
R
ev
ie
w
s
�
P
O
S
T
S
C
R
E
E
N

Drug Discovery Today � Volume 12, Numbers 15/16 �August 2007 REVIEWS

Enriched with multifunctionality, hollow and porous inorganic nanomaterial can
potentially revolutionize the area of sensing, imaging, diagnosis and therapy,

leading to ideal medical nanodevices.
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Inorganic nanoparticles, such as carbon nanotubes, quantum dots and gold nanoshells, have been

adopted for biomedical use, due to their unique optical and physical properties. Compared to

conventional materials, inorganic nanomaterials have several advantages such as simple preparative

processes and precise control over their shape, composition and size. In addition, inorganic porous

nanomaterials are fundamentally advantageous for developing multifunctional nanomaterials, due to

their distinctive inner and outer surfaces. In this review, we describe recent developments of hollow and

porous inorganic nanomaterials in nanomedicine, especially for imaging/diagnosis and photothermal

therapy.
The application of nanotechnology to nanomedicine research has

enormous potential in modern biomedical research, disease diag-

nosis and therapy. Organic fluorophore-based detection techni-

ques have been widely used as imaging and signal transduction

tools for the detection of trace levels of analytes. The photostabil-

ity of the fluorophores, however, limits their application in com-

plex environments, such as living bio-systems where degradation

or photobleaching can occur. The potential of nanoparticles with

various sizes, shapes and materials as the carriers of fluorophores or

imaging agents has been studied as a possible solution to this

problem.

Quantum dots (QDs) are one of the most intriguing fluorescent

probes, due to their unique optical properties. QDs have high

quantum yields, high molar extinction coefficients (�10–100

times than that of organic dyes) and broad absorption with

narrow, symmetric photoluminescence spectra from UV to near

infrared [1,2]; however, the bioconjugation of QDs is somewhat

challengeable and is relatively inflexible [1].

Hollow and mesoporous nanoparticles, such as nanotubes,

nanoshells and hollow spheres can be loaded with a large amount

of imaging molecules, which will considerably enhance signal and
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sensitivity. The detection of trace amounts of biomolecules, cri-

tical for early imaging and diagnosis of cancer, will be facilitated

by the imaging molecule-dense nanoparticles. Additionally, the

photostability of doped imaging molecules is increased by

the protective carriers. Compared with polymer nanoparticles,

the advantages of silica nanoparticles lie in well-developed silane

chemistry, easy preparation and biocompatibility [3,4]. In addi-

tion to functioning as imaging agents, hollow and mesoporous

nanoparticles with distinct inner and outer surfaces simulta-

neously have potential as drug carriers. To be able to detect, treat

and report the success of therapy with a single injection will

eventually be a future and challenging medical application of

nanotechnology.

Some other inorganic nanoparticles, such as magnetic nano-

particles and gold nanoparticles, can be used for imaging diag-

nosis as well as hyperthermal therapy, due to their unique

physical properties. The addition of hyperthermal therapy to

chemotherapy can enhance the sensitivity of cells to drugs and

this synergic effect was intensely reviewed by van der Zee [5]. In

this review, we describe recent developments of hollow and

porous inorganic nanomaterials in the aspect of: (1) imaging

and diagnosis applications and (2) photothermal and photosen-

sitizing therapy applications.
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Imaging and diagnosis applications
Carbon nanotube (CNT)
Since the electrical conductance of carbon nanotubes (CNTs) is

sensitive to the environment and also changes with the surface

adsorption of various molecules, CNTs have been proposed as a

sensing array element for detecting biological molecules such as

cancer markers in fluids [6–8]. Chen et al. reported a highly specific

electronic biomolecular detector based on single-walled carbon

nanotubes (SWNTs) [9]. Their devices are composed of SWNTs

grown on a quartz substrate and Ti/Au electrodes bridged by

SWNTs. Using quartz crystal microbalance (QCM) and electronic

transport measurements, they revealed that as-grown SWNTs

exhibit a high degree of nonspecific binding with proteins. Non-

covalent functionalizations with Tween 20 or triblock copolymer

chains on the SWNT surface prevented the non-specific binding of

proteins and also immobilized specific probe molecules that can

bind to specific target proteins. The detection can be monitored

electronically in real time without the need for labeling. Using

SWNTs conjugated with Tween 20 and U1A (a marker protein for

autoimmune response), 10E3 (an antibody associated with human

autoimmune diseases) was successfully detected at relatively low

concentrations (less than 1 nM), compared to a conventional

fluorescence-based detection method of immobilized antigens

on planar arrays [10].

