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Objective: Microbial aggregation around dental implants can lead to loss/
loosening of the implants. This study was aimed at surface treating titanium
microimplants with silver nanoparticles (AgNPs) to achieve antibacterial
properties. Methods: AgNP-modified titanium microimplants (Ti-nAg)
were prepared using two methods. The first method involved coating the
microimplants with regular AgNPs (Ti-AgNP) and the second involved
coating them with a AgNP-coated biopolymer (Ti-BP-AgNP). The topologies,
microstructures, and chemical compositions of the surfaces of the Ti-nAg were
characterized by scanning electron microscopy (SEM) equipped with energy-
dispersive spectrometer (EDS) and X-ray photoelectron spectroscopy (XPS).
Disk diffusion tests using Streptococcus mutans, Streptococcus sanguinis,
and Aggregatibacter actinomycetemcomitans were performed to test the
antibacterial activity of the Ti-nAg microimplants. Results: SEM revealed that
only a meager amount of AgNPs was sparsely deposited on the Ti-AgNP surface
with the first method, while a layer of AgNP-coated biopolymer extended along
the Ti-BP-AgNP surface in the second method. The diameters of the coated
nanoparticles were in the range of 10 to 30 nm. EDS revealed 1.05 atomic %
of Ag on the surface of the Ti-AgNP and an astounding 21.2 atomic % on the
surface of the Ti-BP-AgNP. XPS confirmed the metallic state of silver on the
Ti-BP-AgNP surface. After 24 hours of incubation, clear zones of inhibition
were seen around the Ti-BP-AgNP microimplants in all three test bacterial
culture plates, whereas no antibacterial effect was observed with the Ti-AgNP
microimplants. Conclusions: Titanium microimplants modified with Ti-BP-AgNP
exhibit excellent antibacterial properties, making them a promising implantable
biomaterial.
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INTRODUCTION

Orthodontic microimplants are manufactured from
materials such as commercially pure titanium, surgical
stainless steel, and titanium alloys (Ti6Al4V). Titanium
alloy offers enhanced tissue compatibility, corrosion
resistance, bacteriostatic action, and mechanical strength
compared to stainless steel. These enhanced features
of titanium alloys may be attributed to the titanium
dioxide (Ti0,) film that forms on the surface of the
alloys.'

Several factors including osseointegration at the
bone-implant interface and the amount of bacterial
colonization around the implants influence the final
characteristics and outcomes of dental and orthodontic
microimplants.” According to previous studies, the long
term survival or stability of implants primarily depends
on the inflammatory condition that causes peri-
implantitis and loss of supporting bone.” Inflammation
leads to progressively escalating damage to the cortical
bone, especially around the neck of the implants.*” Peri-
implant mucositis, an inflammatory lesion, not only
affects the soft tissues but also damages the supporting
bone.® According to a previous study, 43% of individuals
with implants suffer from peri-implantitis, and peri-
implant mucositis was seen in up to 50% of the cases.”
Thus, limiting the amount of inflammation is vital for
ensuring long term stability and success of the implant.
Infection of the implants and their subsequent loo-
sening is most commonly seen in titanium-based
prosthesis and can largely be avoided by inhibiting the
adhesion of microbes on the surface of the implanted
devices.” The initial colonizers that adhere to tooth
and implant surfaces include Streptococcus oralis,
Streptococcus sanguinis, and Streptococcus mutans. In
addition, Aggregatibacter actinomycetemcomitans, a
gram-negative bacterium, is also essentially known to
be responsible for many periodontal and peri-implant
diseases.’

