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Exceedingly Small Magnetic Iron Oxide Nanoparticles for
T1-Weighted Magnetic Resonance Imaging and
Imaging-Guided Therapy of Tumors

Jing Yang, Jie Feng,* Sugeun Yang, Yikai Xu,* and Zheyu Shen*

Magnetic iron oxide nanoparticles (MIONs) based T2-weighted magnetic
resonance imaging (MRI) contrast agents (CAs) are liver-specific with good
biocompatibility, but have been withdrawn from the market and replaced with
Eovist (Gd-EOB-DTPA) due to their inherent limitations (e.g., susceptibility to
artifacts, high magnetic moment, dark signals, long processing time of T2

imaging, and long waiting time for patients after administration). Without the
disadvantages of Gd-chelates and MIONs, the recently emerging exceedingly
small MIONs (ES-MIONs) (<5 nm) are promising T1 CAs for MRI. However,
there are rare review articles focusing on ES-MIONs for T1-weighted MRI.
Herein, the recent progress of ES-MIONs, including synthesis methods (the
current basic synthesis methods and improved methods), surface
modifications (artificial polymers, natural polymers, zwitterions, and
functional protein), T1-MRI visual strategies (structural remodeling, reversible
self-assemblies, metal ions doped, T1/T2 dual imaging modes, and PET/MRI
strategy), and imaging-guided cancer therapy (chemotherapy, gene therapy,
ferroptosis therapy, photothermal therapy, photodymatic therapy,
radiotherapy, immuotherapy, sonodynamic therapy, and multimode therapy),
is summarized. The detailed description of synthesis methods and
applications of ES-MIONs in this review is anticipated to attract extensive
interest from researchers in different fields and promote their participation in
the establishment of ES-MIONs based nanoplatforms for tumor theranostics.
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1. Introduction

The importance of early and accurate tumor
diagnosis has received widespread acclaim
for saving cancer patients’ lives.[1] Cur-
rently, the advanced imaging techniques
that can be utilized for tumor diagnosis in-
clude magnetic resonance imaging (MRI),
computed tomography (CT), and positron-
emission tomography (PET).[2] Among
these imaging techniques, MRI is a popu-
lar one due to its broad clinical applicability,
high spatial resolution, high contrast for
soft tissues, unlimited signal penetration
depth, and no ionizing radiation.[3] MRI re-
lies upon the exquisite detection of nuclear
magnetic resonance signals emanating
from hydrogen protons in vivo. The MRI
signals could be dramatically strengthened
by contrast agents (CAs).[4]

The improvement in MRI contrast is due
to the CAs interacting with the protons
of the water, which speeds up the longi-
tudinal (T1) and/or transverse (T2) relax-
ation time of the water in the surround-
ing environment.[5] In general, the utiliza-
tion of T1-weighted contrast agents can

augment the signal intensity, thereby eliciting a favorable en-
hancement in contrast. On the contrary, T2-weighted CAs are uti-
lized to decrease the signal intensity, resulting in a negative con-
trast improvement. The longitudinal relaxivity (r1) or transverse
relaxivity (r2) is respectively defined as the slope from a plot of
CAs concentration versus longitudinal relaxation rate (1/T1) or
transversal relaxation rate (1/T2). The r1 value, r2 value, and r2/r1
ratio are commonly used to assess the effectiveness of MRI CAs.
The higher r1 value and lower r2/r1 ratio of T1-weighted CAs lead
to stronger T1-MRI efficiency. In addition, higher r2 value and
higher r2/r1 ratio of T2-weighted CAs result in stronger T2-MRI
efficiency.[6]

Magnetic iron oxide nanoparticles (MIONs) have been exten-
sively researched in laboratories, reported in literatures, and clin-
ically transformed as T2-weighted CAs, including Endorem (from
Guerbet, France), Feridex (from Berlex, USA), Resovist (Schering
AG, Germany), and so on.[7] Feridex and Endorem are colloids of
MIONs, which are coated with dextran. The whole particle size
is 120–180 nm, and the r1 and r2 values are respectively ≈24 and
≈98 mm−1 s−1. Resovist is also a colloid of MIONs and coated by
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carboxydextrane, whose whole particle size is 45–60 nm, much
smaller than Feridex and Endorem. The r1 and r2 values are re-
spectively ≈25 and ≈150 mm−1 s−1.

The MIONs-based T2 CAs have good biocompatibility be-
cause they could be metabolized to not-toxic iron ions in vivo.
However, most of the commercialized MIONs-based T2 CAs
have been withdrawn from the market due to the following rea-
sons. 1) The dark signals resulted from the T2 CAs are hard
to be distinguished by the naked eyes, and are similar to some
pathogenic conditions, such as hemorrhage, calcification, and
metal deposits.[8,9] 2) The magnetic moments of T2 CAs are high,
which can result in the magnetic field distortion around dis-
ease areas (i.e., susceptibility artifact).[10] 3) The particles sizes of
MIONs-based T2 CAs are immense, ranging from 45 to 180 nm,
which needs a long time to achieve maximum accumulation of
the particles in disease regions, e.g., tumors, and then results in
a lengthy waiting period for patients after administration of the
CAs. 4) The extended echo time (TE) and repetition time (TR)
contribute to an elongated processing duration for T2 imaging,
consequently placing a greater demand on MRI machines in clin-
ical settings. 5) Due to the above four reasons, the MIONs-based
T2 CAs are almost only utilized for liver disease due to their liver-
specificity. A liver-specific T1 CA Eovist (i.e., Gd-EOB-DTPA) that
was approved in 2008 made them completely useless.

Because of the above-mentioned drawbacks of T2 CAs, T1 CAs
are most commonly used in the clinic, and future developments
of MRI CAs will be probably focused on T1 CAs.[11,12] Remarkably,
the highly minute MIONs (ES-MIONs) have garnered extensive
research attention as T1 contrast agents, owing to their remark-
able biocompatibility, with a size that is less than 5 nm.[13–15] Al-
though several review articles have been published focusing on
iron oxide-based nanoparticles,[16] magnetic nanoparticles,[17] or
inorganic nanoparticles[18] as MRI CAs and tumor therapeutic
agent, up to now, rare review article focusing on ES-MIONs for
T1-MRI has been reported in the literature.

In this review, we concentrate on the ES-MIONs including
their synthesis methods, surface modification strategies, T1-MRI
tumor imaging and T1-MRI imaging-guided cancer therapy, as
shown in Figure 1. Finally, we give a future perspective of ES-
MIONs for cancer theranostics, including the challenges and op-
portunities.

2. T1-Weighted MRI CAs

The current T1 MRI CAs mainly include Mn-chelates, Gd-
chelates, and magnetic nanoparticles.

2.1. Mn-Chelates

Mn is an important biological metal in most tissues (average
concentration in serum is 0.5–1.2 μg L−1). It is crucial to bone
development, neuronal health physiological reaction, and other
cellular functions. The application of Mn2+ ions as T1 contrast
agents stems from their possession of five unpaired electrons,
resulting in a protracted electronic relaxation period.[19,20] The
proton spins interaction with Mn2+ ions is considered as the pri-
mary dipolar interaction accountable for their relaxation prop-
erties, which contributes to a high T1 signal enhancement. Up

Figure 1. A schematic illustration of ES-MIONs including synthesis meth-
ods, surface modification, T1-MRI strategies, and MRI-guided cancer ther-
apy.

to now, mangafodipir trisodium (Mn-DPDP) have been a com-
mercial MRI contrast agents on the market.[21] Mn-DPDP (man-
ganese chelate) is created as an MRI contrast agent for hepato-
biliary system. DPDP is a biological coordination group, which
is usually recognized by the membrane transport system of pyri-
doxal phosphate (PLP). The lethal dose of Mn-DPDP is nearly
18-fold higher than that of MnCl2, and the chelation also leads
to partial excretion of manganese through the kidney.[22] Conse-
quently, a great interest has been attracted in the creation of next
generation Mn CAs, with 1) higher r1 and lower r2/r1; 2) high
thermodynamic stability; 3) stability at physiological conditions;
4) fast clearance in vivo.[23,24]

2.2. Gd-Chelates

The commercial Gd-chelates have accounted for the major-
ity of the MRI CAs market for decades, including Omnis-
can (Gd-DTPA-BMA), Dotarem (Gd-DTOA), OptiMARK (Gd-
DTPA-BMEA), Magnevist (Gd-DTPA), Eovist (Gd-EOB-DTPA),
Gadovist (Gd-DO3A-Butriol), Multihance (Gd-BOPTA), and Pro-
Hance (Gd-HP-DO3A).

The advantages of Gd-chelates include: 1) they only need a
short time (<20 min) to achieve maximum accumulation in
disease regions, which results in a short waiting time for pa-
tients; 2) their r2/r1 ratios are very low (<1.1 at 1.5 T of mag-
netic field), which benefits T1-weighted MRI; 3) They are quickly
excreted from the body via renal excretion. However, there are
still several unsolved problems for Gd-chelates, which impede
their clinical applications. 1) The Food and Drug Administration
(FDA) of the United States has issued a comprehensive caution-
ary notice regarding their clinical implementation due to their
potential nephrotoxic properties.[25,26] or deposition in brain.[27]

2) Their r1 values are low (only ≈4 mm−1 s−1 at 1.5 T), which
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Figure 2. The effects of magnetic nanoparticles on enhancing MRI contrast.[28] A) Alignment of magnetic spins (including interior and surface spins) of
nanoparticles under an external magnetic field (B0). B) Magnetic nanoparticle size versus ms, T2 contrast effects, canted surface spins, and T1 contrast
effects. Reproduced with permission.[28] Copyright 2015, Royal Society of Chemistry.

is not good for T1 imaging. 3) The majority of them are nei-
ther tissue- or cell-specific. Because of these disadvantages, the
Gd-chelates may no longer be produced and used in the future.
Thus, the magnetic nanoparticles served as T1 CAs have emerged
the enormous potential to replace the commercial Mn- and
Gd-chelates.

2.3. Magnetic Nanoparticles

Magnetic nanoparticles can be applied as valid T1 CAs because
their r1, r2, and r2/r1 can be easily regulated by nanoparticle
magnetism optimization. In T1-weighted nanoparticles, the T1
contrast effect is derived from the presence of a magnetically
disordered spin layer on the surface of the magnetic nanopar-
ticles (Figure 2).[28] The metal ions residing on the surface of
magnetic nanoparticles exhibit diverse quantities of unpaired
electrons, exerting a substantial influence on the T1 relaxation
process. The high r2 and r2/r1 values caused by nanoparti-
cles magnetization are not suitable for T1 CAs. The satura-
tion magnetization (Ms) of nanoparticles escalates as the di-
mensions of the magnetic nanoparticles expand, as depicted in
Equation (1).

Ms = Ms[1 − d∕r]3 (1)

wherein, “r” denotes the nanoparticle radius, and “d” repre-
sents the thickness of the disordered surface spin layer. Thus,
a strategic approach to achieve elevated r1 values and dimin-
ished r2 values is to augment the proportion of canted sur-
face spins in the nanoparticles. Theoretical investigations sug-
gest that a substantial T1 contrast effect can be attained when
the magnetic nanoparticles are smaller than 5 nm in size. The
T1 CAs of magnetic nanoparticles include Gd-based nanoparti-
cles, Mn-based nanoparticles, and ES-MIONs. Their classifica-
tion, advantages, and limitations are discussed and clarified as
follows.

2.3.1. Gd-Based Nanoparticles

Compared with the commercial Gd-chelates, Gd-based nanopar-
ticles exhibit excellent T1 MRI efficiency with extended blood cir-
culation time and well biocompatibility. Furthermore, the Gd-
based nanoparticles can be modified with chemical reagent, tar-
geting ligands, and fluorescence dyes to form a multifunctional

nanoplatform to support multimodal imaging and remedy.[29]

For example, Gd-based nanoparticles, including Gd2O3, RbGdF4,
NaGdF4, and Gd0.74Eu1.26O3, have been widely studied for
their T1-Weighted MRI.[30] In addition, Gd-based nanoparti-
cles can also be applied as multifunctional imaging, including
T1-weighted MR, UCL (upconversion luminescence), and CT
imaging.[31]

Shen et al. synthesized ES-GON-PAA using wet-chemical syn-
thesis method utilizing a stabilizer of PAA. The ES-GON5-PAA
nanoparticles obtained at the optimized synthesis conditions
have extraordinary relaxivities with 70.2 ± 1.8 mm−1 s−1 of r1
and 1.02 ± 0.03 of r2/r1 at 1.5 T. Both r1 and r2/r1 are sig-
nificantly superior to the previously reported GONs and com-
mercial Gd chelates.[32,33] Further, Shen et al. synthesized novel
organogadolinium complex nanoparticles via reaction of GdCl3,
reductive bovine serum albumin (rBSA), and sodium salicylate
(NaSal) in aqueous solutions. The resulting nanoparticles exhibit
excellent water-dispersibility, displaying a remarkable r1 value of
19.51 mm−1 s−1 and a favorable r2/r1 ratio of 1.21 (1.5 T). These
properties make it highly suitable for high-contrast T1-MRI imag-
ing of tumors.[34]

Despite the fact that Gd-based nanoparticles show tremendous
promise in clinical applications, their limitations are frequently
cited, including water dispersibility, possible Gd release, and un-
predictable renal toxicity.

