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Abstract
Purpose—Development of multifunctional advanced stent
implants (metal/polymer composite)—drug-eluting stents
with superior material and optical properties is still a
challenge. In this research work, multifunctional metal-
polymer composite drug-eluting substrates (DES) for stent
application were developed by using commercially pure
titanium (cpTi) and polyethylene glycol (PEG).
Methods—Surface modifications on titanium substrates were
carried out by sodium hydroxide under various concentra-
tions; 5M (6 and 24 h) and 10M (6 and 24 h). It induces a
nanoporous structure which facilitates the larger area for
encapsulation of the drug, Aspirin (ASA) via intermolecular
forces followed by polymer coating of PEG (MW-20,000) by
physical adsorption process, which is structured as layer-by-
layer gathering.
Results—The developed cpTi-PEG DES were characterized
using X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM),
optical energy bandgap, static contact angle measurement,
antithrombotic and drug release studies. The development of
sodium titanate oxide prompted surface nano-features
revealed by SEM and XRD. Moreover, FTIR confirms the
presence of ASA and PEG functional groups over the cpTi
surface. Drug release studies fitted with Ritger–Peppas
kinetic model (£ 60%), which indicates the super case II
transport mechanisms (n > 1). Further UV–visible absor-
bance spectrum was quantified by the Tauc plot, which
shows the broadening of the energy bandgap (Eg). In
addition, the shrink in blood clots was more around the
Tib2/ASA/PEG.
Conclusion— Developed cpTi-PEG DES has improved opti-
cal properties and prevent thrombus formation which sug-

gesting it a potential substrate to overcome prime clinical
challenges.

Keywords—Surface nano-features, Titanium, Optical energy

bandgap, Drug release kinetic, Antithrombosis.

INTRODUCTION

Multifunctional materials were a promising candi-
date for various cardiovascular implants like valve
replacement, stents implants, catheters, etc. Develop-
ing bio-engineered composite stent material with ad-
vanced properties to fulfill the clinical need is still a
challenge. Much research on drug-eluting stents fo-
cuses mainly on refined structural properties—in-
tegrity, design, anti-corrosion, antithrombotic nature,
hemocompatibility, and drug-releasing profiles along
with post clinical investigation.37,48 Furthermore,
drug-eluting stents implants usually fabricated using
stainless steel, cobalt–chromium, and titanium
alloys.27,54,69,73 The major drawback of these stent
materials is a concern in developing multifunctional
bio-engineered novel metal-polymer composite drug-
eluting substrates (DES) with superior properties
overcoming specific issues like thrombosis, an
immunogenic reaction caused by alloys, and the chal-
lenges faced in the micro-environment inside the blood
vessel.74 It is seen that the biocompatibility of 316L
stainless steel (SS) remains stringent because of
thrombosis formation.55 As far as stents made up of
nitinol (NiTi) alloy has, more concern exists over the
nickel leakage, which causes immunogenic reaction
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leading to toxicity.72 Commercially pure titanium
(cpTi) and its composites are generally considered in
the therapeutic embed because of magnificent bio-
compatibility and excellent mechanical properties, en-
abling it as multifunctional material satisfying the
needs of an advanced material with versatile applica-
tions like dental, orthopedic inserts, and cardiac
implants.14,59,66 In addition, Titanium (Ti) possesses a
low modulus of elasticity that makes it highly flexi-
ble.15 However, cpTi has a poor radiopaque property
which acts as a barrier in the post-clinical identification
of Ti implants.45 Stents made from a cobalt–chromium
alloy and tantalum, although showing better radio-
paque properties still have few limitations due to stent
thrombosis, inflammation, and biocompatibility.8,52

Like pre-clinical challenges faced during the develop-
ment of implant materials like stents, post-clinical
testing is another area where significant difficulties are
confronted.51 So, to overcome the problem related to
the post clinical identification and thrombosis forma-
tion, metal-polymer stent composite DES has been
introduced, which has supreme advantages such as
control drug release and prolongation of these im-
plants in the micro-environment, which prevents
thrombosis development when compared to bare
metallic stents and also enhances its mechanical
strength.49 Few studies have reported metal-polymer
stent composite optical properties, which might be an
essential study in post-clinical identification.

Polymers such as polyvinyl alcohol, polyethylene
glycol (PEG), poly-lactic-co-glycolic acid and poly-L-
lactide acid, etc., are promising polymeric candidates
for DES to enhance the performance.58 The PEG is a
biodegradable, biocompatible, and FDA-authorized
polymer widely used for drug delivery.44 PEGs are also
termed Macrogol. It is a polyether made out of re-
hashed ethylene glycol units. Commercially available
PEGs are accessible with various degrees of polymer-
ization and activated efficient groups. The high
extremity of PEG expands hydrophilicity and, in this
manner, upgrades water solvency, a distinctive element
among the comparable auxiliary polymers.6 Also, PEG
increases the hydrophilic nature of the stents due to its
polyester group.47 PEG-based polymers are significant
in some fields, such as cell and tissue designing,
biosensors, and medicate conveyance systems. Specifi-
cally, PEG coatings have been widely used to limit
vague fouling of the surfaces with plasma proteins or
to produce a form of proteins or cells.18,29,60 The
polymer framework influences the drug discharge
profiles by lessening medication draining through the
polymeric grids or developing a broke up drug through
the polymeric networks.4,62 Some studies on the PEG
polymer matrix confirmed that it has the potential to
enhance optical properties.2 Imaging the metal-poly-

mer composites implant by X-ray, MR, and fluo-
roscopy imaging is still a more significant challenge
due to the material properties, fabrication, and design.
Stents, a catheter made up of nitinol alloy, copper, or
plastic implants, are less vulnerable through these
imaging techniques. Commonly, iron, gold, and dys-
prosium (rare earth elements) are used as markers for
better tracking and visualization of these endovascular
implants.16

