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ARTICLE INFO ABSTRACT
Keywords: This study investigates the enhancement of drug delivery and corrosion resistance by incorporating dexameth-
Nitinol asone sodium phosphate into aluminum-zinc layered double hydroxide (LDH) coated nickel-titanium alloys. The

Surface coating

Layered double hydroxide (LDH)
Drug delivery

Corrosion

nickel-titanium samples were fabricated from titanium and nickel powders using spark plasma sintering (SPS)
and cold press sintering (CPS), followed by electrophoretic deposition of LDH nanoparticles. This composite
construction aims to utilize the biocompatibility and mechanical properties of nickel-titanium, combined with

the controlled drug release and corrosion resistance properties of LDH coatings. Structural and microstructural
characterizations were performed using X-ray diffraction and scanning electron microscopy. The results indi-
cated that SPS samples exhibited superior microstructural homogeneity and corrosion resistance compared to
CPS samples. Dexamethasone sodium phosphate was successfully intercalated into the LDH layers, as evidenced
by an increase in layer spacing from 7.14 A to 20.130 A. The LDH-coated nickel-titanium with intercalated
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dexamethasone sodium phosphate demonstrated a 5 % lower drug release rate and significantly improved
corrosion resistance compared to uncoated samples. Cell adhesion studies confirmed good biocompatibility
between cells and the coated surface. This composite material shows promise for enhanced performance in
biomedical applications, particularly in drug delivery and corrosion resistance.

1. Introduction

Equiatomic NiTi alloys, commonly known as Nitinol, possess several
desirable properties, such as excellent biocompatibility, shape memory
effects, and strength similar to bone tissue [1,2]. These features make
Nitinol highly suitable for biomedical applications, such as bone im-
plants, stents, and guiding wires. However, using metal implants like
Nitinol for orthopedic or cardiovascular therapy presents several chal-
lenges, including post-implantation diseases and biomechanical issues
[3,4]. Therefore, surface modification processes are crucial to adapt the
implant surface to the surrounding tissues. Modifying the implant sur-
face with biocompatible materials capable of carrying drugs,
anti-allergy, anti-clotting, and other therapeutic agents can reduce pain
and accelerate patient recovery [5].

Powder metallurgy (PM) is a widely used method for manufacturing
Nitinol due to its numerous advantages. These include reduced energy
consumption, homogeneous chemical composition in the alloy, fast
production, minimized contamination, and the ability to create complex
components. Various methods for fabricating bulk Nitinol using PM
have been studied, such as cold press sintering (CPS) and spark plasma
sintering (SPS), which are more conventional [6-9]. However, research
has shown that CPS alloys may contain an oxygen-rich phase, leading to
embrittlement of Nitinol during preparation [10,11]. This occurs when
Ni, Ti, and O elements combine to form TiO5 or Ti4zNiOy (1<x<0) ox-
ides. Porosity in PM parts is an important factor that influences
biomechanical stiffness, the surface area that comes into contact with
tissue, and the corrosion behavior of the implant. Compared to CPS,
which usually has an average of 40 % volume porosity, SPS can fabricate
denser Nitinol (12 % volume) with higher strength [7].

Recent advancements in surface modification technologies have led
to the development of biocompatible coatings for Nitinol implants to
address their limitations, such as low corrosion resistance, ion release,
low bioactivity, and post-inflammatory effects. Various methods have
been proposed for creating these coatings, including plasma spraying
[12], sol-gel [13], immersion [14], ionic implantation [15], biomimetic
methods [16], electrophoretic deposition (EPD) [17], electrolytic
deposition, and electrochemical techniques [18]. Among these, EPD has
gained more attention due to its simplicity, ability to control coating
thickness and uniformity, low process temperature, cost-effective
equipment, suitability for substrates with various shapes and complex-
ities, high purity of deposited products, and no phase changes during the
coating processes [19].

In the past decade, Layered Double Hydroxides (LDH) nanoparticles
have gained significant attention as bio-molecule and drug carriers due
to their unique ability to host anionic species in their interlayer space
[20-22]. LDH nanoparticles belong to a class of laminar compounds,
compromising brucites-like host layers with positive charges and inter-
changeable hydrated anions between them. The chemical composition
of LDHs is [M34, M2+ (OH)21*" [A™],/m.nH20, where M™ represents
metal cations (e.g., Ca®"), M®* indicates trivalent ions (such as Fe3+,
Al3+), and A™ comprises interlayer anions (such as SO%’, CO%’, NO3).
Anions and water molecules are present between the plates of the main
layers, forming a complex network of hydrogen bonds between the
hydroxyl groups of the layer, anions, and water. These anions can be
replaced with bio-molecules and drugs [23]. Recently, the anionic ca-
pacity of LDH nanoparticles has led to extensive research on their hy-
bridization with anionic molecules. Studies focus on nanoparticles of
LDHs, including Mg, Zn, and Al, with anionic molecules such as nucle-
otide phosphates [24], deoxyribonucleic acid [25], anti-inflammatory

oligonucleotides [26], peptides [27], anti-inflammatory drugs [28],
and vitamins [29].

Numerous studies have explored the coating of LDHs onto various
metal substrates via different techniques. In 1990, Buchheit and his team
[30] developed a series of LDH coatings for aluminum and aluminum
alloys using in situ growth methods. Lin et al. [31] later prepared Mg-Al
LDH coatings on Al-rich Mg alloys in carbonic acid solutions. More
modified procedures using in situ growth strategies have been devel-
oped, including hydrothermal treatment [32,33], urea hydrolysis [34],
steam coating [35], and more. However, the in situ methods restrict the
types of cations used in LDHs and they are typically time-consuming,
requiring high temperatures [36].

