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CONSPECTUS

Nanomaterials that interact with light provide a unique opportunity for biophotonic nanomedicine.
Multifunctional nanoparticles (NPs) that have strong and tunable surface plasmon resonance
absorption in the near-infrared region combined with visibility with multiple imaging modalities
(magnetic resonance imaging, nuclear imaging, and photoacoustic imaging) have great potential in
image-guided therapies. These novel nanostructures, once introduced, are expected to home to
solid tumors via the enhanced permeability and retention effect (a passive targeting mechanism) or
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via targeting ligands bound to their surfaces (an active targeting mechanism). The primary mode
of action for photothermal conducting NPs is to convert photoenergy into heat, causing
temperature in the treatment volume to be elevated above the thermal damage threshold, which
results in irreversible cell killing. It is now recognized that this process, termed photothermal
ablation therapy or PTA, although very effective, is unlikely to kill all tumor cells when used
alone. In addition to PTA, photothermal conducting NPs can also efficiently trigger drug release
and activate RNA interference. Such a multimodal approach, which permits simultaneous PTA
therapy, chemotherapy, and therapeutic RNA interference, should provide an opportunity for
complete eradication of residual disease.

In this Account, we provide an up-to-date review of the synthesis and characterization,
functionalization, and in vitro and in vivo evaluation of NIR light-activatable multifunctional
nanostructures used for imaging and therapy, with an emphasis on hollow gold nanospheres,
magnetic core–shell gold nanoshells, and semiconductor copper monosulfide NPs. We discuss
three types novel drug delivery systems in which hollow gold nanospheres are used to mediate
controlled drug release.
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1. Introduction
Two unique features distinguish nanoparticles (NPs) from small-molecular-weight
compounds used in cancer theranostics. First, certain NPs possess unique physicochemical
properties that can be harnessed for both diagnostic and therapeutic applications. Second,
multiple functions can be readily integrated into a single nanostructure, enabling the design
of NPs for multimodal image-guided therapy. An example of NPs with unique
physicochemical properties is photothermal conducting agents used in photothermal ablation
(PTA) therapy.

PTA has gained popularity recently because a specific amount of photoenergy is delivered
directly into the tumor mass without causing systemic effects, thus promising minimally
invasive intervention as an alternative to surgery.1 Depending on the temperature achieved,
photothermal therapy produces either hyperthermia or PTA. Hyperthermia is the heating of
tissues to 42–46°C;2 irreversible PTA-induced necrosis occurs when tissues are heated to
43°C for 240 min, which is equivalent to 54°C for 1 s.3 PTA has been used successfully to
ablate tumors throughout the body.1,4,5

Because the heating achieved by converting laser energy into thermal energy is nonspecific,
treatment volume and exposure time are limited by potential damage to the surrounding
normal tissues. To improve the efficacy and tumor selectivity of laser-induced PTA, light-
absorbing photothermal conducting NPs are introduced into tumors. Ideal NPs for PTA
should have strong and tunable absorption in the near-infrared (NIR) region, have low
toxicity, and be amenable to surface conjugation to actively target cancer cells. Absorption
of NIR light (650–1064 nm) is desirable for optimal tissue penetration.6 To date, most
photothermal conducting agents have been based on various gold (Au) nanostructures,
including nanoshells, nanorods, and nanocages.7–9 Silica-cored Au nanoshells have
advanced into clinical trials under the brand name AuroLase.

Successful PTA therapy requires (i) selective delivery of enough photothermal conducting
NPs to tumor tissue to mediate effective PTA of tumor cells without damaging the
surrounding normal tissues, (ii) accurate pretreatment thermal dose calculation, and (iii)
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noninvasive real-time monitoring of the spatiotemporal heat profile and response to therapy
in a given target volume. Particle size is the most important physicochemical factor
influencing the tumor targeting efficiency of NPs.10 Smaller NPs have a better chance of
achieving both passive and active targeting because of increased extravasation and enhanced
interstitial transport. Recently, significant progress has been made in designing photothermal
conducting NPs with an average diameter d < 100 nm. These include hollow Au
nanospheres (HAuNSs), with d = 30–50 nm,11,12 and copper monosulfide (CuS) NPs, with d
= ~2–15 nm.13,14