Another type of biosensor based on CNTs was reported by Li

et al. [11]. In this study, SWNTs were integrated into a biosensor

for the detection of prostate cancer. As seen in Figure 1, an active

channel bridging the source/drain electrodes was made up of n-

type In2O3 nanowires (NWs) and p-type carbon nanotubes and
FIGURE 1

Complementary detection of prostate-specific antigen using In2O3 nanowires and

of the nanosensor. PSA-Abs are anchored to the NW/SWNT surface and function
for the modification of In2O3 NW: (i), deposition of 3-phosphonopropionic acid; (

Reaction sequence for the modification of SWNT: (iv), deposition of 1-pyrenebuta
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the silicon substrate was used as a gate. For the detection of PSA,

the outer surface of a NW or SWNT was functionalized with anti-

PSA monoclonal antibodies (PSA-AB), a specific ligand for the PSA

protein. Li et al. investigated the chemical gating effect of PSA on

the devices including both individual NWs and individual semi-

conducting SWNTs. The devices were incubated in a solution

containing PSA for 15 hours and then measuring the electrical

properties of the devices, including both current–voltage (I–Vds)

and current–gate voltage (I–Vg) characteristics. Enhanced con-

ductance for NW devices was consistently observed after PSA

incubation, whereas the group observed reduced conductance

for SWNT devices. They proposed that this complementary

response in conductance could be ascribed to the fact that

In2O3 NWs are n-type and SWNTs are p-type semiconductors.

In addition, for the real-time detection of PSA, the electric current

was monitored over time and Li et al. successfully detected PSA

with a sensitivity of 5 ng/ml, a level used for clinical diagnosis of

prostate cancer [12].

Silica nanoshell
A fundamental limitation of molecular imaging is the signal to

background ratio caused by non-specific adhesion of bio-imaging

agents to surfaces [13] making it difficult to identify a low intensity

signal. A molecular imaging agent that only lights up following a

particular molecular event is ideal for in vivo tissue pathology.

With well-developed silane chemistry, various surface modifica-

tions of silica nanoparticles can easily be realized and are widely

performed. Silica nanoparticle-based bio-imaging agents are pro-

mising in nanomedicine as bioimaging agents [14].
carbon nanotubes, as reported By Li et al. [11]. (a) Schematic diagram

as specific recognition groups for PSA binding. (b) Reaction sequence
ii), DCC and N-hydroxysuccinimide activation; (iii), PSA-AB incubation. (c)
noic acid succinimidyl ester; (v), PSA-AB incubation.
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The two general synthetic approaches to prepare dye-doped

silica nanoparticles are the Stöber method and a microemulsion

process. Ow et al. [3] synthesized multifunctional silica-based

fluorescent nanoparticles using the Stöber method. The encapsu-

lation process first involves covalent attachment of the dye mole-

cules (tetramethylrhodamine isothiocyanate: TRITC) to an amine-

containing silica precursor (3-aminopropyltriethoxysilane: APS)

to form a dye-rich core, followed by co-condensation of APS with

sol–gel monomer (tetraethylorthosilicate: TEOS) in a mixture of

water, ammonia, and ethanol to form a denser silica network

around the core. This approach enables the incorporation of a

variety of dye molecules into the silica nanoparticles. The hydro-

dynamic radius and the brightness of the nanoparticles have been

characterized by fluorescence correlation spectroscopy (FCS).

These nanoparticles are monodisperse in solution with a diameter

of 30 nm. The fluorescent silica nanoparticles are 20 times brighter

than the constituent dye. Ow et al. [3] proposed that the protection

of the fluorophore from the solvent by the silica shell increases the

photostability and, hence, contributed to enhancement of bright-

ness. Potential application of these nanoparticles as biomarkers

has been demonstrated. The rat basophilic leukemia (RBL) mast

cells were successfully labeled with antibody-adsorbed silica nano-

particles with minimal nonspecific interaction between the silica

nanoparticles and the cell surface [3].

