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Due to the increased incidence and population growth that has been leading to
growing number of cases worldwide, early diagnosis and treatment of cancer is
crucial. Low density cancer tissue cannot be diagnosed before progressing
toward a metastatic stage. Thus, theranostic systems play a significant role in
assisting timely diagnosis and treatment. The combination of magnetic reso-
nance imaging (MRI) and computed tomography (CT) contrast agents in a sin-
gle probe is of high importance and necessity, where individual strengths of
each approach can be merged while shortcomings of each modality could be
compensated. With this motivation, we have developed and synthesized
Bi,S; @BSA-Fe;0, nanoparticles as a dual MRI/CT contrast agent and carrier
of curcumin (CUR) as natural anticancer drug. The nanoparticles shortened
both the longitudinal (T;) and transverse (T,), MRI relaxation times, with a
more distinct effect on producing negative contrast (T,) images with a relaxiv-
ity (r,) of 54.73 mM ' s™'. The magnetite/bismuth hybrid nanoparticle also
was capable of increasing CT image contrast. Further, in vitro cytotoxicity
assay showed high biocompatibility of the synthesized nanoparticles. Further-
more, in vitro cytotoxicity assay on cancer cells showed high anticancer activity
of the synthesized nanoparticles.
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1 | INTRODUCTION

Nanoscale systems allow for the early detection of ill-
nesses as well as the monitoring of the therapeutic effects
of nanoformulated medications in clinics. For simulta-
neous illness detection and therapy, several of innovative
nanoparticles incorporate both drug(s) and imaging
agent(s) within a single nanoparticle.

Magnetic resonance imaging (MRI) and computed
tomography (CT) are traditional imaging techniques for
evaluating extension, stage, and screening local tumors
and distant metastases. However, efficacy of clinical
approaches such as radiological imaging is questioned.!
Imaging techniques can reveal tumor morphology and
location clearly although they may be harmful to patients
when contrast agents and high-energy radiations are
used. CT provides poor spatial resolution and causes radi-
ation damage while MRI has high sensitivity and specific-
ity for diagnosing invasive breast cancer.l*! Despite the
advantages of CT as a well-known imaging technique,
major limitations such as low sensitivity in soft tissue
remain to be a challenge.[3] Thus, MRI, a non-invasive
imaging modality, is one of the preferred methods for
screening breast cancer (BC), which is valuable for whole
body imaging with high spatial resolution and sensitiv-
ity.1*! Another advantage of MRI is the higher contrast in
soft tissues, contrary to CT.[!

Conventional contrast agents used for CT imaging are
accompanied by issues including non-specific nature, low
sensitivity, and accumulation of toxic byproducts in renal
system.[®! Therefore, the necessity of injecting large
amount of contrast agents to acquire contrast-enhanced
images is reported to be the main weakness of CT imag-
ing, because contrast enhancement is based on the inter-
action between X-rays and heavy atoms, where suitable
materials for this purpose have high atomic weights, and
most of them are very toxic.!”! Minimizing the dose of
heavy atoms while enhancing the CT image quality is of
paramount importance. Current CT imaging technology
requires the concentration of contrast agents to be in the
millimolar range, while it is micromolar range for MRL®!

The resolution of MRI can be significantly improved
by using contrast agents, which enhance the image con-
trast by shortening either the longitudinal (T;) or trans-
verse (T,) relaxation times of water protons.[gl T, contrast
agents shorten the T; time, which results in a positive/
brighter image, while T, contrast agents reduce the T,
time, producing negative/darker image. Contrast agents
improve the rather low signal-to-noise ratio of normal tis-
sues by selectively lowering the T; or T, relaxation times.
Nowadays, ~35% of clinical MRI scans utilize contrast
agents, but this is anticipated to grow as the next genera-
tion of multifunctional MRI contrast agents become more

widely available.!'” The performance of a contrast agent
is assessed by its ry (1/T,) or r, (1/T,) relaxivity (the relax-
ation enhancement of solvent water protons at a concen-
tration of 1 mM) as well as the r,/r; ratio. As the r,/r;
ratio increases, the substance becomes a more efficient T,
contrast agent and a less efficient T; contrast agent, and
vice versa.'!!