Another consideration in designing photothermal conducting NPs with improved
performance is the integration of imaging capability. This approach is exemplified by Au
nanoshells containing superparamagnetic iron oxide (SPIO) NPs; these nanostructures have
both optical and magnetic properties.15 Because PTA-induced tissue necrosis can be
estimated using thermal damage models such as that of Sapareto and Dewey,3 it is
envisioned that if the intratumoral distribution of magnetic photothermal conducting NPs
can be quantified using magnetic resonance imaging (MRI) by measuring changes in T2*
relaxivity, it will be possible to simulate the heat profile and thus predict the effect of PTA
therapy.16 During PTA therapy, magnetic resonance temperature imaging (MRTI) can be
used to map the spatiotemporal temperature profile.17 This and other noninvasive imaging
techniques can be used in treatment planning before PTA therapy to ensure accurate delivery
of heat to the treatment volume while avoiding the surrounding critical structures. Imaging
techniques can also be used to assess the extent of PTA therapy to provide crucial feedback
about safety and efficacy.

NIR laser-modulated photothermal effects have enabled novel drug delivery systems to be
designed not only mediate PTA of tumor cells but also activate the release of anticancer
agents. PTA therapy alone is unlikely to kill all tumor cells because the heat distribution is
nonuniform, especially in areas peripheral to large blood vessels where heat can be rapidly
dissipated by circulating blood. Combining PTA therapy with simultaneous NIR laser-
activated chemotherapy and/or RNA interference (RNAi) should provide an opportunity for
complete eradication of residual disease.

In this Account, we provide an up-to-date review of NIR light-activatable multifunctional
nanostructures used in cancer theranostics and drug delivery, focusing on the recent
development of HAuNSs, magnetic core–shell Au nanostructures, and CuS NPs. We discuss
three types of novel drug delivery systems integrating HAuNS as a photothermal conducting
mediator. Figure 1 summarizes the structures and functions of these NPs. Excellent reviews
about silica-cored Au nanoshells, nanorods, and nanocages can be found elsewhere.18–20

2. Hollow Gold Nanospheres
Nanostructures made of Au and silver (Ag) exhibit a tunable optical phenomenon termed
surface plasmon resonance (SPR). When exposed to light, the conduction electrons in a
metal nanostructure are driven by the electric field to collectively oscillate at a resonance
frequency relative to the lattice of positive ions. At this resonance frequency, the incident
light is absorbed by the nanostructure. For solid spherical NPs, the resonance is at ~520 nm
for Au and ~400 nm for Ag; the peak wavelength varies slightly depending on the NP size
and the embedding medium. The SPR peak can be tuned from visible to NIR by varying the
size, shape, and structure of the NPs. HAuNSs, novel Au nanostructures consisting of only a
thin Au wall with a hollow interior, have the unique combination of small size, spherical
shape, hollow interior, and a strong and tunable absorption band in the NIR region as a
result of their highly uniform structure.
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2.1. Synthesis and Characterization
Liang et al. first reported the synthesis of HAuNSs with tunable interior-cavity sizes by
using cobalt (Co) NPs as sacrificial templates.21 As reduction potential of AuCl4−/Au redox
couple (0.935 V vs the standard hydrogen electrode [SHE]) is much higher than that of
Co2+/Co redox couple (−0.377 V vs SHE), AuCl4− is readily reduced to Au atoms as soon
as Co NPs are added into chloroauric acid solution: 3Co + 2AuCl4− = 2Au + 3Co2+ + 8Cl−.
The reduced Au atoms nucleate, grow into very small particles, and eventually evolve into a
thin shell around the Co NPs. The shells have an incomplete porous structure at an early
stage when Co2+ and AuCl4− can continuously diffuse across the shell in opposite
directions. When AuCl4− has been completely consumed, the remaining Co “core” is
continually oxidized by H+ in aqueous solution (the reduction potential of the H+/H2 redox
couple is 0.0 V vs SHE). Shell formation is an inward growth process, in which the
thickness of the Au shell increases inwards as the replacement between Co NPs and HAuCl4
continues. Therefore, the outer diameter is controlled by the diameter of the Co NPs,
whereas the interior-cavity size is controlled by the stoichiometric ratio of HAuCl4 and the
reducing agents. In addition to Co NPs, Ag NPs have also been used as sacrificial templates
in the synthesis of HAuNSs.22

