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Abstract

Recent advances in nanotechnology and growing needs in biomedical applications have driven the 

development of multifunctional nanoparticles. These nanoparticles, through nanocrystalline 

synthesis, advanced polymer processing, and coating and functionalization strategies, have the 

potential to integrate various functionalities, simultaneously providing (a) contrast for different 

imaging modalities, (b) targeted delivery of drug/gene, and (c) thermal therapies. Although still in 

its infancy, the field of multifunctional nanoparticles has shown great promise in emerging medical 

fields such as multimodal imaging, theranostics, and image-guided therapies. In this review, we 

summarize the techniques used in the synthesis of complex nanostructures, review the major forms 

of multifunctional nanoparticles that have emerged over the past few years, and provide a 

perceptual vision of this important field of nanomedicine.
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TERMINOLOGY

For simplicity, the term nanoparticle, as used in this review, refers to all particulates with at 

least one dimension falling within 1–100 nm, regardless of their shape or structure. 

Inorganic nanoparticles have two common structural features: crystalline cores and capping 

molecules to stabilize these particles in solvents. We use the term nanocrystal to refer to 

those crystalline cores.
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INTRODUCTION

The past ten years have witnessed significant advances in nanobiotechnology. A number of 

nanoparticle-based products for diagnostics and therapeutics have been approved for clinical 

applications, and even more are currently under clinical trials (1–4). However, the horizon of 

nanomedicine is still undergoing rapid expansion. An important trend is the development of 

multifunctional nanoparticles—nanoparticles that are capable of accomplishing multiple 

objectives such as imaging and therapy or performing a single advanced function through 

incorporation of multiple functional units. The emergence of these nanoparticles stems from 

advances in nanofabrication techniques (5–8). With basic nanoparticle synthesis becoming 

routine, materials scientists are looking into the conception of nanostructures with higher 

complexity from an engineering perspective (9, 10). This field is also being pushed forward 

by growing medical needs. For example, the heterogeneity of cancers necessitates image-

guided therapies, in which personalized disease treatments are planned based on individual 

patients’ pathological conditions and responses to the treatment (11). This therapeutic 

regimen has fostered the development of theranostic nanoparticles that integrate diagnosis, 

drug monitoring, targeted delivery, and controlled drug release into a unifying platform. 

Furthermore, nanoparticles with multimodal imaging capabilities can offer better images at 

multiple length scales or treatment stages, facilitating more accurate disease diagnosis and 

prognosis. Although still far from nanorobots, these multifunctional nanoparticles have the 

potential to function in a more interactive way, offering invaluable guidence for disease 

intervention. By revolutionizing conventional medical practices, multifunctional 

nanoparticles are well poised to shift the paradigm of modern medicine.

An important class of nanoparticles comprises those made of inorganic materials such as 

metal, metal oxide, and semiconductor, as well as rare earth minerals and silica. These 

nanoparticles often possess unique electric, magnetic, optical, and plasmonic properties due 

to the quantum mechanical effects at nanometer scales (12). Thanks to the progresses in 

nanocrystal synthesis during the past decade or so, most nanoparticles can be generated with 

a great deal of control over size, shape, and composition, as well as physical properties (6, 

13–15). Indeed, many inorganic nanoparticles are now commercially available in various 

forms. Several types of inorganic nanoparticles are multifunctional by nature. For example, 

gold nanoparticles are remarkable contrast agents for optical imaging, photoacoustic (PA) 

imaging, and computed tomography (CT) (16, 17). In addition, gold nanoshells and 

nanocages can be employed for photothermal therapies (18, 19). It takes only minimal 

optimization to concurrently utilize imaging and therapeutic features from the same gold 

nanoparticles. To date, a library of surface chemistry and surface modification techniques 

are well established for inorganic nanoparticles. Small molecules, including dyes, 

therapeutic agents, and targeting ligands, can be conjugated to nanoparticles using well-

controlled chemistry. More importantly, nanocrystals can be readily decorated with several 

generic coating strategies, including silica/mesoporous silica, micelle, liposome, and layer-

by-layer assembly of biopolymers. These coating methods are useful for both physical/

chemical adsorption of small molecules at substantial payload ratios and encapsulation of 

multiple nanocrystals. As such, numerous multifunctional nanoparticles can be generated by 

combining existing nanoparticles with small molecules (Figure 1).
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Another class of nanostructures being actively explored for therapeutic and imaging 

applications is organic nanoparticles (20–23). Nanoparticles of different sizes have been 

prepared using various biodegradable polymers, for example, polylactide-polyglycolide and 

polycaprolactones, as well as proteinaceous materials, for example, albumin and collagen 

(24, 25). A variety of therapeutic agents including small molecules, peptides, proteins, and 

nucleic acids have been encapsulated in these nanoparticles and used for controlled release 

as well as targeted delivery (26, 27). Imaging contrast agents such as magnetic nanoparticles 

have also been successfully encapsulated in polymer nanoparticles to enhance circulation 

and targeting (28, 29). Lipids have been extensively used to prepare drug delivery carriers, 

especially in the form of liposomal systems. One liposomal system, DOXIL® (doxorubicin), 

is already being used for the treatment of AIDS-associated Kaposi’s sarcoma (30). Protein 

nanoparticles have found clinical applications for delivery of chemotherapeutic agents (31, 

32). ABRAXANE®, a 130-nm, albumin-bound paclitaxel, has been approved by the US 

Food and Drug Administration (FDA) for the treatment of breast cancer in patients who have 

failed combination chemotherapy for metastatic disease or who relapse within six months of 

adjuvant chemotherapy (33). Solid lipid nanoparticles have also been extensively developed 

for drug delivery applications (34). These particles feature high surface area, favorable zeta 

potential, and prolonged release of encapsulated drugs (35). Dendrimers are actively used 

for drug delivery because their properties can be precisely controlled (36). Hydrogels 

represent another class of materials that are commonly explored for drug delivery owing to 

their diversity and biocompatibility. Hydrogels, prepared from either natural or synthetic 

polymers, for example, poly(ethylene oxide) (PEO), poly(vinyl pyrrolidone), or poly-N-

isopropylacrylamide, have been extensively studied for controlled release and stimuli-

responsive release of drugs (37, 38).

This review is propelled by the need to recapitulate current research on multifunctional 

nanoparticles and stimulate new concepts for the future development of nanomedicine. 

Owing to space limitations, this review is focuses primarily on inorganic nanoparticles, 

although a brief overview of organic nanoparticles is provided for completeness. Readers are 

referred elsewhere for comprehensive reviews of organic nanoparticles (20, 39–44). In the 

following sections, we briefly review the physical properties and potential applications of 

nanoparticles and summarize the synthesis strategies used for generating composite 

nanoparticles. We discuss three promising schemes of multifunctional nanoparticles: 

combining two or more imaging functions for multimodal imaging, integrating imaging with 

drug delivery for image-guided drug delivery, and combining drug delivery with thermal 

therapies to take advantage of synergistic effects. Current clinical trials and future 

perspectives concerning the application of multifunctional nanoparticles are also discussed.

