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ABSTRACT: In this study, silver—strontium-doped hydroxyapa-
tite (AgSr-HA)/chitosan composite coatings were deposited on a
316L stainless steel (SS) substrate via electrophoretic deposition
(EPD). The Taguchi design of experiment (DoE) approach was
used to optimize the EPD parameters such as the applied voltage,
interelectrode spacing, and deposition time. Furthermore, the
concentration of AgSr-HA particles in the suspension was also
optimized via the DoE approach. DoE results demonstrated that
the “homogeneous” coatings were obtained at the deposition time of 7 min, deposition voltage of 20 V, and at a concentration of 5
g/L AgSr-HA particles in the suspension. Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),
antibacterial studies, contact angle, and roughness measurements were performed to characterize the optimized coatings. SEM
images confirmed the deposition of chitosan/AgSr-HA on the SS substrate. The wettability studies indicated the hydrophilic nature
of the chitosan/AgSr-HA composite coatings, which confirmed that the developed coatings are suitable for biomedical applications,
e.g., orthopedics. The average surface roughness of the chitosan/AgSr-HA composite coatings was in a suitable range used to attach
the bone marrow stromal cells. Chitosan/AgSr-HA composite coatings showed an effective antibacterial effect against Gram-positive
and Gram-negative bacteria. Moreover, the coatings developed apatite crystals on their surface upon immersion in simulated body

fluid.

1. INTRODUCTION which resulted in bioactive and antibacterial effect.’ It is
important to mention that the excessive use of antibiotics has
recently been declared as a global threat because the immune
system of the body becomes resistant to particular drugs.”
Therefore, metallic ions and natural herbs are widely considered
as a safer option.”* Moreover, the ability of chitosan to provide
the local release of biologically active molecules at the site of
injury facilitated the availability of a proper dose at the required
site.” Recently, Akhtar et al.'’ deposited Cu(II)—chitosan
complexes on 316L SS, which resulted in an antibacterial effect.
Moreover, chitosan/hydroxyapatite (HA) coatings were
deposited on an anodized titanium surface, which resulted in
improved bioactivity and adhesion between the coatings and the
substrate.'' The available literature revealed that there is strong
potential for the chitosan-based composite coatings to be
applied in orthopedic applications.'” Accordingly, this research
work presents a significant advancement in the field by

To design orthopedic implants suitable to (i) bear the
implantation load, (ii) improve binding ability with the natural
bone, and (iii) resist the formation of biofilm, a wide range of
composite coatings have been deposited on metallic sub-
strates.”” The present coating technology aimed to achieve
coatings with multiple attributes such as biocompatibility,
antibacterial activity, bioactivity, corrosion resistance, and wear
resistance. However, to attain all of these attributes in a single
coating system is a challenging task,”> since the incorporation
of antibacterial agents can impart antibacterial activity but at the
same time, biocompatibility is compromised.6 Therefore, there
is a need to design a composition of the coating system that can
maintain a balance between the two counteracting properties.”

Chitosan-based composite coatings have been deposited on
metallic substrates, which has resulted in improved biocompat-
ibility and bone binding ability for the implant.”* Avcu et al.”
have recently reviewed chitosan-based composite coatings
deposited via electrophoretic deposition. Pishbin et al.’
incorporated silver-doped bioactive glass in the chitosan matrix.
It was shown that the coatings were antibacterial and bioactive.
However, the cytotoxic effect attributed to the excessive release
of Ag ions was a challenge. Similarly, chitosan/bioactive glass/
gentamicin coatings were deposited on 316L stainless steel (SS),
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deposition of co-substituted (Ag and Sr) HA/chitosan
composite coatings. It was suggested that the incorporation of
Sr is expected to enhance the bone binding ability of the
implant'*~"> and the incorporation of Ag is expected to provide
antibacterial effect.'® Furthermore, the toxic effect associated
with the release of silver ions may delay bone healing/
’binding,”’18 which can be addressed by the addition of Sr
along with silver in the HA complex. Thus, the Ag—Sr-
substituted hydroxyapatite/chitosan composite coatings can
provide antibacterial and bioactive effects in addition to the
enhanced biocompatibility owing to chitosan."’

