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ABSTRACT: Iron oxide nanoparticles (IONPs) possess unique magnetism and good
biocompatibility, and they have been widely applied as contrast agents (CAs) for magnetic
resonance imaging (MRI). Traditional CAs typically show a fixed enhanced signal, thus
exhibiting the limitations of low sensitivity and a lack of specificity. Nowadays, the progress of
stimulus-responsive IONPs allows alteration of the relaxation signal in response to internal
stimuli of the tumor, or external stimuli, thus providing an opportunity to overcome those
limitations. This review summarizes the current status of smart IONPs as tumor imaging MRI
CAs that exhibit responsiveness to endogenous stimuli, such as pH, hypoxia, glutathione, and
enzymes, or exogenous stimuli, such as magnets, light, and so on. We discuss the challenges and
future opportunities for IONPs as MRI CAs and comprehensively illustrate the applications of
these stimuli-responsive IONPs. This review will help provide guidance for designing IONPs as
MRI CAs and further promote the reasonable design of magnetic nanoparticles and achieve
early and accurate tumor detection.
KEYWORDS: Iron oxide nanoparticles, Magnetic resonance imaging, Contrast agent, Tumor imaging, Stimuli-responsive nanomaterials,
Internal stimuli, External stimuli, Dual-mode imaging

1. INTRODUCTION
Medical imaging is an important tool for disease diagnosis and
monitoring. Among different imaging modalities, magnetic
resonance imaging (MRI) is a well-established medical imaging
method used in current routine clinical practice and is the most
commonly used imaging modality for tumor evaluation.1 MRI
has the characteristics of non-invasiveness, absence of ionizing
radiation, high spatiotemporal resolution, and excellent soft
tissue contrast.2−6 However, due to its low intrinsic
sensitivity,7,8 contrast agents (CAs) are required in some
cases.9 CAs can magnify the longitudinal (T1) or transverse
(T2) relaxation rates of nearby water molecules to create tissue
contrast.10−12 T1 CAs increase the T1 signal intensity in T1-
weighted imaging (T1WI), which leads to a brighter contrast
enhancement, referred to as positive CAs, while T2 CAs reduce
the T2 signal intensity in T2-weighted imaging (T2WI)
resulting in a darker contrast enhancement, known as negative
CAs.13

Paramagnetic gadolinium (Gd)- or manganese (Mn)-based
CAs are the most common T1 CAs in clinical use.14 Gd-based
contrast agents (GBCAs), such as Magnevist, MultiHance,
Omniscan, OptiMARK, Primovist, etc., have been used widely
in clinical practice.15−18 Unfortunately, over the years, GBCAs
have been related to some safety concerns, such as tissue
retention of gadolinium and nephrogenic systemic fibrosis
(NSF), and in some extreme cases, fractures or even
death.19−22

Iron oxide nanoparticles (IONPs) have attracted much
attention in recent years because of their unique magnetic,
biocompatible, and biodegradable properties.5,23−25 IONPs
with excellent superparamagnetic performance can efficiently
shorten T2 relaxation times and may be applied as T2 CAs for
MRI.9,26 Several formulations of IONPs (e.g., Resovist,
Feridex) have received the approval of the US Food and
Drug Administration (FDA) as T2 contrast agents.27,28 With
the development of nanotechnology, the relaxation properties
of IONPs can be controlled by adjusting their size, shape, and
surface structure.29,30 When the particle size is below 4 nm,
ultrasmall superparamagnetic IONPs may potentially be
employed to T1 CAs.5

The imaging sensitivity of IONP CAs depends on their
relaxivity, which is significantly dependent on the features of
the IONP core properties and surface design.26,31,32 The core
properties of IONPs, including size, shape, crystal structure,
and magnetic properties, occupy an important position in their
contrast capacities; the related details are presented in the
recent review of Gao et al.33 Meanwhile, surface modification
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of IONPs provides a powerful toolbox to adjust their
performance in MR imaging, which is a cornerstone of the
so-called “smart” IONPs. Choosing different surface ligands of
IONPs can enhance the accumulation of IONPs in tumor
tissues and regulate the MR imaging signal. For example,
specific ligands on the IONPs surface, such as antibodies,
proteins, peptides, and aptamers, endow positive targeting
properties, which help increase the concentration of IONPs in
tumors and improve imaging sensitivity.34−40 Moreover,
surface ligands with responsive capabilities, such as pH,
glutathione, enzyme, light, and so on, can alter IONP
aggregation behavior and/or their hydrophilic and magnetic
properties under different conditions.41−43 Therefore, the
rational design can be used to not only enhance the tumor
accumulation of IONPs, but also precisely adjust the imaging
signal (including the imaging mode) of the tumor, greatly
enhancing the contrast of tumor images.44,45

In this review, we discussed the current status of different
types of IONPs utilized in tumor imaging based on various
external and internal stimulation. The main themes covered
here are the challenges and opportunities for IONPs as MR
imaging contrast agents; the structure, magnetic properties,
biocompatibility, and especially the stimuli responsiveness of
IONPs, as determined by their surface materials and intrinsic
magnetic properties to improve MR imaging sensitivity; and
the obstacles and future research directions of smart responsive
IONPs.

2. DUAL-MODE MR IMAGING CONTRAST ABILITY OF
IONPS

Due to their excellent safety,46,47 good biocompatibility,48 and
facile modifiability,32 numerous types of IONPs have been
developed to explore their capabilities as tumor MRI CAs.
Most importantly, the unique superparamagnetic property of
IONPs endows them with advantages in both T2WI and T1WI.
The dual-mode MR imaging contrast features of IONPs are
described in the next paragraph.
2.1. Iron Oxide Nanoparticles for T2-Weighted MR Imaging

With their specific magnetic properties, especially high
saturation (Ms) values, IONPs have been used as T2 CAs
for decades. IONPs can shorten the transverse relaxation time
of protons near the iron and enhance signal intensity in T2WI.
The efficiency of the transverse relaxation rate acceleration is
expressed by the transverse relaxivity (r2), which is calculated
by linear fitting of the inversed T2 relaxation times vs iron
concentration. According to the quantum mechanical outer
sphere theory, the main parameters affecting the r2 value of a
CA based on magnetic nanoparticles are the saturation
magnetization, the effective radius, and the surface coating
thickness.49 According to the particle size, iron oxides can be
classified into the three following groups: (1) ultrasmall
superparamagnetic iron oxide (USPIO) nanoparticles with a
particle size < 50 nm; (2) small superparamagnetic iron oxide
(SPIO) nanoparticles with a particle size of 50 nm < d < 1 μm;
(3) micron-sized particles of iron oxide (MPIO) with particle
size above a micron.50

The size of IONPs greatly affects their magnetic properties
and distribution in the body, thus largely determining their
application.51 For example, nanoparticles with a hydrodynamic
diameter of < 5 nm could easily pass through renal filtration
and discharge with urine.52 Nanoparticles with a hydrodynamic
diameter > 100 nm are rapidly cleared from the circulation by

the reticuloendothelial system via active phagocytosis. Smaller
nanoparticles have a relatively long half-life since they can
escape phagocytosis. Consequently, optimizing the size of
IONPs can avoid rapid clearance and promote accumulation in
the target tissue or organ. For example, IONPs > 80 nm in
diameter are efficiently captured by macrophages, which makes
the size of nanoparticle suitable for imaging the reticuloendo-
thelial system.53,54

The FDA has approved several commercial T2 CAs based on
IONPs for clinical applications. Ferumoxide, administrated
intravenously, has been approved for liver imaging. In addition,
oral ferumoxsil has been approved for gastrointestinal
imaging.50 However, the wide clinical application of these
agents is limited by several drawbacks. In a transverse
relaxation-weighted image, the T2 of organizations is usually
very short and decreases with the increase of field strength.
Therefore, high concentrations of the CA and/or high
relaxivity are needed to measure T2.

