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The most important challenge faced in designing orthopedic devices is to control the leaching of

ions from the substrate material, and to prevent biofilm formation. Accordingly, the surgical grade
stainless steel (316L SS) was electrophoretically deposited with functional composition of biopolymers
and bioceramics. The composite coating consisted of: Bioglass (BG), hydroxyapatite (HA), and
lawsone, that were loaded into a polymeric matrix of Xanthan Dialdehyde/Chondroitin Sulfate (XDA/
CS). The parameters and final composition for electrophoretic deposition were optimized through
trial-and-error approach. The composite coating exhibited significant adhesion strength of “*4B"”
(ASTM D3359) with the substrate, suitable wettability of contact angle 48°, and an optimum average
surface roughness of 0.32 pm. Thus, promoting proliferation and attachment of bone-forming cells,
transcription factors, and proteins. Fourier transformed infrared spectroscopic analysis revealed a
strong polymeric network formation between XDA and CS. scanning electron microscopy and energy
dispersive X-ray spectroscopy analysis displayed a homogenous surface with invariable dispersion of
HA and BG particles. The adhesion, hydrant behavior, and topography of said coatings was optimal to
design orthopedic implant devices. The said coatings exhibited a clear inhibition zone of 21.65 mm and
21.04 mm with no bacterial growth against Staphylococcus aureus (S. Aureus) and Escherichia coli (E.
Coli) respectively, confirming the antibacterial potential. Furthermore, the crystals related to calcium
(Ca) and HA were seen after 28 days of submersion in simulated body fluid. The corrosion current
density, of the above-mentioned coating was minimal as compared to the bare 316L SS substrate.

The results infer that XDA/CS/BG/HA/lawsone based composite coating can be a candidate to design
coatings for orthopedic implant devices.

Musculoskeletal disorders affect ~ 1.7 billion people globally. The Agency for Healthcare Research and Qual-
ity reported 750,000 knee replacements in 2017 in the US"* Hip and knee replacements are among the most
performed surgeries across the globe, with the knee replacement market projected to reach USD 17.45 billion
by 20302,

Magnesium (Mg), titanium (Ti), cobalt-chromium (Co-Cr), and stainless steel (SS) can be used to fabricate
orthopedic implants, including fixators (internal/external), bone plates, prosthesis, etc. Surgical grade SS (316L
SS) has properties that make it an attractive option for orthopedic implants. It is bioinert, biocompatible, and
has high corrosion resistance, which makes it not produce a strong immunological response or any toxicity
in the body. Its mechanical properties (durability and high tensile strength), sterilizability and low cost make
it viable for orthopedic implants**. SS implants are coated with biopolymers and bio-ceramics to promote
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biocompatibility and bioactivity. Biopolymers such as chitosan (CHI), gelatin, and poly methyl methacrylate can
provide a strong network to load nanoparticles like liposomes, graphene oxide (GO), BG, and glycosaminogly-
cans (GAGs)”®. Through in-vivo and in-vitro testing, biopolymer-based coatings have been proven to increase
corrosion resistance and bioactivity. In this context, a robust polymeric network of XDA and CS is proposed to
load HA/henna and BG on the facet of stainless-steel implants. XDA possesses an adhesive nature and varying
levels of antioxidant activity depending on its environment. XDA also provides more potential crosslinking sites
through the presence of aldehyde functional groups, allowing for a strong network for loading nanoparticles®''.

GAGs like heparin sulfate, CS, and hyaluronan were used as biomaterials in different biological applications.
CS being the native GAG of bone matrix and cartilage was preferred in the current study. CS possesses anti-
apoptotic and anti-inflammatory properties along with boosting production of proteoglycans. Therefore, it is
used in various bone diseases to assist tissue regeneration'>"'%. BG are efficient inorganic materials used for bone
tissue engineering. They either dissolve or diffuse ions for exchange, promoting osteoblast proliferation, matrix
mineralization, and bone marrow stem cell differentiation'’~'°. The release and diffusion of Ca and P ions are
vital in prompting growth of apatite-like crystals?*-22,

Different minerals like octa-calcium, tricalcium phosphate, and HA were used earlier in the related con-
text. HA was used because of its higher bioactivity, stability and osteoinductive property that helps bone
regeneration®>?*. A variety of antimicrobial agents exist in the form of herbal extracts from plants, such as
garlic, ginger, clove, thyme, etc., that are used for their antibacterial efficacy”. The natural herbs are safer than
synthetic drugs to prevent bacterial growth, due to the minimum toxicity of natural herbs. The natural herb
used for the reported coating is henna (Lawsonia inermis). Henna exhibits a wide range of antimicrobial activi-
ties against both Gram-positive and Gram-negative bacteria®*-?%. The core chemical components of henna are
2-hydroxynapthoquinone (lawsone). Quinones are abundantly present in henna and are responsible for their high
antibacterial activity?>*’. EPD was utilized in this study as it is a cost-efficient and effective coating technique, that
employs an electric field to move and deposit the charged particles/molecules over the electrode being charged
contrarily. Deposition potential along with deposition time directs the structure, topography and width of stated
coating® 2. EPD can deposit bioceramics (BG, HA, and Ca phosphate cements), biopolymers (XDA, CS, CHI,
alginate etc.), and the co-deposition of both from single suspension®**2-%*. The said polymers or their matrix/
network encapsulating drugs/bioceramics can enhance the resistance of 316L SS toward corrosion®. Souza et al.’’
fabricated CHI/Xanthan (Xn)-based scaffolds as periosteum substitutes and it was shown that scaffolds exhibited
osteoinductive behavior. Molaei et al.*® showed that the CHI/BG/HA/halloysite nanotube composite coatings
exhibited in-vitro bioactivity upon immersion in SBF*. Arias et al."* developed CS-CHI/BG coatings and found
them to be highly bioactive, corrosion resistant in addition to the suitable adhesion strength and wettability for
orthopedic applications. Rehman et al.** deposited lawsone-loaded BG/CHI on polyetheretherketone/BG layer
and reported them to be antibacterial (against staphylococcus carnasous), bioactive, and corrosion resistant.

In this study, a novel polymeric complex of XDA/CS was formed, which is expected to mimic extracellular
matrix (provide structural support for osteointegration) and can enhance the adhesion with substrate. BG in
the composite coatings is expected to induce apatite-like crystals and stem cell differentiation while HA was
supposed to enhance osteoinduction rate. Lawsone was introduced in the coating to prevent biofilm formation.
Thus, the proposed composite coatings system can induce antibacterial, bioactive, corrosion resistant, and bio-
compatible properties for orthopedic implant devices. Herein, we used the XDA and CS (polymeric complex)
as a matrix to load bioceramics and herbs, which was not used earlier. HA/BG/Henna-loaded XDA/CS coatings
were deposited on 316L SS implants. The deposited coatings presented suitable mechanical, electrochemical,
and biological properties for the potential coatings to be employed on orthopedic implants.

Materials and methods

Materials

Xanthan (Xn), Sodium meta periodate (SMP, >99%), Chondroitin Sulphate (CS) sodium salt from shark carti-
lage, sodium metasilicate (Na,SiO;-9H,0, 98% pure), calcium nitrate tetrahydrate (Ca (NO;),-4H,0, 99% pure),
citric acid (C¢HgO;, 98% pure), sodium nitrate (NaNOs, 99% pure), phosphoric acid (H;PO,, 99.9% pure),
sulphuric acid (H,SO,, 99.9% pure), Ethylene glycol (EG, >99% pure), Ethanol (Molecular weight 46.07 g/mol,
99% pure), Acetic Acid (AA, Glacial 100% pure), and Hydroxyapatite (HA) powder were used as received from
Sigma-Aldrich Chemie (Sigma Aldrich, Steinheim Germany). Henna was purchased from Saeed Ghani (SG).

Sample preparation

The 316L SS strips were cut into the rectangular (length—3 cm, width—2 cm, thickness—0.1 cm) and disc shaped
(diameter—10 mm, thickness—1 mm) samples using meta cut (METKON302). The disc shape samples were
used for antibacterial studies. Afterward, the samples were cleaned and, abrasive silicon carbide papers (having
different grit sizes: 120, 240, 360, 400, 800) were used to polish the said samples (120, 240, 360, 400, 800). The
bi-distilled water was drawn over the sample's surface to wash out the impurities/debris. The polished surface of
the sample was etched out using 70% H,SO, and 30% H;PO, for 25 s followed by rinsing in bi-distilled water**-*2.

Suspension preparation

Synthesis of Xanthan dialdehyde (XDA)

XDA was synthesized by the oxidation of Xanthan Gum (XG) with SMP in a dark controlled environment at
60 °C and stirred for 4—6 h*’. Guo et al.* and Ngwabebhoh et al.'® outlined the mechanism of XDA formation
by using 9.6 W/V% (0.096 g/mL) SMP solution. 9.6 W/V% SMP solution concentration for approximately 45%
aldehyde content for XDA was reported to have the highest tensile properties. Using ratio stoichiometry, 0.5
W/V% XG required 0.096 g/mL SMP for 45% XDA content (a similar approach was employed in*®). A portion
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0f 0.125 g of Xn was liquified in distilled water (25 mL) at 60 °C (0.5 W/V% XG). The SMP solution was made
using 0.96 g (9.6 W/V%) of SMP in 10 mL of distilled water. Later, XG was oxidized by SMP at the concentra-
tion of 0.096 g/mL. The solution was stirred for 4-6 h in a dark environment, following*'. The reaction was then
quenched using 240uL EG, following™.

Preparation of 4585 bioglass (BG)

BG of composition: P,O5 6%, CaO 24.5%, Na,O 24.5%, SiO, 45% (mol%) was synthesized by first dissolving
diatom biosilica (prepared following**) in 35% C4H;O; solution. The mixture was magnetically stirred for 2 h
under 120 °C. Following the complete dissolution of diatom biosilica, H;PO, was added and magnetically stirred
for 45 min. Thereafter, NaNO;, was added followed by the addition of Ca (NOs),-4H,0 which again was stirred
for an hour. The attained gel was treated following the procedure executed in*. It was then placed in a muffle
furnace (Muffle furnace LMF-E21 manufactured by Labtron) at a constant temperature increment and abatement
of 10 °C/min. For 2 h, gel was kept at 700 °C followed by sintering for 3 h at 950 °C. The procedure adopted was

similar to Adams et al.*,

Final preparation of suspension
First, BG (0.125 g) was added in XDA solution (0.5 w/v%) and continuously stirred for 6-7 h at 25 °C to disperse
the BG particles. Next, 0.25 g of CS was added to the 25 mL of ethanol (1 w/v%). Later, 0.125 g of HA was added
and stirred for 2-3 h at 80-100 °C and sonicated for 2.5 h*. In addition, 0.3 g of henna was dissolved in 15 ml
of ethanol (2 w/v%)*” and the solution was filtered using filter paper. The filtered 10 mL lawsone solution was
then added to 25 mL of HA/CS solution (5:2) as shown in Fig. 1, and subsequently stirred for 30 min at 60 °C.
The final suspension for EPD was prepared by using HA/CS/lawsone solution, and XDA/BG solution (an
overview is presented in Fig. 1). XDA/BG and HA/CS/lawsone solutions (1:1) were mixed and magnetically
stirred at room temperature. The pH of the resulting XDA/CS/BG/HA/lawsone suspension was maintained
at~4.5 using AA.