In 2010, Wang et al. [37] first reported a simple co-precipitation
method combined with hydrothermal treatment to prepare a Mg-Al
LDH coating on Mg alloy. The LDH coating was found to be compact
over the alloy surface. However, the coating had the drawback of
forming large aggregates, resulting in a heterogeneous coating. In 2013,
Syu and coworkers [38] fabricated a Li-Al-CO3 LDH coating on Mg alloys
using electrochemical deposition. This method was quickly developed,
showing advantages of high efficiency and applicability to complex
surface geometries but faced limitations due to its complex operation
and high cost. EPD, on the other hand, is a simple and effective tech-
nique for fabricating uniform thick films under ambient pressure and
temperature and has shown promising results in LDH coating. He et al.
[39] reported the fabrication of orientated Mg/Al-NO3-LDH films on an
aluminum substrate using the EPD technique. Matsuda et al. [40]
developed an EPD-based method for depositing anionic hydrated tita-
nate nanosheets and Mg-Al LDH nanosheets on an ITO-coated glass
substrate. Vajedi et al. [41] fabricated a highly sensitive electrochemical
DNA biosensor by electrophoretically depositing a Zn/Al LDH-modified
cobalt ferrite-graphene oxide nanocomposite on a fluorine tin oxide
substrate. The results indicated that nanocomposites had active reaction
sites and good electrochemical activity, resulting in a faster and more
efficient transfer of electrons on the electrode’s surface. Li et al. [42]
proposed Ni/Al LDH-modified Ti as a nonenzymatic glucose sensor. The
proper adhesion of Ni-Al LDH nanosheet to the Ti substrate made this
structure highly stable in electrochemical measurements. Applied volt-
ages and deposition time can be controlled during the density of the
deposited layer, crystallinity, and morphology during the EPD process
[43,44]. A high EPD voltage can result in a more homogenous and
thicker coating, with improved corrosion resistance, but may decrease
mechanical and nanoindentation properties [45]. Maleki-Ghaleh et al.
[46] used the EPD method to coat NiTi alloy with natural hydroxyapa-
tite, enhancing corrosion resistance compared to uncoated samples. The
coating was uniform and dense when samples were coated at 60 V, as
opposed to 40 V or 80 V. However, there is currently no study on using
the EPD technique to coat LDH nanoparticles on NiTi alloy and inter-
calate drugs into interlayer spaces of brucite-like platelets.

In this study, NiTi alloys were produced using both CPS and SPS
techniques. Physical and mechanical characterization revealed that CPS
samples were unsuitable for the deposition process and subsequent drug
loading. Therefore, using the EPD technique, SPS samples were chosen
for the deposition of Al-Zn-LDH nanoparticles. Dexamethasone (DEXA)
was then intercalated into the gaps between the layers of the LDHs,
forming a hybrid LDH-DEXA on the Nitinol substrate. UV-Visible and
polarization Potentiodynamic Scan (PDS) tests were performed on
coated and uncoated samples to investigate drug release over time and
corrosion behavior, respectively.
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2. Experimental procedure
2.1. Preparation of samples

Elemental powders of nickel (50 % wt.) and titanium (50 % wt.),
both with a purity greater than 99 % (Merck®), were mixed for 1 h using
a jar mill device to create a 20 g batch of cylindrical powder with a
diameter of 20 mm, rotating at 100 rev/min. The particle sizes for Ni and
Ti powders were —45 pym and —10 um, respectively. This mixture was
used for pressing and sintering processes. For the CPS process, 3 g of the
powder blend were pressed into 10 mm x 10 mm cylinders under a
pressure of 1000 MPa. To prevent oxidation of the Ti particles during the
sintering process, the green compact samples were vacuumed in a glass
compartment. The density of the samples before sintering was calculated
from the volume and weight of the compact. Samples were then sintered
in a horizontal laboratory furnace at 900 °C for 120 min with a heating
rate of 50 °C/min under an argon atmosphere. For the SPS method, 10 g
of mixed powder was poured into a graphite die with a diameter of
30 mm. SPS was performed at 900°C for 10 min with a heating rate of 50
°C/min under a pressure of 7 MPa in a vacuum atmosphere condition.
The sample was cooled in the furnace at a rate of 200 °C/min for 15 min.
The final samples were cut to obtain Nitinol disks with diameters of 10
or 15 mm and a thickness of 0.2 mm.

Following Kamyar et al.’s method [47] and wusing the
co-precipitation, carbonated Al-Zn-LDH nanoparticles were prepared.
Zn(NOs)s and Al(NOs)3 (Merck®) were weighted with a Zn/Al molar
ratio of 2.1 and dissolved in 100 ml of deionized water. The two solu-
tions were added dropwise to a 1 M NapCOs solution. Subsequently, a
1 M NaOH solution was added dropwise to deionized water to adjust the
pH to 8, and the product was aged on a magnet stirrer (Alfa D-500, Iran)
for 24 h at 40 °C. All steps were carried out under a nitrogen atmo-
sphere. After forming a white sediment, the solution was centrifuged at
500 RPM at ambient temperature for 5 min. The resulting powder was
washed three times and dried for 18 h. To intercalate Dexamethasone
phosphate within the LDH layers, two different amounts of Dexameth-
asone phosphate (1 g and 0.5 g) were dispersed in 50 ml deionized
water by ultrasonication. Then, 1 g of pristine LDH was added to the
mixture, and a 1 M NaOH solution was added dropwise to keep the pH at
7. The suspension was stirred for 1 h and then aged at 40°C for 18 h. The
remaining steps were similar to the fabrication of LDH [47].