Electrophoretic deposition (EPD) is a two-stage colloidal
processing technique, which allows depositing films at room
temperature.””’ In the first stage, a stable suspension of the
particles that are intended to be deposited is prepared. In the
second stage, the charged particles/molecules move under the
influence of an applied electric field.”" EPD allows us to achieve
uniform films independent of the substrate material and shape.*
The factors that can affect the EPD process are pH, deposition
time, electric field, the conductivity of the suspension, and
concentration of particles.””*” The EPD process involving two
or more components is a complex process.””** Thus, the
economical optimization of the EPD process is a challenging
task. Therefore, Taguchi design of experiment (DoE) has
recently been used for the development of controlled EPD
processes to obtain homogenous coatings.”>~>” The Taguchi
DoE approach allows to change more than one variable at a time,
thus reducing the number of experiments to determine the
optimum parameters. Traditionally, the one-variable-at-a-time
approach has been used for process optimization. However, this
approach is material and time-consuming. In contrast, DoE
allows us to understand the effect of each variable on the output
and the effect of one variable on another, thus improving the
process reproducibility in addition to optimization with lesser
number of experiments.”’

One of the popular bioceramics is hydroxyapatite (HA),
which has generated great interest as an advanced dental implant
and orthopedic implant material.”® HA is known for its
biocompatibility, bioactivity, and osteoconductivity because it
has chemical composition comparable with the human
bone.””*” However, HA has poor mechanical properties that
have been overcome by developing a composite of HA with
various biopolymers (chitosan, alginate, poly(ether ether
ketone) (PEEK), etc.),’”’" ie, a HA complex. Ca has also
been substituted with various metallic ions to have a therapeutic
effect.”” For example, the incorporation of strontium improves
the bioactivity of HA.>* The incorporation of Zn, Ag, and Cu in
HA is known to provide an antibacterial effect against a broad
spectrum of bacteria.””

Here, we develop antibacterial coatings on a surgical grade
316L SS substrate via EPD. The EPD process was optimized via
the Taguchi DoE approach to obtain coatings that have a
maximum deposition yield with minimum standard deviation.
Coatings obtained from the optimum EPD parameters and
suspension compositions were fairly homogeneous with a
coating thickness of ~5 ym. The coatings presented suitable
wettability and roughness for biomedical applications. Chito-
san/AgSr-HA composite coatings showed an antibacterial effect
against Gram-negative and Gram-positive bacteria.

2. MATERIALS AND METHODS

2.1. Suspension Preparation. To prepare the chitosan
solution, 0.5 g/L chitosan (medium molecular weight with a

75—85% deacetylation degree, Sigma-Aldrich) was added to 1
vol % acetic acid (VWR International) and 20 vol % distilled
water (ELGADV 25 PURELAB option R7BP) and then
magnetically stirred for 30 min, which ensured complete
dissolution of chitosan. Afterward, 79 vol % ethanol (absolute
ethanol >99.8%, VWR International) was added to the prepared
solution. The addition of ethanol can prevent the hydrolysis of
water during the EPD process. It is important to note that 0.5 g/
L concentration of chitosan was chosen based on suspension
stability because if a higher concentration of chitosan is used, it
may result in inhomogeneous coatings.”

2.2. Preparation of AgSr-HA/Chitosan Suspension.
AgSr-HA/chitosan suspension was prepared by adding AgSr-
HA (HA doped with 8 mol % Sr and 1 mol % Ag) to the
prepared chitosan solution. The protocol of HA powder
synthesis has already been published.”> AgSr-HA was dispersed
into the prepared chitosan solution with different concen-
trations, i.e., 1, 3, 5, and 7 wt % AgSr-HA. The suspension was
magnetically stirred for S min and then ultrasonicated for 1 h to
ensure uniform dispersion of solid particles, following the
procedure of a previous study.''

2.3. Electrode Preparation. A 316L SS sheet was cut into
dimensions of 3 X 2.5 cm? using a sheet cutter. The electrodes/
substrates were then immersed in the mixture of ethanol and
acetone for 5—10 min. Then, the electrodes were dried with hot
air. It is important to mention that no further treatment was
carried out to remove the oxide layer on the surface of the
samples. For antibacterial studies, round samples with a 10 mm
diameter were used.

2.4. EPD Setup. Briefly, 316L SS substrates were coated by
chitosan/AgSr-HA via EPD to produce composite coatings. A
two-electrode system was used for this purpose. 316L SS was
chosen for both electrodes (anode and cathode) and the
distance between the electrodes was kept at 1 cm. DC power
supply (EX735M Multi-Mode PSU 75 V/150 V 300 W, Thurlby
Thandar Instruments Limited) was used as a source of electrical
connection. During the whole process, the current was
continuously monitored using a multimeter (1906 Bench
Digital Multimeter Thurlby Thandar Instruments Limited)

2.4.1. Taguchi Design of Experiment (DoE) Approach. A
Taguchi array of experiments was formed for optimization of
EPD parameters using Minitabl7 software. An orthogonal
Taguchi DoE array (L'® type) was constructed using three
control factors (concentration of AgSr-HA in suspension (A),
applied voltage (B), and deposition time (C)). Each had four
levels, as illustrated in Table 1.