NANOPARTICLE TECHNOLOGIES—PHYSICAL PROPERTIES AND 

POTENTIAL APPLICATIONS

Gold Nanoparticles

The most common type of gold nanoparticles is gold nanosphere, which exhibits an intense 

ruby color in aqueous solutions. The intriguing optical properties of gold nanoparticles arise 

from localized surface plasmon resonance (LSPR), in which valence electrons in gold 
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nanoparticles oscillate coherently with incident light at specific frequency (45). Part of the 

energy absorbed by gold nanoparticles is emitted in the form of scattered light, which is the 

basis of much gold nanoparticle–based optical imaging (46). The rest of the energy decays 

in a nonradiative form; that is, it is converted into heat. Gold nanospheres within a wide size 

range absorb light mainly at around 520-nm wavelength, at which light is rapidly attenuated 

by the tissue. For in vivo applications, the absorption peak should fall within the optical 

window of human tissues (650–1300 nm) so that the incident light can penetrate deep into 

tissue (47). The absorption spectrum of gold nanoparticles can be tuned through their 

geometry (48). For example, in gold nanorods, LSPR occurs in two directions: along the 

short- and the long-axes. The frequency of oscillation along the long axis redshifts from the 

visible to the near infrared (NIR) region as the aspect ratio of the nanorods increases (19). 

Other gold nanostructures with tunable LSPR frequency are gold nanoshells and nanocages, 

the absorption spectra of which change with the overall size and thickness of their walls 

(Figure 2a) (49, 50). Aggregated gold nanospheres may also exhibit significant NIR 

absorption as a result of coupled plasmon resonance. This phenomenon has often been used 

to create nanostructures with NIR photothermal properties for in vivo applications (51).

Gold nanoparticles scatter light strongly at their LSPR frequency and thus have broad 

applications in optical imaging (52). Futhermore, gold nanoparticles increase local 

electromagnetic field because of LSPR. As a result, the signals of fluorophores and SERS 

(surface-enhanced Raman scattering) reporters attached to a gold surface can be drastically 

enhanced (53). In in vivo applications, gold nanoparticles that scatter NIR light can provide 

good contrast for optical coherence tomography (17). Alternatively, gold nanoparticles with 

NIR photothermal properties are ideal probes for photothermal therapy (18). This 

photothermal property also makes gold nanoparticles excellent contrast agents in PA 

imaging (54). Recent studies have shown that gold nanoparticles can be heated by 

nonresonant shortwave radiofrequency fields, which allows the induction of targeted 

hyperthermia in deep tissue (55). Lastly, gold nanospheres and gold nanorods have been 

used as contrast agents in CT, taking advantage of the element’s high material density and 

high atomic number (16, 56).

Magnetic Nanoparticles

Magnetic nanoparticles are composed mainly of iron oxides (magnetite and maghemite) and 

to a lesser extent of elementary iron and other magnetic elements (14, 57). When the size of 

magnetic particles is smaller than the magnetic domain wall width (typically less than 100 

nm), the particles will contain only a single magnetic domain with the magnetic moment 

from all unpaired electrons coupled in one direction (58). The coupled magnetic moment 

flips among several crystal axes of the nanoparticle owing to thermal fluctuation. When the 

particle size further decreases, the flipping rate increases rapidly until no net magnetization 

can be observed. The magnetic nanoparticles within this size limit are called 

superparamagnetic nanoparticles. The superparamagnetic limit of iron oxide nanoparticles is 

between 20 and 25 nm at room temperature (58). Without external magnetic field, 

neighboring superparamagnetic nanoparticles are free of interparticle magnetic interactions, 

which is critical for the colloidal stability of the nanoparticles. However, when an external 

magnetic field is applied, the magnetic moment of the nanoparticles will align with the field 
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and reach saturation at relatively low field strength. Magnetite and maghemite, owing to 

their excellent biocompatibility, are the most common types of materials used in magnetic 

nanoparticles. Nanoparticles of materials that have higher saturation magnetization, 

including elementary iron, cobalt, and iron oxide doped with manganese and zinc, have also 

been developed (Figure 2b) (59, 60).

Superparamagnetic iron oxide nanoparticles (SPIOs), as either a T1 or a T2 contrast agent 

for MRI, have the potential to significantly improve the sensitivity of clinical tumor 

detection (61). T2 relaxivity of magnetic nanoparticles is determined by their magnetic 

moment and coating conformation (59, 62). In general, magnetic nanoparticles with higher 

magnetization, large core, and thin surface coatings have higher T2 relaxivity. In particular, 

SPIOs with large size and high magnetization can have T2 relaxivity two orders of 

magnitude higher than that of clinically approved first-generation SPIOs on a per particle 

basis (62). These nanoparticles hold great promise in MRI-based molecular imaging. In 

addition, the T2 relaxivity of magnetic nanoparticles increases upon aggregation, a 

phenomenon referred to as magnetic relaxation switching (63). Accordingly, an approach for 

achieving high T2 relaxivity is to generate nanoparticles with multiple magnetite cores (64).

In the past few years, magnetic nanoparticles have garnered extensive research interest with 

respect to hyperthermia induction and magnetic targeting. Magnetic nanoparticles can 

generate heat under an oscillating magnetic field (100 kHz to 1 MHz), which enables the 

induction of hyperthermia in deep tissue (65–67). Magnetic targeting has been widely used 

in various in vitro applications, including cell separation, gene transfection, and sample 

enrichment in detection assays. Recent studies show that in vivo magnetic targeting can be a 

valuable approach for controlled delivery of therapeutic agents (68, 69). The magnetic 

mobility and heating capability of magnetic nanoparticles can also be employed to trigger 

cellular events in vivo (70, 71).

Quantum Dots

Quantum dots (QDs), essentially fluorescence-emitting semiconductor nanoparticles, have 

attracted extensive study in optical imaging during the past decade (72). Most QDs are 

composed of binary alloys of II–VI (e.g., CdSe) or III–V (e.g., InP) semiconductor 

materials. To improve the quantum yield, QDs are often encapsulated in an insulating 

inorganic shell (e.g., ZnS). The optical properties of QDs are the result of quantum 

confinement of valence electrons at nanometer scales (12). The fluorescence emission 

wavelength is dictated by the energy band gap determined by QD size and composition 

(Figure 2c) (73). The emission peak redshifts as the size of QDs increases. In contrast to 

organic fluorophores, QDs have a narrow emission peak and an absorption spectra ranging 

from UV to visible wavelengths. Therefore, multiple QDs with different emission 

wavelengths can be excited simultaneously upon UV excitation, facilitating multicolor 

fluorescence imaging. Recently, owing to their NIR excitation and emission, QDs composed 

of CdTe, PbS, InAs, and InP have attracted broad interest for in vivo applications. Concerns 

over the in vivo toxicity of heavy metals have also prompted searches for biocompatible 

QDs (74).
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Upconversion Nanoparticles

The development of small upconversion nanoparticles (~10 nm) has become possible only in 

the past few years, following advances in rare-earth nanoparticle synthesis (75). In contrast 

to QDs, upconversion nanoparticles can absorb infrared radiation and emit photons at visible 

spectra. This upconversion process is achieved through continuous excitation of valence 

electrons of lanthanide ions by photon absorption or energy transfer from nearby excited 

lanthanide ions (76). These nanoparticles are composed of a host material doped with 

lanthanide ions that act as sensitizers (Yb3+) and activators (Er3+, Tm3+, and Ho3+). The 

absorption and emission peaks of upconversion nanoparticles are very narrow, resembling 

those of free lanthanide ions. Similar to QDs, upconversion nanoparticles have an emission 

spectrum that can be tuned within a wide range by changing host materials, sensitizer ions, 

and doping density. (Figure 2d) (75, 77).