Electrophoretic deposition

A 316L SS was used as substrate (cathode) and counter-electrode (anode). The anode-cathode distance was
10 mm. The coating thickness and the control over surface crack were optimized by tuning the applied deposi-
tion voltage and the deposition time given during the EPD process. The voltage was increased in 5 V increments,
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Figure 1. Schematic representation of the XDA/CS/BG/HA/lawsone suspension preparation steps conducted
prior to the EPD process.
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from 5 to 25 V. A series of experiments were conducted through a trial-error approach (the deposition time
and deposition voltage were varied) which yielded the optimal coatings (crack-free and uniform). A continuous
voltage of 20 V was applied for 10 min in that particular context as described in Table 1 and Fig. 2. Similar EPD
parameters were used in*®* to optimize CHI-based composite coatings.

Ethical approval
This article does not contain any studies with human participants or animals performed by any of the authors.

Characterization of XDA/CS/BG/HA/lawsone coatings

Morphological properties

HA/BG/lawsone loaded XDA/CS coatings were investigated optically to check the optimal deposition. By varying
time of deposition and voltage applied the variation in levels/thickness of deposition was also investigated. The
facet morphology, topography, and thickness of coatings on 316L SS were examined by field emission scanning
electron microscopy (FESEM, MIRA, TESCAN). Coated samples of 3 cm x2 cm x 0.1 cm (rectangular) were
examined at various magnifications after being fixed to SEM stubs. To prevent charging effect, the samples were
sputtered with Au (Q150/S by Quorum Technologies) before FESEM analysis.

Adhesion test

A tape test was used to gauge the composite coating’s (n =5) adherence strength to the substrate. According to
ISO 2409 and ASTM D3359-17 standards, a crosshatch adhesion test was performed. The CC2000 basic cross
hatch cutter was used to create scratches on the coated substrates. The adhesive tape was applied for 90 s on
the substrate and removed afterwards maintaining an angle of ~ 180° between the hand and the coated surface.
The quality of the adhesive strength was then assessed by comparing the scratches to ASTM Standards®->2. The
ASTM D3363-20 standard was followed to conduct the pencil scratch hardness test (n =5), following>. Standard
holders with grades ranging from 8B (soft) to 2H (hard) pencils were moved over the coated substrate at an angle
of 45°. The test continued until the pencil could no longer starch the covered substrate. Following the ASTM
B571-97 standard, the adhesiveness of the said coating was analyzed using the bend test (n=5). Composite
coated samples were bent into a 180° U shape using pilers. Composite coatings were evaluated for their adhesive
strength by studying their delamination and deformation capacities. A microscope (Novex, Holland) was used
to examine the distorted samples after the bending test>*. Scratch tests were conducted on the composite coating
samples with Revetest mode (using a CSM Revetest machine). An indenter with a 200 m diameter was used to
apply a progressive load (0.5-4 N) to the coated surface for scratch testing. Indenter speed and scratch length
were 5.2 mm/min and 5 mm, respectively. The sample was run on eight separate tracks. By measuring acoustic
emission (AE) and through optical observations critical loads were identified. The minimal load at which the
initial crack begins to appear was denoted as the critical load (L) while increase in load lead to the complete
delamination and that supremely enhanced load was referred as critical load (L,)>.

Surface properties

Surface roughness

The coated XDA/CS/BG/HA/Lawsone and uncoated 316L SS samples were characterized in terms of average
surface roughness (Ra), maximum profile peak height (Rt), and average maximum profile (Rz) by employing
stylus profilometer (TMR 360). Three measurements were taken for each set of samples and the average value
with the standard deviation was reported. The microscopic tip stays in contact with the surface and moves
horizontally. However, the tip’s vertical movement was recorded and enhanced. It was mounted vertically, using

Suspension (W/V%) EPD parameters Results
Srno |XDA |CS BG | HA | Lawsone | Deposition time (min) | Voltage (V) | Coated | Adhesion
5 10 ® -
5 20 ® -
1 1 1 0.5 |05 2 s I ® -
15 20 ® -
5 10 ® -
2 0.75 075 |05 |05 |2 > 20 Y ®
15 15 ® -
15 20 v ®
5 10 ® -
5 20 Thin v
3 0.5 0.5 05 |05 2 15 15 Thick ®
15 20 Thick ®
10 20 v v

Table 1. EPD Parameters and the suspension composition used for the optimization of EPD process.
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Figure 2. Schematic representation of Direct current EPD setup showing the deposition of XDA/CS/BG/HA/
lawsone composite coatings deposited on 316L SS substrate.

a stylus profilometer. As a result, the stylus is positioned above the part to be measured. On the surface of both
samples, the stylus moved 5 mm.

Contact angle

Distilled water was used to measure surface wettability. Distilled water droplets of 5 pL were used to quantify
the contact angle of the bare 316L SS, XDA coated 316L SS, and XDA/CS/BG/HA/lawsone coated 316L SS sub-
strate. A micropipette was used to drop the droplet on bare 316L SS, XDA coated 316L SS, and XDA/CS/BG/
HA/lawsone coated 316L SS. Images were taken after every 5 s for 30 s and analyzed through Image]J software
using drop analysis libraries (LB-ADSA)>*. Tests were repeated five times, and averaged values were reported
along with standard deviations.

Chemical properties

Energy dispersive spectroscopy (EDX) analysis

The EDX (OXFORD) installed with FESEM (MIRA, TESCAN) was employed to access the elemental composi-
tion of XDA/CS/BG/HA/lawsone coatings (acceleration voltage was kept at 25 kV).
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FTIR

The functional groups in XDA/CS/BG/HA/lawsone coating were evaluated using OMNIC paradigm software of
an attenuated total reflection Fourier transformation infrared (ATR-FTIR) spectroscope (Thermofisher Nicolet
Summit Pro). The transmittance spectrum was obtained in the region of 4000-400 cm™ with 4 cm™ resolution
after omitting noise.

Corrosion behavior

The Gamry instrument (Potentiostat/Galvanostat/ZRA, reference 600) evaluated the corrosion resistance of
the composite coatings and bare 316L SS. Gamry device contains three electrodes: working electrodes (coated/
uncoated substrates), counter electrode (graphite), and reference electrode (Ag/AgCl). SBF was used as an elec-
trolyte at 37 °C. At 2.5 mV/sec scanning rate, potentiodynamic polarization scans were carried out at+ 500 mV
potential. Tafel plot corrosion potential was calculated as (E.,,,) and corrosion current density was calculated as
(Lor)- During an EIS test, an open circuit potential was used with 10 mV perturbation. Frequencies were kept
between 100 kHz and 1 MHz. In each case, with measurements in triplicate®®*.

Biological studies

In-vitro bioactivity studies

The biocompatibility (generally ability to bind or attach bone cells in case of orthopedic implants) of XDA/
CS/BG/HA/lawsone coatings was accessed using SBF synthesized by using the procedure outlined by Kokubo
et al.®*.The composite coatings (1.5 cm x 1.5 cm) were submerged in SBF filled falcon tubes and placed in an
shaking incubator (30 rpm) for 1, 7, 14, 21 and 28 days at 37 °C. To simulate physiological conditions, the SBF
was replaced every 24 h. After the stated periodic time interval of a week, coated strips were carried out of fal-
con tubes, rinsed with distilled water and processed for further characterization. SEM and FTIR analyses were
conducted on the said samples both before and after immersion in SBE

Antibacterial studies

The basic qualitative antibacterial efficacy of XDA/CS/BG/HA coated 316L SS (Control) and the XDA/CS/BG/
HA/lawsone composite coated sample was investigated using the Kirby-Bauer test. Henna was loaded in two
different concentrations 0.01 mg/mL and 0.02 mg/mL as of literature and subsequent coatings were tested®'.
Nutrient Agar (Oxoid-UK) was used to prepare agar medium, which was then autoclaved at 121 °C for 20 min,
subsequently; 20 mL of prepared media was transferred to the sterile petri dishes. Composite coated and XDA/
CS/BG/HA 316L SS were exposed to UV light for an hour. 20 pL of S. aureus and E. coli owing optical density
(ODgq) 0f 0.015 +0.002 was rolled out over solidified agar medium using a sterilized glass slider. Coatings were
then placed over the uniformly distributed bacteria in such a way that coated side-faced bacteria, followed by
round the clock incubation at 37 °C. Afterward, Pictures were taken, by using Image]J software the inhibition
zone was measured.

Results and discussions

Morphological analysis

The surface topography of the XDA/CS/BG/HA/lawsone composite coating deposited on 316L SS was evaluated
using FESEM. SEM micrographs of composite coating at low and high magnification revealed a plain, homoge-
neous, and all-alike coating with no cracks on the surface, as shown in Fig. 3A, B. Through the decomposition
of water into hydrogen and oxygen (O) (electrolysis), that usually occurs during EPD, a limited number of
micropores created. The coating exhibited uniform distribution of BG and HA particles (FTIR and EDX verified
the existence of HA and BG) in the polymeric matrix due to invariable particle size in final suspension®. The

Coating Thickness
3um

Figure 3. SEM images (A) shows uniformly distributed and induced BG and HA particles, respectively at 5 kX
and 150 kX magnification, (B) shows cross-sectional SEM image of XDA/CS/BG/HA/lawsone.
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FESEM images show the agglomeration of BG and HA particles (Fig. 3A). The outcome of the current study is like
the one revealed by®>%*. HA particles are induced and embedded in the polymeric matrix depicting quasi spheri-
cal morphologies. The pores present in the polymeric matrix are filled by HA particles and their agglomerates,
ultimately intensifying the mechanical stability of the coating. Similar morphologies for HA-based composite
coating were proclaimed by Ahmed and Ur Rehman et al.% and Louvier-Herndndez et al.%°. The cross-sectional
micrographs of XDA/CS/BG/HA/lawsone composite coating authenticates the uniform coating with thickness
of ~ 3 um, as shown in Fig. 3B. Similar coating thicknesses were reported in previous studies®>’.

Adhesion tests

Tape test

Adhesion tests are conducted on composite coating to evaluate their mechanical strength. Samples that under-
went tape testing were analyzed using an optical microscope (Novex, Holland) and categorized using a tape test
according to ASTM D3359 (Fig. 4). First, we scratched the coated portion of the substrate with a crosshatch
cutter, as shown in Fig. 4A. After 90 s, the tape was quickly removed and the image was acquired Fig. 4B. 4B
adhesion strength was achieved by the composite coatings (only minor delamination of 5%); this implies that at
intersections, small fragments of the coating become dislodged, impacting less than 5% of the surface area, as per
the ASTM standards®®. Prior studies shows that HA/BG-based composite coatings rated as 3B (approximately
5-15% of the lattice area suffer from small flakes detaching along edges and cuts) shows good adhesion strength
but in our case coating adhesion rated as 4B much good adhesion strength than already reported studies. The
robust adhesion strength observed in the composite coating can be attributed to the resilient polymeric network
formed by XDA and CS, as discussed in “FTIR” section, as well as the presence of HA/BG®. The developed
composite coatings presented better adhesion than other reported coatings, that utilized biopolymers as well.
M. A. U. Rehman et al.%? conducted the tape test (ASTM D3359-97 and B571-97) on composite coating of CHI/
gelatin/Cu-doped-BG on a 316L SS substrate, the coatings were reported to delaminate at the edges. The better
adhesion strength of the composite coatings is attributed to the defect-free coatings (microstructure), enhanced
cross-linking capability of aldehyde groups in XDA, and etching of the substrate prior to the coatings which
may have assisted in the mechanical and chemical linking of the composite coating with the substrate*»”°. Thus,
the coating was rated as “4B” according to the ASTM standard. Zhang et al.”* observed increased adhesion of

After applying tape

Slight delamination

Figure 4. The results of the adhesion strength test: (A, B) Images of the Tape test before and after Tape test, (C,
D) Images showing the results of the bend test (red arrows represent the area of maximum stress), (E) Image
showing the result of the pencil hardness test.
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coatings, coinciding with the uniform distribution of HA particles, of Bovine-HA deposited on Ti-12Cr substrate.
Chen et al.”* utilized EPD to develop Alginate/BG coatings on 316L SS and remarked their adhesive strength to
be “3B” according to ASTM D3359-B, after conducting the tape test.