Table 1. Control Factors (Parameters) Along with Their
Four Different Levels for the Deposition of Chitosan/AgSr-
HA on 316L SS Substrate

symbol control factors level 1 level 2 level 3 level 4
A concentration of AgSr-HA in the 1 3 S 7
suspension (g/L
B applied voltage (V) 10 20 30 40
C deposition time (min) 3 S 7 9

The control factors (concentration of AgSr-HA in the
suspension, applied voltage, deposition, and deposition time)
were varied according to the selected levels and their effect on
the deposition yield (mass of chitosan/AgSr-HA composite
coating) was taken into consideration. It should be noted that if
the concentration of AgSr-HA in the suspension is more than 7
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Table 2. Experimentally Measured Values of Deposition Yield and the Corresponding Standard Deviation, S/N Ratio for the
Deposition Yield, and S/N Ratio for the Standard Deviation for EPD of Chitosan/SrAg-HA Coatings

control factors

run AgSr-HA concentration voltage (V) time (min)
1 1 10 3
2 1 20 S
3 1 30 7
4 1 40 9
S 3 10 S
6 3 20 3
7 3 30 9
8 3 40 7
9 S 10 7
10 S 20 9
11 S 30 3
12 S 40 N
13 7 10 9
14 7 20 7
15 7 30 S
16 7 40 3

deposition yield in g/cm*

S/N ratio (dB)

standard deviation

S/N ratio (dB)

0.027273 —31.2853 0.005143 45.7757
0.028485 —30.9077 0.008176 41.7492
0.075758 —22.4114 0.011999 38.4171
0.074545 —22.5516 0.018953 34.4464
0.014545 —36.7457 0.005353 45.4281
0.032727 —29.7019 0.009271 40.6575
0.167879 —15.5001 0.009544 40.4054
0.189697 —14.4388 0.01487 36.5538
0.046061 —26.7333 0.01245 38.0966
0.165455 —15.6264 0.031422 30.0553
0.128485 —17.8230 0.033929 29.3886
0.273939 —11.2469 0.045426 26.8539
0.050909 —25.8641 0.008266 41.6541
0.207273 —13.6691 0.024529 32.2064
0.296364 —10.5635 0.067068 23.4697
0.227879 —12.8459 0.048704 26.2487

g/L, then sedimentation occurred, which detrimentally affected
the stability of the suspension. On the other hand, the
application of high voltages during EPD generates hydrogen
gas bubbles at the surface of the substrate. According to Taguchi
DoE, a total of 16 experimental runs were constructed, as shown
in Table 2.

Each experiment was repeated thrice. Thus, 48 experiments
were performed and the substrate was weighed before and after
coating using a weighing balance (accurate up to 0.1 mg). After
repeating each experiment three times, the average value of
deposition yield, standard deviation, and signal to noise ratio(S/
N) for deposition yield was calculated using eqs 1-3,

c T 25,36,37
respectively.

deposition yield = Aweight/A in (m_gz)
cm

(1)
where Aweight = weight after coating — weight before coating
and A = area of the coating.

The desired coatings results were a higher deposition yield
with lower values of standard deviation. S/N ratio for deposition
yield was calculated using eq 2

s . L 1 2
— ratio of di t Id = —10 log| — E 1
N ratio of deposition yie og[ﬂ( /)’ )] (2)

where y = deposition yield and n = no. of observations.
The S/N ratio for the standard deviation was calculated using
eq3

S . L 1 2
N ratio of deposition yield 10 log[ » (Z y )] 3)
where y = standard deviation and n = no. of observations

2.5. Characterization of Chitosan/AgSr-HA Composite
Coatings. The composite coatings were investigated for
morphological and compositional analysis using a field-emission
scanning electron microscope (FE-SEM) and an energy-
dispersive X-ray spectroscope (EDS, S$-4700 with a Noran
System 7, Hitachi, Japan), respectively. The chemical
composition of chitosan/AgSr-HA was assessed by attenuated
total reflectance-Fourier transform infrared (ATR-FTIR) spec-
troscopy. FTIR analysis was conducted using an IRAffinity-1S

