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HIGHLIGHTS

ABSTRACT

¢ Novel multifunctional composite coating
layers on a 316 L SS substrate was
fabricated

e The first coating layer involves composite
of biopolymer (Gelatin with chitosan)

e The second composite coating layer was
consist of bioceramic (HA) with chitosan

e Enhanced antibacterial activity and
corrosion resistance in the 316 L stainless
steel substrate

e Contact angle of the substrate becomes
super hydrophilic after coated with
multilayer
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In this study, multi-structured coatings of biocompatible and antibacterial
materials on a 316 L stainless steel (SS) implant have been electrophoretically
deposited for orthopedic applications. Two layers of composite coatings have
been deposited; the first layer of composite coating biopolymer layer consists of
(chitosan with Gelatin) and the second composite coating layer of bio-ceramic
comprises Hydroxyapatite with chitosan. The first layer was deposited at (3 g/L
concentration of Gelatin, 20 voltage, and 3 min and 0.5 g/L chitosan) parameters,
and the second layer was deposited at (6 g/L, 40 voltage, 1 min, and 0.5 g/L
chitosan) parameters. In this study, the stability of the suspension was evaluated
using the Zeta potential test, which manifested good stability. The adhesion
strength between the composite coatings' first layer and the 316L stainless steel
substrate, as well as between the coating layers themselves, was determined
using the Tape test, and the removal area for the first layer was 8.06% while for
the second layer was 6.01%. The wettability test elucidated for the 316 L
stainless steel and first coating layer and the second coating layer, the second
composite coating layer became super hydrophilic, and a very high wettability
was exhibited with multilayer coating. Scanning electron microscopy showed
that the surface's topology revealed a homogenous and defect-free composite
coating. The result of the antibacterial efficiency of the 316 L SS substrate
improved as the number of coating composite layers increased, and the resistance
to corrosion of 316L SS enhanced as the number of coating composite layers

HA; EPD. increased.

1. Introduction

Metallic materials are one of the artificial implants used in the human body. Among these materials, stainless steel alloy is
commonly employed in orthopedic implants, but the type most extensively used in orthopedic implants is 316L stainless steel
owing to its elevated mechanical strength [1-4]. Corrosion is important in designing and selecting metals and alloys for service
in vivo. Allergenic, toxic/cytotoxic, or carcinogenic species may be released to the body during corrosion processes. In
addition, various corrosion mechanisms can lead to implant loosening and failure. In general, metallic implants lack
osteoconductivity, resulting in poor adhesion between the implant and the surrounding tissue [5]. Since the biopolymers share
chemical properties with the extracellular matrix of many tissues, advantageous biological performance, and cell- or enzyme-
controlled breakdown, the biopolymers are increasingly employed in biomedical applications. The advantage of low-
temperature processing and coating flexibility is suggested in using biopolymers to create biomedical coatings [6,7].

Chitosan is a natural cationic biopolymer and is always used for biomedical applications due to its non-toxic, antibacterial
activity, biodegradable, biocompatible, and hemostatic. Its structure permits specific adjustments without numerous problems.
However, chitosan has a disadvantage, as bone formation requires a long time, and crosslinkers are needed to maintain the
structure integrity [8]. Gelatin is another type of natural biopolymer with the advantage of being biocompatible, biodegradable,
low antigenicity, and virtuous cell recognition. In contrast, the disadvantage of Gelatin is that it involves a fast degradation rate
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in physiological fluids and brittleness [9]. Adding Gelatin to chitosan as a composite coating layer improved the usefulness of
the chitosan coating for biomedical applications, including control over degradation, drug release profile, and the stimulation
of cellular responses. Moreover, when mixed with Gelatin, chitosan will give a composite coating layer with a high coating
lifetime due to the high cross-linking degree of Gelatin.