2.3.2. Mn-Based Nanoparticles

Manganese oxide nanoparticles are another kind of promising
candidates for T1 CAs. Mn-based nanoparticles, including MnO
NPs,[35] Mn3O4 NPs,[36] and MnO2 nanosheets,[37] have been de-
veloped as T1 CAs due to their regulated manganese ions re-
lease at acidic conditions, and easily changeable valency.[35] Pan
et al. fabricated biocompatible MnO2 nanoparticles encapsulated
in BSA with a size of merely 3 nm. These nanoparticles exhibit
a favorable T1 signal with an r1 value of 5.9 mm−1 s−1, alongside
excellent biocompatibility.The BSA-MnO2 nanoparticles are used
for the noninvasive and timely visualization of blood-brain bar-
rier permeability in the model rats.[38] To be used clinically, the
following 4 aspects of the Mn-based nanoparticles should be im-
proved: 1) higher r1 and lower r2/r1; 2) smaller particle size for
renal excretion; and 3) better water dispersibility.
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 16136829, 2023, 49, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202302856 by Inha U
niversity, W

iley O
nline L

ibrary on [24/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

Figure 3. MRI efficiencies of the ES-MIONs. A) r1 value and r2/r1 ratio of ES-MIONs with different diameter size. B) T1-weighted MR images of ES-MION
at various Fe concentrations at 7.0 T. C) Relative intensity of the MR images for ES-MIONs. Reproduced with permission.[105] Copyright 2017, American
Chemical Society.

2.3.3. ES-MIONs

Iron oxide nanoparticles are considered to possess greater bio-
compatibility compared to Gd-based or Mn-based nanoparticles.
This is due to the presence of iron in human blood, primarily
held within ferritin.[39] Although Fe3+ has five unpaired electrons
to increase the r1, the high r2 of MIONs due to the high magnetic
moment inhibits the T1 efficiency.

It has been shown that small-sized MIONs with a diameter be-
low 5 nm can be utilized as T1 CAs. As the particle size of MIONs
decreases, the coupled magnetic moment experiences a rapid de-
cline, conferring substantial advantages in impeding the T2 con-
trast effect and ultimately optimizing the T1 effect. Shen et al.
precisely controlled the size of ES-MIONs to be 1.9, 2.6, 3.3, 3.6,
4.2, 4.8, and 4.9 nm, and found that 3.6 nm of ES-MIONs has the
best T1 contrast efficiency. With the particle size increase in range
of 1.9-3.6 nm, the r1 increases and the r2/r1 decreases. However,
in the range of 3.6-4.9 nm, with an increase in particle size, the
r1 declines and the r2/r1 rises. (Figure 3).[15] The r1 value of iron
oxide nanoparticles can be affected by a number of variables. On
the one hand, bigger particles have greater saturation magneti-
zation (Ms), which causes stronger interactions between Fe and
nearby diffusing water molecules without interacting with Fe (the
outer sphere), resulting in larger r1 values (i.e., the outer-sphere
model). As a result, the r1 value rose as the size of the ES-MIONs
grew from 1.9 to 3.6 nm. On the other hand, bigger nanoparti-
cles have lower specific surface areas, which leads to less bare
Fe on the nanoparticle surface that directly interacts with water

molecule hydrogen nuclei (the inner sphere), resulting in a re-
duced r1 value (i.e., the inner-sphere model).

The blood circulation half-time (t1/2) has been summarized in
the Table 1. As the exceedingly small size of ES-MIONs, it shows
a short blood circulation half-time at ≈2 h. The time frame for
MRI in a clinic is close to the half-life (10-15 min) of commercial
Gd chelates, making MRI following Gd chelate administration
a little tight. The somewhat longer half-life of ES-MIONs solves
the difficulty of commercial Gd chelates’ narrow MRI time frame.
Furthermore, ES-MIONs accumulate in tumors at a much higher
rate than in other normal tissues owing to the increased perme-
ability and retention (EPR) effect.[40] Therefore, ES-MIONs with
high hydrophilicity and tumor accumulation property have been
widely developing as T1 contrast agents.

3. Synthesis of ES-MIONs

Because the size and morphology initially determine the prop-
erties of ES-MIONs, the selection of a suitable synthesis
method is essential. Generally, the control of the nucleation
and growth process is very important for synthesizing monodis-
perse ES-MIONs. Various synthesis strategies generate ES-
MIONs with different surface properties, morphologies, sizes,
and crystallinity. Typical reported synthesis methods include co-
precipitation, reduction-precipitation, thermal decomposition,
hydrothermal, solvothermal, microemulsion, polyol, microwave,
sol-gel, and biotemplate methods. Herein, we introduce and
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Figure 4. Primary synthesis methods for ES-MIONs. A) The co-precipitation method mechanism of chemical reaction for Fe3O4 and 𝛾-Fe2O3. B) A
method utilizing mild cooling coprecipitation for synthesizing ES-MIONs. Reproduced with permission.[52] Copyright 2020, Royal Society of Chemistry.
C) Multistage flow reactor initiated co-precipitation, quenching, and stabilization and aging. Reproduced with permission.[53] Copyright 2021, Royal
Society of Chemistry. D) FeOOH NPs preparetion process. Reproduced with permission.[54] Copyright 2013, American Chemical Society. E) Mechanism
for DSTD synthesis of manganese ferrite nanoparticles. Reproduced with permission.[46] Copyright 2017, American Chemical Society.

discuss the advances of ES-MIONs synthesis using the above-
mentioned methods.

3.1. Co-Precipitation Method

During the co-precipitation process, iron ions (Fe2+ and Fe3+)
are concomitantly precipitated into iron oxides through the uti-
lization of a mild alkali reagent such as ammonia, sodium hy-
droxide, TMAOH, and so forth. The co-precipitation reaction
of Equation (1) is shown in Figure 4A.[49] In the process of
co-precipitation, the morphology, particles size, and dispersion
of ES-MIONs depend on the reaction conditions, such as the
Fe2+/Fe3+ ratio, the reaction system pH value, and the reaction
temperature.

In addition, the crystal grain growth inhibitor and stabilizer
are also crucial to obtain the uniformity size of ES-MIONs. Wang
et al. developed a one-step co-precipitation approach to synthe-
size the appropriate ES-MIONs with a diameter of 2.2 nm, with

poly(acrylic acid) (PAA) acting as the stabilizer and crystal growth
inhibitor. The ─COOH of PAA have a strong coordination affin-
ity to Fe3+ resulting in the growth inhibition of ES-MIONs.[50]

Li et al. synthesized monodispersed ES-MIONs without fur-
ther modification utilizing a coprecipitation method at high tem-
perature, with thiol-functionalized poly(methacrylic acid) acting
as a stabilizer. The ES-MIONs showed a better-controlled size of
3.3 ± 0.5 nm and size distribution because of a burst of nucle-
ation and strong coordination ability of polymer ligands, which
lead to the separation between nucleation and growth processes.
In addition, the ES-MIONs were used as efficient T1 and T2-CAs
with larger r1 and r2 than those of Gd-DTPA agent.[51]

Nevertheless, the co-precipitation reaction is thermodynam-
ically driven, and the size distribution and crystallinity of the
nanopaticles are hard to be controlled. To obtain the uniform
size of ES-MIONs, Chen et al., focused on the nucleation and
growth stage of co-precipitation reactions (Figure 4B). They
presented a moderate cooling preparation strategy to synthesize

Table 1. The summary of the blood circulation half-time (t1/2) of ES-MIONs.

Formulation Diameter Blood circulation half-time
(t1/2)

Ref.

ANG/PEG-USPIONs Hydrodynamic size 14.6 nm 1.71 h [41]

PA-USPIONs Hydrodynamic size 13.7 nm 1.84 h [42]

PEG-functionalized USPIOs Hydrodynamic size 9.9 nm 2–5 h [43]

Fe3O4-mPEG and Fe3O4–PEG–Cys TEM size 3.1 and 3.2 nm 2.1 and 6.2 h [44]

FeS@BSA Hydrodynamic size 11.7 nm 2.12 h [45]

UMFNPs TEM size 3 nm 0.31 h [46]

FGNP@TA-Fe3/Ca4 Hydrodynamic size 16.5 ± 2.2 nm 2.42 h [47]

poly (aspartic acid) (PASP) coated ES-MIONs TEM size 3.7 nm 2.3 h [40]

IONs TEM size 4.4 nm 2.6 h [48]
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monodispersed ES-MIONs by tuning starting temperature,
cooling rate, and so forth.[52]

Ulteriorly, microfluidics technology is used to achieve the uni-
form size of ES-MIONs. Besenhard et al. prepared the ES-MIONs
(≤5 nm) via co-precipitation by terminating particle growth in a
microfluidic multistage flow reactor after the magnetic iron oxide
phase formed (Figure 4C). The flow-produced ES-MIONs exhibit
remarkable T1 MRI efficacy owing to their elevated r1 value (>10
mm−1 s−1) and diminished r2 value (20.5 mm−1 s−1).[53]

3.2. Reduction–Precipitation Method

Chou et al. reported a reduction-precipitation synthesis of ES-
MIONs involving a redox reaction between K2FeO4 and water
molecules (Figure 4D). First, ferric hydroxide (FeOOH) nanoclus-
ters, with an approximate diameter of 40 nm, are synthesized via
redox reactions between potassium ferrate (K2FeO4) and water.
During sonication, surfactant (citric acid) chelation is employed
to disassemble the clusters, which are composed of several crys-
talline FeOOH particles (≈6 nm), into well-dispersed monodis-
perse FeOOH nanoparticles. Moreover, the FeOOH nanoparti-
cles exhibit an r2 value that is two orders of magnitude lower
than that of the current ES-MIONs, resulting in the lowest r2/r1
ratio.[54]

Furthermore, Chou et al. synthesized glutathione-
functionalized ES-MIONs with a diameter of ≈3.7 nm via
a reduction-precipitation approach. Tetrakis(hydroxymethyl)-
phosphonium chloride (THPC) is applied as a reducing agent
to produce ES-MIONs.The prepared ES-MIONs possed a high
r1 (3.63 mm−1 s−1) and a minor r2 (8.28 mm−1 s−1) at 4.7 T in
cause of the intrinsic antiferromagnetic feature. Thus, owing to
the low r2 value, low r2/r1 ratio, and excellent biocompatibility,
these ES-MIONs are considered to be an ideal candidate for T1
CAs.[55]

3.3. Thermal Decomposition Method

Thermal decomposition is conducted under an atmosphere us-
ing a mixture of metal precursor (e.g., iron carbonyl Fe(CO)5, iron
acetylacetonate Fe(acac)3or), growth inhibitor, reductant, surfac-
tant (e.g., oleic acid, oleylamine, hexadecanediol or octadecylene),
and organic solvent with high boiling point (e.g., dioctyl ether
or dibenzyl ether) for the synthesis of ES-MIONs. By modifying
the kind of solvent, surfactant ratio, and heating strategy (e.g.,
reaction temperature, reaction duration), the monodisperse ES-
MIONs with controlled shape and size can be produced. In the
meantime, the thermal decomposition method is a universal ap-
proach in monodisperse nanoparticles synthesis. The mixture of
precursor and surfactant is heated at a comparatively low tem-
perature, and nanoparticles are formed progressively during the
heating process.

Wei et al. synthesized the ES-MIONs via the thermal decom-
position method with a mixed solvent designed for tuning boil-
ing point. The ES-MIONs were prepared with an inorganic core
and diameters ranging from 2.5 to 7.0 nm by varying the boil-
ing point of solvent solutions including 1-tetra-decene (TDE), 1-
hexadecene (HDE), and 1-octadecene (ODE).[56]

Fan et al. reported a general dynamic simultaneous thermal
decomposition (DSTD) strategy for the preparation of monodis-
perse ES-MIONs (Figure 4E). They created Fe-eruciate, a novel
kind of coordination complex precursor with a higher dissocia-
tion temperature of 326 °C, which is extremely near to Mn-oleate
at 311 °C. The synthesis of manganese-doped ES-MIONs in-
volves the amalgamation of mixed iron-eruciate and manganese-
oleate complexes, accompanied by the presence of oleic acid and
oleyl alcohol, within the confines of benzyl ether or 1-octadecene.
By finely tuning the ratio of oleyl alcohol to oleic acid and care-
fully regulating the reaction temperature, the particle size of the
ES-MIONs can be precisely modulated, ranging from a diminu-
tive 2 nm to a more substantial 3.9 nm.[46]

However, due to the high temperature of the synthesis pro-
cess, the reaction conditions are more rigorous, requiring multi-
step operations that are time-consuming, intricate, and ineffi-
cient. Furthermore, because of the complicated dynamic nucle-
ation and growth process, thermal degradation of organic precur-
sors remains a difficulty to produce well-controlled size.