Fourier transform infrared spectrometer (Shimadzu, Japan)
equipped with a quest-ATR unit (diamond crystal). Intensity
spectra were recorded in transmittance mode, with Happ—
Genzel apodization, at 40 scans per spectrum, and a resolution of
4 cm™". The stability of the suspension and the charge on the
particles were determined by {-potential measurements
(Malvern Instruments, U.K.). For measuring the {-potential,
the suspensions were diluted to 0.1 g/L (solid contents were
kept at 0.1 g/L). The suspensions were diluted using ethanol.
The surface properties of the coatings were evaluated by contact
angle measurements that were carried out using a contact angle
goniometer and the sessile drop technique was followed
(DSA30 Kruess GmbH, Germany). Contact angle measure-
ments were carried out on five samples and the mean values of
the contact angle with the standard deviation are reported. A
laser profilometer (UBM, Germany, ISC-2) was used to
determine the surface roughness of the coated samples. A
scanning velocity of 400 points per second and a measurement
length of S to 7 mm were used in the UBM software to calculate
the mean roughness (R,). The qualitative adhesion strength
between the coatings and the substrate was investigated by
performing the tape test according to ASTM D3359 B-97. The
experimental details have been published in our previous
report.37

Antibacterial studies were conducted to evaluate the ability of
the coatings to resist the attachment of bacteria. The agar disk
diffusion method was followed to determine the antibacterial
effect associated with the coatings. This antibacterial test was
performed separately on two types of samples, namely, chitosan
(control sample) and chitosan/AgSr-HA composite coatings.
Before performing the test, it is important to sterilize the
coatings for 1 h under ultraviolet (UV) light. Briefly, 20 mL of
agar was filled in agar plates. Afterward, 20 uL of Luria—Bertani
(LB) medium (Gram-negative (Escherichia coli) and Gram-
positive (Suberites carnosus) bacteria) was added with an optical
density (OD) of 0.015 at 600 nm. The LB medium was spread
homogeneously on the surface of the agar. The next step was to
place the coated sample on the prepared agar plates.
Subsequently, agar plates were placed in the incubator for 24
h at 37 °C. After the incubation of 24 h, the inhibition zone was

https://dx.doi.org/10.1021/acsomega.0c02582
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measured using “Image]” software (all of the tests were
performed three times), according to previous studies.””

To determine the bone binding ability of the developed
composite coatings, the coatings were immersed in 50 mL of
simulated body fluid (SBF), as suggested by Kokubo et al.** The
immersed coatings were placed in an orbital shaking incubator at
37 °C for 3 days. The SBF was refreshed every 24 h to maintain
physiological conditions. After 3 days of incubation, the samples
were removed, dried at room temperature, and assessed using
SEM to determine the change in the morphology of the coatings.

3. RESULTS AND DISCUSSION
3.1. DoE Study of EPD of Chitosan/SrAg-HA. For

optimization of the EPD parameters and suspension composi-
tion in terms of the intended application, ie., bioactive and
antibacterial coatings, the Taguchi DoE approach was used.
Bioactivity and antibacterial effect are necessary for orthopedic
applications (the intended application of this study). Bioactivity
helps in bone growth, and the antibacterial effect resists the
formation of a biofilm. In this approach, a higher deposition
mass of the chitosan/AgSr-HA coatings with a low standard
deviation was desired. A Taguchi array of L16 was designed for
these three control factors, i.e., concentration, voltage, and
deposition time. It is important to highlight that some other
important parameters were not considered in this study. For
example, {-potential, which relates to the stability, pH, and
electric conductivity of the suspension, was not considered in
this study since, in our previous studies, we optimized the {-
potential of the suspension.” Thus, moving forward in the
current study, we changed the concentration of AgSr-HA, since
we aim to achieve bioactivity and antibacterial effect. Thus, it
was necessary to study the effects of AgSr-HA concentration,
applied voltage, and deposition time to achieve homogenous
and thick coatings with a relatively high concentration of Ag—Sr
HA, which helps in achieving bioactivity and antibacterial
activity under physiological conditions. The 16 experiments
were performed according to the conditions determined by the
Taguchi array (Table 2), and the resulting deposition yield, the
standard deviation in the deposition yield, S/N ratio for the
deposition yield, and S/N ratio for the standard deviation were
reported (Table 2). The experiments aimed to produce coatings
with the maximum possible concentration of AgSr-HA in the
suspension. Therefore, the composite coatings exhibit anti-
bacterial (due to the presence of Ag) and bioactive (due to the
presence of Sr and HA) effects. Moreover, coatings with fairly
uniform microstructure are preferred.