55 Most importantly, the
intrinsic dark signal produced by T2 CAs can be confused with
other low intensity areas, such as air, hemorrhage, blood clots,
calcification, and metal deposition. Moreover, the phenomen-
on known as the “blooming effect” can distort the background
image and blur the image, caused by a high magnetic moment
inducing a long-distance magnetic field perturbing neighboring
tissue.56

2.2. Iron Oxide Nanoparticles for T1-Weighted MR Imaging

Although iron-oxide-based nanosystems are more commonly
applied as T2 MRI CAs, they have shown promise as T1 MRI
CAs in the past decade.57 The main function of T1 MRI CAs is
to accelerate the longitudinal relaxation rates of hydrogen
protons. As with the T2 mode, the efficiency of longitudinal
relaxation rate acceleration is expressed by longitudinal
relaxivity (r1), performed by linearly fitting the inverse T1
relaxation time as a function of iron concentration. Besides the
value of r1, the ratio of r2 to r1 is also a critical parameter
influencing a given contrast agent’s ability to be used as either a
T1- or T2-dominated MRI CA. When r2/r1 is > 8, the agent is
suitable as a T2 contrast agent, while when r2/r1 is < 5, it is
suitable for T1 imaging.58 Therefore, creating a T1 contrast
agent involves a maximized r1 value and a minimized r2/r1
value.

Depending on the Solomon-Bloembergen-Morgan (SBM)
theory, the main parameters affecting the value of r1 are the
hydration number of the agent, the constant of the water
exchange rate, and the rotational correlation time of the
agent.59,60 The successful design of IONP-based T1 contrast
agents is complicated, with each factor associated with inherent
drawbacks. However, some key parameters that can lower the
r2/r1 ratio have been unearthed. For example, the saturated
magnetization and the r2/r1 value of an IONP reduce with the
decrease of the size and crystallinity;5,61−63 decreasing
clustering can decrease r2, which can also minimize r2/r1.

5,64

Meanwhile, previous reports have demonstrated that the
hydrophilicity of the nanoparticle shell can also significantly
affect the T1 contrast effect of IONPs by influencing the water
coordination of the IONP’s surface and the chemical exchange
of the magnetic ion.14,45

2.3. Limitations and Opportunities

IONPs have been widely applied as MRI CAs in medical
diagnosis for primary tumors and metastases detection,65,66 for
contrast-enhanced MR angiography,67 and for visualizing
inflammatory lesions, such as atherosclerotic plaques.68 Many
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SPIO contrast agents have been proposed, and several have
already been approved by the FDA and the European
Medicines Agency (EMA); however, no agent is yet available
commercially.50 After several preliminary setbacks, ferucarbo-
tran and ferumoxide were initially introduced to the market,
but later withdrawn (as better alternatives were available for
the relevant diagnostic applications). In addition, several
different preclinical directions are now being explored, with
an increasing number of clinical applications involving the use
of IONPs.69

With the continuous development of individualized
precision medicine, people have an increasingly higher demand

on specific imaging and accurate diagnosis. Increasingly,
noninvasive methods, like MR imaging, can stratify patients,
thus enabling the avoidance of ineffective and/or expensive,
unnecessary treatments. However, the application of IONPs in
personalized medicine requires high levels of sensitivity, and
any single IONP cannot currently satisfy this need. The rapid
development of IONP-based, stimuli-responsive MRI probes
can conduct early detection, precise diagnosis, and treatment
monitoring of tumors. Some of the activatable IONPs
described below are expected to facilitate the progress of
precision medicine.

Table 1. Representative pH-Responsive Iron Oxide Nanoparticles for MR Imaging of Tumorsa

aAbbreviations in Table 1: hepatocellular carcinoma, HCC; contrast agent, CA; not available, NA; Photodynamic therapy, PDT.
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3. DESIGNING STIMULI-RESPONSIVE IRON OXIDE
NANOPARTICLES FOR TUMOR MR IMAGING

In order to overcome the disadvantages of the relatively low
sensitivity and poor specificity of traditional CAs, MR CAs
based on IONPs with stimuli-responsive properties have been
introduced, which can respond to different physiological/
pathological signals to activate the contrast signal. This section
provides an overview of responsive IONPs as MRI CAs,
including those responsive to internal stimuli, such as pH,
hypoxia, glutathione, and enzymes, and external stimuli, such
as magnetic field, light, and others.
3.1. Internal Stimuli-Responsive Iron Oxide Nanoparticles
for Tumor MR Imaging

The tumor microenvironment’s unique physicochemical
conditions (such as pH and hypoxia) and overexpressed
biomarkers (such as glutathione and specific enzymes) provide
multiple targets for designing internal stimuli-responsive
IONPs. The recent progress in this direction is presented
below to provide the principles on which efficient MR CAs
based on IONPs can be fabricated.
3.1.1. pH-Responsive IONP-Based Contrast Agents.

Tumor tissue exhibits rapid growth and metabolism,
consuming large amounts of glucose and oxygen, and excessive
hydrogen ions and lactate accumulate in extracellular fluids,

lowering the pH of the tumor microenvironment (pH 5.5 to
6.8).42 As one of the earliest tumor features exploited by
nanomedicines, pH-responsive strategies have been developed.
A selection of representative pH-responsive IONP-based
contrast agents is listed in Table 1.

Given that the relaxation properties of IONPs can be
manipulated by changing their size, morphology, and surface
structure, IONPs have been used as CAs for both T1/T2 dual-
modal MR imaging for tumor diagnosis.71,73,76 Diverse pH-
responsive chemical bonds or pH-responsive degradation of
some metal oxide materials provide researchers with a versatile
selection.

Disassembly. pH-Triggered disassembly behavior can
change the size of IONP clusters, which significantly influences
their imaging signal. This strategy has been adopted by Ling
and co-workers, who described an efficient method to enhance
contrast in tumors by delivering assembled IONPs into tumor
sites by the enhanced permeability and retention (EPR) effect
of larger particles, and then decomposing them under the
acidic tumor microenvironment to recover the T1 properties of
USPIO NPs.74,75 The assembled IONPs can be absorbed by
normal tissue and present a strong T2 effect, and the
disassembled particles in the tumor site have a strong T1
effect, which improves the contrast between the tumor site and
the surrounding tissue. In 2018, the same group reported an

