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Abstract

Titanium and its alloys are widely used materials for biomedical devices including orthopedic/dental implants. However,
peri-implantitis is associated with recurrent surgeries and remains problematic and therefore a biocompatible approach is
required to reduce instances of infection. Herein, we report on the antimicrobial potential (against key oral pathogens) and
biocompatibility of a novel metronidazole-loaded chitosan formulation (coating titanium surfaces) and compare the findings
with those obtained for metronidazole-loaded poly-(lactide-co-glycolide) (PLGA) coatings. Titanium disc surfaces were
coated with defined metronidazole-loaded polymer-based formulations and physicochemically characterized using scanning
electron microscopy (SEM), Raman spectroscopy, X-ray powder diffraction (XRD), and differential scanning calorim-
etry (DSC). Metronidazole released at each time point was measured using high-pressure liquid chromatography (HPLC).
Antimicrobial activity of the coatings was assessed using agar disk diffusion method. Biocompatibility of the coatings was
evaluated using live/dead stain confocal imaging and MTS cell proliferation assay. Osseointegration was determined by
measuring BMP-2 protein expression using ELISA. PLGA coatings exhibited a smooth surface morphology, whereas the
chitosan coatings exhibited a rough structure. Raman spectroscopy, XRD, and DSC data indicated no evidence of physico-
chemical incompatibility issues of metronidazole with PLGA and high and low molecular weight chitosan. Metronidazole
delivered via high (n = 3, p < 0.01) and low molecular weight chitosan (n = 3, p < 0.01) coatings had significantly enhanced
antimicrobial activity against Prevotella intermedia (P. intermedia) compared to when delivered via PLGA coatings (n = 3).
Treponema denticola was also tested and was found to be significantly susceptible to metronidazole loaded in low molecular
weight chitosan (n = 3, p < 0.05) compared to when delivered via PLGA coatings (n = 3). In addition, chitosan coatings were
shown to be more biocompatible and with good osseointegration potential compared to PLGA coatings as demonstrated by
higher cell viability and bone morphogenic protein-2 (BMP-2) levels, respectively. A titanium implant surface coated with
metronidazole that is delivered via chitosan was successfully developed and can be considered as an appealing strategy for
prevention and treatment of peri-implant infection.

1 Introduction

Implants made from titanium and its alloys are used exten-
sively in orthopedics and dentistry due to their biocompat-
ibility, osseointegration, mechanical, and wear-resistance
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a requirement for the functional loading and long-term sur-
vival of dental implants [4]. Like periodontitis, peri-implan-
titis is an inflammatory disease associated with the presence
of dysbiotic biofilms that affect the peri-implant tissues (i.e.,
mucosa and bone) and can lead to severe complications,
including progressive bone loss and implant failure. Early
studies employing targeted approaches highlighted the simi-
larities in microbial profiles between periodontitis and peri-
implantitis lesions, but more recent studies that utilized high
throughput techniques point to a distinct profile of specific
pathogens in each of these clinical entities [5]. Compared
to healthy implants, an abundance of Porphyromonas gingi-
valis, Treponema denticola, Tannerella forsythia, and other
specific pathogens has been observed in peri-implantitis
sites. It is also well established that peri-implantitis, once
initiated, typically progresses more rapidly than periodonti-
tis due to the less robust biologic seal provided by the peri-
implant mucosa [6].

A reliable therapeutic protocol to treat peri-implantitis
is yet to be identified. In addition, no viable, cost-effective
coatings (with potential for scale-up) that also have both
antimicrobial and bone regenerative properties, includ-
ing osteointegration, osteoinduction, and osteoconductive
properties, have been discovered so far [7-9]. Hence, efforts
should be made that contribute to the prevention of peri-
implantitis as well as promote the bone regenerative proper-
ties of implants. Clinical and radiographic improvements fol-
lowing systemic administration of antibiotics as an adjunct
to peri-implant debridement, in comparison to debridement
alone [10], point to the potential for using antibiotics to not
only treat but also prevent the onset of peri-implant mucosi-
tis and peri-implantitis [10]. The development of titanium
implants and transmucosal abutments with an antimicrobial
surface, which can be achieved using surface modification
or coating, is a plausible preventive strategy [11]. Surface
modification may consist of chemical covalent conjugation
while coating involves physical adsorption of antimicrobi-
als such as macromolecules, peptides, metal elements, or
antibiotics on to the implant surface [11]. Furthermore,
modification of the implant surfaces by coating them with
various polymers including biomimetic, synthetic, natural,
and micro- and nanoparticles could modify the implant sur-
faces making them more biocompatible adding to their bone
regenerative properties [7-9, 12].

In this study, metronidazole-loaded chitosan and metroni-
dazole-loaded PLGA coatings were compared to determine
their antimicrobial potential and therefore utility as a bacte-
riostatic and bactericidal surface. The reason behind using
PLGA as a comparison is that PLGA is a widely used poly-
mer for most of the drug delivery purposes. PLGA is a US
Food and Drug Administration (FDA)—approved biodegrad-
able and biocompatible polymer that can be easily tailored
and processed, possessing suitable physical mechanical
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properties and a favorable pharmacokinetic and biodistri-
bution profile. This polymer has been researched extensively
as a material component of devices designed for controlled
delivery of a range of drugs for potential clinical and com-
mercial use.

