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The unique 4f subshell electronic structure of rare earth elements endows them with exceptional properties
in electrical, magnetic, and optical domains. These properties include prolonged fluorescence lifetimes,
large Stokes shifts, distinctive spectral bands, and strong resistance to photobleaching, making them
ideal for the synthesis of molecular probes. Each imaging technique possesses unique advantages and
specific applicabilities but also inherent limitations due to its operational principles. Dual-modality
molecular probes effectively address these limitations, particularly in applications involving high-
resolution Magnetic Resonance Imaging (MRI) such as MRI/OI, MRI/PET, MRI/CT, and MRI/US. This
review summarizes the applications, advantages, challenges, and current research status of rare earth
elements in these four dual imaging modalities, providing a theoretical basis for the future development
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1. Introduction

Yttrium (Y), one of the rare earth elements, was first discovered
in 1794 by Finnish chemist Johan Gadolin, and was originally
named “yttria”. The term “rare earth elements” was later used to
describe a group of elements with similar properties.' Accord-
ing to the International Union of Pure and Applied Chemistry
(IUPAC), rare earth elements include 15 lanthanides and
yttrium (Y), with scandium (Sc) often discussed alongside them,
although its role in dual-modality molecular probes is relatively
limited.”* The unique characteristics of rare earth elements,
particularly their partially filled 4f electron orbitals, give them
distinct electrical, magnetic, and optical properties, making
them ideal for applications in dual-modality molecular probes.

China, as the world's largest holder of proven rare earth
resources, plays a leading role in the global supply chain.® This
dominance has had a profound impact on international
markets and technological development, especially in the field
of dual-modality molecular probes. This review summarizes the
applications of rare earth elements in dual-modality molecular
probes, highlighting their advantages in imaging and diagnos-
tics, as well as the challenges faced in their utilization. The aim
is to provide a theoretical foundation and direction for future
research in this area.
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and application of rare earth elements in the field of dual-modality molecular probes.

2. Characteristics of REE

The electron configuration of rare earth elements can be
summarized as [Xe]4f>*5d°"6s%, indicating that the 4f orbital
can accommodate 0 to 14 electrons, the 5d orbital 0 to 1 elec-
tron, and the 6s orbital typically holds 2 electrons.® The electron
configuration of lanthanide elements is commonly abbreviated
as [Xe]af"5d°'6s?, where n ranges from 1 to 14. This abbrevia-
tion helps to clearly indicate the filling of the 4f electrons in
these elements. The phenomenon known as lanthanide
contraction is mainly due to the 55> and 5p° electrons providing
some shielding, but this shielding is insufficient to fully coun-
terbalance the increase in core attraction as more electrons fill
the 4f orbitals.” This results in an increased effective nuclear
charge and a gradual decrease in atomic radius.® Lanthanide
contraction is characterized by a steady decrease in the size of
the lanthanide cations (or atoms) as the atomic number
increases, contrary to what might be expected.® This effect is
crucial for understanding the properties of these elements,
especially in applications related to medical imaging, where
precise electronic structure and physical properties are
critical.*®

Rare earth elements possess unfilled 4f orbitals, and their 4f
electrons are shielded by outer 5s* and 5p° electrons. This
configuration offers unique advantages in optics and magnetic
resonance applications: (1) strong paramagnetism; (2) long
fluorescence lifetimes, typically ranging from 100 to 1000
microseconds; (3) significant Stokes shifts, usually exceeding
200 nm, which helps mitigate non-specific fluorescence inter-
ference; (4) a broad excitation spectrum, facilitating excitation
at multiple wavelengths; (5) a narrow emission spectrum, where
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Table 1 The difference between atoms and ions of rare earth
elements

REE Atoms Tons
Physical state Ln (solid) Ln**, Ln*" (in solution)
Electron shells Complete Incomplete

Chemical reactivity High, easily Low, stable ions form

to be oxidated

Toxicity Yes Reduced toxicity through
complexation
Fluorescence No Yes (e.g., Eu**, Tb*")
Magnetic — Paramagnetic (e.g., Gd**)
Application Limited Medical imaging,

drug delivery and therapy

distinct peaks from different transitions are easily distin-
guishable, enhancing resolution and reducing background
noise (Table 1).7***