3.4. Hydrothermal Method

For the hydrothermal method, the reaction system is particular
with a high heating temperature (100–250 °C) and high pressure
(0.3–4.0 MPa). The hydrothermal synthesis method bestows an
array of advantages, consisting of the exclusion of organometallic
compounds and organic solvents, straightforward reaction condi-
tions, exemplary purity, exceptional crystallinity, and remarkable
water dispersibility of the ES-MIONs.

Xiao et al. developed a new method to synthesize water-soluble
and biocompatible ES-MIONs (size is ≈5.1 nm) by reduction
of Fe(OH)3 colloid using a natural reducing agent(vitamin C;
Figure 5A). During the synthesis process, Fe(OH)3/Fe(OH)2 col-
loids were accurately adjusted by the addition of vitamin C.
Within this intricate synthesis procedure, the noteworthy par-
ticipation of vitamin C with its sophisticated C═C double bond
emerges as a pivotal reducing agent, while its resulting oxi-
dized product (dehydroascorbic acid, DHAA) assumes the cru-
cial roles of a stabilizer and captivates with its tethering ligand
properties.[57]

3.5. Solvothermal Method

The hydrothermal method provides the foundation for solvother-
mal method. The key distinction is that the solvent of solvother-
mal method is organic solvent rather than water. A kind of high-
pressure and high-temperature environment is created through
the reaction still. In the solvothermal methodology, a multitude
of factors exert considerable influence over the dimensions and
structure of nanoparticles, encompassing elements such as re-
action temperature, duration, and the inherent characteristics of
the chosen solvent.

Tian et al. have developed a straightforward solvothermal tech-
nique for the production of exquisitely uniform ES-MIONs with
a remarkable precision at the nanoscale, by utilizing iron acety-
lacetonate Fe(acac)3 as the designated iron precursor, n-octanol
as the solvent medium, and n-octylamine as the reductive agent.

Small 2023, 19, 2302856 © 2023 Wiley-VCH GmbH2302856 (6 of 33)
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Figure 5. Extended synthesis mehods for ES-MIONs. A) Schematic representation of the preparation of ES-MIONs by vitamin C and DHAA. Reproduced
with permission.[57] Copyright 2011, American Chemical Society. B) Schematic illustration of the preparation of Fe3O4-PEG-RGD and Fe3O4-mPEG.
Reproduced with permission.[83] Copyright 2015, Royal Society of Chemistry. C) One-step synthesis of the PEG surface modified ES-MIONs. Reproduced
with permission.[61] Copyright 2008, Institute of Physics Publishing. D) Microwave-assisted synthesis of Sm3+-doped 𝛾-Fe2O3 nanoparticles. Reproduced
with permission.[63] Copyright 2018, Elsevier. E) Synthesized procedure of Fe2O3@BSA nanoparticles. Reproduced with permission.[68] Copyright 2020,
American Chemical Society.

ES-MIONs with diameters of 4, 5, and 6 nm were produced in
a sealed autoclave at 240 °C by changing the volume ratios of n-
octylamine to n-octanol.[58]

Shi et al. successfully synthesized citrate-stabilized ES-MIONs
with a size of 2.8 nm utilizing the solvothermal technique,
while employing sodium citrate as an effective stabilizing
agent. (Figure 5B). In the process, sodium citrate-stabilized ES-
MIONs possess a negative potential of −39.7 mV and abundant
─COOH groups on the ES-MIONs surface due to the citrate
stabilization.

However, this process is conducted in a closed system that
should prevent the volatilization of toxic gases and eliminate the
sensitivity of reactants to oxygen. Due to the reaction being con-
ducted in the reactor, the experimenter cannot directly observe
the product during synthesis.

3.6. Microemulsion Method

Microemulsions are thermodynamically stable homogeneous
mixtures consisting of a harmonious blend of oil, water, and sur-
factants. Microemulsions are formed by mixing the two immis-
cible solvents via surfactants without high shear conditions. The
ES-MIONs are obtained in microemulsion bubbles after nucle-
ation, agglomeration, and heat treatment.

J. Vidal-Vidal et al. developed a one-pot microemulsion method
for producing oleylamine-coated ES-MIONs. A water-in-oil mi-
croemulsion (cyclohexane/Brij-97/aqueous phase) was selected
for its stability with the aid of a non-ionic surfactant. The ES-
MIONs are formed in the microreactors via the co-precipitation
reaction with ferrous and ferric salts, and organic base oley-
lamine. The obtained ES-MIONs were coated with oleylamine
showing a narrow size distribution (3.5 ± 0.6 nm), good crystal,
and high Ms.

[59]

Because the microemulsion bubbles can provide controlled
“microreactors” that can limit nanoparticles’ growth and agglom-
eration, the synthesized products are usually spherical structures
with uniform particle sizes. However, the major disadvantages of
this method is the difficulty in scaling up nanoparticle manufac-
turing.

3.7. Polyol Method

The polyol method has emerged as an attractive synthesis
method for ES-MIONs. The common polyols are ethylene glycol,
diethylene glycol (DEG), triethylene glycol (TREG), and tetraethy-
lene glycol (TEG).

Shen et al. developed an ultra-small, monodisperse, and water-
dispersible ES-MIONs (size of 1.9 nm) in DEG solution. The

Small 2023, 19, 2302856 © 2023 Wiley-VCH GmbH2302856 (7 of 33)
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prepared ES-MIONs display a good colloidal stability for a lengthy
period of time in a variety of buffer solutions without undergoing
any modifications.[60]

Park et al. innovatively engineered an exceptionally water-
dispersible formulation of ES-MIONs by incorporating polyethy-
lene glycol diacid (PEG) modifications. In their methodology, gly-
col was employed as a polar organic solvent, FeCl3·6H2O served
as the iron precursor, and PEG was utilized as a hydrophilic sur-
face coating (Figure 5C). By virtue of these modifications, the
ES-MIONs exhibited remarkable monodispersity, with an aver-
age particle diameter of ≈1.7 nm.[61]

The utilization of polyols as solvents offers several advantages,
including their capability to sustain high reaction temperatures
and their ability to dissolve both organic and inorganic reagents.
Moreover, polyols serve dual roles as both reductants and capping
agents. Consequently, the ES-MIONs synthesized through this
method typically possess a hydrophilic nature, rendering them
highly suitable for various biomedical applications.[62]

3.8. Microwave Method

The microwave-assisted technique stands as a prompt, energy-
efficient, and eco-friendly approach for the production of
nanoparticles. In comparison to traditional furnace heating, mi-
crowave delivers quick and uniform heating to the solvents, al-
lowing for homogenous nucleation and crystal formation in a
significantly shorter time.

Lastovina et al. reported an ultra-small Sm3+-doped ES-MIONs
synthesis method by an MW-assisted one-pot polyol coprecipita-
tion obtaining 4 nm of nanoparticles, as shown in Figure 5D.[63]

Bhavesh et al. proposed an incredibly fast microwave synthe-
sis method for the preparation of ES-MIONs with a uniform size
of ≈2.5 nm. The reaction was conducted by hydrazine-mediated
reduction of the iron (III) chloride hexahydrate salt under mi-
crowave heating. The reaction is conducted at a temperature of
100 °C, utilizing a remarkably swift ramping time of a mere 54 s.
This expeditious process eradicates any nonspecific reactions and
augments the homogeneity of the sample. The ES-MIONs exhibit
an elevated r1 value of 5.97 mm−1 s−1 and a diminished r1 value
of 27.95 mm−1 s−1 at 1.5 Tesla, rendering them well-suited as a
T1 contrast agent in magnetic resonance imaging (MRI).[64]

Furthermore, Miao et al. developed a densely packed brush-
like structure ES-MIONs via the microwave-assistant method.
Due to the microwave, Fe2+ and Fe3+ ions are entirely coordi-
nated with PAA. The final structure of ES-MIONs resembles a
densely packed brush, with a varied inner structure of loops and
tails. This high binding site prevents PAA dissociation from par-
ticles, even at high sterilization temperatures, and contributes to
the microwave-assisted nanoparticles’ stability. Benefiting from
this “3D” structure, it provides significantly more space for free
─COOH to absorb ferric ions, drastically reducing the iron ion
discharge and ultimately enhancing security.[65]

3.9. Sol–Gel Method

The soluble iron salt precursor first suffers hydrolysis and poly-
merization reaction to form sol, then dehydration to form gel,

and finally heated to obtain ES-MIONs in the sol–gel method. In
the sol–gel process, auxiliary agents (e.g., surfactant citric acid)
are often added to prevent the formation of large-size particles in
the dehydration process. In addition, the sol system is needed to
add acid or base to adjust the pH value. Despite the sol reaction
being carried out at a low synthetic aging temperature, the gel
also needs to be calcined at a high temperature to get the target
product.

Tadic et al. reported highly crystalline and magnetic ES-MIONs
with ≈4 nm size prepared via sol–gel method. First, the reaction
system was a mixture of tetraethylorthosilicate (TEOS), water,
ethanol, and iron nitrate (Fe(NO3)3·9H2O). After adjusting the
pH of the mixture to 3, the transparent sol transformed into gel.
Finally, The gel was heated to 900 °C to obtain the ES-MIONs. The
ES-MIONs showed narrow size distribution with no nanoparticle
agglomeration. The saturation magnetization Ms is 61.1 emu/g,
which is convenient for targeted diagnostics and drug delivery.[66]

However, during the sol–gel synthesis process, the size and
shape of ES-MIONs can be influenced by the pH value, reagents’
concentration, and temperature. Though the sol–gel method is
straight-forward, the sol–gel reaction is fast and difficult to reg-
ulate, resulting in non-uniform nanoparticles or an undesired
gelation reaction.

3.10. Biotemplate Method

Biotemplate method is an intriguing process that uses proteins,
bacteria, plants, or fungus to generate magnetite crystals. The
Size and structure of ES-MIONs are depended on the used
biotemplate.

For example, Yao et al. prepared ultrafine ferritin-based iron
oxide (hematite/maghemite) nanoparticles using genetically re-
combinant human H chain ferritin. In the HFn protein cages,
Fe2+ ions reacted with H2O2 at stoichiometric equivalents
(H2O2:Fe2+ = 1:2). At a magnetic field strength of 7.0 T, the mag-
netoferritin that has been synthesized, boasting an averaged core
size of ≈2.2 nm, displays an r1 value of 0.86 mm−1 s−1 and an
r2/r1 ratio of 25.1.[67]

More conveniently, Xu et al. developed a kind of ES-MIONs
(≈3.5 nm) using the bovine serum albumin (BSA) biotemplate in
a more commercial way (Figure 5E). A nanocage structure can be
formed by the BSA by using roughly 6–7 subunits of the BSA. In
the nanocage, the ES-MIONs nanoparticles are prepared, which
is similar to the synthesis process within ferritin cages. The size
of ES-MIONs can be altered by adjusting the ratio of iron ions
to BSA. What’s more, the prepared ES-MIONs@BSA possess re-
markable uniformity, exceptional monodispersity, excellent water
solubility, and a pronounced T1 contrast effect.[68]

Despite the environmentally friendly nature of this method, it
is worth mentioning that the resultant particles may lack stability
and uniformity, thereby exhibiting diminished homogeneity and
heightened agglomeration.

4. Surface Modification of ES-MIONs

The coating of ES-MIONs is critical for ensuring biocompatibility
and maintaining good performance during in vivo imaging. The
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Figure 6. Schematic illustration of surface modification of ES-MIONs by artificial polymers. A) Conformation and TEM images (B) of PAA-coated ES-
MIONs. Reproduced with permission.[65] Copyright 2019, Royal Society of Chemistry. C) The toxicity issue was resolved through pre-chelation of Ca2+

in PAA-coated ES-MIONs. Reproduced with permission.[74] Copyright 2019, Elsevier. D) The ES-MIONs stabilized with MDBCs via ligand exchange.
Reproduced with permission.[75] Copyright 2014, American Chemical Society.

surface modification of the ES-MIONs is critical to maintaining
the T1-MRI performance. For the first aspect, the surface coor-
dination molecules directly chelated on the ES-MIONs surfaces
influence the water exchange rate (kex = 1/𝜏M) with the surround-
ings. For instance, the T1 performance of ES-MIONs was signifi-
cantly enhanced by a relatively high kex for the inner sphere.[69,70]

For the second aspect, the ligand molecules chelated with ES-
MIONs will prolong the rotational correlation time (𝜏R), which
will lead to a significantly enhanced r1 value. For the third aspect,
these ES-MIONs coated with different ligands can influence the
stability, cellular uptake, tissue targeting, blood circulation, and
metabolism ability in vivo.[71] For instance, the ES-MIONs that
are coated with hydrophobic capping ligands display insolubility
in water and pose a challenge to maintain stability in aqueous
environments, primarily due to their strong tendency to agglom-
erate. Therefore, it was essential to develop a multi-functional lig-
and that confers biostability and enhanced T1-MRI capability on
ES-MIONs in the aqueous phase. Numerous sorts of molecules
have been utilized for coating of ES-MIONs, including polymers
(e.g., polyethylene glycol, poly(acrylic acid), polysaccharides, zwit-
terion polymers), and functional proteins.