The present study focuses on the drug-eluting sub-
strate developed from cpTi-PEG composite because
cpTi and PEG have better biocompatibility properties,
as discussed above. The drug utilized for this research
is acetylsalicylic acid (Aspirin, ASA), which is consid-
ered an anticoagulant used for entrenched treatment
for the aversion of cardiovascular diseases.32 This
study employed a PEG of high molecular weight of
20,000 to coat the dug surface. It is considered an
antifouling agent, and the glass transition temperature
is about � 22.37 �C with a melting point of 51 �C.67

The graphic illustration of the synthetic itinerary of the
developed composites by a layer-by-layer process is
represented in Fig. 1. The surface treatment is one of
the critical processing parameters in material devel-
opment, which enhances an implant’s surface adhesion
properties, leading to better performance.31 Therefore,
the surface modification with alkali treatment gener-
ates a –OH hydroxyl group which facilitates the ionic
connection among the acetylsalicylic acid (Aspirin,
ASA), synthetic polymer, and the metal (Si) substrate.
Extensive studies were done with alkali treatment,
which shows sodium titanate oxide over the surface,
improving the surface features. The PEG polymer
network over the drug-loaded cpTi substrates plays a
vital parameter in eluting the drug. Therefore, the cpTi
surface is modified by alkali treatment with NaOH,
allowing it to withhold the polymer (PEG) and drug
(ASA) layers, making it a better DES. It was observed
that alkali concentration and treatment time had
modified the surface of the cpTi substrate. It has
influenced nanostructure formation on cpTi substrates,
which enhances medication embodiment and polymers
coating leading to the development of cpTi/ASA/PEG
DES with better performances which were investigated
by Scanning electron microscope (SEM), X-ray
diffraction (XRD), Fourier transform infrared radia-
tion (FTIR), static water contact angle measurement
(CAM) and optical energy band gap respectively. The
controlled drug release studies were done using Ritger–
Peppas mathematical equations kinetic model. Fur-
ther, the in-vitro antithrombotic analysis of the modi-
fied surfaces was performed in provisos of blood
cluster mass. The optical energy band gap of cpTi/
ASA/PEG shows an optical band edges enhancement
where the edges are shifting towards higher energy (red
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shift) because of the broadening of the energy band
gap. Hence, surface treatment has not only enhanced
the surface properties but also the optical characteristic
of the cpTi DES which may assist to enable in post
clinical identification of stents.

MATERIALS AND METHODS

Materials Required

Commercially pure titanium (cpTi) was bought
from MIDHANI (Mishra Dhatu Nigam Limited, In-
dia), Hyderabad, India. Aspirin (ASA (acetylsalicylic
acid)) of 75 mg (manufactured by USV Pvt. Ltd., In-
dia) as FDA approved was purchased from the gov-
ernment medical shop. Hydrofluoric acid (HF) (40%,
1.93414.0521-500 mL), nitric acid (HNO3) (70% pure,
AS008-500 mL), hydrogen peroxide (H2O2) (PCT1511-
500 mL), acetone (C3H6O) (AS024-500 mL), and so-
dium hydroxide (NaOH) (RM467-500G) chemicals
were procured from Hi-Media laboratories Private
Limited, India. Sodium hydroxide (NaOH) [RM467-
500G] and calcium chloride (CaCl2) [499609-1G] were
purchased from Sigma Aldrich, India. Polyethylene
glycol (PEG, 20000) [25322-68-3] was procured from

SRL Private Limited, India. Goat blood was collected
from the local butcher shop.

METHODS

Alkali Treatment

Commercially pure titanium (cpTi) plates were cut
into small dimensions of 1 9 1 cm of thickness 0.8 mm.
These small plates were chemically cleaned in an acid
solution containing HF, HNO3, and H2O2 at a speci-
fied proportion (1:3:5) for 5 min followed by ultra-
sonically washing with acetone, alcohol, and deionized
water for 15 min and later dried in a hot air oven at 37
�C.25,41 After drying, cpTi plates were immersed in 5 M
and 10 M NaOH solution for 6 h and 24 h at 60 �C in a
water bath. The samples were taken out later, followed
by rinsing with distilled water, and dried at 37 �C.

Development of DES

Drug encapsulation over the alkali-treated cpTi
substrates was carried out by soaking the plates in
acetylsalicylic acid (Aspirin) solution (50 and 150 mg
dose) for 12 h at 37 �C by immersion method. The

-OH -OH-OH-OH
Alkali treatment

I

Immersion in 
Aspirin

Immersion in NaOH
(5 M ad 10 M)

Immersion in 
Polyethylene glycol

II

III

cpTi
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+Drug Addition

Polymer Coating
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FIGURE 1. Schematic demonstration of synthetic itinerary of Tia1/ASA/PEG, Tia2/ASA/PEG, Tib1/ASA/PEG, and Tib2/ASA/PEG
on cpTi substrate via layer-by-layer process.
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soaked cpTi plates were taken out, rinsed with distilled
water, and dried at 37 �C. Subsequently, the cpTi
substrates with Aspirin were soaked in 1% w/v (opti-
mized) of a lubricious polymer PEG (MW-20,000)
solution at 37 �C for 2 h. Again, the developed DES
substrates were taken out, followed by rinsing with
distilled water and dried. The developed composite was
simple one layered stacked DES75 and treated at body
temperature. The followed experimental technique was
rehashed three times. The overall protocols, along with
substrates code, are shown in Table 1.