Bend test

An ASTM B57197 bend test was used to assess the bending strength of the composite coating upon bending to
180°. Figure 4C, and D show the images of an optical microscope (Novex, Holland) captured after the bend test.
The composite coating exhibited sufficient resistance to bending loads throughout substrates, as no delamination
was observed even at the edges of the composite coating. In this study, composite coatings presented better adhe-
sion strength upon bending compared to the®> where CHI-based composite coatings delaminated at the edges.
The better adhesion strength of the composite coatings is attributed to the defect-free coatings (microstructure),
enhanced cross-linking capability of aldehyde groups in XDA, and etching of the substrate prior to the coatings
which may have assisted in the mechanical and chemical linking of the composite coating with the substrate>”°.
Thus, the coating was rated as “4B” according to the ASTM standard.

Pencil hardness test

The adhesion strength of the XDA/CS/BG/HA/lawsone coating with the 316L SS was evaluated by the pencil test.
The findings showed the composite coating to be able to withstand a range of pencil hardness values without

showing any signs of cracking or flaking till H. However, a slight powder delamination was observed when the

coating was scratched with the 2H pencil, as shown in Fig. 4E. Said results are due to the presence of HA/BG®

and strong polymeric network of XDA and CS (discussed in “FTIR” section).

Scratch test

XDA/CS/BG/HA/lawsone composite coating adhesion strength was evaluated with the scratch test shown in
Fig. 5. As shown in Fig. 5, XDA/CS/BG/HA/lawsone composite coating experienced a 15 N L, value, and
circular cracks appeared on its surface, despite remaining intact. According to the measured value of second
critical load (L,,), at L, there is still no significant delamination of coatings showing that the XDA/CS/BG/HA/
lawsone composite coating has better adherence. After the L., composite coatings delaminated from the surface.
A scratch test indicated that the composite coatings were suitable for designing coatings for orthopedic implant
devices Fig. 5737,

Surface properties

Wettability

The wettability of the surface was measured by contact angle, as shown in Fig. 6. The optimal contact angle for
facilitating initial protein attachment typically falls within the range of (35°-80°)"°. The measured values of bare
316L SS, XDA coated 316L SS and composite coating were 64°+ 1°, 56 + 1° and 48° + 4°, respectively. The contact
angle of XDA coated 316L SS is lower than the bare 316L SS, indicating increased hydrophilic character intro-
duced by the XDA coating. This enhanced hydrophilicity is attributed to XDA s intrinsic properties, particularly
its hydroxyl and aldehyde functional groups’®””.

LC1= 15N LC2= 17N

= w

XDA/CS/BG/HA/lawsone

Applied Load (N)

Figure 5. Results of the scratch test for XDA/CS/BG/HA/lawsone coating.
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Figure 6. Contact angles comparison of bare 316L SS, XDA coated 316L SS, and XDA/CS/BG/HA/lawsone
composite coating deposited on 316L SS (Digital images illustrating the presence of a water droplet on the bare
surface of 316L SS, XDA coated 316L SS and XDA/CS/BG/HA/lawsone composite coating deposited on 316L
SS).

Furthermore, the composite coating exhibited lowest contact angle signifies the highest-level hydrophilicity
in comparison to XDA coated 316L SS and bare 316L SS Substrate, this could be due to the hydrophilic nature
of HA, BG (silanol groups led to the hydrophilic nature of BG) and CS”®. The presence of Sulfate and carboxylate
functional groups in CS and hydroxyl groups in HA makes the composite coatings hydrophilic’®. Additionally,
XDA also showed a hydrophilic nature due to the introduction of aldehyde groups into the polymer chain, lead-
ing to enhanced hydrophilicity””. Chen et al.”? reported the relationship of contact angle and surface roughness,
surface roughness increases as contact angle decrease and the reported results are in agreement with’>”. Man-
zur et al. shows the contact angle of Poly(lactic-co-glycolic) Acid/henna/Copper-doped Mesoporous bioactive
glass nanoparticles (PLGA/henna/Cu-MBGNs) is 41° on Mg substrate which agrees with reported studies®. Shi
et al.”’ also conducted study of hydrophilicity on CHI/HA/GO coating on Ti substrate and reported a contact
angle of 53.3 + 1.3° and reported that enhanced hydrophilicity is desirable to facilitate the adhesion of cells and
cell-adhesive proteins, promoting osteoconductivity.

Surface roughness test

Surface topography plays a significant role in influencing the cellular interaction with induced biomedical
implants. Related cells and proteins should be able to adhere to the implant surface**®. Surface topography was
investigated by measuring the average surface roughness (Ra), maximum profile peak height (Rt), average maxi-
mum profile (Rz) of the XDA/CS/BG/HA/lawsone composite coatings deposited on 316L SS via EPD, as given
in Table 2. The composite coatings exhibited relatively higher values of Ra, Rz, and Rt. The composite coatings
exhibited the Rz values of 1.78 pm, which can allow the osteoblast cells to attach to the coated surface®"** owe to
the favorable surface topography. Osteoblast attachment and proliferation can be influenced by other factors than
just surface topography. These factors include wettability and surface chemistry, which should also be considered.
This study found that composite coatings had suitable wettability, roughness, and surface chemistry for protein
attachment and later cell attachment and proliferation. To achieve optimal tissue integration, the growth and
differentiation of the relevant cells are important (in the current case osteoblast cells)®*%,

Sample Average roughness (Ra) pm Maximum profile peak height (Rt) pm Average maximum profile (R,) pm
Bare 316L SS 0.18£0.009 2.67+0.04 1.23£0.17
Composite coated 316L SS 0.32£0.015 2.94+0.27 1.78+0.13

Table 2. Surface roughness parameters (Ra, Rt, and Rz) of XDA/CS/BG/HA/lawsone composite coatings on
bare 316L SS and bare 316L SS.
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Chemical properties

EDX analysis

EDX analysis indicated the presence elements attributed to the biopolymers (XDA/CS), bioceramics (HA/BG)
and lawsone. The peaks of O and Carbon (C) may denote the subsistence of CS and XDA in the composite
coatings, as shown in Fig. 7. Although, it is not accurate to spot the C and O via EDX. Therefore, to verify the
subsistence of XDA and CS in the composite coatings, FTIR was executed. Additionally, the occurrence of HA
in the coating was verified by the identification of peak spots, associated with P and Ca. Furthermore, the area
EDX analysis portrayed Mg, Si and P indicating the presence of BG in the composite coatings. Although, the Ca
and P are present in HA and BG. The appearance of Si is associated with the presence of BG in composite coating.

FTIR analysis of composite coatings
The identification of the aldehyde groups in XDA can be confirmed by FTIR spectroscopy. The region of
1730-1750 cm™! shows an evident peak which identify the aldehyde group in XDA’. In addition, the peak in
the region of 1600-1650 cm™ associated to the C=C stretching vibration and peak at 2978 cm™ is associated with
C-H stretching vibrations, respectively'’. Moreover, the band of O-H stretching vibrations appeared in the range
of 3200-3600 cm ™. The peaks in the region of 1050-1100 cm™! correspond to C-O-C stretching vibrations.
In FTIR spectra of CS, the peaks in between 3000-3600 cm ™ represent -NH and —~OH stretching vibrations.
The broad peak appeared at 2907 cm™! correspond to the C-H bond'®. The sulfate region of CS can typically
be found between 1000 and 1300 cm™ as shown in Fig. 8A. This region indicated the presence of a strong peak
at 1236 cm™}, attributed to the disproportioned and uneven stretching vibrations of the sulfate groups (S-O
bond))®. The peak at ~ 1039 cm™! can also be observed, which corresponded to the symmetric stretching vibra-
tion of the sulfate groups (C-O-S ring))®. The amide region of CS was found between 1700 and 1500 cm™. The

Figure 7. EDX spectrum of XDA/CS/BG/HA/lawsone composite coating deposited on 316L SS.
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Figure 8. FTIR spectra of: (A) XDA, CS and XDA/CS/BG/HA/lawsone and (B) HA, lawsone and BG.
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peak at 1606 cm™ introduced due to the amide I vibration of the peptide backbone®®, similarly peak at around
1560 cm ™! was introduced due to the amide II vibration of the peptide backbone®>®”. FTIR spectra of bioactive
glasses showed Si-O-Si stretching vibration, at ~703 cm™and 468 cm™ and Si-O stretching of nonbridging
oxygen atom at ~925 cm™1%%_ This peak is manifesting the SiO, network structure in BG, which is critical for
its bioactivity. The phosphate peak (PO,®) appeared at ~610 cm™%.

The peak at~910 cm™ in HA, is accredited to the stretching vibration of phosphate (PO,~) groups in HA. An
extensive band in the range of 500-600 cm™, depicted bending vibration of phosphate (PO~?) groups in HA*.
A weak peak at around 738 cm™!, corresponded to the deformation vibration of carbonate (CO5™%) groups in
HA as shown in Fig. 8B. Moreover, a solid peak for carbonate (CO,™2) appeared at 1454 cm™"°*°!. The infrared
spectra of lawsone with transmittance peaks showed at ~3320 cm™ indicating an O — H bond®*. The peak spot
at about 1755 cm™ denotes the carbonyl group (C=0), while the aliphatic C-H stretching peaks associated with
~2925 cm™. The phenolic groups in henna were evident by the climax at ~1000 cm™'*.

The FTIR spectra of composite coating showed the genesis of Schiff base between XDA and CS*. XDA exhib-
ited characteristic peaks of the aldehyde group (C=0) at around 1730-1740 cm™. However, the amine group
(N-H) in CS appeared at around 3300-3400 cm ™. After the crosslinking reaction, a new peak corresponding
to the imine group (-C=N-) in the Schiff base appears at a typical range of 1620-1660 cm™'** This shift in the
peak position from the aldehyde and amine groups to the imine group can serve as an indicator for the forma-
tion of the Schiff base between XDA and CS. The -OH band existed in the final composite coating showing the
presence of henna and XDA. The overlapping peaks at 1022 cm™ is attributed to phosphate group of HA and
phenolic group of henna®?’. However, the peak of dispersed BG in the composite coating appeared at 703 cm™!
corresponded to Si-O-Si stretching vibrations®”. The phosphate group peak due to HA appeared at 533 cm™'%¢.

Corrosion behavior

Potentiodynamic polarization

The potentiodynamic polarization behavior of bare and XDA/CS/BG/HA/lawsone coated 316L SS in SBF is rep-
resented in Fig. 9. The values of E_,, and i, were determined using the Tafel method. From Fig. 9 the composite
coated 316L SS shows the cathodic slope is lower as compared to the bare 316 L SS. Similarly, the anodic slope of
the composite coated 316L SS is suppressed by three orders of the magnitude and have a good agreement with
the cathodic slope. The composite coated 316L SS shows reduced corrosion current density (ic,,,) and higher
corrosion potential (E,,,,) than bare 316L SS. The polarization resistance (R;,) of the XDA/CS/BG/HA/lawsone
coated 316L is increased in two ordered of the magnitude than bare 316L SS. This indicates that the composite
coating provides the significant corrosion resistance to 316L SS in SBF solution'*%?’.