To prepare the suspension liquid, 1 g of Al-Zn-LDH powder was
weighed and mixed with 25 ml of ethanol using a magnetic stirrer for
2 h. Ultrasonic dispersers were used to ensure homogeneity and stability
of the solid particles for 30 min at each step. Before each deposition
stage, the substrate surfaces were ground up to 800 grit, rinsed in
acetone and alcohol, and placed in an ultrasonic bath for 30 min. They
were then washed with distilled water and dried with a hairdryer.
Electrophoretic cells were prepared using a 50 ml beaker equipped with
a holder to fix the electrode positions. A steel plate (10 x 20 mm?) was
used as the anode, and a 15 mm disk-shaped Nitinol was used as the
cathode. The space between electrodes was about 10 mm, adjusted with
special clips. A DC power supply was used to apply fixed potentials of 30,
50, 40, 60, and 80 volts for 2 min. After deposition, the samples were
dried in a desiccator for 24 h.

2.2. Characterization

X-ray diffraction (XRD) analysis (Philips PW1730, Netherlands, with
a Cu-K, anode) was conducted to identify the metallic or oxide phases
are present on the surface of the as-synthesized bare alloys. XRD was
also used to confirm the presence of characteristic crystalline planes in
the LDHs and to calculate the spacing between the two-dimensional (2D)
layers (ds) using Bragg’s equation. The lattice parameters (A and C) were
measured by the distances between the main crystallographic planes
[301.

Field emission scanning electron microscopy (FESEM) and scanning
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electron microscopy (SEM) (TESCAN-MIRA, Czech Republic) were used
to analyze the shape of the powder used in the synthesis of the samples,
the microstructure of the SPS and CPS components, and the formation of
the LDH 2D layer structures, as well as the coating on the Nitinol sub-
strates. Energy dispersive spectroscopy (EDS) was used to determine the
elemental composition of the samples. Before the deposition processes,
Fourier-transform infrared (FT-IR) spectroscopy was used to assess the
formation of LDH structure during the co-precipitation process, to
examine the intercalation of the drug between the hydroxide layers, and
to detect the presence or absence of nitrate anions in LDHs after drug
loading. The IR beam was directed at the powder samples using a WQF
510-FT-IR spectrometer in the wavelength range of 400-4000 cm L.

2.3. Mechanical evaluations

Mechanical evaluations were conducted on the samples using shear
stress and hardness tests. The shear stress test was performed at room
temperature using a universal testing machine (STM20, Santam, Tehran,
Iran) at a crosshead speed of 0.5 mm/min. Each sample measured
10 mm in length, 2 mm in width, and 1 mm in thickness. Three samples
from each group (uncoated CPS, unmilled SPS, and ball-milled SPS)
were analyzed to ensure statistical significance.

For the hardness test, a HVS-5 digital Vickers hardness tester was
employed with a 5Kgf load and a dwell time of 10 seconds. The same
sample dimensions as used in the shear stress test (10 mm length, 2 mm
width, and 1 mm thickness) were maintained. Three measurements
were taken from each sample to determine the average hardness value.

2.4. Contact angle measurements

To investigate the effect of LDH nanoparticle deposition on the
wettability and hydrophilicity of Nitinol substrates, contact angle (CA)
values were measured for bare Nitinol. Samples were coated using the
sessile drop technique, where a device with a camera captured a highly
focused image, and a syringe was used to drop the liquid droplet onto the
specimen surfaces. Before testing, the uncoated specimens were me-
chanically polished with silicon carbide sheets (grit size 1000) and ul-
trasonically cleaned in acetone. A 1 ul water droplet was applied to the
disk-shaped sample.

2.5. Corrosion study

To investigate the corrosion behavior of uncoated and coated Nitinol
specimens in a physiological environment, a potentiostat/galvanostat
ZAHNER model 96317 Kronach was used to apply a potential rate of
1 mV/s. An electrochemical cell was set up with an auxiliary platinum
electrode as the test electrode and a silver/silver-chloride reference
electrode. A conventional physiological solution of Phosphate-buffered
saline (PBS) was used at pH 7.34 and at 37°C served as the corrosion
electrolyte. Tafel linear extrapolation polarization curves and Stern-
Geary (ASTM G-59) were used to calculate potential and corrosion
density [48].

2.6. Release investigation of dexamethasone

The release test was conducted by the NANODROP 2000 C device
(Biomedical Science Laboratory, Faculty of New Science and Technol-
ogy, University of Tehran, Iran) to evaluate the release rate of DEXA
from LDHs and the coating on the Nitinol substrate. Samples were
diluted with PBS and poured in a special flask. At specified intervals,
2 ml of the solution was removed and replaced with fresh PBS. Data
obtained at different intervals were arranged for various samples. To
determine the wavelength with the highest UV absorption for DEXA,
10 mg/L DEXA solution was used in PBS at pH=7.34 and 37 °C. The
maximum Ultraviolet (UV) absorbance for the solution was 242 nm,
which was used to calculate the release of the drug from LDHs. A DEXA
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Fig. 1. XRD patterns for the bare SPS and CPS Specimens.

base solution was prepared in PBS to draw the calibration curve, and UV
absorbance was measured using UV light spectroscopy.