Surface Characterization

Structural modification of alkali-treated cpTi (Tia1,
Tia2, Tib1, and Tib2) was analyzed by X-ray diffrac-
tion (XRD, X-Pert, PANalytical, PW 3040/00,
Netherlands). The surface morphology of Ti, Tia1,
Tia2, Tib1, Tib2, Tia1/ASA, Tia2/ASA, Tib1/ASA,
Tib2/ASA, Tia1/ASA/PEG, Tia2/ASA/PEG, Tib1/
ASA/PEG, and Tib2/ASA/PEG was analyzed by
scanning electron microscopy (SEM: JEOL, JSM-
6480 LV, EDS.: Oxford Instruments, Netherlands).
The SEM micrographs are recorded at a magnification
of 9 80,000, on a 2 lm scale with an accelerating
voltage (HV) of 15.00 KV. The pore size was measured
using Image J software. The surface hydrophilicity of
DES samples was investigated using the sessile drop
technique using the Drop shape analyzer, contact angle
(Kruss, DSA 25, Germany) as 3 lL of deionized water
was dropped to the modified surface to quantify the
water contact point at room temperature. The optical
band gap measurements were carried out for the Ti,
Tia1, Tia2, Tib1, Tib2, Tia1/ASA, Tib1/ASA, Tia2/
ASA/PEG, and Tib2/ASA/PEG in UV–visible spec-
trofluorometer (UV-2450 spectrofluorometer, Shi-
madzu, Japan). The obtained energy bandgap (Eg) was
calculated by the Tauc Plot method. The molecular
bonding of alkali-treated Ti (Tia1, Tia2, Tib1, and
Tib2) and Aspirin molecular bonding with the alkali-

treated sample (Tia1/ASA, Tia2/ASA, Tib1/ASA, and
Tib2/ASA) was resolved by Fourier transform infrared
spectroscopy (FTIR-ATR, Shimadzu, IR prestige-21,
Automatic infrared microscope, Japan). The drug
(ASA) release experiments done in PBS (pH 7.4) and
antithrombotic studies were analyzed by a UV–visible
spectrophotometer.

Drug Release Kinetic

Increasing the performance of stent implants in
sustainable drug release polymer coatings plays a sig-
nificant role, thereby enhancing the efficiency as a
composite material.3,9,24 The alkali-treated cpTi were
further coated with a drug (Aspirin, ASA) of both 50
and 150 mg. Moreover, the coated PEG polymer was
used to control the discharge rate of the drug. The in-
vitro drug elution study was done for Tia1/ASA/PEG,
Tia2/ASA/PEG, Tib1/ASA/PEG, and Tib2/ASA/PEG
sample in 2 mL of phosphate buffer saline (PBS) of pH
7.4 and incubated at 37 �C in an incubator shaker at
100 rpm. The quantity of drug release was analyzed in
a UV–visible spectrophotometer (systronics double
beam spectrophotometer 2203), and absorbance was
taken at 275 nm.30 The experiment was repeated three
times.

Investigation of the Aspirin (ASA) release kinetic
from the cpTi substrates was performed by fitting the
test information to the Ritger–Peppas represented
Eq. (1):

F ¼ Mt

M1
¼ ktn ð1Þ

where Mt/M¥ is the fractional drug (Aspirin) release, k
is considered kinetic constant, and n is the diffusion
exponent, which identifies the drug release pattern
from the transport system. The nature of diffusion
identified by n = 1 (case II transport, prompting a
zero-order discharge profile.), n > 1 (super case II
transport), n = 0.5 (Fickian diffusion), and 0.5 < n <

TABLE 1. Chemical treatments and encapsulation of molecules employed over the cpTi substrates.

Sample code

Treatment stip-

ulation Facts of treatment

Ti Untreated Only chemically clean cpTi with HF, HNO3 and H2O2

Tia1 NaOH treated 5 M NaOH for 6 h

Tia2 5 M NaOH for 24 h

Tib1 10 M NaOH for 6 h

Tib2 10 M NaOH for 24 h

Tia1/ASA,Tia2/ASA,Tib1/ASA and Tib2/ASA Aspirin encap-

sulation

Tia1, Tia2,Tib1 and Tib2 samples were soaked in the aspirin solution

for 2 h

Tia1/ASA/PEG,Tia2/ASA/PEG,Tib1/ASA/PEG and

Tib2/ASA/PEG

PEG coating Tia1/ASA, Tia2/ASA,Tib1/AS A and Tib2/ASA were soaked in PEG

(MW-20,000) solution for 2 h
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1 (non-fickian diffusion). This kinetic model is con-
siderable for Mt/M¥ £ 60%.36,53 The Ritger–Peppas
equation was mathematically calculated using the sol-
ver and data analysis (correlation) model in Microsoft
excel.

Antithrombotic Assay

The antithrombotic assay of developed cpTi-DES
was evaluated in-vitro by direct interaction with blood
as per ASTM F756 standard.61 It was carried out by
dropping anticoagulated blood of 200 lL onto the
sample surfaces, and 20 lL of 0.2 M calcium chloride
was added to initiate coagulation. After 30 min of
incubation at 37 �C and 30 r/min, the red blood cells
(RBCs) that were not trapped in the clot were hemo-
lyzed by pouring 25 mL distilled water slowly along the
wall of the tube. The absorbance (OD) of the resulting
hemoglobin solution was taken at 540 nm. Here, the
whole blood was centrifuged at 1000 rpm for 30 min at
4 �C.17

Statistical Analysis

Every single quantitative result was performed by
utilizing one-way single factor ANOVA. Information
was analyzed as the mean ± SD. An estimation of *p
< 0.05 and **p < 0.005 demonstrates significant dif-
ferences.

RESULTS AND DISCUSSION

XRD Analysis

The XRD results revealed the formation of one-di-
mensional sodium titanate (Na2Ti3O7) structures of the
alkali-treated substrates in Fig. 3A. Strong diffraction
peaks of sodium titanate oxides in Ta1, Ta2, Tb1, and
Tb2 have been observed. Two prominent diffraction
peaks, 2h � 47� and 62�, are related to the Na2Ti3O7

(JCPDS card # 72-0148) form of titanates following
the literature.57 The intensity of these peaks for Tia2
and Tib2 (24 h treatments) are slightly higher than
Tia1 and Tia2 (6 h treatments). This shows that the
crystallinity of sodium titanate formation on alkali-
treated samples increases with the treatment time.
Moreover, it was observed that the sodium titanate
oxide layer was more profoundly formed over 10 M-24
h alkali-treated (Tib2) substrate. A similar trend of
prominent peaks with increasing concentration of
NaOH was observed in the literature.71 After forming
the Na2Ti3O7 layer, there is a possibility of the pres-
ence of Ti-OH groups on the substrate’s surface.50 The

development of sodium titanate oxides was considered
to have superior bioactivity.26

