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Abstract

Theranostics is a concept which refers to the integration of imaging and therapy. As an evolving

new field, it is related to but different from traditional imaging and therapeutics. It embraces

multiple techniques to arrive at a comprehensive diagnostic, in vivo molecular images and an

individualized treatment regimen. More recently, there is a trend of tangling these efforts with

emerging materials and nanotechnologies, in an attempt to develop novel platforms and

methodologies to tackle practical issues in clinics. In this article, topics of rationally designed

nanoparticles for the simultaneous imaging and therapy of cancer will be discussed. Several

exemplary nanoparticle platforms such as polymeric nanoparticles, gold nanomaterials, carbon

nanotubes, magnetic nanoparticles and silica nanoparticles will be elaborated on and future

challenges of nanoparticle-based systems will be discussed.

1. Introduction

Cancer is the second leading cause of death in the United States. The National Cancer

Institute estimates that more than 1,500 Americans die of cancer every day, and

approximately 600,000 patients with cancer will die in 2011.1 Given that this considerable

mortality is primarily due to cancer metastasis to other organs, early detection is crucial for

the effective management of cancer. For instance, the survival rate of patients with lung and

bronchus cancer, which is the single leading cause of cancer-related death, is approximately

53% if the cancer is detected at an early stage before metastasis to distant tissues, organs or

lymph nodes occurs. However, the survival rate significantly decreases to 4% when the

cancer is detected in the late stage, i.e. after it metastasizes to distant tissues.2 Although huge

advances have been made in diagnostic technologies, a considerable portion of cancer

patients are still diagnosed with metastases due to the poor selectivity and sensitivity of

conventional diagnostic techniques.

Current treatment options applicable to metastatic cancers are still confined to

chemotherapeutics with combinational regimens. Over the past several decades,

considerable efforts have been directed towards the development of potent therapeutic

agents. Yet, current anticancer therapeutics is limited in safety and efficacy. Most

conventional anticancer agents show a narrow therapeutic window because they are

randomly distributed in the whole body following administration. Non-specific

biodistribution may cause cytotoxicity to normal and cancer cells alike, which causes severe
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side effects to achieve sufficient anti-cancer efficacy. The non-specific toxicity of anticancer

drugs also limits an injectable dose and thus lessens the therapeutic efficacy.

In an attempt to overcome these major hurdles in the treatment of cancer, various

nanoparticle platforms have been extensively developed for cancer diagnostics and

therapeutics. Nanoplatforms hold great potential in cancer diagnostics and therapeutics.

Given sophisticated nano-structures and huge surface area to volume ratios, nanoparticles

can accomodate a variety of diagnostic or therapeutic agents via chemical conjugation or

physical encapsulation.3 Moreover, nanoparticles are known to target tumors via passive

accumulation and/or active-targeting approaches. Combining their capabilties to carry

various cargos and to target tumors, they can be employed as targeted cancer diagnostics and

therapeutics to get high-quality images indicating the tumor site and to achieve the enhanced

therapeutic efficacy without severe cytotoxicity to normal cells. For these reasons,

theranostic nanoparticles, a platform for both diagnostic and therapeutic functions, have

been explosively investigated as a next-generation nanocarrier system.4–8

Theranostics is a term originally coined to define an approach that combines diagnostics

with therapeutics.9 It embraces multiple techniques to arrive at comprehensive diagnosis,

molecular images and an individualized treatment regimen.10–13 Recently, there is an effort

to tangle the emerging approach with nanotechnologies, in an attempt to develop theranostic

nanoplatforms and methodologies.14 Given that cancer is a highly heterogeneous and

adaptable disease, diverse types of treatment options need to be chosen depending on patient

characteristics and disease progression. Cancer researchers hope that theranostic

nanoparticles provide patients with various treatment options that are suitable for

individuals, and thereby result in improved prognoses. Furthermore, theranostic

nanoparticles can monitor therapeutic efficacy following treatments which can expedite

clinician’s individualized therapeutic decisions.

In this article, we will review various types of theranostic nanoplatforms including magnetic

nanoparticles, carbon nanotubes, gold nanostructures, polymeric nanoparticles, and silica

nanoparticles and discuss their applications in cancer theranostics. A number of review

articles describe nanoparticle-based diagnostic or therapeutic systems for the treatment of

cancer;3,15,16 however, few articles have focused on theranostic nanoparticles capable of

simultaneously imaging and treating cancer. Thus, this review will focus on nanoparticle

systems that integrate tumor imaging and therapy into a single system. In detail, we will

discuss theranostic applications of diverse nanoplatforms categorized by different

nanomaterials such as polymeric, gold, carbon, magnetic and silica nanomaterials. These

applications include: 1) diagnostics for the assessment of intracellular localization and in

vivo biodistribution, 2) therapeutics for the treatment, and 3) theranostics for monitoring

biological responses and therapeutic efficacy following treatment. Finally, we will address

the limitations and future challenges of current theranostic systems based on diverse

nanoplatforms.

2. Nanoplatforms

Nanoparticle-based theranostic systems exploit diverse nanoplatforms, e.g. magnetic

nanoparticles, carbon nanotubes, gold nanostructures, polymeric nanoparticles, or silica

nanoparticles. Interestingly, some types of nanoparticles, e.g. gold nanoshells/nanorods or

carbon nanotubes absorb light energy and then scatter or emit specific types of diagnostic/

therapeutic signals, e.g. ultrasound, heat, Raman or fluorescence signals. These types of

nanoparticles can function as theranostic nanoparticles on their own. However, in general,

nanoplatforms are modified with additional diagnostic and therapeutic agents so as to

function as theranostic nanoparticles. The nanoplatforms are chemically or physically
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labeled with radionuclides, MRI agents, or optical imaging agents. Simultaneously,

anticancer agents including hydrophobic chemical drugs, peptides, proteins, or genetic drugs

are physically encapsulated into or chemically conjugated onto the nanoparticles. We

summarize the representative nanoplatforms in Table 1.

