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patibility studies on small-caliber
stents for cardiovascular applications

Arumugam Marimuthu,a Mahendran Logesh,a Khalil El Mabrouk b

and Anbalagan M. Ballamurugan *a

The doping of biologically meaningful ions into biphasic calcium phosphate (BCP) bioceramics, which

exhibit biocompatibility with human body parts, has led to their effective use in biomedical applications

in recent years. Doping with metal ions while changing the characteristics of the dopant ions, an

arrangement of various ions in the Ca/P crystal structure. In our work, small-diameter vascular stents

based on BCP and biologically appropriate ion substitute-BCP bioceramic materials were developed for

cardiovascular applications. The small-diameter vascular stents were created using an extrusion process.

FTIR, XRD, and FESEM were used to identify the functional groups, crystallinity, and morphology of the

synthesized bioceramic materials. In addition, investigation of the blood compatibility of the 3D porous

vascular stents was carried out via hemolysis. The outcomes indicate that the prepared grafts are

appropriate for clinical requirements.
Introduction

Arteries are important so tissues in humans and animals for
the transport of blood cells, nutrients, minerals, oxygen, waste,
and other components.1–3 Injured blood vessels are caused by
trauma, narrowing, heart failure, locked blood ow and inad-
equate nutrient and oxygen supply, and lead to increased risk of
mortality and morbidity worldwide.2,4,5 The foremost thera-
peutic modalities include pharmacological therapy, interven-
tional therapy, and surgery. In the surgical modality, vascular
transplantation is required when the local arteries are severely
damaged, unable to ensure regular blood ow, and inappro-
priate candidates for pharmacological therapy or endovascular
therapy.1,6–9

A damaged or blocked vessel can be replaced or bypassed
using an articial vascular gra. Recently, clinical autologous
bypass therapies have been conducted to construct a new
trajectory around the occlusion. However, the procedure can
cause side effects such as chills, ushing in the face, lack of
taste in the mouth, nausea, vomiting, headache, changes in
blood pressure, and breathing problems.10–12 Additionally,
adequate autologous gras are frequently not accessible due to
previous harvesting or the patient's condition. Hence, the
development of articial stents is essential for artery implan-
tations. An increasing number of researchers and businesses
Technology, Bharathiar University,

ugan@buc.edu.in

earch Center, Euromed University of Fes,

the Royal Society of Chemistry
have investigated and developed various materials and tech-
niques to create articial stents in vitro.

To develop articial blood vessels and arteries, numerous
synthetic and natural polymers, as well as metals that serve as
biomaterials, are being extensively explored and created.
Biomaterials include polymers, bioceramics, and metals used
for the treatment of bones and dental issues, and for the
replacement of damaged blood vessels and arteries.13–16 There
are several traditional metallic messes and coated messes that
are used in currently available stents. Even though surface
modication is necessary because biological reactions occur
immediately aer an implant is placed in the body, the material
surface has a signicant impact on the interactions with the
biological environment or leaching of ions in articial devices.
Some researchers have reported the application of bioceramics
as coatings with the purpose of expanding the applications and
enhancing the functionality and reliability of current biomed-
ical implants. Currently, metal-based stents without coating
and ceramic-coated stents are used for the treatment of
cardiovascular diseases.17–23 However, their design and
production still make it difficult to achieve the desired avail-
ability and product quality.

Calcium phosphate (CaP) has biocompatible properties and
is used in a variety of sectors, including biology, biomedical
diagnostics, tissue engineering, dental implants, drug delivery,
biosensors, MRI contrast agents, blood compatibility and
hyperthermia-based treatments. Bioceramic materials have
frequently been employed in previous publications for hard
tissue repair or as coatings on metallic implants for orthopedics
and dentistry.24–28 The development of bioceramic-material-
based stents is a relatively new approach for cardiovascular
RSC Adv., 2023, 13, 6793–6799 | 6793
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Fig. 1 Extrusion technique for the developed bioceramic-based
small-caliber stent.
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applications. The current report deals with the development of
bioceramic cardiovascular stents and their physical, chemical,
electrical, and biological properties. Since the bioceramic stents
for clinical use is relatively a new approach in the fabrication of
vascular gras.

