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Ultrasmall iron oxide nanoparticles (USIO NPs) with a size <5 nm are a class of emerging nanomaterials.

As a result of their intrinsic drawbacks related to poor colloidal stability, low r1 relaxivity, and lack of

functionality, various strategies have been adopted to synthesize USIO NPs with controllable sizes, to

surface modify the particles with polymers, and to assemble them in combination with other nanoscale

platforms. Here, we review recent progresses in the synthesis, surface modification, and self-assembly of

USIO NPs to address key issues in their biomedical application in the field of cancer diagnosis and

therapy, in particular magnetic resonance (MR) imaging, dual-modal or multimodal imaging, drug

delivery, and theranostics.
Introduction
Over the past few decades, iron oxide nanoparticles (IO NPs) of

various sizes have been synthesized and widely studied for diverse

applications, in particular biomedical applications [1,2] including

but not limited to drug delivery [3], MR imaging [4,5], and ther-

anostics [6]. Among them, USIO NPs, with a diameter <5 nm, have

attracted growing attention in biomedical fields as a result of their

excellent biocompatibility, chemical stability, and tunable surface

modifications [7–9]. Compared with normal IO NPs (size >5 nm),

USIO NPs display reduced phagocytosis by macrophages, pro-

longed blood circulation time, and a dominant T1-shortening

effect [6,10]. The latter effect is particularly useful for MR imaging

applications, especially when compared with gadolinium (Gd)

chelate-based materials, which have problems resulting from Gd

(III) leakage that causes renal systemic fibrosis, particularly in

patients with abnormal kidney function [6,11,12]. Thus, a range

of applications has been explored using USIO NPs, including MR

imaging [13,14], multi-modality imaging [15,16], drug delivery

[17,18], and theranostics [19,20].

To synthesize uniform IO NPs of suitable sizes, it is necessary to

control the synthetic conditions (e.g., temperature, time, solvent,

and reactant) [21,22]. An increasing number of routes to synthe-
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size USIO NPs have been established and intensively explored for

various application domains, including thermal decomposition,

coprecipitation, hydrothermal or solvothermal synthesis, sol-gels,

microemulsions, laser ablation, electrochemistry, and microwave-

assisted methods [23,24]. For nanomedical research, USIO NPs

have generally been conjugated with functional moieties or as-

sembled to form desired superstructures via integration with inor-

ganic materials, polymers, or biomacromolecules [25,26]. For

instance, when conjugated with targeting molecules, USIO NPs

can be applied as multifunctional nanoplatforms for targeted

imaging and therapy of cancer and inflammation [27,28]. Al-

though several recent reviews described the synthesis, assembly,

and manipulation of IO NPs of different sizes for different bio-

medical applications [1,2,5,10,21,29,30], here we specifically focus

on recent advances in the synthesis, assembly, and biomedical

applications of USIO NPs. Rather than reviewing all aspects of

USIO NPs, we introduce key developments in USIO NPs for use in

biomedical applications.

Synthesis of USIO NPs
To generate USIO NPs of a uniform size and morphology, different

chemical strategies have been used (Table 1), including copreci-

pitation, thermal decomposition, hydrothermal/solvothermal

methods, and microemulsion (Fig. 1).
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TABLE 1

Summary of the strategies used to generate USIO NPs of dif-
ferent sizes.

Synthetic strategy NPs Size (nm) Refs

Coprecipitation Fe3O4&g-Fe2O3 2.0–15.0 [32]
Fe3O4 4.5, 3.3 [7,33]
Fe3O4 1.7, 2.2, 4.6 [34]
g-Fe2O3 2.0–15.0 [35]

Thermal decomposition g-Fe2O3 <3.0 [37]
g-Fe2O3 1.5–3.7 [38]
Fe3O4 <4.0 [40]

Hydrothermal method g-Fe2O3 5.0 [43]

Solvothermal method Fe3O4 1.9, 3.1, 4.2 [42]
Fe3O4 2.8 [6,44]

Microemulsion method Fe3O4 3.0–9.0 [45]
g-Fe2O3 3.5 [46]

Sol-gel method Fe3O4&g-Fe2O3 4.0 [47]

Microwave-assisted method Sm3+-doped g-Fe2O3 4.5 [48]
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Coprecipitation
Coprecipitation of Fe(II) and Fe(III) ions under basic conditions

and elevated temperature is a classic method for the preparation of

IO NPs. In this procedure, the size, morphology, and stability of IO

NPs are closely related to: (i) composition of the reactants; (ii)

molar ratio of ferrous and ferric ions; (iii) temperature of the

reaction system; (iv) pH of the mixture solution; and (v) reaction

time [31]. Jolivet et al. [32] synthesized IO NPs (2–15 nm) by

adjusting the ionic strength and pH of the mixture solution.