4.1. Artificial Polymers

Polymer grafting is widely regarded as one of the most effective
methods for ES-MIONs surface functionalization. Among mul-
titudinous kinds of polymers, polyethylene glycol (PEG), poly-
acrylic acid (PAA), and multidentate block copolymers (MDBCs)
were most widely used for the modification of ES-MIONs.

4.1.1. PEG

Lydia Sandiford et al. successfully achieved surface PEGylation of
ES-MIONs using 1,1-bisphosphonates (BPs) with a strong attrac-
tion for oxide ions. These ES-MIONs remain stable in water or

saltwater for a minimum of seven months post-PEGylation and
exhibit a close-to-zero 𝜁 -potential at neutral pH. The measured
r1 and r2/r1 values are 9.5 mm−1 s−1 and 2.97, respectively, indi-
cating the promising potential of PEG-coated ES-MIONs as T1
-weighted MRI contrast agents.[72]

Taeghwan Hyeon et al. also reported the PEGylated ES-MIONs
with a diameter of ≈3 nm, showed a stable state in aqueous media
and increased blood half-live in blood. The ES-MIONs are mostly
localized in the spleen, and caused solely stress-related effects,
with no further serious consequences. Accompanied by their PE-
Gylation, the ES-MIONs manifest a remarkable capacity to serve
as a T1 contrast agent, presenting a promising avenue for future
clinical diagnostics.[73]

4.1.2. Poly(Acrylic Acid)

Gu et al. developed a poly(acrylic acid) (PAA)-coated ES-MIONs
(size ≈4.5 nm) for T1-weighted MRI with well stability in physio-
logical conditions (Figure 6A,B).[65] However, PAA is a polyelec-
trolyte and displays a counter-ion confinement effect because of
its abundant carboxyl groups. By absorbing ions in a large quan-
tity of solution, PAA macromolecule has the potential to disrupt
the electrolyte balance in our bodies Following a sequence of ex-
periments, it was shown that PAA-coated ES-MIONs exhibited
cardiac toxicity upon intravenous injection Gu et al. further pro-
posed an appropriate solution for preparing pre-chelation Ca2+

(n(Ca): n (COOH) = 3: 8) to ES-MIONs to solve this deadly effect
(Figure 6C). The Ca2+ chelated ES-MIONs demonstrates signifi-
cantly enhanced cardiac and electrophysiological safety, broaden-
ing the application of -COOH decorated nanoparticles in vivo.[74]

4.1.3. Multifunctional Block Copolymers

Chan et al. have developed novel ES-MIONs that are stabi-
lized using multidentate block copolymers (MDBCs). Within
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Figure 7. Schematic illustration of surface modification of ES-MIONs by natural polymers. A) The TEM images of oligosaccharides-coated ES-MIONs
and B) solvent phase transition from organic phase hexane to the aqueous solution. Reproduced with permission.[76] Copyright 2014, Royal Society of
Chemistry. C) Preparation of ultralow-molecular-weight heparin monolayer-coated ES-MIONs. D) TEM image and zoomed view of the surface binding
mode for heparin-coated ES-MIONs. Reproduced with permission.[78] Copyright 2020, American Chemical Society. E) Preparation of hyaluronic acid-
coated ES-MIONs and F) illustration of the translational diffusion time influenced by the density of surface ligand. Reproduced with permission.[79]

Copyright 2017, Royal Society of Chemistry. G) Schematic illustration of design of APS-coated ES-MIONs. Reproduced with permission.[80] Copyright
2019, American Chemical Society.

these MDBCs, there is a combination of an anchoring block
and a hydrophilic block. The anchoring block is comprised
of pendant carboxylates as multidentate anchoring moieties,
capable of forming robust bonds with the surfaces of ES-MIONs.
(Figure 6D). In contrast, the hydrophilic block is composed of
pendant hydrophilic oligo(ethylene oxide) chains, which confer
water dispersibility and augment biocompatibility. ES-MIONs
coated with MDBCs demonstrate exceptional long-term col-
loidal stability under biologically conditions (diverse electrolyte
concentration, pH, and temperature).[75]

4.2. Natural Polymer

4.2.1. Oligosaccharides

Huang et al. fabricated ES-MIONs (≈3.5 nm in size) coated with
oligosaccharides via in situ polymerization of glucose on the
surface of ES-MIONs (Figure 7A). By employing the “in situ
polymerization” coating method, glucose can directly generate
oligosaccharides on the hydrophobic iron oxide nanoparticles
surface, leading to remarkable water solubility, biocompatibil-
ity, and exceptional stability of the ES-MIONs (Figure 7B). These
oligosaccharide-coated ES-MIONs exhibit an r1 value of 4.1 mm−1

s−1 and a low r2/r1 ratio of 4.0 at 3.0 T. Importantly, these ES-

MIONs are cleared in the body quicker than those with greater
diameter, implying improved safety for clinical applications.[76]

4.2.2. Heparin

Heparin is a linear polysaccharide that has long been utilized as
an anti-coagulant in clinical. Heparin has been widely employed
in nanoparticles’ surface modification for its colloidal stability,
well bio-acceptability, easy chemical modification, and high neg-
ative charge. Hugo et al. prepared ES-MIONs coated with vari-
ous lengths of heparin (HEP) by depolymerization reaction for
T1-weighted MRI. Interestingly, ES-MIONs coated with the in-
termediate length of HEP (degree of polymerization is 19, Mn
≈5.5 kDa) exhibit a well-balanced profile, demonstrating min-
imal uptake by non-specific organs and efficient urinary clear-
ance. Due to its extended blood half-life, the heparin-coated ES-
MIONs achieved a moderate level of accumulation in the tumor,
effectively striking a balance between T1-MRI contrast ability and
pharmacokinetic properties.[77]

Dai et al. present ultralow-molecular succinylated HEP-coated
ES-MIONs (Figure 7C), which exhibit a high r1 of 4.6 mm−1 s−1

and a low r2/r1 ratio of 4.0 at 7.0 T. The hydrophilic succinylated
HEP potentiated interactions with the water core by facilitating
unhindered water flow towards the iron surface (Figure 7D),
thereby amplifying the T1-MRI effect. In addition, the
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Figure 8. A) Schematic illustration of the preparation of the zwitterions-coated ES-MIONs. Reproduced with permission.[44] Copyright 2017, Royal
Society of Chemistry. B) Schematic illustration of spin phenomena in small-sized GdIO nanoparticles and structure of GdIO nanoparticles coated
with zwitterionic dopamine sulfonate (ZDS) molecules. C) TEM images of 4.8 nm GdIO nanoparticles. Reproduced with permission.[81] Copyright
2013, American Chemical Society. D) Schematic illustration of the one-pot synthesis of ZES-coated ES-MIONs and their application as T1-MRI CAs.
Reproduced with permission.[82] Copyright 2018, American Chemical Society.

succinylated ultralow-molecular HEP-coated ES-MIONs (core
≈2 nm) showed significantly meliorative T1-weighted MRI
sensitivity of tumor and bladder over 90 min. What’s more, the
excretion of the ES-MIONs appeared to begin, and the ≈65%
dose was eliminated over 2 days.[78]

4.2.3. Hyaluronic Acid

Zhou et al. synthesized four kinds of hyaluronic acid (HA) coated
ES-MIONs with different HA densities via co-precipitation
method (Figure 7E). Surprisingly, they discovered that the surface
density of HA on ES-MIONs was an important element in ad-
justing T1- and T2-weighted MRI performance by influencing the
water translational diffusion time (𝜏D). As depicted in Figure 7F,
when the surface ligand density is low (indicated by a single line),
the diffusion of water molecules becomes straightforward. How-
ever, this situation becomes more intricate when the surface lig-
and density is high (represented by three lines). Conversely, when
the surface ligand density is optimal for nanoparticle separation
(represented by two lines), the translational diffusion rate be-
comes conducive for augmented T1-MRI effects.[79]

4.2.4. Astragalus Polysaccharide

Jiang et al. developed an astragalus polysaccharide (APS) coated
ES-MIONs (Figure 7G), showing the efficiency of the therapeu-
tic drug for iron deficiency anemia (IDA) treatment. The T1 and
T2-MRI images showed dual enhancement in the stomach and
the bowels for the gastric infusion mouse, compared to the nor-
mal mouse. Furthermore, the APS-coated ES-MIONs demon-

strate a pronounced therapeutic efficacy in IDA treatment, ow-
ing to the combined benefits derived from iron element supple-
mentation mediated by Fe3O4 and the APS-induced generation
of hematopoietic cells.[80]

4.3. Zwitterions

Zwitterionic molecules, which possess an equal number of neg-
ative and positive groups, exhibit a multitude of water molecules
that are encompassed through hydrogen bonding. Therefore,
zwitterions have the ability to establish a densely-structured aque-
ous protective shell encircling the ES-MION, thus endowing ES-
MIONs with notably decreased adsorption and exceptional an-
tifouling properties.

4.3.1. Cysteine

Ma et al. developed a facile method to produce Cysteine
(Cys)coated ES-MIONs (size ≈3.2 nm) for angiography and tu-
mor MRI (Figure 8A). The ES-MIONs were sequentially func-
tionalized with NH2-PEG-Mal (PEG-modified with an amine
group at one end and a maleimide group at the other end) and
Cys. Compared to ES-MIONs-mPEG, the Cys-coated ES-MIONs
(with a core size of ≈3.2 nm) exhibit a favorable r1 value of
1.2 mm−1 s−1, along with exceptional stability, biocompatibility,
antifouling properties.[44]

4.3.2. ZES

Wei et al. developed zwitterion (ZES) coated ES-MIONs (ZES-ES-
MIONs) as T1 contrast agent, which comprised inorganic cores
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Figure 9. A) Schematic diagram of the PA-coated ES-MIONs for T1-weighted positive MR imaging in epileptogenic region. B) The fabrication process,
C) TEM images, and D) dispersibility of PA-coated ES-MIONs. E) T1- and T2-weighted MR imaging of the epileptogenic region for PEG-coated ES-MIONs
and PA-coated ES-MIONs. Reproduced with permission.[42] Copyright 2020, Elsevier.

inorganic cores of ≈3 nm in size and ultrathin hydrophilic shells
of ≈1 nm. The results of biodistribution experiments using 59Fe
radioisotope-labeled ZES-ES-MIONs suggest that the majority
of ZES-ES-MIONs are cleared through the renal route, avoiding
long-term contrast changes. In addition, the iron dose remaining
in the body can be kept in a safe range.[56]

Gao et al. developed zwitterion-coated nanoparticles called
gadolinium-embedded iron oxide (GdIO) nanoparticles
(Figure 8B). These nanoparticles possess a small size and
demonstrate a robust T1-MR imaging ability. Following the
application of zwitterionic dopamine sulfonate molecules as a
coating, the GdIO nanoparticles exhibited a consistent hydrody-
namic diameter of ≈5.2 nm in both PBS and fetal bovine serum
(Figure 8C). This observation suggests minimal nonspecific
protein absorption, indicating the nanoparticles’ low propensity
for binding to proteins. The GdIO nanoparticles coated with
zwitterions demonstrated relatively lengthy circulation half-lives
of ≈50 min. In addition, they exhibited efficient passive targeting
toward tumors and also exhibited the potential for rapid renal
clearance following tumor imaging.[81]

Hao et al. introduced a one-pot gram-scale synthesis method
for producing zwitterion-capped ES-MIONs, as illustrated in
Figure 8D. These ES-MIONs possess a remarkably small core
size of 3.7 nm and demonstrate excellent colloidal stability across
a range of buffers. The ES-MIONs exhibit a desirable r1 value of
2.4 mm−1 s−1 and an impressive r2/r1 ratio of 2.2 at 1.0 T, ensur-
ing their suitability as T1 magnetic resonance imaging contrast
agents. The zwitterion-capped ES-MIONs also exhibited substan-
tial contrast enhancement in the blood pool and were then pri-
marily eliminated from the body via the renal excretion system.