2.7. Release kinetics study

Estimating release kinetics is complex. This study employed three
simplified kinetic models: pseudo-first-order, pseudo-second-order, and
parabolic diffusion, to describe the release rate of DEXA from LDHs and
coating hybrids, and the best-fitted data were analyzed. Drug dissolution
and release involve surface disintegration and diffusion. The constant
coefficient k in kinetic equations represents the rate of surface reaction
and particle diffusion.

The Lagergren equation, or quasi first-order model, is widely used to
describe release rate [49,50].

The linear form is:

log(Qe - Qp) = log Q. — kit /2.3 1

In this equation, Q. and Q; are the total release amount and the
release amount at each time (t), respectively. k; (min_l) represents the
rate constant of the quasi-first-order. Another commonly used equation
for estimating the kinetics of the release process is the quasi-second-
order, which can predict long-term release behavior from experi-
mental data. This relation is expressed as [48]:

t/Q¢ = 1/k2Q% + t/Qe )

Here, Qe and Qt are the same as before, and k is the rate constant of
quasi-second-order. The parabolic diffusion kinetic model is frequently
employed to characterize the release kinetics of DEXA from clay nano-
hybrids, where diffusion within particles governs the process. The
linearized representation of this model is depicted as [51], where X; and
ks denote the release percentage and kinetic constant, respectively.

(1-X)/t =kst %5 + a 3

2.8. In-vitro cell adhesion evaluation

The NIH 3T3 mouse embryonic fibroblast cell line (NCBI code: C156,
Pasteur Institute, Tehran, Iran) was used to investigate the cell adhesion
and proliferation capabilities of the coated Nitinol samples. Cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10 % Fetal Bovine Serum (FBS) in plastic flasks and incubated at 37
°C in a 5 % CO, atmosphere. The coated samples were exposed to the
medium for 24 h and then incubated under the same conditions. SEM
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Fig. 2. Mechanical properties of CPS, element SPS and ball milled samples.

images were taken to assess the morphology and apparent proliferation
of the cells on the surface.

3. Results and discussion
3.1. Phase analysis of consolidated nitinols

Fig. 1 illustrates the XRD patterns for both CPS and SPS samples.
Notably, CPS samples exhibited a higher presence of oxide phases
compared to SPS samples, likely due to exposure to oxygen in a less
vacuum-sealed glass compartment. This oxidation phenomenon can be
attributed to the presence of titanium in the alloy, which at elevated
temperatures increases the Gibbs free energy (AG), rendering the alloy
thermodynamically unstable during sintering processes. Both CPS and
SPS samples exhibit phases including Ni,Ti, TiOg, NisTi, TioNi, and NiTi
after sintering durations of 120 and 30 minutes, respectively. Peaks at
26.18° correspond to the TiO, Rutile phase (JCPDS Card No. 21-1276),
and the peak at 48.2° corresponds to the TiO2 Anatase phase (JCPDS
Card No. 21-1272). The peak at 38.8° represents the NiTi R phase
(JCPDS Card No. 35-0787), and at 43.4° it corresponds to the B, phase
of NiTi (JCPDS Card No. 35-0788). Peaks at 52.6° and 76.8° are asso-
ciated with Ni (JCPDS Card No. 04-0850), while the peak at 41.4°
corresponds to the Ti alpha phase (JCPDS Card No. 44-1294). The peak
at 45.2° is related to NigTi (JCPDS Card No. 35-0789), and the peak at
58.2 ° is associated with the By phase of TiNi (JCPDS Card No.
65-0621) [52,53]. Incomplete conversion reactions were observed for
the formation of NiTi, likely due to heterogeneous regions of nickel and
titanium in the samples before sintering, leading to localized high con-
centrations of these elements and subsequent formation of Ni3Ti and
Ti2Ni compounds [52,54]. Consequently, we used SPS samples for
coating since the CPS specimen lacked electrical current during the
deposition process. The conductivity of the substrate is a determining
parameter in the deposition process, as deposition occurs only on con-
ducting surfaces [55]. EPD involves the deposition of charged powder
particles dispersed in a liquid medium onto a substrate with opposite
charge in a DC electric field [56]. Therefore, a conductive substrate is
required to establish the necessary electrical path [57].

Table 1
Mechanical properties of samples.
Samples Frax (N) Tmax (Mpa) 6,(Mpa) Hardness (Hvyo)
CPS 822.43 78.26 124.43 58
Unmilled SPS 1183.3 109.64 174.32 674
Ballmilled SPS 1242.8 113.60 180.624 678.13
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Table 2
Physical properties of samples.
Samples Porosity (%) Density(g/Cm®)
CPS 42 5.23
Unmilled SPS 13.2 5.84
Ballmilled SPS 12.34 6.092

W

Ly

N

[

[

°

o

Colloids and Surfaces A: Physicochemical and Engineering Aspects 704 (2025) 135524

3.2. Mechanical properties of consolidated nitinols

The results of the shear stress test performed on three samples: un-
coated CPS, unmilled SPS, and ball-milled SPS, are presented in Fig. 2
and Table 1. These results indicate that CPS samples have significantly
lower final shear and tensile strength due to their higher porosity and
the presence of brittle oxide phases. The effect of mechanical alloying on
SPS samples is also evident, with ball-milled SPS samples showing
higher strength. Mechanical alloying enhances the mechanical bonding
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Fig. 3. SEM images and EDX analysis of (a) powder mixture of elemental Ti and Ni, (b) CPS specimen after 120 min sintering at 900 °C, and (c) SPS sample after

120 min sintering at 900 °C.
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Nickle-rich phase

Fig. 4. Secondary electron SEM elemental map of a chemically etched SPS Nitinol sample.

of powders, and increasing the temperature to near the melting point
reduces penetration time, improving the alloying opportunity for the
particles. Consequently, the formation of the NiTi matrix phase is
associated with greater flexibility and robustness.