Figure 1. (A) Schematic illustration of the smart MRI CA, named RIA (pH-sensitive IONP). TEM images of RIAs at (B) pH 7.4 and (C) pH 5.5.
Scale bar = 50 nm. (D) r1 and r2 values of RIAs at pH 7.4, 6.5, and 5.5. (E) T1WI of RIAs in orthotopic HCC mice. Reprinted with permission from
ref. 75. Copyright 2018 American Chemical Society. (F) Illustration of IONA formation and its pH-triggered disassembly. (G) T1WI and (H)
T2WI photographs, and (I) r1 and (J) r2 values of IONAs at pH 7.4 and 5.5. Reprinted with permission from ref. 74. Copyright 2019 American
Chemical Society.
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IONP nanocluster with a pH-sensitive I-motif DNA-modified
linker (RIA; Figure 1A).75 Figure 1B and C show that the
IONP nanoclusters disassemble upon encountering the acidic
tumor environment, while Figure 1D demonstrates a
significant drop in the r2 relaxivity and r2/r1 value when the
pH is acidic. This strategy greatly enhanced the T1 MRI
contrast between the normal liver and hepatocellular
carcinoma (HCC) in vivo (Figure 1E), providing a highly
sensitive diagnostic method for small hepatocellular carcinoma.
One year later, they reported another pH-sensitive IONP
nanosystem cross-linked by small-molecule ligands (IONAs;
Figure 1F).74 At pH 7.4, IONAs are structurally robust, while
under the acidic conditions in tumor sites, IONAs were quickly
decomposed into a large amount of hydrophilic USPIO NPs,
producing a strong T1-weighted MR signal. As shown in Figure
1G−J, the IONAs exhibited an r1 = 3.2 mM−1s−1 and an r2 =
108.0 mM−1s−1 at neutral pH. At a low pH value of 5.5, r1
increased, and r2 decreased significantly. In addition, there
have been reports of other disassembling methods that regulate
the signals of IONPs, including encapsulating IONPs in
hydrogels82 or polymeric micelles,71,83 which can decompose
in the acidic conditions of the tumor, and then release IONPs
to enhance the T1 contrast images of the tumor. These
strategies provide a promising way to improve detection
sensitivity through various ingenious designs. However, the
assembled IONPs were easily sequestered in the liver by
Kupffer cells due to their larger size, posing a safety risk.
Therefore, the long-term metabolic effects of RIAs in the liver
should be explored prior to further application.

Using the same strategy, Hou et al.73 fabricated intelligent
switchable MRI nanoprobes through coordinated self
-assembly driven by IONPs. The introduction of copper ions
(Cu2+), which act as a linker in the microemulsion method can
coordinate to the IONPs (Figure 2A). Poly(vinylpyrrolidone)

was employed to stabilize the nano aggregates of IONPs
(NAGs). The nano aggregates remained aggregated under
basic conditions and decomposed under acidic conditions
(Figure 2B and C), resulting in a regulation of the r1 and r2*
(linear fitting of the 1/T2 vs iron concentration) values (Figure
2D). In vivo results demonstrated that these acidic-responsive
nano aggregates of IONPs display a time-dependent transition
from T2 CAs to T1 CAs at the tumor site (Figure 2E). This
method helped to obtain T1- and T2-weighted dual-mode MR
images at different time points after a single injection.
Although NAGs exhibit good performance in vivo with
intratumoral injection (Figure 2E), their ability to provide
contrast in tumors in vivo is weaker upon venous
administration. Therefore, the circulation behavior and tumor
accumulation of NAGs requires further improvement.

Assembly. In contrast to the disassembling strategy, the pH-
triggered assembly behavior of IONPs enlarges their
aggregation size in low-pH conditions, which not only
increases the accumulation and retention time of IONPs at
the tumor site but also regulates the MR imaging mode from
T1-weighted to T2-weighted. For example, Pei and colleagues76

fabricated USPIO-based pH-responsive systems composed of
USPIO NPs with different surface modifications. Under an
acidic environment, USPIO NPs with different surface
modifications had different surface charges, leading to
assembly though electrostatic interactions between the positive
and negative charges. Based on the aggregation, the T1 contrast
effect switches to a T2 contrast effect in response to low pH.
Other examples are presented in Table 1.

Activation. The degradation behavior of some metal oxide
materials under acidic conditions offers multiple options for
researchers to design smart IONP imaging systems. Cheon et
al.84 applied this method to establish magnetism-based
nanoscale distance-dependent magnetic resonance tuning

Figure 2. (A) Schematic diagram of the fabrication of NAGs. TEM images of NAGs (B) before and (C) after incubation in Tris−HCl buffers. (D)
r1 and r2* values of different samples. (I) IONPs, (II) IONPs at pH 6.5, (III) nanoaggregates, and (IV) disassembled nanoaggregates (Tris−HCl
buffer, pH = 6.5). (E) In vivo T1WI and T2WI before and after intratumoral injection of NAGs. The second row shows corresponding pseudocolor
T1WI. Reprinted with permission from ref. 73. Copyright 2022 American Chemical Society.
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(MRET), which is composed of a superparamagnetic quencher
and a paramagnetic enhancer. In MRET, the T1 signal intensity
is suppressed by a superparamagnetic T2 CA at a critical
distance; the signal recovers when the two components
separate. Using the same method, Wang et al.81 designed
and synthesized a pH-activatable T1-T2 dual-modal MRI CA,
referred to as SPIO@SiO2@MnO2 (SSM-PEG; Figure 3A). In
an acidic environment, MnO2 decomposes into Mn2+, and
both T1- and T2-weighted signals are sequentially recovered
(Figure 3B). MRI map images (Figure 3C and D) show that
both R1 (equals 1/T1) and R2 (equals 1/T2) values decrease as
the pH value decreases. In vivo results further demonstrated
that the values of T1 signal intensity were similar for the MnO2
and SSM groups at the tumor sites, while SSM displayed a
visibly lower T2 contrast in the first hour; until 12 h
postinjection, SSM and SPIO demonstrated a similar T2
contrast signal (Figure 3F−H). Importantly, the release of
Mn2+ from tumor tissues may pose a safety risk to healthy

tissues or organs. Therefore, the metabolism of SSM-PEG in
vivo and other aspects of safety should be examined.
3.1.2. Hypoxia-Responsive IONP-Based Contrast

Agents. Hypoxia regulates tumor growth and impacts the
therapeutic effect of drugs.85 Thus, it is important to analyze
the distribution and degree of tumor hypoxia in patients to
facilitate individualized treatment strategies.86 As discussed
above, the size of IONPS is conducive to the penetration effect
and MRI enhancement, thus making IONPs promising agents
for hypoxia-responsive imaging.

Assembly. Due to their selective bioreductive feature in
hypoxic tissues, nitroimidazole compounds have been widely
employed for hypoxia imaging.87−89 For example, Filippi et
al.87 developed a hypoxia-specific T2 CA by conjugating 10-
nm-sized IONPs with oxygen-sensitive metronidazole ligands,
showing selective accumulation of the nanoparticles in hypoxic
two- and three-dimensional cell models. In addition, our
research team88 amplified tumor imaging signals using a novel
USPIO self-assembly (UIO-Pimo), possessing nitroimidazole

Figure 3. (A) Scheme and structure of SPIO@SiO2@MnO2 (SSM). TEOS represents tetraethyl orthosilicate. (B) SPIO@SiO2@MnO2 showed
weak T1 and T2 contrast intensity at neutral pH, as the T2 signal of SPIO is quenched by the MnO2 shell. In the acidic environment, the MnO2
layer decomposed into Mn2+ (T1-weighted), and the T1 and T2 signals are sequentially recovered. (C) T1 and T2 maps of SSM in different pH
environments. (D) R1 and (E) R2 of SSM at different pH. (F) T1 and T2 maps. (G) R1 and (H) R2 at the tumor after I.V. injection of SSM-PEG or
MnO2−PEG. Reprinted with permission from ref. 81. Copyright 2022 The Author(s).
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derivatives (Pimo) on their surface as the hypoxic trigger
(Figure 4A). The ultrasmall size of UIO-Pimo promotes the
penetration of nanoparticles into the hypoxic region of the

tumor (Figure 4B), while the intermolecular cross-linking
between Pimo and thiol group induces the irreversible
aggregation of UIONPs under hypoxia, enhancing the T2