Many methods including surface treatments such as
polishing and modification of surface free energy'®"
have been employed to reduce or nullify the bacterial
aggregation around titanium-based prosthesis. Ele-
mental silver has been specifically known for its array
of antimicrobial properties for many years.'* Many
previous studies have demonstrated the excellent anti-
bacterial properties of silver-impregnated hydroxyl
apatite films as well as silver zeolite against different
cultured bacteria.””'” 1t has been speculated that
several mechanisms are involved in the antibacterial
potency of nanosilver. Due to an extraordinarily large
surface area, silver nanoparticles (AgNPs) exhibit better
antibacterial properties than metallic silver.'® Therefore,
in the recent past, the amalgamation of AgNPs with

different biomaterials to improve the biocompatibility
and antibacterial capability has been intensely studied,
and many incorporations such as silver-doped hydroxyl
apatite, polymer AgNPs, and AgNPs on TiO, have been
developed.””™

In light of the above findings, in this study, we aimed
at preparing AgNP-modified titanium microimplants (Ti-
nAg) using two methods. Further, we determined the
size, morphology, and distribution of the AgNPs and
examined and compared the antibacterial properties of
the modified microimplants using a well-established
microbiological assay.

MATERIALS AND METHODS

The microimplants were divided into three groups
of forty titanium alloy (Ti6Al4V) microimplants
(Absoanchor®; Dentos, Daegu, Korea) based on the
method of AgNP deposition: a) regular AgNP deposition,
Ti-AgNP group; b) AgNP-coated biopolymer deposition,
Ti-BP-AgNP group; c) control group (no deposition).

Fabrication of the Ti-BP-AgNP implant

This novel process involved three stages: i) pre-
paration of the hydroxyapatite/chitosan biopolymer;
ii) biopolymer layer formation over the Ti6Al4V
microimplant surface; and iii) deposition of the AgNPs
on the titanium-biopolymer coating to form Ti-BP-
AgNP.

i) Preparation of the hydroxyapetite/chitosan biopolymer
Triethylphosphite (98%; Sigma Aldrich, St. Louis,
MO, USA) and calcium nitrate tetrahydrate (= 999%;
Fluka, Seoul, Korea) were used as precursors in the
preparation of crystalline hydroxyapatite. A Ca/P
molar ratio of 1.6 was achieved by making aqueous
solutions of each precursor. The phosphorous solution
was added drop wise to the calcium solution under
vigorous stirring while maintaining the temperature
at 65°C and the pH at 8. NH,OH (28% w/w; Fluka)
aqueous solution was used to control the pH. The
colloidal solution prepared was continuously stirred at
65°C for 2 hours and then aged at 25°C for 24 hours to
obtain a white and viscous gel. The gel was then dried
in a vacuum chamber at 100°C until the solvent was
completely removed. The dry powder was then ground
and calcined at 550°C for 2 hours till a well-crystallized
hydroxyapatite (HA) powder was obtained.”

Chitosan and acetic acid were obtained from Sigma-
Aldrich. Tsopropyl alcohol (Duksan Pure Chemicals Co.,
Ltd., Ansan, Korea), oxalic acid (Shinyo Pure Chemical
Co., Osaka, Japan), and silver nitrate (Kojima Chemicals,
Sayama, Japan) were used as received.

Aqueous chitosan (biopolymer) solution (2 wt%
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solution) containing a compatibilizer polymer and
crosslinker was prepared by dissolving chitosan granules
in 5% acetic acid at a temperature of 60°C under
continuous stirring. The crystallized HA powder was
then added to the chitosan preparation and stirred at
room temperature using a magnetic stirrer. The solution
was continuously stirred for another 24 hours until a
homogenous polymer mix was obtained, after which the
solution was cooled to room temperature.

ii) Biopolymer layer formation over the Ti6Al4V
microimplant surface

Pristine titanium microimplants were rinsed by
ultrasonic radiation in ethanol and dried. The TI6AI4V
microimplants were then dropped into the biopolymer
solution (HA/chitosan) and stirred continuously for six
hours. The biopolymer coated titanium microimplants
were then filtered out and dried at 60°C for further
deposition with the AgNPs. During the drying process,
the biopolymer layer adhered on to the titanium
microimplant surface.

iii) Deposition of the AGNPs on the titanium-biopolymer
coating to form Ti-BP-AgNP

AgNPs were deposited onto the biopolymer-coated
titanium microimplants via photoreduction of Ag
ions. The biopolymer-coated microimplants were
then immersed in a 2 mM aqueous solution of silver
nitrate in isopropyl alcohol, which functioned as the
reducing agent for the Ag ions. The biopolymer-coated
microimplants containing the solution were irradiated
with ultraviolet light (365 nm) for a defined period
(30 minutes). After deposition of the AgNPs over

the biopolymer-coated titanium microimplants, the
microimplants were rinsed in distilled water and dried in
a microwave.

