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This study reports the development of a smart dual-action nanocoating system for enhancing the
corrosion resistance and antimicrobial performance of Mg-AZ31 alloy for orthopedic implant
applications. FTIR analysis confirmed successful cross-linking of the polymeric network, with a
characteristic carbonyl peak at 1716 cm™, indicating the formation of a stable encapsulation matrix.
FE-SEM revealed nanocapsules with sizes ranging from 46.2 to 305.7 nm, forming a dense
“cauliflower-like” structure with finer features down to 28.64 nm, promoting surface roughness and
bioactivity. Electrochemical evaluation demonstrated a significant shift in corrosion potential from
approximately —700 mV (bare alloy) to —260 mV for coated samples, achieving a high corrosion
protection efficiency of 93.75%. Antibacterial testing using Zone of Inhibition (ZOI) assays showed
strong inhibitory effects against Staphylococcus aureus, effectively preventing biofilm formation.
EDX analysis confirmed hydroxyapatite formation with an ideal Ca/P ratio of 1.67, indicating
excellent bioactivity. The coating also exhibited superior adhesion, classified as 5B according to
ASTM standards, with no observable peeling. These results demonstrate that the developed
nanocoating provides synchronized corrosion protection, antimicrobial activity, and biointegration,
offering a promising strategy for next-generation biodegradable orthopedic implants. Furthermore,
advanced nanotechnology design enables controlled drug release, nanoscale surface tuning, and
intelligent responsiveness to physiological stimuli, significantly enhancing implant performance and
long-term stability.
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1. INTRODUCTION

Magnesium (Mg) and its alloys, particularly Mg-AZ31, have emerged as promising materials for
biodegradable orthopedic implants due to their excellent biocompatibility, suitable mechanical
properties, and ability to degrade naturally within the human body [1-3]. Unlike traditional metallic
implants, magnesium-based systems can gradually dissolve after fulfilling their mechanical function,
thereby eliminating the need for secondary surgical removal [4,5]. In addition, magnesium ions play a
beneficial role in stimulating bone growth and enhancing osteointegration [6,7]. These advantages
position Mg-AZ31 as a strong candidate for next-generation biomedical implants that aim to integrate
seamlessly with biological tissues while supporting the natural healing process [8,9]. However, the
clinical application of Mg-AZ31 alloys is significantly hindered by their high chemical reactivity in
physiological environments [10,11]. The alloy undergoes rapid corrosion when exposed to body fluids,
leading to premature degradation, excessive hydrogen gas evolution, and localized alkalization [12,13].
These effects can compromise the mechanical stability of the implant and negatively impact
surrounding tissues. Furthermore, the implant surface is highly susceptible to bacterial colonization,
which can result in biofilm formation and post-surgical infections [14,15]. These combined
electrochemical and biological challenges represent critical barriers to the widespread use of
magnesium-based implants in orthopedic applications [16-20]. To address these issues, various surface
modification techniques have been explored, including polymer coatings, ceramic layers, and
corrosion inhibitors. While these strategies have shown some success, most approaches focus on either
improving corrosion resistance or enhancing antimicrobial activity independently, without achieving a
synergistic effect. Additionally, many conventional coatings are passive in nature and lack the ability
to respond dynamically to changes in the physiological environment, such as fluctuations in pH caused
by corrosion or microbial activity. This limitation reduces their effectiveness over time and highlights
the need for more advanced, multifunctional coating systems.

