrophoretic potential of different
suspensions, zeta potential measurements were carried out
by a Malvern Zeta Sizer (Model HS C1330-3000, UK).
After deposition, the thickness and microstructural features
of the films were studied by scanning electron microscopy
(SEM, VEGA TESCAN, Czech Republic). The surface
roughness was determined by employing a DME DualS-
cope™ C-26 Atomic force microscope (AFM) in a non-
contact mode. Surface hydrophilicity was determined by an
OCAL1S5 plus video-based optical contact angle meter
(Dataphysics Instruments GmbH, Filderstadt, Germany).
The images of a water droplet (4 pl) spreading on the
sample surface were recorded by a camera, and then ana-
lyzed using the software supplied by the manufacturer. In
order to identify the chemical structure of coatings and
possible interaction between the composite components,
Fourier transform infrared spectroscopy (FTIR, ABB
Bomem MB100, USA) in the range of 400-4000 cm™!
with a resolution of 4 cm™' was utilized. Small-angle
X-ray diffraction patterns of the samples were obtained
using a XRD, X' Pert Pro MPD, PANalytical diffractome-
ter with CuK, radiation at 40 kV in the scan range of 26

from 1° to 10° at a scan rate of 1 min~'. The d-spacing was
calculated by Bragg’s formula where k = 0.154 nm. In
order to estimate the composition of the coatings and
changes in the thermal stability of chitosan films, thermo-
gravimetric analysis (TGA/DSC 1, METTLER TOLEDO,
Switzerland) under a nitrogen atmosphere was performed.
A heating rate of 10 °C min~' was utilized. Before doing
FTIR, XRD and TGA, the coatings were removed from the
substrates.

2.3 Drug release studies

The release profile of the drug from the coatings was
determined by immersing the specimens in the phosphate-
buffered saline solution (PBS) at controlled pH and tem-
perature of 7.4 and 37 °C. The amount of released drug
was monitored by an ultraviolent-visible spectrophotome-
ter (PerkinElmer, Lambda 25, UV/VIS Spectrophotometer,
USA). A series of standard vancomycin solutions in PBS
(5-100 pg/ml) were prepared to obtain a linear calibration
curve (R2 = 0.99) that obeys Beer’s law. A UV standard
absorbance curve for vancomycin at 280 nm was then
established. To eliminate any possible interference of the
degraded products, blank solutions for the UV/VIS spec-
troscopy assay was prepared by collecting solutions from
the coatings free of drug at the same incubation time as the
drug-eluting period. All release studies were carried out in
triplicate. The accumulated drug in the solution was cal-
culated and plotted versus time to determine the drug
release kinetics. The results are presented in terms of
cumulative release as a function of time.

t=t
M
Cumulative amount released = ( E Mt> x 100 (1)
=0 0

where M, is the cumulative amount of released drug from
the coatings at time t, and M, the initial amount of loaded
drug.

2.4 In vitro cell-material interactions

Human osteosarcoma cells (MG-63 osteoblast-like) were
obtained from the National Cell Bank, Iran Pasteur Institute
(Tehran, Iran). The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma-Aldrich, USA)
with 10 % Fetal Bovine Serum (FBS, Sigma-Aldrich,
USA) at 37 °C in a humidified atmosphere with 5 % COs,.
Prior to cell seeding, the samples were washed with an
aqueous solution containing ethanol to remove excess
acetic acid followed by UV-sterilization for 40 min. The
studied biological properties included cell attachment,
cytotoxicity and alkaline phosphates (ALP) activity as
described below. For each experiment, three replicates
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were used per group. Tissue culture polystyrene (TPS) was
used as a negative control groups for all tests.

2.4.1 Cell viability

The standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) protocol was utilized to assay
the cell viability. Briefly, 2 x 10’ cells were seeded on the
specimens within a 12-well plate and were incubated at
37°C in 5 % CO, for 1, 5, and 10 days. After each
interval, MTT solution at a concentration of 5 mg/ml was
added to each well and the cells were incubated for another
4 h. Upon removal of the MTT solution, the formed for-
mazan crystals were solubilized with isopropanol for
15 min and the amount of produced formazan (that was
proportional to the number of viable cells) was determined
by an ELISA reader (BioTekmicroplate reader, USA) at
570 nm.