Materials and methods

Calcium nitrate tetrahydrate (Ca(NO3)2$4H2O) (Merck, India),
magnesium nitrate hexahydrate (Ni(NO3)2$6H2O) (Merck,
India), di-ammonium hydrogen orthophosphate ((NH4)2HPO4)
(SD Fine Chem, India), ammonia solution (NH3, above-25%)
(Merck, India), polyvinyl alcohol (PVA, Merck, India), 1,6-hex-
anediol (SD Fine Chem, India), polyethylene glycol (PEG, Nice,
India), ammonium persulfate ((APS) ((NH4)2S2O8)), polyvinyl
alcohol (PVA), N,N,N′,N′-tetramethylethylenediamine (TEMED),
and di-functional N,N′-methylenebisacrylamide ((MBAM)
(C2H3CONH)2CH2).

Synthesis of BCP

Biologically relevant ion substituted biphasic calcium phos-
phate was synthesized via a wet chemical precipitation tech-
nique. Calcium decient biphasic calcium phosphates are
a large group of materials in which the Ca/P stoichiometry ratio
is equal to 1.67. The selected number of moles of di-ammonium
hydrogen orthophosphate was dissolved in a 500mL beaker and
the clear supernatant phosphate solution was added dropwise
into a 1000 mL RB ask containing the selected number of
moles of calcium nitrate and magnesium nitrate solution, and
the suspension was maintained under stirring conditions. The
initial pH was 4.7, but the required basic pH of near 10 was
achieved by adjusting the pH using 25% ammonia solution. A
white colloidal precipitate was formed, and a tted reuxed
condenser maintained the temperature at 90 ± 5 °C overnight.
Finally, the clear supernatant solution was le undisturbed for
settling of the precipitate, and the process was repeated
multiple times. The obtained solid was ltered and dried in
a hot-air oven at 110 °C. The magnesium-ion-doped BCP cakes
were ground and then ball-milled for 48 h at 350 rpm. The ball-
milled powder sample was heat-treated at 950 °C for 7 h.

Fabrication of bioceramic (BCP and BCP/Mg-BCP) vascular
stents by extrusion technique

The bioceramic stents were produced using an extrusion tech-
nique (Fig. 1). The following precursors were used to fabricate
vascular gras: organic monomers – ammonium persulfate as
a initiator ((APS) ((NH4)2S2O8)), polyvinyl alcohol (PVA) as
a binding agent, N,N,N′,N′-tetramethylethylenediamine (TEMED)
as a catalyst, di-functional N,N′-methylenebisacrylamide as
a crosslinking agent ((MBAM) (C2H3CONH)2CH2), and bio-
ceramic powder solids (Mg-BCP). All the above-mentioned
chemical reagents were mixed to form the bioceramic suspen-
sion. A split-type extrusion mould with dimensions of 60 × 30 ×

30 mm was used to cast the homogenous precursor suspension
that had been prepared. The small-caliber stent fabrication
methodwas previously published in one of our research articles.29
6794 | RSC Adv., 2023, 13, 6793–6799
The extruded small-caliber stents were dried at room temperature
and sintered at 950 °C for 24 h using a slow heating rate to avoid
shrinkage; the heat treatment process also helped to remove the
organic monomers.
Electrochemical impedance analysis

The electrical resistance of the developed vascular stent was
measured using a biologic SP300 potentiostat. Electrochemical
impedance spectroscopy (EIS) was used to characterize the
resistances that develop at the interphases of the bioceramic
stent (10 mm length) in intravenous uid of 0.45% and 0.9%
saline electrolytes; the associated Nyquist plots are presented in
Fig. 6. To reveal the underlying physical processes, the EIS data
were plotted using an equivalent electrical circuit, as shown in
the inset of Fig. 6. The frequency range was from 1 MHz to 1 Hz.
The resulting impedance occurring at the surface of the mate-
rial with the NaCl electrolytes was measured. Ag/AgCl and
platinum were used as the reference electrode and the auxiliary
electrode for the electrochemical cell.
Hemocompatibility