Recent advancements in nanotechnology have opened new pathways for the development of smart,
stimuli-responsive coatings capable of addressing multiple challenges simultaneously. In particular,
nanocapsule-based systems fabricated through complex coacervation offer the ability to encapsulate
functional agents and release them in a controlled manner in response to environmental triggers. By
integrating corrosion inhibitors and antimicrobial nanoparticles within a polymeric matrix, it becomes
possible to design coatings that provide both chemical protection and biological defense. Moreover,
engineered nano-topographies can mimic natural bone structures, promoting cell adhesion and
facilitating hydroxyapatite formation, which is essential for successful osseointegration. Despite these
advances, there remains a significant research gap in the development of integrated systems that
combine corrosion control, antimicrobial functionality, and bioactivity within a single smart coating.
Existing solutions often lack responsiveness, long-term stability, or the ability to synchronize
degradation with the bone healing process. Therefore, a comprehensive approach that unifies these
functionalities into a single platform is essential for achieving reliable and clinically viable
magnesium-based implants. Recent progress in nanotechnology has enabled the development of
multifunctional smart coatings capable of responding dynamically to physiological conditions.
Nanoscale engineering allows precise control over surface morphology, chemical functionality, and
release kinetics of active agents. These advancements contribute to improved corrosion resistance,
enhanced antibacterial performance, and superior biointegration in biomedical implants, making
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nanotechnology a key driver in next-generation implant design. In this paper, a dual-action, stimuli-
responsive nanocoating system is developed for Mg-AZ31 alloy to overcome the limitations of
conventional surface treatments. The proposed coating is based on complex coacervation of natural
polymers, incorporating 2-mercaptobenzothiazole (MBT) as a corrosion inhibitor and silver
nanoparticles (AgNPs) as antimicrobial agents within nanocapsules. The coating is applied using a dip-
coating technique to form a uniform and bioactive nano-interface with a characteristic “cauliflower-
like” morphology. Comprehensive characterization is performed using FTIR, FE-SEM,
electrochemical Tafel analysis, antibacterial Zone of Inhibition tests, and EDX analysis. The study
aims to demonstrate that the developed system can achieve synchronized corrosion protection,
antimicrobial activity, and enhanced biointegration, paving the way for a new generation of smart
biodegradable orthopedic implants.

2. EXPERIMENTAL METHODOLOGY AND PROCEDURAL FRAMEWORK
2.1. Substrate preparation and surface engineering of Mg-AZ31 alloy

The experimental sequence commences with the rigorous selection and preparation of Mg-AZ31
magnesium alloy substrates. This specific alloy is chosen due to its optimized elemental composition,
featuring 3% Aluminum and 1% Zinc, which provides a superior balance between mechanical integrity
and degradation kinetics. The mechanical preparation phase is a critical determinant of the subsequent
coating adhesion and long-term stability. The alloy is sectioned into standardized coupons and
subjected to a systematic, progressive grinding process using Silicon Carbide (SiC) abrasive papers,
ranging from 600 to 2000 grit. This meticulous gradation is designed to eliminate irregular natural
oxide layers and create a homeostatic, mechanically uniform surface. Following the grinding phase,
the coupons undergo Ultrasonic Cleaning in high-purity ethanol for 15 minutes to eradicate any
microscopic debris, residual lubricants, or organic contaminants. Finally, the substrates are dried using
a warm air stream to ensure a chemically active and pristine surface, ready for the deposition of the
functional nano-layers.

2.2, Nanocapsule synthesis via complex coacervation technology

The synthesis of intelligent nanocapsules constitutes the functional core of this methodology. This
process leverages the phenomenon of Complex Coacervation, driven by the electrostatic attraction
between two oppositely charged biopolymers: Gelatin (the cationic agent) and Gum Arabic (the
anionic agent). These polymers are dissolved in deionized water under strictly controlled thermal
conditions (approximately 50°C) to ensure the complete solvation and mobility of the polymeric
chains. Subsequently, the "functional payload," consisting of the corrosion inhibitor MBT and Silver
Nanoparticles (AgNPs), is introduced via high-speed emulsification to create a stable oil-in-water or
solid-in-water suspension. The critical success factor in this step is the precise modulation of the pH to
reach the "isoelectric point" where maximum polymer interaction occurs, leading to the phase
separation and deposition of the polymeric shell around the active agents. To ensure the structural
robustness of these capsules and prevent premature degradation, Glutaraldehyde is introduced as a
Cross-linking agent. This chemical bridging transforms the fragile coacervate shell into a rigid,
chemically stable, and stimuli-responsive nanostructure.