Upconversion nanoparticles can be excited with low-power, continuous wave laser, as 

opposed to conventional two photon excitation in optical imaging, because the upconversion 

process is based on physically existent energy states of lanthanide ions. To date, 

upconversion nanoparticles are excited mostly at 980 nm using a commercial InGaAs diode 

laser system. The low-power NIR excitation makes upconversion nanoparticles particularly 

useful for in vivo optical imaging. Not only can the infrared light penetrate deep into the 

tissue, but auto fluorescence from the tissue is also greatly reduced. Upconversion 

nanoparticles can form fluorescence resonance energy transfer (FRET) pairs with organic 

fluorophores or photosensitizers. Indeed, coupling upconversion nanoparticles with 

photosensitizers resulted in increased efficiency and working depth in cancer photodynamic 

therapies (78).

Other Inorganic Nanoparticles

There are many other types of inorganic nanoparticles, including silica nanoparticles (79), 

calcium phosphate nanoparticles (80), carbon nanotubes, and hafnium oxide nanoparticles 

(81). Silica and calcium phosphate nanoparticles do not exhibit unique quantum mechanical 

properties. However, they offer great biocompatibility, convenient size tuning, rich 

conjugation chemistry, and versatile cargo loading schemes. These nanoparticles are broadly 

used as carriers of drug molecules, genes, and imaging contrast agents (82–84). Silica 

nanoparticles carrying organic dyes and radioactive iodide, known as Cornell dots or C dots, 

have been approved for clinical trials. Nanoparticles formed by hafnium oxide can 

significantly enhance the efficiency of X-ray in radiation therapy; they are also undergoing 

phase I clinical trials.

Polymeric Particles

Polymeric particles are among the most widely explored organic nanoparticles. They offer 

several advantages, including the ability to (a) encapsulate a wide variety of drugs and 

release them over prolonged periods, (b) modify surfaces with multiple targeting ligands, 

and (c) exhibit excellent stability, both in vitro and in vivo. Polymeric materials have a long 

history of use in medicine, including for drug delivery (85). Biodegradable polyesters such 

as poly(lactic acid) (PLA), poly(glycolic acid), and their copolymers as well as poly(ε-

caprolactone) have been explored for various drug delivery applications (86). Other 
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biodegradable polymers used for nanoparticle synthesis include poly(orthoesters) and 

poly(anhydrides), among others (24). Copolymers of hydrophobic polymers, such as those 

listed above, with hydrophilic polymers such as poly(ethylene glycol) (PEG), PEO, and 

poly(propylene oxide) (PPO) are used to synthesize self-assembled therapeutic carriers (87). 

Responsive polymers (88)—that is, materials that respond to an external stimulus such as 

temperature, pH, or electromagnetic radiation—are also actively explored in drug delivery 

(89–94).

SYNTHETIC STRATEGIES OF MULTIFUNCTIONAL NANOPARTICLES

Despite the large difference in inorganic nanoparticle’s chemical compositions, their 

synthetic methods share many similarities. The formation of most inorganic nanoparticles 

involves two phases: nucleation and crystal growth by deposition of atoms on the crystal 

surface. QDs, iron oxide nanoparticles, and upconversion nanoparticles can be synthesized 

through coprecipitation or thermal decomposition of precursor compounds with similar 

capping molecules and solvents (57, 75, 95, 96). In the past few years, several generic 

coating methods have become well established for inorganic nanocrystals. Polymers can be 

grafted onto most crystal surfaces through metal coordination or chelation (97–100). 

Hydrophobic nanocrystals can be readily encapsulated with a layer of amphiphilic 

copolymer such as poloxamer, poloxamine, or lipid-PEG (101–103). Nanocrystals with 

strong surface charge can be coated with polyions through layer-by-layer assembly (104). In 

addition, silica or mesoporous silica coating methods have been demonstrated for most 

hydrophilic and hydrophobic nanocrystals (105, 106). These common synthetic routes 

facilitate the integration of different nanoparticles or the combination of nanoparticles with 

small molecules carrying a wide range of functions (Table 1).

Nanoparticle-Nanoparticle Assembly

A direct approach to combining two different nanoparticles is seed-mediated growth, in 

which one type of nanoparticle is synthesized with another type as the seeds. For example, a 

layer of NaGdF4 can grow on NaGdF4:Yb3+/Er3+ nanocrystals, resulting in nanoparticles 

with combined upconversion and T1 properties (107). Dumbbell-like gold-iron oxide 

nanoparticles can be synthesized by thermodecomposition of iron precursors in the presence 

of gold nanoparticles (108). Likewise, gold nanoshells can be formed by directly reducing 

gold salts onto the surface of exogenous nanocrystals. Au@Fe and Au@Fe3O4 nanoparticles 

have been obtained using this method (15, 109). Many nanocrystals can grow on silica 

surfaces, including the surface of silica nanospheres or nanocrystals with a silica coating. 

For this reason, a layer of silica has often been used to bridge two different crystals (110).

Nanoparticles can be combined through postsynthesis assembly. Metal atoms exposed on the 

nanocrystal surface can form stable bonds with chemical groups such as -SH, -OH, -COOH, 

and -NH2 through metal coordination or chelation. This has often been used to deposit small 

nanocrystals to the surface of a large nanoparticle. For example, small gold nanospheres can 

be adsorbed onto an amine-rich surface of silica or iron oxide nanoparticles (18, 111–113). 

Subsequently, a continuous gold shell can grow on the central nanoparticle by filling the gap 

among the gold nanospheres with further reduction of gold salts (18, 111, 112). A cluster of 
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nanoparticles can also form through chemical/biological bonds among surface-coating 

molecules (112, 114).

As-synthesized nanocrystals can be combined together through controlled self-assembly due 

to hydrophobic or electrostatic interactions. Small clusters of hydrophobic QDs and SPIOs 

can be encapsulated with a layer of amphiphilic copolymer such as lipid-PEG or PEG-PLA 

(115, 116). QDs with negative charges can form aggregates when mixed with PEG-

poly(ethyl enimine) (PEI) (117). Multiple nanoparticles can also be simultaneously enclosed 

in liposomes during assembly of lipid bilayers (69). Furthermore, hydrophobic nanoparticles 

can be confined through reverse microemulsion, after which mesoporous silica nanoparticles 

form (118). As a result, each mesoporous silica nanoparticle can contain several types of 

nanocrystals.

Nanoparticle–Small Molecule Assembly

Small-molecule cargos commonly added to nanoparticles include dye molecules, 

radioisotopes, drug molecules, siRNA/miRNA, peptides, and targeting ligands. Depending 

on the functional requirements, these molecules are loaded at different quantities at the 

center or the surface of nanoparticles. The methods for nanoparticle–small molecule 

assembly can be divided into two categories: chemical conjugation and physical adsorption.