SEM Analysis

Micrographs of the alkali-treated cpTi substrates
revealed the formation of nanoporous structures sup-
porting the XRD, which justifies that the surface
treatment can improve the surface nano-features of the
substrate (cpTi) material which further aids in drug
encapsulation, as shown in Fig. 2. These nanoporous
structures correspond to the broadening of bandgap,
leading to shifting in the absorption edge,22 which was
evident by optical bandgap studies. Surface geology
shows a significant trade in the surface structure and
interaction with the drugs.33

SEM micrographs have revealed the relation
between alkali surface treatment and encapsulation of
drugs. It has been observed that the pore size forma-
tion is better in 10M (Figs. 2g and 2j) alkali-treated
cpTi substrate when compared to the 5 M cpTi
(Figs. 2a and 2d). Moreover, improvement in the
nano-pores formation was observed in 10 M-24 h
(Tib2) alkali-treated substrate compared to 10 M-6 h
(Tib1) alkali-treated cpTi substrates. Eventually, the
increase in concentration and hours of alkali treatment
has improved the surface nano-features of the sub-
strate due to the formation of sodium titanate oxide,
which is also reflected in the XRD. It has paved the
scope for more aspirin encapsulation and PEG coat-
ing, thereby enabling Tib2 to perform as a better drug-
eluting substrate (DES) in comparison with other al-
kali-treated drug-eluting substrates- Tia1 (5 M-6 h),
Tia2 (5 M-24 h), and Tib1 (10 M-6 h). A similar trend,
alkali treatment provides better scope for nanometer
permeability, enhancement of morphology, and pro-
viding a better pores network topographical arrange-
ments on cpTi surface, has been reported.21,68 The
partially filled white layer on the nanoporous surface
confirmed better Aspirin encapsulation. Later, a thick
layer of the polymer covered the entire Aspirin-con-
tained modified surface (Figs. 2k and 2l). However, it
was noticed that surface irregularities were minimized
and homogenously layered all over the surface with
PEG coating. Also, tiny narrow pores were present on
the polymer layer. These microscopic pores help in
controlling the rate of diffusion of the drug (Aspirin).
The pore size of alkali-treated samples was calculated
by Image J software, as shown in Table 2. It has been
justified that the pore size has increased from 134.5 to
228.6 nm, increasing alkali concentration and treat-
ment time, leading to more drug encapsulation. From
this, it is evident that surface treatment plays a crucial
parameter in the DES.
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FTIR Analysis

Surface treatment processing parameters play a vital
role in changing the morphology of pure cpTi sub-
strates, which was evident from the SEM analysis.
Following these FTIR spectra of alkali-treated sub-
strates, aspirin-coated and PEG-coated sample has
shown the presence of functional groups which act a
vital role in the surface modification on Ti substrates
which is illustrated in Figs. 3b and 3c. The band
around the region 3600 cm�1 and 1636 cm�1 corre-
spond to –OH stretching of weekly bound water,
thereby proving the presence of Ti–OH or Ti=O

groups. The peak found around 1061 cm�1 attributed
to the bending vibration of H–O–Ti of the hydroti-
tanates. The FTIR spectrum of Tib2 substrate shows a
feeble band at 875 cm�1 of Na–O twisting affirms the
existence of sodium titanates (Na–O–Ti). Hence, FTIR
spectra reconfirm the presence of sodium titanates
which plays a vital role in improving the drug loading
capability of alkali-treated Ti substrates. Further with
the encapsulation of aspirin (ASA), the bands were
found to occur around 1690 cm�1 and 1011 cm�1,
which is associated with C=O and C–O stretching of
the ester group of aspirin.7,56,64 Thus, the ASA func-
tional group interacted with the NaOH treated cpTi

FIGURE 2. SEM micrographs of alkali-treated (NaOH) following with Aspirin (ASA) added and PEG coated cpTi substrates: (a)
Tia1, (b) Tia1/ASA, (c) Tia1/ASA/PEG, (d) Tia2, (e) Tia2/ASA, (f) Tia2/ASA/PEG, (g) Tib1, (h) Tib1/ASA, (i) Tib1/ASA/PEG, (j) Tib2, (k)
Tib2/ASA and (l) Tib2/ASA/PEG.
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surface through intermolecular forces, particularly di-
pole–dipole intermolecular reaction because of the
interaction between the two polar active groups.

The FTIR spectra of PEG (20,000)—coated sub-
strates such as Tia1/ASA/PEG, Tia2/ASA/PEG, Tib1/
ASA/PEG, and Tib2/ASA/PEG has shown in Fig. 3c.
The peaks for the alkyl chain of PEG, C–H twisting,
C–O extending vibration, and C–H winding vibrations
are supposed to appear around 2888, 1342, 1100, and
1242 cm�1.23,43,65 However, in this study sharp peak of
the alkyl chain was observed in the region of 2864
cm�1. Peak Intensity at this band was observed high
for Tib2/ASA/PEG compared to other samples. It may
be due to formation of a large porous network in Tib2/
ASA/PEG. The aforementioned functional groups of
PEG affirm the physisorption coating of the polymer
layer over the cpTi-ASA surface. Therefore, the FTIR
spectra verified that alkali treatment played a vital role
in enhancing the surface features of Ti substrates as the
concentration and treatment time increases the inten-
sity of bands found to increase. The presence of C=O
stretching of aspirin is more prominent in the Tib2 (10
M-24 h) substrate. Moreover, a similar trend was
observed in PEG-coated cpTi substrates.

Static Contact Angle Measurement

The improvement in the hydrophilic nature of Ti
substrates before alkali treatment can be observed
from the contact angle measurement as illustrated in
Fig. 3d. Surface modification has played a critical role
in enhancing the hydrophilic nature of Ti substrates,
creating a nanoporous structure of sodium titanate
featuring wettability, drug encapsulation, and elution.
The measured contact angle for untreated Ti substrate
is about 110 ± 0.01�, which is hydrophobic.