The ES-MIONs have several advantages, such as exceptional bio-
compatibility, a robust T1-MRI contrast effect, suitable circulation
time, and the ability to be cleared through the renal pathway.[82]

4.4. Functional Peptide

Shi et al. reported RGD-functionalized ES-MIONs for targeted
T1-weighted MR imaging of gliomas characterized by an overex-
pression of 𝛼v𝛽3 integrin. In the synthesis procedure, the stable
sodium citrate-stabilized ES-MIONs were conjugated with PE-
Gylated RGD. The RGD-functionalized ES-MIONs with a size of
≈2.7 nm, exhibited favorable characteristics such as excellent wa-
ter dispersibility, colloidal stability properties, cytocompatibility,
and hemocompatibility, which served as a targeted nanoprobe for
𝛼v𝛽3 integrin-overexpressing gliomas.[83]

In addition, Chen et al. prepared a specific peptide (i.e., EGFR
peptide) coated ES-MIONs (≈3.5 nm) for targeted T1-weighted
MRI of hepatocellular carcinoma (HCC). The EGFR peptide is
attached to the PEG chain via a thioether-maleimide reaction. In
the HCC xenograft tumors, ES-MIONs showed a tumor uptake
peak at ≈2 h and a rapid elimination at ≈24 h.[84]

Furthermore, Du et al. successfully conjugated Pepstatin A
(PA) onto the surface of PEGylated ES-MIONs to construct a T1-
MRI nanoprobe (Figure 9A). PA is a compact peptide known
for its specific binding affinity to P-glycoprotein (P-gp), which
is overexpressed in the epileptogenic region. The as-prepared
ES-MIONs possess an average size of ≈3.63 nm and high sta-
bility in DMEM medium even for over 30 days (Figure 9B–D).
The PA-coated ES-MIONs have an enhanced T1-MRI contrast
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with high r1 compared with the commercial Gd-DTPA contrast
agent (Figure 9E).[42] Following the injection of PA-coated ES-
MIONs in vivo, the signal-to-noise ratio of the epileptogenic re-
gion exhibited a rapid and significant increase. The maximum
enhancement, approximately twofold stronger than the group in-
jected with non-targeted PEG-USPIONs, was observed at ≈2 h
(Figure 9F).

5. Enhancement Strategies for ES-MIONs-Based
T1-MRI

Besides the above-mentioned surface chemistry to enhance T1-
MRI ability of ES-MIONs, some intelligent strategies were also
applied to obtain a better T1-MRI capability based on ES-MIONs,
such as structural remodeling (e.g., nanoclusters, nanowires, or
dotted core-shell nanoparticles), metal ion doped nanoparticles,
T1/T2 dual-mode MRI, and contrary contrast-MRI (CC-MRI).

5.1. T1-MRI Enhanced by Structural Remodeling

5.1.1. Nanoclusters

Although the ES-MIONs nanoparticles exhibit strong T1 en-
hancement, their performance as T1 contrast agents is affected
by several issues. First, ES-MIONs can be quickly metabolized
through the kidney, limiting their application in prolonged in
vivo tracking. Swift elimination through renal clearance has been
a persistent challenge encountered by numerous nanoparticles
of diminutive proportions. Furthermore, the proclivity of ES-
MIONs nanoparticles to aggregate poses a noteworthy apprehen-
sion, owing to their elevated surface energy. In the event of aggre-
gation, the T1 capabilities of ES-MIONs shall be compromised.
The nanocluster systems addressed the fast renal clearance issue,
and minimized the direct aggregation issue. The nanoclusters
can be made in a spherical and layered shape.

J. Sherwood et al. presented a spherical nanocluster by
crosslinking monodispersed tannic acid-coated ES-MIONs
(<4 nm) with bovine serum albumin (BSA; Figure 10A), form-
ing nanoclusters (≈200 nm). The T1 performance of ES-MIONs
was enhanced by the hydrophilic tannic acid and BSA, which
facilitated water exchange. Moreover, through the cross-linking
of ES-MIONs nanoclusters with BSA, the T1 functionality was
preserved while concurrently prolonging the duration of blood-
stream circulation from a mere 15 minutes to an impressive
span exceeding 2 h.[85]

Similarly, Zhang et al. developed a novel layered nano-
platform, in which ES-MIONs were stabilized on layered dou-
ble hydroxide (LDH) nanosheets (Figure 10B). The r1 value of
LDH- Fe3O4 is 5.53 mm−1 s−1, significantly surpassing that of
Fe3O4 (0.42 mm−1 s−1). This substantial increase in r1 can be
attributed to the presence of LDH, which enhances the spac-
ing between Fe3O4 nanoparticles and reduces magnetic cou-
pling. Consequently, LDH promotes a smaller effective magnetic
size compared to pure Fe3O4 nanoparticles. In addition, this
LDH nanosheet exhibits prolonged accumulation at the tumor
site, offering potential advantages for subsequent chemotherapy
treatments.[86]

Recently, Chen et al. presented a lamellar-shaped nanocluster
system that combines engineered graphene oxide with in situ
growth of ES-MIONs. for T1-MRI and pH-sensitive tumors treat-
ment (Figure 10C). The GO nanosheets decreased the Ms of ES-
MIONs due to the spin canting effect. The interface effect, en-
ergy exchange (e.g., thermal exchange), and the charge transfers
between ES-MIONs and GO also increased the r1 value. The tu-
mor T1-MRI presented noticeable enhancement in tumor even
at 90 min, which is longer than the commercial gadoteric acid
(Gd-DOTA), which typically lasts approximately 40 minutes.[87]

To prevent the rapid elimination of pure ES-MIONs from the
body through renal clearance. Zhou et al. developed an exosomes
(Exo) encapsulated ES-MIONs nanoclusters (Exo@ESIONs). The
blood circulation half-lives of Exo@ESIONs and ES-MIONs are
found to be 6.8 and 1.4 h, respectively. In the Exo@ESIONs
group, the T1 signal in the tumor progressively increased over
time and peaked at 4 hours after injection, demonstrating supe-
riority over pure ES-MIONs. This is because the pure ES-MIONs
are rapidly cleared through the renal-urinary system.[88]

5.1.2. Nanowires

Hu et al. synthesized a biodegradable Fe-doped MoOx (FMO,
≈450 nm of length) ultrafine nanowires for cancer therapy using
a one-step solvothermal method (Figure 10D). After injection of
FMO, the tumor site exhibited a robust positive T1-MRI signal.
In addition, The FMO material had an outstanding photothermal
conversion efficiency and chemodynamic therapy (CDT) ability
in tumors.[89]

5.1.3. Dotted Core–Shell Nanoparticles

Dotted core–shell nanoparticles based on ES-MIONs were also
developed to enhance the T1 MRI capability. Shen et al. developed
a core–shell nanoparticle with a dotted structure, where the core
consisted of ES-MIONs and the shell was composed of Gd oxide
nanoparticles. The Gd oxide nanoparticles were synthesized in
situ on the surfaces of ES-MION seeds. An RGD dimer (RGD2)
was conjugated on the surface of the dotted core–shell nanopar-
ticles to realize tumor-active targeting (Figure 10E). The r1 value
of the FeGd-HN3-RGD2 nanoparticles is 70.0 mm−1 s−1, signif-
icantly surpassing the r1 values of both commercially available
and previously reported T1-weighted MRI contrast agents.[90]

Zou et al. employed an inverse mini-emulsion technique and
Michael addition reaction to fabricate hybrid nanogels (NGs) in-
corporating ES-MIONs, utilizing polyethylenimine (PEI) as the
base material. The PEI NGs were covalently conjugated onto the
ES-MIONs surface via acetylation reaction. The obtained dotted
core–shell nanoparticles showed higher r1 value and improved
MRI imaging sensitivity compared with free ES-MIONs, which
could be due to the increased molecular volume of ES-MIONs,
leading to prolonged 𝜏R.[91]

5.2. T1-MRI Enhanced by Metal Ion-Doped Nanoparticles

To enhance the T1-MRI capability of ES-MIONs, the composition
of ES-MIONs can be optimized. Miao et al. reported chemically
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Figure 10. A) Illustration of BSA-crosslinked nanocluster formation process. Reproduced with permission.[85] Copyright 2017, Royal Society of Chem-
istry. B) Synthetic procedure and theranostic mechanism of LDH-Fe3O4-HA/DOX nanoplatforms. Reproduced with permission.[86] Copyright 2020,
Ivyspring International Publisher. C) Schematic illustrations of the preparation of CAD-SPIONs@GO for breast tumor diagnosis and therapy. Repro-
duced (Adapted) with permission.[87] Copyright 2019, Royal Society of Chemistry. D) Synthesis process of FMO nanowires and schematic illustration
FMO for photothermal enhanced CDT and GSH-depleted amplified CDT. Reproduced with permission.[89] Copyright 2021, Wiley-VCH. E) Schematic
illustration of synthesis steps of our RGD2-conjugated dotted core–shell type ES-MION/GdON hybrid nanoparticles. Reproduced with permission.[90]

Copyright 2018, Wiley-VCH.

engineered ES-MIONs (≈3.8 nm) with a controlled dopant com-
position in the crystalline core and a disordered shell, aiming to
enhance the T1 effect. (Figure 11A–D). Both the increased mag-
netization value caused by Zn2+ doping and reduced 𝜏m caused
by Mn2+ substitution could effectively modulate the r1 relaxiv-
ity of ES-MIONs (Figure 11E,F). Significantly, the optimized ES-
MIONs, featuring a Zn-doped core and Mn-substituted shell, ex-
hibited an impressive r1 value of 20.22 mm−1 s−1, surpassing that
of clinically used gadolinium-based T1 contrast agents.[92]

Fan et al. developed a nanoprobe for T1-weighted MRI that ex-
hibits enhanced signal amplification functions at multiple lev-
els, enabling the visualization of ultrasmall breast cancer metas-
tases. (Figure 11G). The ES-MIONs nanoprobe (≈3.9 nm) was
synthesized based on the dynamic simultaneous thermal decom-
position (DSTD) method with doping of Fe3+ and Mn2+. The

ES-MIONs nanoprobe exhibits a significantly higher r1 value of
6.79 mm−1 s−1 compared to 𝛾-Fe2O3-CREKA (3.79 mm−1 s−1)
due to manganese doping, indicating its potential as a high-
performance T1-weighted MRI nanoprobe. Furthermore, within
the distinctive pathological environment of metastases, the
Mn2+-doped ES-MIONs demonstrate the capability to release
Mn2+ ions. Upon binding with proteins within cancerous tissues,
the accumulated Mn2+ ions exhibit the capability to enhance the
brightness of metastatic sites.[93]

5.3. T1/T2 Dual-Mode MRI

ES-MIONs show strong T1 contrast effect, but very low T2
contrast due to the small superparamagnetism. Although the
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Figure 11. A) Schematic illustration of the chemically engineered ES-MIONs with the dopant-controlled crystalline core and disordered shell with the
dopped Zn and Mn elements. High-resolution TEM images of Zn0.4F (B), 𝛾-Fe2O3@Mn0.4F (C), and Zn0.4F@Zn0.4Mn0.2 F (D). MR contrast enhance-
ment effects of ZnxF@ZnxMnyF. E) Plot of r1 value as a function of Zn doping level (x) and Mn-substituted level (y) of ZnxF@ZnxMnyF. F) T1-weighted
images of ZnxF@ZnxMnyF (C[Zn+Mn+Fe] = 0.5 mm). Reproduced with permission.[92] Copyright 2021, American Chemical Society. G) Schematic illus-
tration of the Mn-dopped ES-MIONs with multilevel responsive T1-weighted MR signal-amplification capabilities for illuminating ultrasmall metastases.
Reproduced with permission.[93] Copyright 2020, Wiley-VCH.