Collection of blood sample. Fresh human blood samples of
5 mL were drawn from healthy volunteers and placed in a 20 mL
centrifuge vial together with an anticoagulant agent (2% EDTA)
and phosphate buffer saline (PBS) (in accordance with the Indian
Council for Medical Research's (ICMR) “National Ethical
Guidelines for Biomedical and Health Research Involving
Human Participants”, Guidelines 2017). The collected human
blood samples were diluted in a buffer solution and fresh blood
(1 : 4 ratio) and centrifuged for 5 minutes at 6000 rpm to separate
the red blood cells (RBC) at room temperature; the supernatant
was discarded. The procedure was repeated a few times to
completely remove the remaining components. Aer the extrac-
ted RBC were diluted using phosphate buffer saline, 1 mL of red
© 2023 The Author(s). Published by the Royal Society of Chemistry
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blood cells was added to the desired amount (5 mg, 10 mg,
15 mg, 20 mg, and 25 mg) of the corresponding samples of the
bioceramic materials (BCP, 3%Mg/BCP, 7%Mg/BCP, and 10%
Mg/BCP) in a 1.5 mL centrifuge vial. The sample tubes were
incubated 37 °C for 4 h and centrifuged for 15 min aer
completion of the 4 h incubation period. Aer centrifugation, the
absorbance of the supernatant buffer solution was measured
using a spectrophotometer to quantify the hemolytic activity of
the developed bioceramic vascular gras, and the absorbance at
550 nm was noted. The procedure was executed in triplicate and
the results were reported as a percentage considering 50% as the
hemolytic concentration for erythrocytes, and the positive
control as 100% hemolysis.30 The obtained values were used to
calculate the hemolysis percentage using following equation:

HR ¼ ODAbs �OD�ve
ODþve �OD�ve

� 100

where ODAbs is the absorbance of the samples with RBCs, and
OD+ve and OD−ve are the absorbance of the positive control and
negative control, respectively.
Statistical analysis

All data were statistically analyzed with the aid of SPSS Statistics
using the one-way analysis of variance (ANOVA) and Tukey's
HSD tests (version 16, IBM Corporation, NY). The signicance
level was set at #0.01 using the p value. The statistics are dis-
played as mean and standard deviation (SD). Unless otherwise
specied, the same conditions and three appropriate duplicates
of the biological studies were carried out for each treatment.31
Fig. 2 XRD patterns for pure BCP, 3%Mg-BCP, 7%Mg-BCP, and 10%
Mg-BCP bioceramic stents sintered at 950 °C.
Characterizations

X-ray diffraction analysis (XRD; Bruker AXSD-8) was used to
determine the phase behaviour of the samples (BCP, 3%Mg-
BCP, 7%Mg-BCP, and 10%Mg-BCP) using monochromatic Cu
K radiation at 1.5406 Å. Data were obtained over two q ranges of
10–80° at a scan rate of 10° min−1. The reported functional
groups were recorded using FTIR spectral analysis and the KBr
pellet technique on a JASCO-4600 instrument. The morphology
of the created small-caliber vascular stents was characterized
using FESEM analysis. The electrical impedance was measured
using a biologic SP 300 potentiostat.
Fig. 3 FTIR spectra for pure BCP, 3%Mg-BCP, 7%Mg-BCP, and 10%
Mg-BCP bioceramic stents.
Results and discussion
X-ray diffractometry (XRD) analysis

Fig. 2 shows the XRD patterns of the prepared calcium decient
biphasic calcium phosphate and calcium decient biphasic
calcium phosphate. The obtained diffraction peaks matched
very well with the standard JCPDS pdf les. The XRD patterns
show the phase transition of the HAp and b-TCP crystalline
phases for Mg2+-ion doped BCP powder. Fig. 2(b)–(d) shows that
the obtained crystalline peak intensity of b-TCP increased with
increasing the percentages of the doped ion, as well as
a decrease in the HAp crystalline phases due to the impact of the
magnesium ion. The obtained characteristic peaks of biphasic
calcium phosphate (HAp and b-TCP) were indexed according to
© 2023 The Author(s). Published by the Royal Society of Chemistry
the standard JCPDS sheets 09-0432 (HAp) and 09-0169 (b-TCP).
The corresponding 2q values and reection planes of the binary
mixture were mentioned in our previous publication.29,32 The
XRD data did not indicate any other impurities of calcium
phosphate and conrmed that the synthesized powder samples
were biphasic calcium phosphate.
FTIR analysis