However, the iron precursor in this method was easily oxidized

and deoxidized, resulting in unstable and uneven Fe3O4 NPs. To

synthesize uniform IO NPs with an ultrasmall size, a high temper-

ature coprecipitation method was established to create water-

soluble and biocompatible NPs with a size of 4.5 � 0.5 nm, in

which poly (methacrylic acid) (PMAA-PTTM) was used as a stabi-

lizer [7]. Li et al. [33] synthesized IO NPs with a smaller size

(3.3 � 0.5 nm) than that of the above particles by adopting the

same process with a slight variation, whereby concentrated hy-

drogen chloride was selected to dissolve iron precursors before the

addition of precipitating agents. In another report, Wang et al. [34]
Precipitant High

Temperture

Iron ion Water Iron precusor Oil

Mix

Surfactant≥200°C
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(c) (d)
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FIGURE 1

Schematic illustration of the formation of ultrasmall iron oxide nanoparticles
(USIO NPs): (a) coprecipitation; (b) thermal decomposition; (c) hydrothermal
method; and (d) microemulsion method.
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prepared high-quality USIO NPs in the presence of poly(acrylic

acid) (PAA). Fe3O4 NPs of different sizes (1.7 nm, 2.2 nm, or

4.6 nm) were obtained by varying the reflux time periods

(40 min, 60 min, or 120 min, respectively). Similarly, Li et al.

prepared IO NPs with a diameter ranging from 2 to 15 nm via

the aqueous coprecipitation of iron chlorides and auxiliary como-

nomers (MAA and acrylic acid) under alkaline conditions [35].

Thermal decomposition
Thermal decomposition has been used to prepare IO NPs with

accurate control of particle size and shape in a high-boiling

organic solvent at a high temperature (usually 200 �C or higher)

[8,36]. As an example, USIO NPs (g-Fe2O3) <3 nm in diameter were

synthesized via thermal decomposition using esters (diethylengly-

colactetylacetonate and diethylenglycolpropionate) as a solvent or

stabilizer to cover USIO NPs. The USIO NPs obtained were able to

disperse uniformly in organic fluid [37]. In another study, USIO

NPs (Fe3O4) were synthesized through thermal decomposition of

iron-oleate complexes in the presence of oleyl alcohol and oleic

acid. Interestingly, different sizes (1.5–3.7 nm) of USIO NPs were

obtained by changing the reaction temperature and the oleyl

alcohol:oleic acid ratio [38].

USIO NPs produced by thermal decomposition generally lack

water dispersibility and biocompatibility because of the capped

hydrophobic ligands, limiting their biomedical applications [39].

To solve this problem, researchers have optimized the thermal

decomposition process used in their synthesis. For instance, to

maintain homogenous heating, Uson et al. [40] designed metal-

based microreactors with fast heat transfer to synthesize USIO NPs

(<4 nm) in a continuous flow through thermal decomposition at

high temperatures (>200 �C). In this multipurpose synthetic reac-

tor, triethylene glycol was added to allow for the continuous

production of USIO NPs and to endow the final USIO NPs with

water-dispersibility and biocompatibility features.

Hydrothermal/solvothermal method
USIO NPs can also be synthesized by hydrothermal or solvother-

mal methods in either aqueous or organic solvents using a special

container (e.g., autoclave) under elevated temperatures [41,42].

Compared with thermal decomposition, hydrothermal/solvother-

mal methods afford the creation of USIO NPs with water disper-

sibility and colloidal stability features. For instance, Gao et al. [43]

established a facile and straightforward hydrothermal dephos-

phorylation approach to synthesize ultrasmall superparamagnetic

g-Fe2O3 NPs (5 nm) using 50-guanosine monophosphate as a pro-

tecting agent. As an example of a solvothermal method, Shen et al.

[42] synthesized highly water-dispersible USIO NPs with tailored

sizes (1.9 nm, 3.1 nm, or 4.2 nm) by a one-pot method, in which

trisodium citrate (Na3Cit) was selected to stabilize USIO NPs in situ.

Luo and Ma et al. [6,44] also used Na3Cit as a grain growth inhibitor

and a stabilizer in a polyol solution to synthesize USIO NPs under

high temperature and high pressure conditions. The USIO NPs

generated exhibited excellent long-term colloidal stability in vari-

ous buffer solutions.