The group designated as Ti-AgNP (titanium implants
with regular deposition of AgNPs) were prepared
using the above-mentioned method alone without the
addition of the biopolymer composite layer.

Characterization of the surface coating on the titanium
microimplant

Scanning electron microscopy (SEM; HITACHI S-4500,
Hitachi, Tokyo, Japan) with an energy-dispersive spec-
trometer (EDS) was used to assess and visualize the
surface morphology of the microimplants. The samples
were sputtered with a platinum layer to increase the
conductivity. The surface elemental compositions were
characterized by X-ray photoelectron spectroscopy
(XPS; Kratos Axis Ultra spectrometer, Surface Science,
Manchester, UK) using Al Ko (E = 1486.6 eV). The
deposited surface was etched by Ar ion sputtering at
energy of 4 keV for 5 minutes to analyze the chemical
state of the Ti-BP-AgNP microimplants. Survey scan
analyses for an area of 300 x 700 um were performed.

Antibacterial tests

Gram-positive bacteria, Streptococcus sp., and gram-
negative A. actinomycetemcomitans were used to test
the antibacterial activity of the surfaces of the two
types of Ti-nAg microimplants. Disc diffusion tests
were performed to determine the zone of inhibition in
millimeters, thereby gauging the magnitude of silver ions
released from the Ti-nAg surface. Brain heart infusion
(BH1) agar plates were used to evaluate the antibacterial

Figure 1. Surface characterization of the Ti-nAg microimplants. scanning electron micrographs show Ti-AgNP surface
at different magnifications. A, 30x; B, 500x; C, 1,000x; and D, 35,000x. And Ti-BP-AgNP surface at E, 30x; F, 500x%; G,
12,000x%; and H, 40,000x magnifications.
Ti-AgNP, Microimplant coated with regular silver nanoparticles (AgNPs); Ti-BP-AgNP, microimplant coated with
biopolymer-AgNP.
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activity of the microimplants. These tests conformed to
the recommended standards of the National Committee
for Clinical Laboratory Standards (NCCLS; now
renamed as Clinical and Laboratory Standards Institute,
CLSI, 2000). S. mutans ATCC®25175™, S. sanguinis
ATCC®10556™, and A. actinomycetemcometans
ATCC®33384™ (Koram Biotech Corp., Seoul, Korea) were
used for the antibacterial effect assay.

Saline suspensions of isolated colonies selected from
the BHI agar plates were used to prepare the bacterial
suspensions. The BHI plates were then cultured for the
next 24 hours. The suspension was adjusted to match
the tube of 0.5 McFarland turbidity standard using a
spectrophotometer at 600 nm, which equaled to 1.5 x
10° colony-forming units (CFU)/mL. A sterile swab com-
pletely steeped in the prepared bacterial suspension was
used to inoculate the surface of the BHI plates. Finally,
the test microimplants were placed on the inoculated
agar plate and incubated at 37°C for 24 hours. After
incubation, the length, breadth, and area of the
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Figure 2. Energy-dispersive spectroscopy plots of the
elements on the control, Ti-AgNP, and Ti-BP-AgNP micro-
implants.

Ti-AgNP, Microimplant coated with regular silver
nanoparticles (AgNPs); Ti-BP-AgNP, microimplant coated
with biopolymer-AgNP.

inhibition zones were measured and tabulated. All the
tests were performed in triplicate.