2.2. Functionalization
Homing ligands can be conveniently conjugated to the Au surface of HAuNSs through
covalent bonds using SH-terminated compounds. Various homing ligands have been
conjugated on the surface of HAuNSs, including peptides,11 antibodies,12 and low-
molecular-weight organic compounds.23 HAuNSs are usually stabilized with polyethylene
glycol (PEG). Au NPs coated with higher molecular weight (5 kDa) PEG are more stable
than those coated with lower molecular weight (2 kDa) PEG, and Au NPs coated with
thioctic acid-anchored PEG that contains two thiol groups have higher colloidal stability in
aqueous solution than Au NPs coated with monothiol-anchored PEG.10–12,23

2.3. Imaging
An emerging imaging modality that uses NIR light-absorbing NPs is photoacoustic
tomography (PAT). PAT is a hybrid technology that images the internal distribution of
optical energy deposition in biological tissues by detecting laser-induced ultrasonic waves
(photoacoustic or optoacoustic waves).24 PAT provides higher spatial resolution in deep
tissues than traditional optical imaging because ultrasonic scattering is 2 orders of
magnitude less than optical scattering in such tissues. PAT has been successfully applied to
the visualization of different tissue structures and has been especially useful in imaging the
cerebral cortex in small animals. As PAT is an absorption-based technique, the high
absorption coefficient of HAuNSs makes them an excellent contrast agent. We have
demonstrated excellent clarity and detail in PAT images of blood vessels in the brains of
mice at 2 h after intravenous injection of long-circulating PEGylated HAuNSs.25 Moreover,
molecular PAT imaging with cyclic Arg-Gly-Asp (RGD) peptide-tagged HAuNSs targeted
to integrin αvβ3 was successfully demonstrated in an orthotopic U87 glioma.26 Targeted
HAuNSs may be used as a single nanoplatform for PAT image-guided PTA.

The in vivo biodistribution and clearance of HAuNSs can also be noninvasively monitored
by tagging the NPs with radioisotopes. For instance, positron emitters (e.g., 64Cu) have been
conjugated to the surface of HAuNSs for positron emission tomography (PET) imaging.23

2.4. Therapy
HAuNSs are ideally suited as photothermal coupling agents for targeted delivery after
systemic administration. Their smaller size (d ≈ 40 nm) compared with silica-cored Au
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nanoshells (d > 120 nm) permits greater extravasation from tumor blood vessels, whereas
their strong light absorption and narrow SPR band are important for PTA as these properties
directly affect heat-converting efficiency. To achieve targeted delivery, we conjugated
C225, a monoclonal antibody directed at epidermal growth factor receptor (EGFR), to
HAuNSs (C225-HAuNSs). In vitro, we observed EGFR-mediated selective uptake of the
resulting conjugate C225-HAuNS, but not the IgG-HAuNSs control, in EGFR-positive
A431 tumor cells. Irradiation of A431 cells treated with C225-HAuNSs plus NIR laser (40
W/cm2 for 5 min) resulted in selective destruction of these cells. In contrast, treatment with
C225-HAuNSs alone, laser alone, or IgG-HAuNSs plus NIR laser did not result in any
observable effect on cell viability (Figure. 2).12

In addition to antibodies, HAuNSs have also been conjugated with a low-molecular-weight
peptide, [Nle4, D-Phe7]α-MSH (NDP-MSH), as a targeting moiety through a PEG linker.11

NDP-MSH is a potent agonist of melanocortin type-1 receptor, which is overexpressed in
many melanoma cells, and binds to the receptor with high affinity (IC50 = 0.21 nM).27 The
tumor uptake of NDP-MSH-conjugated HAuNSs was significantly higher than that of
control PEGylated HAuNSs without peptide conjugation (12.6 ± 3.1%ID/g vs 4.3 ± 1.2%ID/
g) at 4 h after intravenous injection in B16/F10 melanoma-bearing nude mice (Figure 3A).11

This suggests that the targeted HAuNSs had enhanced extravasation from tumor blood
vessels and increased dispersion into the tumor matrix (Figure 3B). Furthermore, the PTA
effect of NPs was confirmed both histologically, and functionally, by
[18F]fluorodeoxyglucose PET.11 The successful active targeting of NDP-MSH-conjugated
HAuNSs to melanoma suggests their potential application in targeted PTA for melanoma.