Table 2 presents the results of the hardness measurements, average
porosity percentage, and densitometry for the aforementioned samples.
As expected, CPS samples have lower density compared to SPS samples
due to 42 % porosity and the presence of oxide compounds in the alloy.
The impact of mechanical alloying on the density of SPS samples is also
apparent, with ball-milled samples having higher density due to reduced
porosity. Notably, the hardness test results showed that TioNi and NisTi
intermetallic compounds are significantly harder compared to the NiTi
matrix phase, and are more abundant in SPS samples. Conversely, CPS
samples exhibit less resistance to indentation under applied pressure,
likely due to the numerous voids between the material phases on the
surface, resulting in lower hardness values.

3.3. Surface and particle morphologies and multifractal analysis

SEM images in Fig. 3a clearly illustrate the geometric shape and
distribution of the nickel and titanium powder mixture, with fine Ni
particles distributed among the coarse, irregularly shaped Ti particles.
There is no evidence of mechanical alloying occurring between the
particles. Fig. 3b-c display SEM images of components produced by the
CPS and SPS methods, respectively. The higher porosity of the CPS
samples compared to SPS samples is evident. Additionally, the micro-
structure homogeneity and distribution of metallic compounds within
the NiTi matrix suggest that the SPS samples exhibit better conditions,
indicative of superior alloying [58]. Surface analysis of Nickel, Tita-
nium, and Oxygen reveals the elemental composition on the surface. CPS
samples show a significant percentage of surface oxygen, which has
interfered with the alloying process. Titanium’s high reactivity with
oxygen and the increased porosity of CPS samples render them more
prone to oxidation. Furthermore, the furnace atmosphere was not
adequately controlled, exacerbating oxidation, which is a common issue
in studies involving Nitinol and other metals [11,59-61]. The successful
alloying in SPS samples is demonstrated by the nearly equal percentages
of nickel and titanium on the surface, whereas the oxide phases in CPS
samples made them unsuitable for the EPD process. To further investi-
gate the intermetallic compounds on the SPS sample surfaces, elemental
mapping and secondary SEM images were taken from the etched sur-
faces of two areas of an SPS-Ni-Ti sample (see Fig. 4). The images show
that the Ni-Ti matrix was more extensively corroded during the etching
process. Fig. 4a highlights an area with a single-phase Ti, while Fig. 4b

represents a nickel-rich phase, such as Ni3Ti.

Fig. 5a-c depict the SEM images of LDHs, LDH-DEXA (1:0.5), and
LDH-DEXA (1:1) particles. The LDH nanohybrids exhibit a plate-like
shape with a polyhedral morphology. As the DEXA content increases,
there is a slight increase in particle thickness, and the sharpness of the
particle edges reduces [62]. Furthermore, drug molecule incorporation
inside the structure is observed to increase particle agglomeration.
Fig. 5d-e present particle size distribution curves of pure LDH and LDH
loaded with two different ratios of DEXA. Pure LDH exhibits finer par-
ticles (Dmean=503 nm) with a narrower distribution, while LDH-DEXA
shows coarser particles (Dpean=920 nm, and Dpean=1180 nm) with
broader distribution curves.

Fractal theory is employed to study nonlinear and irregular charac-
teristics of particle shapes. As shown in Fig. 5, most particles exhibit
nonlinear and irregular shapes. Previous studies have suggested that
particle complexity can be characterized by a fractal distribution [46,
62], which was applied in this study using the ImageJ toolbox software.
The results in Fig. 5 f. show that theoretically, the fractal dimension of
particles range from 1.0 to 2.0, where 1.0 represents complete homo-
geneity, and 2.0 represents the ideal heterogeneous state of particles.
Fig. 5f indicates that LDH particles have the highest fractal dimension
(Ds= 1.81) and the narrowest multifractal spectrum. In contrast, the
intercalation of DEXA with ratio a of 1:0.5 and 1:1 results in lower
fractal dimensions (1.76, 1.73).