Magnetic nanoparticles play important roles in tumor
treatment, drug delivery, and particularly as MRI con-
trast agents due to their magnetic response upon applica-
tion of an external magnetic field.!"*'* Iron oxide
nanoparticles are biocompatible, biodegradable, have
long blood circulation time, and they have effective clear-
ance from body (degradation to hemoglobin natu-
rally)."*!*! These nanoparticles have been extensively
investigated as a T, contrast agent as they shorten trans-
verse relaxation time.!'®! Several formulations of iron
oxide nanoparticles received FDA approval as T, contrast
agents, while many of them were withdrawn from mar-
ket.['”8] Furthermore, through the adjustment of size,
shape, and surface groups, both T; and T, relaxations can
be enhanced in a single iron oxide nanoparticle.!”!

In order to improve the sensitivity and accuracy of
breast cancer diagnosis, the combination of CT and
MRI in a single probe is of paramount importance and
necessity, where individual strengths of each approach
can be merged while shortcomings of each modality
could be compensated. High atomic number-based
nanoparticles, which increase X-ray attenuation, are
applied for precise tumor detection in CT imaging. Bis-
muth nanoparticles show excellent CT imaging effect
due to bismuth having a large atomic number
(Z = 83), high X-ray attenuation coefficient, and bio-
compatibility.?**!! Unlike other elements with high
atomic number, bismuth can be easily oxidized and
solubilize in physiological environment and excreted
from body in ionized form.”?! Dual mode contrast
agent ultrasmall nanoparticles consisting of bismuth
and gadolinium were employed to enhance the image
contrast to locate tumor site accurately, and in vivo
CT/MRI contrast enhancement was demonstrated in a
non-small cell lung carcinoma model.l**! Here, gadolin-
ium atoms provided the T; MRI contrast, while gado-
linium and bismuth atoms together contributed to CT
imaging contrast. In another study, Bi,Se; nanoplates
coated with poly (vinylpyrolidone) (PVP) were pro-
duced to explore their potential in CT imaging and
cancer radiation therapy. It was shown that accumula-
tion of Bi in the tumor cells increased through the
enhanced permeability and retention (EPR) effect, and
the growth of the cancer cells were largely inhibited
upon application of radiotherapy.[24] In order to
increase the solubility and receptor-mediated cancer



NOSRATI ET AL.

cell targeting, Bi,O; nanoparticles were functionalized
with hyaluronic acid. Hyaluronic acid conferred the
nanoparticles specific targeting of cancer cells overex-
pressing CD 44 receptors, and tumor-targeted CT con-
trast enhancement was observed.”®  Elsewhere,
anticancer drug loaded mesoporous silica-coated bis-
muth sulfide nanoparticles were developed toward tar-
geting and treatment of osteosarcoma, where bismuth
was utilized for both photothermal effect and real-time
CT monitoring. The nanoparticles showed distinct CT
contrast at the tumor site, producing higher effect than
the clinically used agent.*!! There are a couple of
studies have used BSA for coating of NPs.?°2%! BSA
also have extensively used for biomineralization syn-
thesis process of NPs.?>*°! Although CT and MRI have
different advantages and limitations, contrast agents
that have the potential to utilize the superiorities of
each imaging modality are of great interest. Consider-
ing the toxicity of gadolinium-based materials, safe
alternatives are desired, and recent research in MRI
contrast agent field has been centered around the iron
oxide nanoparticles, especially after it was confirmed
that they can function as effective T; contrast
agents.*"*?! Because the biocompatibility and CT con-
trast enhancement effect of bismuth is well documen-
ted, here, we report eco-friendly synthesis of Bi,S; and
Fe;0, in a single nanoparticle stabilized with bovine
serum albumin (BSA). Synthesized nanoparticles not
only served as dual mode CT/MRI contrast agent but
also used as carrier of curcumin anticancer drug.

2 | METHODS AND MATERIALS

2.1 | Materials

Bi,(NO3);.5H,0, BSA, and CUR were purchased from
Sigma-Aldrich. FeCl,.4H,0, FeCl;.6H,0O, and NH,OH
were purchased from Merck.