3. Magnetic Core–Shell Au Nanostructures
MRI is a widely used modality in cancer theranostics because of its high spatial and
temporal resolution, lack of ionizing radiation, and relatively high detection sensitivity
compared with computed tomography. Several SPIO-based MRI contrast agents have been
approved for human use or are in clinical trials.28 Therefore, nanostructures combining the
magnetic properties of SPIO and the optical properties of Au nanoshells are expected to
provide a novel approach for simultaneous diagnostic imaging and PTA of cancer.

3.1. Synthesis and Characterization
Multifunctionality is achieved by synthesizing Au nanostructures of different core structures
and shapes.29 For example, Kim et al. synthesized a nanostructure with a silica core, an Au
shell, and a layer of SPIO sandwiched between silica and Au.30 The synthesis involves three
stages: formation of SPIO-coated silica, nucleation (i.e., small Au nanocrystal formation),
and growth. In addition to silica, other materials, such as organic polymers, have also been
used as dielectric interface between magnetic iron oxide core and Au shell.31 Wang et al.
reported a novel Au-coated magnetic NP, shaped like a grain of rice, that displays two
distinct absorptions, from transverse and longitudinal plasmons.32 These Au-shelled
magnetic NPs all have d ≥ 200 nm.

To synthesize magnetic Au nanostructures with d < 100 nm, Ji et al. used silica as dielectric
interface, with SPIO NPs embedded inside a silica core (SPIO@silica-Au NP).15 In a typical
reaction scheme, SPIO NPs are coated with silica via the classic Stober sol–gel process.33

The silica-coated SPIO NPs are then functionalized with amino groups. Next, Au
nanocrystal seeds (d = 2–3 nm) are attached to the amino groups on the silica sphere.
Finally, the attached Au nanoseeds are used to nucleate the growth of an Au layer on the
silica surface to form an Au nanoshell. Extensive structural and magnetic characterization
have confirmed the presence of γ-Fe2O3 cores in SPIO@silica-Au NPs.34 SPIO@silica-Au
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NPs exhibited high transverse relaxivity r2 and a large r2/r1 ratio and therefore could be
imaged by MRI to obtain T2

− weighted images.15

3.2. Functionalization
Tumor-cell-specific ligands have been successfully conjugated onto the surface of SPIO-
embedded Au nanoshells using essentially the same chemistry as used to modify the surface
of other Au nanostructures. For example, anti-HER2 antibody was conjugated onto the
surface of SPIO-embedded Au nanoshells and was shown to target and mediate selective
killing of tumor cells through PTA in vitro.30 We showed selective cell killing in vitro and
significantly increased tumor uptake in vivo after systemic injection with SPIO@silica-Au
NPs coated with an anti-EGFR monoclonal antibody.35

3.3. Imaging and Therapy
The promise of Au-shelled magnetic nanostructures is their multifunctionality for targeted
delivery, diagnosis, and imaging guidance. So far, in vivo studies using these NPs have been
very limited. Our preliminary in vivo data show that SPIO@silica-Au NPs mediated an
efficient photothermal effect in nude mice implanted with tumor, because of their strong
absorption in the NIR region, whereas the presence of SPIO provided contrast in T2* MRI of
the tumor (Figure 4A).36 Our data indicate that upon intratumoral injection of SPIO@silica-
Au NPs in mice bearing A431 tumors and subsequent treatment with 808-nm laser, the
tumor temperature increased to 65°C, significantly higher than 44°C obtained when the
tumors were injected with saline (Figure 4B,C).36 These data suggest that MRI should be
useful for assessing SPIO@silica-Au NP intratumoral distribution, which in turn may be
used to plan PTA therapy and predict treatment outcome. In addition to MRI, magnetic
SPIO NPs can also mediate increased tumor accumulation of NPs in the presence of an
external magnetic field at the target site.36

4. Copper Sulfide Nanoparticles
CuS NPs are a new class of promising photothermal coupling agents that have SPR peaks in
the NIR region (~900–1100 nm).14,37 These NPs are much smaller (d < 15 nm) than
plasmonic Au nanostructures with SPR peaks in the NIR region and therefore have a better
chance of reaching their targets and being cleared from the body through the renal system.38

An interesting approach was devised to incorporate 64Cu into the matrix of CuS NPs.
These 64Cu-labeled multifunctional NPs have been shown to mediate PTA therapy and also
permit PET imaging and radiotherapy.14