Microemulsion method
USIO NPs can be prepared using a microemulsion method. Dar-

bandi et al. [45] mixed aqueous solutions of iron salt (0.1 M FeCl2
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and 0.2 M FeCl3) and IGEPAL1 CO-520 (an organic surfactant) in

cyclohexane via vigorous stirring to form a microemulsion. Aque-

ous ammonia solution was then added to trigger the reaction at

room temperature and IGEPAL1 CO-520 stabilized the prepared

NPs in situ. Uniformly sized crystalline USIO NPs with a spinel

structure were obtained with a diameter ranging from 3 to 9 nm by

adjusting the synthesis conditions [volume ratio of (organic sol-

vent + water)/surfactant or stirring rate]. In another study, Vidal-

Vidal et al. [46] chose water-in-oil microemulsion (cyclohexane/

Brij-97/aqueous phase) to manufacture both coated and uncoated

USIO NPs. The spherical particles capped with a monolayer of oleyl

amine (or oleic acid) showed a narrow size distribution of

3.5 � 0.6 nm, were crystalline, and had a high saturation magne-

tization.

Other methods
Other synthetic methods have also been explored to manufacture

USIO NPs. Tadic et al. [47] produced highly crystalline USIO NPs

using a sol-gel method in a silica matrix, with a sample size of

�4 nm without particle agglomeration. In addition, Lastovina

et al. [48] utilized a microwave-assisted method to prepare rare

earth metal ion Sm3+-doped g-Fe2O3 NPs with a size of 4.5 nm.

Surface modification of USIO NPs
Surface modification is a commonly used strategy to endow USIO-

based NPs with good colloidal stability and versatility for biomed-

ical applications [49,50]. Here, we summarize the main strategies

used to modify the surface of USIO NPs.

Ligand exchange
Ligand exchange has been used for the surface modification of

USIO NPs to improve their stability and water dispersibility. For

instance, by means of a ligand exchange process, phosphate-

functionalized polyethylene glycol (PEG) was utilized to modify

the preformed oleic acid-stabilized USIO NPs for phase transfer to

an aqueous solution [51]. The acquired USIO NPs showed high

colloidal stability under various pH conditions, under ionic

strength up to 2 M of NaCl, and under various buffer systems.

In another study, Dolci and coworkers [52] reported the synthesis

and physicochemical characterization of metal carbamato-

functionalized USIO NPs. They first prepared oleate-coated USIO

NPs via thermal decomposition and then modified the NPs with

titanium-N,N-dialkylcarbamato [Ti(O2CNEt2)3] through a ligand-

exchange approach. The Ti(O2CNEt2)3 coating did not affect the

morphology or size of the USIO NPs. Meanwhile, the prepared Ti

(O2CNEt2)3-coated USIO NPs presented an increase in magnetiza-

tion and more intense superparamagnetic behavior compared

with oleate-coated USIO NPs. Moreover, the presence of residual

O2CNEt2 groups on the surface of USIO NPs could be further

modified with bioactive molecules for different biomedical appli-

cations. In addition, the Yang group [53] reported the synthesis of

dopamine (DOPA)-coated USIO (Fe3O4@DOPA) NPs by ligand

exchange. The Fe3O4@DOPA NPs were further modified with

diethylenetriaminepentaacetic acid dianhydride (DTPA) through

a condensation reaction for subsequent chelation with Gd(III)

ions, resulting in Gd(III)-loaded USIO NPs with an enhanced

longitudinal relaxivity (r1) compared with single USIO NPs and

Gd(III) complexes (Fig. 2a).
Covalent bonding
In addition to the ligand exchange method, surface modification

of USIO NPs can also be realized by covalent bonding reactions

[6,44]. For example, Luo et al. [6] first synthesized citrate-stabilized

USIO NPs with a mean size of 2.8 nm through a solvothermal

route. Then, the citrate-stabilized USIO NPs were modified with

methoxy PEG amine (mPEG-NH2) through a 1-(3-dimethylamino-

propyl)-3-ethylcarbodiimide (EDC) coupling reaction between the

carboxyl group of USIO NPs and the amine group of mPEG-NH2.

Moreover, the above citrate-stabilized USIO NPs could also be

further modified with PEGylated arginylglycylaspartic acid

(RGD) peptide with the other end of amine group through EDC

coupling (Fig. 2b).