Rare earth complexes serve as a vast reservoir of luminescent
materials, playing a pivotal role among developed luminous
substances. The luminescence type and performance of these
complexes are intricately linked to the 4f electron configuration
of rare earth ions and their diverse transition processes. The
majority of rare earth ions exhibit luminescence from forbidden
4f-4f transitions, characterized by low absorption coefficients
and weak ultraviolet light absorption.’*™® These transitions
produce narrow spectral bands and stable emission wave-
lengths, maintaining the monochromatic nature of the lumi-
nescence, which is advantageous for high-precision imaging
technologies. However, rare earth ions have weak direct light
absorption capabilities, making them challenging to excite
directly, which results in low luminescence efficiency. By using
chromophores as ligands to form stable complexes, the ligands
absorb energy and then transfer it to the rare earth ions,
allowing them to transition from the ground state to an excited
state and emit photons (Fig. 1).* In this process, chromo-
phores, referred to as “antenna groups,” enhance the sensiti-
zation of rare earth ions, a phenomenon known as the “antenna
effect”.” In 1942, Weissman®' first demonstrated that exciting
lanthanide ion complexes to an excited state induces lumines-
cence at the metal centre. Additionally, the sensitization
process offers two benefits: firstly, the Stokes shift of lanthanide
ions upon direct excitation is negligible, but the unique prop-
erties of the 4f orbitals cause the ligand-induced Stokes shift to
be significantly larger than that of organic fluorophores,

transfe

Luminescence

Excitation

Fig. 1 The antenna effect (adapted with permission ref. 19 with
permission from the American Chemical Society, Copyright 2009).
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Fig. 2 Schematic energy level diagram for a rare earth chelate pos-
sessing low-lying 4f electronic states (adapted with permission ref. 25
with permission from the American Chemical Society, Copyright
2012).

making it easier to distinguish the emitted light spectrum;
secondly, lanthanide ions are excellent quenchers of triplet
states, thus significantly reducing photobleaching.

The widely accepted mechanism for energy transfer from
organic ligands to lanthanide ions was proposed by Crosby and
Whan in1961.”>** Under UV radiation, the organic ligands of
lanthanide complexes are excited from the ground singlet state
(So) to the first excited singlet state (S,), leading to potential
energy emissions. In one scenario, the energy can radiate as the
ligand transitions back to the ground state, emitting charac-
teristic fluorescence of the organic ligand. Alternatively, energy
may be transferred through a non-radiative process to the triplet
excited state (T;), where it can either radiate and release energy
as characteristic phosphorescence of the ligand or continue
through a non-radiative energy transfer to excite the lanthanide
ion. The lanthanide ion then emits long-lived luminescence as
it returns from the excited state to the ground state, producing
photons (Fig. 2).>* Research has shown that energy transfer
from organic ligands to lanthanide ions is 10° to 10> times more
efficient than direct excitation of the lanthanide ions.*® The
ability of lanthanide ions to form complexes with organic
molecules significantly reduces toxicity and enhances biocom-
patibility, which is crucial for targeted drug delivery and cancer
therapy. However, the characteristics of lanthanide ions in their
ionic state are difficult to achieve in their atomic state due to the
lack of a stable electronic environment."

3. Dual-modality molecular probes

Molecular imaging, an integral part of biomedical imaging,
facilitates the visualization, characterization, and quantitative
measurement of biological processes in vivo using non-invasive,
real-time, and three-dimensional techniques.””** This field
extends broadly to technologies that monitor and document the
spatial and temporal behaviours of molecular and cellular
activities, applicable across biochemistry, biology, and clinical
diagnostics and treatments.*>** Particularly, the application of
REE enhances dual-modality molecular probes, integrating
multiple imaging techniques to provide more comprehensive
diagnostic data. Prominent imaging techniques enhanced by
rare earth elements include: (1) Magnetic Resonance Imaging
(MRI); (2) Optical Imaging (OI), further divided into

RSC Adv, 2024, 14, 38480-38490 | 38481
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Table 2 Comparison of different imaging techniques

View Article Online

Review

Imaging technique Space resolution Penetration depth Time Sensitivity (mol L")
MRI 20-100 pm No limit min-h 1073-107°

oI >0.3 um 120 mm s-min 10 1%-1071*

min-h

PET 1-2 mm No limit s-min 107 '-10""

SPECT 0.5-1 mm No limit min 107°-10 "

CT 50-200 um No limit min 1072-107*

Us 50-500 pm mm-cm s-min 103-10"*

subcategories such as bioluminescence, fluorescence imaging
(FI), photoacoustic imaging (PAI), and optical coherence
tomography; (3) Radioisotope Imaging, which comprises Single-
photon Emission Computed Tomography (SPECT) and Positron
Emission Tomography (PET); (4) Computed Tomography (CT);
and (5) Ultrasonic Imaging (US).**** These modalities, particu-
larly when combined with the unique properties of REE, offer
significant improvements in the sensitivity and specificity of
molecular probes (Table 2).