Electrochemical impedance spectroscopy (EIS)

The plot of the EIS of uncoated 316L SS compared to XDA/CS/BG/HA/lawsone coated 316L SS is shown in
Fig. 10A. The Nyquist plots of the bare and coated samples present a high semi-capacitive arc. It indicates that
the same process of corrosion is occuring at a lower rate for the coated substrate*’. Figure 10B shows the imped-
ance values are almost equal at low frequencies (1Z&, y,), but at higher frequency, coated 316L SS has higher
impedance values—dispensing information about the electrode/solution interface. Bode phase plot shows coated
316L SS exhibits an increased capacitive response over the broad frequency range with a lesser phase angle than
bare 316L SS*%.

Figure 10C, D shows that the electric equivalent circuits (EEC) Rs(Q,(R;(Q;R,))) and R(Q,(R,(Q,(R,W)))
indicates the electrochemical activity between uncoated and coated 316L SS. Ry(Q,(R;(Q,(R,W)))) is the pre-
ferred choice for coated 316L SS. According to the reported data, numerous interpretations have been provided
for the circuit components®. Specifically, Q, and R, represent the porous layer capacitance and resistance, while
Q, and R, show the barrier layer resistance when connected (series) with a Warburg diffusion element (W). The
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Figure 9. Electrochemical polarization of XDA/CS/BG/HA/lawsone and bare 316LSS.
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Figure 10. (A) Nyquist plot of XDA/CS/BG/HA/lawsone and bare 316L SS, (B) Bode plots of XDA/CS/BG/
HA/lawsone and Bare 316L SS, (C) Equivalent electric circuit of bare 316L SS and (D) Equivalent electric circuit
of XDA/CS/BG/HA/lawsone.

term R represents solution resistance. As shown in Fig. 10A, certain diffusin in Nyquist plot introduced the
Warburg diffusion component.

Table 3 shows that the R, porous layer has a higher corrosion resistance than R,, thus BG/HA/lawsone
contributed more to corrosion resistance than R, resistance. Potucek et al.'’ indicated the solution chosen has
significant impact on the resistance R values generated from the EIS data, while the capacitance (C) values can
be used to accurately determine the electrochemical properties associated with the solution selected, irrespec-
tive of the solution condition. Equation 1 allows us to calculate the different elements's equivalent capacitance
values in Fig. 10C, D by combining values (Q and n) with their respective resistances.

C= Ql/nR(l—n)/n (1)

Biological studies

In-vitro SBF studies

The XDA/CS/BG/HA/lawsone composite coating was immersed in SBF to track the possible changes in the
morphology and the formation of the apatite-like layer on the surface of the coatings. It is widely accepted that
the genesis of apatite-like layer indicates the osteoinduction and osteointegration of the designed implants®.
The HA layer formation was confirmed via FTIR, SEM, EDX and X-ray diffraction (XRD). Dissolution of the
BG particles results in the release and diffusion of Ca and P ions, the ionic exchange that then happens assists in
the formation of apatite-like structure on the surface of the coatings (Fig. 114, B)?**"1%! The dissolution of BG
was evident by the decrease of the intensity of silica peaks in the FTIR spectra (the reduction in silica peak may
also be credited to the initiation of the HA layer after being dipped in SBF). The magnitude of the silica peaks
reduces with the increase in immersion time whereas the intensity of phosphate bands increases (Fig. 11C).
After 28 days of immersion in SBE, the FTIR spectra faded away BG-associated Si-O-Si elongated peaks!®.
The bioactive glass peaks were formed at 460 and 703 cm™ in pure composite coating and after immersion in
SBF till 21 days, as shown in (Fig. 11C). The carbonate (CO;72) and phosphate (PO,™) peaks attributed to HA

R, Q n, R, Q, n, R, w
Samples (Qem?) | (uQ7's" cm?) (kQcm?) | (uQ~'s" cm?) (kQcm?) | (Qs™?)
Bare 316L SS 40.28 1.9 0.75 |58.3 4.6 0.9 303 -
Composite coated 316L SS 2751 1 0.4 4310 0.66 0.7 380 1.16x10°

Table 3. EIS circuit elements fitted from EIS data in SBE.
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Figure 11. (A) SEM image of composite coatings in SBF for 28 days at 25kX, (B) SEM image of composite
coatings in SBF for 28 days at 10kX, (C) FTIR spectra before and after immersion in SBF for 1, 7, 21 and, 28
Days and, (D) XRD pattern for 0 Day and 28 Day, (E) EDX analysis of composite coating immersed in SBF for
28 days with Ca/P ratio of 1.54 and (F) EDX analysis of composite coating before immersion in SBF with Ca/P
ratio of 0.544.

formation in SBF were observed after 28 days. The slightly shifted and intensified carbonate peaks appeared at
680 and 1415 cm™. Moreover, broad, and more intense peaks of phosphate group appeared at 550 and 980 cm™.
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Agathopoulos et al.'®? also reported the appearance of HA layer associated peaks in FTIR after immersion in SBE.
The reported results are in agreement with'%1%4,

The possible mechanism for the formation of HA crystals upon dipping in SBF is attributed to the release of
Ca and P ions from the composite coatings, which then react with the SBF ultimately devising a concentrated
solution of Ca Phosphate. Thus, resulting in the formation of HA crystals on the surface of the coating through
nucleation and growth'”®. The HA layer formation on composite coating after immersion in SBF for 28 days was
first validated by FTIR followed by SEM analysis.

HA layer formation on BG coatings was also confirmed using FESEM after immersion in SBE, as shown in
(Fig. 11A, B). The XDA/CS/BG/HA/lawsone coatings are designed to create a bioactive layer on implant sur-
faces (to induce mineralization), which is crucial for successful osteointegration'%. FESEM analysis showed the
appearance of typical spherical or needle-shaped morphology.

XRD was utilized to examine XDA/CS/BG/HA/lawsone coatings immersed in SBF for 28 days to verify the
existence of a HA layer, as depicted in Fig. 11D. The results of the XRD analysis unequivocally substantiated
the formation of a HA layer before immersion in SBF due to the presence of HA in the developed coatings. The
increase in the intensities of HA associated peaks after immersion in SBF for 28 days confirmed the formation
of HA layer due to BG in coating!”’. The XRD pattern exhibited a peak corresponding to HA at angles of 25.8°
and 31.5°108109,

EDX analysis after 28 days of immersion in SBF showed the peaks of Ca and P while Si peak vanished (agrees
with FTIR analysis). The Ca/P ratio calculated from the EDX analysis before and after immersion in SBF was
0.544 and 1.54, respectively as shown in Fig. 11E, F. Ca/P ratio of 1.54 after immersion in SBF is very close to the
stoichiometric ratio of the HA'"". The results agree with!!®!!!

Antibacterial studies

Significant antimicrobial effects of composite coatings were seen because of lawsone and naphthoquinone release.
Figure 12A shows that XDA/CS/BG/HA coated 316L SS did not form any zone of inhibition, while 0.01 mg/
mL and 0.02 mg/mL lawsone loaded composite coated samples showed the zones of 13.32 mm +0.5 mm and
21.65 mm *0.5 mm against E. coli, respectively. While Fig. 12B shows that XDA/CS/BG/HA 316L SS couldn’t
show any bacteriostatic or bactericidal properties while 0.01 mg/mL and 0.02 mg/mL lawsone loaded composite
coated samples exhibited zones of 16.48 mm +0.5 mm and 21.04 mm + 0.5 mm against S. aureus, respectively.
The clear zone of inhibition portrayed that 0.02 mg/mL of lawsone was enough to create strong antibacterial
effect. Lawsone (2-hydroxy-1,4-naphthoquinone) the major component of henna, generates reactive oxygen
species (ROS) and shows to apoptotic cell death of bacteria''?. The results are consistent with those reported by
Rubiay et al.'*.

Novel and functional bio-composite coating development has been a success. Apatite induction was confirmed
through in-vitro SBF studies, while antibacterial potential due to the release of lawsone was established and
evaluated through Kirby-Bauer test against E. coli and S. aureus. Corrosion resistance of 316L SS was enhanced
by first order of magnitude, examined via Potentiodynamic polarization scan and EIS analysis. The composite
coatings developed in the current study showed the strong potential to coat orthopedic implant devices. The
composite coatings can provide bone regeneration and can prevent biofilm formations. The future studies will
involve cell biology, biomarkers quantification, alkaline phosphate activity, drug release kinetics, quantitative
microbiology studies and in-vivo studies. It is expected that the designed coatings will help in the differentiation
and proliferation of the osteoblast cells which will eventually help in the growth of bone tissues. The biochemical
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Figure 12. Inhibition halo tests for the XDA/CS/BG/HA/lawsone and XDA/CS/BG/HA (control) coatings with
(A) E. coli and (B) S. aureus.
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Figure 13. The proposed mechanism of biochemical action of XDA/CS/BG/HA/lawsone composite coatings to
facilitate bone regeneration and to inhibit the growth of biofilm formation.

process aided through XDA/CS/BG/HA lawsone is proposed to overcome the challenges associated with ortho-
pedic implants, as shown in Fig. 13.

Conclusions

The XDA/CS crosslinking in the polymeric network was confirmed by FTIR analysis, resulting in the formation
of a robust coating of XDA/CS/BG/HA/lawsone (coating thickness ~ 3 pm) using EPD. The results of the pencil
hardness test, tape test, scratch test, and bend test confirmed suitable adhesion strength of the composite coating
with the 316L SS substrate. The bioactivity and antibacterial tests, combined with the potentiodynamic polari-
zation assessment, demonstrated that the 316L SS coated with XDA/CS/BG/HA/lawsone exhibited promising
characteristics for the development of orthopedic implants. The coated substrate showed significant corrosion
resistance, as well as apatite induction and antibacterial potential, making it a highly attractive prospect for fur-
ther investigations and eventually the translation to the clinic. Overall, the results suggested that the fabricated
coated implant has the potential to be considered to design orthopedic implant devices (Table 4).
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Experiment Results Literature Summary
. . Cheng et al.”>—Alginate/BG coatings, ‘3B’ . )
Adhesion tests 4B adhesion strength confirmed via tape and bend Ur Rehman et al.#* —CHI/gelatin/Cu-doped-BG Increased adhesion due to strong polymeric net-

test. Adhesion suitable for orthopedic implants

coatings, ‘4B’

work of XDA/CS and uniform particle distribution

Contact angle

Substrate and coating contact angles respectively;
64°+1° and 48° £ 4°

Shi et al.* —CHI/HA/GO coating, 63.3°+1.3°

Lower values of contact angle due to hydrophilic
nature of constituents

Surface roughness

Coating demonstrated higher surface roughness
than bare substrate

Ra (coating) =0.32+0.015 pm

Ra (bare)=0.32£0.015 um

Cheng et al.”>—Alginate/Bioglass coatings
Ra (coating) =0.89+0.030 um
Ra (bare) =0.63 um

Surface roughness promotes osteoblast cell attach-
ment and proliferation

Corrosion behavior

Lowered corrosion current density than bare
substrate

iCorr (coating) =1.6x 107

iCorr (bare)=1.4x 1076

Khosravi et al.'"*—GO/PCL-gelatin-forsterite 3%
iCorr (coating) =0.017 x 107°
iCorr(bare)=0.59x 107°

Increased corrosion resistance of implant

Antibacterial

Clear inhibition zones against E. coli and S. aureus

Batool et al.**—Zein/Zn-Mn-doped-MBGNs
Complete inhibition against S. aureus, partial
inhibition against E. coli

High antibacterial efficacy

In-Vitro bioactivity

Apatite layer development after 28 days

Farrokhi-Rad et. al''>—HA/Titania-nanocomposite
coating on Ti
Apatite layer development after 7 days

Slower bioactivity

Table 4. Comparative analysis of reported results with previously reported results.

