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Introduction: Recently, diagnostic methods based on multimodal and non-invasive imaging, such as MRI and CT scanners, have
been developed for accurate cancer diagnosis. A key limitation of these imaging systems is their low contrast. Therefore, developing
stable, non-toxic, and efficient multimodal imaging contrast agents is desirable. In this work, we demonstrated the synthesis of a poly
(acrylic acid) (PAA) — coated nanoparticles (NPs), PAA@EuBiGd,05-NPs as an imaging agent for contrast enhancement in spectral
photon-counting computed tomography (SPCCT), magnetic resonance imaging (MRI) and fluorescence imaging (FL).

Methods: We synthesized PAA-coated EuBiGd,O3-NPs using a polyol method by dissolving metal nitrates and PAA in triethylene
glycol. NaOH solution was added under constant heating at 180°C. The nanoparticles were precipitated with the addition of ethanol,
then washed, dried, calcined at 600°C, and redispersed in water for further studies. The nanoparticles were characterized using TEM,
SEM, XRD, XPS, FTIR, and PL spectroscopy. PAA@EuBiGd,03-NPs were tested in vitro for their cytocompatibility with lung
cancer epithelial cells (A549). The nanocomposite image contrast enhancement was evaluated using SPCCT, MRI, and FL imaging.
Results: The cell viability study showed that PAA@EuBiGd,03-NPs is safe up to 250 pg/mL, exhibiting IC50 values of 365.8 and
337.8 pg/mL after 24 and 48 hours, respectively. The NPs have strong X-ray attenuation with a slope of ~61 HUmL/mg, as determined
from the SPCCT concentration-dependent analysis. The MRI of the NPs reveals a high T1 contrast with a relaxivity of 11.77 mM
Fluorescence imaging of cells incubated with PAA@EuBiGd,03-NPs shows strong red luminescence.

st

Conclusion: The new nanocomposite has proven to be an effective trimodal contrast agent with high attenuation in CT, enhanced T1
signal in MRI, and strong red luminescence in FL imaging with promising diagnostic capabilities.
Keywords: multifunctional nanoparticles, multimodal imaging, spectral photon-counting CT, magnetic resonance imaging,

fluorescence imaging

Introduction

Cancer, particularly in its malignant form, continues to pose a significant threat to human health. As one of the main causes of
death, it may soon overtake heart disease as a leading cause of death globally."> An effective early-stage cancer diagnostic
technique is necessary for the timely treatment of patients. In recent years, much attention has been focused on developing
early-stage cancer diagnosis methods using stand-alone or combined imaging modalities, which include ultrasound (US),
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computed tomography (CT), magnetic resonance imaging (MRI), single-photon emission computed tomography (SPECT),
and positron emission tomography (PET) imaging.>* Spectral photon counting CT (SPCCT) is a relatively new imaging
modality that employs energy-resolving detectors to generate multi-energy images with higher spatial resolution and better
contrast than conventional CT and allows material identification and decomposition.” Magnetic resonance imaging (MRI) has
been widely used in cancer diagnosis due to its high penetrating depth, non-ionizing radiation, and excellent soft tissue
contrast. The MRI contrast can be further enhanced with contrast agents such as those containing gadolinium.®® Computed
tomography (CT) also provides 2D cross-sectional and 3D images with higher spatial resolution than MRI. However, the
contrast of soft tissue in CT is low compared to MRIL.’!! Fluorescence (FL) imaging, on the other hand, is ideal for imaging
cells and tissues and has the best spatial resolution (hundreds of nanometers) with high sensitivity. However, due to its poor
tissue penetration, FL imaging cannot capture anatomical 3D tissue structure in vivo.'*'* To address these limitations and
leverage the complementary strengths of the different imaging modalities, the multimodal imaging (MMI) approach has been
introduced.'*'> Most of these imaging modalities require the use of contrast agents to differentiate between normal and
diseased tissues.

In recent years, nanoparticles (NPs) have received significant attention as contrast agents due to their distinctive
properties, such as increased surface-to-volume ratio and better magnetic properties, which are useful in imaging,
diagnosis, and therapy of diseases.'®?' Among the nanoparticles, both metal-based and polymer-based nanoparticles
have demonstrated significant potential in cancer diagnosis, owing to their unique physicochemical properties.*”
Polymer-based nanoparticles are valued for their controlled drug release, biocompatibility, and the ease with which
they can be functionalized.”>** They have been extensively employed in imaging applications and drug delivery, offering
targeted and prolonged contrast enhancement. Metal-based nanoparticles, especially those that contain transition

metals25—27 28-33

and lanthanide elements, provide strong contrast for imaging techniques such as MRI and CT, which
make them superior multimodal imaging agents. The incorporation of polymer coatings with metal nanoparticles further
enhances their stability, biocompatibility, and functionality. In addition, Polymer functionalization also enhances the

pharmacokinetics and biodistribution of metal nanoparticles.** The commonly used polymers for this purpose include
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35-37 38-41 42-44 45,46 47,48

poly(acrylic acid), poly(aspartic acid), poly(ethylene glycol), polysaccharides, chitosan, and poly
(lactic-co-glycolic acid,** 2,

Multifunctional NPs (MNPs) have received particular attention for their potential for facilitating the early diagnosis
and effective treatment of cancer. MNPs can be used for MMI, and some are used for the dual purpose of imaging and
therapy.”* > Hence, combining MRI, CT, and fluorescent nanoprobe into a single nanocomposite would yield a novel
trimodal imaging contrast agent.