Gelatin's disadvantages include a fast physiological fluid degradation rate and brittleness. Hence, when embedded in a
chitosan matrix, these properties are used in biomedical applications [10]. The biocompatibility, such as (cell adhesion and
proliferation), was modified when Gelatin was combined with chitosan as a composite coating layer deposited by the EPD
technique due to the excellent cell affinity of Gelatin [11]. Hydroxyapatite (HAP) has been employed as a covering for metallic
body implants because of its biocompatibility, bioactivity, and closeness to the chemical structure of the inorganic component
of bone tissue [12,13]. The composite of organic (biopolymer) —inorganic (bioceramic) coatings were formed effectively when
chitosan was combined with the hydroxyapatite component. This will lead to mimicking the human bone. Generally, the best
connection between substrate and layer coating was made by the chitosan, which also serves as an excellent layer component
binder [14,15]. One of the coating methods is electrophoretic deposition. The electrophoretic deposition technique is a cost-
effective colloidal coating technique at room temperature. More than one component can be deposited simultaneously in a
single coating step, thus enabling the development of multifunctional coatings [16-18]. The deposition of the first composite
coating layer (Gelatin with chitosan) and second composite coating layer (HA with chitosan) by electrophoretic deposition
(EPD) process has been successfully carried out on a 316L stainless steel substrate for forming a stable as well as crack-free
film with good biological properties and corrosion resistance.

Makarim et al. [19] studied HA with chitosan on SS316L by EPD with Taguchi approach to producing bioceramic
nanocomposite coatings on the 316L stainless steel substrate. Matrix coatings, nano-hydroxyapatite (HA), and stabilized
zirconia nano yttria (YSZ) with functionally Graded Materials (FGMs) were used. The biopolymer (chitosan) was placed on
the 316L stainless steel layer. Different parameters were used to deposit single and nano biocomposite FGM coatings,
including (voltage, time, percent concentration of powders, and temperature). Different pH values of (3.5, 4, and 5) and
different solvents (ethanol, methanol, n-butanol, and isopropanol) were used to choose the required solvent. The contact angle
measurements showed the coating surfaces were hydrophilic and super hydrophilic (62.59°- 2.48°). The samples depicted
strong antibacterial activity. Jasim et al., [20] used the EPD process to deposit organic/ inorganic composite coatings on
Ti6Al4V alloy substrate (FGM), which consists of HA, YSZ, and titania using chitosan as a binder for orthopedic and dental
applications.

They found that all materials used for coating are biocompatible with the human body by implanting them in an in vivo
test. Mathina et al. [21] used the EPD process to coat 316L SS substrate by multifunctional biocomposite composed of crab
shell derived hydroxyapatite (CSH)- aloe vera (AV)/strontium oxide (SrO)/polyhydroxybutyrate (PHB) composite to enhance
antibacterial, mechanical, and biocompatible properties for orthopedic applications. The composite coating of CSH-
AV/SrO/PHB has good biological properties for orthopedic applications. Vaez et al., [22] developed new nano-composite
coatings of chitosan/ baghdadite for deposition on 316L SS substrate by the EPD. For orthopedic implants, appropriate
biological properties were provided by this type of coating. The current study aims to create multifunctional composite coating
layers on 316L stainless steel substrate with good characteristics in biomedical applications. The electrophoretic deposition
technique was used to deposit the first composite biopolymer coating layer of chitosan with Gelatin and the second composite
coating layer of HA with chitosan. A new biological system with good adhesion strength, good antibacterial activity, and
corrosion resistance was produced.

2. Experimental work

2.1 Materials

1) 316L stainless steel used as the substrate has the chemical composition listed in Table 1. The chemical analysis used
an optical emission spectrometer (OES) type (Foundry-Master x pert 52Q0080) available in the Central Organization
for Standardization and Quality Control in Baghdad - Iraq.

2) Two types of biopolymer were used ((Gelatin type B purchased from CDH, and Chitosan (medium molecular weight
with a degree of the deacetylation of about 85% soluble in 1% acetic acid) (purchased from Sigma Aldrich)).

3) Bio-ceramic (Hydroxyapatite less than 40 nm purchased from Sky Spring Nanomaterials, USA).