4.1. Synthesis
CuS NPs are readily synthesized in aqueous solution by reacting CuCl2 and Na2S in the
presence of various stabilizers. 64CuCl2 may be added into the reaction solution to obtain
chelator-free [64Cu]CuS NPs with extremely high specific activity. PEG is coated onto the
surface of CuS NPs by incubating CuS NPs with SH-PEG at room temperature.14

4.2. Imaging
Because of their strong absorption in the NIR region, CuS NPs are well suited for PAT
imaging. Preliminary PAT studies were conducted with CuS NPs dispersed in 10%
polyacrylamide gel embedded in fresh chicken breast tissues. The gel phantom could be
clearly visualized at ~5 cm depth from the laser illuminating surface.39

[64Cu]CuS NPs were also used as radiotracers for biodistribution and microPET imaging
studies. 64Cu (t1/2, 12.7 h; β+, 0.653 MeV [17.8%]; β−, 0.579 MeV [38.4%]) has decay
characteristics that allow for both PET imaging and targeted radiotherapy for cancer.40
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Tumor uptake was almost 3 times as high with PEGylated [64Cu]CuS NPs as with citrate-
coated [64Cu]CuS NPs at 24 h after intravenous injection (7.6 vs 2.6%ID/g, P = 0.011) in
human U87 glioma xenografts.14 This can be attributed to enhanced permeability and
retention effect of the NPs and greater systemic exposure of long-circulating PEG-
[64Cu]CuS NPs. Figure 5A shows representative whole-body microPET/CT images of a
mouse acquired at 24 h after intravenous injection of PEG-[64Cu]CuS NPs. As expected,
these NPs accumulated in the tumor, permitting remarkably clear visualization of the
tumor.14

4.3. Therapy
PTA of tumor cells incubated with CuS NPs has been demonstrated in vitro and in vivo.14,37

Histologic examination confirmed that the combination of PEG-CuS NPs administered by
either intratumoral or intravenous injection followed by laser treatment caused a
significantly greater necrotic response than did PEG-CuS NPs without laser, saline plus
laser, or saline only (Figure 5B). In mice treated with PEG-CuS NPs plus laser, common
features of thermonecrosis, such as loss of nucleus, cell shrinkage, and coagulation, were
found in the tumor tissues. These studies confirmed selective in vivo PTA destruction of the
tumor cells mediated by PEG-CuS NPs.

5. NIR Light-Activatable Drug Release from Hollow Gold Nanospheres
HAuNSs can be classified into three categories according to how drugs are loaded: drugs
may be (i) loaded inside the hollow interior of HAuNSs;41 (ii) conjugated to the surface of
HAuNSs;23 or (iii) co-loaded to soft matrix, such as polymeric microspheres or liposomes
(Figure 6).42,43 This approach is a promising anticancer strategy because it permits
simultaneous PTA therapy, chemotherapy, and therapeutic RNAi; is expected to
significantly increase the likelihood of cell killing; and may overcome resistance to
chemotherapeutic agents. Depending on the laser source, NIR-light-activated drug release
systems can be further divided into two modes: those using continuous-wave laser and those
using high-energy pulsed laser to activate drug release.

5.1. Trapping DOX Inside HAuNSs
To demonstrate the feasibility of laser-modulated drug release, we loaded doxorubicin
(DOX) inside HAuNSs.41 Up to 63% DOX by weight (~1.7 μg DOX/μg Au) could be
loaded into PEG-coated HAuNSs. Irradiation with continuous NIR laser triggered rapid
DOX release from DOX-loaded HAuNSs. When MDA-MB-231 cells incubated with DOX-
loaded HAuNSs (DOX@PEG-HAuNSs) were irradiated with NIR light, significantly
greater cell killing than with free DOX alone was observed; this is attributable to both
HAuNS-mediated hyperthermia and thermal sensitization of cells to DOX. In vivo, systemic
administration of DOX@PEG-HAuNSs followed by NIR laser had greater antitumor
activity in a xenograft model of breast cancer than free DOX alone, DOX@PEG-HAuNSs
alone, liposomal DOX, or NIR irradiation alone (unpublished data). Three of six tumors
treated with DOX@PEG-HAuNSs plus NIR laser disappeared completely. Moreover,
DOX@PEG-HAuNSs showed lower systemic toxicity than free DOX or liposomal DOX.
The estimated maximum tolerated doses for free DOX, liposomal DOX, and DOX@PEG-
HAuNSs were ~15, ~30, and >60 mg equivalent DOX/kg, respectively. These results
suggest that multimodal treatment approach mediated by an activatable drug delivery system
can significantly increase the likelihood of cell killing with less systemic toxicity.

