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A B S T R A C T   

Multimodal imaging, which combines the strengths of two or more imaging modalities to provide comple-
mentary anatomical and molecular information, has emerged as a robust technology for enhancing diagnostic 
sensitivity and accuracy, as well as improving treatment monitoring. Moreover, the application of multimodal 
imaging in guiding precision tumor treatment can prevent under- or over-treatment, thereby maximizing the 
benefits for tumor patients. In recent years, several intriguing magneto-optical nanosystems with both magnetic 
and optical properties have been developed, leading to significant breakthroughs in the field of multimodal 
imaging and image-guided tumor therapy. These advancements pave the way for precise tumor medicine. This 
review summarizes various types of magneto-optical nanosystems developed recently and describes their ap-
plications as probes for multimodal imaging and agents for image-guided therapeutic interventions. Finally, 
future research and development prospects of magneto-optical nanosystems are discussed along with an outlook 
on their further applications in the biomedical field.   

1. Introduction 

In recent years, the rapid advancement of nanotechnology has 
necessitated higher performance standards for nanomaterials [1,2]. 
Single-component nanomaterials exhibit limitations in terms of single 
functionality and unstable performance, which significantly impede 
their further application development. For instance, noble metal nano-
materials with high surface energy are prone to aggregation, resulting in 
inefficiency and other associated issues. Moreover, single-component 
nanomaterials often possess only one crucial property that fails to 
meet multiple requirements simultaneously. Consequently, the emer-
gence of multi-component nanomaterials has garnered considerable 
attention from researchers due to their ability to combine different 
components through a robust synergistic coupling effect, thereby of-
fering distinct physical and chemical properties unattainable by 
single-component nanoparticles [3–6]. Magneto-optical nanosystems 
are a class of multi-component nanomaterials that are typically fabri-
cated through various methods, including one-pot synthesis, 
self-assembly techniques, and other approaches. These methods enable 

the assembly of magnetic nanoparticles and optical materials into 
structures such as spherical core-shell or core-satellite architectures, 
heterodimers, multi-component hybrids, vesicle structures, and 
non-spherical core-shell configurations. This integration effectively 
combines the magnetic and optical properties to achieve enhanced 
sensitivity, superior dispersion characteristics, and improved chemical 
stability compared to single-component nanomaterials by leveraging 
their intrinsic attributes (e.g., magnetic responsiveness and lumines-
cence) [7–11]. 

After nearly a decade of extensive development, magneto-optical 
nanosystems have garnered significant attention owing to their 
distinctive magnetic and optical properties in diverse applications such 
as cell separation, fluorescent labeling, disease diagnosis and treatment, 
biosensing, among others [12–17]. For instance, in comparison to con-
ventional diagnostic and therapeutic nanoagents, magneto-optical 
nanosystems offer the following advantages: (1) they can serve as im-
aging agents for multimodal imaging, compensating for the limitations 
of individual imaging modalities by leveraging the strengths of other 
modalities to achieve high spatial resolution and accuracy in obtaining 
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imaging information [18–22]. (2) Apart from passive targeting and 
accumulation at tumor sites through enhanced permeability and reten-
tion (EPR) effect, certain magneto-optical nanosystems can actively 
target or specifically target disease sites using their magnetic guidance 
properties along with specific targeting ligands and performance mod-
ifiers for drug delivery and imaging purposes [23–29]. (3) Owing to 
their large surface area or internal loading capacity, some 
magneto-optical nanosystems can be precisely guided by multimodal 
imaging techniques for targeted drug delivery and site-specific release at 
disease locations [30–35]. Based on these inherent advantages, an 
escalating number of magneto-optical nanosystems have been devel-
oped by integrating therapeutic medicine, engineering, and nanotech-
nology, thereby offering promising prospects for cancer diagnosis and 
treatment [36–42]. 

To prevent the aggregation of magnetic nanomaterials and minimize 
performance loss, magneto-optical nanosystems typically require 
excellent dispersibility and chemical stability [43–47]. Additionally, 
these systems should have an appropriate size to pass through capillaries 
without obstruction in order to avoid ectopic embolism and retention 
[48–52]. As a result, the development of versatile and applicable 
magneto-optical nanosystems continues to be a cutting-edge research 
topic in the field of nanomaterials today [53–55]. This review provides a 
comprehensive overview of the recent developments in magneto-optical 
nanosystems and their applications in biomedicine. Firstly, we present a 
detailed summary and analysis of existing magneto-optical nano-
systems, including iron oxide-based platforms as well as those based on 
other magnetic metals. Subsequently, we focus on the latest advances in 
multimodal imaging techniques such as magnetic resonance imaging 
(MRI), magnetic particle imaging (MPI), fluorescence imaging (FLI) and 
photoacoustic imaging (PAI), all enabled by magneto-optical nano-
systems. Finally, we discuss future research directions for these prom-
ising technologies (Fig. 1). 

2. Magneto-optical nanosystems 

The magneto-optical nanosystem comprises MNPs and optical 

nanomaterials, which exhibit distinct application potentials based on 
the composition of diverse materials [56–58]. Among these, MNPs 
typically consist of magnetic elements such as iron (Fe), nickel (Ni), 
gadolinium (Gd), manganese (Mn), cobalt (Co), and their compounds, 
offering the advantages of modulating magnetic properties through size 
and shape variations while facilitating coupling with a range of active 
groups [24,59–63]. The majority of these MNPs possess inherent ferro-
magnetic properties and exhibit hysteresis loop characteristics [64,65]. 
Furthermore, the presence of distinct atomic magnetic moments in 
different adjacent regions within the MNP gives rise to numerous mag-
netic domain structures, wherein small spontaneous magnetization re-
gions are formed. This phenomenon determines the size-dependent 
nature of its magnetic behavior [66]. For example, iron oxide nano-
particles (IONPs) smaller than the single domain limit (approximately 
20 nm) exhibit superparamagnetism without magnetic hysteresis at 
room temperature [67–69]. Moreover, MNPs possess the capability to 
induce localized magnetic fields, resulting in shortened relaxation times 
and enhanced proton relaxation within their surrounding environment, 
thereby potentially influencing MR signal intensity [70–72]. Further-
more, the integration of MNPs and optical nanomaterials can yield 
synergistic advantages and engender novel applications across diverse 
fields [73–75]. For instance, magneto-optical nanosystems serve as 
multi-modal probes that amalgamate the high spatial resolution of 
MNPs with the heightened sensitivity of optical probes, thereby 
furnishing more precise complementary information [18,73,76–78]. In 
subsequent sections, we briefly discuss nanosystems comprising MNPs 
such as iron oxide, Gd, Ni, Co, and Mn-based nanoparticles in 
conjunction with a variety of optical materials. 

2.1. Iron oxide nanoparticle based composite nanosystem 

IONPs are a category of ferromagnetic nanoparticles, which can be 
categorized into three distinct types: magnetite (Fe3O4), maghemite 
(γ-Fe2O3), and mixed ferrite (MFe2O4) [79]. Due to their exceptional 
properties such as biocompatibility and relativity, extensive research 
has been conducted on IONPs in the fields of biomedicine and bioen-
gineering [30,80–84]. When the size of IONPs is smaller than the critical 
threshold (e.g., when the diameter of spherical magnetite NPs is less than 
approximately 20 nm), superparamagnetism can be observed in these 
IONPs at room temperature [85–87]. The superparamagnetic iron oxide 
nanoparticles (SPION) exhibit a high magnetic moment in the presence 
of an external magnetic field, while demonstrating no hysteresis phe-
nomenon with zero remanence and coercivity (Hc) after the withdrawal 
of the magnetic field. This ensures the maintenance of colloidal stability 
even under zero magnetic fields, thereby preventing agglomeration 
[88–90]. In recent years, multifunctional nanosystems composed of 
IONPs and various optical nanomaterials have received a lot of attention 
in advancing clinical diagnostics and therapeutics due to their special 
magnetic and optical properties [61,91]. In this section, we briefly 
introduce different types of optical nanomaterials, mainly including 
inorganic nanomaterials and organic fluorescent dyes, with IONPs to 
compose different magneto-optical nanosystems. 

Inorganic optical nanomaterials such as semiconductor quantum 
dots (QDs), carbon-based nanomaterials, graphene, lanthanide-doped 
nanomaterials, and plasmonic nanomaterials offer a range of advan-
tages for tumor diagnostic and therapeutic applications, including sta-
bility, excellent fluorescence and photoacoustic (PA) properties, and 
high antioxidant properties. These advantages make them uniquely 
valuable in the diagnosis and treatment of disease and provide strong 
support for the advancement of clinical medicine. In recent years, 
semiconductor nanomaterials such as QDs have garnered significant 
attention due to their wide excitation absorption range, narrow and 
symmetric light emission, strong luminescence, and excellent photo-
stability [92,93]. QDs are semiconductor nanoparticles with a diameter 
ranging from 2 to 10 nm, composed of group II-VI or III-V elements (such 
as CdSe and CdTe). They exhibit excellent photoluminescence (PL) 

Fig. 1. Schematic illustration of the magneto-optical nanosystems for multi-
modal imaging and image-guided therapy. 
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properties [94]. By combining QDs with IONPs, magneto-optical nano-
systems can be formed, which possess stable collective luminescence 
and magnetic properties for in vitro and in vivo biological imaging and 
therapy [95–97]. For example, The QDs-iron oxide composite nano-
systems with core-hollow shells can effectively mitigate the degradation 
of optical properties induced by the interaction between QDs and MNPs. 
Park et al. synthesized magnetic Fe2O3 hollow sphere nanoparticles 
encapsulated with CdSeTeS QDs (QD@MHS NPs), which exhibited both 
magnetic and fluorescent properties (Fig. 2A) [98]. The hollow structure 
of QD@MHS NPs demonstrated the advantage of a gap between the 
Fe2O3 shell and the QDs core, promoting fluorescence generation by 
limiting charge and energy transfer between substances and preventing 
fluorescence quenching. Furthermore, co-encapsulation of IONPs and 
QDs in polymer or organic materials effectively avoided non-specific 
distribution in vivo and potential toxic effects, enabling the formation 
of multifunctional magneto-optical nanosystems. Zhao et al. developed 
a theranostic nanosystem (QSC-Lip) with magnetic targeting (MT) 
function by collectively encapsulating QDs, SPIONs, and cilengitide into 
PEGylated liposomes. This platform accurately guided surgical resection 
of glioma through dual-imaging techniques (MRI and FLI) (Fig. 2B) [99]. 

Carbon-based nanomaterials, such as carbon dots (CDs), carbon 
nanotubes and graphene-based nanomaterials can be combined with 

IONPs to form nanosystems with magnetic and optical properties for 
biomedicine [100]. CDs, a new focus in carbon-based nanomaterials, 
mainly include three types: graphene quantum dots (GQDs), carbon 
quantum dots, and carbonized polymer dot [101,102]. Due to the 
presence of surface functional groups, π-conjugated domains, 
carbon-oxygen and carbon-nitrogen double bonds, CDs exhibit excep-
tional light absorption properties, tunable PL characteristics, high 
quantum yield (QY), photostability, and efficient reactive oxygen spe-
cies (ROS) scavenging ability [103–105]. Consequently, by combining 
with IONPs, magneto-optical nanosystems with reduced cytotoxicity can 
be fabricated for diverse biomedical applications [106,107]. For 
example, Dhara et al. successfully synthesized composite nanoparticles 
(FeCD) of CDs doped with SPION using a facile hydrothermal method, 
exhibiting exceptional magnetic properties, fluorescence characteristics, 
and biocompatibility [108]. Furthermore, GQDs can be conjugated with 
silica-coated IONPs to create multifunctional nanosystems. For instance, 
Liu et al. achieved the synergistic effect of magneto-mechanical and 
photothermal stimulation by employing a condensation reaction be-
tween amino and carboxyl groups to combine carboxylated GQDs with 
hollow magnetic nanospheres (HMNSs) composed of Fe3O4 coated with 
an amino-functionalized silica shell (HMNS/SiO2/GQDs) (Fig. 2C) 
[109]. 