2.4.2 Cell attachment

In order to evaluate the cell attachment on the surface of
the electrodeposited films, 2 x 10° MG-63 osteoblast-like
cells were added on the surface of the specimens and
incubated in DMEM supplemented with 10 % FBS at
37 °C for 1, 5 and 10 days. Afterward, the DMEM was
removed and cells were incubated in 100 pl/well Neutral
Red (NR) solution for 4 h. The stain extraction solution
(1 % glacial acetic acid, 50 % ethanol, and 49 % distilled
water) was then replaced with NR solution in order to
dissolve deposited particles and was re-incubated in 37 °C
for 15 min. The absorbance was measured at 570 nm using
the ELISA reader.

2.4.3 Alkaline phosphates activity

The samples were cultured in the cell medium as identical
to the MTT protocol. To examine differentiation of the
cells at different time intervals (1, 5, and 10 days), 20 pl of
cell supernatant was added to 1000 pl of ALP’s kit (Pars
Azmun, Iran) according to the manufacturer’s protocol at
37 °C. The absorbance was read at 405 nm using a
NanoDrop 2000c Spectrophotometer, USA.

2.4.4 Cell morphology

The cultured cells on the surface of the films were fixed
with Karnovsky (2.5 % glutaraldehyde, 4 % paraformalde-
hyde) solution for 90 min. After dehydration in a graded
series of ethanol, the samples were vacuum dried and gold
coated for SEM examinations by a VEGA TESCAN SEM
(Czech Republic).
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2.5 Statistical analysis

The experiments were performed in triple numbers per
series and the results were expressed as mean =+ standard
deviation. One-way analysis of variance (ANOVA) with
P < 0.05 as the level of significance was utilized for sta-
tistical analysis.

3 Results
3.1 Characterizations of electrodeposited films

Various analytical techniques were utilized to characterize
the drug-eluting CS-LP nanocomposite coatings prepared
by EPD. Figure 1 shows SEM images of the coatings
deposited on the surface of titanium foils. The pristine
chitosan film exhibits a homogenous and smooth surface
morphology (Fig. la). The CS-LP film has a rough mor-
phology containing particulate structure embedded in the
chitosan matrix (Fig. 1b). Further study indicates a homo-
geneous distribution of spherical LP particles in the poly-
meric matrix, although slight agglomeration is also seen
(Fig. 1c). The microstructure of drug-eluting nanocom-
posite coating consists of a chitosan matrix with micron-
sized LP particles and drug (VAN) clusters (Fig. 1d). A
magnified image of the particle clusters is shown in
Fig. le, and a cross-sectional SEM image of the drug-
eluting film is seen in Fig. If. The film thickness is about
70 um. As reported elsewhere [35], the pristine CS films
electrodeposited at the same condition have a thickness of
about 40 pum. Thus, the film thickness increased approxi-
mately 75 % by adding LP and VAN particles.

The approximate composition and changes in thermal
stability of the composite coatings were investigated by
using TGA. The films were scratched off from the Ti
substrate and heated up to 800 °C in the nitrogen atmo-
sphere. Figure 2 shows the thermal degradation of CS
coatings containing different amounts of LP and their first
order derivatives with respect to temperature (DTG). The
TGA pattern indicates a three-step weight loss. The first
two steps (up to ~220 °C) can be attributed to the liber-
ation of adsorbed water. The third step (mainly around
270 °C) is attributed to the thermal decomposition of the
polymer. Although the pattern of all films is rather similar,
the temperature at which thermal degradation starts (as a
criterion of the thermal stability) is varied by the LP con-
tents. For instance, the degradation deep of CS is shifted
from 267 to 274 °C and 282 °C with the addition of 0.5
and 1 g/l LP in the EPD suspensions (Fig. 2b). This
observation can be an indicator of interactions of the
polymer chains with the clay particles, i.e. formation of
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Fig. 1 Surface morphology of chitosan-based coatings: a CS; b,
¢ CS-LP (43 wt%); d, e CS-LP (43 wt%)-VAN. f Cross-sectional
SEM image of the drug-eluting composite coating on Ti substrate.

intercalated nanocomposite through penetration of CS
chains into the galleries of the LP particles [38]. Under this
circumstance, the thermal motion of chitosan macro-
molecules is restricted by LP plates [38], which enhances
thermal stability of the composite coatings compared to the
pristine CS. The TGA results also indicate different weight
losses for CS and CS-LP composites over the entire ther-
mal treatment. From this data, one is able to estimate the
LP amount embedded in the CS matrix, as shown in
Fig. 2c. An increasing trend in the LP amount in the
composite film with the EPD composition is seen; how-
ever, this relationship does not follow the Hamaker’s

The Laponite particles (white arrows) and Laponite—-VAN clusters
(red arrows) are indicated

equation (the linear trend) [39]. The reason could be
attributed to interactions between polysaccharide and clay
particles at nano- and macro- molecular levels and
agglomeration of the particles in the EPD suspension at
high concentrations.