In order to design a multimodal contrast agent, we synthesized a tri-metal nanocomposite from Gadolinium (Gd), Bismuth
(Bi), and Europium (Eu). These three metals have a high atomic number, high X-ray attenuation, and K-edge energies within the
diagnostic X-ray spectrum.’®>® In particular, Bi has the highest atomic number (Z = 83) and has been investigated as a CT

contrast material.> 60-66

Gd-based NPs have also been extensively applied as MRI contrast agents with strong paramagnetic
properties that significantly shorten the T1 relaxation times.®”*® Europium is a rare earth material with bright luminescence
properties in the red region and has been used for upconversion in fluorescence imaging.*>”® However, the performance of most
contrast agents currently used for MRI and CT imaging is limited by their toxicity, short imaging time, and low retention. To
maintain biocompatibility and colloidal stability, the NPs must be coated with biocompatible hydrophilic ligands such as
polyethylene glycol (PEG), Polyvinylpyrrolidone (PVP), Poly(acrylic acid) PAA, Polyvinyl alcohol (PVA) or bovine serum
albumin (BSA).”""® In particular, PAA is a water-soluble polymer with high-binding capacity due to the presence of several
carboxylic groups (COOH) per monomer, which can easily be used to conjugate the NPs with other functional materials such as
dyes, targeting ligands and drugs.”®"’

In this work, we used a modified polyol method to synthesize PAA-coated multifunctional NPs (PAA@EuBiGd,0s-
NPs) as trimodal (MRI/SPCCT/FL) contrast agents with good colloidal stability and excellent biocompatibility. We
demonstrated that the PAA@EuBiGd,03-NPs have a high X-ray contrast in SPCCT, excellent T1 relaxation time in MRI,
and bright red luminescence in FL imaging. The cytotoxicity study of the PAA@EuBiGd,05-NP in vitro on the lung
carcinoma epithelial cells (A549) showed low toxicity and good biocompatibility. Therefore, PAA@EuBiGd,05-NP is
a multimodal imaging contrast agent that can potentially enhance early cancer diagnosis. To our knowledge, the

PAA@EuBiGd,05-NPs have not been reported before as a trimodal contrast agent.

Methods

Materials

All chemicals used in the experiment are of analytical grade and were used as received. Gadolinium nitrate (Gd(NO3)3.6H,O,
99%), Bismuth(III) nitrate pentahydrate (Bi(NO3);-5H,0, 99%), Europium(III) nitrate pentahydrate (Eu(NO3);.6H,0, 99%),
sodium hydroxide (NaOH), triethylene glycol (TEG), ethanol and polyacrylic acid (PAA) were all obtained from Sigma-
Aldrich Co. LLC. Washing of the NPs and suspension were done using triple distilled water with 18.2 MQ resistivity.

Synthesis of PAA@EuBiGd,0O3

PAA@EuBiGd,O3 NPs were synthesized using a modified polyol method. Briefly, a precursor solution (solution A) contain-
ing Bi(NO;)3-5H,0 (727.6 mg, 1.5 mmol), Eu(NO;)3.6H,0 (892 mg, 2 mmol), GA(NO3);-6H,0 (892 mg, 2 mmol) and 2 g of
PAA (M,,=2000) was prepared in 80 mL of TEG in a 250 mL three-neck flask. The mixture was stirred continuously at 80°C
until it was completely dissolved. Another solution (solution B) of NaOH (1.6 g, 40 mmol) was prepared in 40 mL TEG and
sonicated until a clear, uniform solution was obtained. Solution B was slowly added to solution A and kept at a temperature of
180°C for 12 hrs under constant stirring. After allowing the solution to cool to room temperature, 500 mL of ethanol was added
and kept in the refrigerator until the NPs settled. The supernatant was removed to recover the NPs and washed with ethanol and
distilled water three times each. Thereafter, the obtained NPs were dried at 80°C and then calcinated in the ashing furnace at
600°C for four hrs to obtain PAA@EuBiGd,03-NPs. The calcinated NPs were ground into powder and redispersed in distilled
water for further characterization and imaging studies. The PAA@Gd,0; and PAA@BiGd,05 were synthesized using their
respective metal salts following the same steps.
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Characterizations