Fig. 2. Transmission electron microscope (TEM) images of QD@MHS NPs, QSC-Lip, HMNS/SiO2/GQD, RGO-IONP-PEG, Fe@UCNPs, IO/DCNP@PP NPs, MPNAs, 
Ag/Fe3O4 NFs, BCN-dual-NPs-20. [(A) reproduced with permission from Ref. [98], Copyright 2020, Elsevier. (B) reproduced with permission from Ref. [99], 
Copyright 2018, Wiley-VCH GmbH. (C) reproduced with permission from Ref. [109], Copyright 2016, Ivyspring International. (D) reproduced with permission from 
Ref. [116], Copyright 2012, Wiley-VCH GmbH. (E) reproduced with permission from Ref. [126], Copyright 2019, Elsevier. (F) reproduced with permission from 
Ref. [127], Copyright 2022, Wiley-VCH GmbH. (G) reproduced with permission from Ref. [134], Copyright 2019, Wiley-VCH GmbH. (H) reproduced with permission 
from Ref. [137], Copyright 2016, American Chemical Society. (I) reproduced with permission from Ref. [148], Copyright 2019, American Chemical Society]. 
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Graphene, serving as the fundamental constituent of all other 
carbon-based materials, comprises a monolayer of sp2 carbon atoms 
arranged in a hexagonal lattice structure. This unique configuration 
offers notable advantages including an expanded surface area, facile 
functionalization and enhanced solubility, as well as heightened 
absorbance capabilities [110,111]. The combination of graphene and 
MNPs was achieved through two structures: encapsulation of MNPs 
within graphene-based materials, and decoration of graphene-based 
materials with MNPs [112]. Among these structures, the decoration of 
graphene-based materials with MNPs is widely employed [113,114]. 
However, in this structure, the lack of protection for the MNPs neces-
sitates loading additional functionalized substances such as poly-
ethylene glycol (PEG) and chitosan [115]. For instance, Liu et al. 
synthesized reduced graphene oxide (RGO) nanosheets containing 
IONPs via a hydrothermal reaction and subsequently modified them 
with PEG to fabricate an innovative probe (RGO-IONP-PEG) for cancer 
imaging and therapy (Fig. 2D) [116]. 

Lanthanide-doped nanoparticles have garnered sustained attention 
in the biomedical field owing to their tunable emission characteristics, 
minimal photobleaching, exceptional photostability, and prolonged PL 
lifetime [117–119]. Typically, they exhibit near-infrared fluorescence 
(NIRF) upon excitation with NIR light via either upconversion (UC) or 
downconversion (DC) pathways, thereby classifying them into upcon-
version nanoparticles (UCNPs) and downconversion nanoparticles 
(DCNPs) [120]. UCNPs are a class of innovative fluorescent nano-
materials consisting of three components: a sensitizer (e.g., Yb3+), 
emitters (e.g., Tm3+, Er3+, Ho3+), and a host matrix. These materials 
exhibit an anti-Stokes process, wherein they absorb two or more 
low-energy photons and emit one high-energy photon [121–124]. The 
integration of UCNPs with iron oxide composite nanosystems not only 
combines the advantages of UCNPs, such as light stability, deep light 
penetration, and minimal background interference but also enhances 
their upconversion luminescence (UCL) efficiency in vivo, thereby 
overcoming the limitations associated with biological imaging and 
clinical applications [125]. Li et al. prepared multifunctional nano-
systems with core-shell structure (Fe@UCNP@HMME), consisting of 
Fe3O4 core, NaGdF4:Yb:Er (UCNPs) shell and hematoporphyrin mono-
methyl ether (HMME). These nanosystems exhibited excellent lumi-
nescence properties with UCL bands and superparamagnetic properties 
(Fig. 2E) [126]. The optical properties of DCNPs are enhanced by the 
downconversion luminescence mechanism, which follows the PL phe-
nomenon of Stokes law. This enables the formation of magneto-optical 
nanosystems with IONPs for diverse applications in the biomedical 
field. Fu et al. developed a nanocomposite (IO/DCNP@PP) consisting of 
a hybrid assembly of pheophorbide-A (PP)-modified IONPs and 
lanthanide-doped DCNP, resulting in magnetic nanochains exhibiting 
T2-MRI and FLI characteristics for cancer therapy (Fig. 2F) [127]. 

Plasma nanomaterials, such as gold, silver, and platinum nano-
particles, exhibit unique localized surface plasmon resonance (LSPR) 
effects that result in their exceptional light absorption and scattering 
capabilities when exposed to incident light [128–130]. The iron 
oxide-plasma composite nanosystems, featuring diverse structures, have 
garnered significant attention among researchers due to their possession 
of both the magnetic properties of IONPs and the optical properties of 
plasma nanoparticles. Gold nanomaterials, including spherical nano-
particles (AuNPs), nanorod, and nanoshell, possess distinctive attributes 
such as photodegradation, photothermal effects, exceptional biocom-
patibility, precise size control, X-ray absorption capability. When inte-
grated with IONP, they can form versatile nanosystems with diverse 
architectures [128,131]. The iron oxide-Au nanosystem with a 
core-shell structure is currently the most extensively investigated type, 
encompassing two predominant forms: one with an iron oxide core and 
the other with a gold core. Research has demonstrated that incorpo-
rating gold nanoshells can effectively prevent aggregation, oxidation, 
and corrosion of IONPs while simultaneously enhancing surface func-
tionalization and chemical stability in the core-shell nanosystems [132]. 

Wang et al. employed Ag-coated SPION (SPIO–Ag) as a template for the 
synthesis of SPIO-hollow gold nanoshells (SPIO-HGNs) via a single 
displacement reaction, resulting in tunable inner diameter, NIR LSPR 
peak, and magnetic properties [133]. Incorporating IONP as the shell 
and gold as the core, an alternative core-shell structure is devised to 
seamlessly integrate magnetic and plasma components within single 
nanosystems, effectively circumventing the magnetic shielding effect of 
gold nanoshells for achieving optimal saturation magnetization and 
plasma optical activity. Chen et al. employed a self-assembly strategy to 
coassemble oleic acid-coated IONPs (OC-IONPs) and oleylamine-coated 
gold nanoparticles (OA-AuNPs), resulting in the formation of colloidal 
magnetic-plasma nanoassemblies (MPNAs) with core-shell hetero-
structures, which exhibited exceptional preservation of their 
magnetic-plasma activity (Fig. 2G) [134]. 

In addition to iron oxide-Au nanosystems, another composite nano-
system comprising Ag and IONPs with both plasmonic and magnetic 
properties exhibits significant potential for imaging and therapy [135]. 
Due to the LSPR characteristic of Ag nanomaterials, namely, the oscil-
lation of conduction electrons at the surface leading to enhanced energy 
absorption and temperature increase upon excitation by incident light, 
Ag nanomaterials typically exhibit a pronounced photothermal effect 
[136]. Therefore, the iron oxide-Ag composite nanosystems can syner-
gistically harness the magnetic heating effect of MNPs induced by hys-
teresis loss (Néel and Brown relaxation) and the photothermal effect of 
plasma Ag to efficiently execute cancer hyperthermia. The magnetic 
silver/magnetite (Ag/Fe3O4) nanoflowers (NFs) were fabricated by 
Srikanth et al. through a one-step solvothermal process, where clustered 
Fe3O4 nanoparticles acted as petals surrounding silver cores. These NFs 
demonstrated exceptional magnetic and photothermal properties 
(Fig. 2H) [137]. 

However, inorganic nanomaterials usually suffer from the problem 
of slow excretion after administration and tend to linger in the major 
organs of the reticuloendothelial system, which may lead to long-term 
toxicity. Organic semiconductor materials such as organic fluorescent 
dyes, which are completely benign and biologically inert, avoid this 
toxicity problem. Organic fluorescent dyes typically possess extensive 
conjugated systems, such as multiple aromatic rings or carbon-carbon 
double bonds [138,139], enabling them to emit longer-wavelength 
light upon excitation at a specific wavelength [140–142]. These dyes 
exhibit excellent biocompatibility, high molar absorption coefficients, 
and superior fluorescence QY [143–145]. By incorporating organic 
fluorescent dyes into composite nanosystems through coupling or 
embedding with lipid- or silica-coated shells on the surface of IONP 
cores, enhanced versatility is achieved, thereby demonstrating signifi-
cant practical value in diverse fields including biosensing, laboratory 
analysis, and clinical diagnosis [146,147]. For example, Kim et al. 
developed nanoparticles (BCN-dual-NPs) with dual-modality FLI and 
MRI. These nanoparticles were formed by chemically coupling a NIRF 
dye Cy5.5 with bicyclo [6.1.0]nonyne (BCN)-conjugated glycol chitosan 
nanoparticles (BCN-NPs), followed by packaging oleic acid-coated 
SPIONs (OA-Fe3O4 NPs) within the BCN-NPs [148]. This innovative 
design enabled non-invasive and precise stem cell tracking through 
high-intensity NIRF and T2-weighted MR signal acquisition (Fig. 2I). 
Additionally, the BCN-dual-NPs exhibited enhanced local magnetic 
dosage as a result of the aggregation of 20 nm OA-Fe3O4 NPs within the 
BCN-dual-NPs, leading to the formation of high-density ion clusters. 

2.2. Alternative nanosystems based on magnetic metals composites 

Gd, a paramagnetic lanthanide metallic element, possesses a 
distinctive 4f electron cloud structure characterized by the presence of 
seven unpaired electrons. The spins of these electrons can generate 
substantial magnetic moments that significantly impact the magnetic 
relaxation of water protons [149,150]. Therefore, the strong para-
magnetic properties and high magnetic moment of Gd make it a prom-
ising candidate for MRI contrast agents [151]. The presence of Gd can 
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induce significant fluctuations in the magnetic field, leading to a 
reduction in spin-lattice longitudinal relaxation time (T1) and conse-
quently enhancing the brightness of T1-weighted images [152–154]. 
Incorporation of Gd species into diverse nanostructures, including QDs, 
copper chalcogenide nanocrystals (NCs), and other lanthanide nano-
structures, enables the formation of multifunctional magneto-optical 
nanosystems as multimodal probes, exhibiting significant research po-
tential in the biomedical domain [155]. For example, synthesized 
size-controlled Gd-encapsulated carbonaceous dots (Gd@C-dots) using a 
mesoporous silica nanoparticle-templated method, which exhibited 
magnetic and optical properties dependent on their sizes [156]. The 
smallest Gd@C-dots demonstrated the highest longitudinal relativity (r1 
= 10 mM− 1 s− 1) and fluorescence QY (30.2%) (Fig. 3A). In addition to 
their exceptional magnetic properties, Ln3+ ions also exhibit 
well-defined energy levels spanning from UV to visible and infrared 
regions due to the effective shielding of the 4f orbital by the occupied 5s 
and 5p orbitals. This results in tunable emission characteristics, minimal 
photobleaching, outstanding photostability, and prolonged PL lifetime 
of lanthanum-doped nanostructures. Consequently, various nano-
systems co-doped with lanthanides such as Gd and Europium (Eu) have 
been developed and demonstrated remarkable magnetic and optical 
properties for multifunctional biomedical applications. For example, 
Gao et al. employed a feasible biomineralization process to synthesize 
silk fibroin (SF) peptide-coated SmPO4 nanorods (SF-NRs) co-doped 
with Gd and Eu, which exhibited paramagnetic and photoluminescent 
properties and demonstrated enhanced r1 relativity compared to the 
SF-NRs doped solely with a single lanthanide ion (Fig. 3B) [157]. 