We hypothesize that chitosan may be a superior polymer
to PLGA with respect to its use as a drug-loaded polymer
coating dental implants due to chitosan’s antibacterial and
osteogenic properties. Chitosan is a natural bioactive poly-
mer derived from microorganisms, certain fungi, as well as
the exoskeletons of crustaceans and is commonly used for its
antibacterial, biocompatibility and biodegradability proper-
ties [13, 14]. Chitosan is active against both gram-negative
and gram-positive bacteria, fungi, and yeasts, with biocom-
patibility towards mammalian cells and thereby appealing
for biomedical and pharmaceutical applications. Chitosan
is composed of N-acetyl-D-glucosamine and D-glucosamine
units with f binding at position 1 and 4 obtained by het-
erogeneous deacetylation of chitin. Chitosan is soluble in
acidic solutions below its pKa ~ 6.3, at which glucosamine
units (-NH2) convert into soluble protonated forms (-NH3+)
[15]. Moreover, the amino group at C2 position and hydroxyl
groups at C6 and C3 positions can undergo chemical deri-
vatization resulting in improved antimicrobial, biocompat-
ibility, and biodegradability properties [16]. Mechanisms by
which chitosan exerts its antimicrobial action include but are
not limited to: (i) cell wall disruption, (ii) metal chelation,
and (iii) DNA complexation [17]. In the first mechanism,
chitosan disrupts the cell wall by the interaction of its NH3+
amino group with the anionic phosphate groups of phospho-
lipids present on the bacterial cell wall resulting in osmotic
imbalance and peptidoglycan hydrolysis. This can eventually
result in the alteration of cell membrane permeability fol-
lowed by leakage of cellular content including intracellular
electrolytes such as K+ ions and other components such as
proteins nucleic acids and lactate dehydrogenase that subse-
quently results in the microbial growth inhibition [18]. In the
second mechanism, amino groups of chitosan are assumed to
chelate with the metal cations such as Ca®* or Mg>* compro-
mising the bacterial cell wall integrity [19]. The third mech-
anism assumes the diffusion of chitosan hydrolysis products
and their complexation with microbial DNA resulting in the
inhibition of DNA replication, as well as messenger RNA
(mRNA) and protein synthesis inhibition and subsequent
cell death [20]. In addition to the above mechanisms, chi-
tosan’s antimicrobial properties depend on various factors
such as pH, microbial type, molecular weight, degree of dea-
cetylation, and concentration.

Both chitosan and PLGA coatings were loaded with
metronidazole owing to the drug’s antimicrobial proper-
ties. Metronidazole is a bactericidal nitroimidazole class
drug that is bacteriostatic against facultative anaerobic
bacteria such as Porphyromonas, Prevotella, Bacteroides,
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Fusobacterium, and Clostridium species [21, 22]. Because
metronidazole is a low molecular weight molecule, it easily
diffuses across the bacterial cell membrane [23]. Following
diffusion, metronidazole is reduced by the enzymatic action
of pyruvate:ferredoxin oxidoreductase with its nitro group
acting as an electron sink, which results in the generation of
nitroso radicals [24]. The chemical reduction of metronida-
zole generates a concentration gradient that promotes the
uptake of more drug and further promotes nitroso radical
synthesis. These nitroso radicals can break microbial DNA
resulting in cell lysis and death [25]. In this in vitro study,
the synergistic antimicrobial activity of metronidazole and
chitosan on titanium surfaces was explored. A coating strat-
egy was used to develop and thoroughly characterize an anti-
microbial titanium surface and evaluate its efficacy against
key oral pathogens and their interaction with mesenchymal
stem cells.

2 Methods
2.1 Preparation of discs

Commercially pure titanium (CpTi) discs of 1 cm? area and
0.05 cm thickness were polished starting from grit num-
ber 120 and then progressing to 240, 400, and 600 using a
grinding paper (Buehler Carbimet special silicon carbide
for metallography) fixed to a variable speed grinder-polisher
(Buehler-Ecomet 3). Then, using 50 pm white aluminum
oxide (Ivoclar Vivadent), the CpTi discs were sandblasted
with a sandblaster (EWL Type 5423). To remove any alu-
minum oxide particulate remnants, the sandblasted CpTi
discs were subjected to sonication in tap water for 5 min,
followed by Milli-Q water for 30 min. The CpTi discs were
then cleaned by soaking in methyl ethyl ketone for 15 min
and acid-passivated using 30% HNO; for another 30 min.
The discs were then rinsed for 20 min with ultrapure water
and dried in a vacuum desiccator. After drying, the CpTi
discs were sterilized under UV light at 300 uW/cm? on both
sides for 10 min each.

2.2 Metronidazole disc coating
2.2.1 PLGA coating

Metronidazole (2 mg; AC210340050; Acros Organics, NJ)
was dissolved in 300 pL of tetrahydrofuran (THF) (99+%,
stab, with 250 ppm BHT, 30760, Alfa Aesar, Ward Hill,
MA) to which 60 mg of 50:50 poly(DL-lactide-co-glycolide)
(initiated with glycolic acid; inherent viscosity = 0.67 dL/g
in HFIP; Durect (Pelham, AL)) was added and vortexed to
ensure that the metronidazole was completely dissolved
and homogeneous. The drug-polymer mixture was then

uniformly pipetted by layering onto titanium disc surfaces.
The discs were then transferred to Petri dishes and secured in
a sterile biosafety cabinet for 24 h to ensure that the polymer
coating was completely dry with no evidence of residual
solvents. The polymer-coated discs were then washed three
times (~5 min/wash) using 1Xx PBS to remove any residual
solvents.

2.2.2 Chitosan coating

Metronidazole (2 mg) was dissolved in 600 pL of 2% v/v
glacial acetic acid at pH 4.5 (UN2789, Fisher Chemicals,
Fair Lawn, NJ) to which Super Refined PEG 300-LQ-(MH)
(SR41329; CRODA; Edison, NJ) was added and vortexed to
ensure complete dissolution and homogeneity of metronida-
zole. Chitosan (40 mg) was then added to the above mixture
and vortexed until the chitosan was completely dissolved
and homogeneous. In this study, two molecular weights of
chitosan were used: low molecular weight (LMW) chitosan
(91.1%, Brookfield viscosity — 20.00 cps (Sigma-Aldrich,
St. Louis, MO)) and high molecular weight (HMW) chi-
tosan ((deacetylated chitin, poly(D-glucosamine): 419419
(Sigma-Aldrich, St. Louis, MO) coarse ground flakes and
powder)). The drug-polymer mixture was then uniformly
pipetted by layering to cover the entire surface of titanium
disc. The coated discs were then transferred to Petri dishes
and secured in a sterile biosafety cabinet for 24 h until the
polymer coating was completely dry with no evidence of
residual solvents. The polymer-coated discs were then
washed three times (~5 min/wash) using 1x PBS to remove
any residual solvents by loading them in an incubator shaker
set at 37 °C and 300 rpm.