2.2 | Synthesis of bismuth sulfide
nanoparticles and surface modification
with BSA

The 50 mM Bi,(NO3); was added to 1 ml of 2 M nitric
acid, and the mixture was added to 8 ml of BSA solution
(31.25 mgml ") gradually while stirring vigorously.
Bi,S;@BSA was formed after bio-mineralization pro-
cess!**! by the addition of NaOH solution to Bi-BSA com-
plex and stirring for 12h. To purify Bi,S;@BSA
nanoparticles, they were dialyzed for 48 h against dis-
tilled water and stored at 4°C.
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2.3 | Synthesis of magnetite/bismuth
hybrid nanoparticles (Bi,S;@BSA-Fe3;0,)

NH,OH was added drop-wisely to a vigorously stirring
solution containing FeCl,.4H,0 (40.0 mg), FeCl;.6H,O
(110.0 mg), and Bi,S;@BSA nanoparticles in N, atmo-
sphere with the temperature adjusted to 60°C. So, Fe;0,
nanoparticles were produced in the presence of
Bi,S;@BSA nanoparticles and the product, Bi,S;@BSA-
Fe;0,4, was dialyzed against distilled water for 48 h.

2.4 | Synthesis of CUR loaded
BizS3@BSA'Fe3O4 (BizS3@BSA'Fe3O4@CUR)

The 30 mg aqueous solution of Bi,S;@BSA-Fe;0, (3 ml)
was simply mixed with 10 mg of CUR in 2 ml ethanol.
The solution stirred in a round bottom flask without
bung for 24 h under the dark condition at room tempera-
ture. After evaporating ethanol, unloaded CUR was pre-
cipitated via centrifugation at 8000 rpm three time.

2.5 | Characterization of as-synthetized
hybrid nanostructure

Scanning transmission electron microscopy (STEM, Vega
Tescan) was used to characterize the morphology and
structure of as-prepared Bi,S;@BSA and Bi,S;@BSA-
Fe;0,. Optical properties of nanoparticles were charac-
terized by UV-Vis spectroscopy (PG Instruments, T80).
Energy-dispersive X-ray spectroscopy (EDS, Supra
35VP Leo EDS instrument) and X-ray powder diffraction
(XRD, Bruker AXS model D8 Advance diffractometer)
were employed for elemental analysis of the end product.
Mean hydrodynamic particle size and size distribution of
nanoparticles were determined by Nano/Zeta Sizer
(Malvern Instruments, Worcestershire, UK, ZEN 3600
model Nano ZS) using dynamic light scattering (DLS).

2.6 | Drugcontent amount

The 1 mg of Bi,S;@BSA-Fe;0,@CUR was dispersed in
1 ml ethanol to measure the CUR content of produced
nanoparticles. The solution was centrifuged after 2 h of
shaking, and the absorbance of the supernatant, which
included CUR, was measured at 428 nm with a UV-Vis
spectrophotometer (T80 double beam spectrophotometer,
PG Instruments Limited). With the help of the CUR stan-
dard curve, the quantity of released CUR was computed.
Finally, using Equation (1), the drug loading was
computed.
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, Loaded Drug (mg)
Drug L DL) =
/iDrug Loading (DL) Drug loaded carrier (mg)

_ Loaded CUR (mg)
- CBNPs@BSA — CUR (mg)

1)

2.7 | Drug release study

The release of CUR was studied at two distinct pH: pH 4
and pH 7.4. Briefly, 1 mg of Bi,S;@BSA-Fe;0,@CUR
were dispersed in 500 ul PBS:ethanol (65:35), then placed
into a dialysis bag to assess the CUR release profile. The
dialysis bag was then submerged in 35.0 ml of a PBS:eth-
anol (65:35) containing container and agitated at 100 rpm
and 37°C. At predetermined time intervals, 1 ml of dia-
lyzed solution was removed and returned to the con-
tainer, after reading the absorbance at 428 nm using a
UV-Vis spectrophotometer.