The synthesized PAA@EuBiGd,05-NPs were characterized using different analytical techniques. The morphology and
crystalline structure were studied using transmission electron microscopy (TEM), and high angle annular dark field-
scanning transmission electron microscopy (HAADF-STEM) was performed with Tecnai TEM (Thermo Fisher
Scientific, USA) operating at 200 kV voltage. Scanning electron microscopy, SEM (Phenom XL G2 Desktop SEM,
Thermo Fisher Scientific, USA) equipped with energy dispersive X-ray spectroscopy (EDS) was used for morphology
and elemental composition. The average nanoparticle size was measured using TEM imaging. The particle size
distribution (hydrodynamic size) and the zeta potential of the nanoparticles were measured using a Nano ZA-90
Zetasizer (Malvern Instruments, Worcestershire, UK) utilizing dynamic light scattering (DLS). The phase structure and
crystallinity of the compound were determined using Malvern PANalytical Empyrean diffractometer (Malvern
PANalytical Ltd., United Kingdom) with an unfiltered Cu-Ko radiation (A = 0.1540598 A), 45 kV voltage, 40 mA
current, a scan range of 20 = 10-80°, and a scan step of 26 = 0.013°. Furthermore, the diffraction mode of TEM was used
to confirm the crystallinity of the sample. Various chemical and electronic states and interactions among the composite
elements were obtained using X-ray photoelectron spectroscopy, XPS (XPS - Escalate Xi+, Thermo Fisher Scientific,
USA) using a monochromatic Al-Ko radiation with binding energies well calibrated against that of adventitious carbon
Cls, fixed at 284.6 eV. To investigate the successful grafting of PAA on the surface of the NPs, a Fourier transform-
infrared (FT-IR) absorption spectrometer (Bruker Vertex 80v FT-IR, Germany) was used to record the FTIR absorption
spectra. The photoluminescence (PL) and Raman spectra were obtained at an excitation wavelength of 488 nm for PL
and 532 nm laser for the Raman, using the Witec Alpha 300 RAS Raman spectroscopy (WITec GmbH, Germany). The
CIE 1931 diagram was used to obtain the x and y coordinates and the CIE chromaticity color diagram from the PL data.

SPCCT Phantom Imaging

To study the X-ray contrast enhancement properties of the PAA@EuBiGd,03-NPs contrast agent, a MARS Microlab (5
% 120) scanner (MARS Bioimaging Ltd., Christchurch, New Zealand) was used. The scanner is equipped with a camera
with 12 CdZnTe Medipix3RX chips, each with 128 x 128 pixels and 110 um pitch, developed in collaboration with
CERN.”®” The Medipix3RX detector is capable of separating X-ray photons based on their energies into up to eight
energy bins. The scanner produces images corresponding to each energy bin.** This SPCCT scanner can be used to
identify and quantify materials.®' Using the SPCCT system, we scanned a Polymethyl Methacrylate (PMMA) cylindrical
phantom of 12 cm diameter, containing 14 holes of 1 cm diameter for test tube inserts. We prepared different
concentrations of PAA@Gd,05-NPs (2, 4 and 8 mg/mL), PAA@BiGd,O3-NPs (5, 10, 15 and 20 mg/mL),
PAA@EuBiGd,05-NPs (5, 10, 15 and 20 mg/mL), and iodine (8 and 16 mg/mL) and placed them in 2 mL cylindrical
polypropylene tubes that were inserted into phantom holes. The phantom was placed in the scanner gantry and scanned
with the exposure parameters as indicated in Table 1. Image processing was performed on the collected raw data in
DICOM format using the MARS scanner system software. Material decomposition (MD) was also performed on the
material calibration phantom with the MARS CT built-in software (MARS MD)**#** using the same scanning protocol

Table | MARS Spectral CT Scanning Parameters

Parameters Values
Tube current 40 pA
Tube voltage 118 kVp
Exposure time 160 ms

Projections/rotation | 98I
Energy bins (keV) 7-30, 3049, 49-56, 56-65, 65-118

Slice thickness 0.1 mm

Voxel size 0.1 x 0.1 x 0.1 mm®

Pixel pitch 110 pm

Filtration 0.125 mm Brass + 1.8 mm Al-equivalent filtration

Field of view (FOV) | 128 mm
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(Table 1) to generate material concentration images and compare the results with the actual concentration values obtained
during the NP synthesis. The Hounsfield Unit (HU) of the material, NP concentration, is a scaled X-ray attenuation
coefficient relative to water (HU):

HU = (”N"_”W> % 1000 (1)
Fy

Where jiyp, and i, are the mean linear attenuation coefficients of the NPs and water, respectively. The relationship
between the pixel values in HU and the various concentrations of the NP were assessed for the different SPCCT energy
windows. A comparison was made between the image contrast obtained using the different NP concentrations and that
obtained using different iodine concentrations.

Magnetic Resonance Measurement

Serial dilution of nanoparticle suspensions with various Gd-concentrations (0, 0.06, 0.125, 0.25, and 0.5 mM) was
prepared with triple distilled water in a 5 mL Eppendorf tube. Samples were placed in a transmit/receive quadrature knee
coil within a clinical 3T MRI scanner (MAGNETOM Prisma, Siemens Healthineers, Erlangen, Germany) for quantitative
T1 relaxation mapping. A saturation recovery spin echo sequence was employed with the following parameters: variable
repetition times (TR, in ms) of 150, 200, 300, 500, 800, 1000, 1500, 3000, 4000, and 8000 ms; echo time (TE) of 11 ms;
field of view (FOV) of 130 mm x 130 mm; acquisition matrix of 320 % 320; and slice thickness of 3.5 mm. The acquired
data was processed using MATLAB 2024a (MathWorks Inc.) with a custom script for pixel-by-pixel nonlinear least
squares fitting (utilizing the lsqcurvefit function). The signal at each voxel was plotted against its corresponding TR, and

a T1 recovery curve was fit using the M (TR) = M, (1 — ¢ /™

). The two unknowns, M, and T, were fitted for each
voxel. T, values were reported in milliseconds (ms). Relaxivity values were determined from the plot of 1/T1 against the

Gd concentrations.