In particular, nanoparticles have been known to target tumors via passive- and/or active-

targeting pathways. Due to abnormally leaky vasculature and lack of an effective lymphatic

drainage system in tumor tissues, nanoparticle platforms can passively accumulate into the

tumor tissues. These unique phenomena are jointly referred to as the enhanced permeation

and retention (EPR) effect. Moreover, the nanoparticles can recognize, bind to, and

internalize into tumor cells via receptor-mediated endocytosis when modified with tumor-

targeting moieties such as antibodies,67–69 nucleic acids,70,71 proteins,72–75 or other

ligands.76–78 In this section, we will describe exemplary theranostic nanoplatforms and also

discuss their applications in cancer.

2.1. Magnetic nanoparticles

Magnetic nanoparticles, especially iron oxide nanoparticles (IONPs), are an important class

of biomaterials and are used for various purposes, such as imaging,79 cell labeling,28,30,80

drug delivery,81 gene delivery21 and hyperthermia.26 IONPs, possessing substantial

saturation magnetization values at room temperature, are nanocrystals made from magnetite

or hematite. The popularity of IONPs in theranostics is mainly because: 1) IONPs have been

the most prominent transverse relaxation time (T2)/T2
* among contrast agents for magnetic

resonance imaging (MRI).82 IONPs can shorten T2 relaxation time and bring negative

contrast, resulting in hypointense images to monitor small pathological changes and drug

delivery in vivo; 2) like other NPs, IONPs have a large surface area for carrying various

biomolecules and drugs.79 Well-developed surface chemistry allows fine control of the

physical properties of IONPs, including size, surface charge, crystal structure, and magnetic

properties; 3) IONPs can play attractive imaging/therapy dual roles in cancer treatment, due

to its potential in hyperthermia;34 4) IONPs exhibit excellent biosafety because they can be

degraded and metabolized into the serum Fe pool to form hemoglobin or to enter other

metabolic processes.83

A good example of IONP-based theranostics is the IONP-doxorubicin (DOX)-cRGD

micelles, reported by Nasongkla et al.60 in 2006. They simultaneously loaded DOX and

IONPs into the cores of poly(ethylene glycol)-poly(D,L-lactide) (PEG-PLA) micelles. In

addition, the targeting modality, a cyclic Arginine-Glycine-Aspartic Acid (cRGD) ligand,

was functionalized onto the micelle surface to target the integrin avβ3 found on tumors or

endothelial cells. The probes’s integrated capability to be used as MR imaging agents and as

drug delivery vehicles, make them a good candidate for future cancer diagnosis and therapy.

Similarly, Yu et al.20 successfully loaded DOX into anti-biofouling polymer coated IONPs.

The DOX loaded IONPs showed better pharmacokinetics and therapeutic effects than DOX

alone in a Lewis lung carcinoma xenograft model, presumably due to the anti-biofouling

effect of the IONPs. Additionally, IONPs with appropriate coatings can be easily coupled

with drug molecules. More recently, our group demonstrated a theranostic application using

IONPs coated with human serum albumin (HSA), which has been considered a

biocompatible matrix material for chemotherapeutics,84,85 photosensitizers86 and

NPs.29,30,35 These IONPs, coated with dopamine and HSA (HINPs), achieved tumor

targeting via passive means.29 In addition, therapeutics such as DOX were co-loaded into

dopamine-HSA matrices.35 DOX-incorporated HINPs (D-HINPs) exhibited excellent

tumor-targeting, which was used to clearly visualize the tumor site in vivo by MRI in real

time (Fig. 1). Simultaneously, intravenous administration of D-HINPs greatly outperformed

free DOX to significantly suppress tumor growth. Interestingly, the antitumor efficacy of D-

HINPs was comparable to Doxil, a liposome-based DOX formula used in the clinic for the
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treatment of various cancer types. Therefore, D-HINP can be a promising theranostic

nanoplatform for simultaneous cancer imaging and therapy.

Drug molecules can also be loaded into porous IONPs via physical absorption. Hyeon group

performed “wrap-bake-peel” process, which first wraps the IONPs with a silica coating,

heats the conjugates and finally removes the silica layer, to achieve water-dispersible and

biocompatible hollow IONPs.19 DOX could be loaded into the hollow IONPs by simple

physical absorption and then released from the nanostructures in a sustained manner under

physiologic conditions. In another example, Cheng et al.22 reported porous hollow IONPs as

a cisplatin delivery vehicle for target-specific therapeutic applications. The porous IONPs

with a sizable cavity were achieved by controlling oxidation and acid etching of IONPs.

Cisplatin was loaded into the cavities of the IONPs and Herceptin (HER2 monoclonal

antibody) was coupled onto the IONPs surfaces to confer targeting specificity. The resulting

IONPs showed selective affinity to breast cancer cells and a sustained cytoxicity attributable

to the controlled release of cisplatin from the IONPs.

Unlike small drug molecules, which are usually able to diffuse across cell membranes,

biomolecules such as proteins or therapeutic genes cannot penetrate the cell membrane due

to their large molecular weight or negative surface charge and thus require delivery carriers

for cellular entry.87 Transportation of gene into cells via IONPs was achieved,79,87 where it

was shown that genes could either be conjugated or noncovalently absorbed on IONPs for

intracellular delivery. In an ideal situation, the IONP carriers can load the therapeutic genes,

escort them to the diseased tissues, and facilitate their shuttling across the cell membranes.

Later on, in the endosomes/lysosomes, where the pH is lower, the DNA/siRNA cargos are

released due to the proton sponge effect and then fulfill their functions. In the milestone

work reported by Medarova et al.,17 Multifunctional IONPs for simultaneous in vivo

imaging and siRNA delivery into tumors have been developed. Thiolated siRNA was

coupled onto aminated dextran particles using N-succinimidyl-3-(2-pyridyldithio)

propionate (SPDP) as a bridge compound. In addition, myristoylated poly-arginine peptide

(MPAP), a membrane translocation peptide, and the near infrared dye Cy5.5 were coupled

to IONPs surface (Fig. 2). By tracking these probes in vivo by MR and NIR fluorescence

imaging, functional IONPs could simultaneously deliver siRNAs and monitor therapeutic

efficacy.