The DoE approach offers to determine the effect of each
parameter at different levels by averaging the mean value of
deposition yield and its standard deviation, S/N ratios for
deposition yield, and standard deviation. For example, the mean
of deposition yield for factor A (concentration of AgSr-HA in the
chitosan solution) was calculated by averaging the means of
deposition yield for experiments 1—4 (A1), S—8 (A2), 9—12
(A3),and 13—16 (A4). This method was used to determine the
response values of S/N response of deposition yield and
standard deviation, as illustrated in Tables 3 and 4.

The effects of these parameters on the deposition yield of
chitosan/AgSr-HA composite coatings are shown graphically in
Figure 1, which depicts that the mean of deposition yield is
maximum for A4 (AgSr-HA concentration of 7 g/L), B4 (40 V
applied voltage), and C2 (5 min deposition time) because these
parameters show highest peaks, as shown in Figure 1A. The S/N
ratio of the deposition yield was maximum at A4, B4, and C3 (7

Table 3. S/N (dB) Response for Deposition Yield

maximum—
factors level 1 level 2 level 3 level 4 minimum
concentration —26.79 —24.10 —17.86 —-15.7 11.05
(/L)
voltage W) -30.16 —22.48 —-16.57 —15.27 14.89
time (min) —2291 -2237 -1931 —19.89 3.60

Table 4. S/N (dB) Response for Standard Deviation in
Deposition Yield

maximum—
factors level 1 level 2 level 3  level 4 minimum
concentration 40.10 40.76 31.10 30.89 9.87
(/L)
voltage (V) 42.74 36.17 3292 31.03 11.71
time (min) 35.52 34.38 36.32 36.64 227

min), as shown in Figure 1B. This provides no major difference
between the results of the mean of deposition yield and S/N
values of deposition yield. Moreover, it also shows that the
deposition yield increases by increasing concentration and
voltage according to Hamaker’s law™ (Figure 1). However, the
deviation in Hamaker’s law was observed with the increase in
deposition time. It was observed from Figure 1A that if the
deposition time is increased beyond S min, the deposition yield
starts to decrease. The reason for this behavior could be that the
maximum number of particles that can adhere to the substrate is
reached at S min of deposition time and a further increase in
deposition time causes the coating to fall into the suspension due
to less cohesive force between the substrate and the coatings.
Furthermore, the insulation effect of the coatings increases with
the increase in the coating thickness, which renders a loss in
conductivity associated with the substrate, and a further increase
in deposition time may not yield an increase in coating mass
following Hamaker’s law.”” Similar results have also been
reported in the literature where the increase in deposition time
led to a decrease in deposition mass.”® Figure 1C shows the plot
between the mean of standard deviation and EPD parameters.
Since we desire to achieve coatings with the highest deposition
yield and the lowest standard deviation, the coatings obtained
from the parameters with the lowest standard deviation will be
preferred. Figure 1C shows that the lowest standard deviation is
achieved from A2 (concentration of AgSr-HA in the chitosan
solution: 3 g/L), Bl (deposition voltage: 10 V), and C3
(deposition time: 7 min). Figure 1D shows that the S/N ratio for
the standard deviation is appropriate for A4, B4, and C2.
Combining the results of Figure 1C,D, it was inferred that the
coatings produced from A4, B4, and C2 have higher statistical
confidence and reproducibility. Since, statistically, S/N values
are more important than the mean values, therefore, we consider
A4, B4, and C2 as the “best” parameters on account of
reproducibility. Now, combining the results of Figure 1A—D, it
was inferred that the best parameters are A4, B4, and C2 in terms
of the highest possible deposition yield with higher statistical
confidence (reproducibility).

The maximum—minimum values for the S/N response of
deposition showed that the voltage is the most important
parameter (rank 1), followed by the deposition time and
concentration of SrAg-HA in the chitosan solution (Table 3).
This means that the S/N response of deposition yield is more
sensitive to the voltage changes than the deposition time and
concentration of AgSr-HA in the suspension.

https://dx.doi.org/10.1021/acsomega.0c02582
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Figure 1. Effect of parameters on the deposition yield of chitosan/SrAg-HA coatings produced by EPD: (A) mean of mean deposition yield, (B) mean
S/N for deposition yield, (C) means of deposition yield standard deviation, and (D) mean S/N for standard deviation.

The maximum—minimum values for the S/N response for
standard deviation are reported in Table 4, which suggests that
the applied voltage is the most significant parameter, which
means that the standard deviation in the deposition yield is more
sensitive to the changes in the applied voltage.