Data availability

The datasets used and analyzed during the current study are available from the corresponding author upon

reasonable request.

Received: 3 May 2023; Accepted: 12 October 2023
Published online: 19 October 2023

References

1. Total Knee Replacement—OrthoInfo—AAOS. https://orthoinfo.aaos.org/en/treatment/total-knee-replacement. Accessed 25

Dec 2022.

2. Global Orthopedic Implant Market Garnered USD 47 Billion in. https://www.globenewswire.com/en/news-release/2022/07/
25/2484984/0/en/Global-Orthopedic-Implant-Market-Garnered-USD-47-Billion-in-2021-and-is-Expected-to-Grow-with-a-
CAGR-of-7-During-2022-2031-Market-to-Grow-on-Back-of-Rising-Number-of-Geriatric-Peop.html. Accessed 25 Dec 2022.

3. Wallace, 1. J. et al. Knee osteoarthritis has doubled in prevalence since the mid-20th century. Proc. Natl. Acad. Sci. U. S. A.
114(35), 9332-9336. https://doi.org/10.1073/PNAS.1703856114 (2017).

4. Nazzal, A. et al. A histologic analysis of the effects of stainless steel and titanium implants adjacent to tendons: An experimental
rabbit study. J. Hand Surg. Am. 31(7), 1123-1130. https://doi.org/10.1016/].JHSA.2006.03.001 (2006).

5. Panje, W. R. & Hetherington, H. E. Use of stainless steel implants in facial bone reconstruction. Otolaryngol. Clin. N. Am. 28(2),
341-349. https://doi.org/10.1016/S0030-6665(20)30548-X (1995).

6. Talha, M., Behera, C. K. & Sinha, O. P. A review on nickel-free nitrogen containing austenitic stainless steels for biomedical
applications. Mater. Sci. Eng.: C 33(7), 3563-3575. https://doi.org/10.1016/].MSEC.2013.06.002 (2013).

7. Sridhar, T. M., Kamachi Mudali, U. & Subbaiyan, M. Preparation and characterisation of electrophoretically deposited
hydroxyapatite coatings on type 316L stainless steel. Corros. Sci. 45(2), 237-252. https://doi.org/10.1016/S0010-938X(02)00091-4

(2003).

8. Balla, V. K, Das, M., Bose, S., Janaki Ram, G. D. & Manna, 1. Laser surface modification of 316 L stainless steel with bioactive
hydroxyapatite. Mater. Sci. Eng.: C 33(8), 4594-4598. https://doi.org/10.1016/].MSEC.2013.07.015 (2013).
9. Patel, J., Maji, B., Moorthy, N. S. H. N. & Maiti, S. Xanthan gum derivatives: Review of synthesis, properties and diverse applica-
tions. RSC Adv. 10(45), 27103-27136. https://doi.org/10.1039/DORA04366D (2020).
10. Ngwabebhoh, F. A. et al. Self-crosslinked chitosan/dialdehyde xanthan gum blended hypromellose hydrogel for the controlled
delivery of ampicillin, minocycline and rifampicin. Int. J. Biol. Macromol. 167, 1468-1478. https://doi.org/10.1016/].IJBIOMAC.

2020.11.100 (2021).

11. Ge, L. et al. Development and characterization of dialdehyde xanthan gum crosslinked gelatin based edible films incorporated
with amino-functionalized montmorillonite. Food Hydrocoll. 51, 129-135. https://doi.org/10.1016/].FOODHYD.2015.04.029

(2015).

12. Rammelt, S. et al. Coating of titanium implants with collagen, RGD peptide and chondroitin sulfate. Biomaterials 27(32),
5561-5571. https://doi.org/10.1016/].BIOMATERIALS.2006.06.034 (2006).

13. Cordero-Arias, L. & Boccaccini, A. R. Electrophoretic deposition of chondroitin sulfate-chitosan/bioactive glass composite
coatings with multilayer design. Surf. Coat. Technol. 315, 417-425. https://doi.org/10.1016/].SURFCOAT.2017.02.037 (2017).

14. Stadlinger, B. et al. Evaluation of osseointegration of dental implants coated with collagen, chondroitin sulphate and BMP-4:
An animal study. Int. J. Oral Maxillofac. Surg. 37(1), 54-59. https://doi.org/10.1016/].IJOM.2007.05.024 (2008).

15. Burger, M., Sherman, B. S. & Sobel, A. E. Observations of the influence of chondroitin sulphate on the rate of bone repair. J.
Bone Jt. Surg. 44, 675-687 (1962).

16. Schneiders, W. et al. Effect of chondroitin sulphate on material properties and bone remodelling around hydroxyapatite/collagen
composites. J. Biomed. Mater. Res. A 85A(3), 638-645. https://doi.org/10.1002/JBM.A.31611 (2008).

17. Nijsure, M. P, Pastakia, M., Spano, J., Fenn, M. B. & Kishore, V. Bioglass incorporation improves mechanical properties and
enhances cell-mediated mineralization on electrochemically aligned collagen threads. J. Biomed. Mater. Res. Part A 105, 2429~
2440. https://doi.org/10.1002/jbm.a.36102 (2017).

18. Leonor, I. B., Rodrigues, A. . & Reis, R. L. Designing biomaterials based on biomineralization for bone repair and regeneration.
Biominer. Biomater.: Fundam. Appl. https://doi.org/10.1016/B978-1-78242-338-6.00014-4 (2016).

19. Meng, D., Ioannou, J. & Boccaccini, A. R. Bioglass®-based scaffolds with carbon nanotube coating for bone tissue engineering.
J. Mater. Sci. Mater. Med. 20(10), 2139-2144. https://doi.org/10.1007/S10856-009-3770-9/FIGURES/6 (2009).

Scientific Reports |

(2023) 13:17842

https://doi.org/10.1038/s41598-023-44870-5

nature portfolio



https://orthoinfo.aaos.org/en/treatment/total-knee-replacement
https://www.globenewswire.com/en/news-release/2022/07/25/2484984/0/en/Global-Orthopedic-Implant-Market-Garnered-USD-47-Billion-in-2021-and-is-Expected-to-Grow-with-a-CAGR-of-7-During-2022-2031-Market-to-Grow-on-Back-of-Rising-Number-of-Geriatric-Peop.html
https://www.globenewswire.com/en/news-release/2022/07/25/2484984/0/en/Global-Orthopedic-Implant-Market-Garnered-USD-47-Billion-in-2021-and-is-Expected-to-Grow-with-a-CAGR-of-7-During-2022-2031-Market-to-Grow-on-Back-of-Rising-Number-of-Geriatric-Peop.html
https://www.globenewswire.com/en/news-release/2022/07/25/2484984/0/en/Global-Orthopedic-Implant-Market-Garnered-USD-47-Billion-in-2021-and-is-Expected-to-Grow-with-a-CAGR-of-7-During-2022-2031-Market-to-Grow-on-Back-of-Rising-Number-of-Geriatric-Peop.html
https://doi.org/10.1073/PNAS.1703856114
https://doi.org/10.1016/J.JHSA.2006.03.001
https://doi.org/10.1016/S0030-6665(20)30548-X
https://doi.org/10.1016/J.MSEC.2013.06.002
https://doi.org/10.1016/S0010-938X(02)00091-4
https://doi.org/10.1016/J.MSEC.2013.07.015
https://doi.org/10.1039/D0RA04366D
https://doi.org/10.1016/J.IJBIOMAC.2020.11.100
https://doi.org/10.1016/J.IJBIOMAC.2020.11.100
https://doi.org/10.1016/J.FOODHYD.2015.04.029
https://doi.org/10.1016/J.BIOMATERIALS.2006.06.034
https://doi.org/10.1016/J.SURFCOAT.2017.02.037
https://doi.org/10.1016/J.IJOM.2007.05.024
https://doi.org/10.1002/JBM.A.31611
https://doi.org/10.1002/jbm.a.36102
https://doi.org/10.1016/B978-1-78242-338-6.00014-4
https://doi.org/10.1007/S10856-009-3770-9/FIGURES/6

www.nature.com/scientificreports/

20.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

55.

56.

57.

Zheng, K. et al. Toward highly dispersed mesoporous bioactive glass nanoparticles with high cu concentration using cu/ascorbic
acid complex as precursor. Front. Chem. 7, 459480. https://doi.org/10.3389/FCHEM.2019.00497/BIBTEX (2019).

Baino, E. & Yamaguchi, S. The use of simulated body fluid (SBF) for assessing materials bioactivity in the context of tissue
engineering: Review and challenges. Biomimetics 5(4), 1-19. https://doi.org/10.3390/BIOMIMETICS5040057 (2020).

Yuan, Y. et al. Osteogenesis stimulation by copper-containing 316L stainless steel via activation of akt cell signaling pathway
and Runx2 upregulation. . Mater. Sci. Technol. 35(11), 2727-2733. https://doi.org/10.1016/].JMST.2019.04.028 (2019).
Hydroxyapatite—Properties and Applications. https://www.azom.com/article.aspx?ArticleIlD=107. Accessed 26 Dec 2022.
Legeros, R. Z. & Legeros, J. P. Hydroxyapatite. Bioceram. Clin. Appl. https://doi.org/10.1533/9781845694227.2.367 (2008).
Parham, S. et al. Antioxidant, antimicrobial and antiviral properties of herbal materials. Antioxidants 9(12), 1-36. https://doi.
0rg/10.3390/ANTIOX9121309 (2020).

Al-Rubiay, K. K., Jaber, N. N, Bh, A. M. & Alrubaiy, L. K. Antimicrobial efficacy of henna extracts. Oman Med. J. 23(4), 253
(2008).

Dinesh Babu, P. & Subhasree, R. S. Antimicrobial activities of Lawsonia inermis—A review. Acad. J. Plant Sci. 2(4), 231-232
(2009).

Nigussie, D., Davey, G., Legesse, B. A., Fekadu, A. & Makonnen, E. Antibacterial activity of methanol extracts of the leaves of
three medicinal plants against selected bacteria isolated from wounds of lymphoedema patients. BMC Complement Med Ther
https://doi.org/10.1186/512906-020-03183-0 (2021).

Grill, M. E. & Maganti, R. K. Neurotoxic effects associated with antibiotic use: management considerations. Br. J. Clin. Pharmacol.
72(3), 381-393. https://doi.org/10.1111/].1365-2125.2011.03991.X (2011).

Sankara Narayanan, T. S. N, Park, I. S. & Lee, M. H. Surface modification of magnesium and its alloys for biomedical applications:
Opportunities and challenges. Surf. Modif. Magn. Alloys Biomed. Appl. 1, 29-87. https://doi.org/10.1016/B978-1-78242-077-4.
00002-4 (2015).

Chang, J. & Zhou, Y. L. Surface modification of bioactive glasses. Bioact. Glass. https://doi.org/10.1016/B978-0-08-100936-9.
00008-3 (2018).