Figure 4. (A) Schematic illustration of the USPIO NPs self-assembly under hypoxia environment, which magnified the signal of MRI and
fluorescence. (B) Illustration of the UIO-Pimo self-assembly under hypoxic conditions. (C) Relaxation values of UIO-Pimo and UIO-B under
normoxia and hypoxia. (D) T2WI of tumor after intravenous injection of UIO-Pimo. Reprinted with permission from ref. 88. Copyright 2021
American Chemical Society. (E) Schematic of the Fe3O4-Met-Cy5.5 nanoprobe for in vivo T1WI and the mechanism of the trapping of
metronidazole in hypoxic regions. (F) MRI signals before and after injection of two nanoprobes. (G) T1WI of tumor-bearing mice within 24 h after
injection with Fe3O4-Met-Cy5.5. Reprinted with permission from ref. 89. Copyright 2022 The Author(s).
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imaging signal there (Figure 4C and D). Additionally, the
bioreductive property of nitroimidazole also provide a hypoxia-
targeting ability to improve the MR imaging signal in the
tumor. For example, Yang et al.89 synthesized a hypoxia-
sensitive T1 CA (Fe3O4-Met-Cy5.5) by conjugating a
metronidazole ligand and cyanine (Cy) 5.5 dye onto the
surface of USPIO NPs (Figure 4E); the in vivo results
demonstrated a significantly enhanced signal contrast intensity
at the tumor site compared with controls (Figure 4F and G).
This study validated that the cell uptake behavior of Fe3O4-
Met-Cy5.5 in hypoxic conditions was consistent with the
increase in cellular HIF-1α expression levels. However,
validation in animal models is still needed to confirm the
tumor accumulation behavior of Fe3O4-Met-Cy5.5.

Hypoxic imaging is a promising research direction in
nanomedicine for its significance in tumor diagnosis and
therapy. However, few hypoxia-responsive IONPs have been
developed to explore this application in MR imaging;
additional studies are expected in the future.
3.1.3. GSH-Responsive IONP-Based Contrast Agents.

During the process of tumor growth, reactive oxygen species
(ROS) are produced within the cell. In response to the
elevated oxidative stress in their environment, tumor cells
synchronously increase the production of reducing substances,
such as glutathione (GSH).90,91 It has been reported that the
concentration of GSH in most tumor cells is significantly
higher than that in normal cells, making the feature a unique
biomarker for designing precise tumor contrast agents.92 A

selection of representative GSH-responsive IONP-based
contrast agents is listed in Table 2.

Disassembly. The breaking of GSH-sensitive chemical
bonds can lead to the decomposition of IONP clusters,
which significantly influences their imaging signal. Cao et al.93

constructed USPIO NPs encapsulated in disulfide-cross-linked
poly nanogels. Through the stimuli-responsiveness to GSH,
the clustered IONPs were converted into dispersed nano-
particles, completing the switching from a T2 CA to a T1 CA,
thus realizing the selective amplification of the T1 signal
intensity.

Assembly. Simple clustering of IONPs within the tissue can
increase T2 enhancement. Depending on this, Wu et al.100

developed GSH-sensitive IONPs (SIONPs) for noninvasive
imaging differential diagnosis for gliomas, composed of an
amphiphilic GSH-sensitive polymer as the surface ligand and
oleic-acid-modified IONPs as the magnetic core (Figure 5A).
Upon exposure to the tumor microenvironment, the disulfide
linkages are cleaved by GSH and induce the aggregation of
IONPs (Figure 5B and C), increasing the r2 value (Figure 5D).
In vivo results demonstrate that, compared with the MR
images of inflammatory tissue, SIONPs were able to provide
selective contrast enhancement of the reductive microenviron-
ment in tumors (Figure 5E). It is important to note that the
aggregation behavior of SIONPs is not easily observed by
TEM images or Prussian blue staining of the tumor tissue.
Synchrotron radiation methods, based on the iron element,

Table 2. Representative GSH-Responsive Iron Oxide Nanoparticles for Tumor MR Imaginga

aAbbreviations in Table 2: contrast agent, CA; photothermal therapy, PTT; not available, NA; signal-to-noise ratios, SNR.
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developed by our research group may be a promising
strategy.106

In 2017, Gao and co-workers101 constructed a GSH-induced
in situ cross-linking reaction to assemble IONPs in tumor sites,
resulting in a remarkable enhancement of T2 imaging. In 2021,
using a similar approach, the authors developed another GSH-
responsive IONP imaging probe (NP−S−S−Pep) for the
detection of a small intracranial tumor (Figure 6A).102

Maleimide surface residues were introduced in order to react
with the thiol group in the peptide sequence, which was
produced by a reduced disulfide bond with GSH. The click
reaction was able to effectively induce the Fe3O4 nanoparticles
to aggregate in the presence of GSH. Upon exposure to GSH,
the ΔR1 (R1post − R1pre) of the nanoplatforms quickly
decreases, with ΔR2/ΔR1 quickly increasing, while ΔR2
(R2post − R2pre) behavior is the mirror opposite of that of
ΔR1 (Figure 6B and C). Similarly, ΔR1 decreases with an
increase in GSH concentration, while ΔR2 shows the opposite
trend (Figure 6D). In vivo results of this work also
demonstrate that the responsive NP−S−S−Pep probe
responded to GSH, resulting in opposite tendencies in T1
and T2 signal variations after the injection (Figure 6E). The
activity of maleimide requires the Pep to maintain a high
degree of shielding; whether this remains stable in the blood
requires further confirmation.

IONPs can also be employed for the detection of metastases.
Liver metastases (LM) occur in a variety of malignancies, and
early accurate diagnosis is crucial for improving the
prognosis.107 However, there are no effective approaches to
achieve an early diagnosis of small LMs. Xu et al.99 developed a
GSH-responsive hyaluronic-acid-coated IONP (HIONP),
which is used for highly sensitivity diagnosis of LMs (Figure
7A). The covered HA can be swapped by GSH, causing
unstable and aggregation of IONPs. The high GSH led to the
accumulation and gathering of IONPs, reducing the T2 signal
intensity in the liver (Figure 7C). In contrast, HIONPs
entering metastatic tumors increased the T1 signal intensity in
the tumors (Figure 7B). Thus, contrast-enhanced MRI by
HIONPs can distinguish metastases (bright, Figure 7D) and
peripheral normal liver tissues (dark, Figure 7D). However, not
all types of metastatic lesions exhibit lower GSH levels than
normal liver tissue, which limits the broad application of
HIONPs.

Activation. The T2 signal of IONPs can quench the T1
relaxivity of Gd chelates.108 Accordingly, Li et al.104 developed
an activatable MRI nanoprobe (Figure 8A) for tumor cell
recognition in the presence of GSH. The cleavage of a disulfide
bond by GSH between IONPs and PEG-coated gadolinium
oxide (PEG-Gd2O3) NPs lightened the T1 signal of PEG-
Gd2O3 (Figure 8B). Such T1 signal enhancement was shown to

Figure 5. (A) Illustration of the preparation of GSH-activated MRI probe SIONPs. TEM images of SIONPs (B) before and (C) after incubation
with GSH. The inset photograph shows that the clear hydrophilic SIONPs solution became turbid in response to GSH, forming evident
precipitation. (D) Graphs of 1/T2 against the Fe concentration for different groups. (E) In vivo T2WI of a tumor and an inflammatory mass at the
indicated times post-I.V. injection of SIONPs. Reprinted with permission from ref. 100. Copyright 2021 Elsevier Ltd.
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be highly selective for GSH. Although the in vitro performance
of these nanoprobes is favorable, further investigation is
required to confirm their utility in vivo.