It has been noticed that NaOH treatment consid-
erably reduces the contact angle to 12.4 ± 2.4�, 15.2 ±

3.3�, 24.6 ± 2.8� and 37.2 ± 3.6�, due to irregularities
in the pore size distribution of sodium titanates
throughout the surface owing to the concentration and
treatment time.1,28,34 The increase in the surface
irregularities increases the surface energy, which
thereby enhances the wettability of the substrate’s
surface. The hydrophilic behavior of the Ti substrate’s
surface also enhances the drug loading capability. The
contact angle of drug-loaded polymer-coated sub-
strates has also shown in Fig. 3d. It has been observed
from contact angle measurement that Tia2/ASA/PEG
(5 M-24 h) substrate, which is about 29.7 ± 1.5� wet-
tability, is more as compared to Tib2/ASA/PEG (10
M-24 h) substrate, which is about 30.4 ± 2.1�. It may
be due to a fascination with hydroxyl gathering
changing the wettability of cpTi surfaces, as also sub-
stantiated by the above FTIR results.11 This smooth,
slippery polymer coating provides less friction between
blood and substrate surfaces. The literature also
reported that ASA contributes to the increase in the
hydrophilic groups over the Ti substrate’s surface.10

Thus, the ASA-loaded and PEG-coated surfaces en-
hance the wettability of the surface, which can improve
the cell viability percentage, thereby improving the
biocompatibility of the surfaces.19,39

Optical Bandgap Studies

UV–Visible spectrum (wavelength from 200 to 400
nm, closest to the visible range) of alkali-treated, ASA
loaded, and PEG-coated Ti substrates are shown in
Figs. 4a, 4b and 4c. The alkali-modified, ASA-loaded,
PEG-coated Ti surfaces showed high absorbance peaks
in the range 220 to 300 nm, which demonstrates

TABLE 2. Calculated average pore size of the different alkali-treated cpTi substrates, Variation in adsorption edge and energy
band gap of the different alkali-treated, aspirin loaded and PEG-coated Ti substrates and calculated transmittance percentage (%T)

and opacity value of cpTi-DES substrates from the absorbance, opacity and absorbance relationship.

M W Without
5M 10M

Time (h)
6 h 10 h 6 h 10 h

Substrates Ti Tia1

Tia1/

ASA

Tia1/

ASA/

PEG Tia2

Tia2/

ASA

Tia2/

ASA/

PEG Tib1

Tib1/

ASA

Tib1/

ASA/

PEG Tib2

Tib2/

ASA

Tib2/

ASA/

PEG

Average pore

size (nm)

134.5 136.6 184.5 228.6

Absorption

edge (nm)

280 312 315 367 311 307 364 309 304 360 303 290 358

Energy band-

gap (eV)

2.95 3.03 3.25 3.04 3.12 3.34 3.14 3.10 3.41 3.18 3.17 3.52 3.24

%T 20.8 20.4 11.7 19 11.5 10.0 17.4 10.7 9.33 16.6 10 8.0 16.0

Opacity 4.8 4.9 8.5 5.2 8.6 0.1 5.7 9.3 10.7 6.0 10 12.5 6.2
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stronger UV light adsorption in this region. Through
the encapsulation of ASA over the modified surface of
Ti, the energy bandgap (Eg) has increased compared to
the alkali-treated Ti substrate. The absorbance spec-
trum has increased after drug encapsulations are
shown in Fig. 4b. In the case of PEG-coated sub-
strates, the absorbance level decrease is smaller than
the absorbance level of alkali-treated substrates and
ASA loaded surface due to the high density of polymer
networks over Ti substrates shown in Fig. 4c. In all the
cases Tib2 (10 M-24 h) alkali-treated sample showed
profound absorbance spectra.

The variation in the absorbance level is due to the
increase in Na2Ti3O7 formation on Ti substrates which
has played a vital role in Aspirin encapsulation and has

been observed in XRD and FTIR. The relationship
between the absorbance and transmittance represented
by Beer’s law has shown in Eq. (2). According to Beer’s
Law,

%T ¼ antilog 2� Absorbanceð Þ ð2Þ

where %T is transmittance percentage, measures the
amount of radiation absorbed by the surface.13

Transmittance is inversely proportional to opacity.
The opacity is a proportion of light occurring on the
layers separated by the measure of light transmitted. In
coating, this is described as the Absorbance of the
coatings on the surface represented in Eq. (3), where
Absorbance is opacity stated as a logarithm to base

FIGURE 3. Graphical representation of (a) XRD pattern of Ti (untreated Ti), Tia1, Tia2, Tib1 and Tib2 (NaOH treated samples), (b)
FTIR spectra of Tia1, Tia1/ASA, Tia2, Tia2/ASA, Tib1, Tib1/ASA, Tib2 and Tib2/ASA, a comparative study between the alkali-treated
and Aspirin coated samples, (c) FTIR spectra of Tia1/ASA/PEG,Tia2/ASA/PEG,Tib1/ASA/PEG and Tib2/ASA/PEG (PEG-coated
substrates) and (d) Contact angle measurement of alkali-treated substrates (Tia1, Tia2, Tib1 and Tib2) with PEG-coated sample
(Tia1/ASA/PEG, Tia2/ASA/PEG, Tib1/ASA/PEG and Tib2/ASA/PEG). *p < 0.05 and **p < 0.005 relative to untreated Ti.
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10.20 This estimation requires a white light source and
a locator.