2.8 | Cytotoxicity studies

MTT assay was performed on human umbilical vein
endothelial cells (HUVEC) and 4T1 breast cancer cell line
to determine the cytotoxicity and anticancer ability of
nanoparticles. The cells were cultured in RPMI-1640
medium containing 10% fetal bovine serum (FBS) and 1%
antibiotics (penicillin streptomycin, 10,000 Uml™ ') at
37°C, saturated humidity and 5% CO,.

The cytotoxicity of  Bi,S;@BSA-Fe;O, and
Bi,S;@BSA-Fe;0,@CUR on cells were assessed by MTT
cell viability assay. The cells were seeded in 96-well plates
with a density of 5 x 10° cells/well for 24 h. The medium
was replaced with 100 pl of the medium containing dif-
ferent concentrations of nanoparticles. The cells were co-
incubated with nanoparticles for 24 h. Incubation contin-
ued for 4 h after adding 20pul of MTT solution
(5 mgml™"). Following the removal of the growth
medium, produced formazan was dissolved in 100 pl of
dimethylsulfoxide (DMSO). Then, the absorbance of each
well was measured at 570/640 nm via a microplate reader
(SpectraMax M2 Microplate reader, Molecular Devices).
Cell viability was calculated based on the control group.

2.9 | Invitro MRI imaging

Suspensions of Bi,S;@BSA-Fe;O, nanoparticles were
prepared, and the medium was diluted systematically.
Diluted mediums over a range of concentrations in
12-well plate were placed vertically within the head coil

at room temperature. MRI was performed using clinical
3T whole body magnetic resonance scanner (Siemens
Avanto Medical Systems). Inversion recovery sequence
was used to measure the longitudinal relaxivity (ry),
where TI (inversion time), TR (repetition time) and TE
(echo time) were set as follows:

TI= (100, 200, 500, 1000, 1700, 2500) ms; TR = 3000ms; TE
=15ms

Multi-echo spin-echo sequence was used to measure
the transverse relaxivity (r),where TR was fixed in
2000 ms and TE was set at (40, 60, 80, 100, 150, and 250)
ms. In addition to one blank phantom, six phantoms con-
taining six different concentrations (0.97, 0.49, 0.24, 0.12,
0.015, and 0.0076 mM) of nano contrast agent were
prepared.

For both sequence modes, slice thickness (3 mm),
field of view (FOV, 74 * 149 mm), and matrix size
(420 * 335 pixel) values were kept same, and MRI phan-
toms were prepared (T,-weighted and T;-weighted), then
analyzed. As described in Alipour et al,, 13 signal intensi-
ties at all TI values were gathered within a region of
interest (ROI) and T, relaxation time was calculated via
Levenberg-Marquardt method to solve the nonlinear
equation, and similarly, T, values at all TE values were
calculated. Following T; and T, calculations, relaxation
rates (R, and R,) were estimated and eventually r; and r,
were quantified.

2.10 | Invitro CT imaging

To evaluate the potential application of Bi,S;@BSA-
Fe;0, nanoparticles as CT contrast agent, phantoms
composed of different concentrations of nanoparticles
(based on Bi, mM) were prepared in 2 ml vials. CT phan-
toms were prepared using Toshiba Aquilion LB (Model
TSX-210A) CT scanner. FOV (373 mm), image matrix
(512 * 512), and slice thickness (5 mm) were fixed and X-
ray voltage (80 kV) and anode current (23 mA) were set.
Images were analyzed on the basis of signal intensity by
employing Macro Imaging software.

3 | RESULTS AND DISCUSSION
3.1 | Synthesis of nanohybrid
BizS3@BSA'Fe304

The synthesis of the Bi,S;@BSA-Fe;O, nanoparticles
involved three separate steps (Figure 1). (I) Preparation
of Bi,S;@BSA: In this step, Bi,S;@BSA nanoparticles
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FIGURE 1 Schematic
i o
illustration of the synthesis steps of B (0 NaOH
CUR loaded magnetite/bismuth ———
sulfide nanohybrid. pH<5 Biomineralization
BSA-Bi-Complex Bi2S3@BSA
FeClo/FeCl3 CUR o
—_—

