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SURFACE MODIFICATION OF 316L SS BY NANO CHITOSAN-YSZ DUPLEX COATINGS
FOR DENTAL APPLICATIONS

The development and characterization of nanochitosan-YSZ (Yttria-Stabilized Zirconia) duplex coatings on 316L stainless
steel using a dual method for dental applications are the focus of this study. Dental implants have long been integral to restoring
oral health, but the high cost of noble material-based implants limits their accessibility to many individuals. As a solution, this
research explores the use of innovative materials and techniques to create cost-effective yet biocompatible dental implants. The
study involves a dual coating method that combines electrophoretic deposition and dip coating to create a robust and adherent du-
plex coating. Nanochitosan, a biopolymer, and YSZ, known for its excellent cell adhesion properties, form the basis of the coating
material. The characterization of the duplex coatings includes various analytical techniques to assess their physical and chemical
properties. This research aims to enhance the long-term stability and functionality of dental implants, making them more affordable
and accessible to a wider range of patients, thereby contributing to improved dental health and quality of life.

Nane ¥YSZ Layer

_

Dip coating

Nano Chitosans

Namo¥sz/|| . . "
EPD TiNg ey ,
FESEM Image

l

Nano Chitesan layer

>

Nano ¥SZ Layer

AFM Image
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1. Introduction

In the biomedical industry, noble metal-based dental im-
plant materials possess significant effects. Noble material-based
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dental implants were quite costly, and they are not available for
many people at an affordable cost [1]. Dental implants based
on alloys such as stainless steel (SS), titanium, and magnesium
alloys have been commonly used as a substitute for noble metal-
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type dental implants [2]. SS has high demand in developing
countries due to its low cost. Stainless steel has been extensively
used for orthopedic implants, most effectively because of its
availability, affordability, and resistance to corrosion [3]. How-
ever, the use of SS as a dental implant has some limitations, as
the material corrodes in the oral environment, which may lead
to the failure of the dental implant.

The noble dental implants are highly resistant to various ion
attacks under different conditions, but the alloys are not highly
corrosion-resistant under different conditions [4]. The surface of
implant materials gets corroded easily in a low-pH acidic medium
due to the release of more ions. Thus, innovative techniques
like surface modification of dental implant materials with more
corrosion resistance and cell proliferation are the need of the
hour. Surface modification with nanobiocomposites possesses
high tissue compatibility, high resistance to corrosion, chemical
resistance, high toughness, resistance to wear, and high flexural
strength. The enhancement of dental impacts is very much af-
fected by the adherence and stability of the substrate coating and
coating/bone interfaces.

The stability of the coating influences the mechanical
property, and the adhesion influences the physiochemical char-
acteristics of nature. Long-term stability is required when the
impact of a physiological medium is considered [5]. Generally,
nanobioceramic Yttria stabilized zirconia (YSZ) coated dental
implants possess a high chemical inertness character that al-
lows better cell adhesion [6,7], and the addition of biopolymer
chitosan increases the values such as good attachment and cell
viability, etc. For more than a decade, novel advanced biocom-
posite coatings based on chitosan and bioinert ceramic yttria
stabilized zirconia (nano YSZ) [8] have been developed for den-
tal applications. Chitosan is a well-known biopolymer that has
been utilized for several applications due to its properties such
as non-toxicity, osteoconductivity, and very good antimicrobial
activity.

The coating of chitosan averts the colonization of the bac-
teria on the stainless steel plate [9]. The advantages of EPD are
its simple and cheap power source equipment, which provides
highly uniform and crack-free coating from various alcoholic
suspensions with controlled deposition rates by varying the ap-
plied voltage and coating time. Due to the marked advantages
such as ease in obtaining the desired thickness, formation of
layers with high purity, stronger adhesion to the substrate, etc.,
the EPD method was chosen compared to all other methods.
The EPD process is considered an effective technique to de-
velop ceramic coatings on functionally graded materials and on
complex-shaped substrates [10,11].