Most molecules can be directly conjugated to coating molecules or polymer scaffolds on the 

nanoparticle surface (82, 119, 120). The signal intensity of fluorophores and SERS reporters 

can be affected by conjugation chemistry, loading density, and the distance to the 

nanocrystal (53, 82). For drug molecules, it is critical to reach concentrations above a 

therapeutic threshold in the target tissue. Accordingly, drug molecules should be loaded onto 

nanoparticles at a high payload ratio and released from nanoparticles at a proper rate after 

reaching the target tissue. For this reason, drug molecules are often conjugated to 

nanoparticles through molecular linkers that can be degraded by enzyme cleavage, 

hydrolysis, or heating. It is also possible to release drug molecules based on pH changes.

Small molecules can be encapsulated in micelles, liposomes, mesoporous silica, or 

nanotubes through hydrophobic interaction, electrostatic interactions, or physical entrapment 

(115, 121–123). Encapsulated molecules can be released after disassembly of the 

nanoparticles triggered by cellular uptake or external signals. Small nucleic acids, owing to 

their negative charge, are often adsorbed to nanoparticles via electrostatic interactions (124, 

125).

Polymer Particles

Polymer nanoparticles are traditionally prepared using methods including solvent 

evaporation, spontaneous emulsification, solvent diffusion, salting out/emulsification-

diffusion, and use of super critical CO2, among others (86). Polymeric nanoparticles ranging 

in size from a few nanometers to hundreds of nanometers or larger have been prepared using 

these methods. Nanoparticles less than 200 nm in diameter have been particularly appealing 

for intravascular drug delivery applications because they show improved circulation half-life 

as compared with larger particles (126, 127). Polymer nanoparticles are often coated with a 

hydrophilic polymeric brush, typically PEG, to prolong circulation and avoid clearance by 
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the mononuclear phagocytic system (128). Polaxamers and polaxamines and hydrophilic-

hydrophobic block copolymers have also been extensively studied for this purpose (87, 129). 

Simultaneous coating of a nanoparticle surface with peptides (130, 131), aptamers (132–

134), and antibodies (135, 136) has also been explored to enhance targeting. Striking a 

balance between immune evasion by PEG and targeting by peptides is often essential. 

Accordingly, strategies have been developed to optimize surface concentrations of PEG and 

targeting ligands by random distribution of PEG and aptamers on the nanoparticle surface 

(137) and by fabrication of compartmentalized particles that allow stereospecific coating 

with various chemical groups (7, 138). Recently, the importance of nanoparticle mechanical 

properties in therapeutic functions has been highlighted. Specifically, it has been shown that 

macrophages engulf rigid particles to a significantly higher extent than soft particles (139), a 

finding that has implications in immune clearance of nanoparticles. Recent studies have also 

shown that the shape of nanoparticles can have an intriguing effect on their function (13, 

140–146). Several methods have been developed to synthesize organic particles of different 

shapes (8, 140, 147, 148). Nonspherical nanoscale particles of various shapes, including rods 

and discoids, have been fabricated using the top-down Particle Replication in Non-wetting 

Templates (PRINT®) technology (140, 149). Methods have also been put forth to synthesize 

nanoparticles with various internal architectures (150). This feature is especially important 

in the incorporation of multiple agents, for example, imaging and therapeutic agents, within 

a single nanoparticle. Electrohydrodynamic cojetting has been used to prepare biphasic and 

triphasic nanoparticles that are able to encapsulate agents of various diverse physical-

chemical properties (7).

NANOPARTICLES AS IMAGING CONTRAST AGENTS

Medical imaging plays important roles in disease detection, prognosis, and treatment 

planning. Major medical imaging techniques include X-ray CT, magnetic resonance imaging 

(MRI), ultrasound imaging, positron emission tomography (PET), single-photon emission 

CT (SPECT), optical imaging, and PA imaging. The intrinsic quantum mechanical 

properties of inorganic nanoparticles make them remarkable contrast agents for MRI, optical 

imaging, and PA imaging, and by incorporating small molecules, these nanoparticles can be 

used in nearly all imaging modalities.

Magnetic Resonance Imaging

MRI is a nonionizing imaging technique that produces excellent signal contrast for soft 

tissue by detecting the nuclear spin of hydrogen atoms, which predominantly come from 

water and fat in a human body. MRI contrast agents can provide bright or dark contrast by 

accelerating either T1 or T2 relaxation of water protons, respectively. Most magnetic 

nanoparticles, such as SPIOs, are designed as T2 or T2* contrast agents. In T2-weighted 

MRI, the tissue containing SPIOs exhibits reduced signal intensity. In recent years, 

alternative MRI pulse sequences have been devised to produce positive contrast from 

magnetic nanoparticles (151, 152). Magnetic nanoparticles including gadolinium and 

manganese nanoparticles, as well as SPIOs with small T2/T1 ratio (e.g., Resovist®), can also 

provide bright contrast in T1-weighted MR images (153).
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The use of SPIOs as contrast agents has greatly expanded the application of MRI in disease 

diagnosis, owing to the high T2 relaxivity and biocompatibility of these nanoparticles. After 

being administrated systemically, dextran-coated SPIOs, such as Feridex I.V.®, can 

accumulate in liver as a result of phagocytosis by the reticuloendothelial system (RES). 

Liver tumors’ lack of phagocytic activity can thus be detected by the darkening of 

surrounding normal tissue (61). This method is also applied for detecting splenic tumors and 

metastatic lymph nodes (154). Two types of SPIOs, Feridex I.V. and Resovist, have been 

approved by the FDA for clinical application and are the first inorganic nanoparticles on the 

market. SPIOs can also accumulate in the tumor by enhanced permeability and retention 

(EPR) effects, which facilitates tumor detection in tissues or organs that normally do not 

sequester SPIOs from blood circulation.

More recently, SPIOs with high T2 relaxivity have been explored for in vivo molecular 

imaging of disease markers and physiological processes. For example, SPIOs conjugated 

with targeting ligands can detect atherosclerotic plaques, tumors, and apoptotic tissues (59, 

64, 155–158). SPIO nanosomes functionalized with apolipoprotein E and lipoprotein lipase 

were used to study lipoprotein metabolism in liver (159). In a study by Kessinger et al. 

(160), T2*-weighted time-resolved MRI was used to study the binding kinetics of 

superparamagnetic micelles to αvβ3-integrin expressed on the tumor vessel surface, 

demonstrating the potential of magnetic nanoparticles in quantitative analysis of disease 

markers in vivo.

SPIOs have also been extensively used for in vivo cell tracking. Tracking immune cells 

labeled with an SPIO has been an important approach in detecting atherosclerosis (161). In 

regenerative medicine, there is a great need for noninvasively examining the in vivo 

distribution of implanted cells. Studies have shown that progenitor cells can be labeled with 

many SPIOs without affecting cell viability or function (162, 163). After being injected 

intravenously, the cells located in bone marrow could be detected at high resolution (162). In 

a similar application, pancreatic islet cells were loaded into magnetocapsules containing 

Feridex I.V. (164). The hepatic distribution of infused magnetocapsules was readily 

examined with MRI in vivo.

In Vivo Optical Imaging

Compared with other medical imaging modalities, optical imaging has excellent spatial 

resolution and detection sensitivity in cellular imaging (reviewed elsewhere). However, its in 

vivo applications are hindered by autofluorescence of tissue and light attenuation. Owing to 

limited tissue penetration, optical imaging, almost exclusively NIR imaging, is used mainly 

to examine shallow lesions and superficial objects, including subcutaneous or surgically 

exposed organs, tumors, sentinel lymph nodes, and lymphatic vessels, as well as retinal and 

choroidal vasculatures (165).