Bi S Fe

STEM images of (a) Bi,S;:@BSA, (b, ¢) Bi,S;@BSA-Fe;0,; and (d) Bi,S;@BSA-Fe;0,@CUR; (e) TEM image of Bi,S;@BSA-
Fe;0y; (f) TEM image of Bi,S;@BSA-Fe;0,@CUR,; (g) TEM image of Bi,S;@BSA-Fe;0,4; (h) SEM-EDS elemental mapping; (i) EDS

spectrum analysis, (j) Hydrodynamic size of Bi,S;@BSA, Bi,S;:@BSA-Fe;0,4, and Bi,S;:@BSA-Fe;0,@CUR; (k) Zeta potential of Bi,S;@BSA,
Bi,S;@BSA-Fe;0,, and Bi,S;@BSA-Fe;0,@CUR

FIGURE 2

were prepared using biomineralization of BSA in the
presence of Bi (NO3); and NaOH. Here, BSA plays two
main roles simultaneously: (1) as a major sulfur source
for the preparation of Bi,S; and (2) as a coating agent
for stabilizing the nanoparticles.*® NaOH was used
for denaturation and biomineralization of the
BSA.*3! (II) Preparation of the magnetite/bismuth
hybrid nanoparticle, Bi,S;@BSA-Fe;O,4: In this step,
Fe;O0, nanoparticles were synthesized via co-
precipitation method in the presence of pre-synthesized
Bi,S;@BSA nanoparticles. Nano sized magnetite was
synthesized to form the magnetite/bismuth hybrid
nanoparticle, Bi,S;@BSA-Fe;0,4. (III) Preparation of

Bi2S3@BSA-Fes04
@CUR

)]

Hydrodynamic diameter (nm)

CUR loaded the magnetite/bismuth hybrid nanoparti-
cle, CUR was loaded onto Bi,S;@BSA-Fe;0,4 nanoparti-
cles via simple mixing method. Because the
Bi,S;@BSA-Fe;0,@CUR nanoparticles did not precipi-
tate via centrifugation, in this method we precipitated
unloaded CUR via centrifugation.

3.2 | Characterization

Morphology, size, structure, and composition of prepared
nanohybrid particles were elucidated by using several
characterizing techniques.
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STEM and TEM techniques were employed to deter-
mine shape and size of the nanoparticles. It is evident
that the size of Bi,S;@BSA nanoparticles (Figure 2a)
increases after the incorporation of Fe;0, into the nano-
structure (Figure 2b,c). The synthetized nanoparticles
(Bi,S;@BSA-Fe;0,) were monodisperse and semi-
spherical in shape (Figure 2b,c), which is also evident in
the representative TEM image (Figure 2e). STEM and
TEM images show that CUR loaded nanoparticles
(Bi,S;@BSA-Fe;O,@CUR)  have  spherical  shape
(Figure 2d,f). Bismusth has a higher electron density
than iron, so Bi,S; appears darker than Fe;O, in TEM
images (Figure 2g).

Elemental distributions and composition of
Bi,S;@BSA-Fe;0,4 were further investigated by employ-
ing elemental analyses. Energy dispersive X-ray point
spectroscopy (EDS) confirmed the existence of C, O, Fe,
and Bi elements in the final synthetized material,
Bi,S;@BSA-Fe;0,4 (Figure 2h). The peaks for C, N, and O
refer to the presence of BSA on the surface of nanoparti-
cles. Characteristic peaks of Fe, Bi, S, and O indicate the
successful synthesis of magnetite/bismuth nanohybrid.
Elemental maps demonstrated even distribution of Bi,
Fe, and S across the sample, uniform distribution, con-
firming the formation of dual hybrid structure
(Figure 2i).