The dense T1 CA shell may also limit the T2 relaxation of
IONPs. Therefore, Kim et al.103 developed a T1/T2 dual mode
recovery imaging nanoprobe by wrapping IONPs with a GSH-
responsive paramagnetic Mn3O4 nanoshell (RANs; Figure
8C). After activation in a GSH solution, NPs exhibited
stronger T1 contrast enhancement than that in water (Figure
8D and F). Moreover, an apparent darkening contrast effect in
the T2WI was observed (Figure 8E and G). Furthermore, the
group’s in vivo results demonstrate a positive signal enhance-
ment in T1WI and a negative signal enhancement in T2WI in
the tumor sites (Figure 8H and I). Obvious cell death (survival
below 50%) from RANs was observed at 14 μgmetal·mL−1.
Thus, the safety of RANS will require careful consideration.

Quantitative analysis of GSH concentrations within tumors
is of interest. Li and colleagues105 recently reported an
intriguing T1/T2 dual modality MRI probe constructed by
enveloping two-way MRET pairs (TMRET), consisting of a
Mn2+ chelate and SPIO NPs, which disintegrated and released
the disassociated pairs by GSH (Figure 9A). The Mn2+ is both
an “enhancer” in the T1WI and a “quencher” in the T2WI,
whereas the SPIO NP is an “enhancer” in the T2WI and a
“quencher” in the T1WI. For this nanoprobe, T1WI and a

color-coded T1 map revealed apparent T1-activatable effects
upon exposure to GSH (Figure 9B). A similar T2-enhancement
phenomenon was also observed in T2WI and T2 maps (Figure
9C). The T1 and T2 mapping images indicated quantitative
MRI visualization of GSH in the tumor (Figure 9D). Also,
both ΔR1 and ΔR2 were positively related to the concentration
of GSH in vivo (Figure 9E and F), which can visualize and
quantify molecular targets noninvasively. It is important to
note that the synthetic route of DCM@P−Mn−SPIO involved
complex synthesis and functionalization steps, which pose a
challenge in large-scale synthesis. Therefore, it will be
necessary to further simplify the synthetic process for
successful clinical translation of this strategy.
3.1.4. Enzyme-Responsive IONP-Based Contrast

Agents. Specific enzymes can be upregulated upon the
onset of a pathological condition, making such proteins
potential imaging targets. Therefore, responsive IONP probes
can be designed to possess surface moieties that become
modified under the action of specific enzymes, resulting in
substantially different relaxivity values.

Disassembly. Some enzymes can trigger the disassembly of
IONPs clusters, enhancing imaging signal intensity. For
example, Guo et al.109 developed coacervate nanoprobes with
a trypsin-responsive near-infrared fluorescence (NIRF)/MR

Figure 6. (A) Illustration of the molecular mechanism of GSH-induced aggregation of the smart probe. Temporal evolutions of (B) ΔR1 and ΔR2
and (C) ΔR2/ΔR1 for the GSH-responsive and nonresponsive IONPs during incubation with GSH. (D) GSH concentration dependence of ΔR1
and ΔR2 for the GSH-responsive IONP. (E) T1WI (top) and T2WI (bottom) of brain glioma after intravenous injection of different probes,
respectively, with the corresponding T1 and T2 signals on the right. Reprinted with permission from ref. 102. Copyright 2021 Wiley-VCH GmbH.
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dual imaging ability to enhance the diagnostic sensitivity of
tumors.
Assembly. Enzymes can change IONP surface properties,

promoting polymerization or dissociation of IONPs, thus
changing the T2 relaxation efficiency of IONPs. Based on the
aggregation-enhanced T2 effect of IONPs, Long et al.110

designed a response strategy (Figure 10A) that exploits the
increase of r2 after the aggregation of IONPs. The authors
synthesized two sets of IONPs, which selectively performed a
copper-free click reaction upon exposure to matrix metal-
loproteinase (MMP) enzymes to form self-assembled
aggregates.

Similarly, in 2016, Liang and co-workers111 designed an
enzyme−stimuli IONP system, characterized by caspase3
(Casp3)-induced aggregation, which can be applied for T2
contrast enhancement of tumor apoptosis (Figure 10B). The
authors developed a small molecule and modified it onto the
surface of USPIO NPs to fabricate the responsive IONPs

system (Fe3O4@1 NPs). Figure 10C and D demonstrated that
IONP aggregates were realized in vitro in the presence of
Casp3/7 and in the apoptotic HepG2 cells that exhibit high
expression of Casp3/7 (Figure 10E). Meanwhile, the r2 value
of the apoptotic cells with Fe3O4@1 NPs was the highest of all
groups (Figure 10F). In vivo results demonstrated that the
Fe3O4@1 NPs is specific to tumor apoptosis in T2 contrast
enhanced MRI (Figure 10G). In 2020, the same group
described the fabrication of furin-instructed self-aggregating
IONPs, via a CBT-Cys click condensation reaction for
enhanced MR T2 imaging to accurately guide the photo-
thermal therapy.112 The improved performance of T2-weighted
imaging in that work comes from the enhancement of IONP
concentration and the aggregation behavior of the IONPs. A
mechanism to distinguish the contribution of each effect in
vivo remains unclear, and novel characterization methods are
needed.

Figure 7. (A) Illustration of the fabrication of HIONPs, and the GSH-responsive agglomeration. (B) Illustration of GSH-responsive HIONPs with
high sensitivity diagnosis of liver metastases, and (C) the transformation of HIONPs in metastases (nonaggregation) and normal liver
(aggregation). (D) T1WI of B16F10 liver metastases injected with HIONPs, and HIONPs pretreated with diethyl maleate. Representative
metastases are indicated by red circles. Reprinted with permission from ref. 99. Copyright 2021 American Chemical Society.
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Activation. As discussed above, upon conjugation to
IONPs, the T1 relaxation signal of Gd chelates can be
quenched.113 Using this strategy, Gao et al.114 designed novel
NP-bioconjugates (Fe3O4−pepA−Gd) by conjugating Gd
chelates and IONPs with an MMP-2 cleaved linker as MRI
CAs, which achieve T1 relaxivity recovery (Figure 11A). This
bioresponsive linker was successfully cleaved by MMP-2,
causing the Gd chelate to be released from the nanosystem.
Subsequently, the T1 signal produced by the Gd chelate
recovered over time (Figure 11B). In vitro results demon-
strated that the T1 decreased by 2.5-fold and the T1WI became
bright, with the contrast from the bioresponsive IONPs
(Figure 11C). The tumor area became bright with Fe3O4−
pepA−Gd contrast enhanced T1 sequences in vivo (Figure
11D), while the control probe had no signal enhancement in

the tumor area (Figure 11E). However, this work only
investigated the T1 relaxivity recovery due to the release of Gd
chelates from Fe3O4−pepA−Gd, and did not evaluate the T2

relaxivity recovery of central superparamagnetic Fe3O4 nano-
crystals, which could be further investigated.