Other methods
USIO NPs have also been modified with various polymers or

materials by other methods, such as reverse microemulsion and

hydrophobic interactions. For instance, Iqbal et al. synthesized

hydrophobic USIO NPs with a mean size of 4 nm [54] and then

functionalized them with a SiO2 shell using a reverse microemul-

sion method. The Fe3O4@SiO2 USIO NPs obtained could be trans-

ferred to a hydrophilic aqueous phase and be rendered with

enhanced biocompatibility because of the modification of the

SiO2 shell. Meanwhile, USIO NPs have also been modified with

zwitterionic ligands by hydrophobic interactions to endow them

with good antifouling properties [55–57]. As an example, Pombo-

Garcia et al. [56] reported the preparation of USIO NPs modified

with a zwitterionic polymer, poly(maleic anhydride-alt-1-decene)

modified with 3-(dimethylamino)propylamine (PMAL) through

hydrophobic interactions. The authors synthesized the oleic ac-

id/oleyl alcohol-stabilized USIO NPs via thermal decomposition

and then modified PMAL through hydrophobic interactions be-

tween the octyl chains of the PMAL and the hydrocarbon tails of

oleic acid and oleyl alcohol.

Assembly of USIO NPs
In addition to the surface modification of USIO NPs, USIO NPs can

be assembled with different materials to improve their physico-

chemical properties and to endow them with multifunctionalities.

There are two main assembly methods: assembly of USIO NPs by in

situ strategies and assembly of preformed USIO NPs.

Assembly of USIO NPs by in situ strategies
For the in situ chemical assembly of USIO NPs, matrix materials are

usually required on which to load the USIO NPs. Mesoporous silica

NPs (MSNs) and graphene nanosheets are commonly used matrix

materials for the assembly of USIO NPs [41,58–61]. MSNs have a

high surface:volume ratio, tunable nanometer-sized pores, and

well-defined surface characteristics [10,62]. For instance, Wu

et al. [59] reported a unique MSN-based platform with USIO NPs

confined within the mesopore network. As shown in Fig. 2c,

ferrocene was first loaded within mesopores of MSNs through a

physical vapor infiltration (PVI) method (step 1). The pre-intro-

duced ferrocene was then decomposed in situ to form highly

dispersed USIO NPs confined within the MSNs (step 2). After

treatment with H2O2 and H2 (step 3), the USIO-MSNs generated

were endowed with enhanced hydrophilicity and improved T1-MR

imaging performance (Fig. 2d). The developed USIO-MSNs can be
www.drugdiscoverytoday.com 837
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FIGURE 2

Surface modification and assembly of USIO NPs. Schematic illustration of (a) the preparation of Fe3O4@DOPA(Gd-DTPA) nanoparticles (NPs), (b) the preparation
of Fe3O4-PEG-RGD and Fe3O4-mPEG NPs, and (c) the formation of ultrasmall iron oxide (USIO) NP-confined mesoporous silica NP (MSN) composites. (d) The
inverse of T1 versus Fe concentrations for Fe-MSNs before and after H2O2-O/H2-R treatment. Reproduced, with permission, from Refs [53] (a), [6] (b), and [59] (d).
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used for efficient T1-weighted MR imaging and to load anticancer

drugs for cancer chemotherapy.

Owing to their high surface:volume ratio and chemical stability,

graphene nanosheets have also been used to assemble USIO NPs

[60,63]. Chen et al. [61] decorated graphene oxide (GO)

nanosheets with USIO NPs in situ via a hydrothermal method in

the presence of GO, FeCl3�6H2O, L-ascorbic acid, and dehydroas-

corbic acid. Subsequently, the USIO/GO hybrid formed was par-

tially reduced to form the final product of USIO/G. Aside from the

above two materials, carbon nanotubes (CNs) have also been used

as a substrate for the assembly of USIO NPs in situ [64].

Furthermore, USIO NPs can also be assembled with metal NPs

in situ [10,65,66]. For instance, Ivashchenko et al. [66] reported a

unique one-step method to prepare self-organized silver/USIO

NPs composites. In brief, self-organized Ag/USIO NPs were syn-

thesized through regulated coprecipitation of silver ions (Ag+)

and iron ions (Fe3+ and Fe2+) using ginger extract as a capping

agent. The synthesized self-organized Ag/USIO NPs displayed a
838 www.drugdiscoverytoday.com
highly ordered hierarchical microstructure, and the sizes of Ag

and USIO NPs in the formed hybrids were 5–25 nm and 1–3 nm,

respectively. Moreover, the self-organized NPs displayed com-

bined fluorescence and bactericidal properties, as well as MR

contrast enhancement properties.

Assembly of preformed USIO NPs
In addition to the assembly of USIO NPs in situ, preformed USIO

NPs can also be further assembled using different approaches

[67,68]. The major difference between the two methods is that

USIO NPs of the former are synthesized in situ during the assembly

process, whereas the latter USIO NPs are synthesized first, followed

by the assembly process.