Moreover, Copper chalcogenides NCs, a category of nanoscale tran-
sition metal chalcogenides, exhibit distinctive optical and magnetic 
properties and can be effectively integrated with other substances such 
as Gd3+ to construct multifunctional magneto-optical nanosystems 
[158,159]. The binary copper sulfur compounds, characterized by the 
rigid crystal framework formed by sulfur atoms and the random occu-
pation of copper atoms in the lattice of sulfur atoms, readily give rise to 
copper defects (Cu2-xE (x = 0, 1; E = S, Se, Te)) [160,161]. Due to the 
presence of Cu vacancies, the population of free carriers in NCs in-
creases, thereby inducing LSPR, which exhibits a broad absorption band 
in the NIR region and effectively facilitates the conversion of NIR light 
into thermal energy [162]. For example, Zhang et al. developed a 
biocompatible Gd-integrated CuS nanotheranostic agent, Gd:CuS@BSA, 
using bovine serum albumin (BSA) as a biotemplate through a bio-
mimetic approach [163]. This agent demonstrated exceptional photo-
thermal conversion efficiency, robust PA signals, and suitable 
longitudinal relativity (r1 = 16.032 mM− 1 s− 1). Moreover, copper defi-
ciency induces paramagnetism in copper chalcogenide NCs and offers 
opportunities for their versatility and customization. For instance, 
magnetic elements such as Fe, Ni, Co, Mn can be incorporated into 
copper chalcogenides to form ternary or quaternary compounds with 
magnetic and optical properties that exhibit promising prospects for 
practical applications. For example, the ultrasmall magnetic CuFeSe2 
ternary NCs (<5.0 nm) were synthesized by Li et al. using an environ-
mentally friendly aqueous method, demonstrating exceptional super-
paramagnetism, broad NIR absorption in the 500–1100 nm range, and a 
high photothermal conversion efficiency of 82%. These NCs hold great 

Fig. 3. (A) TEM image of Gd@C-dots, T1-weighted MR Images, and PL spectra at different wavelengths of excitation. (B) TEM image, the plot of relativity (1/T1 = r1) 
and emission spectrum of SF-NRs. (C) TEM image of CuFeSe2 NCs, heating curves of pure water and aqueous dispersions of CuFeSe2 NCs at different concentrations 
under laser irradiation, and transverse relativity (r2). [(A) reproduced with permission from Ref. [156], Copyright 2016, Wiley-VCH GmbH. (B) reproduced with 
permission from Ref. [157], Copyright 2015, Elsevier. (C) reproduced with permission from Ref. [164], Copyright 2017, American Chemical Society]. 
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potential for multimodal imaging-guided photothermal therapy (PTT) 
(Fig. 3C) [164]. 

3. Magneto-optical nanosystems for multimodal imaging 

Multimodal imaging, integrating two or more imaging modalities, 
has emerged as a robust tool for precise disease diagnosis and compre-
hensive analysis of disease progression in both basic biomedical 
research and clinical settings [165,166]. In the aforementioned section, 
we have summarized that magneto-optical nanosystems possess excep-
tional magnetic and optical properties owing to their amalgamation of 
diverse magnetic and optical nanomaterials. These magneto-optical 
nanosystems hold significant potential for applications in the biomed-
ical field, particularly in imaging, where they surmount the limitations 
of single imaging techniques by enabling non-invasive imaging with 
enhanced penetration depth, resolution, and sensitivity [23]. In the 
subsequent section, our focus will be on the utilization of 
magneto-optical nanosystems for multimodal imaging (Table 1). 

3.1. Dual-modality MRI/optical imaging 

3.1.1. Dual-modality MRI/FLI 
In dual-modality MRI/FLI, while MRI provides three dimensional 

(3D) anatomical images with high spatial resolution and wireless tissue 
penetration depth that FLI cannot offer [167,168], FLI can provide 
real-time and highly sensitive biochemical information that is lacking in 
MRI [169]. MRI involves exciting the nucleus of a proton using a radio 
frequency pulse under an external magnetic field generated by an MRI 
scanner, followed by processing the released radio signals from the 
proton’s nucleus after cessation of the radio frequency pulse. 
Magneto-optical nanosystems can serve as contrast agents in MRI by 
generating localized magnetic fields that interfere with the nuclear 
relaxation of surrounding magnetic nuclei, thereby enhancing signal 
contrast between the background and adjacent regions in MR images. 
This is achieved through acceleration of nearby protons’ relaxation 
process and shortening of their spin-lattice longitudinal relaxation time 
(T1) or spin-spin transverse relaxation time (T2) [170,171]. Specifically, 
magneto-optical nanosystems function as T1-type contrast agents when 
r2/r1 ratio falls within 1–5, resulting in brightened T1-weighted imaging; 
whereas for r2/r1 values exceeding 10, they act as T2-type contrast 
agents leading to darkened T2-weighted imaging [172,173]. Addition-
ally, magneto-optical nanosystems exhibit distinctive luminescence 
features that make them suitable for use as FLI contrast agents. In recent 
years, there has been significant interest in magneto-optical nano-
systems that integrate FLI and MRI, as they capitalize on the comple-
mentary advantages offered by these two imaging modalities. 

The magneto-optical nanosystems possess excellent biocompatibility 
and exhibit target site-specific accumulation, making them highly 
effective as a dual-mode MRI/FLI probe. Yang et al. developed a 

Table 1 
A comprehensive overview of the diagnostic applications, strengths, and limi-
tations of magneto-optical nano-systems in various imaging diagnostics.  

Magneto- 
optical 
nanosystems 

Diagnostic 
application 

Strengths Limitations Ref 

RGD-RFP- 
LBT-Gd 

MRI/FLI Bimodal MRI/FLI 
integrates MRI 
and FLI to 
address the 
inherent 
limitations of 
each modality, 
namely the 
reduced 
sensitivity of MRI 
and limited tissue 
penetration of 
FLI in deep- 
seated tumors. 

Under physiological 
conditions, the 
fluorescence 
intensity of FLI/MRI 
bimodal probes is 
usually affected by 
aggregation- 
induced bursting 
effects. 

[174]] 

P-CyFF-Gd [176] 

JVs MRI/PAI The magneto- 
optical nano- 
system, which 
integrates PAI 
and MRI, 
possesses the 
complementary 
advantages of 
exceptional 
optical contrast, 
high spatial and 
temporal 
resolution, as 
well as soft tissue 
resolution. 
Consequently, it 
achieves a 
synergistic 
imaging effect 
that surpasses the 
sum of its 
individual 
components. 

Most magneto- 
optical nanosystems 
for MRI/PAI suffer 
from relatively poor 
biocompatibility, 
the need for large 
doses of nanoscale 
agents, inadequate 
targeting, 
suboptimal tissue 
biodistribution, lack 
of proper 
assessment of 
pharmacokinetics, 
and difficulty in 
accurate 
quantification. 

[182] 
CP-IO [183] 

CS2-ICG MRI/FLI/ 
PAI 

The combined 
MRI/FLI/PAI 
magneto-optical 
nanosystem 
enables real-time 
whole-body 
scanning with 
fluorescence 
imaging to 
localize the 
location of 
surface tumors, 
high-resolution 
whole-body 
scanning with 
MRI to precisely 
identify 
anatomical 
structures and 
locate deeper 
tumors, and PAI 
to obtain a 
heterogeneous 
distribution of 
the contrast 
agent within the 
tumor. 

The majority of 
magneto-optical 
nanosystems for 
MRI/PAI/FLI are 
still in the proof-of- 
concept stage and 
necessitate 
extensive trials to 
validate their 
efficacy and clinical 
applicability. 

[186] 
cRGD-CM- 

CPIO 
[188] 

TSP NPs MPI/MRI/ 
FMI 

The sensitivity of 
MPI is 
exceptionally 
high, and it can 
be 
complemented 
with MRI and 

The development of 
MPI is still in its 
nascent stages and 
necessitates further 
advancements in 
imaging hardware, 
alongside the 

[193] 

MMPF NP MPI/MRI/ 
FLI/PAI 

[195]  

Table 1 (continued ) 

Magneto- 
optical 
nanosystems 

Diagnostic 
application 

Strengths Limitations Ref 

optical imaging 
to achieve 
superior spatial 
resolution. This 
combination 
enables real-time 
visualization of 
anatomical 
details, as well as 
in vivo assessment 
of distribution 
and clearance 
processes. 

establishment of its 
clinical feasibility.  
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Fig. 4. (A) Schematic representation of the preparation process of RGD-RFP-LBT-Gd. (B) Fluorescence emission and excitation spectra of RGD-RFP-LBT-Gd. (C) Plots 
of r2 value of RGD-RFP-LBT-Gd and Gd-DTPA. (D) Enhanced MR and FL images of tumor-bearing mice at different time points after RGD-RFP-LBT-Gd injection. (E) 
Schematic of the in situ self-assembly and activation of P-CyFF-Gd. (F) FL and T1-weight MR imaging of P-CyFF-Gd incubated HeLa cells with the change of FL 
intensity and T1 value. (G) After incubation with ALP (2U/mL) at 37 ◦C, the size change of P-CyFF-Gd (200 μM) over time by DLS. (H) FL imaging (a) and T1-weighted 
MR images (b) of mices receiving i. v. injection of P-CyFF-Gd (I), P-Cy-Gd (II), or P-CyFF-Gd (50 μM, 200 μL) together with i. t. injection of 10 mM Na3VO4 (50 μL) 
(III). [(A)–(D) reproduced with permission from Ref. [174], Copyright 2020, Elsevier. (E)–(H) reproduced with permission from Ref. [176], Copyright 2021, 
American Chemical Society]. 
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biosynthetic approach to fabricate a functional protein-based probe 
(RGD-RFP-LBT-Gd) comprising an Arg-Gly-Asp (RGD) peptide, red 
fluorescence protein (RFP), and lanthanide-binding tag (LBT) with Gd. 
This probe demonstrated remarkable RGD-mediated tumor targeting 

ability, enabling sensitive dual-mode FLI/MRI imaging with exceptional 
spatial resolution (Fig. 4A) [174]. Due to the red fluorescence emission 
characteristic of RFP and its unique barrel structure, RGD-RFP-LBT-Gd 
exhibited pH-stable fluorescence emission at 607 nm (Fig. 4B). the 

Fig. 5. (A) Preparation of hemispherical and spherical JVs and their r2 relativity and NIR absorption. (B) The preparation process of CP-IO. Absorption spectra (C), 
PA spectra (D) of CP-IO at a CP concentration of 0.03 mg mL− 1. (E) The plot of relativity (1/T2 = r2). (F) In vivo PA images and T2-weighted MR images of mice treated 
with CP-IO. [(A) reproduced with permission from Ref. [182], Copyright 2016, Wiley-VCH GmbH. (B)–(F) reproduced with permission from Ref. [183], Copyright 
2018, Wiley-VCH GmbH]. 
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incorporation of highly paramagnetic Gd3+ into RGD-RFP-LBT resulted 
in excellent MR Imaging performance with high r1 of 24.5 mM− 1 s− 1 

(Fig. 4C). The experiment co-incubated U87MG cells with 
RGD-RFP-LBT-Gd demonstrated specific absorption and accumulation 
of RGD-RFP-LBT-Gd by tumor cells due to the specific binding ability of 
the RGD domain to αvβ3 integrin receptor, which is up-regulated on the 
surface of tumor cells. Compared to the RPF treatment group, 
RGD-RFP-LBT-Gd exhibited a stronger fluorescence signal. In vivo im-
aging results revealed a significant increase in FLI and MRI signals at 
tumor sites after injecting RGD-RFP-LBT-Gd, providing additional 
complementary information for tumor diagnosis (Fig. 4D). Furthermore, 
no apparent injuries or lesions were observed in the organs of treated 
mice, indicating excellent biocompatibility of RGD-RFP-LBT-Gd and its 
potential for further in vivo imaging applications. 