3.2. Adhesion Strength. The ability of the coatings to
adhere to the substrate was evaluated qualitatively by the tape
test. Figure 4 shows the results of the tape test for the chitosan/
AgSr-HA composite coatings produced at a deposition voltage
of 40 V, deposition time of 5 min, and concentration of 7 g/L
AgSr-HA particles in the chitosan solution (best parameters
elucidated by the DoE results). The total delaminated area was
calculated using the Image] software, which elucidated that 5%
of the coating was delaminated from the substrate, as shown by
the red arrows in Figure 2. The adhesion strength was rated as

Figure 2. Digital image showing the result of the tape test for the
chitosan/AgSr-HA composite coatings produced at a deposition
voltage of 40 V and 5 min of deposition time from the suspension
containing 7 g/L AgSr-HA particles dispersed in the chitosan solution.

“4B” according to the ASTM standard, which is suitable for
orthopedic applications.”” The tape test results confirmed the
suitable adhesion between the coating and substrate; thus, we
can conclude that the coatings can bear the implantation load.
The reason for the good adhesion strength between the coating
and substrate could be due to the encapsulation of HA in the
chitosan matrix. Chitosan can be thought of as the glue adhering
to the 316L SS substrate. Thus, the chitosan film can embed the
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HA particles in the matrix. Moreover, the relatively higher
voltage (40 V) applied in this study provided sufficient energy to
force the HA particles to the substrate and embed themselves
into the chitosan matrix firmly enough to bear the implantation
load. It is important to mention that the coatings produced at
lower voltages showed poor adhesion strength (2B) with the
substrate (images not shown here), which further shows that the
voltage is the most significant parameter, as the increase in
applied voltage significantly improved the adhesion strength
between the coating and the substrate (predicted by the DoE
results that voltage is the most significant parameter).
Furthermore, we desire to have good bioactivity and
antibacterial activity, which is associated with AgSr-HA particles.
Thus, 7 g/L AgSr-HA is the best concentration considering the
final application and the results of adhesion strength. The
deposition time of 5 min gave the highest deposition yield,
following Hamaker’s law, and resulted in appropriate adhesion
strength. This is the reason for performing morphological,
compositional, and biological studies on the chitosan/AgSr-HA
composite coatings produced at a deposition voltage of 40 V,
deposition time of 5 min, and concentration of 7 g/L AgSr-HA
particles in the chitosan solution.

3.3. Morphological Analysis. The statistical model
suggested that the coatings obtained from A4 (concentration
of AgSr-HA = 7 g/L), B4 (applied voltage = 40 V), and C2
(deposition time = S min) yield coatings with higher deposition
yield and statistical confidence, i.e., reproducibility. Therefore,
to validate and scrutinize the parameters suggested by the DoE,
SEM analysis of the coatings was performed.

SEM analysis showed that the coatings produced from the
best parameter predicted by DoE results were fairly homoge-
nous (Figure 3). Figure 3A,B shows a homogenous distribution
of AgSr-HA particles into the chitosan matrix. Figure 3B exhibits
that the AgSr-HA particles were deposited individually and
uniformly in the chitosan matrix. SEM image of the cross section
showed a fairly uniform coating thickness of ~S ym (Figure 3C).
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Coating

!

Substrate

Figure 3. SEM images of chitosan/AgSr-HA coatings produced at a
deposition voltage of 40 V and 5 min of deposition time from the
suspension containing 7 g/L AgSr-HA at different magnifications: (A)
image of the top surface at low magnification, (B) image of the top
surface at high magnification, and (C) image of the cross section.

Similar results concerning the chitosan-based composite
coatings have been reported in the literature.”'" According to
the literature, there is no strict limit of coating thickness for
promoting bone growth in orthopedic applications. Bioactivity
is rather the function of the coating composition. Thus, due to
this reason, the concentration of Ag—Sr HA in the deposited
coatings was tuned. For example, Pishbin et al.”” developed
chitosan/bioactive glass coatings of 5—15 pm thickness for
orthopedic application.

The deposition mechanism of chitosan/HA coatings has
already been explained by Pawlick et al.'" It was suggested that
the positively charged chitosan molecules encapsulate the HA
particles and move toward the cathode upon application of the
electric field. In the present study, the chitosan/AgSr-HA
suspension showed a {-potential of +30 + 5 mV. The values of
the {-potential obtained in the present study are in agreement
with those in the literature.'" The positive value of {-potential
confirms the hypothesis of Pawlick et al.*® Moreover, uniform
coatings were obtained from a stable suspension of chitosan/
AgSr-HA, as shown in Figure 2.