MSNscanbeusednot only for theassemblyofUSIO NPs insitu,but

also for the assembly of preformed USIO NPs [9,68]. For example, Lee

et al. [9] reported assembled Fe3O4-MSN nanohybrids produced via

immobilization of USIO NPs on the surface of MSNs. The authors

first synthesized 2-bromo-2-methylpropionic (BMPA)-coated USIO
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NPs and aminated MSNs, and then assembled the BMPA-coated

USIO NPs onto the surface of MSNs via a direct nucleophilic substi-

tution reaction between the terminal bromine groups of BMPA and

the amine groups of the MSNs. The r2 relaxivity of the assembled

nanohybrids was 2.8-fold greater than that of separated USIO NPs,

demonstrating the synergistic enhancement of the MR contrast.

Gao et al. [68] constructed a drug delivery system based on radial

mesoporous silica hybridized with multiscale IO NPs, doxorubicin

(Dox), and folic acid (FA) for theranostics of breast cancer.

Dendrimers with abundant surface functional groups, mono-

dispersity, and tunable nanoscale size could also be used to assem-

ble performed USIO NPs. Yang et al. [69] reported the assembly of

preformed USIO NPs onto generation 5 (G5) poly(amidoamine)

(PAMAM) dendrimers through EDC coupling. The synthesized G5/

Fe3O4 hybrid NPs displayed favorable water dispersibility, colloidal

stability, and outstanding hemocompatibility. In another recent

study [70], USIO NPs were reported to be assembled onto polyvi-

nylidene fluoride (PVDF)-based textile fibers via melt-spinning.

The formed USIO-labeled PVDF fibers were further knitted into

vascular scaffolds for improved vessel replacement therapy appli-

cations. Wang et al. [16] designed a multimodal imaging contrast

agent based on the assembly of USIO NPs (2.2 nm in diameter)

onto the surface of Au nanocages (AuNCs) via an EDC coupling

reaction.

In addition to assembly with other materials, USIO NPs could

also be self-assembled through hydrophobic interactions, as dem-

onstrated recently by Ling et al. [71]. In their work, pH-sensitive

magnetic nanogrenades based on the self-assembly of USIO NPs

were prepared by the co-assembly of hydrophobic USIO NPs

(3 nm) and amphipathic polymeric ligands [chlorin e6 grafted

poly(ethylene glycol)-poly(b-benzyl-L-aspartate derivatives]. The

nanogrenades could target tumor sites via surface charge switching

triggered by the acidic tumor microenvironment, and then in situ

disassembled because of the repulsive forces.

Biomedical applications of USIO NPs
After surface modification or assembly through different

approaches, USIO NPs or USIO NP-based hybrids have been ap-

plied for various biomedical applications, such as MR imaging,

dual-modal and/or multimodal imaging, drug delivery, and ther-

anostics [17,72–74].

MR imaging
MR imaging is a powerful, noninvasive imaging technique for the

diagnosis of various diseases. Contrast agents used in MR imaging

can be divided into two main categories: T1-positive contrast

agents and T2-negative contrast agents [75,76]. IO NPs have been

commonly used as contrast agents for MR imaging. The size of IO

NPs influences their magnetic properties [77,78], whereby the

magnetic movement of IO NPs decreases with decrease in their

size because of the reduction of the volume magnetic anisotropy

and spin disorders on their surfaces, resulting in the suppression of

T2 contrast effects and enhancement of T1 contrast effects [42,79].

USIO NPs have been used as contrast agents for T1 and T2 MR

imaging because of various advantages, including great sensitivity,

good biocompatibility, and high relaxivity [67,68,80].

USIO NPs have been widely used for T1-weighted MR imaging

of cancer [6,44,74,81,82]. In a recent study, Ma et al. [44] reported
the synthesis of zwitterion L-cysteine-coated USIO NPs for en-

hanced MR imaging of blood pools and tumors. The L-cysteine-

coated USIO NPs formed via a PEG spacer (Fe3O4-PEG-Cys)

displayed excellent antifouling properties, characterized by good

protein resistance, decreased macrophage cellular uptake, and

extended blood circulation time compared with USIO NPs coated

with PEG. The half-life of the Fe3O4-PEG-Cys NPs (6.2 h) was

three times longer than that of Fe3O4-mPEG NPs (2.1 h). With the

noncompromised r1 relaxivity (1.2 mM�1 s�1) compared with

Fe3O4-mPEG NPs (0.9 mM�1 s�1) and good in vivo organ compati-

bility, the developed Fe3O4-PEG-Cys NPs were used as contrast

agents for enhanced MR imaging of rat aorta and xenograft HeLa

tumor model in mice.