Absorbance ¼ log10ðopacityÞ ¼ log10
1

T

� �
ð3Þ

From the Table 2, we get the estimated percentage of
transmittance of the incident light from the alkali-
treated, ASA encapsulated, and PEG-coated cpTi
surface. The intensity of light transforms when it pas-
ses through the coating surface. The pore size of the
surface and the thickness of coatings played a crucial
role in the transmittance percentage, thereby to the
opacity of the substrate. Moreover, the absorbance is
inversely related to the transmittance. The rate of light
transmitted increases with the lubricious coating of
PEG. Still, it is unclear regarding the optical properties
of the developed composite substrates. The material is
in the UV range (200–400 nm). So, the Tauc plot was
calculated from the UV–visible absorbance spectrum.
The Tauc plots of cpTi, alkali-treated, Aspirin loaded,

and polymer-coated Ti substrates were also calculated.
It has been observed from the Tauc plot that untreated
Ti exhibits an energy bandgap (Eg) of 2.95 eV, which is
in the lower optical energy region (semiconductive
range). Alkali treatment has modified the surface, and
the performance of the Ti substrate transformed it to a
highly semiconductive area—redshifts observed are
shown in Table 2. The variations in the energy band-
gap (Eg) of the alkali-treated Ti substrates are shown in
Figs. 4e and 4h. There is a continuous shift in the
bandgap towards the red region on the increase in
concentration time and soaking time from 3.03 to 3.12
eV for 5 M and 3.25 to 3.34 eV for 10 M NaOH
treatment that shows broadening of energy bandgap.
The widening of the bandgap was due to the surface
nano-features. Thus, expansion of pore size leads to
the enhancement of energy bandgap, thereby promot-
ing redshift. There is a continuous change in the ab-
sorbance, absorption edge, and bandgap energy band
with the increasing concentration alkali treatment

FIGURE 4. Graphical representation of Optical absorption spectra of (a) Ti (untreated cpTi), Tia1, Tia2, Tib1 and Tib2, (b) Tia1/
ASA, Tia2/ASA, Tib1/ASA and Tib2/ASA and (c) Tia1/ASA/PEG, Tia2/ASA,PEG, Tib1/ASA/PEG and Tib2/ASA/PEG, Tauc plot ((ahm)2

versus hm plot for (d) Ti (untreated cpTi), For alkali treated of 5M cpTi (e) Tia1(6 h) and Tia2(24 h), (f) Aspirin(ASA) loaded cpTi- Tia1/
ASA and Tia2/ASA, (g) PEG coated DES-Tia1/ASA/PEG and Tia2/ASA/PEG, For alkali treated of 10M cpTi (h) Tib1(6 h) and Tib2(24
h), (i) Aspirin(ASA) loaded cpTi-Tib1/ASA and Tib2/ASA, (j) PEG coated DES-Tib1/ASA/PEG and Tib2/ASA/PEG, and (k) General
variations in the assimilation edge and bandgap of Ti substrate because of the increasing concentration and period of alkali
treatment follow with the encapsulation of Aspirin.
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along their treatment time. The absorbance of Ti and
Tia1 is about 65%, whereas, for Tia2, Tib1, and Tib2,
the absorbance is almost 95, 97, and 102% (treated
with 5 M-24 h, 10 M-6 h, and 10 M-24 h). The change
in the absorbance leads to a redshift in the absorption
edge for Tia1, Tia2, Tib1, and Tib2, along with the
widening of the bandgap by 0.09 eV, 0.10 eV, and 0.11
eV. The bandgap and retention edge was evaluated
utilizing the accompanying conditions given in Eq. (4)
below:

ðahvÞ2 ¼ bðhm� EgÞ ð4Þ

where Eg is the optical energy bandgap and n is the
power aspect of the transition forms, which depends
upon the behavior of the sample. The detected red shift
elucidate by the Burstein–Moss effect, consequence by
the adjustment in the position of Fermi level into the
conduction band. The general condition for enlarge-
ment in the energy bandgap is given by12:

DEg ¼
h2K2

2

1

m�
e

þ 1

m�
h

� �
ð5Þ

where m�
h and m�

e are the effective proton and electron
mass in the separate groups and K is Fermi wave
vector shown in Eq. (5). In this situation, the move of
Fermi level into the conduction band prompts the
energy band enlarging as shown in Fig. 4k.

The absorption edge and the bandgap of ASA-loa-
ded samples have similarly increased, and the redshift
is more as shown in Figs. 4f and 4i. Again, enhance-
ment in the bandgap leads to the redshift in Tia1/ASA,
Tia2/ASA, and Tib1/ASA and Tib2/ASA absorption
edge. The absorbance of Tia1/ASA, Tia2/ASA, Tib1/
ASA, and Tib2/ASA is almost 87, 95, 100, and 110%
(treated with 5 M-24 h, 10 M-6 h, and 10 M-24 h). This
redshift also shifted the wavelength of the spectrum to
the visible range. The shift in the absorption spectra
and the energy bandgap is due to the alkali concen-
tration and treatment time as sodium titanate forma-
tion is more in the case of 10M 24 h substrates which is
also reflected in XRD FTIR and SEM. It was due to
the presence of phenol hydroxyl molecular group of
Aspirin on the surface, confirmed by the FTIR spec-
trum. Similarly, the Eg of PEG coated-Aspirin-loaded
Ti substrates variations is shown in Figs. 4g and 4j.

In the case of PEG coating on Aspirin loaded alkali-
treated Ti substrates, changes in the absorbance,
absorption edge, and bandgap energy are observed,
showing an initial blue shift in the energy band gap of
3.04 eV (Tia2/ASA/PEG) followed by a continuous
redshift—3.14 eV (Tib2/ASA/PEG). Whereas, for
Tib1/ASA/PEG and Tib2/ASA/PEG substrates, Eg

shifts from 3.18 to 3.24 eV. It was due to the density of
molecular chains associated with the high molecular

weight of PEG. An intact PEG network formed over
the 10 M-6 h Aspirin-loaded alkali-treated Ti sub-
strate, as seen in SEM Fig. 2i must have shifted the
energy bandgap towards the lower energy level. A
porous PEG network distributed over 10 M-24 h Ti
substrates, as seen in SEM micrograph (Fig. 2l), has
played a crucial role in re-shifting the energy band gap
again and broadening the energy bandgap. It shows
that alkali concentration and treatment time have
increased sodium titanate formation over cpTi,
enhancing its surface, improving drug encapsulation
capability, and controlling polymer network forma-
tion. So, the ASA and PEG coating on Ti exhibits non-
magnetic semi-conductive behavior, which makes it
compatible with the Magnetic resonance imaging
(MRI) technique. However, stainless steel, cobalt–
chromium, nickel–titanium, and tantalum possess an
excellent electrical conductivity property. Stents man-
ufactured from these materials can produce a ‘‘Fara-
day cage’’ effect. Faraday cage is considered a
superconductor that restricts the external magnetic
field and leads to diversion of the magnetic field. The
cobalt–chromium alloys generate a larger magnetic
field instead of absorbing them. So, stents functioning
as Faraday cage can evade exterior magnetic fields to
penetrate the interior bulk of the stent. It can make
them less compatible with the MRI device.70