As the disorders of enzymes are obvious in different types
and different stages of tumors,115 it is necessary to personalize
nanoparticles based on specific tumor subtypes and stages, and
consider diverse diseases or physical conditions of the patient.
Furthermore, the liver contains large amounts of hydrolases,
which may cause the enzyme-responsive nanoprobe to lose the
ability to respond in the tumor site, and should also be
considered in the design of enzyme-responsive IONP
systems.116

Figure 8. (A) Illustration of the fabrication of the GSH-responsive nanocomplex (Fe3O4−SS−Gd2O3). (B) T1WI, T1-map images, and the
corresponding T1 relaxation time of the Fe3O4−SS−Gd2O3 nanocomplex in different environments. Reprinted with permission from ref. 104.
Copyright 2016 Elsevier B.V. (C) Illustration of the GSH-responsive activatable nanoshell. (D) T1WI and (E) T2WI of the nanosystem after
incubation with or without GSH. Relaxivity plots of (F) T1 and (G) T2 relaxation rate analyses. (H) In vivo T1WI and T2WI of MKN-45 tumor-
bearing mice taken before and after intravenous injection of the redox-responsive activatable nanoshell. (I) Relative T1 and T2 signal intensities (%)
of tumor sites at the indicated time points. Reprinted with permission from ref. 103. Copyright 2016 Elsevier Ltd.
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3.1.5. Multiple Internal-Responsive IONP-Based Con-
trast Agents. Multiple-responsive IONPs respond to two or
more different internal factors.117,118 This strategy may
overcome the shortcomings of a single responsive approach,
provide a more accurate signal-regulated feature of the tumor,
and avoid the generation of false images, which can affect the
clinician’s judgment.
Disassembly. Such multiresponsive IONPs are stable in a

single condition but sensitive to multiple conditions at the
tumor site. For example, Li et al.119 constructed a T2-T1
switchable IONP with a pH/H2O2 dual-responsive ability
(Figure 12A). The assembled USPIO NPs can be used as CAs
for T2-weighted MR imaging. When the assembled probe was
exposed to the elevated H+ and H2O2 concentrations within
the tumor, the nanoparticles were dissociated and redispersed
into USPIO NPs, leading to the T2 MRI signal converting to a
T1 MRI signal (Figure 12B). In vivo results further showed a
strong T2 imaging signal (SNR [signal-to-noise ratio] = 0.5) at
tumor site after 2 h post-injection with the dual-responsive
IONPs. Over time, the imaging signal has gradually trans-
formed into a T1 signal, reaching a maximum at 8 h (Figure
12C). The concentrations of the USPIO NPs in the liver and
spleen were greater than that in the tumor tissue until 21 d.
Therefore, strategies to decrease the accumulation of USPIO
NPs in normal tissue should be an important direction of
future work. Sometimes, multiple-responsive IONPs need to
respond to different conditions sequentially. For instance, Song
et al.120 constructed smart nanoplatforms, which possessed the
ATP responsiveness and pH-facilitated decomposition behav-
ior, eliciting a remarkable change in transverse relaxivity.
Assembly. In 2017, our group reported USPIO NPs with

hyaluronic acid (Fe3O4@HA) as a surface modification to tune
the T1 and T2 signal intensity by aggregating via degrading HA
to exposure to hyaluronidase (HAase) and an acidic environ-
ment (Figure 12D).121 The T1WI and T2WI of tumor tissues

demonstrated the excellent T1 effect and negative contrast
effect of T2WI at different time points (Figure 12G). In vivo
results further revealed that the T1WI and T2WI in the tumor
significantly changed at 2 h (∼0.4) and 4 h (∼0.28) post-
injection of Fe3O4@HA, respectively (Figure 12E). Mean-
while, the ΔR2/ΔR1 ratio at the tumor site exhibited a marked
increase at 8 h after the administration of Fe3O4@HA (Figure
12F). The T1 imaging effect was largely weakened by the
enhanced T2 imaging of the Fe3O4@HA, so how to balance
these two imaging-modes and obtain an optimized contrast
effect should be carefully considered before their further
application.

Activation. Among the tumor-specific stimuli, acidic pH
and high GSH concentration in the tumor microenvironment
have been widely used in responsive imaging.122−126 Sun et
al.123 constructed a pH- and GSH-responsive MnSiO3@Fe3O4
for dual-mode MRI. Under the condition of weak acidity and
high GSH, the MnSiO3@Fe3O4 dissociated, leading to the
separation of IONPs and Mn2+, and the recovery of dual-mode
MRI imaging.
3.2. External Stimuli-Responsive Iron Oxide Nanoparticles
for Tumor MR Imaging

External stimuli-responsive IONPs are another current area of
increasing research focus with the advantages of controllability,
non-invasiveness, and simple stimulation.127 These formula-
tions can be roughly divided based on the external stimuli:
magnetic response, light response, and other response.
3.2.1. Magnetic-Responsive IONP-Based Contrast

Agents. Due to their superparamagnetic properties, IONPs
can be highly magnetized and thus target tumors under an
applied magnetic field.128,129 Targeting CAs with magnetic
forces can be used to concentrate the MRI CAs at the target
site, thus enhancing the imaging performance. Meanwhile, with
the help of an external static magnetic field (SMF),
significantly increased IONP uptake can be observed in

Figure 9. (A) Schematic illustration of the two-way magnetic resonance tuning (TMRET) nanotechnology. (B) T1WI and the color-coded T1 map
and (C) T2WI and the color-coded T2 map of DCM@P−Mn−SPIO before and after incubation with GSH. (D) Quantitative MRI visualization of
GSH in tumors by DCM@P−Mn−SPIO. Plots of (E) ΔR1 and (F) ΔR2 of the tumors versus tumor GSH concentration. Reprinted with
permission from ref. 105. Copyright 2020 The Author(s), under exclusive license to Springer Nature Limited.
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tumor cells.130−133 Bai et al.131 developed triple-modal imaging
magnetic nanocapsules that encapsulate hydrophobic SPIO
NPs. When an SMF was applied to the tumor site for 1 h, the
tumor uptake increased by about 3 times and about 2.2 times
at 1 and 24 h, respectively. Moreover, Gu et al.134 constructed
a magnetic liposomal formulation loaded with SPIO NPs
(Figure 13A). The application of external magnets promoted
rapid internalization of tumor cells to SPIO NPs, evaluated by
MRI (Figure 13B). However, the magnetization strength of
each SPIO NP alone is relatively low. It is difficult to control
their localization in relatively deeper organizations.

Several studies have used magnetic targeting combined with
an active targeting strategy.135−137 For example, Yang et al.135

constructed adjustable magneto-vesicles (MVs) composed of
densely arranged SPIO NPs (Figure 13C). MVs with a thicker
membrane exhibited significant magnetic manipulation due to
the large number of SPIO NPs in each vesicle. In addition, due
to the synergistic effect of magnetic targeting and active
targeting, MVs conjugated with targeted peptides can be

effectively accumulated in tumor sites (Figure 13D). The
strength of the magnetic field strongly determines the imaging
effect, which becomes the prerequisite to obtaining high-
contrast images. However, high magnetic fields are not
common in the lab, which limits the operability of experiments.
3.2.2. Light-Responsive IONP-Based Contrast Agents.

Light-responsive nanoparticles are attractive options as
externally activated CAs due to their spatiotemporal control
properties.138 Light can alter the surface modification of
IONPs, thus changing their relaxation properties.