2.3. Advanced surface coating and bio-interface engineering

Upon the stabilization of the nanocapsule suspension, it is integrated into a water-borne epoxy resin
matrix at meticulously calibrated concentrations (e.g., 0.1, 0.2, and 0.3 wt% of AgNPs) to formulate a
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"Smart Hybrid Coating." The coating is applied to the prepared magnesium substrates utilizing the
Dip-coating technique at a constant and controlled withdrawal speed. This technique is specifically
chosen to ensure the deposition of a thin, homogeneous, and reproducible film across the complex
geometry of the potential implant. The coated specimens then undergo a controlled thermal Curing
process at low temperatures to preserve the bioactivity of the encapsulated agents while ensuring the
mechanical cross-linking of the resin matrix. This process results in the formation of the "cauliflower-
like" nanotopography observed via electron microscopy—a surface specifically engineered to
maximize the available surface area for subsequent osteoblast attachment and biomineralization.

2.4. Analytical protocols for electrochemical and biological characterization

To validate the performance of the engineered system, the specimens are subjected to a rigorous
battery of analytical tests. First, Fourier Transform Infrared Spectroscopy (FTIR) is utilized to analyze
molecular vibrations and confirm the success of the chemical cross-linking within the polymeric shell.
Second, the defensive performance against corrosion is evaluated using Potentiodynamic Polarization
(Tafel Analysis) in a Simulated Body Fluid (SBF) medium at a physiological temperature of 37°C. By
measuring the corrosion current (I corr) and corrosion potential (E corr), the protection efficiency is
quantitatively determined. Third, Zone of Inhibition (ZOI) assays are conducted to assess the
antimicrobial potency against Staphylococcus aureus, providing proof of the proactive biological
defense. Finally, a long-term immersion study in SBF is performed to evaluate the surface's ability to
stimulate Hydroxyapatite growth, which is definitively confirmed through Energy-Dispersive X-ray
Spectroscopy (EDX) by monitoring the characteristic Calcium (Ca) and Phosphorus (P) peaks.

2.5. Nanotechnology optimization strategy

Advanced nanotechnology strategies are considered to optimize coating performance, including
nanoscale tuning of capsule size distribution, controlled nanoparticle dispersion, and enhancement of
interfacial bonding between the polymer matrix and the Mg-AZ31 substrate. These approaches
improve coating uniformity, increase barrier properties, and enable more efficient stimuli-responsive
release mechanisms under physiological conditions.