4) (Deionized water, solvents of ethanol absolute (99.9%), and acetic acid with purity (99.5%)).

Table 1: Chemical composition of 316L stainless steel

Element swt.%  %C %Si %Mn__ %P %S %Cr %Mo %Al %Ni %Co %Cu__ %Nb
wt% 0.015  0.578 1.35 0.043  0.008 16.8 1.79 0.003  9.35 0.221 0.244  0.005
Elements %Ti %V %W  %Ta %N %Sn  %Pb %Se  %Sb Others  %Fe

wt. % 0.011 0.039 0.037 >0.01 0.041 0.011 0.003  0.003 >0.003 >0.001 remain

2.2 Sample preparation

In this work, the sandblasting process was employed as a surface modification method to increase the roughness of the
samples, ensuring optimal adhesion strength of the coating layers. Stainless steel 316L electrode plates were initially cut into
dimensions of 2*10*2 mm using a wire-cut machine. The electrode plates were then subjected to ultrasonic cleaning with
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ethanol followed by acetone for 1 hour. Prior to the electrophoretic coating procedure, the plates were dehydrated. All coatings
in this study were produced using the electrophoretic deposition (EPD) technique. The electrophoretic deposition cell used in
this investigation consisted of two electrodes immersed in the beaker containing suspension used for coating. The stainless
steel 316L substrate was used as a cathode and anode electrodes (working and counter). Between them, the steady gap was 10
mm when immersed in suspension. Acetone was used to wash the electrodes, and the electrodes were dehydrated. The
deposition was performed by immersing the electrode into a beaker filled with the suspension of materials required for coating.
Figure 1 illustrates the electrophoretic deposition cell coating 316L stainless steel substrate. Different coating times were
employed throughout the experiments, as the digital timer was utilized to determine the necessary duration for each
experiment. Additionally, raising and lowering the electrodes was done electrically, and fixing the electrodes was carried out
upon the design basis concerning the regime of cell deposition.

= % 2 = s =

o

Electrical device for
attaching the coating cell

Magnatic
stirrer

DC power supply

Figure 1: Used EPD system for depositions

2.3 Suspensions preparation for two composite layers

The mechanism of deposited multilayer by EBD technique is shown in Figure 2. In the first stage, the suspension of
composite biopolymer was prepared for the first layer and left for 24 hours at room temperature to dry. The second layer of HA
with chitosan was deposited from the prepared suspension of HA with chitosan on the first composite coating layer.

1 layer
Solution 1 Solution 2

2 layers multi layer

Figure 2: Schematic of the two composite coating layers produced by the EPD technique

2.4 Suspension preparation of gelatin-chitosan for composite coatings layer

The significant stage in the EPD investigational process is the preparation of aqueous suspensions. Gelatin and chitosan
suspensions were prepared individually and blended to prepare the gelatin-chitosan composite suspension for the EPD process.
A magnetic stirrer melted chitosan powder of (0.5 g/L) into (1 Vol.%) of acetic acid. Then, ethanol was supplemented with the
chitosan solution, and the suspension was kept at stirring. Separately, (3 g/L) concentration of gelatin powder was
supplemented to (40 Vol.%) of deionized water and (1 Vol.%) of acetic acid. The dissolution was performed via magnetic
stirring at (50 °C) for (1 hour) based on the initial experiments and the determined proper temperature. A hot plate stirrer
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(MS300HS, MS200) was used. Later, the suspension was smoothly cooled to room temperature beneath the magnetic stirring.
Eventually, (59 Vol.%) of ethanol was supplemented to the solution of Gelatin, and the suspension was kept at stirring for 1
hour. The percentage of water and ethanol for gelatin preparation was determined after many initial experiments. The prepared
gelatin and chitosan solution was blended at stirring for 2 hours. Then, the suspensions were mixed ultrasonically (Ultrasonic
Processor, MIXSONIX Incorporated N.Y, USA) for (0.5 hours) to disperse the solid particles. The parameters for depositing
the composite biopolymer coating layer were (3 min) and (20 V).