In our recent studies, we found that alkylated amphiphilic PEI is able to encapsulate one or

multiple IONPs and form stable composites with good magnetic properties and

biocompatibility in aqueous environment.88–90 Low molecular weight N-alkyl-PEI2k capped

IONPs possess many outstanding features that favor siRNA delivery,33 including high

siRNA binding capability, protection of siRNA from enzymatic degradation, and ability to

release complexed siRNA in the presence of poly-anionic heparin. When loaded with

siRNA, Alkyl-PEI2k-IONPs induced gene silencing effects at both the in vitro and in vivo

levels with good biocompatibility. Meanwhile, the transfected cells displayed strong signal

contrast compared to untreated cells on T2 weighted imaging. This multifunctional

nanocomposite system provides a safe and efficient method for gene delivery with non-

invasive imaging capability. The magnetic properties of IONPs allow them to accumulate

upon the summons of an external magnetic field, which has been utilized as a targeting

mechanism to improve drug delivery efficiency. Namiki et al.24 loaded siRNA onto cationic

lipid coated IONPs and evaluated the therapeutic potency in two gastric cancer models.

They demonstrated the gene silencing effects was only significant during application of

magnetic fields at the tumor sites. In a very recent effort,91 Mikhaylov et al. also

demonstrated that IONPs clusters encapsulated inside a liposome can target both a

mammary tumor and its microenvironment in a mouse under the influence of an external

magnet. The targeting of the tumor microenvironment by the drug-loaded ferriliposomes
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was non-invasively monitored in vivo, resulting in a significant reduction in tumor growth.

Such IONP-based, multifunctional MRI-visible targeted delivery systems show great

potential for the diagnosis and treatment of cancer.

2.2. Carbon nanotubes

Unique physical and chemical properties of carbon nanotubes (CNTs) have been widely

explored in the field of Raman and photoacoustic imaging and drug delivery.92–95 CNTs are

low-dimensional sp2 carbon nanomaterials and are categorized as single-walled carbon

nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs), where SWCNTs are

made up of a single rolled up layer of a graphene sheet and MWCNTs consist of multiple

rolled layers (concentric tubes of SWCNTs) of graphene. Typical diameters of SWCNTs are

less than 5 nm; while for MWCNTs, the diameter can be around 100 nm. CNT length can

vary from hundreds of nanometres up to tens of micrometres. The graphene structure that

makes up the CNT is inert and applicable to most conjugation chemistry. The graphene wall

can be functionalized with various biomolecules, imaging agents, and drugs via either

covalent conjugation or non-covalent adsorption.96 Generally, covalently conjugated drug

molecules such as paclitaxel and cisplatin are linked to the functional groups on the CNTs

surface or to the polymer coating of CNTs via cleavable bonds.46,97 PEGylated

phospholipids is one of the most studied ligands that are available to functionalize the CNTs

surface. PEG confers on CNTs several important properties such as high solubility and

stability, biocompatibility, and prolonged blood circulation time.94,98 The aromatic stacking

nature of CNTs surface also encourages non-covalent molecule anchoring. For example,

aromatic molecules with a flat structure such as DOX can be absorbed on the surface of

PEGylated SWCNTs via non-covalent π–π stacking.99

The unique physical properties of CNTs are advantageous for use as theranostics due to the

strong optical absorption in the NIR regions.95,96 Upon irradiation with NIR light, CNTs

generate heat via light absorption and induce thermal destruction of cancer cells containing

CNTs.45 Bhirde et al.95 reported that the unique Raman properties of CNTs in combination

with a portable handheld device can be used to create a theranostic platform for cancer

therapy. Both SWCNTs and MWCNTs can diffuse into and be taken up by ovarian cancer

cells grown in two-dimensional cell culture or three-dimensional environment. They can be

selectively irradiated and detected in cancer cells using a simple handheld Raman

instrument. The MWCNTs have a higher thermal generation capacity but are harder to

detect because of the low Raman signal intensity. SWCNTs provide a more suitable

theranostic platform, because not only can they raise cellular temperatures but are also easily

detected. Moon et al.100 demonstrated that the combined treatments of SWNT and NIR

irradiation led to the eradication of tumors with no observation of recurrence over six

months in a human epidermoid mouth carcinoma model. Similarly, Liu et al.101 reported

that in vivo photothermal tumor ablation was achieved using SWCNT conjugates after

intravenous injection followed by NIR laser irradiation.

Robinson et al.44 demonstrated the first dual application of intravenously-injected SWCNTs

as photoluminescent agents for in vivo tumor imaging and as NIR absorbers for

photothermal therapy (Fig. 3). SWCNT distribution within tumors was tracked at a high

spatial resolution due to their intrinsic optical properties and highly effective tumor

elimination was achieved for large numbers of photothermally treated mice with good

biocompatiblity. This example highlights the promise of utilizing the intrinsic optical

properties of SWCNTs for in vivo imaging-guided photothermal cancer therapy. CNTs have

also been found to form stable complexes with plasmid DNA/siRNA for the successful

delivery of genes.102–104 Bartholomeusz et al.104 reported that pristine SWCNTs could be

noncovalently bound to siRNA, which served as the cargo to silence hypoxia-inducible

factor 1 alpha (HIF-1α) as well as the suspending agent for SWCNTs. The complex was
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intratumorally administered into mice bearing pancreatic tumors with a HIF-1α/luciferase

reporter and the gene silence effects were demonstrated using bioluminescence imaging.

CNTs are easily functionalized and can shuttle various payloads such as drug molecules,

NIRF dyes, radio isotopes, magnetic nanoparticles and gold nanoparticles. In addition, they

generate therapeutic thermal energy in response to NIR laser. They can also produce

photoacoustic or photoluminescence signals for cancer imaging. For these reasons, they

have been regarded as a versatile nanoplatform for cancer theranostics. However, their non-

biodegradability has widely raised concern of safety. Recently, it was reported that CNTs

potentially induce chronic diseases such as inflammation, fibrosis or lung cancer in

mice.105–108 Therefore, to use CNTs in clinical settings, the safety issues should be the

priority.