Among current imaging technologies, MRI is particularly
noteworthy for its widespread use, facilitated by its capability to
deliver high-quality, high-resolution three-dimensional images
of soft tissues. This is achieved with unlimited penetration
depth and exceptional soft tissue contrast, advantages that
make MRI indispensable in the realm of medical imaging.*”~*°
Utilizing the principles of Nuclear Magnetic Resonance (NMR),
MRI operates without generating ionizing radiation, ensuring
a safer imaging process.*>*' The technique relies on the relax-
ation rates of water molecule protons, with variations in water
density, proton relaxation times, or diffusion rates used to
differentiate between tissue types. The contrast in MRI images
can be significantly enhanced through the application of para-
magnetic molecular probes, often composed of REE, which are
efficient at increasing the relaxation rate.*

However, the inherent low sensitivity of MRI limits its
application scope, prompting the integration of MRI with other
imaging technologies to enhance diagnostic capabilities. This
integration aims to reduce false positives and negatives, thus
improving diagnostic accuracy and reliability, crucial in over-
coming the limitations of single-modality imaging.** For
instance, the combination of MRI and Optical Imaging (OI)
compensates for the low sensitivity of MRI and the spatial
resolution limitations of OI. Both modalities benefit immensely
from the complementary strengths of REE in these dual-
modality molecular probes. The application of REE in MRI/OI
dual-modality imaging is a significant area of current
research; similarly, the combination of MRI with PET addresses
both MRI's sensitivity issues and PET's low spatial resolution
while enabling quantitative analysis. CT, while being one of the
most common and cost-effective imaging techniques providing
high-resolution 3D tomographic data, offers limited soft tissue
resolution unlike.** MRI, which is enhanced by the superior
contrast provided by REE.*** Ultrasound (US) imaging, recog-
nized for being safe, non-invasive, portable, economical, and

38482 | RSC Adv, 2024, 14, 38480-38490

easy to use, suffers from low sensitivity and limited penetration
depth; integrating MRI with US in dual-modality imaging can
partly resolve these issues of spatial resolution.*’*®

Molecular probes constitute a pivotal component of
contemporary molecular imaging techniques, acting as
specialized agents that selectively accumulate in targeted bio-
logical areas to produce detectable signals for advanced
imaging systems. Optimal molecular probes are characterized
by several critical biological properties: (1) robust stability and
high biocompatibility, enabling seamless integration into
physiological processes; (2) minimal molecular weight, facili-
tating their diffusion through complex physiological barriers;
(3) the capability for prolonged metabolic persistence in vivo,
allowing extended visualization of specific targets; and (4) the
feasibility of synthesis.*"** This discourse will focus specifically
on the utilization of REE in enhancing the functionality of dual-
modality molecular probes. Rare earth complexes, with their
distinctive electronic configurations and photophysical prop-
erties, significantly augment the diagnostic capabilities of such
probes. We will delve into the detailed applications and ongoing
advancements of these elements in refining both the accuracy
and the utility of diagnostic and therapeutic modalities.

4. Application of rare earth
complexes as dual-modality molecular
probes

In addition to their unique optical properties, rare earth
complexes can be modified to enhance their hydrophilicity and
biocompatibility. This makes them particularly advantageous
for in vivo imaging and detection, and they are extensively used
in bioimaging and biosensing. This section briefly summarizes
the applications of rare earth complexes in various dual-
modality imaging techniques (Table 3).

4.1. Application of rare earth complexes as dual-modality
molecular probes in MRI/OI

Optical Imaging (OI) is a non-invasive technique known for its
high sensitivity and specificity, as well as its capacity for real-
time imaging. However, its effectiveness is limited by poor
tissue light penetration.*** By combining Magnetic Resonance
Imaging (MRI) with Optical Imaging, dual-modality imaging
offers synergistic advantages that neither modality can achieve