2.5 Suspension preparation of the second layer (ha with chitosan)

Different concentrations (6, 8, and 10 g/L) of HA powder were used based on initial experiments to determine the best
concentration of HA powder to obtain a uniform second composite coating layer. HA suspensions were prepared by dissolving
different concentrations of HA powder in deionized water. (0.5 g/L) chitosan powder was melted into (1 Vol.%) acetic acid by
a magnetic stirrer, and then ethanol was added and remained on a magnetic stirrer. The suspensions of chitosan and HA were
mixed and kept on a magnetic stirrer. The suspensions of HA and chitosan were mixed ultrasonically for (30 min) to disperse
the solid particles. Then, the second layer was deposited based on initial experiments; the concentration, time, and voltage
were also determined. The best concentration of HA powder was 6 g/L. The parameters to deposit the second layer were (1
min) and (40 V).

3. Method

3.1 Characterization techniques

3.1.1 Zeta potential

The whole suspension's electrophoretic mobility distributions were measured using particle electrophoresis equipment and
assessed with regard to zeta potential to ensure both the stability of the colloidal suspension and the coating homogeneity. Zeta
potential indicates if the deposition of coating layers was cathodic or anodic. All samples were diluted in a particular liquid
prior to testing to ensure the stability of the suspension, and at room temperature, the zeta potential test was performed using
(Brookhaven Instruments, ZetaPlus, USA). The diameter hydrodynamic of particles can be identified by the luminous shed
laser on the specimens, which will lead to understanding the velocity of diffusion particles. This test was done in the Ministry
of Science and Technology. Before testing, the suspension was processed ultrasonically for thirty minutes after magnetic
stirring, and then the measurement was done.

3.1.2 Tape test

According to ASTM D3359 [23] as shown in Table 2, a removing pressure-sensing stripe is placed on previously arranged
cut lines in a coating film and removed to assess the coatings' adhesion to metallic surfaces. There are two methods of tape
testing (cross-hatching testing): A and B. The technique B is used for field testing, while method A is normally employed in
laboratories. Despite being frequently utilized, this test tends to be more qualitative. The test was carried out at the University
of Technology's Production Engineering and Metallurgy Department, and the outcomes provide numerous levels of visual
diagrams for the film pull-off test that were compared with the ISO Class: (0-5)/ASTM:(5B-0B) standard charts.

Table 2: Illustration of the standard ASTM D3359-B

Description ASTM
The edges of the cuts are completely smooth; none of the squares of the lattice is detached. 5B
Detachment of flakes of coating at the intersections of the cuts. Across cut areas, not significantly 4B
greater than 5% is affected.

The coating has flaked along the edges and /or at the intersections of the cuts. Across the cut area, 3B

not significantly greater than 5% but not significantly greater than 15% is affected.

The coating has flaked along the edges of the cuts partly or wholly in large ribbons and /or partly or 2B
wholly on different parts of the squares. Across the cut area, not significantly greater than 15%, but

less than 35% is affected.

The coating has flaked along the edges of the cuts partly or wholly in large ribbons and /or partly or 1B
wholly on different parts of the squares. Across the cut area, not significantly greater than 35% but

not significantly greater than 65% is affected.

Any degree of flaking that cannot be classified even by classification 1B. 0B

3.1.3 Microstructural examination

The topography of the coating surface was analyzed by FE-SEM. SEM revealed the microstructures and the spreading of
the different deposited coatings' constituents. Samples were sputter coated by gold before SEM observation to prevent the
charging influence upon the specimens.
3.1.4 Contact angle

At room temperature and ambient humidity, the sessile drop method was used on a drop-shape analysis system (CAM110,
China) to measure the static water contact angles and identify the hydrophilic characteristics of the sample surface. The
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assessed materials are preferred to follow ASTM D7334-08 [24], which involves placing microliter-sized drops of deionized
water on a sample surface to determine the static contact angle. The contact angle at the droplet's border reveals the surface's
wetness. The University of Technology in Iraq's Chemical Engineering Department gave the test.