However, multimodal imaging probes with “always on” imaging 
signals may encounter challenges in achieving a high signal-background 
ratio (SBR). Consequently, recent advancements have led to the devel-
opment of dual-mode MRI/FLI nanosystems that possess biomarker 
response activation capabilities, effectively mitigating background sig-
nals and enhancing SBR for real-time in vivo imaging [175]. For 
example, Ye et al. developed bimodal probes (P-CyFF-Gd) for in vivo 
tumor imaging by combining alkaline phosphatase (ALP)-activatable 
NIR fluorescence and MRI techniques [176]. These probes were 
designed with a prequenched NIR fluorophore (merocyanine, Cy-Cl) 
caged by a phosphate group (-PO3H), a paramagnetic DOTA-Gd 
chelate, and a hydrophobic dipeptide Phe-Phe (FF) linker (Fig. 4E). 
Originally, P-CyFF-Gd was a water-soluble small molecule probe with 
characteristics of NIR fluorescence and low r1 relativity (8.9 ± 0.3 
mM− 1 s− 1 at 0.5 T). Its small size and hydrophilicity facilitated its entry 
into tumor tissues. Upon diffusion into ALP-positive tumor tissues, 
P-CyFF-Gd underwent an ALP-triggered fluorescence reaction to release 
CyFF-Gd, which exhibited activated NIR fluorescence emission at 710 
nm (Fig. 4F). Subsequently, the self-assembly of CyFF-Gd occurred 
through intermolecular interactions mediated by its FF dipeptide moi-
ety, resulting in the formation of magneto-optical nanoparticles with 
larger sizes that limited molecular rotation and prolonged the tumbling 
time (τR) of the DOTA-Gd chelate. This led to an increased r1 relativity 
value of 20.1 ± 0.5 mM− 1 s− 1 (Fig. 4E and F). Furthermore, the 
self-assembled nanoparticle was found to accumulate in tumor lyso-
somes by endocytosis due to its ability to easily anchor to cell mem-
branes. This accumulation further increased tumor NIR fluorescence and 
MR contrast. In vivo imaging results revealed a gradual enhancement of 
tumor fluorescence and T1-weighted MR contrast in 
HeLa-tumor-bearing mice following the intravenous injection of 
P-CyFF-Gd, with the maximum signal enhancement (%SE) reaching 
approximately 2.8-fold higher than that of the control group without 
aggregation (P-Cy-Gd treatment) at 4 h (Fig. 4H). The significantly 
enhanced MRI/FLI results not only helped to identify and map the edges 
of the orthotopic liver tumors, but also enabled image-guided surgical 
excision, establishing a solid foundation for further design and 
application. 

In summary, magneto-optical nanosystems with MRI/FLI capabil-
ities have great potential for application in precise localization of tu-
mors. Secondly, some magneto-optical nanosystems have also been 
investigated for monitoring the treatment of tumors. For example, Song 
et al. investigated a DNA-functionalized ultrasmall IONPs self-assembled 
to form an imaging and therapeutic platform that can provide a 
switchable MRI/dual-channel fluorescence signal to monitor the process 
of adaptive ferroptosis therapy [177]. 

3.1.2. Dual-modality MRI/PAI 
In the context of dual modality MRI/PAI, MRI enables multi- 

directional imaging of diseased regions and provides high spatial reso-
lution information for precise identification of specific pathological lo-
cations; PAI with high sensitivity facilitates rapid real-time scanning, 
thereby enabling dynamic visualization based on MRI [178,179]. The 

MR-PAI bimodal contrast agent, utilizing magneto-optical nanosystems, 
can be employed for both MRI and PAI. It modulates relativity for 
enhanced MRI performance and converts light energy into thermal en-
ergy to generate ultrasonic signals for PAI [180]. For instance, 
magneto-optical nanosystems incorporating PA contrast agents such as 
AuNPs or conjugated polymers (CPs) are capable of absorbing pulsed 
laser light energy and converting it into heat, resulting in thermoelastic 
expansion followed by ultrasonic emission that can be captured by an 
ultrasound transducer and reconstructed into PA images [181]. Nie et al. 
successfully developed hemispherical magneto-plasmonic Janus vesicles 
(JVs) by combining hydrophobic Fe3O4-MNPs, an amphiphilic block 
copolyme composed of polystyrene-b-poly (acrylic acid) (PS-b-PAA), 
and AuNPs tethered with polystyrene-b-poly (ethylene oxide) 
(PS-b-PEO) to function as imaging agents for PA and MR imaging of 
tumors (Fig. 5A) [182]. The observed high r2 value (239.6 s− 1 mM− 1) 
and strong absorption in the NIR range (redshift of absorption peak) of 
the JVs, attributed to the ordered and closer packing of MNPs and AuNPs 
in the vesicle membrane, make the hemispherically shaped structure 
more favorable than the spherical structure. Furthermore, the magnetic 
manipulation of the JVs enables local enrichment of Au materials and 
relatively slow heat dissipation to the surrounding water at the target 
site, resulting in excellent photothermal conversion efficiency. When 
JVs were intravenously injected into tumor-bearing mice and an applied 
magnetic field was used, a substantial increase in MR and PA signals at 
the tumor site was observed, demonstrating the JVs’ dual-modality 
tumor imaging capability. This highlights the potential of the JVs for 
effective tumor imaging. 

The integration of CPs with IONPs using amphiphilic polymers 1,2- 
distearoyl-sn-glycero-3-phosphoethanolamine-N [methoxy (poly 
(ethylene glycol))-2000] (mPEG2000-DSPE) has been developed as an 
optimized structure to enhance the multimodal imaging capabilities of 
magneto-optical nanosystems. This development has emerged as a 
crucial factor in the enhancement of the nanosystems’ imaging ability. 
In addition to the hemispherical Janus structures mentioned previously, 
various configurations have been designed to achieve the desired 
enhancement. The research has identified the clever structural 
arrangement of components as an important aspect in this regard. Liu 
et al. developed a bimodal contrast agent, CP-IO, for photoacoustic- 
magnetic resonance imaging (PA-MRI) that exhibited a significantly 
amplified PA signal strength (Fig. 5B) [183]. The main UV–visible 
(UV-VIS) absorption peaks of the CP-IO nanocomposite possessed 
similar amplitudes and peak positions to those of bare CP and MIX 
nanoparticles, concentrating at 750 nm, signifying that the presence of 
IO nanoparticles did not affect the light absorption of CP (Fig. 5C). 
However, the CP-IO nanocomposites demonstrated a 45% stronger PA 
signal intensity than bare CP owing to the enhanced heat generation and 
dissipation pathway facilitated by the IO nanoparticles during the PA 
signal generation process, thereby facilitating improved PA image 
acquisition (Fig. 5D). Moreover, the T2-weighted MR signal of the CP-IO 
nanocomposites gradually darkened as the concentration increased, 
with an average r2 value of 98 mM− 1 s− 1 under the influence of IO 
nanoparticles, indicating the excellent T2 MRI ability of CP-IO (Fig. 5E). 
The in vivo imaging results revealed that the injection of CP-IOs into the 
tail vein of mice led to their accumulation in the tumor area through EPR 
effects, consequently facilitating the generation of significant PA and 
MRI signals in the tumor area, enabling the acquisition of 
three-dimensional reconstructed PA and MRI images (Fig. 5F). 

3.2. Multi-modal MRI/optical imaging 

3.2.1. Multi-modal MRI/FLI/PAI 
The integration of MRI, FLI, and PAI effectively overcomes the 

inherent limitations of each imaging modality. These include the rela-
tively low sensitivity and time-consuming data acquisition process 
associated with MRI, the limited spatial resolution and inadequate depth 
penetration capabilities of FLI, as well as the restricted imaging area 
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provided by PAI. This amalgamation enables us to obtain more precise 
and comprehensive diagnostic information pertaining to various dis-
eases [184,185]. Therefore, the utilization of magneto-optical nano-
systems as a multifunctional probe for MRI/FLI/PAI holds great promise 
in clinical applications, particularly in precise tumor diagnosis. 

Nie et al. prepared a CS2-ICG nanocomposite material, which com-
bined N-hydroxysuccinimide-labeled indocyanine green (ICG) (ICG- 
NHS) and multi-shell UCNPs consisting of NaYF4:Yb:Er@NaYF4: 
Yb@NaNdF4:Yb@NaYF4@NaGdF4 (CS2) a dendritic molecule and 1- 
hexadecylamine (HAD-G2) [186]. Their findings realized three-mode 

Fig. 6. (A) Schematic representation of the preparation of CS2-ICG. (B) UC spectra of CS irradiated with 980 or 800 nm laser. (C) UV-VIS absorption spectra of CS2, 
ICG and CS2-ICG. (D) The plot of relativity (R1) of CS2-ICG. (E) In vivo UCL imaging of mice treated with UCNPs. (F–G) In vivo PAI (F) and MRI (G) of mice before 
and after injection. (H) Schematic representation of the preparation process of cRGD-CM-CPIO nanocomposites. [(A)–(G) reproduced with permission from 
Ref. [186], Copyright 2016, Wiley-VCH GmbH. (H) reproduced with permission from Ref. [188], Copyright 2020, Wiley-VCH GmbH]. 
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Fig. 7. (A) Schematic representation of the preparation of TSP NPs. (B) Magnetic measurements of TSP NPs and SPIO at 300 K. (C) UV-VIS absorption and emission 
spectra of TSP NPs. (D) PL spectra of the TP NPs, TSP NPs and TS. (E) Schematic representation of the preparation of MMPF NPs. (F) Correlation between fluorescence 
signal and Fe concentration in the low concentration range. (G) Correlation between MPI signal and Fe concentration from 0 to 100 μg/mL. (H) The plot of relaxation 
rate (1/T2) of MMPF NPs. (I–L)) FLI (I), PAI (J), T2-MRI (K), 3D-MPI/CT (L) of mice 4T1 subcutaneous tumor model 24 h before and after intravenous injection of 
MMPF NPs. (M) 3D MPI/CT images of orthotopic tumor mice models before and after intravenous injection of MMPF NPs. [(A)–(D) reproduced with permission from 
Ref. [193], Copyright 2019, Royal Society of Chemistry. (E)–(M) reproduced with permission from Ref. [194], Copyright 2019, American Chemical Society]. 
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imaging capabilities for PAI, FLI, and MRI, paving the way for the 
clinical application of multi-modal imaging detection and collaborative 
therapy (Fig. 6A). The effective avoidance of back energy transfer from 
Er3+ to Nd3+ in CS2, thanks to the doping of the activator (Er3+) and 
sensitizer (Nd3+) into different shells, resulted in a high UCL intensity. 
Furthermore, CS2 exhibited an absolute QY of up to 0.75 ± 0.08% under 
800 nm excitation light, demonstrating excellent UCL imaging potential 
(Fig. 6B) due to the photon transition of Er3+. Additionally, the strong 
absorption capacity of Nd3+ in CS2 under 800 nm laser irradiation, 
overlapping with that of ICG, resulted in substantial light absorption of 
CS2-ICG in the NIR region, crucial for PAI (Fig. 6C). Moreover, the 
concentration-dependent increase in T1-weighted MR signal strength of 
CS2-ICG, with an r1 relativity of 8.152 mM− 1 s− 1, can be attributed to the 
dipolar interaction of the magnetic moments of the CS2-ICG with pro-
tons in water (Fig. 6D). In vivo imaging results demonstrated significant 
enhancement of UCL, PA, and MR signals in mice after intravenous in-
jection of CS2-ICG, enabling highly sensitive and comprehensive detec-
tion of tumors through FLI, PAI, and MRI (Fig. 6E–G). These findings 
established a solid foundation for the further development and appli-
cation of MR/FL/PA imaging probes in diagnosis and treatment. 