The Fourier transform infrared spectroscopy technique was
used to identify the functional groups in the metal ion (Mg2+)-
doped biphasic calcium phosphate sintered at 950 °C. Fig. 3
shows the FTIR spectra, which presented functional groups
such as OH−, H2O, HPO4

2−, PO4
3−, and CO3

2−. The character-
istic absorption bands appeared at the respective absorption
wavenumbers (471, 602, 567, 952, 1032, and 1093 cm−1) for the
RSC Adv., 2023, 13, 6793–6799 | 6795
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vibrational motion of PO4
3− molecules.33 The asymmetric

stretching vibration modes of the hydroxyl groups were
observed at 3750 cm−1 and 631 cm−1 for the OH− ion bending
mode. Fig. 3(b)–(d) shows the minor changes in the respective
phosphate ion absorbance and hydroxyl ion band intensity.
Fig. 4 shows the HPO4

2− and CO3
2− absorption peaks at

885 cm−1 and 1422 cm−1, respectively; however, the intensity of
the HPO4

2− and CO3
2− bands is less than that of the PO4

3−

peak. The incorporation of Mg2+ ions resulted in a decrease in
the peak absorbance intensity of the HPO4

2− and CO3
2− groups.

The FTIR results indicated that the formed apatite is BCP, and
that the b-TCP phase increased with increasing magnesium
concentration; the XRD data in Fig. 2 also evidenced the
increase in the b-TCP phase, as the b-TCP peak intensity
increased compared to that in the graph of pure BCP XRD and
no signicant changes were noted.
Fig. 4 FTIR spectra for 3%Mg-BCP and expansion of the peaks of
HPO4

2− and CO3
2−.

Fig. 5 Photographic image of the bioceramic stent (a) along with FESEM
BCP (c). 3% Mg-BCP, (d) 7% Mg-BCP, and (e) 10% Mg-BCP. The (f) deno

6796 | RSC Adv., 2023, 13, 6793–6799
FESEM analysis of fabricated small-diameter stents

The expected particle size and morphology of the small-caliber
blood vessels fabricated using the synthesized pure biphasic
calcium phosphate and biphasic calcium phosphate bio-
ceramics with different percentages of magnesium ion doping
are shown in Fig. 5. The FESEM image of the bioceramic tubular
scaffold and the length of the porous scaffold, which was
measured to be around 10mm length, are shown in Fig. 5 (a and
f). Fig. 5 (b)–(e) shows the FESEM observations of the synthe-
sized magnesium-ion-doped biphasic calcium phosphate. The
morphology exhibits a porous and agglomerated structure with
interconnected particles, and average particle size was approx-
imately 150 to 300 nm.32
Measurement of electrical properties using the EIS method

Blood conducts electrical signals because it contains salt and
water as constituents. One of the main factors in the electrical
conductivity of blood is the presence of sodium chloride ions.
The only factor that inuences the electrical conductivity of
blood is the amount of water that is present in the uid. The
conductivity of water ranges from 0 to 500 mS cm−1, whereas the
average conductivity of blood is 10–20 mS cm−1. These values
conclusively show that water has a conductivity that is far higher
than blood's. Measurements of electrochemical impedance in
a medical-grade saline medium were performed to compare the
electrical characteristics of the prepared vascular gra (sample
size: 10 mm length) with human blood. Two intravenous
maintenance uids (0.45% and 0.9% of NaCl saline) were tested
to check the conductivity of the developed vascular stent. Fig. 6
displays the conductivity determined for the bioceramic stent in
both 0.45% and 0.9% NaCl solutions. In order to demonstrate
that the 0.45% saline solution has a higher conductivity than
the 0.9% saline solution, NaCl saline was calibrated as a base-
line run. The conductance data have a nearly negligible offset
from the NaCl observations. These results demonstrate that
0.45% NaCl saline is signicantly more conductive than 0.9%
images for pure BCP (b) and various concentrations of Mg incorporated
tes FESEM micrograph of the bioceramic stent.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Impedance spectroscopy for bioceramic stent (3%Mg-BCP).
The data represent mean ± SD for triplicate experiments.