5.2. siRNA Delivery
Small interfering RNA (siRNA) molecules are short, double-stranded RNA molecules that
target specific complementary mRNAs for degradation via RNAi, which can induce
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posttranscriptional gene silencing.44 The emphasis on RNAi approaches is justified because
many important cancer therapy targets are difficult to inhibit with small molecules, which
also require a lengthy development phase and often fail. We have developed an innovative
technology that permits NIR laser-induced RNAi using HAuNSs.23 Successful
implementation of this new technique would have the enormous advantage of confining
RNAi to the illuminated area, reducing nonspecific and off-target effects. We conjugated
siRNA directed at NF-κB p65 subunit to HAuNSs. MicroPET/CT images of mice bearing
HeLa tumors showed significantly higher tumor uptake of folic acid (FA)-conjugated
nanoparticles 64Cu-labeled FA-HAuNS-siRNANF-κB (targeting to folate receptors) than of
nontargeted HAuNS-siRNANF-κB control (Figure 7A). Effective silencing of NF-κB p65 in
vivo was observed only in the tumors irradiated with nanosecond pulsed NIR laser,
demonstrating that HAuNSs can mediate efficient RNAi (Figure 7B,C).

5.3. Microspheres Loaded with Paclitaxel and HAuNSs
To evaluate the feasibility of NIR-light-modulated drug release from microspheres, we
prepared microspheres containing paclitaxel (PTX) and HAuNS (PTX/HAuNS-MS) from
biocompatible, biodegradable poly(lactic acid-co-glycolic acid) (PLGA) using a modified
water-in-oil-in-water (W1/O/W2) double-emulsion solvent evaporation method.42 These
PLGA microspheres elevated the temperature of water to the same extent as did HAuNSs in
water having the same concentration of nanoparticles, indicating that PLGA polymer matrix
did not prevent NIR light from reaching HAuNS embedded in the microspheres. We further
demonstrated that the amount of PTX released from these microspheres could be modulated
by controlling the laser output power and HAuNSs concentration. Significant differences
were found in the cell-killing effect of PTX/HAuNS-MS with and without NIR irradiation.
When cells were incubated with PTX/HAuNS-MS at microsphere concentrations of 1 mg/ml
and 10 mg/ml but were not exposed to NIR irradiation, 86.5% and 67.4% of the cells,
respectively, were viable after 72 h of incubation. However, when cells were incubated with
PTX/HAuNS-MS at the same microsphere concentrations and exposed to NIR irradiation,
only 38.8% and 3.9% of the cells, respectively, were viable after 72 h.42 Our data support
the idea that the combination of photothermal effect from HAuNSs and chemotherapy is
more efficient than photothermal effect alone in killing tumor cells.

The 3 drug delivery systems are suitable for different applications. Microspheres loaded
with HAuNS and anticancer agents can be used for chemoembolization in the treatment of
liver cancer or for intratumoral injection. This delivery system is applicable to a wide range
of drugs. On the other hand, physical entrapment of drugs in HAuNSs is simple and
straightforward, but is limited to charged, low-molecular-weight drugs amendable to drug
loading. The siRNA delivery system permits controlled gene silencing and promises reduced
systemic toxicity. Physical entrapment and siRNA delivery systems can both be
administered systemically, making it possible for targeting metastatic disease.

In principle, the NIR light-activatable drug release systems used with HAuNSs may be
adapted with other photothermal conducting agents, such as CuS NPs and magnetic core–
shell Au nanostructures.

6. Conclusions and Perspectives
Multifunctional photothermal conducting NPs permit simultaneous cancer diagnosis and
therapy. Depending on the particular application, multiple treatment modalities can be
integrated into a single nanostructure design, enabling the possibility of completely
eradicating cancer cells using a combination of PTA therapy, chemotherapy, radiotherapy,
and therapeutic RNAi. As these NPs are readily visualized with MRI, PET, and PAT, they
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are particularly suited for image-guided therapies. One can envision a myriad of potential
applications in cancer theranostics using these “see-and-treat” strategies.