Fluorescence Microscopy
A549 cells (1 x 10°) were seeded on sterile poly-L-lysine-coated glass coverslips in a 6 well plate and incubated at 37 °C
in a 5 % CO, incubator overnight. Cells were treated with 125 pg/mL of nanoparticle solutions (PAA@EuBiGd,03)
prepared in a serum-free medium (RPMI) for 24 hrs. The cells were washed with PBS and fixed with 4 % paraformal-
dehyde (PFA, Thermo Fisher Scientific) for 15 minutes at room temperature.

The cells were stained with 4',6 '-diamidino-2-phenylindole (DAPI) (Invitrogen). The slides were imaged using an
epifluorescence/confocal microscope (Olympus FV3000 Confocal Microscope, Japan).

In vitro Cytotoxicity Measurements

Human lung cancer cell line A549 was purchased from American Type Culture Collection (ATCC) and cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (Sigma) supplemented with 10% (v/v) of heat-inactivated fetal bovine serum
(Sigma) and maintained at 37 °C in a fully humidified atmosphere containing 5 % CO,. All experiments were performed on
logarithmically growing cells. Cell growth and viability were assessed by CellTiter-Glo Luminescent Assay (Promega
Corporation, USA) according to the manufacturer’s instructions. In brief, A549 cells were seeded in triplicate in a 96-well
plate at a density of 2 x 10* cells per well in 100 uL of media and cultured at 37 °C with 5 % CO, overnight. The next day,
the cells were treated with varying concentrations of PAA@EuBiGd,05-NPs (1000, 500, 250, 125, 62.5, 31.2, and 15.6 ng/
mL) for 24 and 48 hours. Subsequently, 20 uL of the CellTiter-Glo® reagent was added and mixed in the shaking incubator at
350 rpm for 15 min, and the luminescence was measured using a GloMax®™ Discover luminometer.

Results and Discussion

Characterization of the Nanoparticles

The result of the X-ray diffraction (XRD) pattern affirmed the crystallinity of the synthesized PAA@EuBiGd,O3 -NPs.
The XRD pattern shown in (Figure la(i), blue trace) is similar to that of EuBiOj; reported (ICDD:1-083-4445) in
(Figure la(ii), red trace) with a slight shift in the peaks. This shift could be attributed to the presence of Gd in the crystal
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Figure | (a) The XRD pattern of (i) PAA@EuBiGd,O; nanoparticles; (ii) EuBiO3 (ICCD: 01-083-4445); and (iii)) Gd,O3 (ICCD:01-086-2477). (b) FT-IR absorption spectra
of (i) pure PAA (Mw = 2000 KDa); (ii) PAA-coated EuBiGd,O; nanoparticles confirming the successful grafting of PAA on the surface of the trimetallic oxide.

structure. In addition, other smaller peaks are present and match the reported XRD spectra of Gd,O3 (ICDD: 01-086-
2477) in (Figure la(iii), black trace). The crystallite size of 25.6 + 2.3 nm was determined using the Debye-Scherrer
equations:

Ki
D =
pCos0

2

Where D is the crystallite size of the NPs, K is the Debye—Sherrer shape factor (0.98), 4 is the wavelength of the x-ray,
and f is the FWHM, and 60 is the Bragg’s angle. This demonstrates a new crystal structure with Bi and Eu atoms
incorporated into the matrix of Gd to form a single-phase material. To the best of our knowledge, this is the first report on
the crystalline structure of EuBiGd,Os.

The FTIR was used to investigate the successful coating of the PAA on the surface of the NPs. The FTIR spectrum of
the bare PAA (Figure 1b(i)) and PAA@EuBiGd,05; NPs are shown in Figure 1b(ii) for comparison. The characteristic
peak of PAA at 1704 cm™ ' is recognized as the asymmetrical C=O stretching of the carboxylic acid group. A broad peak
at 3165 cm™' and 2955 cm ™! corresponds to the respective O-H stretch from water and C-H stretch from PAA.** In
addition, the peaks located at 1155 cm™' and 1421 cm ' are attributed to the symmetric and anti-symmetric stretching
vibration of C-O in COO-(carboxylate) groups. The successful binding of PAA onto the surface of the NPs via
electrostatic bonding is evident in the FTIR spectrum of PAA@EuBiGd,O;. There are observable red-shifting of the
peaks at 1704 cm™' and 3165 cm ™' by 169 cm™ ' and 196 cm ', respectively, due to the electrostatic bonds between the
Gd*" ions and the COO-group presence in PAA.*>% In addition, the peaks at 1704 cm ' and 3165 cm™' become more
intense and broader. A peak at 504 cm ' is attributed to the metal-oxide (M-O) stretching. This result is supported by
many reported cases of carboxyl groups containing ligands coated on metal-oxide NPs.*”~° The presence of this PAA in
the NPs explains the good colloidal stability and biocompatibility reported in this study.