2.3 Surface characterization
2.3.1 Scanning electron microscopy (SEM)

Morphology and surface features of the metronidazole-
loaded PLGA and chitosan-coated CpTi discs were analyzed
using SEM. All the samples were fixed by incubating in 4%
paraformaldehyde in 0.1 M sodium cacodylate for 1 h fol-
lowed by 30 min incubation in 2% (v/v) osmium tetroxide
in 0.1 M sodium cacodylate. The treated samples were then
sequentially dehydrated with ethanol concentration ranging
from 25 to 100% (v/v) for 4 min each. Samples were then
treated for 10 min with hexamethyldisilazane (HMDS) to
remove any residual alcohol before mounting on aluminum
stubs using carbon tape. After mounting, the samples were
subjected to sputter coating with a 5-nm-thick layer of
gold—palladium with an argon beam K550 sputter coater
(Emitech Ltd., Kent, England) and imaged using a Hitachi
S-4800 Field-Emission SEM (Hitachi Ltd., Tokyo, Japan).
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Images were captured at 4 kV accelerating voltage under an
argon atmosphere.

2.3.2 Confocal Raman spectroscopy

Confocal Raman spectroscopic imaging (Nicolet Almega
XR Dispersive Raman; Thermo Fisher Scientific) was per-
formed to characterize the presence of metronidazole and
its interaction with PLGA and chitosan, if any. Spectra of
metronidazole (control), PLGA polymer (control), LMW
chitosan (control), HMW chitosan (control) and metro-
nidazole-loaded PLGA, and the chitosan coatings were
obtained with a 780-nm Ar+ laser. After auto-aligning the
instrument, the excitation laser beam was focused onto the
samples for spectral acquisition using an inverted optical
microscope equipped with MPlan 50x/0.75 BD objective
lens. Background spectrum was collected before collect-
ing the spectrum of each sample. OMNIC for Dispersive
Raman software was used to record the shifted Raman spec-
tra (cm™!) in a range of 400 to 2000 cm™" at a high spectral
resolution. Spectra were subjected to spatial resolution by
passing the backscattered Ar+ laser image through a 100-pm
slit aperture and collecting onto a thermoelectrically cooled
high sensitivity silicon CCD camera (front-illuminated open
electrode) with a grid size of 1024 X 256 pixels and a pixel
size of 26 pm X 26 pm.

2.3.3 X-ray powder diffraction (XRD)

XRD was used to measure the degree of crystallinity and
the polymorphic nature of metronidazole and the PLGA and
chitosan polymers. Before subjecting the samples to XRD,
the samples were homogenized into a fine powder. The sam-
ples were then analyzed using a Bruker D-5000 g-q diffrac-
tometer equipped with a Kevex energy-sensitive detector.
Wide-angle X-ray scattering with coupled 26/0 scan type at
5—40° 20 range and a scanning step width of 0.01° was used
to measure the diffraction. Incidence and receiving slits were
set at 1 mm and 0.013°, respectively. Cu radiation of 1.5418
A at an anode voltage of 40 kV and a current of 30 mA was
used to record the data and the obtained data was processed
using Diffrac suite software.

2.3.4 Differential scanning calorimetry (DSC)

DSC was used to monitor the thermodynamic transitions
and physical properties of metronidazole loaded in PLGA
and the chitosan coatings. Approximately 10 to 15 mg of
metronidazole-loaded and blank PLGA, and chitosan (LMW
and HMW) sections were weighed and hermetically sealed
into aluminum pans and with an empty aluminum pan act-
ing as a reference. Samples were heated under a stream of
nitrogen gas flow at a heating rate 5 °C/min from 20 to 200
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°C to produce thermograms with transition temperature (Tc)
and enthalpy of transition (AH).

2.4 Metronidazole release
2.4.1 High-pressure liquid chromatography

High-pressure liquid chromatography (HPLC; Waters 2690
Separations Module) equipped with a dual A absorbance
detector and autosampler and using a Luna C18 column
(250 mm X 10 mm) with isocratic flow was used to meas-
ure the metronidazole concentration. The mobile phase
comprised of 85% water and 15% acetonitrile (ACN) with
0.01% trifluoroacetic acid (TFA) and was filtered through
a 0.22-pm membrane filter followed by 30 min sonication
before pumping through the HPLC column. The HPLC col-
umn was prepared for the run by washing it with a metha-
nol and water mobile phase (75:25) and equilibrating with
the mobile phase mentioned earlier. After equilibration, the
samples were loaded in their respective sample stations and
subjected to testing with 10 pL injection volume and 315
nm detection wavelength. The mobile phase flow rate was
0.5 mL/min, and the run time was 10 min. The obtained data
were collected and analyzed in Empower Pro Chromatog-
raphy Manager Data Collection System (Waters). Calibra-
tion curve measurements were performed using six different
concentration standards.

2.4.2 Metronidazole release study

A quantitative metronidazole release study was performed
by adding metronidazole-loaded PLGA and chitosan-coated
CpTi discs to wells of a 12-well cell culture plate, to which
1000 pL of 1x PBS of pH 7.4 was added. The well plates
were then loaded in an incubator shaker set at 37 °C and 300
rpm. The aliquots were removed for analysis at set points of
15 min, 30 min, 1 h,2h,3h,5h, 7h, 12 h, 1 day, 2 days, 3
days, 4 days, 5 days, 6 days, 7 days, 10 days, 12 days, and
15 days of incubation in 1X PBS. The collected samples
were then subjected to centrifugation at 5000 g for 10 min.
The supernatant was then filtered through a 0.45-pm filter
to remove any particulates and analyzed using HPLC/UV.