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Rare earth probes for dual-mode imaging
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Mode of imaging Probe Rare earth element Ref.
MRI/OI EDTA-Gd(m)-CL Gd 53
Gd(m)-DO3A Gd 54
YbLga Yb 55
Per-6-Diimi [Gd (NO3),4] Gd 56
Gd-CQDs@N-Fe;0, Gd 57
Au@Gd,0;@mSiO,@ PEG-FA Gd 58
Gd-FPNPs Gd 59
YbL?, NdL?, GdL? Yb, Nd, Gd 60
FA-PEI-NaGdF,: Eu Eu 61
Eu(m)-DTPA-BCyocoumarin Eu 62
Ln(im)-DTPA-BC;pcoumarin Ln 62
MRI/PET GdgL [PEG1,c(RGDYK)];**Ga Gd 63
Gd@Cg,-Ala-PEG-cRGD-NOTA-**Cu Gd 64
HyCoS NPs Gd 65
Fmoc-p-Lys (La-DOTA)-Lys (Gd-DOTA)-NH, La, Gd 66
Gd (DO3A-SA)-Ga (AAZTA) Gd 67
*8Ga-AGUIX-DOTA-Gd Gd 68
MRI/CT Gd-PAA-Au Gd 69
GBCAs-BP Gd 70
CDs: Gd, Dy-TAT@Ex0-RGD Dy, Gd 71
NaGdF,: Dy@PPF Dy, Gd 72
ZnO: Gd, Yb NPs Yb, Gd 73
NaGdF,: Dy NPs Dy, Gd 74
Gd: AuNPs@SF Gd 75
FA-Gd-Au PENPs Gd 76
RGD-Gd-Au DEN-PS Gd 77
PEGFR-targeted Ba,GdF; NPs Gd 78
Gd/CeO,-ZrO,/DOX-PEG Ce, Gd 79
IC-GNPs Gd 80
MRI/US PFOB@PLA/GO/Gd-DTPA NCs Gd 81
PFP/GdDTPA/ICG@PLGA NPs Gd 82
Gd/PFH@AIg-FA Gd 83
Gd-DOTA/DOX@PFH NDs Gd 84

alone, effectively overcoming their individual limitations and
maximizing their strengths.®* Among dual-modality imaging
approaches, MRI/OI is the most rapidly advancing and exten-
sively studied, finding applications in both biomedical research
and clinical practice.®” MRI/OI dual-modality molecular probes
can be categorized into small molecule probes and nanoparticle
probes, each playing a crucial role in enhancing diagnostic
capabilities.®® Small molecule probes offer significant benefits
due to their rapid metabolism in the body, their ability to
quickly disseminate across various organs and tissues, and
their low biotoxicity.** Meanwhile, nanoparticle probes, which
frequently incorporate REE, elevate diagnostic accuracy with
their considerable payload capacity and adjustable surface
properties, facilitating precise targeted delivery and enhanced
biocompatibility. These attributes make them exceptionally
effective in dual-modality molecular probes, markedly
improving the resolution and efficacy of medical diagnostics
and treatments.”*> In 1988, the first molecular probe contain-
ing gadolinium Gd(m) was approved for clinical use. Today,
gadolinium complexes (such as DOTA-Gd®>" and DTPA-Gd**) are
the most commonly used probes in MRI due to their high
stability and low biotoxicity.”

One of the current research hotspots in MRI/OI probes is the
development of compounds based on Gd(ur). Wang®*® reported

© 2024 The Author(s). Published by the Royal Society of Chemistry

a novel MRI/fluorescence dual-modality molecular probe
composed of an EDTA-Gd(u1) complex and a coumarin-based
fluorescent group (CL). In this probe, coumarin serves as the
chromophore due to its long-wavelength absorption and emis-
sion, high fluorescence quantum yield, and good biocompati-
bility. Ethylenediaminetetraacetic acid (EDTA) acts as
a chelating agent, mitigating the toxicity of free gadolinium
(Gd(m)) by providing four oxygen donors and two nitrogen
donors, thus forming a highly stable complex, EDTA-Gd(m).
Experimental results demonstrate that EDTA-Gd(m)-CL is
a fluoride ion-responsive probe. In the presence of fluoride ions,
the EDTA-Gd(m1)-CL aqueous solution triggers the release of CL,
which binds to Gd(u), thereby activating longitudinal relaxation
(r1) and fluorescent responses. Using organic fluorescent dyes
as chromophores to prepare molecular probes is a simple,
versatile, and non-destructive method that offers real-time, in
situ, and dynamic information.** However, these dyes have
inherent limitations: they typically have low absorption coeffi-
cients and weak signals, which can reduce sensitivity in appli-
cations. Furthermore, organic fluorescent dyes suffer from poor
photobleaching resistance, limiting their use in long-term
tracking, and their short fluorescence lifetimes also pose
a significant drawback in practical applications.”® To address
these issues, it is worth considering the use of quantum dots

RSC Adv, 2024, 14, 38480-38490 | 38483
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(QDs) as chromophores, as they exhibit strong resistance to
photobleaching and high quantum yields.*