Nanoparticles designed for optical imaging include QDs, upconversion nanoparticles, gold 

nanoparticles, and nanoparticles containing organic dyes. Kim et al. (166) first demonstrated 

that NIR QDs (CdTe core/CdSe shell) could be used to map sentinel lymph nodes in mouse 

and in pig. Importantly, in the large-animal model, lymph nodes that are 1-cm deep could be 

readily identified following intradermal injection of 400 pmol of NIR QDs. More recently, 
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Ag2S QDs free of heavy metals (Cd, Hg, or Pb) were developed for the NIR-II imaging 

(wavelength of 1,000–1,400 nm) (74, 167). PEGylated Ag2S QDs showed good tumor 

detection sensitivity through passive tumor targeting in a mouse model (74). C dots, a class 

of silica nanoparticle mentioned above, are representative of nanoparticles containing 

organic fluorophores (82). Fluorophores conjugated to the silica matrix exhibit a more than 

twofold increase in quantum efficiency (82). C dots containing Cy5 dyes were used to 

visualize lymphatic drainage from the peritumoral region, and detailed intranodal 

architecture could be identified at submillimeter scale in high-resolution fluorescence 

images (119). Although the application of upconversion nanoparticles in in vivo imaging is 

still at an early stage, a few proof-of-concept studies have shown an outstanding potential of 

upconversion nanoparticles owing to their long wavelength excitation (168, 169). Gold 

nanoshells and nanocages that scatter light in the NIR region can enhance optical coherence 

tomography (OCT) (17, 170). For example, Gobin et al. (17) showed that gold nanoshells 

injected systemically could significantly enhance the contrast ratio of the tumor to the 

normal muscle in OCT.

Photoacoustic Imaging

PA imaging is a new imaging modality that combines optical and ultrasound imaging 

techniques. It offers far better tissue-penetration depth (~50–70 mm) than does optical 

imaging and maintains decent spatial resolutions (171). In PA imaging, contrast agents 

convert incident light into heat. Subsequently, the heat causes thermoelastic expansion of 

surrounding medium- and wideband ultrasound emission that can be detected with 

ultrasound transducers. For in vivo applications, the contrast agents should be able to absorb 

light at the NIR region and efficiently convert absorbed energy to heat. These properties are 

identical to those required in photothermal therapies. For this reason, most nanoparticles that 

were initially developed for photothermal therapies have been tested for PA imaging as well.

Gold nanoparticles, including nanospheres, nanoshells, nanorods, and nanocages, can be 

used as contrast agents in PA imaging (172–174). As blood-pool contrast agents, 

nontargeting gold nanoshells and gold nanocages enhanced the contrast of vasculature in rat 

brain (172, 173). Molecular imaging using antibody-conjugated gold nanorods has been 

demonstrated in culture cells and tissue phantoms (175). Galanzha et al. (176) showed that 

gold-plated carbon nanotubes conjugated with folic acid could detect circulating cancer cells 

magnetically enriched in mouse ear. In addition, gold nanospheres conjugated with antibody 

formed small aggregates on cancer cells (A431 cells) overexpressing epidermal growth 

factor receptor (EGFR). Aggregation of the gold nanospheres led to a redshift of their 

absorption spectrum, which could be detected with PA imaging (177). Recently, copper-

based nanoparticles and nanoparticles containing NIR dyes were also developed for PA 

imaging (178–180).

Nanoparticles for Multimodality Imaging

Owing to the limitations in cost, imaging time, resolution, specificity, and detection 

sensitivity, each imaging technique is effective only for examining one particular aspect of 

disease or is limited to one stage of the therapeutic intervention. Usually, several imaging 

techniques are used along the course of disease diagnosis, prognosis, and treatment. 
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Integrating several imaging techniques into one unifying platform, that is, multimodality 

imaging, has significant potential for expanding current imaging techniques toward better 

disease management. Multimodality imaging techniques have been realized through two 

different, but related, approaches: One is to forge different imaging instruments into one 

piece; the other is the development of multimodal imaging agents. Most multimodal imaging 

agents are derived from nanoparticles because of the ease of synthesis and functionalization. 

The nanoparticles designed for MRI, optical imaging, and PA imaging described above can 

be readily conjugated with small-molecule imaging moieties, including fluorophores, SERS 

reporters, MRI contrast agents (Gd3+ or Mn2+), and radiotracers, to form dual- or trimodal 

imaging probes. Multimodal nanoparticles can often support better spatial registration of 

different imaging modality and avoid excessive immune responses caused by repeated 

challenge.

A number of multimodal nanoparticles combine the use of a full body scan with an imaging 

modality that offers local but high-resolution images. This approach allows characterization 

of the disease at multiple spatial scales, which is not only helpful in clinical diagnosis and 

laboratory research but also important for treatment planning. For example, SPIOs labeled 

with Cy5.5 can be used in both MRI and NIR imaging (181). Coarse tumor location in the 

brain is identifiable with MRI, and NIR imaging provides precise tumor delineation to guide 

surgical removal of tumor. Several other types of MRI/optical dual-modality nanoparticles 

have been developed by combining SPIOs with fluorophores, QDs, or upconversion 

nanoparticles (106, 107, 115, 118, 182, 183). In a similar approach, gold nanospheres were 

functionalized with both a Raman molecular tag, trans-1,2-bis(4-pyridyl)-ethylene, and an 

MRI T1 agent, DOTA-Gd3+, in order to accommodate MRI, PA imaging, and Raman 

imaging (Figure 3) (184). Following MRI scan, intraoperative resection could be performed 

in accordance with the brain tumor margins observed through Raman imaging. Furthermore, 

C dots, discussed above for optical imaging, could be labeled with 124I to enable highly 

sensitive detection of primary tumors and metastatic lymph nodes with PET (119).

There is a critical need in medical imaging to coregister functional PET images with those 

offering detailed anatomical structures. Among all medical imaging techniques, PET 

provides the highest tumor detection sensitivity because of the use of radiotracers. However, 

tumor sites with high radioactivity cannot be accurately located in the abdomen or near the 

boundary of a moving organ owing to a lack of anatomical structure in the PET images. For 

this reason, PET is often performed along with either MRI or CT (182, 185). MRI offers 

excellent soft-tissue contrast and thus facilitates tumor localization in coregistered MRI and 

PET images. To date, PET/MRI dual-modality nanoparticles are mainly generated by 

labeling SPIOs with chelates of 64Cu (186).

NANOPARTICLES AS DRUG DELIVERY VEHICLES

During cancer treatment, therapeutic compounds often need to be delivered into individual 

tumor cells to exert anticancer effects. However, the molecules administered systemically are 

typically distributed to the whole body through blood circulation and subjected to 

hydrolysis, enzymatic degradation, and rapid excretion through the urinary system. Also, the 

accumulation of these drugs in the tumor is often suboptimal owing to lack of specific 
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targeting. These issues not only hamper traditional chemotherapy utilizing small 

hydrophobic drugs but also pose a major challenge to gene therapies aiming to correct 

aberrant tumor growth with miRNA or siRNA (187). Targeted delivery of drug molecules 

with nanoparticles can improve biodistribution, increase circulation half-life, and protect 

drugs from the microenvironment, thus increasing efficacy and reducing side effects.