To further analysis such interactions, XRD and FITR
were employed (Fig. 3). The XRD pattern of LP clay
shows a characteristic diffraction peak at 26 = 6.57° cor-
responding to (001) plane with d-spacing of 13.43 A. This
characteristic peak is shifted to a lower angle of 3.79° for
the CS-LP (43 wt%) nanocomposite film, which means
increasing of crystallographic plan spacing of LP particles

@ Springer
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Fig. 2 a, b Thermogravimetric traces of electrodeposited coatings at
a heating rate of 10 °C per min in nitrogen atmosphere. ¢ Concen-
tration of LP clay in the composite coating after EPD of composite
suspensions with varying LP content

by the polymer. No characteristic peak for the Laponite
nanoparticles could be detectable in the XRD pattern
of drug-eluting CS-LP nanocomposite films, which

@ Springer

demonstrates good exfoliation of Laponite nanoparticles in
chitosan matrix. These findings can further be supported by
FTIR analysis (Fig. 3b). The FTIR spectrum of CS consists
of a broad band at ~3450 cm™' (the stretching vibration of
N-H and hydroxyl group), peaks at 2900 and 2875 cm™'
(typical C-H stretch vibrations), those at 1643, 1580 and
1320 cm ™! (amides I, II and III, respectively), and peaks at
1154, 1078 and 1030 cm™! (C-O stretching vibrations)
[30]. The main characteristic peaks of pristine LP are at
3440, 1640, 1004 and 655 cm_l, which correspond to
H-OH stretching, H-OH bending adsorption, Si—-O
stretching and Mg—O band, respectively [19]. In the CS-LP
(43 wt%) nanocomposite film, however, shifts in the
IR bands of amines to lower wavenumbers (i.e.,
1643-1634 cm™"' and 1580-1565 cm™ ') are seen. There-
fore, electrostatic interactions between the negatively
charged structure of clay and the amine groups of chitosan
may happen. Similarly, such shifts in the amine and
hydroxyl bands are detectable in the presence of the drug
molecules, revealing intercalations of CS and VAN with
the LP particles through interlayer penetration and/or sur-
face adsorption [40].

Since the surface topography [41] and hydrophilicity
[42] of the coatings influence their biocompatibility and
cellular behavior, AFM and contact angle measurement
were performed. The topographic surfaces of CS and drug-
eluting CS-LP films are shown in Fig. 3c, d. It is seen that
the addition of LP particles and the drug increases the
surface roughness of the CS films. Contact angle mea-
surements also show that these additives enhance the
hydrophilicity of CS (see Electronic Supplementary
Information (ESI) S1). This improvement depends on the
concentration of LP and VAN as these particles are more
hydrophilic than CS.

3.2 Drug release behaviour

A fixed amount of vancomycin (2 g/l) was added to the
EPD suspensions of CS containing different amounts of LP
particles (up to 1 g/l). The amount of loaded drug in the
composite coatings was estimated by long-term immersion
of the films in PBS solution. The amount of incorporated
drug was increased from 228 pg/cm?® for the CS to
1090 pg/cm? for the CS—LP composite (1:1 weight ratio in
the EPD suspension). This result indicates the positive
effect of LP particles on the drug encapsulation efficiency
of chitosan-based coatings. Figure 4a shows a typical
release profile of the electrodeposited films for CS-VAN
and CS-LP (43 wt%)-VAN systems. An initially burst
release (IBR) followed by a reduced release rate is visible.
The amount of IBR depends on the concentration of LP
clay, as shown in Fig. 4b. Since IBR is related to rapid
dissolution of the drugs located at or close to the surface of
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Fig. 3 a XRD and b FTIR spectra of CS-LP (43 wt%) nanocomposite coatings containing VAN compared to the non-eluting coating. AFM
images show the surface topography of ¢ CS and d CS-LP (43 wt%)-VAN coatings

the coatings or at the pore walls of chitosan hydrogel [34,
40], the lower values of IBR in the presence of LP particles
indicate the effect of drug-clay interactions on the release
profile. These interactions also influence the subsequent
release rate. As seen in Fig. 4a, the composite films exhibit
a remarkable slower release rate. After the IBR period
(about 1 h), the accumulative released concentration fol-
lows a linear trend with respect to the square root of
incubation time in PBS solution (Fig. 4c). This behavior
indicates a diffusion-controlled mechanism for the release
[43] as is discussed in the next section.