Fig. 7 Percentage hemolysis for pure BCP, 3%Mg/BCP, 7%Mg/BCP,
and 10%Mg/BCP at the respective four concentrations. Data represent
mean ± SD with triplicate biological experiments. **p < 0.01 vs.
positive control.
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NaCl, with a charge transfer resistance (Rct) of 78.31 ohm
compared to 45.39 ohm for 0.9% NaCl. In this work, it was
found that BCP with Mg2+ ions had electrical conductivity
properties in both 0.45% and 0.9% NaCl saline solutions. As
shown in Table 1, the obtained electrical parameters match the
electrical characteristics of the biological components.34,35 The
3%Mg-BCP bioceramic stent performed well in terms of its
electrical characteristics, which is essential for cardiovascular
applications.
Table 2 Obtained hemolysis values for BCP, 3%Mg/BCP, 7%Mg/BCP,
and 10%Mg/BCP bioceramic materials

S.
No. Sample code

Concentration
(mg mL−1) HR%

1 BCP 5 1.8
10 1.8
15 1.9
20 1.95

2 3%Mg/BCP 5 0.31
10 1.07
15 1.18
20 1.49

3 7%Mg/BCP 5 0.43
10 0.90
15 2.6
20 7.0

4 10%Mg/BCP 5 1.7
10 1.9
15 2
20 2.2
In vitro analysis

Hemolysis. Analysis of hemocompatibility is crucial for
determining the interactions of biomaterials with blood cells
and bone matrixes. Estimation of hemolysis plays a vital role in
the study of the biocompatibility of biomaterials and is an
essential feature for in vivo applications. The small-caliber
stents were evaluated for their non-hemolytic nature in
contact with human blood cells, and all the samples were found
to be hemocompatible according to the ASTM 756-00 and ISO
10993-5 1992 (American Society for Testing and Materials
Designation) standards.35,36 The in vitro hemocompatibility of
pure BCP and biphasic calcium phosphate samples doped with
various percentages of metal ions (Mg2+) were measured, and
the hemolysis percentages are presented in Fig. 7. Each sample
was tested at four different concentrations (5, 10, 15, and 20 mg
mL−1) results were compared to positive control.

The results of the tests indicated that all samples exhibited
a non-hemolytic nature, and the hemolysis percentages are
Table 1 Electrical resistivity data for the prepared material (3%Mg-BCP)

S. No. Name of the component Conductivity

1 Thoracic tissues 200–5000 ohm cm
2 Blood and uid 65–150 ohm cm

© 2023 The Author(s). Published by the Royal Society of Chemistry
presented in Table 2. The calculated hemolysis values were
below 5% for all samples, with the exception of 10 mg of 7%Mg/
BCP, which had a higher value than other concentrations of
pure biphasic calcium phosphate and magnesium-ion-doped
biphasic calcium phosphate.30,37,38 Additionally, BCP with
incorporated Mg2+ ions demonstrated a strongly non-hemolytic
nature, although the hemolysis level for 7%Mg/BCP slightly
increased above 5%, particularly at higher concentration levels.
These results demonstrate the potential for the development of
and biological components

Bioceramic stent Electrolyte Conductivity

3%Mg-BCP 0.45% NaCl saline 78.31 ohm
3%Mg-BCP 0.9% NaCl saline 45.39 ohm

RSC Adv., 2023, 13, 6793–6799 | 6797
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vascular stents that can be implanted into damaged blood
vessels, as well as other types of conventional stents. According
to the results, the samples are hemocompatible and should be
safe for in vivo application.

Conclusion

In conclusion, the physico-chemical, electrical conductivity and
hemocompatibility characteristics of synthesised pure BCP and
3%-, 7%-, and 10%-magnesium-doped biphasic calcium phos-
phate were examined for the fabrication of small-caliber stents
through an extrusion technique. Furthermore, hemocompati-
bility measurements demonstrated that the magnesium-ion-
doped BCP and pure BCP are both non-hemolytic, in nature,
except the 7mg concentration of 7%Mg/BCP. Finally, the results
of in vitro hemolysis show that the prepared stents are suitable
for cardiovascular prostheses.
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