2.3. Gold nanomaterials

Gold-based nanomaterials (GNMs) have emerged as a theranostic nanoplatform.109,110

Since GNMs are bio-inert and can be easily modified with various biomolecules or chemical

moieties, they have been widely used as nanoplatforms suitable for various biomedical

applications. One of the most attractive attributes of GNMs is the tunable optical properties

that mediate the localized surface plasmon resonance. Upon irradiation with light of an

appropriate wavelength, GNMs show distinctive interactions; the incoming light is re-

radiated at the same wavelength by scattering and is also converted into vibrations of the

lattice by absorption, generating heat energy. Upon irradiation, GNMs also induce strong

electric fields on the surface of the particles. Depending on their size, shape and dielectric

environments, the surface plasmon resonance can be controlled.111 Recently, considerable

efforts have been made to develop GNMs that show surface plasmon resonance at the near

infrared (NIR) region, which is a tissue transparency window ideal for optical imaging and

photothermal therapy, by changing their aspect ratio or tuning the wall thickness of GNMs.

The efforts finally led to the development of unique gold nanoparticles (GNPs) such as gold

nanoshells, gold nanorods or gold nanocages that can be excited in relatively deeper tissues

via NIR irradiation, inducing backscattering signals and heat energy. Based on these unique

properties, GNMs have been employed as contrast agents for diverse bioimaging modalities,

i.e. dark-field, photoacoustic (PA) and optical coherence tomography (OCT) imaging. In

addition, they have been harnessed as effective therapeutic agents for drug/gene delivery

systems or photothermal therapy. Therefore, GNMs have been recently developed as

multifunctional nanoplatforms in cancer theranostics.

West and co-workers first applied gold nanoshells (GNSs) that consist of a dielectric core

surrounded by a thin gold shell to hyperthermal cancer therapy.112 In the early study, they

synthesized GNSs that have strong absorbance at the NIR spectral region by controlling the

thickness of the gold shell and the size of the dielectric silica core. They also demonstrated

the photothermal efficacy of GNSs in breast carcinoma animal models. Upon exposure to

NIR light (820 nm, 4 W cm−2, 5-mm spot diameter, <6 min), the temperature at the tumor

site significantly increased (ΔT = 37.4 ± 6.6 °C), inducing irreversible tissue damage;

whereas in the control mice treated with saline, negligible temperature increase was

detected. In a follow-up study, they demonstrated theranostic applications of GNSs for dark-

field imaging and photothermal therapy. In the study, they modified the GNSs with HER2

antibody, a targeting molecule that can bind to HER2 receptors overexpressed on breast

carcinoma cells.36 After incubating with SKBR3 breast cancer cells, effective binding of

HER2-conjugated GNSs (HER2-GNSs) onto the cancer cells was visualized using a scatter-

based darkfield imaging technique. Furthermore, upon irradiation with a NIR-emitting laser,

the breast cancer cells incubated with HER2-GNSs were significantly destructed by the

photothermal effect. The same group extended the applications of GNSs to in vivo OCT

imaging and photothermal therapy (Fig. 4).37 They prepared PEG-conjugated GNSs that can
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strongly absorb NIR light and scatter, providing optical contrast signals for OCT bioimaging

and heat energy for photothermal therapy simultaneously. After intravenous injection into

CT-26 colon cancer-bearing mice, they obtained significantly stronger OCT signals in tumor

tissues compared to those in normal tissues, showing passive accumulation in the tumor

tissue. Following NIR irradiation, effective ablation of the tumor and an increase in survival

rate of mice was observed in the GNSs treated mice as compared with those in the control

group.

Combined with diverse types of imaging agents such as NIR fluorophores and magnetic

nanomaterials, multifunctional GNS systems have been developed for multimodal imaging

and photothermal therapy. Hyeon and co-workers describe the application of multifunctional

magnetic gold nanoshells (MGNSs), comprised of a silica core (100 nm) surrounded with 15

nm-thick gold shell embedded with magnetic nanoparticles (7 nm) (Fig. 5).113 To endow the

MGNSs with specific targetability to epidermal growth factor receptors (EGFR) on the

cancer cells, they further modified the surface with HER2 antibody. Upon incubation of

HER2-MGNSs with HER2-positive SKBR3 breast cancer cells, high contrast MR signals

were detected in SKBR3 cells. Following short exposure to NIR femtosecond laser pulses,

cancer cells treated with HER2-MGNSs were rapidly destroyed by the photothermal effect.

Chen et al.114 described a nanoparticle system composed of a silica core embedded with

Fe3O4 nanoparticles surrounded with a gold shell containing a fluorophore indocyanin green

(ICG) for dual modal imaging and photothermal therapy. The surface of the fusion

nanoparticles were modified with HER2 antibodies for specific tumor-targeting. MR and

NIR fluorescence imaging exhibited specific binding of the HER2-conjugated nanomaterials

to HER2-overexpressing and drug-resistant ovarian cancer OVCAR3 cells. Moreover,

irradiation with an NIR laser led to photothermal ablation of cancer cells.

Besides GNS-based nanoplatforms, gold nanorods (GNRs)40,115 and gold nanocages

(GNCs)116–118 have been extensively employed as cancer theranostics. Huang et al.40

demonstrated the theranostic applications of GNRs for cancer cell imaging and photothermal

cancer therapy (Fig. 6). They synthesized GNRs with a suitable aspect ratio of 3.9, which

correspond to emission in the NIR region. The GNRs were modified with anti-epidermal

growth factor receptor (anti-EGFR) monoclonal antibodies. When incubated with two

malignant oral epithelial cell lines (HOC 313 clone 8 and HSC 3) and a nonmalignant

epithelial cell line (HaCat), the significant signals for GNRs were detected on the cellular

membrane of the malignant cell lines only. Consequently, the malignant cells were clearly

delineated, whereas the nonmalignant cells were not clearly distinguished from background

in dark field images. Upon irradiation of a continuous red laser at 800 nm, the malignant

cells were photothermally destroyed by the relatively weaker laser power than that required

for the destruction of nonmalignant cancer cells. In the malignant cells, significant damages

were detected at 80 mW (10 W cm−2), whereas in nonmalignant cells, any significant

changes were not detected by 120 mW (15 W cm−2). At 160 mW (20 W cm−2), obvious

damages were found in both cell types. GNCs have been recently explored as a potential

theranostic nanoplatform due to their unique optical/physical attributes. Combined with the

given optical properties of GNMs, the hollow nanostructure of GNCs offers new capabilities

to hold hydrophilic drugs.118 Furthermore, given that the drug-release from GNCs can be

triggered by external signals such as a NIR laser or high-intensity focused ultrasound