2.5 Antimicrobial activity
2.5.1 Agar disk diffusion method

Blood agar plates (TSA w/5% sheep blood) were used for
this study. Agar plates were inoculated with a standardized
inoculum of the test microorganisms (Prevotella intermedia
and Treponema denticola). Immediately after inoculation,
titanium discs (about 6 mm in diameter), with different coat-
ings were placed on the agar surface. Once all disks were in
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images. B Raman spectra analysis to determine the compatibility
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place, agar plates were incubated at 37 °C in an anaerobic
environment for 24 to 48 h.

2.5.2 Measurement of inhibition zones

Post-incubation, images of the agar plates with a ruler set
in place were captured, and the areas of the zones of inhibi-
tion were measured using ImageJ software. The areas were
measured by setting the scale bar using the ruler present
in the image. Images were processed using ImageJ (NIH,
Bethesda, MD) and the areas of inhibitory zones were meas-
ured. Antimicrobial activity is represented by percent inhibi-
tion of microbial growth.

The % inhibition area was calculated using the formula :

( Area of Zone of Inhibition

Total Surface Area of Culture Dish X 100)

Statistical analysis was performed using a one-way
ANOVA and Tukey post hoc test with n = 3.

2.6 Biological evaluation
2.6.1 Cell culture
Induced pluripotent stem cells (iPSCs) were cultured as an

adherent monolayer in 75-cm? polystyrene cell culture flasks
(Corning Incorporated, Corning, NY). The cultures were
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demonstrating the polymorphic nature of metronidazole loaded in
PLGA and chitosan. Note: Legend is color coded and is in reverse
horizontal order to the intensity lines. D DSC data demonstrating the
polymorphic nature of metronidazole in PLGA and chitosan coatings

grown in Dulbecco’s modified Eagle medium (DMEM) with
10% fetal bovine serum (FBS), 1% penicillin/streptomycin,
and 0.1% amphotericin B and incubated in an incubator set
at 37 °C and 5% CO, (Sanyo Scientific, Wood Dale, IL). The
medium was replenished every 2 to 3 days. Cells were pas-
saged at 70—80% confluence, and this study was conducted
using iPSCs of passage numbers 5 to 8.

2.6.2 Cell viability on CpTi discs

Live/dead stain confocal imaging Cell viability after 24 h
of incubation of iPSCs was tested by incubating the coated
discs cultured with iPSCs (15,000 cells/disc) for 30 min in
culture media containing live cell and dead cell stain such
as 1 pM calcein AM (Thermo Fisher Scientific), and 1 pM
ethidium homodimer-2 (Thermo Fisher Scientific) respec-
tively. Three discs of every treatment group were used for
imaging and viability analysis purposes, with each image
taken in the center of each disc with an area of 10.1 mm?.
Olympus FV1000 microscope equipped with a 4X objective
lens and with 488 and 543 nm lasers to excite both calcein
AM and ethidium homodimer 2, respectively, was used for
confocal imaging. Z-series was produced by taking sequen-
tial images every 25 pm in depth within the area of interest.
This Z-series was stacked for analysis and representation
purposes.
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MTS cell proliferation assay Cytotoxicity of metronidazole
or blank coatings of PLGA and chitosan, cultured with
iPSCs, was assessed using MTS cell growth assay reagent
(Cell Titer 96 AQueous One Solution cell proliferation
assay, Promega Corporation). Each disc was seeded with
iPSCs at a density of 15,000 cells and was placed in flat bot-
tom 12-well cell culture plates (Costar, Corning Inc.). The
CpTi disc surfaces seeded with iPSCs were then incubated
in 3 mL DMEM with 10% FBS for 24 h. After 24 h, DMEM
medium was replaced with 3 mL fresh DMEM containing
100 pL MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)- 2-(4-sulfophenyl)-2H-tetrazolium).
The plates were then incubated for 4 h at 37 °C and 5%
CO,. The amount of soluble formazan produced (indicator
of viable cells) was spectrophotometrically measured at 490
nm using SpectraMax Plus384 (Molecular Devices, Sun-
nyvale, CA, USA).

The cell viability was expressed with the following
equation:

3 Results
3.1 Surface characterization

Surface morphological details of the PLGA- and chitosan-
coated CpTi discs were observed using SEM imaging
(Fig. 1A). Images show that the titanium surfaces coated
with PLGA exhibited a uniform and homogeneous smooth
surface morphology, whereas the discs coated with chitosan
showed rough morphological features throughout the sur-
face. HMW chitosan coating was smoother than the LMW
counterpart.

Raman spectroscopy was used to characterize the chemi-
cal composition of the coated surfaces and to evaluate the
interactions between the polymers (PLGA and chitosan) and
metronidazole (Fig. 1B). Figure 1 B shows overlaid spectra
of the metronidazole control, PLGA control, PLGA—met-
ronidazole coating, LMW chitosan control, LMW chi-
tosan—metronidazole coating, HMW chitosan control, and

Cell Viability (%) = (

Absorbance intensity of iPSCs Seeded on Metronidazole Loaded Chitosan (H/L) or PLGA Coated Implants %100
Absorbance intensity of iPSCs Seeded on Corresponding Chitosan (H/L) or PLGA Coated Implants

Values are expressed as mean &+ SEM for each treatment
performed in triplicate.

2.6.3 BMP-2 protein expression

The expression of hBMP-2 protein by iPSCs incubated on
the PLGA and chitosan-coated active and blank CpTi discs
was determined using an hBMP-2 ELISA kit (Quantikine,
R&D Systems, Minneapolis, MN) and, in comparison, to the
iPSCs incubated on polystyrene of 12-well plate. Each disc
was plated with cells at a density of 15,000 cells/disc, and
on day 4, 500 pL of the cell supernatant (no media changes
were performed over the 4 days) was collected and analyzed
using ELISA. The assays were carried out in high-binding
clear, polystyrene, 96-well plates (R&D systems, Minneapo-
lis, MN, USA) and in accordance with the manufacturer’s
protocol. Statistical analysis was performed using paired
t-test with p-value < 0.05.