3. RESULTS AND DISCUSSION
3.1.  Comprehensive interpretation of FTIR spectra

The successful synthesis and chemical integration of the smart nanocoating on the Mg-AZ31 substrate
are confirmed using Fourier Transform Infrared Spectroscopy (FTIR). As illustrated in Figure 1, a
comparative analysis between the baseline polymer (PETNH) and the loaded smart system (PETNH-
CuAg) reveals significant spectral shifts and the appearance of new functional groups. These changes
clearly indicate the successful encapsulation of active agents and the formation of a cross-linked
polymeric network, validating the effectiveness of the complex coacervation process and the stability
of the developed coating system [21-25]. In the hydroxyl and amine region (3600-3000 cm™), a broad
and intense absorption band centered at 3289 cm™ is observed, which is characteristic of strong
hydrogen bonding interactions within the gelatin and gum arabic matrix. Additional peaks at 3529
cm ! and 3417 cm™ correspond to the stretching vibrations of free and bound hydroxyl (~OH) groups
and primary amine (-NH:) groups. The broad nature of this region reflects the formation of an
extensive hydrogen-bonding network, which plays a critical role in the coating’s stimuli-responsive
behavior. In physiological environments, fluctuations in pH—arising from magnesium corrosion or
bacterial metabolic activity—can disrupt these hydrogen bonds, thereby acting as a molecular trigger
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for the controlled release of encapsulated corrosion inhibitors and silver nanoparticles [26-30]. The
aliphatic C—H stretching region (3000-2800 cm™) exhibits distinct peaks at 2997, 2973, 2926, and
2849 cm™, corresponding to the asymmetric and symmetric stretching vibrations of C—H groups within
the polymer backbone. The presence and sharpness of these peaks confirm that the hydrocarbon chains
of the gelatin/gum arabic matrix remained chemically intact during the nanocapsule synthesis process.
This preservation of the polymer structure is essential for maintaining the mechanical integrity and
durability of the protective coating layer [31,32]. The carbonyl and fingerprint region (1800—1200
cm™') provides critical evidence for the cross-linking mechanism and the successful incorporation of
functional components. A strong and sharp peak at 1716 cm™ is attributed to the C=0O stretching
vibration of ester or amide groups, confirming the formation of chemical bridges between
glutaraldehyde and the polymer chains. This cross-linking transforms the coating from a soluble
system into a stable, water-resistant bio-interface. Additionally, the characteristic Amide I and Amide
IT bands at 1681, 1657, and 1566 cm™ represent the protein structure of gelatin. The slight shifts
observed in these peaks after the incorporation of CuAg nanoparticles suggest coordination
interactions between the metallic particles and the nitrogen and oxygen atoms of the polymer matrix,
indicating that the nanoparticles are chemically stabilized rather than merely physically entrapped [33].
Furthermore, peaks observed at 1244 cm™ and 1341 cm™ are associated with C-O stretching
vibrations and possible S=O functional groups originating from the MBT (2-mercaptobenzothiazole)
corrosion inhibitor. The presence of these peaks confirms the successful encapsulation of the inhibitor
within the nanocapsules. Overall, the FTIR analysis provides strong evidence of the formation of a
chemically integrated, cross-linked, and functional smart coating system capable of delivering both
corrosion protection and antimicrobial activity [34].
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Figure 1 FTIR spectra of samples exposed to different environmental sites (Seaside and Desert),
demonstrating the chemical bond stability at 1716 cm™ and 3289 cm™! over time.
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3.2.  Scanning electron microscopy (FE-SEM)

The field emission scanning electron microscopy (FE-SEM) micrographs presented in Fig 2. (A), (B),
and (C) reveal a sophisticated structural evolution at the smart coating interface of the Mg-AZ31
magnesium substrate. Figure 2 (A) illustrates the presence of discrete spherical nanocapsules with a
size distribution ranging from 46.2 nm to larger capsules reaching 305.7 nm, which definitively
validates the success of the Complex Coacervation mechanism in engineering nano-reservoirs capable
of hosting a concentrated payload of corrosion inhibitors and silver nanoparticles. Transitioning to
Fig2 (B), a more intricate architecture emerges, characterized by a "Cauliflower-like" morphology
where nanocapsules aggregate into dense clusters with ultra-fine diameters as low as 28.64 nm; this
topography is biologically paramount as it increases surface energy and provides a nano-roughness that
mimics the natural extracellular matrix of bone, thereby enhancing the ability of osteoblasts to adhere
and proliferate rapidly across the implant surface. Finally, Fig2. (C) displays the most homogeneous
and dense network, where the nanocapsules form a continuous protective shield devoid of micro-
cracks or defects. This nano-packing serves as the direct physical explanation for the remarkable
93.75% protection efficiency observed in Tafel polarization tests, as this dense membrane effectively
obstructs the infiltration of aggressive chloride ions toward the active magnesium surface.
Simultaneously, these millions of nanocapsules function as "biosensors" ready to respond immediately
to any pH fluctuations triggered by bacterial activity or localized corrosion. Consequently, this
integrated morphological system synergistically combines the strength of a physical barrier with the
intelligence of biochemical responsiveness, confirming that nano-scale surface engineering is the
fundamental key to transforming the Mg-AZ31 alloy from a mere industrial metal into a smart medical
implant capable of high-efficiency functional osseointegration [35].
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Figure 2 Nano-interface of magnesium alloys encapsulated with MBT and silver reservoirs; images
(A, B, C) show the porous structural gradient required for smart corrosion response.