To investigate the hydrodynamic size and surface
charge of nanoparticles, dynamic light scattering (DLS)
technique was employed. Mean nanoparticle size and
polydispersity index (PDI) are represented in Figure 2j.
Based on the DLS measurements, Bi,S;@BSA,
Bi,S;@BSA-Fe;0,, and Bi,S;@BSA-Fe;0,@CUR have an
average diameter of 44 nm, 63 nm, and 77 nm, also a nar-
row particle size distribution with a PDI of 0.271, 0.203,
and 0.312, respectively. Zeta potential is a key parameter
for the stability of nanoparticles and cell-nanoparticle
interactions. Noting that plasma and blood cells possess
negative surface charge, negatively charged nanoparticles
display poor electrostatic interaction, thus circulate

(@
e - Fe30,
: - Bi,S;@BSA-Fe;0,
. Bi,S;@BSA
* CUR
- Bi,S;@BSA-Fe;0,@CUR

3000~

2500

2000+

Absorbance
Intensity (a.u.)

1500+

i
600

T
400

longer in the blood stream. As shown in Figure 2k, mean
zeta potential of Bi,S;@BSA, Bi,S;@BSA-Fe;0,4, and
Bi,S;@BSA-Fe;O,@CUR were found to be —26 mV,
—27 mV, and —21 mV, respectively, which is considered
ideal for in vitro studies and biological applications. The
negative charge mainly arises from the existence of Fe,
Bi, and BSA in the structure of the nanoparticle.

UV-Vis spectrophotometer was used to confirm the
successful synthesis of the final product. UV-Vis spectra
of iron oxide (Fe;0,), CUR, Bi,S;@BSA, Bi,S;@BSA-
Fe;0,4, and Bi,S;@BSA-Fe;0,@CUR nanoparticles are
shown in Figure 3a. The Fe;0,4 nanoparticles (IONPs) do
not display a characteristic peak, whereas discernible
absorption is observed in the spectrum of Bi,S;@BSA
nanoparticles at 265 nm, which indicates the coating of
BSA.**! The same peak appeared at a higher wavelength
for Bi,S;@BSA-Fe;0,, indicating the interaction of Fe;0,
with Bi,S;@BSA in the final structure. CUR shows a
broad peak at 428 nm. Bi,S;@BSA-Fe;0,@CUR nano-
particles not only show Bi,S;@BSA-Fe;O, peak at
272 nm, but also absorbance of CUR was shown at
422 nm, which verified loading of CUR onto
nanoparticles.

XRD is another useful tool for the analysis of newly
synthetized compounds, and it was used to characterize
the chemical composition and crystallinity of the nano-
particles. Crystalline structure identification was
employed to verify the structure of Bi,S;@BSA-Fe;0,.
Figure 3b presents the diffraction pattern of Bi,S;@BSA-
Fe;0,4, and this was compared with standard X-ray pat-
terns of Bi,S; and Fe;O, XRD pattern of Bi,S;@BSA-
Fe;0, shows characteristic peaks of Bi,S;@BSA nanopar-
ticles at 20 = 23.78°, 24.5°, 28.30, 31.78°, 38.9°, 45.52°,
52.8°, and 53.60°, corresponding to 130, 310, 211, 221,
041, 002, 351, and 351 hkl, respectively, which matched
with the established standard pattern of Bi,S; (JCPDS
No0.17-0320).57! In addition to the characteristic peaks of
Bi,S3, distinct peaks of Fe;O4 nanoparticles appeared at
20 = 18.39, 30.44, 35.55, 43.20, 53.80, 57.11, 62.91, and

Wavelengh (nm) fo 20

FIGURE 3

(c)
CUR Release Profile
g
& ~ pH7.4
— BiS3@BSA-Fe;0, g jFa. ~ pH4.0
&
{ 5 3
u\ ) 5
| 2
oy =1
H =
2 T
M g M 2 20
© Time (h)
—T—T—T

(a) UV-Vis spectra of Fe;0,4, CUR, Bi,S;@BSA, Bi,S;@BSA-Fe;04, Bi,S;:@BSA-Fe;0,@CUR; (b) XRD pattern of

Bi,S;@BSA-Fe;0,4 (# show the characteristic peaks of Bi,Ss, and * show the characteristic peaks of Fe;0,); (c) Release profile of CUR from