2.7 Statistics

Statistical significance (p < 0.05) was evaluated using
one-way and two-way analysis of variance (ANOVA) and
Tukey’s post hoc tests and a sample size of n = 3 by using
GraphPad PRISM (GraphPad, San Diego, CA), a statisti-
cal and graphing software. Data are expressed as mean +
standard deviation (SD).
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HMW chitosan—-metronidazole coating. Chitosan showed
a band at 1462 cm™! that is attributed to a A(CH,) group
and a band at 1280 cm™! that is due to the A(CH,), ©(CH,),
A(HCC), A(HOC), and A(COH) group vibrations. The
band at 1128 cm™' can be assigned to ¥(C—O-C) asymmet-
ric stretching, while the band at 1030 cm™! is attributed to
(C-C) and v(C-0) and the band at 870 cm ™" is assigned to
v (C-0-C) from the  (1-4) bond. PLGA showed bands at
1452 cm™! and 1418 cm™! and are due to v(CC) aromatic
ring chain vibrations. The bands between 1400 and 1470
cm™! are assigned to 8(CH,) 8(CH;) asymmetric stretch-
ing vibrations, while the bands at 1125 cm~! are due to
v(C—-0-C) asymmetric stretching. The band at 1023 cm™!,
corresponding to v(CC), may be due to alicyclic and ali-
phatic chain vibrations, while the bands at 866 cm~! and
840 cm™! are due to v(C—O—C) asymmetric stretching. PEG-
related bands at 1242 cm™! are attributed to CH, twisting,
1149 cm™! is due to C-O stretching and CH, rocking, the
band at 1116 cm™" is assigned to C—O—C stretching, 1060
cm™! is due to C-OH stretching, and the band at 842 cm™!
is due to CH,CH,OH end group vibration. Metronidazole
showed a band at 1528 cm™! that is attributed to NO, (N-O)
stretching, 1074 cm~!' and ~1175 cm™! due to C-OH, and
C-O stretching, a band at 864 cm™! assigned to C-NO,
stretching, 1476 cm™! due to 8(CH,) 6(CH;) asymmetric
and v(CC) aromatic ring chain vibrations, a band at 1360
cm™! due to v(C-(NO,)) end group vibration, and at 1259
cm™! attributed to C—O stretching. Metronidazole-loaded
PLGA and HMW and LMW Chitosan coatings showed
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bands at that are attributed to the main functional groups
of metronidazole such as 1175 cm™!, 1259 ¢cm™! for C-O
stretching, 1360 cm™! due to v(C—(NO,)) end group vibra-
tion, and 1528 cm™! attributed to NO, (N-O) stretching. The
other minor metronidazole bands at 1074 cm™! due to C-OH
stretching, 864 cm™! assigned to C-NO, stretching and 1476
cm™! due to 8(CH,) 6(CHj;) asymmetric and v(CC) aromatic
ring chain vibrations cannot be differentiated from the bands
from PLGA and chitosan control bands due to interference.

The X-ray diffraction patterns (Fig. 1C) of the blank,
metronidazole-loaded PLGA, and chitosan coatings on CpTi
discs showed the presence of Ti element as indicated by the
20 values at 35°, 38.5°, and 40.2°. There were no detect-
able differences in the peak position patterns of the uncoated
CpTi discs and the PLGA and chitosan-coated CpTi discs.
Metronidazole showed high-intensity peaks between 26 val-
ues of 12° and 35°; however, these peaks were not observed
in the CpTi discs coated with metronidazole-loaded chi-
tosan. CpTi discs coated with metronidazole-loaded PLGA
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Fig.2 A Determination of metronidazole release from various poly-
meric coatings over 15 days using HPLC analysis. B Graph show-
ing percent inhibition area of Ti discs coated with PLGA Ctrl, LMW
Chito Ctrl, HMW Chito Ctrl, PLGA Metro, LMW Chito Metro,
HMW Chito Metro on P. intermedia (left) and T. denticola (right)
coated agar plates. C Agar disk-diffusion method of microbial extract
using P. intermedia as a test microorganism after 24 h of incubation
of Ti discs coated with (I) PLGA Ctrl (left), PLGA Metro (right). (II)

.
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showed very low-intensity peaks at 26 values between 12
and 35°.

DSC thermograms (Fig. 1D) were collected for PLGA,
HMW and LMW chitosan, and metronidazole API controls
along with metronidazole-loaded PLGA and chitosan coat-
ings. Metronidazole API control showed a sharp endother-
mic peak at 170 °C, metronidazole-loaded, and blank HMW
and LMW chitosan coatings showed a broad endothermic
peak at ~120 °C and metronidazole-loaded, and blank PLGA
coatings showed an endothermic peak at ~50 °C.

3.2 Metronidazole release

A fixed amount of metronidazole of 2 mg per CpTi disc was
loaded into the PLGA and chitosan coatings. The release of
metronidazole from the polymeric coatings was estimated
by long-term immersion of the coated CpTi discs in 1x PBS
solution of pH 7.4 (Fig. 2A). Approximately 50% of metroni-
dazole was released in 48 h from PLGA coatings, indicating
burst release, and 100% release was obtained within a week.
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HMW Chito Ctrl (left), HMW Chito Metro (right); and (II[) LMW
Chito Ctrl (left), LMW Chito Metro (right). D Agar disk-diffusion
method of microbial extract using T. denticola as a test microorgan-
ism after 24 h of incubation of CpTi discs coated with (I) PLGA Ctrl
(left), PLGA Metro (right); (II) HMW Chito Ctrl (left), HMW Chito
Metro (right); and (III) LMW Chito Ctrl (left), LMW Chito Metro
(right)
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Approximately 25% of metronidazole was released in 48 h
from LMW chitosan coatings and approximately 75% release
was obtained within a week and 100% release was observed
at around day 10. Approximately 25% of metronidazole was
released in 48 h from LMW chitosan coatings, and approxi-
mately 50% release was obtained within a week and 100%
release was observed at around day 10. Metronidazole release
was slower from chitosan coatings compared to PLGA coat-
ings indicating sustained and prolonged release from chi-
tosan. Furthermore, although the HMW chitosan released a
bit slower until day 7, a similar release rate compared to LMW
was obtained at day 10 indicating no significant differences in
release between different molecular weights of chitosan.