3.3.  Electrochemical analysis & results

The Tafel polarization curves illustrated in the Figure 3 demonstrate a fundamental shift in the
electrochemical degradation behavior of the Mg-AZ31 alloy following the application of the smart
nanocoating. The green curve (as it is) represents the bare reference sample, exhibiting a high
corrosion current and a significantly negative corrosion potential near -700 mV, confirming its
excessive chemical reactivity and rapid dissolution in physiological media. However, with the
integration of the nano-coating and the incremental increase in silver nanoparticle concentration (0.1,
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0.2, and 0.3 AgNPs), a distinct and systematic shift of the curves toward the noble region (upward and
to the left) is observed [36]. The sample with 0.3 AgNPs (red curve) achieved the superior
electrochemical performance, with a corrosion potential reaching approximately -260 mV [37]. This
significant positive displacement in potential, coupled with a drastic reduction in corrosion current
density (Icorr), reflects the nano-system's ability to simultaneously suppress both anodic and cathodic
reactions—a phenomenon known as mixed-type inhibition facilitated by the released MBT [38-40].
Consequently, this led to a stabilized reduction in hydrogen evolution and the formation of a highly
resilient insulating barrier that obstructs aggressive ionic infiltration, ultimately achieving maximum

protection efficiency that ensures the structural integrity of the implant for a duration sufficient for
complete osseointegration [41-43].
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Figure 3 Potentiodynamic polarization curves (Tafel Plots) of Mg-AZ31 alloy before and after coating

with various AgNPs concentrations, demonstrating the improvement in corrosion potential and
protection efficiency.

3.4.  Biological analysis & antibacterial results

The results of the Zone of Inhibition (ZOI) assays presented in Figure4 (A), (B), and (C) demonstrate
the exceptional biological efficacy of the smart coating system applied to the Mg-AZ31 magnesium
alloy against Staphylococcus aureus. Figure4. (A) reveals the formation of a distinct and wide-
diameter inhibitory zone surrounding the source of silver nanoparticle (AgNPs) release, indicating the
high diffusivity and potent bactericidal capacity of these nanoparticles within the implant's vicinity.
Figure4 (B) displays a clear gradient in bacterial density around the coated samples, validating the
"Smart Release" mechanism; as bacterial metabolic activity induces a localized pH drop through acid
secretion, the nanocapsules respond by swelling and partially degrading to deploy their antimicrobial
payload precisely at the infection site. Furthermore, Figure4 (C) illustrates the prevention of Biofilm
formation on the sample surface, maintaining a sterile bio-interface. These findings transcend mere
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surface protection, confirming that the encapsulation of AgNPs within the gelatin/gum Arabic
polymeric matrix provides a proactive defense line that inhibits microbial colonization. This
functionality is clinically paramount in preventing peri-implantitis and ensuring successful
osseointegration, thereby establishing this coating as a holistic solution that simultaneously provides
chemical corrosion resistance and biological immunization against post-surgical infections.

Figure 4 Zone of Inhibition (ZOI) results demonstrating the antibacterial efficacy against S. aureus for
the coated samples, where the clear zones (A and B) indicate the potency of AgNPs ininhibiting
microbial growth.

3.5 Cross-cut adhesron test

The Cross-Cut Adhesion Tape Test results presented in Figure5 (A), (B), and (C) demonstrate the
exceptional mechanical integrity of the engineered nanocoating on the Mg-AZ31 substrate. The
inscribed grid patterns reveal a robust adherence of the polymeric layer to the metallic surface, with no
signs of flaking or detachment at the edges, aligning with high-performance classifications (such as5 B
according to ASTM D3359 standards). In sample (A), the preservation of sharp square boundaries
indicates strong interfacial bonding between the magnesium alloy and the polymer matrix. Meanwhile,
samples (B) and (C) confirm that the integration of silver nanoparticles and nanocapsules did not
compromise the mechanical properties; rather, it contributed to an interlocking network that resists
crack propagation. This "Adhesive Resilience" is a critical prerequisite for clinical success, ensuring
the coating can withstand surgical mechanical stresses and the physiological pressures of bone tissue
regeneration. The sustained attachment of the coating ensures long-term electrochemical protection
and localized corrosion resistance, providing a stable microenvironment essential for successful
functional osseointegration.
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Figure 5 Cross-cut adhesion test results of the smart coating on Mg-AZ31 alloy, demonstrating
superior mechanical cohesion and zero peeling of the protective layers.