(HIFU), they can be employed as a smart drug delivery system. A recent study described the

synthesis and application of GNCs for PA imaging and controlled drug delivery.117 The

GNCs contained the phase-change material (PCM), 1-tetradecanol, that has a melting point

of 38–39 °C along with a fluorescence dye that acted a model drug. Since the PCMs can

melt over 39 °C, the direct heating facilitated release of the dye molecules. Likewise, upon

exposure to HIFU, the release of dyes was not only accelerated but controlled by HIFU

power and/or exposure time.
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Due to the unique characteristics, i.e. surface plasmon absorption, safety and ease of

modification, various gold nanostructures have been considered an excellent nanoplatform

for cancer theranostics. In particular, gold nanomaterials can themselves function as cancer

theranostics for diagnostic imaging and therapy. However, they still pose hurdles in their

clinical application. An intrinsic disadvantage of GNMs is the high cost of production. The

other is an issue of stability in physiological conditions. Although thiol-gold surface

chemistry has been employed to prepare diversely functionalized GNMs, it can be unstable

in living substrata where glutathione is abundant. For clinical translation of GNMs, more

stable surface chemistry is greatly required.

2.4. Polymeric nanoparticles

Polymeric nanoparticles are extensively used as an effective nanocarrier system for tumor

imaging and therapy because: 1) their physicochemical properties such as particle size,

surface charge or degradation rate are easily controlled, 2) their surface is easily modified

with various targeting molecules, and 3) they can also shuttle various types of therapeutic

agents or imaging probes.15,119 With the advent of theranostics, multifunctional polymeric

nanoparticles with integrated functions for cancer diagnostics and therapeutics have been

vigorously developed.14,16,120 One of the earliest theranostic nanoplatforms is a polymeric

nanoparticle incorporated with photosensitizers.48,55,121 Various types of photosensitizers

have been used for cancer therapy because they generate cytotoxic singlet oxygen via an

energy transfer to molecular oxygen under irradiation with light of an appropriate

wavelength. Moreover, the photosensitizers have been employed for fluorescence imaging

because they can also emit strong fluorescence signals upon irradiation. Therefore, over the

last decade, photosensitizers have been considered as a potent theranostic agent capable of

tumor imaging and therapy. However, photosensitizers pose intrinsic limitations for their in

vivo applications. Most photosensitizers are scarcely soluble in physiological conditions;

moreover, they may cause severe toxicity to the skin and eyes when they are exposed to the

sun after systemic administration. Therefore, photosensitizers inevitably require delivery

systems for their intravenous administration. Diverse polymeric nanoparticles have been

employed as a delivery carrier for photosensitizers to date.

Weissleder and co-workers synthesized poly(lactic-co-glycolic acid) (PLGA) nanoparticles

encapsulated with the photosensitizer meso-tetraphenylporpholactol as a theranostic

nanoplatform.48 When meso-tetraphenylporpholactol was encapsulated in the stable

nanoparticles, the excitation state was highly quenched. In the quenched state, significant

fluorescence signals or cytotoxic singlet oxygen was not produced. When the

photosensitizers were released from the nanoparticles upon intracellular uptake,

considerable fluorescence signals and phototoxicity were readily recovered. Consequently,

with irradiation of visible light, the nanoparticles induced significant cytotoxicity to the

cancer cells in vitro as well as in vivo, resulting in complete eradication of tumors in cancer

xenografts. To the same end, Choi et al. proposed a polymer-based photodynamic therapy

(PDT) agent composed of a biodegradable poly-L-lysine grafted with monomethoxy-

polyethylene glycol (PGC) polymer backbone. The polymer backbone is coupled with

multiple chlorine e6 (Ce6) pendants by specific peptide bonds that are degraded by the

protease, cathepsin B (CaB), which is known to be up-regulated in various cancers.49 In the

intact physiological condition, the PDT agent does not show considerable fluorescence

signals and singlet oxygen generation with light exposure due to the aggregation and self-

quenching effect among the Ce6 molecules. However, after treatment of CaB, the singlet

oxygen generation increased 6-fold compared to a control group. When nanoparticles were

systemically administrated into HT1080 tumor-bearing mice, prominent fluorescence signals

for PGC-Ce6 conjugates were detected in tumor tissues at 24h post-injection, indicating

their passive accumulation via EPR effect and activation by CaB in the tumor regions.
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Following irradiation of light, severe apoptosis and significant tissue loss were observed in

the majority of the tumor, exhibiting remarkable toxicity to the cancer cells. These PDT-

based theranostic approaches using polymeric nanoparticles containing photosensitizers can

provide in vivo biodistribution or local concentration of PDT agents prior to treatment and

then exert a significant anticancer effect to various cancers with illumination of light.

Although such characteristics are effective towards cancer theranostics, PDT agents are

greatly limited due to the low tissue penetration of light. Hence, clinical applications of such

PDT-based strategies cannot be applied towards the detection and treatment of cancers

within deep tissues.