3.3 In vitro cell culture studies

The biocompatibility of electrodeposited coatings and their
interactions with MG-63 osteoblast-like cells were evalu-
ated by in vitro cell culture experiments. Figure 5a shows
the effect of the material system on the cell viability, as
quantified by means of MTT assay. At a short incubation

time (1 day), higher viability is attained for the electrode-
posited films compared to TPS, particularly for the CS-LP
(43 wt%) coating. The viability of the films gradually
decreases over time, but it is still high enough to be con-
sidered the coatings biocompatible (>90 % after 10 days).
This decline in the viability may be due to cell prolifera-
tion, resulting in cells occupying all the available space on
the films (geometrical restriction) [44]. The results also
highlight the effect of LP particles on the improved cyto-
compatibility of the nanocomposite films compared with
the CS coatings. Figure 5b shows the results of ALP assay.
Alkaline phosphatase activity is commonly used as an early
marker for the osteoblast phenotype [45]. It appears that,
except CS film incubated for 5 days, the ALP activity
increases with the time. The higher ALP activity of the
nanocomposite film than that of the CS coating is also
noticeable. Therefore, it appears that LP particles promote
proliferation and cell viability of CS. Similar results have
been observed for alginate-Laponite nanocomposites [21].

@ Springer
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In the meantime, the incorporation of drug in the
nanocomposite reduces the cell viability and the ALP
activity. This behavior can be attributed to the drug release
in the culture medium. Figure 5c shows the number of
osteoblast cells adhered on the surface of the coatings at
different time intervals. Typical SEM images of cells
adhered to the surface are shown in Fig. 5d, e. As seen, the
cell density on the surface of the nanocomposite coating is
notably higher than that of pristine CS film. From the
morphological point of view, the adhered cell on the sur-
face of CS film has a rounded morphology with little evi-
dence of interactions with the surrounding matrix. In
contrast, a healthy spindle-shape cell which is spread well
on the surface is seen for the nanocomposite. The presence
of multiple filopodia extended from the cell to the substrate
provides strong evidence that the cells are well attached to
the nanocomposite coating [46].

4 Discussion

The presented results demonstrated the suitability of EPD
as a processing method to prepare CS-LP composite films
with controlled drug-release and bone regenerative capac-
ity. The mechanisms of electrophoretic deposition of CS
and CS—VAN coatings have been previously studied [33,
47]. Chitosan electrophoresis toward the cathode occurs
due to protonation of its amino groups at acidic pH and it
deposits at the cathode due to water electrolysis and con-
sequent increase in the local pH (above pKa of chitosan).
Zeta potential measurement at pH 3 yielded values of
56.8 £ 1.6 and 57.7 & 0.9 mV for CS-LP suspensions
without and with drug, respectively. Both suspensions have
good positive values of zeta potential; therefore, cathodic
electrodeposition is feasible. In the acidic solution, CS and
VAN macromolecules become positively charged by pro-
tonation, and easily co-deposited on the surface of the
negative electrode. In the composite suspension, the LP
particles, which are initially negatively charged [19], are
intercalated with the polymer macromolecules through
cation exchange. This process occurs when cations within
the clay (Na®) are exchanged for cations of polymeric
solution. In other words, the positively charged polymers
interact with the negatively charged silicate surfaces [19,
44] or intercalate them via an ion exchange reaction [48],
as supported by XRD and FTIR (Fig. 3). By applying
electric field, the positively charged complexes move
toward the cathode and co-deposition occurs.

The prepared nanocomposite coatings can potentially
improve the bactericidal and osseointegration of Ti ortho-
paedic implants. The drug release study indicated the effect
of LP particles on the vancomycin encapsulation efficiency
of the chitosan-based coatings (Fig. 4). As explained
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Fig. 5 Cellular behaviour of the prepared coatings: a MTT viability;
b ALP activities and ¢ cell attachments. SEM images of MG-63
osteoblast-like cells cultured on the surface of d CS and e CS-LP

above, intercalation and interactions of the clay particles
with the drug molecules enhanced the co-electrophoretic
deposition of the multi-component system. During the
immersion in PBS, the drug is released by a two-stage
mechanism including an initial burst release followed by a
linear release with the square root of time (a diffusion
controlled process). Degradation/de-attachment of chitosan

(43 wt%)-VAN coatings for 4 days. * denotes significant difference
between TPS and EPD coatings (P < 0.05). * denotes significant
difference between CS and composite coatings (P < 0.05)

coatings and diffusion of water through the hydrogel
matrix are two mechanisms that affect the release of van-
comycin [24, 33].