Fox, K. E,, Tran, N. L., Nguyen, T. A., Nguyen, T. T. & Tran, P. A. Surface modification of medical devices at nanoscale—Recent
development and translational perspectives. Biomater. Transl. Med.: Biomater. Approach https://doi.org/10.1016/B978-0-12-
813477-1.00008-6 (2019).

Avcu, E. et al. Electrophoretic deposition of chitosan-based composite coatings for biomedical applications: A review. Prog.
Mater. Sci. 103, 69-108. https://doi.org/10.1016/]. PMATSCI.2019.01.001 (2019).

Moyer, K. et al. Electrophoretic deposition of LiFePO4 onto 3-D current collectors for high areal loading battery cathodes. Mater.
Sci. Eng.: B 241, 42-47. https://doi.org/10.1016/].MSEB.2019.02.003 (2019).

Nieto, M. L, Santacruz, I. & Moreno, R. Shaping of dense advanced ceramics and coatings by gelation of polysaccharides. Adv.
Eng. Mater. 16(6), 637-654. https://doi.org/10.1002/ADEM.201400076 (2014).

Tiwari, S. K. et al. Development and characterization of sol-gel silica-alumina composite coatings on AISI 316L for implant
applications. Surf. Coat. Technol. 201(16-17), 7582-7588. https://doi.org/10.1016/].SURFCOAT.2007.02.026 (2007).
Bombaldi de Souza, R. E. et al. Phosphorylation of chitosan to improve osteoinduction of chitosan/xanthan-based scaffolds for
periosteal tissue engineering. Int. J. Biol. Macromol. 143, 619-632. https://doi.org/10.1016/].]JBIOMAC.2019.12.004 (2020).
Molaei, A. & Yousefpour, M. A. Electrophoretic deposition of chitosan-bioglass’~hydroxyapatite-halloysite nanotube composite
coating. Rare Metals 41(11), 3850-3857. https://doi.org/10.1007/S12598-018-1021-2/FIGURES/8 (2022).

Ur Rehman, M. A. et al. Electrophoretic deposition of lawsone loaded bioactive glass (BG)/chitosan composite on polyethere-
therketone (PEEK)/BG layers as antibacterial and bioactive coating. J. Biomed. Mater. Res. A 106(12), 3111-3122. https://doi.
org/10.1002/JBM.A.36506 (2018).

Logesh, M., Marimuthu, A., Ferreira, J. M. E, Ramakrishnan, P. & Ballamurugan, A. M. Evaluation of the protective nature of
GO-BCP nanocomposite coatings on 316L SS in artificial body fluid. J. Am. Ceram. Soc. 106(6), 3843-3852. https://doi.org/10.
1111/JACE.18975 (2023).

Assadian, M., Jafari, H., GhaffariShahri, S. M., Idris, M. H. & Gholampour, B. Corrosion resistance of EPD nanohydroxyapatite
coated 316L stainless steel. Surf. Eng. 30(11), 806-813. https://doi.org/10.1179/1743294414Y.0000000330 (2014).

Prabakaran, K. & Rajeswari, S. Electrochemical, SEM and XPS investigations on phosphoric acid treated surgical grade type
316L SS for biomedical applications. J. Appl. Electrochem. 39(6), 887-897. https://doi.org/10.1007/S10800-008-9738-5/FIGUR
ES/6 (2009).

Guo, J., Ge, L., Li, X., Mu, C. & Li, D. Periodate oxidation of xanthan gum and its crosslinking effects on gelatin-based edible
films. Food Hydrocoll. 39, 243-250. https://doi.org/10.1016/].FOODHYD.2014.01.026 (2014).

Adams, L. A, Essien, E. R., Adesalu, A. T. & Julius, M. L. Bioactive glass 45S5 from diatom biosilica. J. Sci.: Adv.Mater. Devices
2(4), 476-482. https://doi.org/10.1016/J.JSAMD.2017.09.002 (2017).

Essien, E. R., Adams, L. A. & Igbari, F. O. Mechanical properties and in vitro physico-chemical reactivity of gel-derived SO,
Na,0-CaO-P,0s glass from sand. J. Chin. Chem. Soc. 63(7), 618-626. https://doi.org/10.1002/JCCS.201500496 (2016).
Drevet, R. et al. Electrophoretic deposition (EPD) of nano-hydroxyapatite coatings with improved mechanical properties on
prosthetic Ti6Al4V substrates. Surf. Coat. Technol. 301, 94-99. https://doi.org/10.1016/].SURFCOAT.2015.12.058 (2016).
Rahmoun, N. M. et al. Antibacterial and antifungal activity of lawsone and novel naphthoquinone derivatives. Med. Mal. Infect.
42(6), 270-275. https://doi.org/10.1016/]. MEDMAL.2012.05.002 (2012).

Singh, S., Singh, G. & Bala, N. Corrosion behavior and characterization of HA/Fe;O,/CS composite coatings on AZ91 Mg alloy
by electrophoretic deposition. Mater. Chem. Phys. 237, 121884. https://doi.org/10.1016/]. MATCHEMPHYS.2019.121884 (2019).
Ahmad, K. et al. Electrophoretic deposition, microstructure and selected properties of zein/cloves coatings on 316L stainless
steel. Prog. Org. Coat. 176, 107407. https://doi.org/10.1016/]. PORGCOAT.2023.107407 (2023).

Lakshmi, R. V. & Basu, B. J. Fabrication of superhydrophobic sol-gel composite films using hydrophobically modified colloidal
zinc hydroxide. J. Colloid Interface Sci. 339(2), 454-460. https://doi.org/10.1016/].JCIS.2009.07.064 (2009).

Cross Hatch Adhesion Testers | Adhesion Testing | UK Dyne Testing. https://dynetesting.com/cross-hatch-adhesion-testing/.
Accessed 07 Mar 2023.

ASTM D3359 Test Methods for Measuring Adhesion by Tape—Micom. https://www.micomlab.com/micom-testing/astm-d3359/.
Accessed 07 Mar 2023.

Standard Test Method for Film Hardness by Pencil Test. https://www.astm.org/d3363-22.html. Accessed 07 Mar 2023.
Standard Practice for Qualitative Adhesion Testing of Metallic Coatings. https://www.astm.org/b0571-18.html. Accessed 07
Mar 2023.

Ur Rehman, M. A. et al. Antibacterial and bioactive coatings based on radio frequency co-sputtering of silver nanocluster-silica
coatings on PEEK/bioactive glass layers obtained by electrophoretic deposition. ACS Appl. Mater. Interfaces 9(38), 32489-32497.
https://doi.org/10.1021/ACSAMI.7B08646 (2017).

Ryan, B.]. & Poduska, K. M. Roughness effects on contact angle measurements. Am. J. Phys. 76(11), 1074-1077. https://doi.org/
10.1119/1.2952446 (2008).

Manzur, J. et al. Electrophoretic deposition, microstructure, and selected properties of poly(lactic- co-glycolic) acid-based anti-
bacterial coatings on Mg substrate. ACS Omega 8(20), 18074-18089. https://doi.org/10.1021/ACSOMEGA.3C01384/SUPPL_
FILE/AO3C01384_SI_001.ZIP (2023).

Scientific Reports |  (2023) 13:17842

https://doi.org/10.1038/s41598-023-44870-5 nature portfolio


https://doi.org/10.3389/FCHEM.2019.00497/BIBTEX
https://doi.org/10.3390/BIOMIMETICS5040057
https://doi.org/10.1016/J.JMST.2019.04.028
https://www.azom.com/article.aspx?ArticleID=107
https://doi.org/10.1533/9781845694227.2.367
https://doi.org/10.3390/ANTIOX9121309
https://doi.org/10.3390/ANTIOX9121309
https://doi.org/10.1186/S12906-020-03183-0
https://doi.org/10.1111/J.1365-2125.2011.03991.X
https://doi.org/10.1016/B978-1-78242-077-4.00002-4
https://doi.org/10.1016/B978-1-78242-077-4.00002-4
https://doi.org/10.1016/B978-0-08-100936-9.00008-3
https://doi.org/10.1016/B978-0-08-100936-9.00008-3
https://doi.org/10.1016/B978-0-12-813477-1.00008-6
https://doi.org/10.1016/B978-0-12-813477-1.00008-6
https://doi.org/10.1016/J.PMATSCI.2019.01.001
https://doi.org/10.1016/J.MSEB.2019.02.003
https://doi.org/10.1002/ADEM.201400076
https://doi.org/10.1016/J.SURFCOAT.2007.02.026
https://doi.org/10.1016/J.IJBIOMAC.2019.12.004
https://doi.org/10.1007/S12598-018-1021-2/FIGURES/8
https://doi.org/10.1002/JBM.A.36506
https://doi.org/10.1002/JBM.A.36506
https://doi.org/10.1111/JACE.18975
https://doi.org/10.1111/JACE.18975
https://doi.org/10.1179/1743294414Y.0000000330
https://doi.org/10.1007/S10800-008-9738-5/FIGURES/6
https://doi.org/10.1007/S10800-008-9738-5/FIGURES/6
https://doi.org/10.1016/J.FOODHYD.2014.01.026
https://doi.org/10.1016/J.JSAMD.2017.09.002
https://doi.org/10.1002/JCCS.201500496
https://doi.org/10.1016/J.SURFCOAT.2015.12.058
https://doi.org/10.1016/J.MEDMAL.2012.05.002
https://doi.org/10.1016/J.MATCHEMPHYS.2019.121884
https://doi.org/10.1016/J.PORGCOAT.2023.107407
https://doi.org/10.1016/J.JCIS.2009.07.064
https://dynetesting.com/cross-hatch-adhesion-testing/
https://www.micomlab.com/micom-testing/astm-d3359/
https://www.astm.org/d3363-22.html
https://www.astm.org/b0571-18.html
https://doi.org/10.1021/ACSAMI.7B08646
https://doi.org/10.1119/1.2952446
https://doi.org/10.1119/1.2952446
https://doi.org/10.1021/ACSOMEGA.3C01384/SUPPL_FILE/AO3C01384_SI_001.ZIP
https://doi.org/10.1021/ACSOMEGA.3C01384/SUPPL_FILE/AO3C01384_SI_001.ZIP

www.nature.com/scientificreports/

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Batool, S. A., Ahmad, K., Irfan, M. & UrRehman, M. A. Zn-Mn-doped mesoporous bioactive glass nanoparticle-loaded zein
coatings for bioactive and antibacterial orthopedic implants. . Funct. Biomater. 13(3), 97. https://doi.org/10.3390/JFB13030097
(2022).

Katta, P. P. K. & Nalliyan, R. Corrosion resistance with self-healing behavior and biocompatibility of Ce incorporated niobium
oxide coated 316L SS for orthopedic applications. Surf. Coat. Technol. 375, 715-726. https://doi.org/10.1016/] SURFCOAT.2019.
07.042 (2019).

Kokubo, T. & Takadama, H. How useful is SBF in predicting in vivo bone bioactivity?. Biomaterials 27(15), 2907-2915. https://
doi.org/10.1016/].BIOMATERIALS.2006.01.017 (2006).