The study of nanoparticle-based drug delivery systems has been performed mostly with 

organic nanoparticles (2). This is largely attributable to the better understanding of in vivo 

metabolism and toxicity of organic materials. In addition, many organic nanoparticles such 

as liposomes, micelles, and dendrimers can carry drug molecules at a substantial payload 

ratio that the inorganic nanoparticles discussed above can barely reach. Many excellent 

reviews that cover the advances of organic nanoparticles and their clinical applications can 

be found in the literature (39, 188–192).

Recently, the toxicity issue has been largely resolved. Several inorganic nanoparticles have 

either entered the market or been approved by the FDA for clinical trials. The success in 

developing liposomal, micellar, and mesoporous-silica coatings for inorganic nanoparticles 

further overcomes the difficulties in drug loading. Inorganic nanocarriers have since become 

a hot spot in nanomedicine because of the unprecedented imaging and control capabilities 

offered by their unique physical properties. Reviewed below are studies in three important 

areas: image-guided drug delivery, magnetic drug targeting, and combined chemotherapy 

and thermal therapy.

Image-Guided Drug Delivery

The success of cancer chemotherapy depends on the ability to deliver drug molecules to the 

entire tumor cell population at concentrations above a therapeutic threshold. It requires that 

drug molecules not only accumulate at a high level over the whole tumor but also distribute 

evenly in the tumor stroma. However, vessel density, vessel permeability, and expression of 

molecular markers, which are key factors in determining drug distribution, often vary among 

different tumor regions, disease stages, and patients. A standard treatment plan would be 

effective only during a narrow therapeutic window in a subpopulation of patients. In the 

burgeoning field of image-guided drug delivery, this issue is addressed by using imaging 

tools to guide disease interventions according to individual patients’ pathological conditions 

and responses to the treatment.

An important part of image-guided drug delivery is to monitor the biodistribution, blood 

circulation, and tumor accumulation of drug molecules. For this purpose, several strategies 

were devised to load drugs onto or into nanoparticles that can be visualized with medical 

imaging approaches. Among all inorganic nanoparticles, SPIOs are the most popular choice 

because of their excellent MRI contrast and biocompatibility. Micelles, liposomes, and 

mesoporous silica containing single or multiple SPIOs have been loaded with 

chemotherapeutic drugs such as doxorubicin and paclitaxel (106, 115, 116, 193). The 

resulting SPIO/drug complex can achieve high drug payload while maintaining good MRI 

T2 contrast. MRI/NIR dual-modality SPIOs have been used to image in vivo siRNA delivery 

(Figure 4) (194). In this study, siRNA was conjugated to dextran-coated SPIOs, to which an 

NIR dye, Cy5.5, was also attached. The accumulation of siRNA in the tumor was visualized 
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with both MRI and in vivo NIR optical imaging. Cho et al. (195) further showed that SPIOs 

could deliver tumor antigen to dendritic cells in vivo. The distribution of activated dendritic 

cells could be tracked through intracellular SPIOs with MRI. Viglianti et al. (196) developed 

a thermosensitive liposome containing both doxorubicin and MnSO4. The release of MnSO4 

monitored with MRI was indicative of the release of doxorubicin. Other detectable 

nanoscale drug carriers include gold nanorods, gold nanocages, and gold nanoshells. The 

distribution of these nanoparticles could be examined at high resolution with PA imaging.

Molecular imaging can also provide valuable insight into tumor responses to cancer 

treatment. For example, the underglycosylated MUC-1 (uMUC-1) tumor antigen is 

predictive of chemotherapeutic response of breast cancers. Medarova et al. (197) found that 

the tumoral accumulation of SPIOs targeting MUC-1 was markedly decreased following 

doxorubicin treatment, indicating a positive response to the chemotherapy.

Magnetic Drug Targeting

The ability to actively control drug distribution in vivo has been constantly pursued in the 

field of drug delivery. Magnetic targeting has long been considered a viable approach toward 

this goal. Magnetic nanoparticles, being nanosized magnets, experience a force in an 

inhomogeneous magnetic field. The magnitude of the force depends on the magnetic 

moment of the nanoparticles and the gradient of the magnetic field (198). Through proper 

design of the externally applied magnetic field, therapeutic agents attached to magnetic 

nanoparticles can be attracted to local tissue under magnetic guidance (199, 200).

In vivo magnetic targeting was first demonstrated with magnetic albumin microspheres 

(clusters of albumins with magnetite particles of 10–20-nm diameter) in the late 1970s 

(201). The same microspheres containing doxorubicin were able to induce total remission of 

Yoshida sarcoma in a rat model (202). Another form of magnetic microparticles, MTC-

DOX, also gained initial success for cancer treatment in animal models (203). However, 

MTC-DOX eventually failed to advance to clinical applications after the termination of 

phase II/III clinical trials in 2004.

Gradually, the study of magnetic targeting shifted to magnetic nanoparticles, which, 

compared with microparticles, may offer better biocompatibility, optimal biodistribution, 

and deeper tumor penetration. Alexiou et al. (204) treated VX-2 squamous cell carcinoma 

with starch-coated SPIOs bound to mitoxantrone in a hind-limb tumor model of rabbits. 

Positive outcomes were obtained with intra-arterial but not intravenous injection of SPIO/

drug complex, a result which was presumably due to the higher tumor availability of SPIO/

drug complex upon intra-arterial injection. Many other types of magnetic nanoparticles, 

including liposomes-, micelles-, and mesoporous silica–coated SPIOs, have been successful 

in magnetic targeting of chemotherapeutic drugs in animal models (121, 193). Magnetically 

guided gene therapy was demonstrated with a positively charged magnetic lipid nanoparticle 

that could adsorb negatively charged siRNA through electrostatic interaction (69). Magnetic 

targeting was also able to significantly enhance tumor suppression by EGFR siRNA. Chorny 

et al. (205) demonstrated that magnetic targeting could be achieved with an implanted 

magnetic stent. After the stent’s implantation, injection of paclitaxel-loaded magnetic 

nanoparticles could lead to significant growth inhibition in the stented vessel.
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Magnetic targeting can also be applied to larger cargos (68, 206, 207). For example, inhaled 

magnetic aerosol droplets of 2.5–4-μm diameter could be targeted to the affected lung tissue 

with a magnetic field (68). In another study, SPIOs were bound to lentiviral vectors through 

electrostatic interactions (206). Magnetized lentiviral vectors were able to deliver enhanced 

green fluorescent protein (eGFP) plasmid to magnetically targeted mouse aorta ex vivo 

(Figure 5). Furthermore, lentivirus/magnetic nanoparticle–transduced endothelial cells could 

be positioned to injured common carotid artery by magnetic forces. Likewise, cardiac-

derived stem cells loaded with iron macrospheres could be sequestrated in the left 

ventricular cavity with a superimposed magnet in a rat model (207).

Drug Delivery in Combination with Thermal Therapy

It is well known that certain cancers can be treated with hyperthermia. Local heating can 

significantly increase the extravasation of nanoscale drug carriers from tumor vessels (208). 