Fig. 6 displays low-magnified SEM images of Nitinol samples coated
with LDHs deposited at 30, 40, 50, 60, and 80 V for 120 s. The image
reveals that the sample coated at 50 V exhibits a relatively uniform
coating compared to the other voltages. However, Fig. 6b shows a
darker area where LDHs are not successfully deposited, indicating that
30 V was insufficient to drive the LDH particles to the Nitinol surface
within 2 minutes. Moreover, at 40V, the coating attachment was
inadequate, resulting in cracks in the coating during drying. The density
of the coating depends on factors such as suspension stability and
physical conditions during deposition, such as applied voltage.
Enhanced suspension stability reduces particle agglomeration and
sedimentation, resulting in a more uniform coating [63]. The applied
voltage determines the force applied to suspension particles. Higher
voltage increases the electrophoretic force, causing more particles to
collide with the Nitinol surface and leading to a denser coating. How-
ever, excessive voltage can also increase porosity due to hydrogen
evolution at the cathode [46], which may result in coating cracks after
drying (Fig. 6e-f). Therefore, selecting an optimal voltage range to
balance coating density and porosity is crucial, and 50 V was chosen for
this study.
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Fig. 5. (a- ¢) SEM images of LDHs and LDH-Dexamethasone nanohybrids, (d,e) Normal and cumulative particle size distribution curves of nanohybrids, (f) Mul-

tifractal spectrums of the three types of nanoparticles.

Fig. 7 illustrates the morphology of LDHs nanoparticles coated on the
Nitinol surface at 50 V and 80 V, along with a side view to examine the
effect of voltage on thickness. In Fig. 7a, hexagonal-like platelets of LDH
nanoparticles are observed, coating the Nitinol surface in an almost 2D
manner. The micro-porous structure visible in the coating is attributed
to hydrogen bubbles on the surface that burst during deposition. The
nanoplates are not fully stacked, leading to the formation of nano-ducts
in the thickness of the coating. Increasing the voltage from 50 V to 80 V
results in an increase in coating thickness from 19.52 pm to 29.72 pm,
respectively, due to higher particle deposition [39,46]. The histogram
charts in Fig. 7e depict the size distribution of surface pores, revealing
significantly larger pore sizes in coatings deposited at 80 V compared to
50 V, with average sizes of 10.17 nm and 4.23 nm, respectively. This
difference may be attributed to surface cracks and increased thickness at
80 V. Additionally, surface microhardness measurements at 30 V, 40 V,
50V, 60V, and 80 V yielded values of 200 HV, 212 HV, 245 HV, 278
HV, and 302 HV, respectively, reflecting increased hardness with thicker
coatings resulting from higher voltage application.

3.3.1. Surface topography

Surface topography is a critical parameter for evaluating coating
properties. Mountains®9 software was used to analyze surface rough-
ness characteristics of both coated and uncoated. A 3D image of the
sample surfaces is shown in Fig. 8. Subsequently, roughness and wavi-
ness parameters were determined using the software, as depicted in
Fig. 9, with corresponding values presented in Table 3. It is evident that
roughness and waviness parameters generally exhibit higher values for
coated samples, with uncoated ball-milled SPS samples showing the
lowest values. Among the coated samples, the sample coated at 50 V
exhibits the minimum value.

3.4. Evaluation of intercalation

XRD patterns of LDHs, NITi-coated LDH, and NITi-coated LDH
loaded with DEXA are presented in Fig. 10. The green line represents the
XRD pattern of pristine LDHs powder, characterized by three distinct
low angle, symmetric, crystalline, and sharp peaks, corresponding to the
basal reflection of LDHs layers, as reported in previous studies [39,64].
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Fig. 6. (a) Different samples and SEM images of Al-Zn-LDH EPD coating on Nitinol substrates at (b) 30 V, (C) 40V, (d) 50 V, (e) 60 V, and (f) 80 V at constant

deposition time of 2 min.

The 110 peak signifies the structural integrity resembling brucite-like
layers. Coated NiTi specimens with pristine LDHs do not exhibit
non-basal reflections such as (015) and (110). Additionally, the intensity
of NiTi peaks is lower compared to the uncoated sample. The addition of
DEXA reduces the intensity of main peaks, causing them to shift to lower
angles and broaden (Fig. 10a), indicating disruption of crystalline order
due to the incorporation of the hydrophobic drug. Table 4 presents
measurements of the d003 and lattice parameters for various Al-Zn-LDH
peaks and hybrids after drug intercalation. The values were derived
from (003) and (110) reflections, where A=2d110 and C=3d003. The
d003 value for pristine LDHs is approximately 7.1 A, consistent with
literature values [64]. Upon DEXA intercalation, the d003 spacing
significantly increases with drug content, suggesting drug molecules are

effectively trapped between LDH layers [65].

FT-IR spectra of NOs type LDHs exhibit a broad peak around
3450 cm™ (Fig. 10b), attributed to OH group vibrations, resembling
brucite-like structures with interlayer water molecules. The peak at
430 cm™ signifies the HO-Al-Zn-OH composition, and the peak at
960 cm™ indicates Al-OH bond deformation. Peaks at 553 cm™ and
766 cm™ indicate AlI-OH transition modes, confirming the layered LDH
structure. The peak at 1640 cm™ corresponds to the bending vibration
of interlayer water, while peaks at 625 cm™ and 1375 cm™ indicate the
presence of nitrate (NOs) anions [66-68]. Peaks at 2370 cm™,
1500 ecm™?, and 1718 cm™! are characteristic of DEXA, observed in both
LDH nanohybrid samples [64]. The FTIR spectrum of LDH-DEXA hy-
brids reveals reduced peaks for NOs, suggesting incomplete
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Fig. 7. (a,c) FESEM images showing the LDHs-DEXA coating on Nitinol surfaces, (b,d) Cross-section of the coated surface (with a thickness of 19.22 pm), (e)
Histogram charts displaying the size distribution of surface pores for coated samples at 50 V and 80 V, and (f) Cumulative graph of measured pore diameters of the

coated surfaces.

replacement by the drug. Nonetheless, the drug’s presence is evident
and increases with higher DEXA content [47]. A schematic depiction of
the intercalation process is presented in Fig. 11, illustrating changes in
basal and gallery spacing. No significant peak shifts were observed
before and after drug intercalation, with characteristic wave numbers
similar to dexamethasone phosphate and the pure drug [64].