The microemulsion process, the dye-doped silica nanoparticles

are synthesizedbyhydrolyzingTEOSina reversemicelleorwater-in-

oil microemulsion system. The dye molecules are encapsulated

physically in the silica matrix. Zhao et al. [15] synthesized these

nanoparticles for bioanalysis applications as labeling reagents. The

dyemolecule, tetramethylrhodamine (TMR) was linked to a dextran

molecule before the reverse microemulsion process. In this way, the

organic dye molecules become more water soluble, are more easily

entrapped inside silica pores and have reduced leakage due to the

increased size as compared to TMR alone. In addition, the dye

molecules have stronger physisorption under acidic conditions

during synthesis because of the electrostatic attraction. Effective

entrapment of a large amount of dye molecules to each silica

nanoparticle makes ultra-sensitive detection in bioanalysis feasible.

Gold nanoshell and nanorod
Gold nanoparticles have been reported to have negligible cyto-

toxicity in vivo and in vitro [16]. Nanoshells have a high scattering

optical cross-section and thus can also work as contrast agents for

photonics-based imaging modalities, such as reflectance confocal

microscopy and optical coherence tomography. The scattering of

light in the NIR spectral range can provide optical signals for

cancer detection whereas biological tissue has low inherent scat-

tering. Loo et al. [17] have designed immunotargeted nanoshells to

simultaneously provide both scattering and absorption at specific

frequencies in the near infrared spectral region for dual imaging/

therapy applications. They successfully detected and destroyed

breast carcinoma cells that overexpress HER2 with the antibody-

conjugated nanoshells.

Metal oxide hollow sphere
Titirici et al. have recently reported a simple one-pot synthesis of

hollow spheres of crystalline metal oxide via a hydrothermal

approach [18]. Various metal salts were dissolved together with
carbohydrates in water and then heated at 180 8C in an autoclave.

Hollow spheres of various metal oxides, such as Fe2O3, Ni2O3,

Co3O4, CeO2, MgO, and CuO, can be obtained.

Template-free syntheses of water soluble and amine-functiona-

lized magnetic hollow nanospheres have been developed by Wang

et al. [19]. The hollow nanospheres were prepared by dissolving

1,6-hexadiamine and sodium acetate in FeCl3�6H2O in ethylene

glycol. The mixture was then incubated at a high temperature

(around 200 8C), for 6 h. By controlling the amount of the ligand,

1,6-hexadiamine and keeping the reaction temperature between

190 and 205 8C, nanospheres of 100–200 nm were obtained. In vivo

magnetic resonance imaging experiments were performed as well.

Magnetite solid nanoparticles were obtained with a higher con-

centration of 1,6-hexadiamine and a smaller amount of anhydrous

sodium acetate. The saturation magnetizations of the hollow

spheres with a diameter of 150 nm and the nanoparticles with

tunable size from �15 to �50 nm were determined to be 71.2 and

41.3–59.8 emu/g at 25 8C. In vivo magnetic resonance imaging in

live mice was performed with 25 nm amine-functionalized mag-

netic nanoparticles as a contrast agent. The MRI signal decreased

greatly from 293.52 to 169.49 and no acute fatal toxicity was

observed.

Photothermal and photosensitizing therapy
applications
NIR-absorbing gold nanostructures
Photothermal therapy that employs a local application of heat to

the target is a well-known concept in cancer therapy and has been

widely studied [20]. However, due to limited accessibility of the

heat source to the target tissue, the development of this thera-

peutic strategy remains at an early state [20]. In an attempt to solve

this problem, near infrared (NIR)-absorbing materials have been

used to produce localized heat after they are internalized in the

target tissue. NIR light in the 700–1100-nm NIR window can

penetrate tissue at depths of more than 1 cm with no observable

damage, because most tissue has almost no absorbance in NIR

region [21]. Although organic dyes have been used for the NIR-

absorbing material, the dyes exhibited a photobleaching problem

and relatively low NIR-absorbing efficiency [22]. Recently, SWCNs

and gold nanostructures such as nanoshells, nanorods and nano-

particles have been reported to have higher NIR-absorbing effi-

ciency and do not have this photobleaching problem [21,23,24].

The main advantage of using nanomaterial as a NIR-absorbing

material is that the surface of nanomaterial can be easily functio-

nalized with a target-specific group, such as antibodies, to decrease

non-specific cell death. In addition, the absorbance wavelength

can be controlled by tuning various aspects of the nanomaterial

such as gold layer thickness, aspect ratio, size and shape.