Kwon and co-workers have investigated polymeric nanoparticles based on hydrophilic

glycol chitosan (GC) conjugated with bile acid (BA) analogues as a multifunctional

nanocarrier system.50–53,55–57 Given their amphiphilic characteristics, GC-BA conjugates

spontaneously form self-assembled nanoparticles composed of a GC shell and BA core in

aqueous conditions.122 Moreover, the GC-based nanoparticles (CNPs) can incorporate

diverse signal emitters such as fluorophores123 or MRI agents124 to monitor their

biodistribution in vivo. CNPs can also accommodate a wide variety of anticancer agents

such as chemotherapeutics,51–53,57 genes56 and PDT agents55 via physical encapsulation,

chemical conjugation or electrostatic interaction. Poorly water-soluble anticancer drugs such

as paclitaxel (PTX),50 docetaxel,51 camptothecin (CPT)53 can be dispersed in aqueous

conditions with the help of CNPs. In addition to improving solubility of hydrophobic drugs,

CNP can also protect readily-hydolyzable drugs such as CPT from hydrolysis by its high

encapsulation efficacy. In vivo biodistribution and tumor-targeting traits of drug-loaded

CNPs were extensively examined using non-invasive/real-time near infrared fluorescence

(NIRF) imaging techniques. For example, CNPs carrying the NIRF dye, Cy 5.5, and an

anticancer drug PTX were prepared.57 These nanoparticles were shown to circulate in the

blood stream for up to 3 days and then be preferentially accumulated in tumor tissues via the

EPR effect. At the tumor site, these nanoparticles exhibited 4-fold stronger signals than

those in the normal tissues. The theranostic nanoparticles enabled simultaneous visualization

and treatment of tumors in SCC7 tumor-bearing mouse models. Furthermore, they can also

facilitate in monitoring the therapeutic efficacy in vivo (Fig. 7). Owing to their tumor

specificity, they demonstrated considerable improvement in safety and anticancer efficacy in

a variety of tumor-bearing mouse models over free drugs. These results suggest that

polymeric nanoparticles can be used as an efficient platform for non-invasive/real-time

tumor imaging, targeted cancer therapy, and monitoring of therapeutic responses for

potential clinical applications.

Polymeric micelles have also been used as theranostic nanoplatforms. Rapoport et al.61

reported a theranostic micelle system that integrated functions for ultrasound imaging and

ultrasound-mediated chemotherapy. The system forms self-assembled nanostructures

comprised of poly(ethylene glycol)-block-poly(L-lactide) (PEG-PLLA) polymeric micelles

containing DOX and ultrasound imaging agent per-fluoropentane (PFP) with diameters

ranging from 10 to 100 nm. At temperatures above the boiling temperature of PFP (29 °C),

the nanoparticles generate nano/microbubbles which provide significant ultrasound contrast.

Upon systemic administration, the nanoparticles accumulated into the tumor tissue and

produced microbubbles. When therapeutic ultrasound was applied, the microbubbles

collapsed and released DOX, which facilitates internalization of DOX into tumor cells and

finally results in significant tumor regression in the mouse models (Fig. 8). More recently,

polymersomes were encapsulated with both hydrophobically modified maghemite

nanoparticles and DOX within their membrane as a potential theranostic nanocarrier for

magnetic resonance (MR) imaging and magneto-chemotherapy.63 The resulting

polymersomes showed enhanced MR contrast properties. Upon radiofrequency magnetic
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hyperthermia, drug release was triggered, implying the potential of the nanoplatform for the

magneto-chemotherapy.

To date, a wide variety of sophisticated polymer nanoplatforms have been developed

because it is easy to modify their functional groups, molecular weight, surface charge and

other physicochemical properties. Given that they can accommodate therapeutic drugs and

imaging agents, they are used to effectively locate and visualize tumors, deliver anticancer

drugs to the tumor site and eradicate tumor cells. For these reasons, polymeric nanoparticles

have shown great potential as cancer theranostics. However, most systems developed to date

are still restricted in their clinical applications because of major concerns. Specifically,

polymers have relatively low polydispersity index values; thus, it is hard to clearly

characterize them in order to meet FDA regulatory requirements. And potentially, long

circulation of polymeric nanocarriers may induce toxicity or hypersensitivity reactions.125

Therefore, priority should be placed to study polymeric nanoparticle in vivo characteristics

such as pharmacokinetics or maximum tolerated doses to successfully incorporate these

nanoplatforms into clinical settings.

2.5. Silica nanoparticles

Recent advances in nanotechnology and material science have led to the development of

silica nanoparticles (SNPs) that have promising physicochemical properties for biomedical

applications.5 Given that the SNPs are robust, bio-inert and easy to control in size and

morphology, they have been employed as theranostic nanocarriers to deliver imaging agents

and therapeutic molecules to the target site.126 In an early study, Prasad and co-workers

suggested SNPs (approximately 30 nm in diameter) encapsulated with a hydrophobic

photosensitizer 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide (DHP) for photodynamic

imaging and therapy.127 The DHP-loaded SNPs (DHP-SNPs) were synthesized in the

nonpolar core of micelles that surround DHP by hydrolysis of triethoxyvinylsilane. The

resulting DHP-SNPs displayed strong fluorescence signals in aqueous medium, allowing for

fluorescence bioimaging. Upon irradiation with light of a suitable wavelength, the DHP-

SNPs produced cytotoxic singlet oxygen, which enables photodynamic therapy. The DHP-

SNPs were readily internalized into the cancer cells (HeLa and UCI-107 cells);

consequently, strong fluorescence signals were detected in the cytoplasm of the cancer cells

treated with DHP-SNPs. Irradiation with NIR light of 650 nm resulted in significant

destruction of the treated cancer cells. In a follow-up study, the Prasad group reported

another theranostic application using SNPs containing both a two-photon dye 9,10-bis[4′-
(4″-aminostyryl) styryl] anthracene (ASA) that shows strong fluorescence signals upon

aggregation and a poorly water-soluble photosensitizer DHP.42 Interestingly, upon strong

two-photon excitation, the photosensitizer DHP was indirectly excited through intraparticle

energy transfer from ASA dye aggregates in the cytoplasm of HeLa cells. Under two-photon

irradiation, singlet oxygen was generated, inducing significant cytotoxicity to the cancer

cell. These results demonstrate that SNPs loaded with photosensitizers hold great potential

for both tumor imaging and therapy, i.e. cancer theranostics.

In particular, mesoporous silica nanoparticles (MSNPs) have been widely chosen as an

attractive nanoplatform for drug delivery and bioimaging applications. Given their finely-

controllable pores, considerable pore volume and large surface area, SNPs can incorporate

or bind a high concentration (over 30%) of a wide variety of cargos like diverse imaging

agents, e.g. fluorophores for optical imaging, superparamagnetic IONPs or paramagnetic

gadolinium (Gd)-chelate for MR imaging and therapeutic drugs like DOX, CPT, PTX.