To achieve specific targeted MR imaging of tumors, it is neces-

sary to design and develop multifunctional USIO NPs bearing

targeting ligands. One of the most widely used targeting ligands

is RGD peptide, which can specifically bind avb3 integrin-over-

expressing cancer cells [83]. In a recent study, Shi and coworkers

[6] developed RGD-targeted USIO NPs for targeted T1-weighted MR

imaging of gliomas. The in vivo MR imaging studies indicated that

mice bearing xenografted gliomas treated with RGD-targeted USIO

NPs displayed a significantly enhanced MR signal:noise ratio

compared with the group treated with the nontargeted USIO

NPs. In another study, Wang et al. [53] synthesized Gd(III) com-

plex-conjugated USIO [Fe3O4@DOPA(Gd-DTPA)] NPs with good

cytocompatibility and hemocompatibility. Given the combina-

tion of Gd(III) and USIO NPs in one single nanoplatform, the

prepared Fe3O4@DOPA(Gd-DTPA) NPs enhanced the longitudinal

relaxivity (r1) compared with USIO NPs and Gd(III) complexes.

Therefore, the developed Fe3O4@DOPA(Gd-DTPA) NPs could be

excellent potential candidates for T1 MR imaging contrast agents

by combining the T1 effect of both USIO NPs and Gd(III) ions.

In addition to T1 MR imaging applications, USIO-based NPs

have also been used for T2 MR imaging studies [2,69,72,73,84–86].

As an example, Wang et al. [84] synthesized bovine serum albumin

(BSA)-functionalized USIO NPs with a mean size of 4.8 nm and a

high r2 relaxivity of 444.56 mM�1 s�1 that can be used for in vivo

T2-weighted MR imaging of tumors. In another study, Yang et al.

[69] reported a method to assemble preformed citric acid-stabilized

USIO NPs onto G5 PAMAM dendrimers linked with RGD peptide

(G5.NHAc-RGD-Fe3O4 NPs) via an EDC coupling reaction. Given

the clustering effect of USIO NPs with strong interparticle inter-

actions, the USIO NPs did not display the expected prominent T1-

shortening effect, instead displaying an enhanced T2-shortening

effect with a higher r2:r1 ratio of 9.51. Hence, the developed G5.

NHAc-RGD-Fe3O4 NPs could be used for targeted T2-weighted MR

imaging of C6 glioma cells in vitro and the xenografted tumor

model in vivo (Fig. 3).

As described above, USIO NPs could be used for either T1 or T2

MR imaging applications. Therefore, for more accurate imaging

applications, USIO NPs both with T1 and T2MR imaging properties

have been designed and synthesized [67,87]. For example, Hu et al.

[87] synthesized water-soluble PEG-coated USIO NPs through a

facile one-pot reaction. The PEG-coated USIO NPs presented an

impressive saturation magnetization of 94 emu g�1, a high r1
relaxivity of 19.7 mM�1 s�1, and a r2:r1 ratio of 2.0 at 1.5 T. T1

and T2 MR images indicated that the PEG-coated USIO NPs not

only improved the surrounding water proton signals in the T1 MR
www.drugdiscoverytoday.com 839
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FIGURE 3

MR imaging of cancer cells in vitro and a xenografted tumor model in vivo using dendrimer/USIO NP nanohybrids. (a) T2-weighted MR images and signal
intensity of C6 cells treated with G5.NHAc-RGD-Fe3O4 NPs and G5.NHAc-Fe3O4 NPs for 4 h under different Fe concentrations; (b) In vivo T2-weighted MR images
and signal intensity of a xenografted C6 tumor model after intravenous injection of G5.NHAc-Fe3O4 NPs and G5.NHAc-RGD-Fe3O4 NPs (both containing 600 mg
Fe) in 0.1 mL of phosphate buffered saline (PBS) solution separately at different times. Reproduced, with permission, from Ref. [69].
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images, but also induced significant signal reduction in the T2 MR

images. These results demonstrated that PEG-coated USIO NPs

could hold great promise for dual-modal T1 and T2 MR imaging

applications.

Dual-modal or multimodal imaging
Given that each imaging modality has its own limitations and

weaknesses, and none are able to provide complete structural and

functional information independently [88], it is necessary to

combine various imaging modes into one single nanoplatform

to develop different dual-modal or multimodal contrast agents.

Thus, various studies based on USIO NPs for dual-modal or multi-

modal imaging have been published [1,15,16,19,89,90].