Gold nanoshell

Nanoshells are a novel type of optically tunable nanoparticles

consisting of a dielectric core, surrounded by a thin metallic shell

of gold or silver. Gold-dielectric core-shell nanoparticles have

several attractive properties in terms of therapeutic applications.

They are biocompatible and stable. By varying the dimensions of

the core and the shell, the nanoshells exhibit unique tunable

optical properties. Additionally, biomolecules such as antibodies

can be readily conjugated to the surface of gold nanoparticles for
www.drugdiscoverytoday.com 659
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tumor specific targeting. Hirsch et al. [21] have reported the

synthesis and application of these nanoshells for cancer imaging

and therapy. The optical resonance of these nanoshells can be

precisely and systematically varied over a broad region ranging

from the near UV to the mid infrared. These particles can be

activated by NIR light where absorption by biomatter is low. In

this study, human breast cancer cells were incubated with the

nanoshells. As seen in Figure 2, upon exposure to NIR light, the

tumor cells, monitored by in situ magnetic resonance temperature

imaging, underwent an average temperature increase of 38 8C at a

depth of 2.5 mm beneath the dermal surface, Irreversible thermal

damage was observed and confined to the tumor area.

Gold nanoparticle

Souza et al. have developed biologically active gold (Au)-phage

networks consisting of bacteriophages directly assembled with

gold nanoparticles [25]. In addition to targeting cells, the networks

can function as signal reporters. Taking advantages of gold optical

properties, the networks can be used as labels for enhanced fluor-

escence and dark-field microscopy, surface-enhanced Raman scat-

tering (SERS) detection and NIR photon-to-heat conversion. The

surface plasmon absorption wavelengths can be modulated by the

phage input and the existence of a nanoparticle complexing agent

such as imidazole. The Au-phage shows loose, dispersed structures,

compared to the dense network of Au-phage-imid as a result of

imidazole-induced aggregation of Au nanoparticles. The agglom-

eration of Au nanoparticles will cause a red shift and a broadening

of the surface plasmon absorption peak. The more compact net-

works have a relatively larger red shift in the extinction spectrum

with increased absorption in the NIR wavelength region. A sub-

stantial temperature change has been observed due to the efficient
FIGURE 2

Localized photothermal destruction of carcinoma cells by NIR-absorbing gold nan

that only gold nanoshell-treated samples underwent photothermal destruction w

healthy cells was clearly detected in the cells treated with gold nanoshell and la
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photon-to-heat conversion. Melanoma cells with over-expressed

surface receptor for a well-characterized phage displaying the

peptide CDCRGDCFC (RGD-4C) were used for the in vitro study.

Au-RGD-4C networks show the capability of targeting and recep-

tor-mediated internalization. Compared to RGD-4C networks, the

targeted Au-RGD-4C networks show enhanced fluorescence,

explained by the synergy between receptor-mediated phage inter-

nalization and electromagnetically induced surface enhancement

of the Au nanoparticles. Souza et al. [25,26] have reasoned that the

Au-phage networks can serve as sensitive reporters in localizing

and evaluating ligand binding and receptor-mediated internaliza-

tion events with the Au nanoparticles can work as contrast agents

for dark-field microscopy. Cells treated with Au-RGD-4C phage

can be differentiated from the untreated cells with NIR-SERS

spectra. In other words, the Au nanoparticle-phage complex can

work as a cell-targeting agent and a SERS-based label for high-

throughput molecular and biological detection schemes [25].

Gold nanorod

Au nanorods of various aspect ratios enable tunable absorption

wavelengths in the NIR region. It is predicted that surface plasmon

field enhancement of gold nanorod absorption is the strongest of

all the different shapes of gold and silver nanoparticles [27]. As

seen in Figure 3, the nanorod extinction cross section at 780 nm

was estimated to be 1.3 � 10�15 m2 [28]. In comparison, nanocages

and nanoshells were reported to have a cross section of

1.3 � 10�14 m2 [29] and �4 � 10�14 m2 [17] respectively at SPR

wavelengths near 800 nm. Huang et al. [30] have conjugated gold

nanorods with an aspect ratio of 3.9 to antiepidermal growth

factor receptor (anti-EGFR) antibodies for selective photothermal

therapy in the NIR region. The gold nanorods were incubated in
oshell, as reported by Hirsch et al. [21]. Calcein AM viability staining reveals

ithin the laser spot (a, b). Fluorescein-dextran that is impermeable to

ser together (c, d).
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FIGURE 3