Researchers have targeted magneto-optical nanosystems to over-
come delivery barriers and improve the accumulation of nano-
composites at tumor sites due to various complications in the human 
body, such as the powerful blood-brain barrier (BBB) and the intricate 
tumor microenvironment [187]. Liu et al. developed a nanoscale 
multimodal MRI/FLI/PAI probe (cRGD-CM-CPIO), which consisted of a 
nanocomposite core composed of CP (PDPP3T) and ultrasmall IONPs, a 
brain tumor cell membrane (CM) doped with NIR lipophilic fluo-
rophores (DiR), and integrin αVβ3 receptors target peptide cRGD [188]. 
This probe could quickly determine the specific location of brain tumors 
and delineate tumor edges for real-time imaging guided surgical treat-
ment (Fig. 6H). The CM-CPIO exhibited a visible peak in its absorption 
spectrum at 750 nm in the presence of DiR dye and PDPP3T, showed 
excellent fluorescence and PA properties. It had the fluorescence char-
acteristics of a DiR dye with a strong emission at 775 nm and a PA signal 
spectrum in the range of 700 nm–800 nm similar to the absorption 
spectrum class thanks to PDPP3T. Additionally, CM-CPIO effectively 
enhanced the T2-weighted MRI signal because the magnetic properties 
of IONPs were little affected by the shell. The co-incubation experiment 
of brain tumor C6 cells with CPIO, CM-CPIO, and cRGD-CM-CPIO 
showed that CRGD-CM-CPIO had higher cell uptake and fluorescence 
intensity compared to the other two groups due to the effect of cRGD 
targeting integrin αvβ3 receptors on C6 cells in cRGD-CM-CPIO and the 
homotypic targeting of cell membrane coating. In vivo imaging results 
demonstrated that after injecting cRGD-CM-CPIO into the BALB/c nude 
mouse model of brain tumor, cRGD-CM-CPIO effectively penetrated the 
BBB via the targeting ability of cRGD ligand to BBB. This resulted in the 
enhanced fluorescence, PA and MR signals at the tumor site in the back 
brain of mice, enabling accurate imaging of brain tumors through 
FLI/PAI/MRI. 

3.2.2. Multi-modal MPI/MRI/optical imaging 
MPI is an imaging technique proposed in 2001 by Gleich et al., which 

directly derives its signal from the magnetic response of super-
paramagnetic nanoparticles under time-varying magnetic fields. This 
technique offers several advantages, including the ability to generate 
positive contrast without ionizing radiation, unlimited tissue penetra-
tion depth, low background noise, and high resolution [189,190]. By 
simultaneously enabling MPI and MRI, superparamagnetic MNPs can 
provide sensitive and accurate information about nanoparticle locali-
zation. Furthermore, when combined with other components, they can 
form magneto-optical nanosystems that offer additional optical imaging 
capabilities [191,192]. 

Tian et al. synthesized a fluorescence molecular imaging (FMI)/MPI/ 
MRI multimodal probe, known as TB/SPIO@PS-PEG nanoparticles or 
TSP NPs. This probe was developed by encapsulating the fluorescent 

molecule 2-(4-bromophenyl)-3-(4-(4-(diphenylamino)styryl)phenyl) 
fumaronitrile (TB) and SPIO with polystyrene-PEG (PS-PEG). The TSP 
NPs were designed for tumor surveillance with high temporal-spatial 
resolution at an infinite depth (Fig. 7A) [193]. The incorporation of 
SPIO endowed TSP NP with superparamagnetic behavior similar to SPIO 
at room temperature, making it suitable as a T2- MRI contrast agent with 
a transverse relaxation rate of 51.82 mM− 1 s− 1 (Fig. 7B). The UV-VIS 
absorption spectrum and PL spectrum of TSP NPs in aqueous solution 
revealed an absorption peak at 480 nm and an emission peak at 655 nm, 
with emissions extending beyond 950 nm in the NIR region (Fig. 7C). 
These characteristics indicated that TSP NPs were excellent for optical 
imaging as they exhibited less background interference and higher 
penetration depth due to the PL emission of the fluorescent molecule TB. 
Furthermore, the PS-PEG package prevented the fluorescence quenching 
of TSP NP, resulting in a 14.6% fluorescence QY and no significant 
reduction in fluorescence lifetime (Fig. 7D). Co-incubation of TSP 
NP-labeled HuH-7 cells showed a linear correlation between the fluo-
rescence and MPI signals and the number of cells. When these labeled 
cells were implanted subcutaneously into nude mice, they were suc-
cessfully monitored in real time for 24 days, demonstrating good 
long-term tracking ability. Additionally, in situ liver tumor monitoring 
using TPS NP showed deep penetration and high temporal-spatial res-
olution tumor information, highlighting the unique multimodal 
FMI/MRI/MPI approach. 

Rao et al. prepared a Janus nanostructured multimodal cancer im-
aging nanosystem by nanoprecipitation (MMPF NP), comprising Fe3O4 
nanoparticles, semiconductor polymer (PCPDTBT), modified amphi-
philic polymer (PSMA), and PEG-NH2 [194]. The generated nanosystem 
exhibited strong MPI, MRI, fluorescence, and PA signals for imaging 
tumor xenografts in living mice (Fig. 7E) [195]. The MPI contrast 
directly produced by the magnetic response of the tracer under a 
time-varying magnetic field was found to be proportional to the tracer 
mass. Scanning of diluted MMPF NP samples indicated a linear corre-
lation between the MPI signal and the tracer concentration in the range 
of 0–100 μg/mL, with stability observed at low pH and high H2O2 
concentration (Fig. 7F). Furthermore, the fluorescence signal emitted at 
810 nm by MMPF NP, excited at 680 nm, exhibited good linearity in the 
low concentration range of Fe (0–12.5 μg/mL). The MMPF NP also 
demonstrated significant clinical potential for MRI, with a T2 relaxation 
rate of 160.6 mM− 1 s− 1 at a 1.5T magnetic field (Fig. 7H). Injecting 
MMPF NP into mice showed an exceptionally long blood circulation 
time with a half-life of 49.16 h and higher tumor accumulation (18% 
ID/g). In vivo imaging results demonstrated a gradual increase in the 
intensity of FLI (Fig. 7I), PAI (Fig. 7J), MRI (Fig. 7K), and MPI (Fig. 7L 
and M) signals in the tumor area after intravenous injection of MMPF NP 
into the subcutaneous and in situ tumor models of mice, indicating good 
tumor contrast compared with normal tissues. 

4. Image-guided cancer therapy 

Image-guided therapy has emerged as a pivotal strategy in precision 
medicine, with the integration of multimodal imaging technology and 
magneto-optical nanosystems representing a significant breakthrough in 
tumor diagnostics [196,197]. This advancement enables precise 
tracking of pharmacokinetic processes, accurate guidance for various 
tumor therapies including photothermal therapy (PTT), chemotherapy, 
photodynamic therapy (PDT), and radiation therapy (RT), as well as 
real-time monitoring of treatment progress and outcomes. Conse-
quently, this approach not only achieves precise tumor localization 
while minimizing damage to surrounding healthy tissues and organs but 
also provides visualization and monitoring capabilities for diseased 
tissue, delivery kinetics, and anticancer efficacy [198]. These attributes 
facilitate controlled adjustments to treatment strategies, making 
magneto-optical nanosystems highly promising for establishing multiple 
therapeutic systems suitable for precision medicine. Such advancements 
are instrumental in realizing effective targeted therapies while 
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Fig. 8. (A) Schematic of MICN-PEG preparation and degradation in response to OH− . (B–C) ΔT of PA signal (B) and T2-MRI signal (C) under different pH conditions. 
(D–E) PA and T2-MR images of muscle and tumor following MICN-PEG injection. (F) ΔT of mice muscle and tumor region after 808 nm laser irradiation. (G) Changes 
in tumor volume in mice treated with MICN-PEG + laser. (H) Schematic diagram of the process of PA/MR imaging of TSIO nanodrugs and imaging-guided PTT/ 
immunotherapy. [(A)–(G) reproduced with permission from Ref. [201], Copyright 2022, American Chemical Societ. (H) reproduced with permission from Ref. [206], 
Copyright 2021, Ivyspring International]. 
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Fig. 9. (A) Schematic of the preparation and the process of performing multimodal imaging and chemotherapy of EGBBGN@FAAL. (B) Schematic of the preparation 
of GECN@CDDP@PEG-FA. (C) Fluorescence intensity of different concentrations of GECN@PEG-FA under 570 nm laser irradiation. (D) Comparison of T1-weighted 
MRI of cells treated with GECN@PEG-FA and Gd-DTPA. (E) Graph of GECN@CDDP@PEG-FA release of CDDP over time at various pH. (F) Tumor volume change 
curves of mice after different treatments. [(A) reproduced with permission from Ref. [209], Copyright 2021, ScienceDirect. (B)–(F) reproduced with permission from 
Ref. [210], Copyright 2018, Elsevier]. 

M. Wang et al.                                                                                                                                                                                                                                  



Materials Today Bio 26 (2024) 101027

15

enhancing drug efficacy and safety. 

4.1. Image-guided PTT 

PTT, a form of phototherapy for tumors, employs photothermal 
agents that absorb light in the NIR region to induce hyperthermia and 
selectively eradicate tumor cells. This noninvasive approach has gained 
significant attention due to its minimal damage to surrounding normal 
tissues [199,200]. Interestingly, certain magneto-optical nanosystems 
integrated with highly efficient photothermal conversion materials 
exhibit enhanced high optical and magnetic properties, offering prom-
ising prospects for effective multimodal imaging-guided PTT of tumors. 