It is reported that nano-Y SZ-based dental implants showed
high mechanical strength and phase stability at various tempera-
tures [12]. Moreover, nano YSZ, along with a biopolymer chi-
tosan-coated dental implant, would be considered an alternative
to conventional dental implants as it provides several advantages,
such as accelerating the formation of osteoblasts responsible for
bone formation. The main advantages of biocomposite chitosan
layers are that they are highly resistant to various ion attacks

from artificial saliva and that they also accelerate the formation
of osteoblasts responsible for bone formation. The mechanical
properties and osteogenic properties of the composites can be
improved by adding YSZ to chitosan; however, this improves
the mechanical strength and osteogenic properties of the com-
posites [13].

To the best of our knowledge, the development of nano-
chitosan/YSZ-based coatings for dental applications is rarely
reported. In this work, we report nano YSZ coating on 316L
stainless steel by EPD, followed by dip coating of nano YSZ
coated samples in chitosan solution. Further, the electrochemical
behavior of coated samples was evaluated in an artificial saliva
medium for dental applications.

The novelty of this study lies in the innovative combina-
tion of techniques employed to enhance the properties of 3161
stainless steel for dental applications. Firstly, we introduce
a nano yttria-stabilized zirconia (YSZ) coating on the stainless
steel using an electrophoretic deposition (EPD) process. Sub-
sequently, we employ a dip coating method to further enhance
the surface characteristics by immersing the nano YSZ-coated
samples in a chitosan solution. This dual-coating approach aims
to synergistically leverage the unique properties of both YSZ and
chitosan for improved performance. Finally, the electrochemical
behavior of these dual-coated samples is systematically evaluated
in an artificial saliva medium, providing valuable insights into
the potential applications of this novel coating combination in
the dental industry.

2. Materials and methods
2.1. Materials

Chitosan (degree of deacetylation 100), Nano YSZ
(99.99%) (particle size <100 nm) obtained from Thermo Fischer
Scientific The IPA solvents, acetic acid, and other chemicals used
were of analytical grade.

2.2. Substrate and suspension preparation

ASTM F-89 standard 316L stainless steel (10x10x2 mm
size) samples were used as a working electrode after polishing
it mechanically using grit silicon carbide papers, followed by
a gentle wash in dilution of HCI and soap oil solution. Further, the
samples were ultrasonically cleaned and then dried in an oven.
The dried 316L stainless steel substrates were stored in desic-
cators prior to the EPD process. 2% nano YSZ suspension was
prepared by mixing 2 g of nano Y'SZ powder in isopropyl alcohol.
Finally, in order to get an agglomerate-free suspension through
the ultrasonication process for about 10 minutes, A 2% chitosan
solution was prepared by mixing 2 g of finely ground chitosan
flakes in 2% glacial acetic acid. The resultant solution was stirred
constantly for 10 hours. The obtained homogeneous solution was
stored in a cool place [14].



2.3. Nano YSZ deposition on metal substrate
by EPD process and Chitosan coating
on nano YSZ surface by Dip coating

316L stainless steel (10x10%2 mm sized) was used as
the working electrode, and a thin plate of 314 SS was used
as the anode. A distance of about 1cm was maintained between
the two electrodes. The working electrode was covered on one
side with non-conducting Teflon tape, and then the covered
part was dipped in the 2% nanoYSZ suspension so that only
the uncovered substrate facing in front of the anode could be
coated. During the EPD process, the YSZ suspension was stirred
gently. Deposition was carried out on a 1 cm? surface area with
an applied potential of 70 V at a constant time of 5 minutes. The
obtained nano-YSZ coating was gently taken out of the bath
and dried at room temperature for 5 minutes, followed by air
sintering at 800°C. The structural and morphological properties
of the obtained samples were examined.

The chitosan solution was freshly prepared, and nano-Y SZ-
coated 316L stainless steel samples were dipped completely
for 1 to 5 minutes. All the specimens were then gently removed
from the chitosan bath. The chitosan-coated samples were dried
at room temperature.

2.4. Artificial saliva (AS) preparation

AS was prepared according to the literature reported [15].
Briefly, CgHgO5 (2.00g), CgH cNaOg (10.00g), KCI (0.625g),
MgCl,. 6H,0 (0.059g), CaCl,.2H,0 (0.166g), K,HPO,
(0.804 g), and KH,PO, (0.326g) were mixed together in one
liter of distilled water. Finally, the pH of AS was adjusted to
6.75 using a KOH solution.