3.1.5 Antibacterial activity test by zone inhibition method

The Biotechnology Branch-Nanotechnology Center Laboratory provided samples for testing gram-negative bacteria,
including E. coli. In a temperature-controlled environment, these bacteria were cultured on "nutrient agar (N. agar)" and
incubated for (24 hr) at (37°C). They were mixed with 50 ml of normal saline solution to create a "107 FU/ml" bacterial
suspension that served as a control, and 100 ml of this solution was poured onto a nutrient agar plate for further examination.
Samples of polymers, mixtures, and composites were put onto the plates to identify the inhibitory zone. After some time, these
plates were incubated at a temperature of 37°C. After a 24-hour incubation period, the zones of inhibition were identified.

3.1.6 Corrosion test

To illustrate the specimen corrosion in SBF, electrochemical measurements relating to the coated and uncoated samples
were performed using a potentiostat/galvanostat (Electrochemical CHI 604 e CorrTest workstation, China). A multiport
corrosion cell kit with a capacity of 650 mL was used to test the tested samples according to the standards ASTM G1-03 [25]
and ASTM G5-94 [26]. Three electrodes were traditionally employed: Saturated calomel (SCE), which served as the reference
electrode, platinum platelet as the counter electrode, and the specimen as the working electrode (WE). Cyclic potentiodynamic
test: It was done in the electrolyte of simulated body fluid at 37°C using a potential range from -0.400V to +2.8V and then
from +2.8V to -0.400V versus OCP (rate of scanning was 20 mV/s). The size of the hysteresis loop, which is a direct indicator
of the kinetics of pit propagation, is another goal. The corrosion rate is evaluated utilizing the mpy approach through the next
Equation 1:

Corr.Rate = 0.13 X izopr X % @Y

where: Corr. Rate: The rate of corrosion (mpy) Icorr: The current density of corrosions (mA.cm™) Protection efficiencies
(PE%) of all layers of composite coating are estimated by using equations:

PEY% = (icorr) uncoated—(icorr) coated % 100% (2)

(icorr) uncoated

where icorr (uncoated) is the uninhibited current density, and icorr (coated) is the inhibited corrosion current density.

4. Results and discussion
4.1 Solution stability (Zeta potential) results

4.1.1 Zeta Potential test

The zeta potential method was used to examine the stability of coated suspensions, and the findings show that all
suspensions with acidic values had positive zeta potential values. Hence, an important factor that should be considered is the
suspensions' pH because it strongly affects zeta potential. The pH value was adjusted for all suspensions to stabilize the
suspensions, and this led to homogenous dense layers of composite coating. The positive zeta potential is obtained at low pH
levels, while at high pH values, the zeta potential value will be negative [27]. In colloidal solutions with high zeta potential, the
electrical charge up to the surface of the particles is larger, increasing the electrostatic repulsion between the particles as well.
Conversely, the colloidal solutions with a low { potential try to coagulate or flocculate [28].

So, to obtain a homogenous composite coating layer, the interaction between the negative and positive materials charge
or, in other words, the ability of positive charge materials round the negative charge materials by drawing it to cathodic
deposition. The negative zeta potential (-26.81 mV) and mobility ( -0.53 (m/s) (V/cm)) of gelatin particles were exhibited in
the deionized water as shown in Table 3 and Figure 3 (a and b). The suspension of gelatin with chitosan suspension at pH 4.8
shows cathodic deposition by a positive zeta potential of (77.38 mV) and mobility (1.54 (m/s) (V/cm)) as shown in Table 3 and
Figure 4 (a and b). There was a good dispersion of particles into the suspension, so the cathodic EPD coating deposition was
achieved when suspension of gelatin was mix with chitosan suspension. High electrical mobility, high oil potentials, and high
charges of HA nanoparticles may be produced by utilizing chitosan as a binder [20]. Zeta potential and mobility of the
suspension of second layer (HA+ chitosan) were (28.71 mV) and(0.57 (m/s) (V/cm)) as shown in Table 3 and Figure 5 (a and
b). There's a vitreous distribution of the particles of HA in the solution of chitosan. The pH for suspension (HA+ chitosan) was
(4.9).
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Figure 5: (a) { potential and (b) mobility of HA in chitosan suspension