Drug Release Investigation and Its Mechanism

Drug-eluting behavior is an important parameter to
analyze the drug release behavior and performance of the
developed DES. Aspirin (ASA) as an anti-inflammatory
medicine is the most utilized over-the-counter, nons-
teroidal, calming medicate.46 The thin layer of high
molecular weight PEG (20,000) networking coated over
the ASA-loaded alkali-treated cpTi played a crucial role
in the sustainable release of the drug when it encounters
the blood. The nanoporous network PEG controls the
rate of release of ASA. Polymers joinedwith therapeutics
can be bioactive to give their own practical yield or can be
biodegradable to improve drug discharge rate and avert
transporter aggregation. The effect of drug quantity on
the delivery profile was examined. Moreover, the release
of the drug depends upon the type of association between
the drug and PEG. The experimental information fitted
well to the Ritger–Peppas mathematical equation, and
the diffusion exponent n was additionally determined to
dissect the delivery pattern. The feature outcomes are
shown in Fig. 5 and Table 3.

Drug loading is also a significant cause of ASA
delivery. It is mainly based on the quantity of ASA and
the dimension of the substrate. The dose of 50 mg/100
mm2 shows moderate drug discharge compared to an
amount of 150 mg/100 mm2. However, low dose ASA
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(50 mg/100 mm2) was released for 330 min as shown in
Figs. 5c and 5d whereas high dose ASA (150 mg/100
mm2) was released for 630 min shown in Figs. 5g and
5h. No initial burst release was observed for 50 mg
loaded substrates. For 120 min, the ASA release was
slow due to the polymer layer’s degradation. Later, the
elution rate escalated, which may be due to its hy-
drophilic behavior, as inferred from the FTIR graph. It
increases the absorption of water molecules.10

The release profile also demonstrates that an in-
crease in treatment time and concentration has played
a vital parameter in modifying the surface, thereby
improving the ASA loading capacity of the substrates
and polymer network formation over it. High drug
contents are more likely to encapsulate within the
nano-pores than low amounts of drugs. In addition,
high dose ASA creates concentration gradient and
osmotic pressure (driving strength), which accelerate
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FIGURE 5. Ritger-Peppas model kinetic release of the ASA 50 mg dose—(a) Tia1/ASA/PEG, (b) Tia2/ASA/PEG, (c) Tib1/ASA/PEG,
(d) Tib2/ASA/PEG, 150 mg dose- (e) Tia1/ASA/PEG, (f) Tia2/ASA/PEG, (g) Tib1/ASA/PEG, (h) Tib2/ASA/PEG and Bar graph showing
the representation of (i) Antithrombotic assay of alkali-treated sample. Here, Tib2 has higher absorbance compare to the Tia1, Tia1/
ASA/PEG, Tia2, Tia2/ASA/PEG, Tib1, Tib1/ASA/PEG, Tib2 and Tib2/ASA/PEG. **p < 0.005 and *p < 0.05 relative to Ti substrate
(Control).

TABLE 3. Constants determined from fitting the information of Aspirin (ASA) release to the Ritger–Peppas condition.

Ritger–peppas con-

stant

Sample

50 mg dose 150 mg dose

Tia1/ASA/

PEG

Tia2/ASA/

PEG

Tib1/ASA/

PEG

Tib2/ASA/

PEG

Tia1/ASA/

PEG

Tia2/ASA/

PEG

Tib1/ASA/

PEG

Tib2/ASA/

PEG

n 2.26 1.95 1.63 1.55 1.04 1.05 1.23 1.43

R2 0.990 0.999 0.997 0.993 0.999 0.999 0.998 0.998
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drug release. Cumulative release percentage of 150 mg
dose samples—Tia1/ASA/PEG is 24.3 ± 1.5%, Tia2/
ASA/PEG is 29.3 ± 3.0%, Tib1/ASA/PEG is 34.4 ±

2.0% and Tib2/ASA/PEG is 42.6 ± 2.5%. In addition,
cumulative release percentage 50 mg dose sam-
ples—Tia1/ASA/PEG is 5.5 ± 3.2%, Tia2/ASA/PEG
is 9.5 ± 3.0%, Tib1/ASA/PEG is 36 ± 1.5% and Tib2/
ASA/PEG is 38 ± 1.4%. Overall, the cumulative drug
release percentage is 42.6 ± 2.5%, which is less than
60% of drug release. Therefore, the kinetic model fitted
with Ritger–Peppas mathematical model equation.
Moreover, when the concentration of ASA increased
(tripled-150 mg), as shown in Fig. 5h, the drug release
profile was extended beyond 10 h. The drug release
studies of Tib2/ASA/PEG shows superior in elution
without any initial burst performing a sustained release
behavior compared to other substrates. However, ini-
tial burst release was observed for all 150 mg dose-
loaded substrates. It may be due to the presence of
ASA crystal on the substrate’s surface. This result is in
line with the literature, which demonstrated an initial
burst release due to the surface integrated drug. The
initial burst release is effective in initial treatment by
inhibiting thrombosis.10 The linear release study shows
the bioavailability of ASA as aspirin instantly interacts
with the arterial thrombosis site without any systemic
circulation. It also reduces the side effects of the ASA
on other organs. Earlier studies stated the bioavail-
ability of different doses of ASA (20, 40, 325, and 1300
mg) and concluded that the bioavailability is almost
40–50% in the systemic circulation. The study also
revealed that a low dosage of ASA shows a maximum
decrease in thrombosis before detection of ASA in the
systemic circulation.38

Therefore, the results suggest that surface treatment
has enhanced the drug loading capability of the sub-
strates, and the polymer network formed over it has
aided the controlled release. Still, the release period in-
vitro is only 10 h, significantly less. It was due to the
thickness of PEG coating (bare), a layer of coating, its
adherence with the cpTi substrates, and the pH of the
medium. In general, Surface modification is a crucial
parameter in improving the morphology of cpTi sub-
strates and enhancing the drug loading capabilities by
strengthening the hydrophilic nature of the substrates.
Therefore, tailoring the surface features and control-
ling the polymer coating are the most challenging
parameters that reflect the drug elution pattern.