T2 contrast agent provides the dark contrast that is useless to
lighten tumor tissue, it still provides a referential information to
distinguish tissue structure in some complicated condition.[94]

Moreover, in contrast to other multimodal imaging technologies
such as MR/optical and MR/PET, T1-T2 dual-mode MRI offers the
advantage of simultaneous imaging using a single instrument
system. This approach helps eliminate variations in penetration
depths and spatial/time resolutions that arise from utilizing
multiple imaging devices.[95] Therefore, in comparison to single-
mode contrast agents, T1-T2 dual-mode MRI contrast agents
have the potential to greatly enhance diagnostic accuracy. This is
achieved by offering anatomical images at equivalent levels, but
with distinct contrasts, thereby providing self-validated informa-
tion. Nevertheless, the development of T1-T2 dual-mode contrast
agents has posed significant challenges. First, the combination of
T1 and T2 contrast agents presents a challenge due to the strong
magnetic coupling between them. This coupling can disrupt the
relaxation effect of the paramagnetic T1 contrast agent, leading
to undesired suppression of the magnetic resonance signal.[96]

Second, it is essential to ensure optimal relaxation parameters,
wherein both r1 and r2 values should be maximized, and the r2/r1
ratio should ideally fall within the range of 5–10.[97] Fortunately,

ES-MIONs could inherently display T1- and T2- weighted imag-
ing abilities with appropriate sizes and Ms. Shi et al. realized the
T1/T2-weighted MRI by enhancing the retention of ES-MIONs
in pathological tissue (Figure 12A). First, citric acid-stabilized
ES-MIONs were produced and modified with folic acid (FA) and
diazirine (DA) through a coupling reaction. After intravenous
delivery, the monodispersed ES-MIONs traversed the vascula-
ture and effectively infiltrated the inflamed area associated with
arthritis, showing T1-weighted MRI imaging. Upon exposure to
405 nm laser irradiation, the ES-MIONs assembled in the inflam-
mation region, offering a dual-mode T1/T2-weighted precision
MRI.[98]

Generally, the T1-MRI sensitivity of ES-MIONs is diminished
under an ultrahigh magnetic field (UHF,≥7.0 T). Consequently,
Wang et al. developed specialized contrast agents (CAs) that ex-
hibit robust T1 contrast and moderate T2 contrast, specifically de-
signed for ultra-high field (UHF) MRI. (Figure 12B). The nearly
paramagnetic core of ES-MIONs guarantees low magnetization,
resulting in moderate T2 relaxation of the adjacent water protons.
In addition, ES-MIONs surface was modified with citric acid and
PEG to extend water molecule lifetime in the second sphere
(𝜏′m), which accelerates T1 relaxation of water protons. This
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Figure 12. A) Schematic illustration of the synthesis of Fe3O4-PEG-(DA)-FA NPs for enhanced retention and tunable T1/T2-weighted MR imaging.
Reproduced with permission.[98] Copyright 2019, Wiley-VCH. B) Schematic illustration of the fabrication process of hydrophobic surfactants of UDIOC
and hydrophilic P-UDIOC. The P-UDIOC facilitates fast T1 and moderate T2 relaxation of water protons, leading to high-performance T1/T2 dual-contrast
effect under UHF. Reproduced with permission.[99] Copyright 2021, Wiley-VCH. C) Representative TEM image, D) STEM-HAADF image, and E) EDX
mapping images of Fe3O4/Gd2O3 core/shell nanocubes. Reproduced with permission.[100] Copyright 2016, Royal Society of Chemistry.

modification enables a dual enhancement of T1 and T2 contrast
effects at ultra-high field (UHF). On the one hand, the interaction
of the uncoordinated carboxylic group of citric acid with water
protons through hydrogen bonds would enhance 𝜏′m, resulting
in an accelerated T1 relaxation of water protons. Conversely, the
magnetization of ES-MIONs has a sharp increase with the exter-
nal magnetic field, leading to an exceedingly strong T2 contrast
effect under UHF.[99]

Liang et al. developed a novel synthesis method for core/shell
Fe3O4/Gd2O3 nanocubes, enabling dual-modal T1/T2 MRI imag-
ing. (Figure 12C–E). The Fe3O4 content is mainly aggregated
in the core served as T2-MRI agents, while Gd2O3 is dispersed
on the nanocube surface served as T1-MRI agents. The cubic
nanoparticle displays a synergistic augmentation of its T1/T2
dual-mode contrast effect, owing to its substantial surface-to-
volume ratio and efficacious radius.[100]

5.4. Contrary Contrast-MRI (CC-MRI) Strategy

Although there are certain advantages to using T1/T2 dual-mode
MRI contrast agents (CAs) with high r1 and r2 values, they still
face certain problems: 1) Performing T1/T2 dual-mode MRI re-
quires executing T1-weighted and T2-weighted sequences with
distinct scanning parameters, resulting in increased workload for
busy clinical MRI machines. 2) Physicians often face greater tech-
nical challenges in diagnosing using both T1 and T2 images com-
pared to single-mode images. 3) the T1 and T2 signals from T1/T2
dual-mode contrast agents typically exhibit mutual suppression
due to the positive and negative nature of their respective signals.
In order to solve the above-mentioned problems of T1/T2 dual-
mode MRI, Shen et al. introduced a novel concept known as the
contrary contrast-MRI (CC-MRI) strategy, wherein CC-MRI con-
trast agents exhibit a positive or negative signal in healthy tissues,
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Figure 13. A) Scheme for the construction of D1@HMON2@FG3@R2 for GSH-responsive HMON degradation for 0 (B), 3 (C), and 7 (D) days.
E) Change of r1 or r2/r1 as a function of the incubation time in the 7.0 T magnetic field. F) MR images of U87MG tumor-bearing mice showing tumors
before and after intravenous injection of D1@HMON2@FG3@R2. Quantitative analysis of the tumors (G) or livers (H) after intravenous injection of
D1@HMON2@FG3@R2 using ΔSNR. Reproduced with permission.[101] Copyright 2021, American Chemical Society.

but demonstrate contrasting signals in diseased tissues.
Shen et al. developed hybrid nanoparticles consisting of a

core/shell structure with dotted Fe3O4/Gd2O3 (FG) as gate-
keepers, effectively blocking the pores of hollow mesoporous
organosilica (HMON) nanoparticles. Furthermore, the active
tumor-targeted delivery of doxorubicin hydrochloride (DOX)-
loaded HMON with FG capping (D@HMON@FG@R2) was
achieved by conjugating RGD dimer (R2) onto the nanoparti-
cles, as illustrated in Figure 13A–D. The high r2 value (253.7
mm−1 s−1) and high r2/r1 ratio (19.13) of the aggregated FG in
D@HMON@FG@R2 could lead to darkening of the normal
tissue, while the intratumorally released FG resulting from
GSH-triggered HMON degradation could brighten the tumors.
This effect is attributed to the high r1 value (20.1 mm−1 s−1) and
low r2/r1 ratio (7.01), which collectively contribute to CC-MRI
(Figure 13E–H).

Moreover, Shen et al. developed a dual-responsive contrast
agent (CA) for the tumor microenvironment (TME) known as
SA-FeGdNP-DOX@mPEG. This CA exhibits minimal respon-
siveness under normal physiological conditions, but shows high
responsiveness specifically to the acidic and reductive conditions

found within the TME (Figure 14A,B). Under normal physiologi-
cal environment, the SA-FeGdNP-DOX@mPEG exhibits a nega-
tive MRI signal, primarily attributed to its high r2 value (336.9
mm−1 s−1) and high r2/r1 ratio (18.4). However, within the tu-
mor microenvironment (TME), it undergoes a switch to a posi-
tive MRI signal. This change is primarily due to the high r1 value
(20.32 mm−1 s−1) and low r2/r1 ratio (7.2) associated with the SA-
FeGdNP-DOX@mPEG in the TME (Figure 14C). By employing
the TME dual-responsive SA-FeGdNP-DOX@mPEG, the tech-
nique of contrast-controlled magnetic resonance imaging (CC-
MRI) was successfully implemented. This approach resulted in
a substantial enhancement of the contrast in MR images be-
tween tumors and livers, with a remarkable ΔSNR difference of
501%.[102]

6. MRI-Guided Cancer Therapy Utilizing
ES-MIONs

In the realm of precision medicine applications, the integration
of therapeutic and diagnostic components within nanoplatforms,
commonly referred to as theranostic elements, plays a vital role.
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Figure 14. A) Schematic illustration of the synthesis of mPEG-FBA-CA and the CC-MRI CA. B) The self-assembled process of FeGdNP-DOX@mPEG. C)
Schematic illustration of the CC-MRI of tumors using our SA-FeGdNP-DOX@mPEG. Reproduced with permission.[102] Copyright 2022, Royal Society of
Chemistry.

Over the past few years, a diverse array of theranostic systems
has emerged, specifically designed for imaging-guided cancer
therapy. Among them, ES-MIONs have been widely developed
for MRI-guided cancer therapy. For instance, ES-MIONs have
proven effective in addressing the disadvantages of traditional
chemotherapy, ferroptosis therapy (FT), photothermal therapy
(PTT), photodynamic therapy (PDT), immunotherapy, and so on.

6.1. MRI-Guided Chemotherapy Based on ES-MIONs

In the field of nanomedicine, the integration of chemotherapy
drugs with imaging agents has emerged as a prominent focus.

This approach holds significant potential for advancing cancer
treatment by enabling the monitoring of chemotherapy drug
release, distribution, activity, and the evaluation of therapeutic
effectiveness.[103]

Liu et al. developed polymersome nanovesicle encapsulat-
ing the anti-cancer drug DOX and ES-MIONs, as shown in
Figure 15A. The obtained nanovesicles exhibited a distinctive
yolk-shell structure (Figure 15B,C), characterized by controlled
drug activity and suppressed T1 MRI contrast ability. Upon reach-
ing the tumor site, the nanovesicle exhibits a simultaneous re-
sponse to glutathione (GSH), resulting in the release of the drug
and activation of T1 contrast.[104]
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Figure 15. A) PAA-coated ES-MIONs interact with doxorubicin forming the GSH-sensitivity nanovesicles (NVs). TEM image, high-resolution TEM image
(lower right) and cartoon (lower left) of B) US NVs and C) USD NVs. Reproduced with permission.[104] Copyright 2020, Elsevier. D) Design of DOX@ES-
MION@RGD2@mPEG composite nanoparticles. Reproduced with permission.[105] Copyright 2017, American Chemical Society.

Shen et al. developed a nanoplatform utilizing 3.6 nm ES-
MIONs for T1-weighted MRI CAs. The surface of ES-MIONs
was modified by conjugating dimeric RGD peptide (RGD2)
through the formation of amide bonds. Subsequently, DOX
was loaded onto the ES-MIONs by employing hydrogen bonds,
ionic bonds, and/or coordination bonds, resulting in the for-
mation of the DOX-loaded nanoplatform. During circulation in

the bloodstream, mPEG acts as a protective shield, preventing
the non-specific coupling of RGD2 to healthy cells with irrele-
vant receptors. This is achieved by concealing RGD2 within the
mPEG stealth. Nevertheless, in the presence of a mild acidic
tumor environment, the acid-labile 𝛽-thiopropionate linker un-
dergoes cleavage, leading to the detachment of mPEG from
the nanoplatform. Consequently, the previously concealed RGD2
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Figure 16. Schematic illustration of a) the synthesis of Fe3O4/PEI-PEG NGs and TGF-𝛽1 and b) its mechanism for gene therapy and MR imaging in a
mouse sarcoma model. Reproduced with permission.[106] Copyright 2021, American Chemical Society.

becomes exposed and subsequently binds to 𝛼v𝛽3-expressing
cancer cells (Figure 15D). Furthermore, the tumor imaging ef-
ficiency (ΔSNR) of this nano-platform reaches 203.4% at 12 h
after injection, significantly surpassing that of the commercial
Magnevist, which only achieves 55.9% at 1 h post-injection.[105]

6.2. MRI-Guided Genetherapy Based on ES-MIONs

Cao et al. described the synthesis of a nano-hydrogel composed of
low-molecular-weight poly(ethylenimine) (PEI) and PEG, which
was loaded with transforming growth factor-𝛽1 (TGF-𝛽1) siRNA
and ES-MIONs (Fe3O4 NPs). This innovative formulation was
utilized for gene therapy and T1-weighted MRI of tumor metas-
tasis (Figure 16). In the study, the formation of a nano-platform
measuring 76.3 nm in size was achieved by combining sodium
citrate-coated ES-MIONs, PEI, and PEG-diacrylate using an in-
verse microemulsion technique. The developed nano-platform
display good cytocompatibility and MRI performance (r1 =
1.0346 mm–1 s–1). The nano-platform effectively condensed TGF-
𝛽1 siRNA through electrostatic interactions and successfully
transported the siRNA to cancer cells, leading to the silencing
of the TGF-𝛽1 gene.[106]

6.3. MRI-Guided Ferroptosis Therapy Based on ES-MIONs

Ferroptosis, a mode of programmed cell death reliant on iron and
reactive oxygen species (ROS), has emerged as a propitious strat-
egy for cancer therapy.[107] Ferroptosis stands apart from apopto-
sis, necrosis, and autophagy by virtue of its reliance on iron and

the disruption of oxidation/reduction equilibrium.[108] Further-
more, this endogenous and direct chemical energy conversion
strategy operates without the need for external energy sources
such as laser, ultrasound, or magnetic fields. Consequently, it
overcomes the limitations associated with low tissue-penetration
depth and the non-specificity of these external triggers in induc-
ing cancer cell death.[109]

Huan et al. reported a new porous yolk-shell nano-platform
with Fe3O4 served as the shell, and 5 nm of Fe(0) served as the
core (Figure 17A,B). Fe(0) core was protected against oxidation
by the porous Fe3O4 shell in the normal physiological condition.
Within the acidic tumor microenvironment (TME), the pore un-
dergoes etching, leading to the generation of fractures and sub-
sequent exposure of Fe(0). The Fe(0) then catalyzed the ROS pro-
duction and ferroptosis to cause tumor cells death. This porous
yolk-shell Fe3O4 nano-platform has been demonstrated to be re-
nal clearable, and effective on tumor inhibition via intravenous
injection into HepG2 tumor-bearing mice.[110]