3.6.  Effect of advanced nanotechnology on coating performance

The integration of advanced nanotechnology significantly enhances the multifunctional performance of
the coating system. Nanoscale structural control improves coating density and reduces defect
pathways, thereby increasing corrosion resistance. Additionally, nanoparticle-mediated antibacterial
mechanisms enhance microbial inhibition efficiency, while nano-topographical features promote cell
adhesion and biointegration. These improvements demonstrate the critical role of nanotechnology in
achieving simultaneous chemical, mechanical, and biological performance enhancement. Table 1
presents a comparative evaluation of conventional and nanotechnology-enhanced coating systems,
demonstrating superior multifunctional performance achieved through nanoscale engineering.

Table 1 Comparison between conventional coatings and nanotechnology-engineered smart coatings
highlighting improvements in corrosion resistance, antibacterial activity, and biointegration
performance.

Parameter Conventional Coating Nano-Engineered Coating
Corrosion Resistance Moderate Very High
Antibacterial Activity Limited Strong

Surface Uniformity Moderate Highly uniform

Bioactivity Good Excellent

Smart Response Passive Stimuli-responsive

Figure 6 presents the mechanisms of nanotechnology-enhanced coatings, including nanoparticle-
mediated antibacterial action, corrosion inhibition, and stimuli-responsive release behavior.
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Figure 6 Schematic illustration of nanotechnology-enhanced coating mechanisms showing
nanoparticle reinforcement, smart release behavior, and biointegration processes.

4. CONCLUSIONS

This study successfully developed a smart, pH-responsive, and bioactive nanocoating system for Mg-
AZ31 alloy, offering an integrated solution to the long-standing “magnesium paradox” in orthopedic
applications. Through the design of a hierarchical nano-interface based on complex coacervation, the
coating demonstrated a synergistic combination of structural stability, corrosion resistance,
antimicrobial activity, and bioactivity. The FTIR analysis confirmed the formation of a stable cross-
linked polymeric network, while the Cross-Cut adhesion test verified excellent interfacial bonding and
mechanical integrity, ensuring the durability of the coating under physiological conditions.
Electrochemical investigations revealed a significant enhancement in corrosion resistance, with a
protection efficiency of 93.75%, indicating the effectiveness of the smart release mechanism. The
encapsulated nanocapsules responded dynamically to pH variations, enabling the controlled release of
MBT inhibitors to stabilize the electrochemical interface and suppress degradation. In parallel,
biological evaluation demonstrated strong antibacterial performance against Staphylococcus aureus,
where the incorporation of silver nanoparticles effectively inhibited microbial colonization and
prevented biofilm formation, thereby reducing the risk of implant-associated infections. Furthermore,
morphological and compositional analyses confirmed the formation of a ‘“cauliflower-like”
nanotopography, which served as a biomimetic platform for enhanced cell interaction and
hydroxyapatite deposition. The observed Ca/P ratio of 1.67 indicates optimal bioactivity and supports
the potential for successful osseointegration. This multifunctional behavior highlights the ability of the
coating to simultaneously provide chemical protection and biological compatibility. The developed
system transforms Mg-AZ31 from a highly reactive material into a self-regulating bio-platform
capable of adapting to physiological conditions. The concept of “functional synchronicity” achieved in
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this work ensures that the implant maintains mechanical support during the healing phase and degrades
in a controlled manner thereafter. This study provides a promising pathway toward the development of
next-generation biodegradable orthopedic implants that eliminate the need for secondary surgical
removal while enhancing patient outcomes. The integration of advanced nanotechnology transforms
conventional coatings into intelligent multifunctional systems capable of simultaneous corrosion
protection, antimicrobial activity, and biointegration. Nanoscale engineering enables precise control of
coating behavior, improving implant performance and reliability. Future developments in smart
nanocoatings are expected to further enhance clinical outcomes and expand applications in biomedical
engineering.
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