Compared to ion-responsive molecular probes, enzyme-
responsive molecular probes offer higher imaging efficiency
due to their ability to specifically recognize substrates. Enzymes
play crucial roles in many vital biological activities and physi-
ological processes within organisms, and changes in their levels
are often closely associated with disease progression. For
instance, the overexpression of specific enzymes accompanies
the development of various cancers, making these enzymes
viable biomarkers for certain cancers. Probes can not only
visually reflect the levels of these enzymes within the body but
also facilitate optical imaging to guide the surgical removal of
diseased tissues. Jouclas® reported on a p-galactosidase-
responsive  probe, YbLg,®’, which employs 1,4,7,10-
tetraazacyclododecane-1,4,7-triacetic acid (DO3A) as the
chelating agent for ytterbium (Yb), a pyridine derivative as the
chromophore, and B-galactose as the trigger. Cleaved by (-
galactosidase, the YbLg,®> probe responds specifically, visual-
izing overexpressed B-galactosidase in samples through various
imaging modalities, thereby enhancing the imaging signal of
cancer cells. This probe exemplifies the application potential of
lanthanide complexes in dual-modality molecular probes,
particularly in the precise detection and treatment of cancer.

Advancements in technology have broadened the scope of
molecular probes to include both diagnostic and therapeutic
uses. Yin®® crafted a highly stable and safe integrated nanop-
robe, Au@Gd,0;@mSiO,@PEG-FA (Fig. 3), composed of gold
nanorods coated in mesoporous silica. These rods are loaded
with ultrafine Gd,O; nanoparticles via laser ablation in liquid
(LAL), and subsequently, the silica surface is conjugated with
FA-PEG. Density functional theory (DFT) calculations confirm
the nanoprobe's high structural stability. Both in vitro and in
vivo experiments have shown that after photothermal therapy
(PTT) treatment, this probe effectively cured mice with trans-
plant tumours of 10 to 12 mm in size. Furthermore, the ultrafine
Gd,O; nanoparticles can detach from the probe and be swiftly
excreted through the kidneys, significantly reducing the long-
term toxicity risks associated with gadolinium-based nano-
particles, and thus achieving excellent multimodal imaging and
photothermal treatment outcomes.

In the realm of MRI/OI dual-modality molecular probes, both
small molecule and nanoparticle varieties that incorporate REE

LAL lechnlque
Gd mg-« "
FA- FEG
Coumg
Au NR

IR Lasor
Nanoprobe Stability - | Skin & Fat
Nanoprobe Toxicity .. |

"_ 4 TPLi mlagmg

= EnhancedMRlﬁ

Mullisite PTT

Nanoprobe Metabolism ii
Fig. 3 Synthesis and mechanism of MRI/Ol bimodal molecular probe

Au@Gd,03@mSiO,@PEG-FA (adapted with permission ref. 58 with
permission from the American Chemical Society, Copyright 2019).
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demonstrate enhanced longitudinal relaxivity compared to
single-modality probes. Despite these advancements, these dual-
modality probes face challenges such as suboptimal biocom-
patibility, stability, and aqueous solubility. Future efforts are
directed toward developing dual-modality probes with superior
relaxivity and improved fluorescence stability, leveraging REE to
meet the evolving needs of various application domains.

4.2. Application of rare earth complexes as dual-modality
molecular probes in MRI/PET

PET employs radiotracers that decay through positron emis-
sion, providing critical insights into biological processes with
high molecular sensitivity.”® However, despite its capabilities,
PET often suffers from limited spatial resolution, and its
imaging output generally lacks the necessary clinical details.”
Utilizing PET/CT can enhance the localization of abnormalities
detected by PET, but this integration raises concerns about
radiation exposure, particularly in children who are more
vulnerable to radiation effects.”® Chawla® reported that in
pediatric PET/CT, the CT component contributed significantly
more to radiation exposure (20.3 mSv) than the PET component
(4.6 mSv). In contrast, MRI, which does not involve ionizing
radiation and offers superior spatial resolution and soft tissue
contrast, can be paired effectively with PET. When REE are
utilized in the development of MRI/PET dual-modality molec-
ular probes, they significantly enhance the overall imaging
performance, combining the best of both modalities for a more
comprehensive diagnostic approach.

To address these challenges, MRI is combined with PET,
taking advantage of MRI's lack of ionizing radiation and supe-
rior spatial resolution and soft tissue contrast.’® The integra-
tion of MRI with PET has led to the development of dual-
modality molecular probes that incorporate REE, significantly
enhancing overall imaging performance. Since their introduc-
tion in 1997, MRI/PET dual-modality molecular probes have
undergone extensive research and practical application.'”
Kumar® successfully synthesized the PET/MRI dual-modality
probe GdgLGa, which has a dendritic structure with 1,4,7-tri-
azacyclononane-N,N',N’-triacetic acid (NOTA) as the core. It is
peripherally modified with six 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) moieties, each chelating rare
earth elements gadolinium (Gd) and gallium (Ga) respectively.
Animal studies assessing the in vivo tissue distribution, phar-
macokinetics, and stability of Gd¢LGa have demonstrated its
excellent stability and pharmacokinetic properties. Further-
more, targeted modifications of GdsLGa enable dual-modality
imaging of tumours in U87-MG glioblastoma-bearing mice.
Chen® further innovated by developing a dual-modality
molecular probe using a nanocarrier, Gd@Cs,-Ala-PEG-cRGD-
NOTA-**Cu. Gd@Cg,-Ala exhibits significant anticancer activity.
The probe is chemically modified with an eight-arm poly-
ethylene glycol amine (8-arm-PEG-NH,) to enhance biocom-
patibility and provide active sites for tumour ligand (cRGD) and
PET isotope (**Cu) attachment. Its targeting capability towards
U87-MG cells was evaluated using flow cytometry, confocal
fluorescence microscopy, and dynamic cell interaction assays.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PET/MRI y
tumor targeting .