3.3 Antimicrobial activity

Zones of inhibition were observed as clear distinct regions
around metronidazole-loaded PLGA and chitosan-coated
CpTi discs (Fig. 2B; Table 1). PLGA and HMW and LMW
chitosan-coated CpTi discs showed approximately 5 to 10%
inhibition of P. intermedia (Fig. 2C). The PLGA-coated con-
trol showed 2.75 + 2.41%, LMW chitosan control showed 7.53
+ 0.66% and HMW chitosan control-coated control CpTi discs
showed around 8.17 + 0.74% inhibition of P. intermedia. In
contrast, the metronidazole-loaded PLGA and metronidazole-
loaded HMW and LMW chitosan-coated CpTi discs showed
approximately 80 to 90% inhibition of P. intermedia. This
result is significantly higher compared to percent inhibition
areas of control groups. In addition, within the metronidazole-
loaded groups, metronidazole-loaded LMW chitosan groups
showed significantly higher % inhibition at 83.69 + 1.65%
compared to metronidazole-loaded HMW chitosan at 77.04
+2.26% (p < 0.01) and metronidazole-loaded PLGA at 75.82
+2.17% (p < 0.01).

PLGA-coated control and HMW/LMW chitosan-coated
control CpTi discs showed around 5% inhibition of 7. den-
ticola (Fig. 2D). The PLGA-coated control showed 2.75 +
2.31%, LMW chitosan control showed 2.92 + 2.57%, and
HMW chitosan-coated control CpTi discs showed around 2.59
+ 2.34% inhibition of T. denticola. In contrast, the metroni-
dazole-loaded PLGA and metronidazole-loaded HMW and
LMW chitosan-coated CpTi discs showed approximately 40
to 60% inhibition area for 7. denticola. This result is signifi-
cantly higher compared to percent inhibition areas of control
groups. In addition, within the metronidazole-loaded groups,
metronidazole-loaded LMW chitosan groups showed % area
of inhibition at 58.04 + 2.66% which is higher compared to

metronidazole-loaded HMW chitosan groups at 55.6 + 5.44%
and significantly higher compared to metronidazole-loaded
PLGA at47.48 + 1.95% (p < 0.05).

3.4 Biological evaluation
3.4.1 Cell viability on CpTi discs

Metronidazole-loaded PLGA and chitosan-coated CpTi
discs and the corresponding blank discs cultured with iPSCs
were stained with EtBr (dead stain) and calcein (live stain).
Confocal images of PLGA metronidazole and PLGA con-
trol-coated CpTi discs showed comparatively higher EtBr
staining and less calcein staining compared to the blank
and metronidazole-loaded HMW and LMW chitosan-
coated CpTi discs (qualitative comparison) (Fig. 3A). An
MTS cell proliferation assay (Fig. 3B) was used to deter-
mine the cytotoxicity of the metronidazole-loaded PLGA
and chitosan-coated CpTi discs using iPSCs as an in vitro
cell culture model. Results show that the % cell viability
of iPSCs cultured on PLGA control and PLGA metronida-
zole CpTi discs was 52.73 + 17.21% and 48.93 + 15.83%,
respectively. The cell viability of iPSCs cultured on blank
and metronidazole-loaded LMW chitosan-coated CpTi discs
was 89.83 + 21.31% and 81.99 + 19.31% respectively, and
the cell viability of iPSCs cultured on blank and metronida-
zole-loaded HMW chitosan-coated CpTi discs was 87.11 +
21.99% and 78.09 + 22.81%, respectively.

3.4.2 BMP-2 protein expression

BMP-2 protein expression in human iPSCs cultured on
blank and metronidazole-loaded PLGA and chitosan-
coated CpTi discs was measured in the supernatant using
an ELISA (Fig. 3C). Results demonstrated that the human
iPSCs cultured on blank and metronidazole-loaded PLGA
are expressed 12.56 + 3.2 pg/mL and 13.19 + 1.96 pg/mL
of BMP-2, respectively. The cultures on blank and metroni-
dazole-loaded HMW chitosan expressed 23.44 + 2.28 pg/
mL and 25.94 + 3.69 pg/mL of BMP-2, respectively. Inter-
estingly, cultures on blank and metronidazole-loaded LMW
chitosan expressed 225.31 + 98.98 pg/mL and 182.19 +
14.66 pg/mL of BMP-2, respectively. Though not signifi-
cant, the cultures on LMW chitosan expressed higher BMP-2
levels compared to those of the BMP-2 levels expressed by
iPSCs cultured on PLGA and HMW chitosan groups.

Table 1 Antimicrobial activity

. . PLGA Ctrl
of indicated coatings expressed

Bacteria

L-Chito Ctrl

H-Chito Ctrl PLGA Metro L-Chito Metro H-Chito Metro

as percent inhibition P intermedia 2.75+2.41 7.53+0.66  8.17+0.74  75.82+2.17 83.69+1.64  77.04+2.26
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Fig.3 A Live dead cell confocal images of IPSCs grown for 24 h
over Ti discs coated with PLGA Ctrl, LMW Chito Ctrl, HMW Chito
Ctrl, PLGA/Metro, LMW Chito Metro, and HMW Chito Metro. B
Chart representing cell viability of the IPSCs grown for 24 h over the

4 Discussion

Infections can be a potentially life-threatening or debilitat-
ing consequence of orthopedic and dental implant surgery,
placing a substantial toll on the healthcare system [26].
Such infections can result from biofilms present on the sur-
faces of metallic implants and are traditionally treated with
intravenously or orally administered antibiotics; however,
systemic toxicity imposes a dosing threshold [27, 28].
Although local delivery of high concentrations of antibi-
otics can be achieved through powder applications, there
are significant drawbacks to such an approach as outlined
elsewhere [29-31]. As mentioned earlier, there is also
an unmet need in dentistry to develop titanium implants
that can deliver antibiotics locally from the surface in a
sustained and controlled manner. In addition, upon cor-
rosion and wear, titanium alloys also possibly release Al
and V ions into the host tissue resulting in the instigation
of inflammatory and immunological responses. Coatings

L Chito
Metro Ctrl Metro

H Chito  H Chito Cell

Control

abovementioned coatings obtained via MTS assay. C Determination
of BMP-2 protein expression by iPSCs cultured on various polymeric
coatings and polystyrene of 12-well plate (cell control) over a 4-day
period using ELISA

can abrogate the dissolution of ions from the surface and
makes the surface more biocompatible [32].