Further, cancer cells at elevated temperatures are more vulnerable to chemotherapy. As a 

result, combined thermal therapy and chemotherapy often show more pronounced 

synergistic effect than the sum of the individual therapies. This combination has therefore 

become a promising paradigm for cancer intervention. Traditionally, the combined therapy 

relies on two separate treatments, which have to be carefully arranged in order to achieve 

synchronized effects (208). As mentioned above, gold nanoparticles and magnetic 

nanoparticles can deliver effective cancer thermal therapies. When loaded with drug 

molecules, these nanoparticles provide a unifying platform for combined thermal therapy 

and chemotherapy.

A critical step in the combined therapy is controlled drug release. In this regard, drug 

molecules are usually stored in structures responsive to heating. Focused heating can 

therefore trigger transient drug release, resulting in a high local concentration of drug 

molecules in the target tissue. As shown with nanoparticles consisting of magnetite shell/

silica core, heating in an oscillating magnetic field would break the magnetite shell and 

subsequently release the model drug compounds stored in the silica matrix (209). In a 

different approach, doxorubicin was loaded in mesoporous silica sealed with thermosensitive 

nanovalves (Figure 6) (210). Heating of zinc-doped iron oxide nanocrystals encapsulated in 

mesoporous silica led to rapid drug release.

Heat-triggered release has also been realized for gene delivery. Derfus et al. (211) 

conjugated double-stranded DNA molecules to dextran-coated SPIOs. Heat applied to an 

SPIO could induce enough temperature increase to initiate melting and release single-

stranded DNA oligos. Lu et al. (212) developed a hollow gold nanoshell conjugated with 

thiolated siRNA. Interestingly, although the nanoshell could always be internalized into 

cultured cells, gene silencing occurred only after NIR radiation, indicating NIR light–

activated endolysosomal escape of siRNA. In the same study, the investigators further 

showed in vivo tumor suppression as a result of p65 siRNA photothermal transfection 

coupled with irinotecan treatment.
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CURRENT CLINICAL TRIALS AND FUTURE PERSPECTIVES

The first FDA approval granted to inorganic nanoparticles dates back to the mid-1990s. 

Since then, a limited number of inorganic nanoparticles have successfully entered the market 

or clinical trials (Table 2). These inorganic nanoparticles cover a wide range of clinical 

applications, including three iron oxide nanoparticles (Feridex I.V., GastroMARK™ and 

Resovist) and one silica nanoparticle (C dots) developed for tumor detection using MRI, 

optical imaging, and PET. A common feature of these four nanoparticles is that they can be 

cleared from the body by either degradation or excretion through the urinary system (119). 

Thermal therapies have attracted much attention in clinical treatment of tumors and 

atherosclerotic plaques. Thermal ablation of tumor can be achieved by focused radio 

frequency or NIR radiation following intratumoral injection of SPIOs or gold nanoshells, 

respectively. Local injection is utilized to obtain high concentration of nanoparticles in the 

tumor and reduce systemic side effects. Other clinical applications of inorganic 

nanoparticles include wound healing, drug delivery (TNF-α), and radiation therapy.

The development of multifunctional nanoparticles has greatly expanded the outlook of 

nanomedicine with advanced imaging and therapeutic platforms. Yet the translation of these 

technologies will depend on a few key factors. First, the in vivo toxicity and metabolism of 

nanoparticles have to be addressed. As shown in current clinical trials, the nanoparticles 

should be either degradable or capable of being excreted through hepatic or renal pathways. 

Second, the nanoparticles often involve several interconnected nanocrystals and possess 

complex surface properties, and these features raise many concerns in terms of in vivo 

stability, biocompatibility, and immunogenicity. Also, new materials such as NIR QDs and 

upconversion nanoparticles demand longitudinal investigation of in vivo toxicity. 

Nevertheless, several iron oxide nanoparticles and gold nanoparticles have already shown 

great potential in a multifunctional regimen, which will likely shift the current paradigms of 

cancer intervention. The new design concepts combined with technologies that allow free 

integration of multiple building blocks at the nanoscale will significantly impact the 

development and application of multifunctional nanoparticles and contribute to the growing 

field of personalized medicines directed toward more accurate diagnosis and effective 

therapies.
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SUMMARY POINTS

1. Inorganic and organic nanoparticles have unique plasmonic, magnetic, and 

optical properties that can be tuned through size or composition or both. 

These nanoparticles have provided remarkable contrast enhancement for 

nearly all medical imaging modalities, in particular, MRI, photoacoustic 

imaging, and optical imaging. In addition, gold nanoparticles and iron oxide 

nanoparticles are being used as probes for thermal therapies in cancer 

treatment.

2. Technologies are available for integrating various nanoparticles or adding 

small molecule moieties to nanoparticles to form one unifying nanostructure 

with multiple functionalities for coupled diagnostic imaging, drug/gene 

delivery, and thermal therapy.

3. Nanoparticle-based multimodality imaging probes have shown great potential 

in multi-scale medical imaging. By combining complementary imaging 

capabilities, these probes improve disease characterization at multiple length 

scales and spatial resolutions. These integrative imaging techniques not only 

facilitate disease study in laboratory and clinical research but also assist 

treatment planning at different stages of medical interventions.

4. Inorganic nanoparticle as nanosized drug carriers can shift the paradigm of 

current disease treatment by implementing imaging-guided drug delivery, 

magnetic targeting, and combined drug delivery and thermal therapy.

5. Clinical studies have demonstrated excellent biocompatibility of several types 

of inorganic nanoparticles, including gold nanoparticles, iron oxide 

nanoparticles, and silica nanoparticles. This may further facilitate translations 

of multifunctional nanoparticles into clinical applications.

6. The great challenges that need to be addressed in the translations of 

multifunctional nanoparticles include in vivo stability, immunocompatibility, 

and toxicity due to increased structural and chemical complexity.
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Figure 1. 
Schematic diagram of multifunctional nanoparticles. Multifunctional nanoparticles can be 

generated by either combining nanocrystals with different functionalities or combining 

nanocrystals with functional small-molecule cargos through different surface engineering 

strategies. Four typical coatings developed for inorganic nanocrystals are (a) liposome or 

micelle encapsulation, (b) mesoporous silica coating, (c) layer-by-layer assembly, and (d ) 

surface conjugation. Abbreviations: GNP, gold nanoparticles; HfO, hafnium oxide 

nanoparticles; MNP, magnetic nanoparticles; QD, quantum dot; UCNP, upconversion 

nanoparticles.
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Figure 2. 
Physical properties of inorganic nanoparticles. (a) Gold nanocage showing tunable surface 

plasmon resonance peak. (Reprinted from Reference 49 with permission from Macmillan 

Publishers Ltd ©2007.) (b) Magnetic nanoparticles generated by doping iron oxide with 

various magnetic ions. These nanoparticles exhibit different mass magnetization and, 

subsequently, MRI T2 relaxivity. (Reprinted from Reference 59 with permission from 

Macmillan Publishers Ltd © 2007.) (c) Quantum dots showing size-tunable fluorescence 

emission. (Reprinted from Reference 73 with permission from Macmillan Publishers Ltd © 

2005.) (d ) Emission spectra of upconversion nanoparticles with different sensitizer and 
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activator ions. (Reprinted with permission from Reference 77, © 2008 American Chemical 

Society.) Abbreviations: λl, wavelength; CLIO, cross-linked iron oxide; MEIO, magnetism-

engineered iron oxide; MRI, magnetic resonance imaging; TEM, transmission electron 

microscopy; ABS, absorption spectrum; EM, emission.
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Figure 3. 
Trimodality nanoparticle for pre- and intraoperative brain tumor imaging. (a) Trimodality 

detection of brain tumors in living mice. (b) Raman-guided intraoperative surgery. 