Motalebi, A., Nasr-Esfahani, M., Ali, R. & Pourriahi, M. Improvement of corrosion performance of 316L stainless steel via
PVTMS/henna thin film. Prog. Nat. Sci.: Mater. Int. 22(5), 392-400. https://doi.org/10.1016/].PNSC.2012.10.006 (2012).
Rehman, M. A. U,, Munawar, M. A, Schubert, D. W. & Boccaccini, A. R. Electrophoretic deposition of chitosan/gelatin/bioactive
glass composite coatings on 316L stainless steel: A design of experiment study. Surf. Coat. Technol. 358, 976-986. https://doi.
0rg/10.1016/].SURFCOAT.2018.12.013 (2019).

Pishbin, E, Simchi, A., Ryan, M. P. & Boccaccini, A. R. Electrophoretic deposition of chitosan/45S5 Bioglass® composite coatings
for orthopaedic applications. Surf. Coat. Technol. 205(23-24), 5260-5268. https://doi.org/10.1016/].SURFCOAT.2011.05.026
(2011).

Ahmed, Y. & Ur Rehman, M. A. Improvement in the surface properties of stainless steel via zein/hydroxyapatite composite
coatings for biomedical applications. Surf. Interfaces 20, 100589. https://doi.org/10.1016/].SURFIN.2020.100589 (2020).
Louvier-Hernéndez, J. E et al. Effect of the variation of the electrodeposition time of hydroxyapatite/chitosan coatings on AISI
316L SS. J. Compos. Mater. 55(29), 4421-4430. https://doi.org/10.1177/00219983211038621 (2021).

Aydemir, T. et al. Morphological and mechanical characterization of chitosan/gelatin/silica-gentamicin/bioactive glass coatings
on orthopaedic metallic implant materials. Thin Solid Films 732, 138780. https://doi.org/10.1016/).TSE.2021.138780 (2021).
Cordero-Arias, L. et al. Electrophoretic deposition of nanostructured-TiO,/chitosan composite coatings on stainless steel. RSC
Adv. 3(28), 11247-11254. https://doi.org/10.1039/C3RA40535D (2013).

Measuring Adhesion by Tape Test per ASTM D3359 Issues and Challenges. https://kta.com/kta-university/adhesion-astm-
d3359/. Accessed 07 Mar 2023.

Singh, S., Singh, G. & Bala, N. Electrophoretic deposition of Fe;O, nanoparticles incorporated hydroxyapatite-bioglass-chitosan
nanocomposite coating on AZ91 Mg alloy. Mater. Today Commun. 26, 101870. https://doi.org/10.1016/].MTCOMM.2020.101870
(2021).

Mehedi Hasan, M., Nuruzzaman Khan, M., Haque, P. & Rahman, M. M. Novel alginate-di-aldehyde cross-linked gelatin/nano-
hydroxyapatite bioscaffolds for soft tissue regeneration. Int. J. Biol. Macromol. 117, 1110-1117. https://doi.org/10.1016/].IJBIO
MAC.2018.06.020 (2018).

Zhang, H. et al. Effect of particle size on adhesion strength of bovine hydroxyapatite layer on Ti-12Cr coated by using electro-
phoretic deposition (EPD) method. IOP Conf. Ser. Mater. Sci. Eng. 1041(1), 012054. https://doi.org/10.1088/1757-899X/1041/1/
012054 (2021).

Chen, Q. et al. Alginate/Bioglass® composite coatings on stainless steel deposited by direct current and alternating current
electrophoretic deposition. Surf. Coat. Technol. 233, 49-56. https://doi.org/10.1016/].SURFCOAT.2013.01.042 (2013).

Gabor, R. et al. Hybrid coatings for orthopaedic implants formed by physical vapour deposition and microarc oxidation. Mater.
Des. https://doi.org/10.1016/].MATDES.2022.110811 (2022).

Moskalewicz, T. et al. Electrophoretic deposition, microstructure, and corrosion resistance of porous sol-gel glass/polyethere-
therketone coatings on the Ti-13Nb-13Zr alloy. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 48(5), 2660-2673. https://doi.
0rg/10.1007/S11661-017-4030-0/TABLES/1 (2017).

Lee, J. H,, Khang, G., Lee, J. W. & Lee, H. B. Interaction of different types of cells on polymer surfaces with wettability gradient.
J. Colloid Interface Sci. 205(2), 323-330. https://doi.org/10.1006/JCIS.1998.5688 (1998).

Bolto, B., Tran, T., Hoang, M. & Xie, Z. Crosslinked poly(vinyl alcohol) membranes. Prog. Polym. Sci. 34(9), 969-981. https://
doi.org/10.1016/].PROGPOLYMSCI.2009.05.003 (2009).

De Oliveira, A. V. B., Kartnaller, V., Costa Neto, C. & Cajaiba, ]. Effects of solvent polarity on the reaction of aldehydes and
ketones with a hydrazide-bound scavenger resin. ACS Omega 4(8), 13530-13537. https://doi.org/10.1021/ACSOMEGA.9B018
74 (2019).

Vafa, E., Bazargan-Lari, R. & Bahrololoom, M. E. Electrophoretic deposition of polyvinyl alcohol/natural chitosan/bioactive
glass composite coatings on 316L stainless steel for biomedical application. Prog. Org. Coat. 151, 106059. https://doi.org/10.
1016/]J.PORGCOAT.2020.106059 (2021).

Shi, Y. Y. et al. Electrophoretic deposition of graphene oxide reinforced chitosan-hydroxyapatite nanocomposite coatings on Ti
substrate. J. Mater. Sci. Mater. Med. 27(3), 1-13. https://doi.org/10.1007/S10856-015-5634-9 (2016).

Aldana, A. A., Malatto, L., Ur Rehman, M. A., Boccaccini, A. R. & Abraham, G. A. Fabrication of gelatin methacrylate (GelMA)
scaffolds with nano- and micro-topographical and morphological features. Nanomaterials 9(1), 120. https://doi.org/10.3390/
NANO9010120 (2019).

Avcu, E. et al. Tailoring the surface characteristics of electrophoretically deposited chitosan-based bioactive glass composite
coatings on titanium implants via grit blasting. Prog. Org. Coat. 123, 362-373. https://doi.org/10.1016/].PORGCOAT.2018.07.
021 (2018).

Urena, J. et al. Cellular behaviour of bone marrow stromal cells on modified Ti-Nb surfaces. Mater. Des. 140, 452-459. https://
doi.org/10.1016/].MATDES.2017.12.006 (2018).

Boyan, B. D. et al. Surface roughness mediates its effects on osteoblasts via protein kinase A and phospholipase A2. Biomaterials
20(23-24), 2305-2310. https://doi.org/10.1016/S0142-9612(99)00159-3 (1999).

Nawaz, A., Bano, S., Yasir, M., Wadood, A. & Ur Rehman, M. A. Ag and Mn-doped mesoporous bioactive glass nanoparticles
incorporated into the chitosan/gelatin coatings deposited on PEEK/bioactive glass layers for favorable osteogenic differentiation
and antibacterial activity. Mater. Adv. 1(5), 1273-1284. https://doi.org/10.1039/DOMA00325E (2020).

Wang, K. et al. Characterization of chondroitin sulfates isolated from large hybrid sturgeon cartilage and their gastroprotective
activity against ethanol-induced gastric ulcers. Food. Chem. https://doi.org/10.1016/].FOODCHEM.2021.130436 (2021).
Krishna Rao, K. S. V. & Ha, C. S. PH Sensitive hydrogels based on acryl amides and their swelling and diffusion characteristics
with drug delivery behavior. Polym. Bull. 62(2), 167-181. https://doi.org/10.1007/S00289-008-0011-1/FIGURES/9 (2009).
Hu, Y. et al. Biomimetic mineralized hierarchical hybrid scaffolds based on in situ synthesis of nano-hydroxyapatite/chitosan/
chondroitin sulfate/hyaluronic acid for bone tissue engineering. Colloids Surf. B Biointerfaces 157, 93-100. https://doi.org/10.
1016/J.COLSURFB.2017.05.059 (2017).

Soundrapandian, C., Bharati, S., Basu, D. & Datta, S. Studies on novel bioactive glasses and bioactive glass-nano-HAp composites
suitable for coating on metallic implants. Ceram. Int. 37(3), 759-769. https://doi.org/10.1016/]. CERAMINT.2010.10.025 (2011).
Mozafari, M., Moztarzadeh, E & Tahriri, M. Investigation of the physico-chemical reactivity of a mesoporous bioactive
Si0,-Ca0-P,0; glass in simulated body fluid. J. Non Cryst. Solids 356(28-30), 1470-1478. https://doi.org/10.1016/].JNONC
RYSOL.2010.04.040 (2010).

Scientific Reports |  (2023) 13:17842

https://doi.org/10.1038/s41598-023-44870-5 nature portfolio


https://doi.org/10.3390/JFB13030097
https://doi.org/10.1016/J.SURFCOAT.2019.07.042
https://doi.org/10.1016/J.SURFCOAT.2019.07.042
https://doi.org/10.1016/J.BIOMATERIALS.2006.01.017
https://doi.org/10.1016/J.BIOMATERIALS.2006.01.017
https://doi.org/10.1016/J.PNSC.2012.10.006
https://doi.org/10.1016/J.SURFCOAT.2018.12.013
https://doi.org/10.1016/J.SURFCOAT.2018.12.013
https://doi.org/10.1016/J.SURFCOAT.2011.05.026
https://doi.org/10.1016/J.SURFIN.2020.100589
https://doi.org/10.1177/00219983211038621
https://doi.org/10.1016/J.TSF.2021.138780
https://doi.org/10.1039/C3RA40535D
https://kta.com/kta-university/adhesion-astm-d3359/
https://kta.com/kta-university/adhesion-astm-d3359/
https://doi.org/10.1016/J.MTCOMM.2020.101870
https://doi.org/10.1016/J.IJBIOMAC.2018.06.020
https://doi.org/10.1016/J.IJBIOMAC.2018.06.020
https://doi.org/10.1088/1757-899X/1041/1/012054
https://doi.org/10.1088/1757-899X/1041/1/012054
https://doi.org/10.1016/J.SURFCOAT.2013.01.042
https://doi.org/10.1016/J.MATDES.2022.110811
https://doi.org/10.1007/S11661-017-4030-0/TABLES/1
https://doi.org/10.1007/S11661-017-4030-0/TABLES/1
https://doi.org/10.1006/JCIS.1998.5688
https://doi.org/10.1016/J.PROGPOLYMSCI.2009.05.003
https://doi.org/10.1016/J.PROGPOLYMSCI.2009.05.003
https://doi.org/10.1021/ACSOMEGA.9B01874
https://doi.org/10.1021/ACSOMEGA.9B01874
https://doi.org/10.1016/J.PORGCOAT.2020.106059
https://doi.org/10.1016/J.PORGCOAT.2020.106059
https://doi.org/10.1007/S10856-015-5634-9
https://doi.org/10.3390/NANO9010120
https://doi.org/10.3390/NANO9010120
https://doi.org/10.1016/J.PORGCOAT.2018.07.021
https://doi.org/10.1016/J.PORGCOAT.2018.07.021
https://doi.org/10.1016/J.MATDES.2017.12.006
https://doi.org/10.1016/J.MATDES.2017.12.006
https://doi.org/10.1016/S0142-9612(99)00159-3
https://doi.org/10.1039/D0MA00325E
https://doi.org/10.1016/J.FOODCHEM.2021.130436
https://doi.org/10.1007/S00289-008-0011-1/FIGURES/9
https://doi.org/10.1016/J.COLSURFB.2017.05.059
https://doi.org/10.1016/J.COLSURFB.2017.05.059
https://doi.org/10.1016/J.CERAMINT.2010.10.025
https://doi.org/10.1016/J.JNONCRYSOL.2010.04.040
https://doi.org/10.1016/J.JNONCRYSOL.2010.04.040

www.nature.com/scientificreports/

90. TahmasbiRad, A., Solati-Hashjin, M., Osman, N. A. A. & Faghihi, S. Improved bio-physical performance of hydroxyapatite
coatings obtained by electrophoretic deposition at dynamic voltage. Ceram. Int. 40(8), 12681-12691. https://doi.org/10.1016/].
CERAMINT.2014.04.116 (2014).