Table 3: Values of zeta potential and mobility for different solutions

Suspension type Zeta potential (mv) Mobility (m/s) (V/em)
Gelatin in deionized water -26.81 -0.53

Chitosan 30.78 0.61

Gelatin in chitosan 77.38 1.54

HA in chitosan 28.71 0.57

4.2 Adhesion strength test results

The adhesion strength significantly affects the implant's long-term stability [29]. Such strength tests have been used to
evaluate the composite coating layer quality. Thus, it was important to study the strength adhesion of such a layer. So, the tape
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test technique was utilized for such a goal per the ASTM standard (D3359-B). The adhesion strength test was done on the
biopolymer composite's first layer and HA's second layer with chitosan. The results showed that all coating layers give good
adhesion strength with a substrate and with second layers. Chitosan is utilized as dispersion, charge additive, and an interfacial
bonding enhancer since it makes it possible to make well-adhered coatings at ambient temperature. Makram et al. proved this
conclusion [30].

The composite coating biopolymer layer provided good adhesion strength with a substrate and a removal area percentage
of (8.06%) as shown in Figure 6 (a). In comparison, the removal area percentage was (6.01%) as shown in Figure 6 (b),
according to ASTM D3359, and the amount of removed material was 15% or less, which qualified it for ISO class 3/ASTM
(3B).

Eemoval of
coating

Figure 6: Optical images of removal area percentage for (a) First composite coating biopolymer and
(b) second composite coating layer

4.3 Wetability results

When a solid and liquid come into contact, the contact angle (wettability) measurement demonstrates the degree of
wetness [30]. Given the link between the two parameters, it is crucial because a smaller contact angle denotes a more
biocompatible material [31]. The contact angle is an important factor in biomedical applications because the wettability of the
coating plays a crucial role in determining the cell behavior on the biomaterial interaction. The contact angle of the uncoated
sandblast substrate was (94.39°) as shown in Figure 7 (a), while the contact angle of the first biopolymer composite coating
first layer was (59.50°) as shown in Figure 7 (c). This means that the contact angle of the chitosan layer (82.59°) reduced
when gelatin was added to chitosan as shown in Figure 7 (b), while for the second layer of bio-ceramic (HA with chitosan), the
contact angle was (18.31°) as shown in Figure 7 (d). From Table 4 and Figure 7 (a,b,c, and d), the uncoated samples had a
contact angle of greater than 90°, and after coating with a multilayers, this angle significantly decreased, indicating that the
surfaces had changed from hydrophilic to super hydrophilic coating [32]. There are many reasons for this sudden drop in angle
value, but the coating's porous structure is the main one [33]. It is believed to gain advantages from nutrients and cell
attachments that help form the bones, where the coating's porous nature may cause an extremely rapid water droplet
penetration [20]. The second component that might impact the wettability is the surface area, and the second layer of nano
HA's increased hydrophilicity (surface wettability) due to its larger surface area since earlier studies have connected the greater
surface energy of nanostructured materials to an increase in the adsorption of hydrophilic proteins (like fibronectin) that
support the osteoblast density [34]. Adding bio-ceramic to biopolymer led to a decreased contact angle beyond the
supplementation, which exhibited the augmented hydrophilic nature of the composite coating. This result is in agreement with
[35].