3.4. Compositional Analysis. Chitosan contains amino
acids of high density.’* The chemical formula for HA is
Cas(PO,);(OH)."* The EDX results confirm the presence of
HA and chitosan in the composite coatings (EDX was carried
out at the energy of 15 KV, and the working distance was 6 mm;
Figure 4A). In the EDX pattern, the peaks of manganese (Mn),
chromium (Cr), iron (Fe), and nickel (Ni) may arise from the
SS substrate (due to the porous nature of the coatin%s and the
high energy utilized for EDX analysis, i.e., 15 KV).4 Calcium
and phosphorous indicated the presence of HA. Furthermore,
the peak of Ag and Sr may be attributed to the presence of co-
substitute HA in the composite coatings. The presence of carbon
refers to the chitosan in the composite coatings.''

Figure 4B shows the FTIR spectra of the chitosan/AgSr-HA
composite coatings. The presence of chitosan was confirmed by
the C=0 stretching at 1718 cm ™', N—H bending at 1575 cm™,

—CH bending at 1344 and 1376 cm™, C-0-C stretching at
1152 cm™, and —C-0 stretching at 1060 and 1030 cm™!in the
FTIR spectra of the chitosan/Ag—Sr HA composite coating.
The presence of HA in the composite coating was confirmed by
the O—P—O bending at 558 and 602 cm™, P-O stretching at
961 cm™!, and P—O asymmetrical stretching at 1029 and 1089
cm™'. It was observed that the N—H bending in pure chitosan
coatings occurred at 1565 cm™', whereas, N—H bending in
chitosan/AgSr-HA composite coating occurred at 1575 cm™.
The slight shift in the N—H peak was due to the hydrogen
bonding between the HA and chitosan.”' The effect of Ag and Sr
substitution was not observed in the FTIR spectra of the
composite coatings, which is in agreement with the literature.*”

3.5. Surface Properties. To determine the behavior of
chitosan/AgSr-HA coatings in the physiological environment,
the contact angle measurements were carried out using
deionized water. The volume of the droplet was S yL. Surface
wettability is important because, during the first few nano-
seconds, water came in contact with the implant in the human
body. Therefore, the role of surface wettability is important in
determining the response of an implant in the human body.*>**
The higher values of the contact angle (hydrophobic ~90°) do
not allow the cells to attach on the surface of the coatings. In
contrast, lower values (hydrophilic >45°) of the contact angle do
not allow the cells to spread on the surface of the coatings. Thus,
ideally, the contact angle should neither be hydrophilic nor
hydrophobic, rather, the contact angle should be ~50° to
support the attachment and proliferation of osteoblast cells.**

The contact angle measurements yielded a contact angle of 86
+ 2,78 £+ 3, and 50 + 2° for the 316L SS substrate, chitosan
coatings, and chitosan/AgSr-HA composite coatings, respec-
tively. The wettability results suggest that the contact angle of
chitosan/AgSr-HA composite coatings is less than that of
chitosan coatings. The decrease in the contact angle refers to the
hydrophilic nature of HA. A similar value for the contact angle
measurements was reported in the literature for chitosan/HA
coatings.”** These findings suggest that the chitosan/AgSr-HA
coatings presented suitable wettability for the protein attach-
ment in the physiological conditions.*’

To determine the suitability of the implant for applications
related to the biomedical field, surface properties other than
wettability are also important, for example, surface roughness
and surface chemistry.f"47 Therefore, to gain further information
on the suitability of the chitosan/AgSr-HA composite coatings
for biomedical applications, the average surface roughness of the
316L SS and chitosan/AgSr-HA composite coatings was
measured. The surface roughness measurements yielded the
average surface roughness of 0.2 + 0.1 ym for 316L SSand 1.2 +

Intensity (a.u.)

_| Chitosan/AgSr-HA

Chitosan

3000 2500 2000 1500 1000 500

Wavenumber (cm'1i

Figure 4. Compositional analysis of chitosan/AgSr-HA composite coatings deposited on 316L SS substrate. (A) energy-dispersive X-ray (EDX)

analysis and (B) FTIR analysis.
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Figure S. Inhibition halo tests for the chitosan/AgSr-HA composite coatings with (A) E. coli and (B) S. carnosus.

Figure 6. SEM images of the chitosan/AgSr-HA composite coatings after 3 days of immersion in SBF: (A) low-magnification image and (B) high-

magnification image.