Furthermore, SNPs can be functionalized with reversible molecular and supramolecular

switches, permitting finely-controlled drug release triggered by various external/internal

stimuli, e.g. pH changes, light irradiation, enzymes or magnetic field oscillation.5,128

Recently, Ashley et al.43 reported theranostic MSNPs covered with lipid bilayers
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(protocells), which can store diverse cargos and functional molecules (Fig. 9). The protocells

can incorporate both diagnostic agents and diverse therapeutic molecules that correspond to

chemotherapeutic drugs, small interfering RNA and toxins. Moreover, the protocells can be

modified with targeting peptides that selectively bind to human hepatocellular carcinoma

with greater affinity than that to normal cells. In an attempt to promote endosomal escape

and nuclear accumulation of given drugs, they also introduced a fusogenic peptide onto the

surface of protocells. Combined with the capabilities to contain various cargos and to target

cancer cells, the capability to deliver therapeutic cargos into the nucleus make them

potential theranostic nanoplatforms, and lead to significant improvement (approximately a

million times higher over liposomes) to overcome drug-resistant in human hepatocellular

carcinoma cells. However, the theranostic SNPs are still in the early stage of development,

and most studies on theranostic SNPs are confined to in vitro tests. Further, many key issues

of concern, like in vivo biodistribution, toxicity or pharmacokinetics still remain to be

addressed.

3. Current approaches and future perspectives

Theranostic nanoplatforms have harnessed beneficial approaches to deliver the synergistic

effect on cancer theranostics. One of the main approaches is image-guided therapeutics. As

we described above, in vivo biodistribution and tumor-targeting behavior of photosensitizer-

based theranostic nanoparticles can be monitored by optical imaging techniques; also, based

on the imaging results, laser irradiation can be aimed at the target site, leading to safe and

effective photodynamic tumor ablation.48,49 As another image-guided therapeutic system,

the theranostic micelle loaded with PFP and DOX can be exempli-fied.61 After intravenous

injection, they accumulated in tumor tissues, generating ultrasound contrast. With irradiation

of therapeutic ultrasound aimed at tumors, the drug release was triggered in the tumor

tissues, causing significant toxicity to the cancer cells. Gold nanostructures and carbon

nanotubes have also been used as image-guided cancer therapeutics. In these systems,

imaging results provide the biodistribution or the tumor-targeting of drug and/or drug

carriers, which can help clinicians to decide the irradiation site and the optimal therapeutic

timing to ablate the tumor tissues.

The other essential approach in theranostics is therapeutic monitoring. Various theranostic

systems are designed to monitor therapeutic efficacy in real time. The polymeric

nanoparticle based on GC is a good example of therapeutic monitoring.57 They showed

excellent tumor targeting attributes due to the EPR effect, which enables both clear tumor

imaging and tumor-targeted drug delivery. Consequently, the nanoparticle system

significantly improved antitumor efficacy of anticancer drug PTX and reduced its

undesirable side effects. Simultaneously, they monitored the therapeutic effect in real time,

visualizing tumor growth or suppression behavior using NIRF imaging techniques. These

theranostic nanoparticles showed great potential for cancer theranostics because they can

provide clinicians with essential clues to make therapeutic decisions like if the treatment

works well for patients and if the therapeutic regimens should continue. However, the

information is still confined to the macroscopic phenomenon of tumor tissues; the majority

of current theranostic nanoparticles cannot provide microscopic clues at the cellular level.

To make accurate therapeutic decisions, more advanced theranostic systems that can

monitor microscopic changes at the cellular level should be developed.

In the current article, we have highlighted diverse theranostic systems with integrated

functions for cancer imaging and therapy. A wide variety of theranostic nanoplatforms that

are based on diverse nanostructures, i.e. magnetic nanoparticles, carbon nanotubes, gold

nanomaterials, polymeric nanoparticles, or silica nanoparticles showed great potential as

cancer theranostics. However, although considerable efforts have been directed to the
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development of theranostic nanoplatforms and approaches, theranostic nanoparticles have

yet to be employed in a clinical setting. To date, most research on nanoparticle platforms as

cancer theranostics has mainly focused on the development of multifunctional

nanostructures; on the other hand, their clinical applications have not been sufficiently

considered so far. For instance, numerous multifunctional nanoparticles can shuttle drugs

and dyes to the target site, but the co-delivery in itself may not deliver significant synergistic

effect for clinical applications. In addition, although specific types of theranostic

nanoplatforms such as photosensitizer-based nanoparticles, gold nanostructures or carbon

nanotubes can be harnessed for imaging-guided theranostics, their limited depth penetration

may obstruct their clinical applications. Polymeric nanoparticles can enable targeted tumor-

imaging/therapy and also facilitate monitoring the therapeutic effect; however, numerous

issues of concern on safety and efficacy still remain. Consequently, to date, nanoparticle

platforms have not shown significant potential for cancer theranostics in clinical settings.

Moreover, a number of issues on the safety and efficacy of the theranostic nanostructures

should be addressed. With that goal in mind, extensive discussion and multidisciplinary

cooperation among clinicians, biologists, engineers, and material scientists should be

required.
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Fig. 1.
A. Schematic illustration and TEM image of the formation of D-HINPs. B. MR images

taken before, and 1 and 4 h after the injection of D-HINPs. C. Tumor growth curves for

treatment with D-HINPs, free DOX, Doxil, HINPs and PBS. Adapted with permission from