Table 4: Contact angle of samples

No Type of coating Contact angle (°)
1 316 L stainless steel (base) 94.39
2 Chitosan layer 82.59
3 The first layer of composite coating biopolymer 59.50
4 The second layer of the second bio ceramic system 18.31
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Figure 7: Contact angle image of the uncoated and coated 316L staeinless steel substrat

4.4 Scanning electron microscopy (SEM) results

SEM was utilized to determine the topology of the surface layer for the multilayer composite coating. A homogenous
coating was obtained due to the homogenous distribution of particles, as elucidated in Figure 8. At the high magnification.
There were no holes and cracks in the coating surface owing to the existence of chitosan as an active binder in the coatings
Molaei et al. [36]. The coating surface will appear more uniform and homogenous when the suspension is more stable. This
hypothesis coincides with coated samples, where each coating layer's suspension has the highest zeta potential value and is
therefore thought to be the most stable suspension [35].

When employing the EPD process, the following factors can affect the coating quality on the zeta potential dependent:
Deposition duration, application of voltage, concentration of suspension [37], current flowing through the sample, suspension
aging [38], and suspension stability. Although all of the previously mentioned factors significantly affected the coating
behavior, the zeta potential was the key factor that substantially affected it [20].

o

A g

R

Composite
coating

Two coatings
layers

Figure 8: SEM for coated 316L stainless steel substrate

4.5 Antibacterial assessment

Generally, metals and their alloy are not bioactive. This problem leads to bacterial colonization on the implant surface,
where the bacteria form a biofilm, and this will lead to the infection of the bone and surrounding tissues, leading to the
implants failing following the orthopedic surgeries [39]. The agar disk-diffusion method provided antibacterial properties for
the uncoated 316L SS substrate, the first layer of composite coating biopolymer, and the second, as demonstrated in Table 5
and Figure 9. Numerous colonies of bacteria are visible every hour, and the bacteria quantity doesn't reduce with time,
depicting the non-antibacterial conduct of the substrate of stainless steel (316L) material. The first layer of composite coating
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biopolymer gives a better antibacterial effect because the chitosan itself is antibacterial. Therefore, the chitosan-gelatin
composite coating layer shows good antibacterial activities compared to the uncoated substrate, which makes them used in
biomedical applications. Still, the deposited second layer portrayed a better antibacterial activity than the first layer. It
indicated the HAp nanoparticles' strong and broad-spectrum antibacterial activity and their prospective use in the medicinal
and environmental domains.

Figure 9: The images for E.coli bacteria by Agar disk-diffusion method for coated
and uncoated samples

Table 5: Inhibition zone against E. coli for uncoated and coated samples

Coating type Zone of inhibition (mm)
316 L stainless steel (base)

The first composite coating layer 14

The second composite coating layer 18

4.6 Electrochemical bio-corrosion

The major problem in permanent implants is toxicity. Toxicity happens due to releasing ions from the substrate due to the
nature of the human body's biological environment—corrosion products' toxicity results from wear and fretting debris. The
316L SS substrate has good corrosion resistance and is always used in nonimplantable and implantable medical devices. The
biological environment of the human body is corrosive to metals since it is ionic. Also, wear debris is a major problem of
metallic alloy in the human body. The release of ions and debris harms the organs and tissues. One of the methods that help
protect the metals and their alloys from aggressive attack in the human body environment is the coating method. The
polarization curves have been regarded for the uncoated substrate and biopolymer composite coating.

From Table 6, it can be noted that the corrosion decreased with biopolymer composite coating layers, where the corrosion
rate decreased from (6.303x102 mmpy) for the uncoated 316L stainless steel sample to (4.411x102 mmpy) for the coated
sample with the composite coating layer; this means the corrosion rate decreased with the composite coating layer than the
uncoated sample. Also, it can be noticed from this table that the open-circuit potential (OCP) value decreased from (-0.491
volt) for the uncoated 316L stainless steel sample to (-0.423 volt) for the coated sample, while for the second coating layer, the
OCP value was (-0.413 volt). Additionally, the corrosion rate decreased from (4.411x10"2 mmpy) for the coated sample with
the composite coating layer to (3.332x102 mmpy), indicating that the sample with coating becomes more passive.