Before these new nanomaterials are tested in cancer patients, detailed preclinical studies
should be conducted, especially to investigate the pharmacokinetics, in vivo tumor targeting,
and therapeutic effects of these NPs. Furthermore, the clearance of the Au NPs and their
acute and long-term toxicity need to be examined thoroughly. These NPs should meet the
safety, effectiveness, and quality control standards of new drug development.
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FIGURE 1.
Structures and functions of near-infrared light-activatable theranostic nanoparticles.
HAuNSs, hollow gold nanospheres; SPIO, superparamagnetic iron oxide; DOX,
doxorubicin; CuS, copper sulfide; NP, nanoparticle; PTA, photothermal ablation; RNAi,
RNA interference; siRNA, small interfering RNA; PET, positron emission tomography;
PAT, photoacoustic tomography; MRI, magnetic resonance imaging.
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FIGURE 2.
Selective PTA of A431 cells by C225-HAuNSs. (A) Cell viability after various treatments.
Viable cells were stained green with calcein AM and dead cells were labeled red with
EthD-1. Magnification, ×40. (B) Images of untreated viable cells and dead cells treated with
C225-HAuNS and NIR laser at higher magnification (×400). The dead cells are shown by
positive staining with EthD-1 (arrow, red). DIC, differential interference contrast.
(Reproduced with permission from Ref. 12)
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FIGURE 3.
Biodistribution and intratumoral distribution of FITC-tagged HAuNSs. Tissue and tumors
were removed 24 h after intravenous injection of HAuNSs. (A) Biodistribution data
calculated as the number of particle aggregates per square millimeter of visual area at
magnification ×200. Values are presented as mean ± SD (n = 5). *, P < 0.01. (B)
Representative fluorescence micrographs of cryosectioned B16/F10 melanoma.
Melanocortin type-1 receptor was stained with rabbit anti-mouse melanocortin type-1
receptor polyclonal antibody (pseudocolored red). Blood vessels were stained with rat anti-
mouse CD31 monoclonal antibody (pseudocolored blue). NDP-MSH-PEG-HAuNSs are
pseudocolored green. White arrowheads, melanocortin type-1 receptor. Asterisks, the
lumens of tumor vasculature. (Reproduced with permission from Ref. 11)
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FIGURE 4.
(A) Representative T2*-weighted MRI scans of mice bearing A431 tumors before and after
injection of SPIO@silica-Au NPs. (B) In vivo MRTI of a tumor injected intratumorally with
SPIO@silica-Au NPs (top) and saline (bottom). At 24 h after injection of the agents, A431
tumors were irradiated with an 808-nm laser. Green arrows indicate the light path. Bar, 5
mm. (C) Temperature versus time for treatment volumes indicated by squares in (A), from
30 s before laser treatment (180 s, 4 W/cm2) until 90 s after laser treatment. Only in tumors
injected with SPIO@silica-Au NPs was the temperature elevated above the 54°C threshold
(dotted line) to ensure irreversible PTA of tumor cells. Arrows indicate when the laser was
switched on and off. Values are presented as mean ± SD. (D) Representative plot of
temperature versus depth below tumor surface. (Reproduced with permission from Ref. 36)
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FIGURE 5.
(A) MicroPET/CT image of nude mouse bearing subcutaneous U87 glioma xenograft,
acquired at 24 h after intravenous injection of PEG-[64Cu]CuS NPs. Arrow: tumor. (B) CuS
NPs induced PTA destruction of tumors in vivo at 24 h after NIR laser irradiation (12 W/
cm2 at 808 nm for 5 min). i.v., intravenous; i.t., intratumoral. Values are presented as mean
± SD. Asterisks, p < 0.001 compared to saline only control. (Figure reproduced with
permission from Ref. 14)
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FIGURE 6.
Schematic representation of the different NIR-activatable drug delivery systems.
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FIGURE 7.
(A) MicroPET/CT images of mice bearing subcutaneous HeLa cells after intravenous
injection of 64Cu-FA-HAuNS-siRNANF-κB (left) and HAuNS-siRNANF-κB (control, right).
Arrows: tumors. (B) NF-κB p65 expression in tumors exposed (top) and not exposed
(bottom) to NIR laser. (Reproduced with permission from Ref. 23)
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