2.5. Characterization

The microstructure and uniformity of nanochitosan/YSZ
were investigated using FESEM (Carl Zeis). The Bruker model
was used to obtain XRD patterns of nanochitosan/YSZ. An
electrochemical workstation (BioLogic SP240) was used to
investigate electrochemical impedance spectroscopy. The cell
viability of all samples was analyzed by the MTT assay method.

3. Results and discussion
3.1. X-Ray Diffraction Studies (XRD)

The XRD pattern of (a) nano YSZ, (b) chitosan, and (c) nano
chitosan/YSZ coatings on 316L stainless steel is represented in
Fig. 1. The obtained planes match well with standard JCPDS
files No. 82-1246 and 79-0418, confirming the presence of
chitosan and nanoYSZ, respectively. The intense peaks appear-
ing at 20 =11,19.8, 30.2,50.4, and 60.0 confirm the crystalline
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nature of nano YSZ and chitosan [17,18] without any impurities
in the coatings.
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Fig. 1. X-ray diffraction of (a) nano YSZ, (b) Chitosan and (c) nano
biocomposite coated on 316L Stainless steel

3.2. Fourier Transform Infrared Spectroscopy (FT-IR)

Fig. 2 represents the FTIR spectra of nano-YSZ and chi-
tosan coated on 316L stainless steel. The peaks at 3500, 2921,
1589, and 1423 cm! were accredited to existence of C-H, O-H,
N-H, C-O-C and C-N bonds of chitosan respectively [19,20].
The peaks at 636 cm1 indicate the presence of nanoYSZ along
with chitosan.
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Fig. 2. FTIR spectra of nano biocomposite coated on 316L Stainless steel

3.3. Raman spectroscopy

The phase composition of the coatings was investigated
with Raman spectroscopy and depicted in Fig. 3. Four prominent
peaks were observed at 256, 322, 466, and 617 cm', respectively,
conforming to the cubic phase of YSZ. The above peaks are di-
rectly associated with the 3Eg, 2B1g, and 1A 1g symmetries, as
predicted for the cubic phase. The prominent peak at 2885 cm!
corresponds to the m(CH) stretching vibration of the pyranoid
ring of chitosan.
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Fig. 3. Raman spectra of nano biocomposite coated on 316L Stainless
steel

Thebands at 1654, 1591, 936, and 896 cm' are assigned
to the v(CO), 6(NH,), v(CN),) and v(¢) + p(CH,) vibrations
ofchitosan,n respectively Therewas as systematic change in
band intensity with the change in degree ofdeacetylation,n and
the same results were reportedin then literature [21,22]. These

results indicate chitosan molecules form thin filmson annano-
YSZ-coatedd 316Lstainlesss steel substrate.

3.4. Surface morphological characterization

It is really challenging to obtain a uniform crack-free coat-
ing in the EPD process. We have done YSZ coating by the EPD
process, and chitosan was coated on the nano-YSZ surface by
dip coating. The uniformity and crack nature of the nanochitosan/
YSZ biocomposite coating were observed using FESEM. The
observed results for the FESEM image of nanochitosan/YSZ are
depicted in Fig. 4(a and b). This confirms the uniform, crack-free
nature of nanochitosan/YSZ. This study further confirms that the
nano Y SZ coating was composed of nano grains ranging from 80
to 200 nm and chitosan passivated over nano YSZ nano grains,
as shown in FESEM. EDAX analysis was helpful to identify the
elemental composition of nanochitosan/YSZ.

The presence of elements such as C, O, Y, Zr, and N in
chitosan and nanoYSZ without any impurities. The composi-
tion is C =41%, N = 2%, O =26%, Y = 5%, and Zr = 26%, as
shown in Fig. 5.
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Fig. 5. EDAX spectrum of nano biocomposite coated on 316L Stainless steel



This FESEM and EDAX study further confirms the non-
appearance of oxidized products of the base metal (iron oxide)
during the sintering process. Further, chitosan and nano-YSZ
have not undergone any decomposition during the EPD and dip
coating processes.