Song et al. successfully synthesized a biodegradable nanosystem, 
MICN-PEG, which possessed a framework structure consisting of Plur-
onic F127 (F127) encapsulated MICN formed by the coordination of 
magnetic ions (FeIII, FeII, GdIII, and MnII) and CN− ligand [201]. This 
nanosystem exhibited pH-responsive structural collapse in normal tis-
sues and demonstrated excellent performance in terms of PA signal 
generation, MRI, and PTT within the acidic tumor microenvironment 
(Fig. 8A). Due to the efficient charge transfer among FeIII, FeII, GdIII, and 
MnII, MICN-PEG exhibited strong NIR absorption at 720 nm, excellent 
PA signals (PA720), and high photothermal effects within a narrow pH 
range. The presence of paramagnetic Fe, Gd, and Mn ions also contrib-
uted to the outstanding MRI performance of MICN-PEG by minimizing 
proton T1 and T2. Moreover, the PA signal and T2-MRI signal showed 
positive or negative correlation with enhanced temperature (ΔT), indi-
cating the potential of MIC-PEG for monitoring photothermal conver-
sion efficiency. This was demonstrated in Fig. 8B and C. However, under 
alkaline conditions, OH− triggered the degradation of MICN-PEG into 
smaller particles or ions leading to loss of charge transfer in MICN. 
Consequently, NIR absorption was significantly weakened with a sharp 
decrease in PA720 intensity and attenuated photothermal effect. Addi-
tionally, structural collapse of MICN-PEG results in reduced 
dipole-dipole interaction between magnetic ions and lower relaxation 
rates. These differences between acidic and alkaline environments sug-
gested that MICN-PEG has the potential to enhance specificity in 
PA/MRI imaging while reducing toxic side effects. Following local in-
jection of MICN-PEG into the muscle and tumor, the stability of PA720 
and T2-MRI signals in the tumor area (PA6h/PA0.5h = 0.77, 
T2-MRI0.5h/T2-MRI6h = 0.94) was significantly higher compared to that 
in the muscle area (PA6h/PA0.5h = 0.27, T2-MRI0.5h/T2-MRI6h = 0.37) 
(Fig. 8D and E). Furthermore, upon exposure to an 808 nm laser, a 
notable increase in local temperature was observed specifically within 
the tumor area in mice injected with MICN-PEG (Fig. 8F), resulting in 
inhibited tumor growth (Fig. 8G). These findings demonstrated that 
MICN-PEG exhibited excellent stability within the acidic tumor micro-
environment while displaying favorable MRI, PAI, and photothermal 
ablation effects; thus, enabling differentiation between imaging signals 
and hyperthermia responses between tumors and normal tissues for 
enhanced specificity during tumor treatment. 

The introduction of nanosystems with dual-modal FLI/MRI and PTT 
capabilities has expanded the options beyond just MRI/PAI-guided PTT. 
For example, Gao et al. developed self-assembled biocompatible nano-
particles (HSA-GGD-ICG NPs) composed of glycyrrhetinic-acid-modified 
gadolinium (III)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate 
(GGD), a MRI contrast agent; ICG, a fluorescence dye; and human serum 
albumin (HSA) [202]. These nanoparticles exhibited enhanced T1-MRI 
and FLI capabilities as well as high photothermal conversion efficiency. 
HSA-GGD-ICG NPs displayed enhanced UV-VIS absorption and signifi-
cantly increased fluorescence intensity compared with free ICG, as they 
effectively prevented the aggregation of ICG in aqueous solution and 
avoided its fluorescence quenching. Additionally, the larger volume and 
slower tumbling rate of HSA-GGD-ICG NPs resulted in a greater T1 rel-
ativity compared to GGD molecules. This characteristic conferred 
excellent T1-weighted MRI contrast ability under different magnetic 
fields. Moreover, when subjected to an 808 nm laser for 5 min, the 

HSA-GGD-ICG NPs aqueous solution exhibited a notable 
concentration-correlated temperature increase, with a photothermal 
conversion efficiency of 85.1%. This indicated the significant potential 
of HSA-GGD-ICG NPs in tumor PTT. Furthermore, co-incubation of 
HSA-GGD-ICG NPs with human hepatoma cells (HepG2) demonstrated 
strong fluorescence signal and effective mortality rate within the laser 
irradiation range, pointing to the effective tumor cell destruction by 
HSA-GGD-ICG NPs. In vivo imaging results revealed strong fluorescence 
and MRI signals at the tumor site in mice injected with HSA-GGD-ICG 
NPs, highlighting the in vivo stability, which facilitated their tumor 
accumulation through the EPR effect. Real-time monitoring and guid-
ance of in vivo MRI and FLI showed that the tumors treated with 
HSA-GGD-ICG NPs and laser were severely damaged and gradually 
shrunk, accompanied by a significant temperature increase compared 
with other treatment groups. Furthermore, in addition to the bimodal 
imaging-guided PTT strategy, researchers have expanded the tri-modal 
MRI/FLI/PAI diagnostic integrated nanosystems to perform tumor 
diagnosis with finer images for guiding PTT. For example, Zhou et al. 
developed a nanoprobe encapsulated by poly (lactic-co-glycolic acid) 
perfluorocarbons and ICG to form a multifunctional therapeutic 
nanoprobe (AM-PP@ICG NPs), which could be used to determine tumor 
localization by MRI, obtain time-dependent tumor homing of NPs by 
FLI, and specific distribution of NPs within the tumor by PAI, and can 
also exhibit photothermal effects under NIR laser irradiation for effec-
tive PTT of tumors [203]. 

Numerous studies have demonstrated that PTT can effectively 
stimulate the release of tumor-associated antigens, thereby initiating a 
cascade of anti-tumor immune responses to complement the limitations 
of PTT as a standalone cancer treatment modality [204,205]. Conse-
quently, the integration of PTT with immunotherapy has garnered sig-
nificant attention for enhancing the therapeutic efficacy against cancer. 
Fu et al. prepared a multifunctional nanosystem (TSIO) for synergistic 
photothermal-immunotherapy of tumors under magnetic targeted 
dual-modal NIR-II PAI/MRI guidance (Fig. 8H) by anchoring IONPs onto 
the surface of TiS2 nanosheets using a one-pot self-assembly technique 
[206]. The TSIO exhibited significantly enhanced NIR-II PA and 
T2-weighted MR signal, allowing real-time monitoring of the treatment 
process, with MT effect resulting in a high accumulation of 17.9% at the 
tumor site under the external magnetic field. Analysis of the serum of 
mice in the TSIO with α-programmed cell death protein 1 (α-PD-1) 
treatment group revealed elevated levels of pro-inflammatory cytokines 
(including tumor necrosis factor α (TNF-α), interferon-γ (IFN-γ), 
interleukin-12 (IL-12)), indicating that PTT promoted the activation of 
immune responses. The results of mice tumor model experiments sug-
gested that the combination of PTT and immunotherapy inhibited tumor 
growth, metastasis, and recurrence, thus opening new horizons for 
NIR–II–PA and MR image-guided PTT combination immunotherapy. 

4.2. Image-guided chemotherapy 

In recent decades, chemotherapy has been an important clinical 
treatment method for cancer patients due to its ability to kill tumor cells, 
inhibit their growth and proliferation, and promote differentiation. 
However, the non-specific distribution of drugs and serious side effects 
have limited its effectiveness [207,208]. The development of a 
magneto-optical nanosystem that combines chemotherapy drugs with 
diagnostic imaging probes has overcome these limitations by enabling 
multimodal imaging-guided chemotherapy. Lei et al. developed a 
multifunctional biodegradable silicon-based Eu-Gd-Si-Ca-based bioac-
tive glass nanosystem (MBSGN), comprising of Eu–Gd doped branched 
bioactive glass nanoparticles (EGBBGNs), surface modifier FAAL mole-
cules (alendronate (AL) grafted with folate (FA)), and the loaded 
chemotherapy drug doxorubicin hydrochloride (DOX). This platform 
enabled multimodal FL/MR/CT imaging of tumor tissue and provided 
guidance for chemotherapy (Fig. 9A) [209]. The modification of FAAL 
graft molecules resulted in improved dispersity of EGBBGNs in water 
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Fig. 10. (A) Schematic of the preparation of Fe3O4@PGL NPs. (B) Fluorescence emission spectra of Fe3O4@PGL NPs and Fe3O4 NPs under light excitation at 420 nm. 
(C) T2 relaxation rates of Fe3O4@PGL NPs. (D) 1O2 generation detected by the ADPA probe. (E) MR Images of tumors in mice after injection of Fe3O4@PGL NPs. (F) 
Tumor volume change curves of mice after different treatments. (G) Schematic of AM preparation and mechanism of action. [(A)–(E) reproduced with permission 
from Ref. [215], Copyright 2021, American Chemical Society. (G) reproduced with permission from Ref. [218], Copyright 2018, Elsevier]. 
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and enhanced their ability to target tumor cells. Moreover, the proton-
ation of their amino groups facilitated the loading of DOX drugs and led 
to a pH-responsive release with a cumulative drug release rate of 22.1% 
at pH 5.5 over 120 h. EGBBGNs@FAAL-DOX demonstrated promising 
magneto-optical performance and potential in FLI and MRI, attributable 
to the exceptional PL and magnetism of rare-earth-based nanoparticles. 
Notably, the electronic transition of the Eu3+ ion and the sensitization 
effect of Gd3+ on it contributed to the strong PL of EGBBGNs@FAAL, 
characterized by emission peaks at 589 and 613 nm under 393 nm light 
excitation. Additionally, EGBBGNs@FAAL exhibited excellent 
T1-weighted imaging potential with a high r1/r2 value of 1.625 and CT 
imaging potential with 11.85 HU L g− 1. Importantly, in vivo imaging in 
mice following subcutaneous injection of EGBBGNs@FAAL showed 
significant tumor contrast for all three imaging modalities, thereby 
facilitating precise tumor localization. Consequently, compared to 
traditional Dox treatment, EGBBGNs@FAAL-DOX demonstrated supe-
rior anti-tumor therapeutic efficacy and biosafety due to pH-responsive 
release and guidance of imaging, leading to a significant reduction in 
tumor volume without a substantial impact on body weight. 

In addition to employing surface modifiers for drug encapsulation, 
magneto-optical nanosystems can also be engineered with distinctive 
mesoporous structures to facilitate targeted drug delivery for cancer 
chemotherapy. Zou et al. developed a multifunctional nanosystem 
(GECN@CDDP@PEG-FA) for FL/MR imaging-guided cancer chemo-
therapy, incorporating polyethyleneimine (PEI)-driven self-assembled 
Eu-/Gd-doped CaF2 nanoclusters (GECN), loaded cisplatin (CDDP), 
and PEG-coupled FA (Fig. 9B) [210]. The ordered mesoporous structure 
and high specific surface area of GECN resulted in a good CDDP loading 
capacity, achieving a drug capacity of 37.5 mg/g. CDDP responsively 
released in acidic environments, as the coordination between PEI’s 
amino group and CDDP can be disrupted by the hydrogen proton. 
Furthermore, GECN@CDDP@PEG-FA doped with lanthanides exhibited 
excellent fluorescence properties and paramagnetic behavior, showing 
potential for FL and MR imaging. Cell incubation experiments demon-
strated that the nanosystem, due to its appropriate size and positive 
charge, facilitated cellular internalization and enhanced fluorescence 
signals and MR image contrast (Fig. 9C and D). Upon tail vein injection 
into mice, GECN@CDDP@PEG-FA aggregated in tumor tissues through 
the EPR effect and recognition of overexpressed folate ligand on Hela 
cell membranes, consequently releasing CDDP in response to the acidic 
tumor microenvironment (Fig. 9E). This led to significant tumor growth 
inhibition in mice, as illustrated in Fig. 9F. Additionally, the stability of 
the body weight of GECN@CDDP@PEG-FA treated mice suggested 
effective alleviation of CDDP’s side effects compared to free 
CDDP-treated mice. 