In a recent study, Xue et al. [15] synthesized multifunctional

USIO NPs for dual-modal MR and single-photon emission com-

puted tomography (SPECT) imaging of tumor angiogenesis. In this

work, USIO NPs with a mean size of 3.5 nm were created by a

polyol method and then RGD peptide was modified on the surface

of USIO NPs, followed by 99mTc labeling to acquire the final

nanoprobe (99mTc-USIO-RGD NPs). The nanoprobe displayed

good stability in PBS (pH 7.4), good r1 relaxivity (8.2 mM�1 s�1),

reasonable T2 contrast effects (r2 = 20.1 mM�1 s�1), and could

specifically target avb3-positive cancer cells for combined dual-

modal (T1/T2) MR imaging and tri-modal (T1 MR/T2 MR/SPECT)

imaging of tumor angiogenesis in vivo.

In another study, Wang et al. [16] prepared an FA-targeted

multimodal contrast agent based on USIO NPs and AuNCs

through an EDC coupling reaction for tri-modal T1 MR/T2 MR/

CT imaging of tumors. In this nanosystem, USIO NPs offered

greatly enhanced MR signal contrast for both T1 and T2 MR

imaging (r1 = 6.26 mM�1 s�1, r2 = 28.12 mM�1 s�1), whereas the
840 www.drugdiscoverytoday.com
Au NCs provided a strong X-ray attenuation property for CT

imaging. In vivo studies revealed that the formed FA-AuNC@USIO

NPs displayed an outstanding capability of selective accumula-

tion in tumor tissues for tri-modal CT/T1 MR/T2 MR imaging of

tumors.

Drug delivery
IO NPs have been proven to be an efficient nanoplatform for drug

delivery applications [29,49]. Similarly, small-sized USIO NPs

have also been explored for this purpose [3,17]. For example,

Miller-Kleinhenz et al. [17] designed Dox-loaded USIO NPs (USIO-

Dox) simultaneously conjugated with two targeting agents of

Wnt/LRP5/6 and urokinase plasminogen activator receptor for

effective inhibition of breast cancer cell invasion. In their study, a

chemoresistant breast cancer tissue-derived tumor xenograft

(PDX) model in nude mice was built up to evaluate the effect

of conventional chemotherapy drugs and targeted USIO-Dox

NPs. The dual targeted USIO-Dox NPs resulted in stronger tumor

growth inhibition compared with nontargeted or single-targeted

USIO-Dox NPs, validating the dual targeted USIO-Dox NPs as a

valuable platform for enhanced drug delivery applications. In

addition, Jeon et al. [3] developed a poly-paclitaxel/cyclodextrin-

USIO (pPTX/CD-USIO) nanoassembly through multivalent host–

guest interactions between b-cyclodextrin-conjugated USIO NPs

and polymerized PTX for magnetically guided drug delivery. The

clustering of USIO NPs in the nanoassembly enhanced the mag-

netization of USIO NPs, enabling their use for magnetic-guided

drug delivery. Therefore, owing to the magnet-induced targeting

effect, the developed pPTX/CD-USIO nanoassembly exhibited

enhanced anticancer effects in vitro as well as in vivo compared

with control groups.
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Theranostics
Through surface modification or assembly with different methods,

USIO NPs can be conjugated with therapeutic agents, such as

chemotherapeutic drugs, photodynamic agents, and photother-

mal reagents, for MR imaging-guided theranostic applications

[50,68,86,91–93].

For MR imaging-guided tumor chemotherapy, Gao et al. [68]

reported a theranostic nanocomposite system based on MSNs

hybridized with multiscale IO NPs, Dox, and FA for MR imaging

and alternative magnetic field (AMF)-responsive chemotherapy of

breast cancer. In this case, USIO NPs had a role as a T2 contrast

agent, and Fe3O4 NPs with a larger size were used to respond to the

AMF. The prepared drug delivery system showed a high drug-

loading efficiency of 86.2% and an excellent MR imaging contrast

effect, with a high r2 relaxivity of 308 mM�1 s�1. Moreover, both in

vitro and in vivo experiments demonstrated the potential of the

prepared drug delivery system for MR imaging-guided chemother-

apy of cancer.