As summed up in Table 3, each R2 was determined
to be higher than 0.98, signifying that the experimental
information coordinated well with the observational
condition. The diffusion constant n specifies the tech-
nique of medication discharge. The n value of each
composite is greater than or equal to 1, which means
ASA is diffusing from cpTi substrate following Super

case II transport mechanism. The impact of polymer
chain relaxation played a vital role in the conveyance
of the medication, prompting a nearly Case II trans-
port mechanism. However, the effect of pH also
transpired in this mechanism and played a vital role in
the medication transport system. These perceptions are
identified with the anionic attributes of the PEG
polymer (MW 20,000) structure. The macromolecules
chain relaxation of high molecular weight polymer
dominates the driving strength. An increase in the pH
of the delivery medium brought about the ionization of
the carboxylic gatherings in the methacrylate structure
of PEG and the subsequent aversion between polymer
chains. Afterward, broad ionization of the functional
group at pH 7.4 effectively affected the polymer chain
relaxation and, thus, the medication transport com-
ponent.40 Consequently, the Super case II transport
mechanism was observed at pH 7.4. PEG coating also
gets degrades with pH change and hydrolytic effect.

Antithrombotic Assay

The antithrombotic assay has carried over the
developed DES to analyze the effect of alkali treatment
on thrombosis generation, which is important for stent
implants. The UV absorbance range has shown in
Fig. 5i; lower the absorbance implies fewer RBCs in
the hemoglobin arrangement.61 Absorbance for the
PEG-coated sample such as Tia1/ASA/PEG, Tia2/
ASA/PEG, Tib1/ASA/PEG and Tib2/ASA/PEG were
about 0.575 ± 0.1, 0.576 ± 0.1, 0.847 ± 0.1 and 0.897
± 0.1. It is evident from the graph that 10 M-24 h
PEG-coated Ti substrate (Tib2/ASA/PEG) has more
absorbance. It means higher the absorbance more
number of RBCs present in the blood than the surface.
It may be due to the presence long molecular chain of
PEG, which reduces the thrombosis formation.5

Therefore, the coagulation efficiency is more in a lower
concentration of the alkali-treated sample, as sodium
titanate formation and aspirin encapsulation are less.
On the other hand, by increasing the alkali concen-
tration and its treatment time, the coagulation effi-
ciency decreases due to improved surface features
created by sodium titanate—aspirin aggregation. It
may be due to the more negative groups (demonstrated
in the FTIR graph), which repels the net negative
charges of the blood platelets. This negative-negative
charge highly repels and thereby prevents thrombosis
formation. Hence, the alkali and aspirin treatment
concentration plays an important role in controlling
the thrombosis generation over DES. Aspirin is a
highly potent molecule in inhibiting cardiovascular
disease in patients. It impedes platelet gathering on the
substrate’s surface by diminishing thromboxane A2
formation. Thus, it helps in preventing the damage of

BIOMEDICAL
ENGINEERING 
SOCIETY

MOHANTA AND THIRUGNANAM48



the arterial wall. It was demonstrated that maximum
platelet COX-1 suppressed and minimizes the platelet
thromboxane A2 with a low dose of ASA. A previous
study reported that a 30 mg/day dose of ASA mini-
mizes the thrombosis development in healthy volun-
teers. Similarly, the ASA dose of 75 mg/day and 300
mg/day was also demonstrated to lessen the thrombin
to the same range. However, its effectiveness started to
decrease with high dosage, i.e., beyond 500 mg in
healthy volunteers.35,63 Further, it has been found that
75 mg/day is insignificant in reducing the thrombosis in
the patient, whose cholesterol level is between 200 and
250 mg/dL.42 Hence, loading of 150 mg dose of ASA is
considered to be safe to counteract the effect of high
dosage and overcoming the limitations of low dose of
ASA (50 mg).

CONCLUSION

The present work reports the development of mul-
tifunctional cpTi-drug-eluting substrates fabricated
from cpTi with alkali treatment. The treatment time
and concentration of NaOH configured sodium tita-
nate oxide layer, which evoked surface nanometers,
played a crucial role by modifying the surface mor-
phologies of cpTi substrates and enhancing its drug
loading capacity. The NaOH treatment alters the sur-
face chemistry of cpTi, which facilitates the binding of
ASA and PEG. The hydrophilic nature of ASA was
also revealed through contact angle measurement.
Surface treatment has broadened the energy bandgap,
improving the semiconductive property of developed
DES. Also, the non-covalent PEG (20,000) coating
maintains the optical feature by continuously shifting
towards higher energy. The initial burst release was not
found for a low dose of ASA (50 mg), whereas burst
release accelerated with a high amount of ASA (150
mg). The drug release kinetics was best fitted with
Ritger–Peppas mathematical model equation (R2 >

0.98) and diffusion exponent, n value was found to be
greater than 1 signifies super case II transport mecha-
nism behind the release of ASA from cpTi substrates.
The initial burst release of ASA from Tib2/ASA/PEG
(150 mg dose) with an absorbance value of 0.897 ± 0.1
showed a more considerable decrease in blood clot
formation than other developed DES. Further, a
longer molecular chain of PEG also reduces throm-
bosis formation. Therefore, this investigation provides
insight by countering the restriction of cpTi through
surface treatment with alkali (NaOH), the embodiment
of drug (Aspirin), and coating with polymer (PEG)
network.
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