Thus, antimicrobial sustained release coatings are cur-
rently being explored for local delivery of antimicrobials
and thereby inhibit microbial growth on the implant and
transmucosal abutment surface resulting in maximum effi-
cacy with reduced side-effects and costs. Existing coating
technologies include coating with iodine and nanosilver [33,
34]. However, it is challenging to develop coatings that are
non-toxic to tissues, does not affect the osseointegration, and
still maintain an extended-release profile above minimum
inhibitory concentration [30]. Several coatings loaded with
growth factors have been tested including biomimetic coat-
ings (e.g., ceramics), synthetic polymers (e.g., polycaprol-
actone, polylactide, poly(vinyl alcohol), poly(acrylic acid),
and polyethylene glycol) [35, 36], natural polymers (e.g.,
hyaluronic acid, sodium alginate, and agarose), and micro-
and nanoparticles [37, 38]. However, the abovementioned
polymers have their own drawbacks when implemented to
be deposited on titanium surfaces. For example, hyaluronic

llj b dools

QATAR UNIVERSITY ) Springer




1066

Emergent Materials (2024) 7:1057-1070

acid and calcium phosphate coating require a plasma spray
process during which the temperatures could exceed 500 °C
and the laser structuring can reach beyond substrate boil-
ing point 3260 °C resulting in metallurgical changes and
undesired biochemical consequences [39, 40]. Other sur-
face modification methods such as blasting, etching, and
porous coatings have potential for crack initiation resulting
in fatigue and reduced bending strength [39, 41]. In addition,
from a manufacturing point of view, scale up can be chal-
lenging using such methods [42]. Thus, alternative coating
techniques are being explored.

For example, polysaccharide coatings such as sodium
alginate and agarose have excellent hydrophilicity resulting
in biocompatibility and biodegradability; however, they are
prone to chemical reactions in the body resulting in the loss
of hydrophilicity [37, 38, 43]. Hydrophilic polymers, such as
PEG and its derivatives, have non-fouling and protein resist-
ant properties, along with their nanoparticle binding proper-
ties; however, due to their non-biodegradable nature, they
tend to accumulate in lysosomes, along with suffering from
oxidative damage [44, 45]. Zwitterionic polymers includ-
ing phosphatidylcholine can switch between cationic, ani-
onic, and zwitterionic properties, with their cationic nature
leading to their antimicrobial properties [46]. However, the
antibacterial properties of zwitterionic polymers can only be
sustained for a short period of time [47]. Hydrophobic poly-
mers such as polydimethylsiloxane exert their antimicrobial
nature by reducing the surface energy of a material, thereby
reducing the interaction between microbes and the material
surface; however, this anti-adhesive property is short-lived
[48, 49]. Given these issues, novel technologies are being
explored for the development of safer and more reliable local
antimicrobial delivery platforms [42, 50-54]. One strategy is
to coat the implant and transmucosal abutment surfaces with
polymers that have antimicrobial properties and simultane-
ously release antimicrobial agents by dipping or layering.
One such polymer that is popularly known for its antimicro-
bial properties is chitosan.

Chitosan is a positively charged antibacterial polymer
which, to our knowledge, has not been tested in conjunc-
tion with other antibiotics in the context of prevention and
treatment of peri-implant diseases [55]. Several studies have
shown that the biological activity of chitosan is indepen-
dently affected by its molecular weight (MW) and degree of
acetylation (DA) [56, 57]. However, the molecular weight
can contribute significantly to enhancing the antimicrobial
activity of chitosan compared to DA. For instance, LMW
chitosan effectively reduces the growth and multiplica-
tion of several microbial species, such as Bacillus subtilis,
Escherichia coli, Staphylococcus aureus, and Pseudomonas
aeruginosa [58, 59]. This finding can be attributed to the
size and conformation of LMW chitosan, where the mobil-
ity, attraction and ionic interaction of small chains facilitate

llj b dools

QATAR UNIVERSITY

@ Springer A

its effective binding to the microbial membrane [58, 59].
PLGA is a proven and robust polymer as it is one of the
most successfully deployed biodegradable polymers in
FDA-approved and European Medicines Agency—approved
medical devices [60]. PLGA-based delivery forms are
well-known for providing sustained drug delivery, and by
varying the monomer composition, the drug release kinet-
ics are easily tailored [60]. However, PLGA lacks inherent
antimicrobial properties. In this study, titanium discs were
coated with chitosan and compared to PLGA coatings for
its efficacy in exerting antimicrobial action. Furthermore,
these polymer coatings were loaded with metronidazole, a
widely used antimicrobial agent and a nitroimidazole-class
drug that acts by damaging bacterial and protozoal DNA,
leading to cell death.