91. He, D. et al. Effect of hydrothermal treatment temperature on the hydroxyapatite coatings deposited by electrochemical method.
Surf. Coat. Technol. 406, 126656. https://doi.org/10.1016/].SURFCOAT.2020.126656 (2021).

92. Saadaoui, S. et al. Performance of natural-dye-sensitized solar cells by ZnO nanorod and nanowall enhanced photoelectrodes.
Beilstein J. Nanotechnol. 8(1), 287-295. https://doi.org/10.3762/BJNANO.8.31 (2017).

93. Musa, M. S. M. et al. Henna extract as a potential sacrificial agent in reducing surfactant adsorption on kaolinite: The role of
salinity. J. King Saud Univ. Eng. Sci. 32(8), 543-547. https://doi.org/10.1016/].JKSUES.2019.06.001 (2020).

94. Cai, F-F, Heid, S. & Boccaccini, A. R. Potential of Laponite® incorporated oxidized alginate-gelatin (ADA-GEL) composite
hydrogels for extrusion-based 3D printing. J. Biomed. Mater. Res. B Appl. Biomater. 109(8), 1090-1104. https://doi.org/10.1002/
JBM.B.34771 (2021).

95. Fernandes, H. R. et al. Bioactive glasses and glass-ceramics for healthcare applications in bone regeneration and tissue engineer-
ing. Materials 11(12), 2530. https://doi.org/10.3390/MA11122530 (2018).

96. Mudali, K., Sridhar, T. M. & Raj, B. Corrosion of bio implants. Sadhana 28, 601-637 (2003).

97. Zhang, X. L., Jiang, Z. H., Yao, Z. P, Song, Y. & Wu, Z. D. Effects of scan rate on the potentiodynamic polarization curve obtained
to determine the Tafel slopes and corrosion current density. Corros. Sci. 51(3), 581-587. https://doi.org/10.1016/].CORSCI.2008.
12.005 (2009).

98. Gebhardt, F. et al. Characterization of electrophoretic chitosan coatings on stainless steel. Mater. Lett. 66(1), 302-304. https://
doi.org/10.1016/].MATLET.2011.08.088 (2012).

99. Liu, L., Xu, ], Xie, Z. H. & Munroe, P. The roles of passive layers in regulating the electrochemical behavior of Ti;Si;-based
nanocomposite films. J. Mater. Chem. A Mater. 1(6), 2064-2078. https://doi.org/10.1039/C2TA00510G (2013).

100. Potucek, R. K., Rateick, R. G. & Birss, V. I. Impedance characterization of anodic barrier al oxide film beneath porous oxide
layer. J. Electrochem. Soc. 153(8), B304. https://doi.org/10.1149/1.2208737/XML (2006).

101. Begum, S, Johnson, W. E., Worthington, T. & Martin, R. A. The influence of pH and fluid dynamics on the antibacterial efficacy
of 4585 Bioglass. Biomed. Mater. 11(1), 015006. https://doi.org/10.1088/1748-6041/11/1/015006 (2016).

102. Agathopoulos, S. et al. Formation of hydroxyapatite onto glasses of the CaO-MgO-SiO, system with B,0;, Na,O, CaF, and
P,0; additives. Biomaterials 27(9), 1832-1840. https://doi.org/10.1016/].BIOMATERIALS.2005.10.033 (2006).

103. Pishbin, E. et al. Single-step electrochemical deposition of antimicrobial orthopaedic coatings based on a bioactive glass/chitosan/
nano-silver composite system. Acta Biomater. 9(7), 7469-7479. https://doi.org/10.1016/].ACTBIO.2013.03.006 (2013).

104. Ur Rehman, M. A,, Bastan, F. E., Nawaz, A., Nawaz, Q. & Wadood, A. Electrophoretic deposition of PEEK/bioactive glass com-
posite coatings on stainless steel for orthopedic applications: an optimization for in vitro bioactivity and adhesion strength. Int.
J. Adv. Manuf. Technol. 108(5-6), 1849-1862. https://doi.org/10.1007/S00170-020-05456-X (2020).

105. Kim, H. M., Himeno, T., Kawashita, M., Kokubo, T. & Nakamura, T. The mechanism of biomineralization of bone-like apatite
on synthetic hydroxyapatite: An in vitro assessment. J. R. Soc. Interface 1(1), 17-22. https://doi.org/10.1098/RSIF.2004.0003
(2004).

106. Miguez-Pacheco, V., Hench, L. L. & Boccaccini, A. R. Bioactive glasses beyond bone and teeth: Emerging applications in contact
with soft tissues. Acta Biomater. 13, 1-15. https://doi.org/10.1016/]. ACTBIO.2014.11.004 (2015).

107. Magbool, M. et al. Synthesis, characterization, antibacterial properties, and in vitro studies of selenium and strontium co-
substituted hydroxyapatite. Int. J. Mol. Sci. 22(8), 1-18. https://doi.org/10.3390/ijms22084246 (2021).

108. Khalili, V., Khalil-Allafi, J., Frenzel, J. & Eggeler, G. Bioactivity and electrochemical behavior of hydroxyapatite-silicon-multi
walled carbon nano-tubes composite coatings synthesized by EPD on NiTi alloys in simulated body fluid. Mater. Sci. Eng. C71,
473-482. https://doi.org/10.1016/j.msec.2016.10.036 (2017).

109. Zheng, K. et al. Toward highly dispersed mesoporous bioactive glass nanoparticles with high cu concentration using cu/ascorbic
acid complex as precursor. Front. Chem. 7(July), 1-15. https://doi.org/10.3389/fchem.2019.00497 (2019).

110. Chen, X, Lei, B., Wang, Y. & Zhao, N. Morphological control and in vitro bioactivity of nanoscale bioactive glasses. J. Non Cryst.
Solids 355(13), 791-796. https://doi.org/10.1016/].JNONCRYSOL.2009.02.005 (2009).

111. Zhu, Y. et al. Preparation, characterization and in vitro bioactivity of mesoporous bioactive glasses (MBGs) scaffolds for bone
tissue engineering. Microporous Mesoporous Mater. 112(1-3), 494-503. https://doi.org/10.1016/]. MICROMESO.2007.10.029
(2008).

112. Ravichandiran, P, Sheet, S., Premnath, D., Kim, A. R. & Yoo, D. J. 1,4-Naphthoquinone analogues: Potent antibacterial agents
and mode of action evaluation. Molecules 24(7), 1437. https://doi.org/10.3390/MOLECULES24071437 (2019).

113. Abdur, M. et al. Improving dyeability and antibacterial activity of Lawsonia inermis L on jute fabrics by chitosan pretreatment.
Text. Cloth Sustain. 3(1), 1-10. https://doi.org/10.1186/5S40689-016-0023-4 (2017).

114. Khosravi, E et al. A bilayer GO/nanofibrous biocomposite coating to enhance 316L stainless steel corrosion performance. Mater
Res Express 6(8), 086470. https://doi.org/10.1088/2053-1591/AB26D5 (2019).

115. Farrokhi-Rad, M., Beygi Khosrowshahi, Y., Hassannejad, H., Nouri, A. & Hosseini, M. Preparation and characterization of
hydroxyapatite/titania nanocomposite coatings on titanium by electrophoretic deposition. Mater. Res. Express 5(11), 115004.
https://doi.org/10.1088/2053-1591/AADBES (2018).

Acknowledgements

The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University (KKU)
for funding this research through the Research Group Program Under the Grant No.:(R.G.P.2/515/44).

Author contributions

The main idea has been suggested by M.A.U.R. and M.H.N.; Conceptualization of the manuscript: M.H.N. and
A A. Investigation, methodology, and validation: A.Q.R. and A.A.; Writing the main manuscript: H.S. and O.B.I;
Review and editing: M.H.N. and M.A.U.R. All the authors read the paper and give the feedback.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.U.R.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2023) 13:17842 |

https://doi.org/10.1038/s41598-023-44870-5 nature portfolio


https://doi.org/10.1016/J.CERAMINT.2014.04.116
https://doi.org/10.1016/J.CERAMINT.2014.04.116
https://doi.org/10.1016/J.SURFCOAT.2020.126656
https://doi.org/10.3762/BJNANO.8.31
https://doi.org/10.1016/J.JKSUES.2019.06.001
https://doi.org/10.1002/JBM.B.34771
https://doi.org/10.1002/JBM.B.34771
https://doi.org/10.3390/MA11122530
https://doi.org/10.1016/J.CORSCI.2008.12.005
https://doi.org/10.1016/J.CORSCI.2008.12.005
https://doi.org/10.1016/J.MATLET.2011.08.088
https://doi.org/10.1016/J.MATLET.2011.08.088
https://doi.org/10.1039/C2TA00510G
https://doi.org/10.1149/1.2208737/XML
https://doi.org/10.1088/1748-6041/11/1/015006
https://doi.org/10.1016/J.BIOMATERIALS.2005.10.033
https://doi.org/10.1016/J.ACTBIO.2013.03.006
https://doi.org/10.1007/S00170-020-05456-X
https://doi.org/10.1098/RSIF.2004.0003
https://doi.org/10.1016/J.ACTBIO.2014.11.004
https://doi.org/10.3390/ijms22084246
https://doi.org/10.1016/j.msec.2016.10.036
https://doi.org/10.3389/fchem.2019.00497
https://doi.org/10.1016/J.JNONCRYSOL.2009.02.005
https://doi.org/10.1016/J.MICROMESO.2007.10.029
https://doi.org/10.3390/MOLECULES24071437
https://doi.org/10.1186/S40689-016-0023-4
https://doi.org/10.1088/2053-1591/AB26D5
https://doi.org/10.1088/2053-1591/AADBE8
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:17842 | https://doi.org/10.1038/s41598-023-44870-5 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	A study on the effect of bioactive glass and hydroxyapatite-loaded Xanthan dialdehyde-based composite coatings for potential orthopedic applications
	Materials and methods
	Materials
	Sample preparation
	Suspension preparation
	Synthesis of Xanthan dialdehyde (XDA)
	Preparation of 45S5 bioglass (BG)
	Final preparation of suspension

	Electrophoretic deposition
	Ethical approval

	Characterization of XDACSBGHAlawsone coatings
	Morphological properties
	Adhesion test
	Surface properties
	Surface roughness
	Contact angle

	Chemical properties
	Energy dispersive spectroscopy (EDX) analysis
	FTIR
	Corrosion behavior

	Biological studies
	In-vitro bioactivity studies
	Antibacterial studies


	Results and discussions
	Morphological analysis
	Adhesion tests
	Tape test
	Bend test
	Pencil hardness test
	Scratch test

	Surface properties
	Wettability
	Surface roughness test

	Chemical properties
	EDX analysis
	FTIR analysis of composite coatings

	Corrosion behavior
	Potentiodynamic polarization
	Electrochemical impedance spectroscopy (EIS)

	Biological studies
	In-vitro SBF studies
	Antibacterial studies


	Conclusions
	References
	Acknowledgements