The slower release rate of drug from the CS-LP com-
posite coatings compared to the pristine CS is attributed to
the interactions between LP layers with the polymer matrix
as well as physical (geometrical) barrier against diffusion.
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The interactions between silicate layers with chitosan and
vancomycin macromolecules could be Columbic interac-
tions, van der Waals force, and H-bonding [44]. Yuan et al.
[40] showed that the cross-linked chitosan exhibited con-
trolled swelling behavior because of the dense macro-
molecular chains. The addition of clay to chitosan builds a
strong cross-linking structure because of the negatively
charged clay and positively charged NH5* groups of chi-
tosan. The formation of this structure influences the swel-
ling behavior of the nanocomposite and consequently
affects diffusion of the drug through the bulk entity. Based
on the experimental results, it is suggestible that electro-
static interactions between the positively charged polymers
and negatively charged sites on the clay are responsible for
the lower release rate of drug in the composite coating. In
fact, ionic interactions between positively charged CS and
negatively charged LP strengthen the polymer network by
acting as additional cross-linkers. It reduces the overall
hydration and swelling of the nanocomposite [45], conse-
quently decreases the dissolution/degradation rate of the
nanocomposites. Therefore, while the degradation/detach-
ment of the coating is the main release mechanism for CS,
diffusion of entities through the composite coating
becomes operative.

The biological tests performed in the present work have
shown the effect of LP clay on the biocompatibility, adhe-
sion and differentiation of osteoblast-like cells. It is known
that the biocompatibility of orthopaedic implants is affected
by their surface characteristics such as hydrophilicity,
topography, roughness and chemical composition [41, 49].
AFM and contact angle measurement showed that the
composite coatings had rougher surfaces with enhanced
wettability. In addition to roughness and wettability
enhancement, dissolution of LP particles into PBS solution
(see EIS S2) and their ionic in the culture medium could
affect the interaction of cells with the material. The effect of
LP particles on the cellular responses of polymer-matrix
composites has been demonstrated in many studies [21, 22].
Gaharwar et al. [22] have illustrated that LP particles do not
show acute toxicity to preosteoblast cells at low concentra-
tions, and thus can potentially be used for various biomed-
ical applications. The results of MTT assay and ALP activity
showed that cytocompatibility and proliferation of MG-63
cells on the CS-LP coating were higher than that of the
pristine CS (Fig. 5). The effect of LP clay on the bioactivity
of the CS coatings can be explained by its gradual dissolu-
tion in the medium and its influence on the adsorption of
adhesion proteins. Proteins, including adhesion proteins such
as vitronectin and fibronectin, can easily be adsorbed onto
the surface of silicate nanoparticles, as the nanoparticles can
provide focal points for cell adhesion. On the other hand,
silica up-regulates the expression of genes that are involved
in osteoblast proliferation and differentiation [50].

@ Springer

5 Conclusion

In summary, novel drug-eluting CS-LP nanocomposite
coatings for potential orthopaedic applications were suc-
cessfully prepared on the surface of titanium foils by EPD.
The cytotoxicity of the composite films was evaluated by
examining MG-63 osteoblast-like cells. Formation of
intercalated clay particles embedded in the CS hydrogel
was confirmed by X-ray and FTIR analysis. Thermo-
gravimetric analysis indicated an enhanced thermal sta-
bility of the composite coatings as a result of the
interaction of the polymer chains with the clay particles
and formation of intercalated nanocomposite through
penetration of CS chains into the galleries of the LP. In-
vitro drug-release studies in PBS showed an initial burst
release followed by a diffusion-controlled release up to
4 weeks. The controlled release of the antibiotic drug was
attained by the intercalation of polymer and the drug
macromolecules into silicate galleries. The clay particles
were found to control the drug release rate of the coatings
in PBS. The cellular results indicated that the presence of
LP could be effective on the cell viability, attachment and
ALP activity of MG-63 osteoblast-like cells. Analysis of
cell proliferation by ALP expression showed enhancement
of cell ALP enzyme activity because of the gradual dis-
solution LP into the culture medium as well as their effect
on the adsorption process of biomolecules.
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