In another study, a novel ultrasmall and highly stable Fe3O4@P-

NPO/PEG-Glc@Ce6 nanoplatform was developed for dual-modal

MR and optical imaging, improving tumor-targeting efficiency,

and photodynamic therapy [86]. As shown in Fig. 4a, the polymer-

coated USIO NPs (Fe3O4@P) were first conjugated with polygly-

cerol (NPO) dendrimers via EDC coupling reaction, and then

connected with PEGylated glucose (Glc). Photosensitizer Ce6

was then coordinated with the Fe3O4@P-NPO/PEG-Glc to form

the final product of Fe3O4@P-NPO/PEG-Glc@Ce6, which could
Afte

Cell apoptosis

NIR laser eradiated

NMR

Tumor

PDT therapy

(b)

(a)

1O2

1O2

EDC, NHS

FIGURE 4

Schematic illustration of the formation of Fe3O4@P-NPO/PEG-Glc@Ce6 nanoprobe
PEG-Glc@Ce6 nanoprobe; (b) photodynamic therapy (PDT) and imaging in MGC
Abbreviations: NIR, near-infrared; NMR, nuclear magnetic resonance.
generate singlet oxygen with the assistance of a near-infrared

(NIR) laser irradiation to induce cell apoptosis. The small-sized

Fe3O4@PNPO/PEG-Glc@Ce6 were efficiently taken up by tumor

cells and could be used as a platform for dual-modal MR and/or

optical imaging because of the coexistence of Fe3O4 NPs and the

Ce6 dye, and for photodynamic therapy of tumor-bearing mice

(Fig. 4b).

In addition, the Liu group [93] designed a USIO NP-based

multifunctional nanoplatform via a layer-by-layer assembly ap-

proach for upconversion luminescence (UCL)/MR dual-modal

imaging and magnetically targeted photothermal therapy (PTT).

The prepared nanoplatform comprised a upconversion nanopar-

ticle (UCNP) as the core, a layer of USIO NPs as the intermediate

shell, and a thin layer of Au as the outer shell. At 2 h post

intravenous injection, the tumor uptake of the platform under

an external magnetic field was significantly higher than that

without magnetic targeting according to UCL/MR dual-modal

imaging and in vivo biodistribution data. In vivo PTT under a

magnetic field was carried out on tumor-bearing mice at 2 h post

injection of the nanoplatform. After NIR laser irradiation, all the

tumors on mice were completely eliminated, and no tumor re-

growth was observed in the treatment group over a course of 40

days. In a recent study, Lu et al. [94] developed a facile approach to

synthesize dendrimer-stabilized gold nanoflowers (Au NFs) em-

bedded with USIO NPs (Fe3O4/Au DSNFs) for multimodal T1-

weighted MR/CT/photoacoustic (PA) imaging and combination

PTT/radiotherapy of tumors. With the embedment of USIO NPs,
r 2 h

Optical
imaging

MR
imaging

NIR laser eradiated

1O2

O2

Fe3O4

Fe3O4@P

NPO

PEG-Glc
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 for dual-modal diagnosis and treatment. (a) Formation of an Fe3O4@P-NPO/
-803 tumor-bearing mice. Reproduced, with permission, from Ref. [86].
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the Fe3O4/Au DSNFs displayed higher r1 relaxivity (3.22 mM�1 s�1)

than free USIO NPs, and enhanced NIR absorption properties,

demonstrating their higher photothermal conversion efficiency

(82.7%) compared with Au DSNFs without USIO NPs (63.1%). The

developed Fe3O4/Au DSNFs could be used as an efficient thera-

nostic nanoplatform for multimodal imaging-guided combina-

tion therapy of tumors for translational nanomedicine

applications. These results indicate the promising potential of

the prepared platform for cancer theranostics.

Concluding remarks and outlook
In summary, we have reviewed recent progresses in the develop-

ment of USIO NPs and related nanohybrids for different biomed-

ical applications. In particular, USIO NPs can be synthesized via

different approaches, including coprecipitation, thermal decom-

position, hydrothermal/solvothermal methods, and microemul-

sion. They can also be surface modified to endow them with

improved antifouling properties and targeting specificity to a

particular cancer type, as well as to be assembled with other

matrix materials or self-assembled for improved functionality

and stability. With the versatility of the preparation, surface

modification, and assembly, the generated USIO NPs or the USIO

NP-based nanohybrids can be used for MR (T1/T2) imaging, dual-
842 www.drugdiscoverytoday.com
modal or multimodal imaging, drug delivery, and theranostic

applications.

Despite these significant achievements, further exploration in

the field is still required. For instance, strategies used to improve

the r1 relaxivity of USIO NPs for T1-weighted MR imaging applica-

tions could be further improved by developing new methods or

new hybrid materials. More therapeutic approaches or drug types

could be further combined with USIO NPs to achieve different

theranostic applications of cancer, in particular for functional

and/or structural imaging combined with precision diagnostics

of cancer and for combinational therapy to overcome multidrug-

resistant tumors. In addition, numerous issues remain to be solved

for further clinical translation applications, such as large-scale

production, quality control, and our currently poor understanding

of their pharmacokinetics and long-term biosafety. Nevertheless,

the future looks bright for the biomedical application of USIO NPs.
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