Fig. 4 Targeted imaging of U87-MG-bearing mice is performed with
a PET/MRI probe Gd@ng—Ala—PEG—CRGD—NOTA—64CU (adapted with
permission ref. 64 with permission from American Chemical Society,
Copyright 2019).

Additionally, the probe was labelled with *°Zr for metabolic
studies lasting up to 30 days. Cellular and animal experiments
indicate that this probe holds broad prospects for clinical
translation, especially in tumour imaging and treatment
monitoring in U87-MG glioblastoma-bearing mice (Fig. 4).

Currently, MRI/PET dual-modality molecular probes, often
incorporating rare earth elements, represent a focal point of
research, primarily concentrated at the experimental stage with
no successful clinical applications yet. A significant challenge is
the differing metabolic processes and in vivo half-lives of the
imaging groups within these probes.'”* Particularly, there is
a notable mismatch in pharmacokinetics between short-lived
radioactive isotopes, such as ®*Ga, and MRI imaging agents,
which typically involve rare earth elements like gadolinium.
Precisely controlling their metabolic processes to achieve
synergistic imaging effects remains a formidable challenge.

These probes aim to leverage the complementary strengths
of MRI's superior spatial resolution and soft tissue contrast with
PET's acute sensitivity to metabolic activities.'®® However,
synchronizing these modalities, which involves aligning the
biological behaviours and decay rates of diverse imaging
components, including rare earth elements, demands innova-
tive solutions. Research is directed not only towards enhancing
diagnostic accuracy but also towards optimizing the functional
delivery and imaging capabilities of the probes within the
human body's dynamic environment.

Advancements may rely on the development of new chelating
agents that effectively bind and stabilize both MRI and PET
components, harmonizing their interactions and extending the
effective imaging window.’® Additionally, the integration of
advanced computational models to predict and manage the
probes’ behaviour in vivo could facilitate breakthroughs that
transition experimental successes to clinical viability.’”® The
ultimate goal is to develop dual-modality probes that effectively
diagnose and guide therapeutic interventions, thus revolution-
izing the field of medical imaging and treatment with the
strategic use of REE.

4.3. Application of rare earth complexes as dual-modality
molecular probes in MRI/CT

Computed tomography (CT), widely used in diagnostic imaging,
capitalizes on the distinct X-ray absorption differences between

© 2024 The Author(s). Published by the Royal Society of Chemistry
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healthy and pathological tissues to produce high-resolution 3D
images.'* The capability of CT to resolve soft tissues, however,
is constrained due to their similar electron densities. Moreover,
traditional CT imaging agents, predominantly iodine-based,
exhibit limited sensitivity towards soft tissues and operate
within brief imaging windows, which restricts their utility in
detailed tumour diagnostics.’®**® On the other hand, MRI,
frequently utilizing REE such as gadolinium, excels in deep
penetration and detailed soft tissue imaging, establishing it as
the preferred technique for cancer and cardiovascular
imaging.'” By integrating MRI with CT, the combined strengths
of both modalities can be leveraged, thus providing more
precise and comprehensive diagnostic insights.