Gao et al. developed an “all-inorganic nanosystem” that does
not rely on toxic chemical drugs for effective nanocatalytic tumor
therapy. This system operates through a cascade catalytic reac-
tion triggered by nanozymes, which respond to the tumor mi-
croenvironment (TME). (Figure 17C). Ultrasmall gold nanopar-
ticles (AuNPs, diameter ≈ 1.5 nm) and Fe3O4NPs (diameter ≈

1.5 nm) were successively integrated into the large pore channels
of dendritic mesoporous silica nanoparticles. In this nanoplat-
form (Figure 17D–G), AuNPs were employed as glucose oxidase
(GOx) mimics to increase the intratumoral H2O2 levels. Further-
more, iron oxide nanoparticles (Fe3O4 NPs) measuring 1.5 nm
in size were employed as peroxidase mimics to catalyze the con-
version of H2O2 into highly toxic hydroxyl radicals. This process
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Figure 17. A) Schematic illustration of the pH activated Fe release of PYSNPs for Fenton reaction and B) HRTEM of porous yolk shell Fe/Fe3O4 NPs
preparation. Reproduced with permission.[110] Copyright 2021, Elsevier. C) Schematic illustration of “toxic-drug-free” nanocatalytic tumor therapy by
biomimetic inorganic nanomedicine-triggered cascade catalytic Fenton reaction. D,E) different magnifications, F) HADDF image, and G) SEM image of
DMSN-Au-Fe3O4 NPs. Reproduced with permission.[111] Copyright 2019, Wiley-VCH.

triggers tumor cell death through the conventional Fenton-based
catalytic reaction.[111]

Shen et al. developed a hybrid nanoplatform called cisplatin-
loaded Fe3O4/Gd2O3 (FeGdNP), which was conjugated with
lactoferrin (LF) and RGD peptide dimer (RGD2). This nanoplat-

form was designed for orthotopic tumor therapy, aiming to
enhance the local concentrations of Fe2+ ions, Fe3+ ions, and
H2O2 (Figure 18A). Due to LF-receptor-mediated transcyto-
sis, these nanoparticles exhibited the ability to traverse the
blood–brain barrier (BBB). By utilizing integrin 𝛼v𝛽3-mediated
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Figure 18. A) Design and synthesis of our Fenton-reaction-acceleratable magnetic nanoparticles (FeGd-HN@Pt@LF/RGD2). B) Mechanism illustra-
tion for the ferroptosis therapy (FT) of orthotopic brain tumors with self-MRI monitoring. Reproduced with permission.[112] Copyright 2018, American
Chemical Society.

endocytosis, cancer cells can internalize this nanoplatform,
leading to the subsequent release of Fe2+, Fe3+, and CDDP
upon endosomal uptake and degradation. Fe2+ and Fe3+ directly
engage in the Fenton reaction, while CDDP indirectly generates
H2O2, thereby facilitating the Fenton reaction at an accelerated
rate (Figure 18B). The generation of reactive oxygen species
(ROS) through the accelerated Fenton reaction leads to the
induction of cancer cell ferroptosis.[112]

Hu et al. utilized the strong T1-MRI capability of FeGdNP
to create a T1-weighted magnetic resonance imaging (MRI)
contrast agent. This FeGdNP was loaded with indocyanine
green/glucose oxidase (ICG/GOx) and conjugated with an RGD
dimer (RGD2) and an acid-labile polymer mPEG, resulting in

FeGdNP-ICG/GOx-RGD2-mPEG nanoplatform. In comparison
to the commercial Magnevist, the FeGdNP-ICG/GOx-RGD2-
mPEG nanoplatform demonstrates a two to three-fold increase
in tumor ΔSNR during MRI evaluation of peritoneal metastasis
and subcutaneous animal models. Furthermore, the depletion of
glucose mediated by GOx in cancer cells leads to the generation
of ample gluconic acid and H2O2, thereby augmenting the effi-
ciency of the Fenton reaction. The accumulation of toxic hydroxyl
radicals (•OH) can impair mitochondrial function and trigger the
release of reactive oxygen species from the mitochondria, subse-
quently activating the ferroptosis pathway.

ES-MIONs based nanoparticles have been demonstrated to re-
lease ferrous or ferric ions in acidic lysosomes, accelerating the
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Figure 19. A) Schematic illustration of albumin-constrained biomimetic synthesis of ultrasmall-sized FeS@BSA QDs for in vivo T1-weighted MR imaging
and photo-theranostics of tumors. B) Representative TEM, HRTEM image, and a digital picture of FeS with and C) without BSA. Reproduced with
permission.[45] Copyright 2020, Elsevier. D) Schematic illustration of the synthesis of magnetic gold nanowreath and E) their applications as GSH-
responsive T1-weighted imaging CAs and photothermal agents. F,G) Representative TEM images and H) SEM image of AuNWs. I) T1-weighted images
of U87MG tumor-bearing nude mice after intravenous injection of Magnevist, ES-MIONs, and magnetic AuNWs. Reproduced with permission.[118]

Copyright 2018, American Chemical Society.

intracellular Fenton reaction to produce ROS. The Fenton re-
action is a catalytic process that transforms hydrogen peroxide
(H2O2) into highly hazardous reactive oxygen species (ROS), par-
ticularly hydroxyl radicals (•OH). Furthermore, iron may be the
most appropriate choice for this therapeutic objective due to its
biocompatibility within the human body, with a recommended
daily intake for adults of ≈15 mg d−1. Therefore, the targeted
transport of external iron to cancerous cells is regarded as a bi-
ologically safe strategy for killing tumor cells. However, the in-
tratumoral H2O2 concentration is generally 50–100 μm.[113,114]

While the intratumoral H2O2 level is higher than that found in
normal tissues and cells, it remains insufficient to generate a sat-
isfactory and adequate quantity of •OH required to achieve desir-
able nano-catalytic therapeutic effectiveness through the Fenton
reaction.[115] Furthermore, the lipid peroxidation (LPO) level can
be relieved by the intratumoral oxidation-reduction system, re-
sulting the inefficient ferroptosis.[116] Thus, the ES-MIONs can
be designed into a composite nano drug delivery system includ-
ing H2O2 catalyst or reducing system inhibitors.

6.4. MRI-Guided Photothermal Therapy Based on ES-MIONs

Photothermal therapy (PTT) is a non-invasive method used to
treat various cancers. It relies on photoabsorbers capable of con-
verting light energy into thermal energy, which effectively de-
stroys cancer cells through cytotoxic heat. Nevertheless, PTT as
a standalone approach for cancer treatment encounters certain
challenges, such as the uneven laser energy distribution and in-
sufficient effect in deep tumors.[117] MRI images can offer tomog-
raphy information on live organisms without the constraints of
penetration. Hence, combining MRI and PTT can lead to en-
hanced therapeutic effectiveness, reduced invasiveness, and in-
creased cost-effectiveness.

Yang et al. developed a novel approach utilizing albu-
min confinement to synthesize diminutive and excellently dis-
persed ferrous sulfide quantum dots, referred to as FeS@BSA.
(Figure 19A). The FeS@BSA quantum dots demonstrate an in-
credibly small size of approximately 3.0 nm and possess an
exceptionally low magnetization (Figure 19B,C). This unique
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Figure 20. A) Schematic representation of pH-responsive, ligand-assisted self-assembly of ESIONs. B) pH-dependent structural transformation behavior
in PMNs. C) Schematic representation of pH-dependent structural transformation and related magnetic/photoactivity change in PMNs. Reproduced
with permission.[119] Copyright 2014, American Chemical Society.

characteristic grants them a desirable longitudinal relaxivity suit-
able for T1-weighted MRI applications. The FeS nanoparticles
demonstrate the capability to conduct MRI, exhibit enhanced ab-
sorption in the near-infrared (NIR) range, and efficiently convert
the absorbed NIR light into thermal energy. FeS@BSA exhibits
excellent T1-weighted MRI capability in mice experiments, re-
sulting in enhanced visualization of organs, blood vessels, and
tumors throughout the entire body. It is intriguing that with the
assistance of T1-MRI, these ES-MIONs can be utilized for con-
ducting photothermal therapy on tumors, leveraging their strong
absorption in the near-infrared region.[45]

Liu et al. conceived a novel nanoplatform, amalgamating mag-
netic gold nanowreaths (AuNWs) with ES-MIONs, through the
fusion of wet-chemical synthesis and layer-by-layer self-assembly
approaches (Figure 19D). These AuNWs are used for visualiz-
ing tumors by T1-weighted MRI and photoacoustic imaging to
realize imaging-guided photothermal therapy (Figure 19E). In
this nanoplatform based on AuNWs (Figure 19F-H), the core
consists of AuNWs, exhibiting exceptional photothermal prop-
erties, while the shell is composed of an ES-MIONs assem-
bly that can be disassembled in response to GSH. The inte-
gration of ES-MIONs enhances tumor accumulation by slowing
down renal clearance and generates a GSH-responsive T1 signal
within TME (Figure 19I). With the aid of bright T1-MRI guid-
ance, the magnetic AuNWs exhibit a significant enhancement
in photoacoustic imaging contrast within the tumor, facilitating

the identification of the optimal timing for photothermal therapy
intervention.[118]

6.5. MRI-Guided Photodynamic Therapy Based on ES-MIONs

Photodynamic therapy (PDT) is an approved clinical and mini-
mally invasive treatment method for cancers that utilizes photo-
sensitizers to generate cytotoxic singlet oxygen (SOG) upon ex-
posure to light. However, the currently available photosensitiz-
ers lack selectivity for tumors, resulting in unintended damage
to normal tissues and cells. The bioavailability, treatment effi-
cacy, and tumor selectivity of photosensitizers can be real-time
monitored by the MRI CAs, showing great potential for clinical
applications.

Ling et al. developed a tumor pH-sensitive magnetic nano-
grenade (PMNs) composed of ES-MIONs and pH-responsive lig-
ands which contained chlorin e6 (Ce6) served as a photosen-
sitizer for PDT (Figure 20A). The acidic tumor microenviron-
ment (TME) triggers surface-charge switching, allowing these
PMNs to effectively target tumors. Moreover, the assembled
ES-MIONs undergo disassembly, activating the T1 signal. Fur-
thermore, the photosensitizer Ce6 exhibits self-quenching ac-
tivity until it reaches the tumor site. Upon exposure to the tu-
mor pH stimulus, this suppression is swiftly reversed, result-
ing in a remarkably targeted photodynamic therapy (PDT) effect
(Figure 20B,C).[119]
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Figure 21. A) The aiMRI is applied to quantify the ROS at an early time after RT which is proposed to stratify the tumor inhibition. B) The procedure
of self-assembly and disassembly of the aiMRI nanoprobe that is composed of ES-MIONs, gadolinium (Gd) species, and triblock PEG-PPS-PEG-NH2
polymers. The TEM image, cartoon image (upper right), and magnified TEM image (lower right) of the blank nanoprobe with different Fe:Gd molar ratios
C) blank; D) Fe:Gd = 35.5:1; E) 144:1; F) 21:1. G) The pre- and post-contrast T1 phantom images and the quantitative T1 relaxation maps of mouse
tumors. Radiotherapy (RT) was performed 24 h prior to the aiMRI acquisition. Reproduced with permission.[120] Copyright 2020, Nature Publishing
Group.

6.6. MRI-Guided Radiotherapy Based on ES-MIONs

Radiation therapy (RT), which involves the external-beam X-ray
irradiation, has been widely adopted in the clinical setting for
treating more than 50% of cancer patients. RT can induce DNA
damage, disrupt tissue homeostasis, impair tissue resolution,
cause vasculopathy, and lead to hypoxia. Regrettably, the efficacy
of radiation therapy (RT) is significantly diminished as a result
of the diverse radiation reactions and radioresistance exhibited
across various cancer types and individuals. Consequently, there
has been significant interest in the early evaluation of RT re-
sponse from a biological standpoint.