3.8. Electrochemical studies
3.8.1. Open Circuit Potential (OCP)

As depicted in Fig. 6, a nobler shift was observed for nano
YSZ and nano chitosan/YSZ samples compared to uncoated
316L stainless steel samples, indicating better corrosion resist-
ance [24]. It is also noted that the nanochitosan/YSZ coating
has the highest nobler shift, which indicates better corrosion
resistance when compared to the nanoYSZ coating alone. The
OCP time measurement studies confirm that the chitosan layer is
highly stable at 1 hour and resists aggressive ion attack from the
AS medium when compared to other samples, indicating a better
barrier property of the nanochitosan/YSZ coating.
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Fig. 6. Open circuit potential time measurement for nano biocom-
posite coated on 316L Stainless steel in comparison with uncoated
316LSS
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3.8.2. Electrochemical impedance
spectroscopy

Electrochemical impedance spectra (EIS) studies were
carried out for all the specimens (nano chitosan/YSZ, nano
YSZ, and uncoated 316L stainless steel) at OCP after dipping in
AS medium (frequency range from 10 kHz to 10 mHz). Fig. 7
represents the EIS and the corresponding equivalent circuit’s
results. Nanochitosan/YSZ-coated samples show maximum
impedance (30 MQ cm™) compared to nanoYSZ-coated and
uncoated samples. The electrochemical parameters are obtained
by Z-Sim curve fitting analysis (TABLE 2).

The chitosan barrier resistance (Rb1) and passivation
resistance (Rp) of nano chitosan/YSZ were maximum when
compared to nano YSZ and uncoated 316L stainless steel. The
charge transfer resistance of the uncoated specimen is much
less than that of nanochitosan/Y'SZ and nanoY SZ coatings [25].
This indicates that the nanochitosan/YSZ biocomposite layer
possesses more resistivity to aggressive ion outbreaks from AS
medium. Further, electrons are not transferred from the metal
surface to the bulk of the AS medium.

3 min.

300000 +

200000 4

-Im(Z)/ Ohm.cm2

100000 <

N Bare 316LSS —
L) L) L) L)
0 200000 400000 600000
Re(Z)/Ohm.cmz)

Fig. 7. Nyquist impedance for nano biocomposite coated on 316L
Stainless steel in comparison with uncoated 316LSS
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Fig. 8. (a) and (b) Bode impedance and Bode phase for nano biocomposite coated on 316L Stainless steel in comparison with uncoated 316LSS
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TABLE 1
Z fit values of nano biocomposite coated (1-5 minutes) 316L Stainless steel samples under AS medium in comparison
with uncoated 316L Stainless steel
Biocomposite 4 RS Qcoat R1 R2 0b R3 Cdl R4
time intervals | Q cm? | Q em? | (F em™sn) neoat (Cll;;t::;‘ n YSZ coat | (Fcmsn) nb Q cm? F cm? Q cm?
Bare 316L SS | 5644 388 — 0.81 — — — — 190 3.933x10° | 534.5
1 min. 295578 | 27.8 | 6.59x10°M | 0.31 | 5.48x10° | 1.64x10° | 6.89x1071° | 0.29 | 0.98x10° | 8.92x10°!' | 164504
2 min. 299078 | 24.5 | 7.49x107"" | 0.30 | 5.76x10° | 1.86x10° | 7.01x10710 | 0.25 | 1.01x10° | 9.04x10""" | 168424
3 min. 308078 | 20.5 | 8.19x10°' | 0.28 | 5.88x10° | 2.06x10° | 7.51x10°1% | 0.22 | 1.20x10° | 9.52x10°'! | 184484
4 min. 293578 | 30.8 | 5.96x10°M | 0.33 | 5.24x10° | 1.48x10° | 6.64x107'° | 0.30 | 0.86x10° | 8.42x107'" | 158400
5 min 291278 | 32.9 | 5.43x107'" | 0.35 | 5.08x10° | 1.24x10° | 6.21x10710 | 0.31 | 0.78x10° | 8.34x107"" | 152444