Disassembly. Louie and colleagues139 combined a spyr-
opyran derivative to IONPs. The light-induced changes in the
conformity spyropyran between its hydrophobic and hydro-
philic heterogeneity caused the nanoparticles’ aggregation or
dispersion (Figure 14A), shortening the T2 relaxation time by
33.7 ± 2.4% under light irradiation (Figure 14B). Importantly,
that work evaluated the relaxation effect of the synthesized
IONPs, but did not include cell or in vivo experiments likely
due to the limited penetration of UV light. Modifying the

Figure 10. (A) Schematic illustration of in vitro and in vivo “clicking” NPs. Reprinted with permission from ref. 110. Copyright 2014 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (B) Chemical structures of 1 and 1-Scr (scrambled control compound) and schematic illustration of
intracellular Casp3/7-instructed aggregation of Fe3O4@1 NPs. TEM images of (C) Fe3O4@1 NPs and (D) Fe3O4@1 NPs incubated with Casp3.
(E) High-magnification TEM image of apoptotic HepG2 cells incubated with Fe3O4@1 NPs. (F) 1/T2 of different NPs in the healthy and
apoptotic cells. (G) In vivo coronal T2WI of different groups at 0 or 3 h post-injection. Reprinted with permission from ref. 111. Copyright 2016
American Chemical Society.
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surface of IONPs with a NIR light-responsive functional group
may remedy this limitation in the future.
Assembly. Huang et al.140 synthesized an Fe3O4 cluster-

based, light-activated MRI probe (Ce6/Fe3O4−M) by the
encapsulation of Ce6 into the core and the modification of the
surface with an ROS-cleaved thioketal (TK) linker (Figure
15A). Under light irradiation, ROS triggered the degradation
of the surface ligand and induced the aggregation of the Fe3O4
clusters (Figure 15D and E), thereby increasing the saturated
magnetization (Figure 15B) and boosting the T2 imaging
signal (Figure 15C). The results of animal experiments further
showed negatively enhanced T2-weighted MR imaging of
tumors during 3∼24 h after injection of the probe under NIR
light irradiation (Figure 15F−H).

Few studies investigating light-responsive IONPs for tumor
imaging have been reported; however, Shi et al.141 reported
light-addressable nanoclusters of USPIO NPs for inflammatory
arthritis enhancement T1/T2-weighted MR imaging. We
conjecture this stimuli-responsive imaging modality based on
IONPs will be applied to tumor imaging in the future.

3.2.3. Other External Stimuli-Responsive IONP-Based
Contrast Agents. Although light and magnetic fields have
attracted the greatest attention among external stimuli, other
external stimuli-responsive IONPs have recently emerged,
including heat and ultrasound. Laurent et al.142 developed
nanothermometers based on USPIOs with a thermosensitive
polymer attached to the surface, which behave as positive CAs
in low-field MRI. To achieve this, the authors grafted
JeffamineM-2005, a commercial thermosensitive polymer,
onto the surface of USPIOs using salinization and amide-
bond coupling reactions. The nanothermometers exhibited
temperature-responsive colloidal behavior, with their surface
ligands reversibly altering to hydrophobic above a lower critical
solution temperature (LCST; Figure 16A), resulting in a
decreased USPIO r1 value. Further applicability of this
polymer-grafted USPIO will require improved stealth behavior
of the polymer surface in order to efficiently prevent the
gathering of the USPIOs in high-salinity buffers of plasma
proteins, and maintain the temperature responsiveness of the
coating. Ultrasound is also one of the common external
stimuli.143 Gu et al. prepared IONP-embedded microbubbles

Figure 11. (A) Illustration of MMP-2 detection based on T1 relaxivity recovery. (B) T1WI of the IONP-based T1 recovery system incubated with
MMP-2. (C) T1 measurements and T1-weighted phantom imaging of Fe3O4−pepA−Gd, Fe3O4−pepB−Gd, and Fe3O4−pepA(D)−Gd
(uncleavable peptide for a negative control) conjugates. Fe3O4−pepA−Gd + Batimastat was the inhibition group. In vivo MMP sensing of the (D)
responsive probe and (E) nonresponsive probe. Reprinted with permission from ref. 114. Copyright 2017 American Chemical Society.
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that exhibit controlled release of IONPs from shells into cells
by ultrasonic excitation.144 The authors observed that the
IONPs embedded in the microbubble shells can enter tumor
cells with control of the transmission rate by tuning the
acoustic intensity (Figure 16B and C). Consequently, MRI can
track the IONP-labeled cells noninvasively. However, balanc-
ing cell porosity and the integrity of the plasma membrane is
important in the application of nanomaterials. This may be
achieved by adjusting the acoustic intensity in future studies.

Multiple-responsive IONPs that are affected by both
external and internal responses can be utilized for the targeted
release of drugs at lesion sites and thus are applicable for
specific tumor imaging.145−151 Recently, Liu et al.150

constructed a versatile nanoplatform based on IONPs with
pH/thermal-response for improving cancer theranostics. With
significant magnetic targeting effects, the nanoplatform was
specifically accumulated in the tumor site to improve the
imaging effect of MRI.

4. CONCLUSION AND PERSPECTIVES
Thanks to great strides in the development of IONPs
preparation and surface modification technologies over the

last decades, the application of IONPs in tumor imaging has
made considerable progress. Tumor single-mode and multi-
mode imaging probes based on smart IONPs have now
emerged.152−154 In contrast to traditional MRI CAs with fixed
contrast capacities, these stimuli-responsive MRI CAs can
switch “on” or “off” T1 and T2 signal in response to specific
stimuli in the lesion. Here, we have summarized the recent
progress in constructing smart IONPs based on external and
internal stimuli. Although countless studies have described
numerous IONPs that can overcome the limitation of current
MR imaging and improve diagnostic sensitivity, some
challenges that limit their application in clinics still exist.

The magnetic properties of IONPs strongly affect their
imaging signal in both T1- and T2-weighted modes.31

Therefore, adjusting the chemical and physical properties of
IONPs (such as crystallinity, structure, hydrophilicity, and so
on) to control their behavior under different applied field
strengths is a cornerstone of IONPs that may be applied in
various areas. For example, a higher applied field strength can
help us to collect clearer images.155 However, the r2 value of
IONPs increases with field strength, which will significantly
reduce the contrast of T1WI. Reducing the crystallinity of

Figure 12. (A) Illustration of the sensing principle of USPIO nanoprobes. (B) Relaxivity data of USPIO nanoprobes in PBS (pH 7.4) and an acid
buffer (pH 6.8) containing 100 μM H2O2. (C) Time-dependent T1-weighted SNR of the tumor-bearing mice after injecting USPIONs@TA
nanoprobes. Reprinted with permission from ref. 119. Copyright 2022 American Chemical Society. (D) Illustration of changes in MRI signals for
the self-assembling Fe3O4@HA in a tumor site with abundant HAase and decreased pH. (E) Results from the analysis of T1/T2 maps. (F) ΔR2/
ΔR1 ratio of the tumor site. (G) T1 and T2 mapping of nude mice bearing tumors before and after intravenous injection of Fe3O4@HA. Reprinted
with permission from ref. 121. Copyright 2017 The Royal Society of Chemistry.
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IONPs may be a method to improve the r1/r2 ratio to mitigate
this effect.25 However, this method is expected also to decrease
the r1 value, so a greater amount of CA would be required to
be injected to obtain a similar effect, increasing the safety risk
of the CA. Therefore, balancing the T1 and T2 signal is one of
the major challenges to obtaining IONPs with excellent
performance in different applications.