Abbreviations: CD11b, cluster of differentiation molecule 11b; GFP, green fluorescent 

protein; MRI, magnetic resonance imaging. (Reprinted from Reference 184 with permission 

from Macmillan Publishers Ltd © 2012.)
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Figure 4. 
Image-guided siRNA delivery. (a) Schematic diagram of the siRNA carrier with MRI/NIR 

modalities (MN-NIRF-siRNA). MN core and Cy5.5 can be detected with MRI and NIRF 

imaging, respectively. (b) In vivo MRI of mice bearing subcutaneous LS174T human 

colorectal adenocarcinoma (arrows). The significant drop in T2 relaxivity after 

administration of the contrast agent (P = 0.003) confirmed probe delivery. (c) NIRF imaging 

of the mouse following injection of MN-NIRF-siSurvivin (top: white light, middle: NIRF, 

bottom: color-coded overlay). (d ) The tumor treated with MN-NIRF-siSurvivin (left) 
showed distinct areas with a high density of apoptotic nuclei ( green). Sections were 

counterstained with DAPI. (e) H&E staining of frozen tumor sections revealed considerable 

eosinophilic areas of tumor necrosis (N) in tumors treated with MN-NIRF-siSurvivin (left). 
Purple hematoxiphilic regions (V) indicate viable tumor tissues. (f) Quantitative RT-PCR 

analysis of survivin expression in LS174T tumors after injection with either MN-NIRF-

siSurvivin, a mismatch control, or the parental MN. Abbreviations: DAPI, diamidino-2-

phenylindole; GFP, green fluorescent protein; H&E, ematoxylin and eosin; MN, magnetic 

nanoparticle; MPAP, myristoylated polyarginine peptide; NIRF, near-infrared fluorescence; 

RT-PCR, real-time polymerase chain reaction. (Reprinted from Reference 194 with 

permission from Macmillan Publishers Ltd © 2007.)
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Figure 5. 
Magnetic targeting of lentiviral vectors and positioning of transduced cells. (a) The magnetic 

flux density of magnets placed next to a vessel. (b) Magnetic targeting of lentiviral vectors to 

aorta during ex vivo perfusion. (c) In vivo positioning of lentivirus/magnetic nanoparticle–

transduced HUVECs (human umbilical vein endothelial cells) to the intimae of injured 

common carotid arteries by magnetic forces. (Reprinted with permission from Reference 

206, © 2009 National Academy of Sciences.)
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Figure 6. 
Magnetically activated release system (MARS). (a) Schematic diagram of nanoparticles, 

machines, and assembly. Magnetic-core silica nanoparticles (MCSN) are synthesized by 

coating zinc-doped iron oxide nanocrystals (1) with mesoporous silica (2). The base of the 

molecular machine is then attached to the nanoparticle surface (3). The drug is loaded into 

the particle and capped (4) to complete the system. Release can be realized using remote 

heating via the introduction of an oscillating magnetic field (5). (b) Fluorescent microscope 

images (1, 3, and 5) and fluorescent images overlaid with differential interference contrast 

(DIC) (2, 4, and 6). Images 5 and 6 demonstrate doxorubicin (DOX) release after a 5-min 

AC field exposure. Color scheme: green, fluorescently labeled MARS; red, DOX; yellow, 

merged green and red. (c) Quantification of cell death after treatments shown in Panel b. 

(Reprinted with permission from Reference 210, © 2010 American Chemical Society.)
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Table 1

Examples of synthesis schemes for multifunctional nanoparticles

Synthesis method Nanoparticles References

Nanoparticle-nanoparticle combination

 ■ Seed-mediated growth NaGdF4@NaGdF4:Yb3+/Er3+, gold shell@SPIO 15, 107

 ■ Metal coordination/chelation Gold shell/silica (gold seeds are first absorbed onto silica surface through gold-
amine coordination), gold nanosphere@SPIO

18, 113

 ■ Biological/chemical bond Gold nanosphere and SPIO linked via biotin-streptavidin interaction. SPIO 
linked to silica via chemical bonds

112, 114

 ■ Hydrophobic/electric interaction QD and SPIO in phospholipid-PEG, QD with negative charges in PEG-PEI 115, 117

 ■ Physical entrapment Various nanoparticles entrapped in mesoporous silica or liposomes 69, 105

Nanoparticle–small molecule combination

 ■ Chemical conjugation TRITC, Cy5, and 124I conjugated to C dots, Cy5.5 and 64Cu-DOTA conjugated 
to SPIO

82, 119, 120

 ■ Electrostatic interaction Plasmid DNA complexed with silica nanoparticles or mesoporous silica 124, 125

 ■ Hydrophobic interaction Doxorubicin in phospholipid-PEG micelle, cholestane and phenanthrene in 
mesoporous silica

115, 121–123

Abbreviations: PEG, poly(ethylene glycol); PEI, poly(ethyl enimine); QD, quantum dot; SPIO, superparamagnetic iron oxide nanoparticle; TRITC, 
tetramethylrhodamine isothiocyanate.
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Table 2

Inorganic nanoparticles on the market and in clinical trials

Commercial name Compound Function Target disease Development stage

Feridex I.V.® Dextran-coated SPIO MRI contrast agent Liver tumors FDA approval in 
1996

GastroMARK™ Silicone-coated SPIO MRI contrast agent Gastrointestinal 
forms of cancer

FDA approval in 
1996

Resovist® Carboxydextrane-coated SPIO MRI contrast agent Liver tumors EU approval in 2001

Acticoat Silver nanoparticles Antimicrobial barrier dressing Wound healing FDA approval in 
2005

NanoTherm Aminosilane-coated SPIO Magnetic thermotherapy Brain tumors
Prostate and 
pancreatic 
carcinoma

EU approval in 2010
Phase I

NBTXR3 Hafnium oxide nanoparticle Radiation therapy Soft-tissue sarcoma Phase 1

- Silica-gold nanoparticles Photothermal ablation of 
atherosclerotic plaques

Atherosclerosis Phase 1/phase 2

AuroShell® Gold@silica nanoshells Photothermal therapy Refractory head and 
neck cancers
Primary and 
metastatic tumors in 
the lung

Phase 1
Approved by FDA for 
clinical trials in 2012

Aurimmune TNF-α-bound PEGylated 
colloidal gold particles

Targeted delivery of TNF-α Solid tumors Completed phase 1

Cornell dots Silica nanoparticles embedded 
with fluorophores or 
radioactive iodine

Fluorescence/PET contrast agents Cancer Approved by FDA for 
clinical trials in 2011

Abbreviations: FDA, US Food and Drug Administration; PET, positron emission tomography; phase 1/2, clinical trial phases; SPIO, 
superparamagnetic iron oxide nanoparticle; TNF, tumor necrosis factor.
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