Bi,S;@BSA-Fe;0,@CUR
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75.25, corresponding to 111, 220, 311, 400, 422, 511, and
440 hkl, respectively. Positions of the peaks conform with
the diffraction spectra established for Fe;O, (JCPDS
NO0.99-100-2343).1*¥)  Furthermore, Bi,S;@BSA-Fe;0,
hybrid showed a wide peak at 26- 20°, which belongs to
BSA on the surface of nanoparticles.**! Moreover, the
NPs show magnetic saturation (MS) about 2.8 emu g '

UV-Vis spectrophotometer was used to the estima-
tion of drug-loading efficiency. The DL (%) was found to
be 19.8%. The release study of the CUR was investigated
in PBS:ethanol (65:35) buffer.!***?! There is a controlled
release pattern for release of CUR from Bi,S;@BSA-
Fe;04,@CUR. Also, the release was higher in pH 4 (<PI)
than pH 7.4. As demonstrated in Figure 3c, in an acidic
medium (pH 4), about 67% of CUR was released, but
under physiological pH (pH 7.4), about 40% of CUR was
released. This result is match with Sadeghi et al. study
which show that CUR loaded BSA NPs exhibits a maxi-
mum release of around 70%.1*"!

3.3 | Relaxivity analysis of Bi,S;@BSA-
Fe;0, as MRI contrast agent

There is an urgency for a safe MRI contrast agent to be
used in clinical imaging which can enhance negative and
positive contrast synergistically. Thus, fabrication of MRI
contrast agents can help with accurate and early diagno-
sis of cancer. This study was aimed to evaluate T, and T,-

C))

C (mm) 0

(b)

Cmm o

0.49

0.24 0.12

®O

097  0.49

0000 ~

r,=54.73
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weighted contrast potential agent of Bi,S;@BSA-Fe;0,
nanoparticles. Notably, r,/r; was used as a key parameter
to distinguish T; and T, contrast enhancement of an
agent. T, contrast agents have higher r, and large r,/r;
ratio, while T; contrast agents should possess high r; and
smaller 1,/1;, ideally close to 1.14*!

The ability of synthetized nanohybrid to function as
an MRI contrast agent, phantom MRI tests was utilized
to evaluate the detectability of the formulated nanohy-
brid and its sensitivity as a contrast agent. Relaxation
times (r; = 1/T; and r, = 1/T,) values of all prepared
MRI phantoms were calculated and presented as a func-
tion of nanohybrid contrast agent concentration (mea-
sured in Fe mM) in which T; (longitudinal relaxation
time) and T, (transverse relaxation time) reduce linearly
when Fe concentration increases in phantoms, compared
with the control phantom. R; and R, (relaxation rate, or
1/T; and 1/T,) had an ascending linear trend with
increasing nanohybrid concentration. T,-weighted
images presented in Figure 4a show increasing brightness
with increasing nanoparticle concentration, whereas
increasing the concentration leads to decreased bright-
ness of T,-weighted MRI images in Figure 4b. It can be
inferred that nanoparticles display both T, and T, effect.

Further evaluation of a single contrast agent can be
evaluated by r,/r; ratio, comparing the effectiveness of T
and T, contrast mechanisms. Longitudinal (r;) and trans-
verse molar relaxivity (r,) were calculated as
1.39mM ' s and 54.73 mM ' s}, respectively. More

Y =16.12"X + 3.100

0.9874
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importantly, as the synthesized contrast agent shortens
both longitudinal and transverse relaxation times, r,/r;
(molar relaxivities ratio) is calculated to define the domi-
nant contrast feature of the agent and its efficacy of
enhancing image contrast. Accordingly, r,/r; was calcu-
lated as 31.83, which demonstrates that nanohybrid dis-
plays more negative contrast enhancement than that of
positive in MRI.

In an earlier study, for spherical superparamagnetic
iron oxide nanoparticles with a diameter of 14 nm, r, was
reported as 40 mM™! s7!, and these particles were con-
sidered as a synergistic contrast agent in vitro.34
Although the synthetized bimetallic contrast agent can
be utilized to achieve T,-weighted MR images, T;-
weighted phantoms exhibit an acceptable brightness
increase in contrast to the control. Our experiments vali-
date previous results and are consistent with the reports
that iron oxide nanoparticles show mainly T,-contrast
effect.!**!