The fine construction of diverse surface ligands is a double-
edged sword. Different surface modifications of IONPs may
affect their blood compatibility and biological safety.156,157

Meanwhile, the sensitivity of the responsive chemical bonds
present on the surface of the nanoparticle, can greatly affect the
effectiveness of the stimuli-responsive nanoplatform. The
powerful designability of this strategy aids in selecting an
appropriate method to achieve the desired CA behavior.

However, the numerous synthesis steps and complicated
purification technologies described in the literature present a
considerable obstacle for IONPs to achieve industrial-scale
production and clinical application. Hence, simplifying the
preparation method without reducing the response sensitivity
should be another key factor to be considered in developing
the next generation of smart IONP CAs. Further, evolving
advanced synthetic technology can also significantly aid in
closing the gap to realizing the large-scale production of
IONPs with high utility.

Upon the injection of IONPs into the blood, IONPs tend to
form an additional surface layer by interacting with biological
matrices (such as plasma proteins and lipids), which largely
defines the biological properties of IONPs and determines
their fate within the body.158−160 The MRI performance of

Figure 13. (A) Illustration of the magnetic liposomal formulation loaded with SPIO NPs. The magnet plates provided the magnetic force to
spatially manipulate the nanoplatforms. (B) The gray intensities of T2WI of the tumor cells after the indicated different times with the magnetic
nanocapsules. Reprinted with permission from ref. 134. Copyright 2019 The Royal Society of Chemistry. (C) Illustration of the utilization of
magneto-vesicles (MVs) for MRI-guided chemotherapy of tumors. (D) In vivo T2WI of tumor areas (insets) 1 h after intravenous injection of the
indicated treatments: MVs (magnet±) and RGD-MVs (magnet±). Reprinted with permission from ref. 135. Copyright 2018 American Chemical
Society.

Figure 14. (A) Illustration of light-induced reversible agglomeration of IONPs coupled to a spyropyran derivative. (B) Relaxation time, size, and
image data of NPs in the dark and with light stimulation. Reprinted with permission from ref. 139. Copyright 2010 American Chemical Society.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.3c00026
Chem. Biomed. Imaging 2023, 1, 315−339

331

https://pubs.acs.org/doi/10.1021/cbmi.3c00026?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00026?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00026?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00026?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00026?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00026?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00026?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00026?fig=fig14&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


IONPs strongly depends on the species and abundance of the
adsorbed biological matrices.161 Therefore, controlling the
accumulation of biological molecules, such as proteins, on the

surface of IONPs in the blood may help to avoid rapid
clearance from the bloodstream, improving tumor target ability
and retention time.152 However, the key factors governing

Figure 15. (A) Schematic illustration of the light-activated MRI probe (Ce6/Fe3O4−M) and the mechanism of oxidation-triggered MRI
enhancement generated by a laser. (B) Magnetization curve of Ce6/Fe3O4−M before and after laser irradiation. (C) T2-weighted pseudocolor
images of Ce6/Fe3O4−M for the different irradiation times. TEM images of Ce6/Fe3O4−M (D) before and (E) after irradiation. (F) In vivo T2-
weighted pseudocolor images at the indicated times post-injection. One hour after intravenous injection of Ce6/Fe3O4−M, using a 660 nm laser
(1.0 W·cm−2) to irradiate the tumor for 10 min. (G) The relative T2 signal intensity of tumors and (H) the T2 ratio of the tumor to the muscle (T/
M) without or with laser irradiation. Reprinted with permission from ref. 140. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 16. (A) Schematic illustration of the response of nanothermometers with thermosensitive polymer grafted ultrasmall IONPs. Reprinted with
permission from ref. 142. Copyright 2015 The Royal Society of Chemistry. (B) T2WI for cell solution: a) control, b) 0.1, c) 0.5, and d) 0.75 W
cm−2 ultrasound and IONP-embedded microbubble treatments. (C) Bar graph showing the average signal intensity from the different samples on
T2WI. Reprinted with permission from ref. 144. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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protein adsorption remain unclear and require additional
investigation. Fortunately, our research group has developed
various strategies and methods to monitor the interactions
between NPs and biological molecules, which will help us to
understand the effects of nanoparticle parameters on the
adsorption behavior.162−164 For example, a fast and biolayer-
interferometry-based fishing strategy was used to study how
the physicochemical properties of NPs affect the protein
adsorption process and the corresponding biological re-
sponses.165 Additionally, Wang et al. evolved various
synchrotron radiation analytical techniques to illustrate how
coating ligands affect membrane integrity,166 and to elucidate
the valence of metal elements under various conditions.167,168

In the future, these methods are expected to be used to study
the interactions between biological molecules and IONPs,
establishing the design principle for IONPs.

The human body contains the greatest amount of iron as an
essential trace element. The metal participates in various
biological processes, both physiological and pathophysiolog-
ical.168 However, excess iron deposition in the body will cause
iron overload, which can lead to deleterious effects to organs or
other complications.169,170 In addition, large IONPs are
metabolized to labile iron rather than excreted,50 catalyzing
hydroxyl radical production from ferrous iron, which can
damage DNA, lipids, and proteins within cells.171 Thus,
sophisticated methods are urgently needed to reveal shifts in
the valency of iron under various conditions and monitor the
effect on the subsequent biological processes. Meanwhile, the
long-term biological effects and metabolism of IONP CAs
(especially in the liver) should be monitored after the
collection of images.

With the continuous development of computing power in
recent years, algorithms, and data, artificial intelligence (AI)
techniques for medical image analysis have shown indexed
growth, especially in tumor imaging.172 Advancements in
supercomputers, cloud computing platforms and the hetero-
geneous architecture of graphics processing unit (GPU) have
significantly improved computing speed and reduced costs.
The progress and iteration in image recognition algorithms and
data processing algorithms for tumor characteristics can
achieve excellent performance in image recognition and attains
higher recognition accuracy.173 With growing digital trans-
formation in the medical field, the increasing availability of big
data and the standardization of image acquisition have also
promoted the prosperity of AI-based tools in healthcare,
particularly in oncology image analysis.174 The combination of
AI and nanotechnology are just emerging, and reports about
the nanoprobe, especially nanoprobe-based IONPs, are scarce.
In the future, integrating AI data analysis techniques and the
imaging cancer map of smart IONP nanoprobes may facilitate
improving the detection sensitivity and realizing early screen-
ing of cancer.

The outstanding safety, regulable signal intensity, and
biologically reusable properties of smart IONPs make them
promising MRI CAs to reveal mechanisms at the biological
molecular level, understand disease progression, detect the
disease early, and monitor treatment efficacy. We hope this
comprehensive review will inspire the future direction of the
next-generation MRI CA based on IONP.
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■ GLOSSARY
1. IONP-based contrast agents:Contrast agents containing
iron oxide nanoparticles as the major component.
2. Smart IONPs:Iron oxide nanoparticles with regulated
signal intensity under different conditions.
3. Iron oxide aggregations:Particles of relatively large size,
occurring when single iron oxide nanoparticles aggregate
under certain stimuli, such as pH, enzyme, etc.
4. Dual-mode MRI CAs:MR imaging contrast agents that
integrate T1- and T2-weighted MR imaging.
5. Activating images signal:Image signals of two- or
multitype contrast agents only recovered when separated
via specific stimuli, selectively improving the lesion’s
contrast.
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