Gadolinium-based metal organic framework (MOF) nano-
particles are noted for their adjustable sizes and high loadings
of gadolinium Gd(ur), providing extended retention times and
improved relaxivity, making them promising for overcoming
the limitations faced by traditional Gd(m) complex molecular
probes.™® Tian® first reported on the synthesis of MRI/CT dual-
modality molecular probes by combining GAMOF nanoparticles
with gold nanoparticles (AuNPs). This process involved depos-
iting polyacrylic acid (PAA) on the GAMOF nanoparticles’
surface, followed by the coordination and reduction of Au ions,
leading to the successful synthesis of the Gd-PAA-Au nanop-
robe. PAA played a crucial role in facilitating the formation of
highly dispersed AuNPs, averaging 4 nm in diameter on the
GdMOF surfaces, which not only acted as bridges for the AuNPs
but also enhanced water molecule access to interact with Gd**
ions. The MRI results showed that this probe's longitudinal
relaxivity (r;) reached 4.9 mM ™' s™, closely matching that of
unmodified GAMOF nanoparticles (r; = 4.5 mM ™" s™') and
outperforming clinical nanoparticle probes, while also
enhancing CT imaging contrast at a low Au concentration of
1.66 mg ml ™. Furthermore, Lu” designed a dual-modality MRI/
CT molecular probe, NaGdF,:Dy@PDA-PEG-FA (NaGdF,:
Dy@PPF), which exhibits significant T; and T, relaxation
properties. This probe was synthesized through a series of
reactions including the thermal decomposition of gadoliniu-
m(m) hexahydrate and dysprosium(im) chloride, followed by the
auto-polymerization of dopamine (DA) under alkaline condi-
tions, Michael addition reaction, Schiff base reaction, and cya-
nodiimide conjugation. The inclusion of PDA, which has strong
near-infrared absorption capabilities, and the doping of Gd**
and Dy*" ions, endow NaGdF,: Dy@PPF with excellent photo-
thermal conversion efficiency and enhanced T;/T, weighted
MRI and CT imaging capabilities. MTT assays, histological
analyses, and mouse weight changes consistently indicate that
the probe has relatively low cytotoxicity and negligible tissue
damage. Moreover, under 808 nm irradiation, NaGdF,: Dy@PPF
exhibits pronounced photothermal cytotoxicity against 4T, cells
and effectively inhibits tumour growth. All experimental results
suggest that this multifunctional nanoprobe has the potential
to serve as a novel dual-modality imaging probe, facilitating
photothermal therapy (PTT) of tumours in mice under the
guidance of multimodal imaging (Fig. 5).

Research into MRI/CT dual-modality molecular probes has
increasingly focused on the development of nanoprobe
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Fig.5 Schematicillustration of the preparation of NaGdF,: Dy@PPF as
a therapeutic agent for multimodal imaging-guided PTT (adapted with
permission ref. 72 with permission from the Royal Society of Chem-
istry, Copyright 2019).

technology, particularly those incorporating rare earth elements
like gadolinium.*"* The biocompatibility of these nanomaterials
is crucial for their clinical adoption, necessitating comprehen-
sive investigations to assess their potential biotoxicity and
ensure safety for human use.'”” Additionally, the complexity
involved in fabricating these nanoparticle-based probes poses
significant challenges, including the effective integration of
both imaging modalities onto a single nanoparticle and the
enhancement of the nanoprobe's size, water solubility, and
biocompatibility."**

Advancements in nanoparticle probe design that seamlessly
integrate the diagnostic capabilities of MRI and CT require
innovative engineering approaches. These approaches should
ensure the stabilization of nanoparticles in biological environ-
ments and optimize their interactions with body tissues to
prevent adverse immune reactions. Moreover, improving the
functional properties of these nanoparticles is essential for
providing precise, reliable imaging crucial for accurate diag-
nostics and effective treatment planning.***

Future enhancements in MRI/CT dual-modality probes are
likely to leverage the wunique properties of lanthanide
compounds, which enhance imaging quality due to their
magnetic characteristics. Prioritizing the safety of these
advanced materials is essential, necessitating extensive
preclinical studies and clinical trials to fully verify their
biocompatibility and effectiveness before they can be broadly
implemented in clinical settings.