There are only a few published studies that have evalu-
ated chitosan coatings for their antimicrobial activity. For
example, Yan et al. developed a biocomposite coating con-
taining chitosan, silver, and hydroxyapatite via electrochemi-
cal deposition [61]. The study demonstrated that silver and
chitosan can produce synergistic antimicrobial effects with
99.3% activity against Escherichia coli and 99.1% activity
against Staphylococcus aureus. In another study, Zhu et al.
showed that the surfaces of biomedical implants deposited
with one-dimensional nanostructures of ZnO on chitosan-
modified carbon nanotubes using atomic layer deposition
demonstrated antibacterial efficacy against Escherichia coli
and Staphylococcus aureus of over 73% and 98%, respec-
tively [62]. In another study, Jennings et al. coated tita-
nium implants with porous calcium phosphate microspher
es mixed with chitosan via an alkyloxysilane reaction. The
coating demonstrated reduced bacterial viability by up to
90% for a range of pathogens, including Staphylococcus
aureus, Prevotella denticola, and Porphyromonas gingi-
valis [63]. Although all the above coatings showed efficient
antimicrobial activity, none of these coatings were able to
provide osteogenic activity. Furthermore, the technology
used to develop these coatings is not cost-effective and dif-
ficult to scale-up.

In this study, chitosan and PLGA coatings loaded with
metronidazole were fabricated successfully and compared
to assess for antimicrobial efficacy along with osteogenic
activity. These coatings were then characterized using SEM
imaging, confocal, Raman, XRD, and DSC to understand
the physicochemical compatibility of metronidazole with
the polymer and solvents. Raman spectroscopy indicated
no incompatibility of metronidazole with either chitosan or
PLGA or the solvents used for their fabrication as demon-
strated by the presence of the main peaks attributed to NO,
(N-O) stretching, C—-OH and C-O stretching, and C-NO,
stretching. XRD data demonstrated that the metronida-
zole existed in amorphous form in the CpTi discs coated
with metronidazole-loaded chitosan due to the absence of
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high-intensity peaks between 26 values of 12° and 35°,
whereas CpTi discs coated with metronidazole-loaded
PLGA showed very low-intensity peaks at 26 values between
12 and 35°, indicating that some crystallinity is associated
with metronidazole in the PLGA coatings. This discrepancy
in the polymorphic behavior of metronidazole in PLGA and
chitosan may be due to metronidazole being hydrophilic,
resulting in its crystallization in the hydrophobic PLGA
matrix but not in the hydrophilic chitosan coatings. DSC
data fosters XRD results, as the sharp endothermic melt-
ing peak of metronidazole at 170 °C is absent indicating
the existence of metronidazole in amorphous form in both
PLGA and chitosan coatings. The amorphous nature of met-
ronidazole can lead to its enhanced release from the polymer
coatings as suggested by the release profiles. Release profiles
indicated that almost 50% and 28% of the drug got released
within 48 h from PLGA and chitosan coatings, respectively.
Metronidazole release was slower from chitosan coatings
compared to PLGA coatings indicating sustained and pro-
longed release from chitosan.

Antimicrobial activity was measured by assessing inhi-
bition zones. While no significant differences in the zones
of inhibition of controls were observed, chitosan controls
showed a little higher percentage inhibition compared to
PLGA control in P. intermedia. This result indicated that
chitosan’s antimicrobial properties might have contributed
to the slight increase in the zone of inhibition compared to
PLGA. The zones of inhibition of metronidazole-loaded chi-
tosan coatings were considerably high towards both P. inter-
media and T. denticola suggesting that chitosan and metro-
nidazole may have a synergistic antimicrobial action. These
results indicated that the chitosan coatings might be benefi-
cial in exerting synergistic antimicrobial properties along
with the antimicrobial drug. In addition to the antimicrobial
action, biocompatibility of the agents was tested using iPSCs
and live/dead stain confocal imaging. Results showed that %
cell viability of iPSCs (originated from dental pulp) cultured
on chitosan coatings was significantly higher compared to
PLGA coatings. This result can be attributed to the hydro-
philic nature of chitosan coatings compared to PLGA which
is hydrophobic. The resulting hydrophilic nature of chitosan
made it a better substrate suitable for cell attachment and
proliferation. Thus, chitosan coatings are biocompatible and
less cytotoxic compared to PLGA coatings.

In addition to biocompatibility, osteoinductivity was eval-
uated by measuring BMP-2 protein expression by iPSCs in
the presence of polymeric coatings. Like many other pro-
teins of the BMP family, BMP-2 is a potent molecule that
can induce osteoblastic differentiation. Results indicated that
BMP-2 expression was higher in chitosan coatings compared
to PLGA coatings. Within chitosan, LMW chitosan exhib-
ited higher protein expression compared to HMW chitosan
coatings. These results could be attributed to the surface

morphology of chitosan coatings as imaged by SEM. SEM
imaging demonstrated a rough surface morphology (with
higher surface area) for LMW chitosan coatings, compared
to HMW chitosan and PLGA coatings that showed smooth
morphology. Thus, it is apparent that the LMW chitosan
coatings can be considered as an attractive choice for its
antimicrobial efficacy, biocompatibility, and osteoinductive
properties.

Several randomized controlled trials were performed
to evaluate the effect of surface modification of titanium
implants on osteogenesis including hydrophilicity, surface
etching with sulfuric acid, calcium phosphate coatings,
and different surface treatments [64-68]. Among all these
studies, only one study, which used sulfuric acid to etch the
titanium surfaces, showed increased osteogenic, osteocon-
ductive, and osteoinductive properties [66]. One caveat of
this trial is that the study did not consider researching the
effect of etching on the release of ions that can elicit immu-
nological responses over time. In addition, the antimicrobial
activity of implant surfaces was not assessed. Thus, titanium
surfaces coated with metronidazole-loaded chitosan, demon-
strated by our group for their antimicrobial and osteogenic
properties, are worth testing clinically as bone and dental
implants.

5 Conclusion

In summary, a biodegradable, biocompatible metronida-
zole-loaded chitosan polymer coating with excellent anti-
microbial and osteogenic properties has been successfully
developed. Hence, the coated implants can be considered
as an appealing strategy for the prevention and treatment of
peri-implantitis. Future directions include in vivo testing in
appropriate animal models that could foster the technologi-
cal advancement towards clinical trial testing for possible
bone and dental implant applications.
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