Chen et al. developed an innovatively activatable inflamma-
tion magnetic resonance imaging (aiMRI) technique, aimed at
the early quantitative stratification of radiation therapy (RT) re-
sponse (Figure 21A). The inflammatory response triggered by ra-
diation is accountable for the infiltration of neutrophils and the
generation of ROS (Figure 21B). These nanovesicles were incor-
porated with ES-MIONs within the membrane and gadolinium

(Gd) species on the surface (Figure 21C–F). The self-assembly
and disassembly of the nanovesicle contribute to the dual en-
hancement factors in achieving a T1 OFF-ON effect, primarily in-
fluenced by the quencher’s T2 effect and the distance between the
quencher and the emitter (Q-E distance) (Figure 21G). Significant
Pearson correlation coefficients (R values) are observed when
examining the relationships between the changes in T1 relax-
ation time within the 24–48 h timeframe following various treat-
ments. Moreover, the aiMRI method offers a non-invasive imag-
ing technique for early prediction of therapeutic outcomes in ra-
diotherapy. This assists in optimizing radiation treatment plan-
ning, such as establishing delivery paths and dosages, resulting
in reduced side effects and enhanced treatment outcomes.[120]

6.7. MRI-Guided Immuotherapy Based on ES-MIONs

The ES-MIONs can be applied in cancer immunotherapy be-
cause they can be used as MRI CAs, nanocarriers, and potential
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Figure 22. A) The schematic illustration on Fe3O4-OVA vaccine strategy. B) Schematic representation the synthesis of the Fe3O4-OVA vaccine. C) TEM
images of Fe3O4 NPs and D) Fe3O4-OVA nanocomposites. E) The schematic experimental process of lung metastasis of B16-OVA tumor preven-
tion study. F) Average and individual lung metastasis loci in control and treated groups intravenously injected with B16-OVA tumor cells on day 25.
G) Representative images of H&E stained lungs after receiving different treatments. Reproduced with permission.[121] Copyright 2019, Elsevier.

immune system stimulatory agents. Luo et al. prepared
ovalbumin-coated ES-MIONs as a nano-immunopotentiator,
facilitating effective stimulation of dendritic cell-based
immunotherapy and potentially activating macrophages
(Figure 22A–C). The ovalbumin-coated ES-MIONs effectively
induced the maturation of dendritic cells derived from bone
marrow and promoted the release of interferon-𝛾 (IFN-𝛾)
from T cells. Furthermore, they have the potential to activate
macrophages, leading to a significant release of tumor necrosis
factor-𝛼 (Figure 22D). This therapeutic and prophylactic vaccine,
incorporating ovalbumin-coated ES-MIONs, not only effectively
impedes the growth of subcutaneous and metastatic B16-OVA
tumors, but also demonstrates a remarkable ability to prevent
the formation of both subcutaneous and metastatic tumors
(Figure 22F,G). As a result, it offers a promising approach to
broaden the clinical application of iron-based nanomaterials.[121]

6.8. MRI-Guided Sonodynamic Therapy Based on ES-MIONs

Sonodynamic therapy (SDT) has emerged as a cutting-edge non-
invasive therapeutic modality that harnesses the power of ultra-
sound (US) irradiation to induce the generation of ROS through
the activation of sonosensitizers. This innovative approach offers
the advantage of deep tissue penetration, making it a highly de-
sirable option for cancer therapy. Among the various sonosensi-
tizers employed in SDT, titanium oxide (TiO2) nanomaterials are

particularly noteworthy due to their exceptional chemical stability
and minimal phototoxicity.

Bai et al. successfully synthesized Fe-doped titanium dioxide
nanodots (Fe-TiO2 NDs) measuring ≈2.49 nm in size, serving as
a nano-platform to bolster the efficacy of SDT (Figure 23A). Uni-
form Fe-TiO2 NDs with ultrasmall size were synthesized through
a simple thermal decomposition strategy, and they demonstrate
well physiological stability and biocompatibility after PEGylation
(Figure 23B,C). The achieved nano-platform exhibits a signifi-
cantly enhanced sonodynamic effect in comparison to pure TiO2
nanodots under ultrasonic stimulation, likely attributable to the
reduction of TiO2’s band gap through the introduction of Fe
dopants. Simultaneously, the presence of iron in these Fe-TiO2-
PEG nanodots enables the triggering of a Fenton reaction using
H2O2, leading to the generation ROS. This capability facilitates
chemodynamic therapy as it directly induces the destruction of
tumor cells (Figure 23D). The incorporation of iron ions also im-
parts T1-MRI capability to the Fe-TiO2 nanodots, with an approx-
imate r1 value of 4.71 mm–1 s–1. Additionally, a significant propor-
tion of the ultrasmall Fe-TiO2 nanodots can be efficiently elimi-
nated from the body within a month, thereby exhibiting no dis-
cernible long-term toxicity in the treated mice.[122]

6.9. Multimode Imaging-Guided Therapy Based on ES-MIONs

The utilization of multimodal contrast agents holds great
promise in facilitating tumor therapy and minimizing the
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Figure 23. A) Ultrasmall Fe-TiO2 NDs were synthesized via the thermal decomposition of metal-organic precursors. The synthesized Fe-TiO2 NDs
showed enhanced sonodynamic and chemodynamic effects for dual-modal imaging-guided SDT/CDT combined therapy due to the Fe doping. B) Illus-
tration of the preparation process of Fe-TiO2 NDs. C) TEM images of pure TiO2, Fe3O4, and Fe-TiO2 NDs with different feeding ratios obtained via a
similar method. Reproduced with permission.[122] Copyright 2020, American Chemical Society.

deleterious impact on neighboring healthy tissues throughout
the cancer treatment process. The multimode imaging-guided
therapy based on ES-MIONs has been developed with enhanced
diagnostic sensitivity and therapeutic efficacy.

Lu et al. introduced a straightforward methodology for the
synthesis of dendrimer-stabilized Au nanoflowers that incor-
porate ES-MIONs, enabling multimode imaging-guided tumor
combination therapy (Figure 24A). In this study, the researchers
initially synthesized generation 5 (G5) poly(amidoamine)
dendrimer-stabilized gold nanoparticles (AuNPs) and citrate-
stabilized ES-MIONs (with a diameter of 2.1 nm). The synthesis
of these nanoparticles was achieved through the self-reduction
and hydrothermal methods, respectively. Subsequently, the seed
particles, which comprised both AuNPs and ES-MIONs, were
employed to produce Au nanoflowers using a seed-mediated
approach (Figure 24B,C). The resultant dendrimer-stabilized
ES-MIONs/Au nanoflowers exhibit a remarkable r1 value of 3.22
mm−1 s−1, along with an impressive photothermal conversion
efficiency of 82.7% (Figure 24D). These properties enable the
utilization of multimode T1-MRI/CT/PA imaging for effective
guidance in PTT therapy and RT treatment of tumors, resulting
in enhanced therapeutic outcomes (Figure 24E, F).[123]

Cui et al. prepared a sophisticated multifunctional nanoplat-
form for integrated diagnosis and treatment, which combined
ES-MIONs, MnO2, photosensitive drugs, and traditional Chi-
nese medicine monomers into a cohesive system (Figure 25A).
Within the nanoplatform, a layer of MnO2 was strategically
grown onto the ES-MIONs (Figure 25B,C), complemented by the
subsequent loading of Ce6 and CSL through electrostatic inter-
actions. Benefiting from the enhanced EPR effect, the nanoplat-
form exhibits remarkable accumulation within tumor tissues.
Notably, the outer layer of the nanoplatform, consisting of MnO2,
facilitates the efficient decomposition of H2O2 into O2, thereby
ameliorating tumor hypoxia and augmenting the PDT efficacy
of Ce6. Simultaneously, within the acidic tumor microenviron-
ment (TME), the rapid degradation of MnO2 within the nanoplat-
form triggers the selective liberation of the encapsulated drugs,
Mn2+, and ES-MIONs. This orchestrated release mechanism not
only intensifies the drug accumulation specifically within tumor
sites but also amplifies the T1/T2 contrast during fluorescence
(Figure 25D) and MRI (Figure 25E,F) imaging.[124]

Wang et al. synthesized a facile Fe-based core–shell nanoplat-
form with enhanced CDT and multiple functions for cancer
therapy (Figure 26A). This nanoplatform was constructed by
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Figure 24. A) Schematic illustration of the preparation of the Fe3O4/Au nanoplatform for multimode imaging-guided combination therapy of tumors. B)
TEM images and C) element mapping of Fe3O4/Au nanoplatform. D) In vivo T1-weighted MR images. E) CT images and F) PA images of the 4T1 tumor
in nude mice by injection of the Fe3O4/Au nanoplatform under 808 nm laser irradiation. Reproduced with permission.[123] Copyright 2018, Wiley-VCH.

redox self-assembly strategy with FexOy served as the shell, and
noble metal (Au, or Pd) served as the core. Remarkably, the
FexOy shell can be effectively triggered by a minimal quantity
of NaBH4, leading to a significant amplification of •OH pro-
duction during subsequent Fenton reactions. Additionally, the
nanoplatform exhibits a favorable photothermal effect, which
further facilitates the generation of •OH. Thus, under the
guidance of pH-responsive T1-weighted MRI (Figure 26B), CT
imaging (Figure 26C), and thermal imaging (Figure 26D), this
nanoplatform achieved synergetic PTT and Fenton-related CDT
therapy for cancer.[125]

7. Conclusions and Future Perspective

ES-MIONs have been developed as a novel T1-MRI CA with good
biocompatibility, and have become a potential MRI-guided thera-
peutic agent for tumor theranostics. With the particle size less
than 5 nm, the ES-MIONs provide a high number of surface-
exposed ferric ions for water proton coordination and chem-
ical exchange, showing a T1 relaxation enhancement effect.
More importantly, the ES-MIONs can be perfectly integrated into
nanoplatforms that can guide various tumor treatments, includ-
ing chemotherapy, gene therapy, FT, PTT, PDT, RT, immunother-
apy, and so on. Combined therapies based on ES-MIONs achieve
more excellent anti-tumor effects. In this review, we have intro-

duced the current T1-MRI CAs, the preparation and surface mod-
ification methods of ES-MIONs, the enhancement strategies for
ES-MIONs-based T1-MRI, and MRI-guided cancer therapy utiliz-
ing ES-MIONs. Nonetheless, the utilization of ES-MIONs-based
nanomaterials in the domain of tumor theranostics remains at its
rudimentary stage of exploration and advancement, with a mul-
titude of predicaments and obstacles yet to be resolved.

First, the stable blood circulation after intravenous injection is
directly related to the clinical MRI efficiency. For MRI purpose,
the ES-MIONs should quickly reach the tumors, usually less than
2 h. While for the imaing-guided tumor therapy, longer time is
necessary to obtain high accumulation of ES-MIONs in tumors
and enhanced therapeutic efficacy. In addition, too long circu-
lation time is inconvenient for patient to wait for the best MRI
scanning window, which further hinder the clinical application
of ES-MIONs.

Second, the tumor accumulation efficiency of ES-MIONs is
required more in-depth exploration. Although targeting ligands
could be grafted onto ESMIONs surface to promote tumor ac-
cumulation via active binding to the overexpressed biomarker of
tumors, it also could be hindered by the mask of protein corona
layer on the ESMIONs surface, and the insufficient expression of
receptor.

Third, the biosafety and long-term toxicity should be investi-
gated in detail for the application of ES-MIONs in vivo. Although
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Figure 25. A) Schematic illustration of the synthetic process of Fe3O4@MnO2-Ce6/CSL and mechanism of cellular uptake process and pH/H2O2-
triggered MRI/FL imaging and CT/PDT combination treatment. B) TEM images of Fe3O4 NCs and C) Fe3O4@MnO2-Ce6/CSL. D) In vivo real-time
fluorescence imaging, E) T1-weighted MR images, and F) T2 -weighted MR images of tumor-bearing mice by injection of Fe3O4@MnO2-Ce6/CSL.
Reproduced with permission.[124] Copyright 2021, Royal Society of Chemistry.

Figure 26. A) Schematic illustration of the synthetic process of r-AuPd@FexOy NPs and application of r-AuPd@FexOy NPs for oncotherapy. B) In vivo
T1-MRI and C) CT images of tumor-bearing mice after the intratumoral injection of r-AuPd@FexOy NPs. D) Thermal images of A549 tumor-bearing mice
with PBS or AuPd@AuPd@FexOy NPs treatment. Reproduced with permission.[125] Copyright 2021, Elsevier.
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the reported ES-MIONs caused no damage to the normal tissues
and organs and can be rapidly eliminated away from the body
via kidney, a more thorough and extended evaluation of their
biosafety is necessary, especially on larger animal models.

Furthermore, the preparation methods are the key factor af-
fecting the efficacy of nanomaterials. The ES-MIONs is more
likely to retention in tumor tissue when it has a high hydrophilic-
ity and mono-dispersity in aqueous solutions. However, the ES-
MIONs prepared by the thermal decomposition method have
worse dispersibility in aqueous solutions with or without ade-
quate hydrophilic ligand exchange. Therefore, more functional
ligands should be further exploited to enable the ES-MIONs to be
stable in physiological solution without aggregation. In addition,
it is also crucial to keep the size homogenization of ES-MIONs
during the storage period.

Finally, ES-MIONs exhibit promising prospects for diverse
therapeutic modalities. However, their in vivo biological degrad-
ability necessitates further comprehensive investigation. In the
reported studies, ES-MIONs based nanomaterials were mainly
used in chemotherapy, ferroptosis therapy, photothermal and
photodynamic therapy, but their application in gene therapy, ra-
diotherapy, immunotherapy, and sondynamic therapy is rarely re-
ported. Hence, it is imperative to foster greater innovation in ex-
ploring the applications of ES-MIONs across a diverse range of
therapeutic modalities.

Though there are remaining some issues to be addressed, ES-
MIONs have emerged as a promising new tool for the diagnosis
and treatment of cancer. Its application is worth further devel-
opment and exploration. We believe that the ES-MIONs based
nanomedicine has a good development prospect and will become
a choice for cancer patients.
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