0.2 um for chitosan/AgSr-HA coatings. EPD process causes a
significant increase in the average surface roughness of the
chitosan/AgSr-HA coatings. Similar observations were made in
the literature, where it was shown that chitosan/HA coatings
increased the surface roughness five times compared to that of
the substrate.” Recently, Urefia et al.** showed that the average
surface roughness in the range of 1.2—1.5 ym is favorable for the
attachment and proliferation of bone marrow stromal cells (ST-
2). Therefore, wettability and average roughness of chitosan/
AgSr-HA coatings would be better for cells and protein
attachment for bone regeneration applications.

3.6. Antibacterial Studies. Silver was substituted in HA to
obtain an antibacterial effect. Thus, the effect of the release of
silver ions under physiological conditions was evaluated for the
antibacterial effect. The antibacterial effect of the chitosan/
AgSr-HA coatings was determined by the agar disk diffusion test,
as shown in Figure S. The chitosan/AgSr-HA coatings
developed a zone of inhibition around the sample against
Gram-negative (E. coli) and Gram-positive (S. carnosus)
bacteria. In contrast, chitosan coatings did not develop an
inhibition zone (control sample, figure not shown here). The
antibacterial effect of chitosan/AgSr-HA coatings was thus
attributed to the release of silver ions from the HA complex.
However, in this study, the release of silver ions was not
evaluated quantitatively, thus leaving an important task for the
future.

The antibacterial effect associated with chitosan/AgSr-HA
was due to the release of silver ions from the chitosan matrix.
The chitosan matrix has been shown to degrade in the
physiological environment,” thereby causing the ions to release
from the HA complex. The silver in the HA complex is usually in
the metallic form, however, it changes to the ionic form upon
exposure to the physiological medium.* The ionic silver is highly

electropositive and highly reactive toward the electron donor
species. It has been reported in the literature that the silver ions
may cause the cytoplasm membrane to detach from the cell
wall*” and the morphology of the bacterial cell membranes was
also shown to change due to the silver ions.>® Moreover, the
ionic silver may rupture the walls of the bacteria and enter the
membrane, hindering the DNA replication activity, which may
lead to the death of the bacteria.”"’

3.7. In Vitro Bioactivity. The ability of the chitosan/AgSr-
HA composite coatings to bind with the natural bone was
evaluated by immersing the coated samples in SBF for 3 days in
an orbital shaking incubator. Figure 6 shows the apatite crystals
formed on the surface of the coatings after three days of
immersion in SBF. Figure 6A shows the “cauliflower-like”
structure developed on the surface of the coatings, which is an
indication of the development of apatite crystals on the surface
of the coatings.*’ Apatite crystals appear to be quite dense
covering the whole surface of the coatings. Figure 6B shows that
the apatite crystals are nanoporous and highly dense. From the
results, it is confirmed that the chitosan/AgSr-HA coatings are
highly bioactive and have a strong ability to bind with the natural
bone. The results obtained in the current study were in
agreement with those in the literature.>

It is important to note that the addition of Sr in the HA
complex significantly promotes the bone binding ability, as
discussed in the literature."* The substitution of Ag in the HA
complex is expected to delay the bone healing procedure
(delayed formation of apatite crystals)."® However, in the
present scenario, the co-substitution of Sr along with the silver
promoted the bone binding ability and the toxic effect associated
with the release of Ag ions was mitigated. Thus, chitosan/AgSr-
HA composite coatings provided antibacterial effect at the
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expense of Ag ions and bone binding ability at the expense of Sr
ions.

4. CONCLUSIONS

1. To optimize experimental parameters, the Taguchi DoE
approach was used for chitosan/AgSr-HA composite
coatings deposited on 316L SS via EPD. The suspension
composition (concentration of AgSr-HA in the chitosan
solution) and EPD parameters were optimized to get
higher statistical confidence (reproducibility) and adhe-
sion strength between the coatings and the substrate.

. Chitosan/AgSr-HA composite coatings obtained from
the optimum parameter showed uniform distribution of
AgSr-HA particles in the chitosan matrix. The obtained
coating thickness was ~S pm.

. The presence of AgSr-HA in the coatings was confirmed
by EDX and FTIR analyses.

. Wettability and surface roughness studies confirmed that
the chitosan/AgSr-HA coatings were suitable for
biomedical applications.

. Thesilver ion-release effect was traced by the antibacterial
studies. Chitosan/AgSr-HA composite coatings showed
the potent antibacterial effect against S. carnosus and E.
coli.

. In the SBF, chitosan/AgSr-HA composite coatings
developed dense HA crystals on the surface of the
coatings.
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