RESULTS

SEM images of the microimplants with regular AgNP
deposition and BP-AgNP deposition are shown in
Figure 1. Even though all the samples were sintered at
an even temperature, the structure of the established
crystal grains seemed to vary based on the silver content
and concentration. Because heavy elements (e.g., Ag)
backscatter electrons more strongly than light elements
(e.g., O, Ti), the metallic silver appears brighter. The
Ti-AgNP microimplants showed shining AgNPs with a
diameter of around 30 nm, which were well scattered as
shown in Figure 1B, 1C, and 1D. Many of the scattered
AgNPs elicited an amorphous structure and formed
agglomerates (Figure 1D). On the other hand, the
microimplants deposited with BP-AgNP displayed a more
rough surface morphology. The addition of a biopolymer
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Figure 3. Left: X-ray photoelectron spectroscopy (XPS)
spectra of (a) control (no deposition) and (b) BP-AgNP-
coated microimplants. Right: High-resolution XPS spectra
of Ag 3ds, in the BP-AgNP coated microimplants.
BP-AgNP, Biopolymer-silver nanoparticles.

Table 1. Composition of the control, Ti-AgNP, and Ti-BP-AgNP microimplants, as determined using energy-dispersive

spectroscopy
Atomic %
Sample
Ti Al \% C (0) Ag
Control (no deposition) 70.4 7.3 8.5 10.8 2.7 -
Ti-AgNP 74.3 6.1 0.70 11.8 6.1 1.05
Ti-BP-AgNP 1.74 0.37 7.09 38.11 31.3 21.2
Ti-AgNP, Microimplant coated with regular silver nanoparticles (AgNPs); Ti-BP-AgNP, microimplant coated with biopolymer-
AgNP.
6 https://doi.org/10.4041/kjod.2017.47.1.3 www.e-kjo.org
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Figure 4. Disk diffusion tests showing zone of inhibition for (A) Streptococcus mutans with the control microimplant; (B)
S. mutans with Ti-AgNP; (C) S. mutans with Ti-BP-AgNP; (D) Aggregatibacter actinomycetemcometans with the control
microimplant; (E) A. actinomycetemcometans with Ti-AgNP; (F) A. actinomycetemcometans with Ti-BP-AgNP; (G) S.
sanguinis with the control microimplant; (H) S. sanguinis with Ti-AgNP; and (1) S. sanguinis with Ti-BP-AgNP.

Z0l, Zone of inhibition; Ti-AgNP, microimplant coated with regular silver nanoparticles (AgNPs); Ti-BP-AgNP,
microimplant coated with biopolymer-AgNP.

Table 2. Length, breadth, and area of the zone of inhibition (ZOI) as seen with the control and test titanium

microimplants (Ti-AgNP and Ti-BP-AgNP) on three different bacterial culture plates

701
Bacteria Ti-AgNP Ti-BP-AgNP Control
1 b Area 1 b Area 1 b Area
Streptococcus mutans - - - 11.18+0.53  5.75+0.37 50.58 +4.88 - - -
Streptococcus sanguinis - - - 9.62+0.44 3.68+0.25 27.93+3.01 - - -
Aggregatibacter actinomycetemcomitans - - - 9.50+0.46 3.37+0.44 25.13+3.06 - - -

Values are presented as mean + standard deviation.

Ti-AgNP, Microimplant coated with regular silver nanoparticles (AgNPs); Ti-BP-AgNP, microimplant coated with biopolymer-

AgNP; |, length; b, breadth; —, not appeared.

Due to linear samples, the ZOI was measured in terms of length (mm), breadth (mm), and area (mm?). Area of the ellipse was

measured as 7t (1/2 x b/2).

layer resulted in a combination of mesoporous and
macroporous surface matrix (Figure 1F), including
AgNPs (shiny dots) of varying diameters ranging from 10
to 30 nm (Figure 1H).

EDS spectra plots of the Ti-BP-AgNP microimplants
showed the presence of a higher peak for atomic silver
deposited within the surface compared to that of the
Ti-AgNP microimplant (Figure 2). Quantification of the
spectra indicated that the Ti-AgNP microimplant surface
contained only 1.05 atomic % of silver. On the other

www.e-kjo.org https://doi.org/10.4041/kjod.2017.47.1.3

hand, the spectra for the TI-BP-AgNP surface showed
an astounding silver atomic % of 21.2 (Table 1).