Furthermore, the EDS mapping from the SEM analysis (Figure S1) was used to analyze the elemental composition
and distribution of the NPs. Figure Sla—f show that Eu, Bi, and Gd are evenly distributed, while carbon and oxygen
accumulate on the nanoparticle’s surface. It should be noted that the atomic and weight concentration of Gd are
approximately twice that of Eu and Bi (Figure S1g). Hence, the formation of PAA@EuBiGd,0;-NPs was confirmed.
The TEM microscopic images (Figure 2a) of the PAA@EuBiGd,03-NPs reveal an uneven spherical-like shape with an
average particle size of 24 + 4 nm, determined from a log-normal fit of the particle size distribution (Figure 2d).
Figure 2b shows the PAA@EuBiGd,O; nanoparticles solution in water, confirming its stability. The uniform dispersion
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Figure 2 (a) Transmission electron Microscopy (TEM) images; (b) photo of PAA@EuBiGd,O3-NPs solution dispersed in water, (c) the selected area diffraction (SAED)
pattern; (d) log-normal particle size distribution; (e) high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image; (f~h) element maps for
Eu, Bi and Gd images of the PAA@EuBiGd,;O3-NPs.

without visible aggregation or precipitation suggests good colloidal stability, likely due to the steric repulsion provided
by the PAA coating.”' Additionally, the stability in aqueous media indicates that the nanoparticles can remain well-
dispersed under physiological conditions, enhancing their suitability for imaging applications. The SAED pattern
(Figure 2c) displays bright spots, indicating the crystallinity of the nanoparticles. HAADF-STEM-EDX images
(Figure 2e-h) demonstrate the uniform distribution of the key elements Eu, Bi, and Gd. In addition, an average particle
size of 73.59 nm (PDI: 0.262) and a zeta potential of —29.0 mV were obtained from the particle size distribution analysis
Figure S2a and b. The particle size measured by DLS is much larger than that obtained from TEM. This discrepancy
arises because TEM provides a number-based size measurement, while DLS is intensity-based hydrodynamic size
measurement, giving greater emphasis to larger particles in the distribution.”?

The XPS analysis was used to investigate the various chemical states and the interactions among the composite
elements. The XPS spectra of the composite material (PAA@Eu-BiGd,03) are shown in Figure S3. The characteristic
peaks of Eu, Bi, and Gd, as well as those of C and O, are evident in the survey spectra (Figure S3a). The high-resolution
Gd 4d core level deconvoluted into two peaks, at 141.69 eV and 144.1 eV (Figure S3b), were ascribed to the Gd 4ds,, and
Gd 4d;,, with spin-orbit separation of 2.41 eV. This separation corresponds to the 2.41 eV energy loss during the spin-
orbit splitting of Gd 4d into Gd 4ds,, and Gd 4ds,. This confirms the presence of the Gd** valence state.”>** Similarly,
the two deconvoluted Bi peaks located at 165.36 eV and 160.4 eV (Figure S3c) correspond to the Bi 4fs/, and Bi 4f;,, due
to the spin-orbit coupling. In the Eu 3d core level, we observe Eu 3ds/, and Eu 3d;, at binding energies of 1133.2 eV and
1163.5 eV, respectively (Figure S3d). These prominent features are attributed to the 3+ state of Eu.”>® As indicated in
Figure S3e, the C 1s core level peak at 284.4 eV, which represents the C=C binding, was further deconvoluted into two
different peaks at 286.2 and 288.2 eV, which correspond to the C-O and C=0 oxygen-containing carbonaceous material.
The single dominant peak in the O Is spectrum (Figure S3f), located at 531.4 eV, is attributed to the bonding between 0?
~and Gd*" and/or other metals in the composite material. This O 1s dominant peak demonstrated three different peaks at
528.4 eV, 530.8 eV, and 532.9 eV, which are related to the lattice oxygen, adsorbed, and chemisorbed oxygen molecules

in the Gd-O, respectively.””*®
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Figure 3 (a) Photoluminescence spectrum of PAA@EuBiIGd,0; excited at a wavelength of 488 nm showing red fluorescence; (b) Observed Photoluminescence energy
transition diagram of Eu**; and (c) The CIE standard chromaticity diagram of PAA@EuBiGd, O3 excited at 488 nm.