4.3. Image-guided PDT 

PDT is an alternative cancer phototherapy method that employs a 
photosensitizing agent to induce oxidative stress in cells during light 
irradiation, thereby generating ROS for the eradication of tumor cells 
[211,212]. In comparison with conventional treatment modalities such 
as chemotherapy, surgery, and PTT, PDT possesses distinct advantages 
including minimal drug resistance, non-invasiveness, and low photo-
toxicity [213,214]. Consequently, it has emerged as a promising 
candidate for tumor therapy. Recently, several magneto-optical nano-
systems have been developed to enhance the tissue penetration depth 
and further augment the precision of PDT. 

Dai et al. developed a multifunctional nanosystem by self-assembling 
porphyrin-grafted lipid (PGL) and DSPE-PEG on the hydrophobic sur-
face of oleic acid-coated IONPs at a molar ratio of 9:1. This platform had 
the ability to guide cancer PDT through dual-modality FLI and MRI 
(Fig. 10A) [215]. Due to the presence of conjugated double bonds in 
porphyrins within PGL components, the UV-VIS absorption spectrum of 
Fe3O4@PGL NPs exhibits a distinct Soret band and a relatively weak 
Q-band within the wavelength range of 400–500 nm and 500–700 nm, 

respectively. Notably, the absorption peak closely resembles that 
observed for PGL alone, highlighting the minimal aggregation advan-
tage displayed by Fe3O4@PGL NPs.Fe3O4@PGL NPs also demonstrated 
strong fluorescence at 650 nm, ensuring their applicability for FLI 
(Fig. 10B). Additionally, the Fe component of Fe3O4@PGL NPs imparted 
MRI feasibility with a lateral relaxation r2 of 628.6 mM− 1 s− 1 (Fig. 10C). 
When subjected to singlet oxygen probe 9, 10-anthradipropionic acid 
disodium (ADPA), Fe3O4@PGL NPs rapidly generate 1O2 under 650 nm 
laser irradiation with a QY of 0.27, indicating their potential for PDT 
(Fig. 10D). Co-incubation experiments with cells in vitro revealed that 
the fluorescence of Fe3O4@PGL NPs aligned with the staining area of 
lysosomes, suggesting their predominant presence in acidic lysosomes, 
conducive to the Fenton reaction of Fe3O4@PGL NPs to produce ROS. In 
the mouse model, intravenous injection of Fe3O4@PGL NPs resulted in 
both enhanced fluorescence signal and diminished T2 signal intensity, 
providing insights into the accumulation of NPs at the tumor site, 
guiding imaging-based PDT, and ultimately leading to a reduction in 
tumor volume in mice (Fig. 10E and F). 

Under exogenous light irradiation, PDT not only induces cell death 
by generating a substantial amount of ROS, but also triggers immuno-
genic cell death (ICD) and augments the anti-tumor immune response 
[216,217]. Recent studies have demonstrated that combining immu-
notherapy with PDT exhibits superior efficacy in tumor eradication. Cai 
et al. synthesized core-shell structured nanoparticles (AuNC@MnO2, 
AM) using a template method, which consisted of hollow and porous 
gold nanocage as the core and a manganese dioxide shell [218]. This 
nanocomposite was designed for the purpose of PDT guided by PAI and 
MRI, as well as to induce an anti-tumor immune response in metastatic 
triple-negative breast cancer (mTNBC) (Fig. 10G). The MnO2 shell of AM 
exhibited excellent in situ oxidation properties within the tumor 
microenvironment, enabling the degradation and release of O2 in acidic 
conditions and in the presence of H2O2, thereby enhancing the PDT ef-
fect. In addition, the gold nanocages played a crucial role in generating 
ROS through hot electron-related photoreactions, energy, and electron 
transfer, as well as photocatalytic decomposition of H2O2 under NIR 
light irradiation. Consequently, AM was considered a promising 
photosensitizer with high NIR absorption. As indicated in Fig. 10K and L, 
the PA and MR signal intensities of AM were observed to increase with 
higher concentrations of Au and Mn2+ ions released from MnO2 degra-
dation, respectively, owing to the strong NIR absorption capability and 
high relaxation rate (r1 = 8.050 mM− 1 s− 1, pH 6.5 + H2O2). In vitro 
co-incubation experiments with murine 4T1 cells of mTNBC revealed 
that the AM + laser-treated cells elicited significantly higher levels of 
damage-associated molecular pattern, such as calreticulin, adenosine 
triphosphate, and high mobility group box-1 protein, and notably 
induced dendritic cells (DCs) activation compared to other groups, 
signifying that the AM-induced PDT enhances ICD progression. In vivo 
animal experiments showed a gradual increase in MR and PA signal 
intensity upon AM injection into 4T1 tumor xenograft mice, permitting 
real-time monitoring of AM, Mn2+, and O2 release. Furthermore, tumor 
growth and metastasis in mice were effectively inhibited and ultimately 
eliminated by the 15th day, with a substantial increase in mature DCs 
and immune cells, suggesting the potential of AM-induced PDT com-
bined with anti-tumor immune response for effective tumor treatment. 

4.4. Image-guided RT/PTT 

RT, a crucial cancer treatment modality, utilizes high-energy 
ionizing radiation to eradicate tumors by targeting and eliminating 
cancer cells [219,220]. However, RT is hindered by challenges such as 
inaccurate tumor localization and resistance in clinical settings, which 
necessitates improvements in the efficacy of tumor therapy [221,222]. 
Fortunately, PTT emerges as a novel approach that not only induces 
localized hyperthermia for tumor cell ablation but also enhances the 
sensitivity of tumor cells to RT by promoting blood flow and oxygen 
partial pressure levels within the tumor tissue [223,224]. Moreover, 
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magneto-optical nanosystems enable multimodal imaging of tumors and 
facilitate combination therapies guided by this imaging technique, 
thereby augmenting the effectiveness of tumor treatment. 

Shi et al. successfully synthesized a multifunctional composite ther-
apeutic nanosystem, Fe3O4@Au NFs, through a seed-mediated 
approach. This platform consists of ultrasmall Fe3O4 nanoparticles 
(abbreviated as USIO NPs) and generation 5 (G5) poly (amidoamine) 
dendrimer-stabilized AuNFs, which enables tumor multimodal MR/CT/ 
PA imaging and PTT/RT combination therapy (Fig. 11A) [225]. The 
aqueous solution of Fe3O4@Au DSNFs exhibited NIR peaks at 680–730 
nm and a rapid temperature increase under laser irradiation, with a 
photothermal conversion efficiency of 82.7%, demonstrating its poten-
tial for PTT. The X-ray attenuation and radiosensitizing properties of 
AuNPs also render Fe3O4@Au DSNFs suitable for CT imaging and RT. In 
addition, the dispersed distribution of USIO NPs in Fe3O4@Au DSNFs 
enhanced their interaction with water protons, leading to the production 
of T1-weighted MR imaging signals with a relativity of 3.2 mM− 1 s− 1. In 
vitro cell experiments, treatment with Fe3O4@Au DSNFs at 2.0 × 10− 3 M 
Au concentration in combination with 808 nm laser resulted in a sig-
nificant reduction in the survival rate of 4T1 cells to 34.7%, indicating a 
photothermal ablation effect. Moreover, the in vivo mouse subcutaneous 
tumor model experiments demonstrated that Fe3O4@Au DSNFs act as 
tumor MR/CT/PA imaging contrast agents via the EPR effect, with 
maximum accumulation at 60 min after injection. Furthermore, tumors 
in mice subjected to laser irradiation followed by RT under the guidance 
of these imaging modalities were completely ablated after 4 days, 
indicating that Fe3O4@Au DSNFs had the potential for effective PTT 
combined with RT treatment under the guidance of trimodal tumor 
imaging. 

In addition to gold, bismuth (Bi) is also a high atomic number 
element (Z = 83) with a significantly high X-ray attenuation coefficient 
of 5.74 cm2 kg− 1 [226,227]. Studies have demonstrated that when the 
concentration, size, and location of nanoparticles are identical, bismuth 
nanoparticles offer superior enhancement for X-ray source diagnosis 
compared to gold nanoparticles. Miao et al. conducted a study in which 
they prepared a nanocomposite material called MnS@Bi2S3-PEG NPs. 
This material has core-shell nanostructures formed through a cation 
exchange reaction, with a manganese sulfide (MnS) core, a bismuth 
sulfide (Bi2S3) shell, and surface modification with PEG. The 
MnS@Bi2S3-PEG NPs were developed for collaborative therapy using RT 
and PTT, guided by MR, CT, and PA imaging (Fig. 11B) [228]. These NPs 
possessed several imaging and therapeutic properties. Firstly, due to the 
presence of Mn2+ with five unpaired 3d electrons, the MnS@Bi2S3-PEG 
NPs exhibited excellent T1-and T2-weighted MR imaging capabilities, 
with respective relaxation rates (r1 and r2) of 5.33 mM− 1 s− 1 and 24.08 
mM− 1 s− 1. Additionally, the high-Z Bi element in the Bi2S3 shell pro-
vided a large X-ray attenuation coefficient, allowing the NPs to be uti-
lized as radiosensitization and CT contrast agents, with Hounsfield unit 
(HU) values that increased linearly with Bi concentration. Furthermore, 
the Bi2S3 shell enabled the NPs to generate a PA signal proportional to 
their concentration under NIR laser irradiation at 892 nm. Additionally, 
these NPs converted light energy into heat under 808 nm NIR laser 
irradiation, indicating their potential as a contrast agent for PA imaging 
and a therapeutic agent for PTT. In cellular experiments using 4T1 cells, 
co-incubation with MnS@Bi2S3-PEG NPs followed by laser treatment 
and X-ray exposure led to a significant reduction in the number of viable 
tumor cells, demonstrating the NPs’ effectiveness in inducing PTT and 
radiosensitization. In vivo animal experiments on BALB/c mice bearing 
4T1 tumors, intratumoral injection of MnS@Bi2S3-PEG NPs resulted in a 
significant enhancement of MR, CT, and PA signals in the tumor area, 

facilitating more accurate tumor diagnosis (Fig. 11C). Moreover, mice 
treated with MnS@Bi2S3-PEG NPs and subjected to laser and X-ray 
irradiation exhibited more significant inhibition of tumor growth 
compared to other treatment groups, suggesting that MnS@Bi2S3-PEG 
NPs-induced PTT combined with RT hold promising therapeutic pros-
pects under the guidance of trimodal tumor imaging. 

4.5. Image-guided chemotherapy/PTT 

Among the various combination therapies, chemotherapy/PTT has 
demonstrated synergistic efficacy with minimal adverse effects in pre-
clinical studies. In recent years, several integrated magneto-optical 
nanosystems incorporating photothermal agents and chemothera-
peutic drugs have been designed and developed, offering numerous 
advantages [229,230]. For instance, certain magneto-optical nano-
systems not only possess magnetic and optical functionalities like MRI 
and PTT but also serve as effective nanocarriers for targeted delivery of 
chemotherapeutic drugs, thereby addressing issues related to drug sta-
bility, targeting efficiency during delivery, and potential side effects. 
Moreover, these magneto-optical nanosystems enable remote control 
over drug release kinetics from carriers, further enhancing therapeutic 
efficacy. 