3.5. Drug release and kinetic

Fig. 12 a-b presents the calibration plot for DEXA at 242 nm and the
release profiles of DEXA sodium phosphate from various samples. Three

different specimens were tested: Al-Zn-LDH hybrids with DEXA at
weight ratios of 1:1 and 1:0.5, and coated Nitinol samples. As shown in
Fig. 12b, DEXA in uncoated LDHs exhibits a faster release rate, whereas
the drug loaded into LDH coatings shows a more controlled release over
time, likely due to its incorporation within and between LDH layers [62,
63]. Previous studies have indicated an initial burst release of DEXA
within the first 120 minutes, with approximately 85 %, 80 %, and 70 %
of the drug released, followed by a slower release in subsequent time
intervals [64]. This behavior is influenced by the drug’s high hydro-
philicity, weak electrostatic interactions between DEXA molecules and
LDH surfaces [58,69], and the formation of secondary layers on LDH
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Fig. 8. 3D surface images of different samples, including (a) CPS, (b) SPS, (c) Ball milled SPS, and coated samples at different voltages: (d) 30 V, (e) 40 V, (f) 50 V, (g)

60V, and (h) 80 V. The images were obtained using Mountains®9 software.

surfaces [64]. According to literature, a two-step release approach en-
hances therapeutic efficacy: the initial rapid release provides a thera-
peutic dose, while sustained release maintains the therapeutic levels
over an extended period [69]. Furthermore, simultaneous leaking of
metal ions during dissolution and ion exchange processes results in
competition between phosphate ions in the solution and DEXA phos-
phate anions in LDH interlayer spaces [64]. Experimental data were
fitted to various kinetic models to identify the most suitable model for

10

describing release profiles, with correlation coefficients (R%) calculated
accordingly. Table 5 summarizes the R? values for the three equations
and different samples. As depicted in Fig. 12¢, the first-order model
shows linear fitting only up to approximately 4 hours, with lower R2
values compared to the other models (see Table 5), indicating its un-
suitability for describing the complete release kinetics of DEXA sodium
phosphate from LDH nanohybrids.

Fig. 12d illustrates data fitted to the second-order model,
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Fig. 9. Roughness and waviness contour plot for different samples: (a, b) CPS, (c, d) SPS, (e, f) ball-milled SPS, and coated samples at different voltages: (g, h) 30 V,

@, j) 40V, (k, 1) 50 V, (m, n) 60 V, (o, p) 80 V.

Table 3

Roughness and waviness values for different samples.
Samples CPS SPS Ball milled SPS 30V 40V 50V 60V 80V
Roughness (Sq) nm 0.3478 0.3088 0.2468 0.3222 0.4336 0.2997 0.3204 0.3708
Waviness (Sq) pm 63.04 53.04 47.46 36.2 69.88 33.36 49.62 48.88

demonstrating a linear relationship throughout the entire release period
with the highest correlation coefficient (R2> 0.99) among the models
discussed. Additionally, Fig. 12e shows data fitted to the parabolic
diffusion model, which exhibits linearity only during initial release

11

times, making it suitable for early drug release from LDHs with an
appropriate R? value. Previous studies [36,64] have established that
both dissolution and diffusion mechanisms play crucial roles in con-
trolling the release kinetics of DEXA from hydrophilic LDHs
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Table 4
Basal distance and lattice parameters (LP) of main planes for three Types of
LDHs.

Parameters (A) LDH LDH-DEXA (1:0.5) LDH-DEXA (1:1)
doos 7.14538 9.5294 20.130
doos 3.5832 4.4739 7.7251
di10 1.4295 1.4299 1.5284
LP ‘A’ 2.859 2.8598 3.0568
LP ‘C’ 21.43614 28.5882 60.390
nanoparticles.

3.6. Corrosion results

Polarization curves were generated using the Tafel method for both
uncoated and LDH-coated samples immersed in PBS electrolyte [70,71],
as depicted in Fig. 13a. In corrosion testing, the current density derived
from these curves serves to estimate the corrosion rate. After calculating
the Tafel slopes, the corrosion current density (icorr) and corrosion po-
tential (E.,r) were determined to evaluate the corrosion properties. The
methodology for calculating icorr has been detailed in previous literature
[72]. The Tafel extrapolation method was employed to ascertain the

7.1A

COs

9

Intercalation

current densities from the polarization curves of different specimens.
The results along with the corrosion potential for different samples are
presented in Table 6. Results, including corrosion potentials for various
samples, the corrosion potential of CPS uncoated specimens is more
positive than that of SPS samples, likely due to the presence of oxide
phases. Fig. 13a and Table 6 illustrate that the corrosion current density
of the CPS samples is higher compared to the other two samples, possibly
attributable to their higher porosity and increased exposure to the PBS
solution. Coating the Nitinol surface with LDH, known for its
Brucite-like properties, resulted in a more positive corrosion potential
compared to the bare SPS specimen, accompanied by reduced current
density, and enhanced corrosion resistance.