Figure 3a shows the room temperature photoluminescence spectra of PAA@EuBiGd,0; -NPs excited with laser light
of 488 nm wavelengths. The NPs give a red luminescence with various intra-configurational transitions represented by
their respective emission lines. The peaks centered at 536, 554, 579, 588, 612, 655, and 706 nm correspond to energy
level transitions °D; to "Fy, °D; to 'Fa, *Dg to 'Fy, *Dy to 7F1,5D0 to 'F,, °Dg to 'F5, and *Dy to 'F, respectively.gg’100 The
peak at 588 nm corresponding to the transition “Dy to 'F; is the only peak attributed to the magnetic transition.'®' %
Other transitions from Dy to 7Fj (G =0, 3, and 5) have zero magnetic and electric dipole moments and are forbidden
according to the selection rules. However, these transition peaks in the PL spectra are present due to crystal-field
interaction, leaving those states in a mixed state. Other transitions, D, to 'Fy, °D; to 7F2, Dy to 7F2) and °Dy to 7F4,
correspond to the electric dipole transition. These types of transition for Eu** are shown in Table 2. Figure 3b and ¢ show

the observed photoluminescence energy transition diagram of Eu®" and the CIE chromaticity diagram of

Table 2 The Peaks, Transitions, and Types of Transitions
of Eu** in PAA@EUBiIGd,O;

S/N | Peak (nm) | Transition | Types of transitions
I 536 °D, — 7F, | Electric dipole

2 554 °D, — ’F, | Electric dipole

3 579 Dy — ’F, | Forbidden

4 588 *Dy — “F | Magnetic dipole

5 612 *Dy — ’F, | Electric dipole

6 655 Dy — ’F3; | Forbidden

7 706 *Dy — “F4 | Electric dipole
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PAA@EuBiGd,05-NPs obtained from CIE 1931 diagram software, using the PL data. This was used to evaluate the
sample’s exact emission color and color purity. The calculated x- and y-coordinates of the PAA@EuBiGd,O; were at x =
0.592 and y = 0.382. The color coordinate is found to be in the pure red region, which shows that the PAA@EuBiGd,03
NPs give appreciable emission in the red region, making them a good candidate for fluorescence imaging.

Phantom SPCCT Imaging

Using iterative reconstruction method, spectral CT images of the phantom containing various concentrations of Gd,O5 (2,
4, and 8 mg/mL), PAA@BiGd,O3 (5, 10 and 15 and 20 mg/mL), PAA@EuBiGd,0; (5, 10 and 15 and 20 mg/mL),
iodine (8 and 16 mg/mL), and water, as a reference, were obtained. The layout of the phantom with the different
concentrations of contrast agents and the spectral CT images for the five energy windows are shown in Figure 4a—f. It is
visible that the highest signal from Gd,0;, PAA@EuBiGd,05, and PAA@EuBiGd,03 was obtained for the third energy
window (49 - 56 keV), which included the K-edge of gadolinium (50.2 keV). As expected, the highest contrast from
iodine occurred in the second energy bin (30—49 keV), attributed to the K-edge of iodine at 33.7 keV. It is also evident
that the attenuation of PAA@EuBiGd,0; is more intense than that of PAA@BiGd,Os3, and this is due to the contribution
from the three high Z elements of Eu, Bi, and Gd present in the NP solutions.

To investigate the variation of the X-ray attenuation with different energy windows and the relationship between the
HU and the concentrations of the NPs, a circular region of interest of 1 mm diameter was drawn inside each tube
containing the contrast agents.

The mean value and the standard deviation of the pixel values were recorded using ImageJ software. The mean
attenuation values were converted to HU using Equation 1. Figure 5a and b, show the plot of the HU for different energy
windows and HU versus the concentrations for different materials. From the plot for Gd,0;, PAA@BiGd,05, and
PAA@EuUBiGd,0;, it can be observed that the highest signal was obtained in the energy window (49-56 keV) that

(b) Bin 1: 7 - 30 keV (c) Bin 2: 30 - 49 keV 11000

(d) Bin 3: 49 - 56 keV (e) Bin 4: 56-65 keV (f) Bin 5: 65 - 118 keV

-1000

Figure 4 (a) The cylindrical materials phantom showing the locations of materials sample tubes containing water, Gd,O3 (Al, A2, and A3 correspond to 2, 4, and 8 mg/mL),
PAA@BiGd,Os (B, B2, B3, and B4 correspond to 5, 10, |5, and 20 mg/mL), PAA@EuBiGd,O; (Cl, C2, C3 and C4 correspond to 5, 10, 15, and 20 mg/mL) and iodine (I8
and 116 correspond to 8 and 16 mg/mL); (b—f) CT images of the materials phantom for (b) 7-30, (c) 3049, (d) 49-56, (e) 56—65 and (f) 65118 keV energy windows.
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Figure 5 (a) A plot of HU for various energy windows for water, Gd,O3, PAA@BiGd, 03, PAA@EuBiGd,05 and iodine; (b) A plot of HU versus concentrations for Gd,Os,
PAA@BIiGd,03, PAA@EuBiIGd,O3, and iodine.

contains the K-edge of Gd (50.2 keV), while for Iodine, the energy window 3049 keV which contains the K-edge (30.2
keV) has the highest intensity. In addition, the signal is more intense for the PAA@EuBiGd,03-NPs, which could be
attributed to the presence of three high-atomic number materials of Eu, Bi, and Gd and the proximity of the K-edges of
Eu (48.5 keV) and Gd (50.2 keV). This proves that the PAA@EuBiGd,03-NPs are a better contrast agent in SPCCT
imaging than iodine. Furthermore, the linear relationship between the HU and the nanoparticle concentrations is evident
in Figure 5a. The X-ray attenuation increases linearly with increased concentrations for all the materials. The plot shows
the best linear fit with R-squared values close to unity for all samples. The relationship between the X-ray attenuation of
a contrast agent and its concentration can generally be described by a linear equation:

Homixture = Cwﬁw + CNPﬁNP (3)

where fiyp, and fi,, are the mean attenuation from the nanoparticle material and water, respectively. C,, and Cyp are
the ratios of water and the NP in the mixture. The values of the attenuation coefficients depend on the material and the
energy windows. The slope of the linear equation mainly depends on the concentration of the high-Z NPs, Cyp. The
PAA@EuBiGd,05 plot of HU versus NP concentration exhibits the highest slope of about 61 HU/mg.mL ', which is
a measure of its contrast enhancement property.