Zhang et al. developed multifunctional nanosystems (DOX@GNRs- 
MSNs-MA) by combining gold nanorods (GNRs-MSNs) coated with 
mesoporous silica shells (MSN), iron-based metal-organic frameworks 
(MOFs), and surface modifier hyaluronic acid (HA). This nanosystem 
allows the loading of chemotherapeutic agents, such as DOX, to achieve 
MR/CT/PA imaging-guided NIR-triggered combined chemotherapy- 
photothermal treatment (Fig. 12A) [231]. The GNRs-MSNs-MA plat-
form exhibited MR imaging ability attributed to the iron-based MOF 
shell. The MR images darkened with increasing Fe concentration, 
demonstrating a T2-weighted contrast ability with a ratio of r2/r1 of 9.8 
(Fig. 12B). Additionally, the GNRs core provided X-ray attenuation 
properties for CT imaging and the platform showed light absorption 
properties in the NIR region enabling PA imaging. Furthermore, 
GNRs-MSNs-MA displayed a slightly red-shifted longitudinal surface 
plasmon resonance (SPR) band and a photothermal conversion effi-
ciency of 27.5%, enabling rapid temperature rise under 808 nm laser 
irradiation and demonstrating stability (Fig. 12C). This photothermal 
effect facilitated the rapid release of loaded drugs and, due to the 
instability of MOF under acidic conditions, DOX was specifically 
released at the tumor site through acid and photothermal double 
response (Fig. 12D). The in vitro cell experiments demonstrated that 
DOX@GNRs-MSNs-MA exhibited greater cell uptake by 4T1 cells 
compared to other treatment groups, indicating its excellent cancer cell 
targeting ability attributed to the specific binding affinity of HA for 
CD44 receptor overexpressed on cancer cells. In vivo animal experiments 
revealed that the MR, CT, and PA signals in the tumor region of mice 
were gradually enhanced after intravenous injection of 
DOX@GNRs-MSNs-MA, confirming its tumor-targeting ability (Fig. 12E 
and F). This led to effective inhibition of tumor growth without signif-
icant changes in the mice’s body weight after treatment, highlighting 
the therapeutic effect and excellent biocompatibility of 
DOX@GNRs-MSNs-MA in combined PTT and chemotherapy (Fig. 12G). 

In addition to surface modifiers such as HA for targeted drug de-
livery, magneto-optical nanosystems have also been developed for pre-
cise drug delivery based on their inherent magnetic or optical properties, 
exhibiting promising potential in the field of oncology therapy. For 
example, Su et al. successfully constructed a yolk− shell multifunctional 
nanocapsule (GNR@IOs-DOX) comprised of GNRs, IO nanoshells, 

Fig. 11. (A) Schematic illustration of Fe3O4/Au DSNF synthesis and its application in multimodal imaging-guided radiotherapy/PTT. (B) Schematic representation of 
the structure of MnS@Bi2S3-PEG and its application to multimodal imaging and therapy. (C) The comparison of MRI (a and b), CT (c), and PAI (d) imaging in mice 
before and after injection of MnS@Bi2S3-PEG. [(A) reproduced with permission from Ref. [225], Copyright 2018, Wiley-VCH GmbH. (B)–(C) reproduced with 
permission from Ref. [228], Copyright 2017, Royal Society of Chemistry]. 
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Fig. 12. (A) Schematic of the preparation process of DOX@GNRs-MSNs-MA. (B) The plot of the T2 relaxation rate of GNRs-MSN-MA. (C) The amount of drug released 
of DOX@GNRs-MSNs-MA at different pH. (D) Temperature increase curve of GNRs-MSN-MA solution after irradiation with 808 nm laser. (E–F) CT (E) and PA (F) 
imaging in mice after intravenous administration of (i) GNRs-MSN-MOF and (ii) GNRs-MSN-MMA. (G) Curves of tumor volume changes in mice after different 
treatments. (H) Schematic of GNR@IOs-DOX drug release and mechanism of action for multimodal imaging as well as tumor therapy. (I) Distribution of Au in various 
organs of mice 24 h after IV injection of GNR@IOs-DOX. (J) Curves of tumor volumes in mice after different treatments. [(A)–(G) reproduced with permission from 
Ref. [231], Copyright 2021, Elsevier. (H)–(J) reproduced with permission from Ref. [232], Copyright 2016, American Chemical Society]. 
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chemotherapy drug DOX, and dopamine-modified HA (DA-HA) by using 
SPION instead of a silica matrix [232]. This nanocapsule achieved tumor 
clearance by combining PTT and chemotherapy, guided by MRI/PAI 
dual-modal imaging (Fig. 12H). The GNR@IOs-DOX exhibited strong 
magnetic response characteristics with a high saturation magnetization 
of 42.5 emug− 1 owing to the mesoporous structure of the IO nanoshell, 
making it a potential candidate for in vivo magnetic tumor targeting. 
Additionally, the nanocapsules demonstrated excellent plasma proper-
ties attributed to the remaining gold surface chemistry and mono-
dispersity resulting from silica protection during the thermal 
decomposition process. This was mainly reflected by the LSPR peak at 
the NIR absorption properties at 807 nm and the significant increase in 
temperature under 808 nm laser irradiation for PTT. Due to these 
properties, GNR@IOs-DOX was employed as r2 for T2-weighted MRI 
contrast agent with 177 mM− 1 s− 1, PA imaging contrast agent, and 
photothermal agent. Furthermore, the plasma and hollow/permeable 
nanostructures of GNR@IOs-DOX conferred it with drug delivery and 
pH/NIR laser dual-response release capabilities, allowing for 
acid-responsive release of DOX through the formation or disruption of 
metal-ligand ligand bonds by external pH changes, and further stimu-
lated release of NIR laser by local heating to enhance free diffusion. In 
vitro cellular experiments revealed greater cellular uptake through 
receptor-mediated endocytosis in cells co-incubated with 
GNR@IOs-DOX compared to other treatment groups, as evident from 
confocal laser scanning microscopy and flow cytometry. In vivo mouse 
model experiments, the MR and PA signals within the tumor region of 
4T1 tumor-bearing mice were gradually enhanced after intravenous 
injection of GNR@IOs-DOX and the application of an external magnetic 
field, indicating the targeted enrichment of the nanodrug at the tumor 
site through the EPR effect and external magnetic guidance (Fig. 12I). 
Furthermore, after enrichment in the tumor region, GNR@IOs-DOX was 
subjected to 808 nm laser irradiation and led to a significant suppression 
of tumor volume in mice, resulting in a 100% survival rate within 30 
days, thus affirming the excellent therapeutic efficacy and biocompati-
bility of GNR@IOs-DOX-induced PTT and chemotherapy combination 
therapy (Fig. 12J). This study underscored the potential of 
magneto-optical nanosystems for magnetically guided drug targeting 
and NIR laser-controlled tumor PTT, thus presenting a promising avenue 
for future research in this field. 

5. Conclusions and prospects 

The magneto-optical nanosystem, a composite nanomaterial that 
integrates magnetism and optical properties, has found extensive ap-
plications in various fields such as physics, chemistry, and biomedicine 
due to its dual functionality. In recent years, research on magneto- 
optical nanosystems as a platform for disease diagnosis and treatment 
has focused on two main aspects: firstly, the development of additional 
types of magneto-optical nanosystems to explore their functions and 
values further; secondly, the optimization of existing magneto-optical 
nanosystems through chemical modification or functionalization to 

advance their applications. This review presents different types of 
magneto-optical nanosystems including iron oxide-based and other 
magnetic material-based systems while highlighting their recent ad-
vancements in multimodal imaging and image-guided tumor treatments 
(Table 2). 

With the advancement of contemporary medical technology, the 
integration of multimodal imaging and diagnosis with treatment has 
transitioned from conceptualization to practical applications. However, 
despite extensive research on magneto-optical nanosystems in these 
domains, their translation into clinical practice remains elusive due to 
significant challenges such as inadequate biocompatibility and subop-
timal tissue biodistribution. Furthermore, most magneto-optical nano-
systems for diagnostic and therapeutic purposes are still at the proof-of- 
concept stage necessitating further exploration. Considering these issues 
and challenges, we propose potential directions for the development of 
multifunctional magneto-optical nanosystems for multimodal imaging 
and therapy. 

Firstly, ensuring biosafety is crucial for the clinical translation of 
magneto-optical nanosystems. Although numerous studies have 
confirmed the favorable biosafety profile of magneto-optical nano-
systems, these experiments are currently limited to short-term evalua-
tions in mouse models. It is important to note that certain materials may 
exhibit a prolonged latency period for toxicity and could potentially lead 
to the development of various diseases over time. Therefore, compre-
hensive assessment of the long-term toxicity of magneto-optical nano-
systems through preclinical testing is urgently needed to mitigate 
potential adverse effects. Furthermore, future research should prioritize 
the design of intelligent and safer magneto-optical nanosystems. The 
rational integration of magnetic and photoresponsive release mecha-
nisms or multimodal therapy can overcome limitations associated with 
single-stimulus responsiveness and synergistically contribute towards 
effective tumor therapy. 

Secondly, the precise dosage of each constituent in the nanosystem 
plays a pivotal role in determining the overall properties of the magneto- 
optical nanosystem. For instance, optical materials used for FL imaging 
are typically employed at lower concentrations compared to magnetic 
materials utilized for MR imaging. Hence, it is imperative to meticu-
lously consider and evaluate the dose ratio of each component during 
nanosystem preparation to ensure optimal performance. 

In the realm of future research, a promising avenue could involve 
employing magneto-optical nanosystems to establish real-time efficacy 
assessment systems for clinical applications. Real-time efficacy assess-
ment, as opposed to conventional tumor efficacy assessment methods, 
holds the potential to aid doctors in promptly adjusting treatment plans 
and mitigating the side effects of ineffective therapies. Presently, clinical 
efficacy assessment methods typically necessitate weeks or months post- 
treatment for determining tumor therapy effectiveness or entail invasive 
procedures. Henceforth, establishing non-invasive early efficacy 
assessment is imperative for enhancing tumor treatment effectiveness 
and improving patients’ quality of life. The optical properties inherent in 
magneto-optical nanoplatforms enable highly sensitive, non-invasive 
imaging with rapid feedback capabilities, thereby exhibiting signifi-
cant potential for real-time efficacy assessment in clinical settings. 

In conclusion, magneto-optical nanosystems exhibit promising po-
tential applications in biomedicine. Despite encountering several ob-
stacles that need to be overcome, we firmly believe that through 
collaborative efforts from researchers across diverse fields encompass-
ing magnetism, optics, material chemistry, and biomedicine; This inte-
grated platform will ultimately realize its full potential for clinical 
utilization. 
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Table 2 
Summary of magneto-optical nanosystems and their applications.  

Magneto-optical 
nanosystem 

Diagnostic 
application 

Treatment 
application 

Ref 

MICN-PEG MRI/PAI PTT [201] 
TSIO MRI/PAI PTT/ 

Immunotherapy 
[206] 

MBSGN MRI/FLI/CT Chemotherapy [209] 
GECN@CDDP@PEG-FA MRI/FLI Chemotherapy [210] 
Fe3O4@PGL NPs MRI/FLI PDT [215] 
AuNC@MnO2 MRI/PAI PDT [218] 
Fe3O4@Au NFs MRI/PAI/CT PTT/RT [225] 
MnS@Bi2S3-PEG NPs MRI/PAI/CT PTT/RT [228] 
DOX@GNRs-MSNs-MA MRI/PAI/CT Chemotherapy/PTT [231] 
GNR@IOs-DOX MRI/PAI Chemotherapy/PTT [232]  
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