The BP-AgNP coated microimplants were further
characterized by XPS measurements to identify and
assess the chemical state of silver. Figure 3 shows
the XPS profiles of the control (red, a) and Ti-BP-
AgNP microimplants (black, b). The peak for elemental
silver can be visualized on the surface of the coated
microimplant. The XPS spectra of Ag 3ds;, from the
microimplant right after the deposition was registered,
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as this electronic configuration of Ag specifically
demonstrated the reactive sub shell that was responsible
for its reactivity and chemical interactions. The Ag
3d,;, peak appeared at a binding energy of 368.5 eV,
suggesting that the silver was of metallic nature (Figure
3].23

The antibacterial activity of the microimplants was
confirmed by the presence of an inhibition zone
of the growth of S. mutans, S. sanguinis, and A.
actinomycetemcometans around the substrates as shown
in Figure 4. No bacterial growth was observed around
the Ti-BP-AgNP microimplants (Figure 4C, 4F, and 41).
However, bacterial growth was detected around both
the control as well as the Ti-AgNP microimplants. Table
2 illustrates the zone of inhibition measurements of
the test samples for quantitative assessment. The area
of the zone of inhibition for S. mutans (50.58 + 4.88
mm?) was the largest with Ti-BP-AgNP microimplants,
followed by that of S. sanguinis (27 + 3.01 mm?);
the smallest zone of inhibition was observed for A.
actinomycetemcometans (25 + 3.06 mm?). The Ti-AgNPs
and the control microimplants showed no antibacterial
effect on any of the three test bacteria (Table 2).

DISCUSSION

Incorporation of AgNps with different biomaterials to
improve their antimicrobial characteristics is presently
being studied extensively. In the current study, two
methods were used to deposit AgNPs on the surface
of titanium microimplants. One group was coated with
regular AgNPs (Ti-AgNP), whereas the other was coated
with BP-AgNP (Ti-BP-AgNP). After completion of the
BP-AgNP deposition on the microimplant surface,
the color of the microimplant had turned brownish-
gold (Figure 4C, 4F, and 41). No such color change
was observed on the microimplants deposited with
regular AgNPs. The SEM images showed AgNps sparsely
dispersed over the Ti-AgNP microimplant surface with
a diameter of approximately 30 nm, and many AgNPs
formed agglomerates or clumps (Figure 1D). On the
contrary, the Ti-BP-AgNP microimplants showed a
disperse coating of the biopolymer of varying thickness
all along the surface (Figure 1E) and exhibited a
mesoporous/macroporous surface matrix with a pore
diameter of roughly 40 to 50 nm (Figure 1G). On the
surface of the biopolymer, AgNPs of different diameters
ranging from 10 to 30 nm could be visualized (Figure
TH).

To verify the array of chemical elements and the
elemental state of the AgNps, EDS and XPS analyses
were performed. The EDS microanalyses confirmed that
the atomic % of AgNps on the Ti-AgNP microimplants
was merely 1.05%, whereas that on the surface of the

Ti-BP-AgNP microimplants was 21.2% (Figure 2, Table
1). As the EDS analysis depended on a limited area for
screening, the BP-AgNP layer covering the Ti surface
caused a reduction in the values of the underlying
elements Ti, Al, and V (Table 1). According to the
XPS, the Ag3d region had well-separated spin-orbit
components. This electronic configuration of Ag was
specifically recorded as it demonstrated the reactive sub
shell or the valence shell that is responsible for the high
reactivity and surface interactions of the AgNps. The
binding energy of the Ag 3d., peak appeared at 368.5
eV, suggesting that the Ag was of metallic nature (Figure
3).23

A Tot of speculation revolves around the antibacterial
mechanism of AgNPs. Many theories explaining
this phenomenon are linked to the ability of these
nanoparticles to release ionic silver in an aqueous
solution”**”; some are linked to their ability to react
with the bacterial cell membrane and others are
related to their potential to produce reactive oxygen
species.”® Most importantly, AgNPs are known to elicit
antimicrobial properties due to their large surface area,
which in turn provides for larger area for microbial
contact. Some studies also suggest that silver ions have
a strong affinity for the electron donor groups present
in various sulfur-, oxygen-, or nitrogen-containing
bacterial cells.”’