4.4. Application of rare earth complexes as dual-modality
molecular probes in MRI/US

Ultrasound imaging operates based on the detection of re-
flected sound pulses, which are generated by a transducer and
transmitted into tissues. These pulses are reflected based on the
tissues' density and compressibility."** Ultrasound (US) is
distinguished for its high spatiotemporal resolution, real-time
imaging capabilities, absence of radiation, portability, and
cost-effectiveness.’® Ultrasound molecular probes typically
consist of acoustically active microbubbles, ranging in size from
several hundred nanometres to a few micrometers.'” Despite its
advantages, US is limited by its lower spatial resolution, which
can restrict its utility,. Combining MRI, which often
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incorporates rare earth elements like gadolinium to improve
imaging contrast, with ultrasound can mitigate these limita-
tions. This integration enables the rapid identification of
tumours using ultrasound, followed using MRI to provide more
detailed and accurate anatomical information.**®
Conventional cancer treatments such as surgery, chemo-
therapy, and radiotherapy can cause significant damage to
healthy tissues.'>*** Photothermal therapy (PTT), which offers
high specificity for targeting cancer cells, has emerged as
a promising alternative. PTT employs photosensitizers to
convert near-infrared (NIR) light into heat, selectively destroy-
ing cancerous tissues while sparing normal tissues due to rapid
heat dissipation through blood circulation.***** In a significant
development, Li*" created a novel multifunctional therapeutic
agent by loading perfluorooctyl bromide (PFOB) into polylactic
acid (PLA) nanocapsules (NCs), further enhanced with graphene
oxide (GO) and gadolinium Gd(m) complex (GADTPA). This
integration of gadolinium enhances the NCs' capabilities as
molecular probes, significantly improving both ultrasound (US)
and Magnetic Resonance Imaging (MRI) performance. These
gadolinium-doped NCs effectively destroy cancer cells under
NIR laser exposure, combining real-time US imaging with high-
resolution MRI to provide treatment without systemic damage.
Additionally, cytotoxicity tests on HUVEC cells have confirmed
the biocompatibility of these PFOB@PLA/GO/Gd-DTPANCs.
Building upon this, Shi** successfully synthesized a dual-
modality molecular probe, PFP/GdDTPA/ICG@PLGA NPs
(PGINPs), using a double emulsion method. This involved
encapsulating GADTPA, perfluoropentane (PFP), and indoc-
yanine green (ICG) within a poly (lactic-co-glycolic acid) (PLGA)
shell. Under near-infrared laser irradiation, the photosensitizer
ICG effectively induces cancer cell death through photothermal
therapy (PPT) and photodynamic therapy (PDT), without
affecting normal tissues. The rapid temperature increase facil-
itates the conversion of PFP into bubbles, thereby enhancing
ultrasound imaging capabilities. Concurrently, the released Gd-
DTPA from PGINPs enhances penetration into cancerous
tissues, leading to more uniform Magnetic Resonance Imaging
outcomes. Structural characterization confirms that PGINPs
possess a uniform particle size and high stability. Additionally,
a 21 days in vivo toxicity study in healthy nude mice demon-
strated that various dosages of PGINPs exhibit negligible
toxicity. Thus, PGINPs hold significant clinical potential for
ultrasound and MRI imaging and treatment of breast cancer.
The MRI/US dual-modality molecular probes discussed
above highlight the extensive capabilities of rare earth elements
to not only provide imaging of lesions or targeted areas but also
to facilitate targeted therapeutic interventions. This integrated
diagnostic and therapeutic approach, often referred to as
“theranostics,” holds substantial promise for enhancing patient
care.'” By incorporating rare earth elements, these probes can
offer precise, real-time imaging while administering localized
treatment, potentially revolutionizing the management of
various diseases, particularly in oncology. It is anticipated that
with ongoing advancements and rigorous clinical testing, this
technology could soon be implemented in clinical practice,
significantly improving patient survival and quality of life."**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The transition from experimental applications to routine clin-
ical use is expected to provide a more targeted and efficient
treatment regimen with fewer side effects compared to
conventional methods.

5. Conclusion and future prospects

The integration of REE within various dual-modality molecular
probes has significantly advanced diagnostic and therapeutic
imaging capabilities. Systems such as MRI/US, MRI/CT, MRI/
OI, and MRI/PET leverage the unique properties of elements
like gadolinium to enhance image quality and therapeutic
accuracy. Beyond these discussed modalities, rare earth
elements are also being increasingly utilized in multimodal
molecular probes, expanding their application scope and
enhancing their utility in complex diagnostic and treatment
scenarios.

Despite these advancements, the application of REE in dual-
modality and multimodal molecular probes does not yet fully
meet the ideal characteristics expected of molecular probes.
Issues with biocompatibility, stability, and relaxivity of these
probes are areas requiring further research and improvement.
Additionally, the complex manufacturing processes, substantial
costs, and stringent regulatory hurdles pose significant barriers
to their broader clinical adoption.

Future research should focus on development of new
compounds that can be used in more ideal dual-modality and
multimodal molecular probes. While gadolinium has been
predominantly employed in the development of dual-modality
and multimodal molecular probes, the exploration and inte-
gration of other rare earth elements have been notably sparse.
This underutilization represents a substantial area for academic
and clinical research advancement. Future studies should
prioritize the synthesis and characterization of novel
compounds utilizing a broader spectrum of REE, which may
exhibit unique physicochemical properties conducive to
medical imaging and therapeutic applications. Investigating
these elements could lead to significant enhancements in the
functionality of molecular probes, potentially improving their
biocompatibility, stability, and magnetic relaxivity. Such
research efforts are crucial for expanding the repertoire of
available molecular probes and may unveil innovative thera-
peutic modalities that could revolutionize precision medicine
and diagnostic strategies.
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