Fig. 8(a) and (b) represent the bode impedance and bode
phase plots. Maximum impedance values were observed for
nanochitosan/YSZ. The shape of the phase angle vs. frequency
plots indicates the capacitive behavior of the coatings. The
phase angle of the nanobiocomposite layer showed a significant
shift at —70°, resulting in the nanochitosan/YSZ layer exhibit-
ing highly capacitive behavior when compared to all the other
specimens. It was also observed that the corrosion resistiv-
ity of nanochitosan/YSZ was significantly higher than that of
nanoY SZ-coated and uncoated 316L stainless steel samples.

3.8.3. Cyclic potentiodynamic polarization studies (CPP)

Fig. 9 represents cyclic potential dynamic polarization for
nanobiocomposite coated on 316L stainless steel in comparison
with uncoated 316L stainless steel. The corrosion current (/corr)
and corrosion potential (Ecorr) were obtained from the cyclic
polarization curves by Tafel fit, and the obtained values are given
in TABLE 2 with CPP results. The nanochitosan/YSZ layer pos-
sesses a higher corrosion potential of —172.569 mV and a lower
corrosion current of 0.001pA compared to other specimens.
The Ecorr values were shifted in a less negative direction from
the uncoated sample to the chitosan-coated sample. The break-
down potential and polarization resistance of nanochitosan/YSZ
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Fig. 9. Cyclic potential dynamic polarisation for nano biocomposite

coated on 316L Stainless steel in comparison with uncoated 316L
Stainless steel

(1.68211 and 83.3632) were found to be high when compared
to nanochitosan/YSZ and uncoated 316L stainless steel due to
the nanochitosan/Y'SZ biocomposite coating. It was not easily
destroyed by aggressive ion attack from the AS medium, and this
layer resists the release of ions from the substrate to the solu-
tion. This result indicates that nano-chitosan/YSZ on the metal
surface is more stable and possesses better barrier properties
when compared to nano-YSZ and uncoated 316L stainless steel.

TABLE 2

Tafel fit values of nano biocomposite coated (1-5 minutes) samples
in AS medium comparison with uncoated 316L Stainless steel

Coating Time E“”’S(C“EV) Vs "f::;l',z & !flc’m,z)
316L Stainless steel —425 2.308 0.000517
1 min. —-105 0.003 22.03009
2 min. -98 0.002 34.24105
3 min. —88 0.001 71.37801
4 min. —-110 0.004 15.54218
5 min —115 0.005 11.95874

4. Conclusions

Nano YSZ/chitosan uniform crack-free biocomposite
coatings were developed on 316L stainless steel by simple,
economical EPD and dip coating methods. FESEM and XRD
examinations have substantiated the nanometric characteristics
of the nanochitosan/Y SZ biocomposite, with particles exhibiting
a spherical shape. The nanoYSZ particles have an average size
ranging from 80 to 200 nm. Analysis of Raman and FTIR spectra
has confirmed the successful formation of the nanochitosan/YSZ
layer on 316L stainless steel. Electrochemical assessments
conducted in artificial saliva have demonstrated that the nano-
chitosan/YSZ coating displays enhanced corrosion resistance
compared to both nanoYSZ and uncoated 316L stainless steel
samples. The open-circuit potential (OCP) shifted closer for the
biocomposite layer, indicating improved polarization resistance
and lower capacitance values, as indicated by electrochemical
impedance spectroscopy (EIS) measurements.The nanochitosan/
YSZ layer might act as a barrier against attack by corrosive ions
and also resist penetration of ions from artificial saliva to metal



surfaces, which was revealed by electrochemical studies. Hence,
the optimized biocomposite-coated 316L stainless steel samples
would be a new way to fabricate dental implants.

Future work

The present study was aimed to develop bio composite coat-
ings on 316L SS by EPD and dip coating method, so that further
invitro cell culture and invivo experimentation with animals have
to be carried out to evaluvate the performance of the coated im-
plants. The leaching characteristics of the implants invivo have
to be studied and osseointegration process has to be documented
in order to pave the way for clinical trials of these coatings.
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