Streptococcus sp. and A. actinomycetemcomitans,
being the most common pathogens in the oral bio
flora,” were considered appropriate for performing the
antibacterial tests for the two different Ti-nAg surfaces
in this study. We used the disk diffusion technique to
determine the antibacterial properties of the Ti-nAg
surfaces. No zone of inhibition was observed around the
control and Ti-AgNP microimplants (Figure 4A, 4B, and
4D-4H), but the Ti-BP-AgNP microimplants exhibited
excellent antibacterial effects with clear zones of
inhibition in all three test bacterial culture plates (Figure
4C, 4F, and 41). Our zone of inhibition tests depended
on the amount or concentration of ionic silver leached
from the surface of the test microimplants. Moreover,
elemental silver has a low rate of dissolution in an
aqueous environment. Therefore, it can be said that the
Ti-BP-AgNP microimplants may have reached sufficient
concentrations of ionic silver to demonstrate a clear
zone, whereas the Ti-AgNP microimplants may not have
reached a concentration sufficient to establish a clear
zone. SEM and EDS examination also revealed that the
Ti-AgNP microimplants had only a tiny percentage of
silver deposited on their surface, which amounted to just
1.05 atomic %. Nanosilver is highly reactive and readily
reacts with surface oxygen to form oxides, which reduces
the available free nanosilver for interaction and thus
decreases the antimicrobial propertieszg; accordingly, we

https://doi.org/10.4041/kjod.2017.47.1.3 www.e-kjo.org
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believe that the high concentration of silver accounting
for about 21.2 atomic % of AgNPs on the biopolymer
layer in the Ti-BP-AgNP microimplant surface may have
been the reason for its excellent antibacterial properties.

Polymers have a synergistic effect on nanosilver with
regard to the bactericidal properties when they are
used in combination, although the antibacterial effi-
ciency of polymers alone is much weaker than that of
nanosilver.”®’' Therefore, biopolymers may stabilize
and dispel nanosilver, thus preventing its oxidation and
thereby increasing its bioavailability for enhancing its
antibacterial properties. Nanosilver, with its substantial
antibacterial properties, plays a pivotal role in the
immediate antibacterial effect of nanosilver-deposited
biopolymer coatings, where after the depletion of the
silver ions, the biopolymer can have a firm effect on the
permanent antibacterial effect of the coating.”*”

A thorough literature search in the medical database
suggests that this is the first study reporting a novel
method of fabrication of a biocompatible polymer
coated with AgNPs on a titanium alloy microimplant
surface and its comparison to regular AgNP deposition
on a titanium alloy microimplant to understand the
differences in the morphological structure and anti-
microbial properties of the implants caused by the
difference in the surface modification technique. Fu-
ture studies on the sustainability of ion release from
these nanoparticle-coated biopolymers, changes in the
physical properties of the incorporated material, such as
its long term stability in the oral environment, retention
of the biopolymer coating on clinical application and,
most importantly, the toxicity related to the oral tissues,
must be carried out to justify its use as a befitting
implantable biomaterial.

CONCLUSION

In the present study, we prepared two different types
of Ti-nAg: one coated with regular AgNPs and the
other coated with BP-AgNP. The SEM images of the
microimplants showed that the AgNPs were favorably
coated on the titanium alloy surface of both types of
microimplants. The AgNPs varied in shape and size,
with diameters in the range of 10 to 30 nm. EDS micro-
analysis confirmed a silver atomic % of 1.05 in the
group coated with regular AgNPs and 21.2% in the
group coated with BP-AgNP. XPS analysis confirmed the
metallic state of silver. Disk diffusion tests showed that
the Ti-BP-AgNP surface had remarkable antibacterial
activity towards the oral bacteria S. mutans, S. sanguinis,
and A. actinomycetemcomitans. These data suggest
that Ti-BP-AgNP has excellent antibacterial properties,
making it a promising implantable biomaterial.
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