The MARS CT integrated software (MARS-MD) was used to obtain the material decomposition (MD).'**!%> Before
this measurement, the different nanoparticle concentrations were used to calibrate the MARS-MD software. MARS MD
images were used to obtain the material concentration by selecting an ROI for each material and measuring the mean
concentration value. The material concentration values were compared with the known actual experimental values.
Figure 6a presents the reconstructed material decomposition image showing the position of different NP concentrations
in the phantom. Figure 6b—e shows the plot of the actual concentrations against the measured concentrations from the
MD image for Gd,03;, PAA@BiGd,05, PAA@EuBiGd,0O5, and iodine. An excellent agreement between the actual and
measured concentration was observed. This confirms the accuracy of the MARS-CT algorithm for material
decomposition.

MRI Contrast Measurement

MRI contrast agents were assessed by their proton transverse and longitudinal relaxivities r; and r,. The performance of
PAA@EuBiGd,0O; NPs as MRI contrast agents was investigated at different concentrations in water. The signal bright-
ness of the T1-weighted MR image increases with an increase in the concentration of Gd content in the NPs (Figure 7a
and b). The r; values estimated from the plot of 1/T1 as a function of Gd concentration are 12.72 mM 's™' and 11.77
mM 's™! for Gd,O; and PAA@EuBiGd,05-NPs, respectively. The contrast enhancement and the relaxivity value of
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Figure 6 (a) Material decomposition image reconstructed from the MARS-MD. (b—e) Plots of measured versus actual concentrations for (b) Gd,0s3, () PAA@BIGd,O3,

(d) PAA@EUBIGd, 03, and (e) lodine.
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Figure 7 (a) Plot of inverse water-proton relaxation time (I/T1) versus Gd concentration for Gd,Os; and (b) PAA@EuBiGd,O3 concentrations in water. The slopes
represent the relaxivity value r; (mM's™").

PAA@EuBiGd,O; are a bit lower than those of pure Gd,Os. This is due to replacing some Gd atoms with the Eu and Bi
atoms in the nanocomposite.”” Remarkably, the recorded r; values are greater than those reported for commercially
available molecular Gd-chelates at 3T in water including Magnevist (3.1 L mmol ' s™'), Gadovist (3.2 L mmol ' s™"),
Dotarem (2.8 L mmol ' s!), Resovist (4.6 L mmol ' s™'), Omniscan (3.2 L mmol ' s™"), Endorem (4.1 L mmol ' s')
and Multihance (4.0 L mmol ' s™"), obtained in water.'°'*® This superior relaxivity suggests that PAA@EuBiGd,05-
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NPs can achieve enhanced T1 contrast at lower doses, making them a highly promising MRI contrast agent for clinical
and biomedical applications.

In vitro Cytotoxicity

The NPs were coated with biocompatible PAA to promote colloidal stability and reduce the toxicity effect of the Gd**
ions, which are known to cause nephrogenic systemic fibrosis.'*"!'® The biocompatibility of the PAA@EuBiGd,05-NPs
was investigated by measuring the cell viability of the A549 cell line using the CellTiter-Glo Luminescent Cell viability
assay. The micrograph of A549 cells without the NPs treatment and after treatment with 32.5, 250, and 1000 pg/mL
concentrations of PAA@EuBiGd,O; NPs for 24 hrs are presented in Figure 8a—d. The cells show no significant
morphological changes between the control and the NPs incubated cells for 24 hrs and 48 hrs for concentrations up to
250 pg/mL. The cell viability measured after incubation of A549 with different concentrations of the NPs in Figure 8¢
shows low cytotoxicity. Furthermore, the IC50 concentration of the system was determined to be 365.8 pg/mL and
337.7 ng/mL after 24 hrs and 48 hrs treatment of the cells, respectively (Figure 8f). This is higher than the IC50 of most
reported gadolinium-based contrast agents.''' These high IC50 values indicate the biocompatibility of the
PAA@EuBiGd,05-NPs.