34 |
Fe304

CT contrast ability of Bi,S;@BSA-

CT images of Bi,S;@BSA-Fe;0, in different concentra-
tions (1.240, 0.620, 0.310, and 0.155 mM of Bi) and deio-
nized water as control sample were collected, and the
images were analyzed based on the signal intensity, using
macro imaging software. By increasing the nanohybrid
concentration (mM of Bi), signal intensity and image
brightness increased (Figure 4c). Additionally, HU
(CT value, Hounsfield units) increased linearly with ele-
vating nanohybrid concentration (mM of Bi). Earlier, spe-
cial X-ray attenuation characteristics of Bi-DTPA were
reported to be a desirable feature for disease diagnosis in
comparison with iopromide (clinical CT contrast
agent).*”! Bismuth-based materials are used as an alter-
native for iodine-based compounds because of the known
side effects.[*>*”! CT provides high spatial resolution, and
its integration with MRI is greatly valuable as more pre-
cise complementary information about tumor location
could be provided. Nanoparticles offer an opportunity for
the integration of MRI contrast agents with high atomic
number metals toward enhanced CT imaging. Although
our results show that Bi,S;@BSA-Fe;0, nanoparticles
can act as dual CT/MRI contrast agent, MRI contrast is
more important than CT contrast, due to the fact that
MRI is more sensitive to soft tissue tumors.

Wang et al. combined iron oxide nanoparticles (T;-
weighted contrast agent) with gold nanocages (as a CT
contrast agent) for dual MRI/CT imaging, and the nano-
particles were injected into tumor bearing mice, where

combination of both contrast effects in a single probe was
reported to be efficient.!*®! Our MRI results correlate sat-
isfactorily well with Ma et al.l*’! and further support the
concept of dual mode imaging to provide accurate diag-
nosis and elimination of the drawbacks of a single imag-
ing modality. Thus, it implies magnetite/bismuth
nanohybrid particles demonstrate excellent behavior as a
CT contrast agent.

3.5 | Cytotoxicity studies

The cytotoxicity of Bi,S;@BSA-Fe;0, nanoparticles was
initially tested by co-incubating HUVEC cells with vari-
ous doses of nanoparticles for 24 h in order to assess the
biocompatibility. The MTT assay was used to evaluate
the viability of the cells. For the concentration of nano-
particles in the range of 75-600 pg ml ", cell viability
was always more than 90%, compared with the control
group (Figure 4d). Therefore, there was no significant
cytotoxicity impact of the nanoparticles on HUVEC cells
at treated doses.

Furthermore, the anticancer ability of Bi,S;@BSA-
Fe;0,@CUR nanoparticles was compared with CUR.
MTT assay on 4T1 breast cancer cells was used to com-
paring of anticancer ability. Result show that CUR and
Bi,S;@BSA-Fe;O,@CUR nanoparticles have concentra-
tion dependent cytotoxicity. As shown in Figure 4e, cyto-
toxicity of CUR and Bi,S;@BSA-Fe;0,@CUR
nanoparticles were increased with increasing of concen-
tration of CUR. However, in the same concentration, the
Bi,S;@BSA-Fe;0,@CUR nanoparticles show higher cell
proliferation inhibition ability than CUR.

4 | CONCLUSION

Bi,S;@BSA-Fe;0,4 nanohybrid contrast agents possessing
X-ray and magnetic contrast properties were prepared via
a green synthesis route. The nanohybrid of Fe and Bi pro-
vides promising effect on MRI and CT contrast enhance-
ment, superior to conventional iodine-based contrast
agents. In vitro MRI relaxivity of as-synthetized nanohy-
brid revealed T,-weighted contrast enhancement proper-
ties. This study serves as an important step in developing
a nanoparticle, which can function both as MRI and CT
contrast agent, maximizing the benefits of both imaging
modalities. The designed hybrid system was also used as
a vehicle for CUR delivery. Bi,S;@BSA-Fe;0,@CUR
nanohybrids not only showed pH sensitivity and con-
trolled release behavior but also offered antiproliferative
ability against 4T1 cancer cells.
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