Furthermore, given that NiTi alloys are susceptible to corrosion in
chloride-containing environments [73], the presence of LDHs can
effectively improve corrosion resistance. According to the ion exchange
theory, CO% and OH’ ions within LDHs interlayers can exchange with CI°
ions under physiological conditions, thereby reducing the local Cl" ion
concentration near the surface [32]. Notably, CPS samples fail to
conduct electrical current effectively to the surface due to the presence
of an oxide layer, rendering them unsuitable for coating [46]. As
anticipated, CPS samples exhibited a significantly higher corrosion rate
compared to the other two types (p< 0.01). Additionally, LDH coating
on SPS samples reduced the corrosion rate by approximately 31 %, as

Dexamethasone

Fig. 11. Schematic illustration of the interaction of DEXA within the LDH galleries.
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Fig. 12. (a) Calibration plot for DEXA at 242 nm, (b) Release profile of various samples over time for DEXA in PBS at PH=7.4 and 37°C, (c) First-order (d) second-
order, and (e) parabolic kinetic profiles and fitted data for DEXA of various samples over time.

wettability of both bare and coated Nitinol specimens with water, are
presented in Fig. 14. As expected, the bare Nitinol sample exhibited the
highest CA compared to the coated samples with varying voltages.

Table 5
Correlation factor (R?) for fitted data to various kinetic models.

Sample Pseudo-first-  Pseudo-second-order  Parabolic diffusion Fig. 14c clearly shows a decrease in CA values from 92.39° for the bare

order sample to 45.28° for the sample coated at 80 V. This indicates that

LDH-DEXA 1:1 0.9451 0.9469 coating the surface with LDH nanohybrids significantly enhanced both

. 0.9994 wettability and hydrophilicity.

NiTi-LDH-DEXA 1:1  0.9353 0.9569 . . . . -

0.9996 Surface properties of materials play a crucial role in determining

LDH-DEXA 1:0.5 0.8112 0.8419 their interaction with the biological environment. Wettability in

0.9971 particular, provides insights into the adhesion and adsorptive behavior

of a material. Furthermore, it can influence cell maturation and differ-
entiation [74]. Hydrophobic materials are generally less conducive to
cell attachment [75], whereas studies have suggested that hydrophilic
surfaces promote osteoblast differentiation [76].

shown in Fig. 13b.
3.7. Contact angles
The results of contact angle (CA) measurements, demonstrating the

13
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3.8. Cell adhesion response
Table 6
Polarization test results for uncoated and coated specimens. To assess the response of the coated Nitinol surface upon contact
Sample Ecorr(mV) icorr(mA/cm?) Rp (KQ.cm?) with the NIH 3T3 cells, FESEM images were captured and are presented
in Fig. 15. i i i i
cps 01323 P 95.28 g. 15. The images reve_al a satisfactory nu.mber of cells proliferating
SPS _341.35 4.4E4 580.3 on the surface coated with LDH-nanohybrids after 24 h of culture
Coated SPS —287.27 3.009E 4 864.47 (Fig. 15a). Additionally, Fig. 15-b demonstrates robust adhesion be-

tween the surface and fibroblast-like cells, characterized by well-
spreading cells indicating favorable contact properties.

Contact angle (degree)

100

40

20

0 -

[ Bare NiTi

[_] Coated NiTi at 30V
7] Coated NiTiat 50 V
[ Coated NiTi at 80 V

S

Ll

Fig. 14. Water droplet on the surface of (a) bare Nitinol and (b) coated at 80 V. (c) Contact angle measurements for different samples.
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Fig. 15. FESEM images of NIH 3T3 cells on the coated surface of Nitinol showing (a) cell proliferation, and (b) cell adhesion.

4. Conclusion

This study successfully demonstrated the potential of enhancing
Nitinol alloys with Al-Zn-LDH nanoparticles intercalated with dexa-
methasone sodium phosphate for improved biocompatibility, controlled
drug release, and superior corrosion resistance. Using two consolidation
methods, CPS and SPS, the results indicated that SPS samples, due to
their denser and more homogeneous microstructures, were more suit-
able for subsequent coating and drug intercalation processes compared
to CPS samples. Key findings highlighted that SPS samples achieved
better microstructural homogeneity and reduced porosity, leading to
enhanced mechanical properties and corrosion resistance. The success-
ful intercalation of dexamethasone into the LDH layers increased the
interlayer spacing from 7.14A to 20.130 A, facilitating a more
controlled drug release profile. Additionally, LDH-coated SPS samples
exhibited significantly improved corrosion resistance in PBS environ-
ments, reducing the corrosion rate by approximately 31 % compared to
uncoated samples.

These findings advance the field by providing a robust method for
enhancing the performance of Nitinol implants through surface modi-
fication with LDH coatings and drug intercalation, offering dual benefits
of controlled drug release and improved corrosion resistance, which are
critical for biomedical applications, particularly in orthopedics and
cardiovascular therapies. Future research should focus on long-term in
vivo studies to assess the biocompatibility and therapeutic efficacy of
LDH-coated Nitinol implants. Expanding the range of intercalated drugs,
including anti-inflammatory, antibiotic, and growth factor molecules,
could broaden the therapeutic applications of these coatings. Further
optimization of EPD parameters can improve coating uniformity and
adhesion, potentially enhancing the overall performance of the im-
plants. These future directions will pave the way for developing next-
generation Nitinol-based implants with multifunctional capabilities,
thereby contributing significantly to the advancement of biomedical
engineering.
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