The concentrations used for the MRI and fluorescence imaging are within the range of concentrations used for the
cytotoxicity study. For instance, the maximum concentration used for the MRI experiment is 0.5 mM Gd, which is the
same as 78.625 ug/mL (157.25 pg/mL of Gd = 1000 mM) which is lower than the IC50 value. For the fluorescence
imaging, we incubated the cells with three different concentrations (125, 62.5, and 31.25 pg/mL) and found that 125 pg/
mL exhibited the highest fluorescence with no observed cytotoxicity. This concentration is also lower than the IC50
value. However, for the CT imaging of the NPs inserted in the PMMA material phantom, a higher concentration of the
NPs is required to obtain a visible contrast. This concentration is higher than the IC50, which may be toxic to the cells.
However, in vivo toxicity animal studies need to be performed to ascertain the toxicity of the NPs.
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Figure 8 (a) A micrographs of A549 cells without NPs treatment and after treatment with PAA@EuBiGd,O3-NPs with concentrations of (b) 32.5 pg/mL, (c) 250 pg/mL,
and (d) 1000 pg/mL, for 24 hrs. (e) CellTiter-glo based in vitro A549 cells viability studies in the presence of PAA@EuBiIGd,O3-NPs for 24 hrs and 48 hrs. (f) Evaluation of
IC50 after 24 hrs (365.8 pg/mL) and 48 hrs (337.8 ug/mL) treatment. The fitting correlation, R? values were 0.9735 and 0.9588 for 24 and 48 hrs incubation.
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Figure 9 Confocal laser scanning microscopy images of (a—c) Luminescence of nanoparticles, DAPI-stained nucleus, and the merged image of untreated A549 cells. (d—f)
Luminescence of nanoparticles, DAPI-stained nucleus, and the merged image of A549 cells treated with PAA@EuBiGd,O; NPs. (g) Magnified view of (f), highlighting
nanoparticle localization.

Fluorescence Imaging

The potential of the NPs as a fluorescence imaging agent was investigated using the fluorescence imaging of A549 cells.
The cells were treated with PAA@EuBi1Gd,O; NPs and imaged with confocal microscopy. Figure 9 shows the images of
A549 cells obtained from the confocal microscopy. Figure 9a—c shows the luminescence of nanoparticles, DAPI-stained
nuclei, and the merged image for untreated A549 cells, respectively. The untreated cells (control) show no fluorescence
as expected without fluorescent dye. In contrast, Figure 9d—f presents the corresponding images for A549 cells treated
with PAA@EuBiGd,05; NPs, showing red fluorescence due to the presence of Eu. Interestingly, the NPs were found to be
primarily localized in the cytoplasm of cells, with a small amount of the NPs attached to the nucleus (the enlarged view
of the box area, Figure 9g). These observations underline the potential of PAA@EuBiGd,O3; NPs for use in fluorescence
cell imaging.

Conclusion and Future Perspectives

A multimodal imaging agent nanostructure composite with a novel formulation PAA@EuBiGd,05-NPs with an average size
of 24 £ 4 nm was developed and successfully tested in an in-vitro study. Various characterization techniques confirmed the
formation of PAA@EuBiGd,0;-NPs and their crystallinity, morphology, and optical properties. The results show high MRI
contrast obtained with relaxation rates of 12.72 mM 's ' and 11.77 mM 's™! for Gd,O5 and PAA@EuBiGd,03, respectively.
The T1 relaxivity of PAA@EuBiGd,Oj3 is much higher than that of most commercially available MRI contrast agents such as
Magnevist and Gadovist. The NPs also have high SPCCT contrast with HU versus concentration slopes of 41.5, 42.9, 59.5,
and 60.8 HU mL/mg for Gd,0;, PAA@BiGd,O;_ iodine, and PAA@EuBiGd,O5, respectively. These results prove the
efficacy of the PAA@EuBiGd,05; NPs as contrast agents for MRI and CT imaging. The PAA@EuBiGd,O; NPs have three
high-atomic number constituents of Eu, Bi, and Gd, achieving the highest slopes with significantly enhanced X-ray attenuation
and image contrast. This was attributed to the synergetic effect of the composite elements and the proximity of the K-edges of
Eu and Gd. In addition, the spectral CT scanner allowed us to perform material decomposition of the different NP
concentrations. The toxicity study of PAA@EuBiGd,O3-NPs shows good biocompatibility of up to 250 pg/mL with an
IC50 0f 365.8 and 337.9 ng/mL for 24 and 48 hrs treatment. Furthermore, the effective delivery of the PAA@EuBiGd,05-NPs
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into A549 cells was verified through fluorescence microscopy imaging. The result shows that PAA@EuBiGd,05-NPs have
bright red fluorescence properties due to the presence of Europium in the compound. Hence, the novel biocompatible
PAA@EuBiGd,05-NPs have the potential for a multimodal contrast agent for cancer tissues in vivo imaging in spectral
photon-counting CT and MRI and for cancer cell fluorescence imaging in vitro. Beyond cancer, the versatile imaging
capabilities of PAA@EuBiGd,O3-NPs can be exploited for imaging other diseases, such as cardiovascular, neurological,
liver, and infectious diseases, where tissue visualization is essential for diagnosis and monitoring. Future research should focus
on in vivo testing of PAA@EuBiGd,05-NPs to assess their clinical feasibility, image enhancement, pharmacokinetics,
biodistribution, and toxicity. Integrating targeting ligands, such as folic acid and hyaluronic acid for cancer, could also
improve the specificity of NPs for targeted imaging, enhancing their applicability in various medical applications.
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