Quan et al.35 Copyright 2011, American Chemical Society.
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Fig. 2.
Multifunctional IONPs for in vivo dual-modality imaging and therapy. A. Schematic

illustration of the multifunctional nanoparticles consisting of a magnetic nanoparticle

labeled with Cy5.5, membrane translocation peptides (MPAP), and short-interfering ribose

nucleic acid (siRNA) molecules. B. In vivo magnetic resonance imaging (MRI) of mice

bearing subcutaneous tumors before and after treatment. High-intensity optical signal in the

tumor confirmed the delivery of the nanoparticle. Adapted with permission from Medarova

et al.17 Copyright 2007, Nature Publishing Group.
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Fig. 3.
NIR fluorescence imaging guided photothermal therapy with SWNTs. A digital photo (A)

and a NIR photoluminescence image (B) of a BALB/c mouse with two 4T1 tumors

(indicated by arrows) taken after intravenous injection of SWNTs. IR thermal images of

tumor-bearing mice (C) with and (D) without injection of SWNTs under 808 nm laser

irradiation and the corresponding photos of mice before the NIR irradiation (E,F). Adapted

with permission from Robinson et al.44 Copyright 2010, Springer Science&Business Media

and Tsinghua Press.
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Fig. 4.
Representative OCT images from tumors of mice systemically injected with PBS (A) or

with nanoshells (B). Representative OCT images from tumors of mice systemically injected

with nanoshells. C. Tumor size before irradiation and 12 days post-irradiation of mice

treated with nanoshell + NIR laser irradiation (white bar); PBS sham + NIR laser treatment

(gray bar) or untreated control (black bar); values are average ± SEM. Adapted with

permission from Gobin et al.37 Copyright 2007, American Chemical Society.
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Fig. 5.
A. Schematic illustration and TEM images of the magnetic gold nanoshells (Mag-GNS) B.
T2-weighted MR images of control SKBR3 cells, HER2/neu-negative H520 cells incubated

with Mag-GNS-AbHER2/neu, and HER2/neu-positive SKBR3 cells incubated with Mag-

GNS-AbHER2/neu. D. Optical microscope images of (a) control SKBR3 cells, (b) HER2/

neu-negative H520 cells incubated with Mag-GNS-AbHER2/neu, and (c) HER2/neu-

positive SKBR3 cells incubated with Mag-GNSAbHER2/neu after irradiation for 10 s with a

femtosecond-pulse laser (with a wavelength of 800 nm and a beam diameter of 1 mm) and

subsequent staining with trypan blue. Adapted with permission from Kim et al.113 Copyright

2006, John Wiley & Sons, Inc.
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Fig. 6.
A. Surface plasmon absorption spectra of gold nanorods of different aspect ratios, showing

the sensitivity of the strong longitudinal band to the aspect ratios of the nanorods. B. TEM

image of nanorods of aspect ratio of 3.9, the absorption spectrum of which is shown as the

orange curve in panel A. C. Light scattering images of anti-EGFR/Au nanorods after

incubation with cells for 30 min at room temperature. D. Selective photothermal therapy of

cancer cells with anti-EGFR/Au nanorods incubated. The circles show the laser spots on the

samples. Adapted with permission from Huang et al.40 Copyright 2006, American Chemical

Society.

Choi et al. Page 24

Nanoscale. Author manuscript; available in PMC 2013 April 18.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 7.
A. Schematic diagram and TEM image of chitosan-based nanoparticles (CNPs). B. In vivo

images of tumor specificity. The black arrow indicates intravenous injection of Cy5.5-

labeled PTX-CNPs. C. Representative images of excised tumors treated with saline and

PTX-CNPs for 18 days. Adapted with permission from Kim et al.57 Copyright 2010 Elsevier

Ltd.
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Fig. 8.
A. B-mode ultrasound image of MDA MB231 human breast cancer tumor in a nude mouse

after intravenous injection of PEG-PLLA/perfluoropentane microbubble formulation. Image

taken 4.5 h after injection. B. Trans-torso image of the same mouse showing the tumor

(designated as “mass”), kidneys, and spine. C. Tumor growth curves for control mice (filled

diamonds); mice treated by four tail vein injections of DOX-loaded microbubbles

administered twice weekly without ultrasound (open squares); and mice treated by the same

regimen combined with tumor sonication (open triangles). n = 3–5. Adapted with permission

from Rapoport et al.61 Copyright 2007 Oxford University Press.
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Fig. 9.
Schematic illustration of the nanoporous particle-supported lipid bilayer, depicting the

disparate types of therapeutic and diagnostic agent that can be loaded within the nanoporous

silica core. Adapted with permission from Ashley et al.43 Copyright 2011, Nature

Publishing Group.
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Table 1

Representative nanoplatforms, imaging modalities and therapeutics used in theranostic nanoparticlesa

Nanoplatforms Imaging modalities Therapeutics Ref.

Inorganic nanoplatforms

Magnetic nanoparticle MRI, OI(NIRFI) CMT(DOX, MTX, curcumin, cisplatin), BT(pDNA, siRNA), HTT 17–35

Gold nanoshell OI(DFI), US, MRI PTT 36–39

Gold nanorod OI(DFI) PTT 40

Gold nanoparticle OI(PLI) PTT 41

Slica nanoparticles OI(NIRFI, PDI) CMT(DOX), BT(siRNA, protein), PDT 42, 43

Organic nanoplatforms

Carbon nanotube OI (PLI), RS, MWD PTT, HTT, CMT(PtD) 44–47

Polymeric nanoparticle MRI, PET, OI(NIRFI, PDI) CMT(PTX, CPT, DTX, DOX, cisplatin), BT(pDNA, siRNA, protein), PDT 48–59

Polymeric micelle MRI, USI CMT(DOX, PtD) 60–62

Polymersome MRI CMT(DOX) 63

Liposome MRI BT(peptide, siRNA) 64, 65

Nanoemulsion MRI, OI(NIRFI) CMT(PAV) 66

a
Abbrev.: MRI: magnetic resonance imaging, PET: positron emission tomography, USI: ultrasound imaging, OI: optical imaging, NIRFI: near

infrared fluorescence imaging, PDI: photodynamic imaging, PAI: photoacoustic imaging, DFI: dark field imaging, RS: Raman spectroscopy, PLI:

photoluminescence imaging, CMT: chemotherapy, DOX: doxorubicin, PTX: paclitaxel, CPT: camptothecin, DTX: docetaxel, PAV: prednisolone

acetate valerate, PtD: platinum anticancer drug, MTX: metotrexate, BT: biotherapeutics, MWD: microwave detection, PDT: photodynamic

therapy, PTT: photothermal therapy, HTT: hyperthermal therapy.
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