Table 6: Corrosion parameters obtained from the tests of corrosion for the uncoated alloy of 316L stainless steel and coated sample

Sample Eb Erep (0]0) 4 E corrosion I corrosion Corrosion Protection
(volt) (volt) (volt) ) (Amp) rate (mmpy) efficiency %

316 L stainless steel ~ 2.169 0.042 -0.491 -0.692 2.1863x10%¢ 6.303x1072

substrate (BASE)

The first layer of  2.900 0.410 -0.423 -0.602 1.530x10° 4.411x10 30%

composite  coating

(Gelatin)

The second layer of  3.228 0.372 -0.413 -0.614 1.155%10%¢ 3.332x1072 47%

composite  coating

(L2HA)

From Figure 10, it can be seen clearly that the uncoated sample (base) has a very wide hysteresis loop, the potential
breakdown point (Eb) for the uncoated sample is (2.169 volts), and the re-passivation potential (Erep) is (0.042 volt). At the
same time, it can be noted that the potential breakdown point (Eb) and (Erep) for the composite coating layer are (2.655 volts)
and (2.900 volts), respectively, and for the second coating layer, the (Eb) and (Erep) are (3.228 (0.372 volts), respectively. This
means the breakdown potential was raised by about (0.33 volts) for the composite coating second layer sample than the
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uncoated sample. Accordingly, it can be concluded that the composite coating layer delayed the breakdown of the passive
layer. Also, that means the composite coating layer of the sample had a passive layer that was quickly rebuilt.

4.0 -

—— Base
—— Gelatin
——L2HA

3.5
3.0
25
2.0-
154
1.0
0.5
0.0
0.5

Potential (V)

-1.0 5
-1.5 5

-2.0 T 1 T T T T T 1
1E9 1E8 1E-7 1E-6 1E-5 1E-4 0.001 0.01 0.1

current density (Amp/cm?)

Figure 10: The polarization curves for the composite coating layers (316L SS substrate,
First layer , and Second layer =)

5. Conclusion

)

2)

3)

4)

)

6)

7)
8)

9)
10)

11)

The optimum deposition conditions for the composite coating first layer were determined with 20 V applied
voltage, 3 minutes deposition time, concentration of 0.5 g/L chitosan, and a gelatin concentration of 3 g/L at a
temperature of 50 °C. These conditions formed a well-adhered and homogenous coating and a removal area of
8.06% without any cracks.

The zeta potential measurements indicated that the gelatin-chitosan coating suspensions exhibited suitable values,
promoting the stability and homogeneity of the composite coating. The zeta potential value was (77.38 mv) with
(1.54 (u/s) (V/cm)) mobility.

The contact angle measurements revealed a decrease in the contact angle of the coated 316L SS substrate compared
to the uncoated surface. This suggests that the composite coating layer improved the surface hydrophilicity, which
is beneficial for cell adhesion and biocompatibility. The contact angle of the first biopolymer composite layer was
59.50, while the contact angle for the 316L substrate was 94.39. The chitosan layer was 82.59, where the composite
coating biopolymer layer is better than the layer containing one coating biopolymer type.

The first layer of composite coating biopolymer shows better antibacterial bioactivity than 316L stainless steel
substrate.

The composite coating layer significantly increases the corrosion resistance of the 316L SS substrate. The corrosion
rate decreased, and the open-circuit potential (OCP) shifted towards a more passive range, indicating enhanced
resistance against corrosive attacks in the biological environment. The protection of the first composite coating
efficiency was 30%.

The second bioceramic (HA) layer with biopolymer as the composite system was deposited in parameters of 6g/L
concentration of HA with 0.5 g/L of chitosan, 1 min, and 40 volts.

The Zeta potential for suspension coating HA with chitosan (28.71 mV) was more stable.

The contact angle for the composite coating layer was 18.31. As a result, the sample became extremely hydrophilic
after coating the second composite layer.

Scanning electron microscopy shows that composite coating layers are homogenous without defects, such as
cracks.

Antibacterial study results show that the second composite coating layer has better antibacterial activity than the
first.

The corrosion resistance was increased after the second composite coating layer, and Protection efficiency was
47%
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