Optical property of gold nanorods, as reported by Huang et al. [30]. (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 images of nanorods of aspect ratio of 3.9, the absorption spectrum of

which is shown as the orange curve in panel (A).
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cell cultures with a non-malignant epithelial cell line (HaCaT) and

two malignant oral epithelial cell lines (HOC 313 clone 8 and HSC

3). The absorption spectra of the three types of cells reveal that the

amount of nanorods on the two malignant cells is over two times

higher than that of the non-malignant cells. Malignant cell death

occurs with less than half the laser energy required to kill the

normal cells, due to the overexpression of the EGFR on the surface

of malignant cells. Compared to the core-shell particles, in this

study, the threshold energy needed to kill the cancer cells is lower,

with a value of 10 W/cm2. In addition to the fact that gold

nanorods have a higher absorption cross section than nano-

spheres, Huang et al. have proposed that the difference can be

due to a higher affinity constant for binding of the gold nano-

particles to the antibody, or a higher affinity constant for binding

of the antibody to the cancer cell surface [30].

Gold nanorods have also been studied for targeted drug deliv-

ery. In addition to the unique optical properties, nanorods

undergo shape transformation to spherical nanoparticles upon

NIR irradiation. The shape transformation can be used for con-

trolled release of the conjugated biomoleucles. Chen et al. [31]

have designed an approach to remote control gene delivery in

specific cells. Gold nanorods were conjugated with the gene of

enhanced green fluorescence protein (EGFP) via Au–S bond. The

Au–S bond is broken upon exposure to NIR light and the EGFP

gene is released.

Single-walled carbon nanotube (SWNT)
Although most applications of carbon nanotubes have been

focused on microelectronic devices, due to their unique electronic

and physical properties [32–34], carbon nanotubes have shown

some attractive properties for the biomedical use, including easy

translocation across cell membranes and relatively low toxicity

[35,36]. It has recently been discovered that SWNTs have strong

optical absorbance in the NIR region where biological systems are

known to be highly transparent [22,23,37]. In addition to the
biocompatibility of carbon nanotubes, the ability of SWNTs to

absorb NIR makes it possible for them to be used for photothermal

cancer therapy by causing irreversible thermal cellular destruction.

Kam et al. showed that SWNTs prepared from high-pressure CO

conversion (Hipco) can be used to destroy cancer cells selectively

upon irradiation with NIR [37]. To achieve this, Kam et al. func-

tionalized SWNTs noncovalently with folic acid (FA), which can

selectively bind to the common tumor marker folate receptor (FR)

and incubated them with FR-overexpressed HeLa cells and normal

cells. After NIR irradiation, the group observed extensive cell death

for the FR-overexpressed HeLa cells, whereas no significant cell

morphology change was observed in the normal cells. Kam et al.

showed that SWNTs have a higher optical absorbance than NIR-

absorbing Au nanoshells. As a result, lower laser power and shorter

radiation times are expected to be necessary for cancer cell destruc-

tion, which may help reduce unwanted normal cell destruction.

Porous silica nanoparticles embedded with a photosensitizing
agent
The water-insoluble photosensitizing anticancer drug 2-deviny-2-

(1-hexyloxyethyl) pyropheophorbide (HPPH), has been entrapped

in the nonpolar core of micelles formed from the hydrolysis of

triethoxyvinylsilane [38], as shown schematically in Figure 4. The

HPPH-doped nanoparticles are quite stable and disperse well in

aqueous solutions. Upon irradiation with visible light, singlet

oxygen is generated and diffuses out of the porous nanoparticle

walls, and causes irreversible destruction of impregnated cells.

Singlet oxygen production was confirmed directly by lumines-

cence spectroscopy and indirectly by spectrophotometry with a

disodium salt of 9,10-anthracenedipropionic acid as a sensor. Roy

et al. [38] have demonstrated that the loss of fluorescence from the

entrapped photosensitizing drug was largely prevented in aqueous

media as compared to the free drug. Cellular uptake was studied

with two tumor cell lines, UCI-107 and HeLa. The confocal images

confirm the interval of the nanoparticles. Cell phototoxicity was
www.drugdiscoverytoday.com 661
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FIGURE 4

Scheme depicting the synthesis and purification of HPPH-doped silica-based nanoparticles in a micellar medium, as reported by Roy et al. [37].
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studied with void nanoparticles as a control. The data show that

HPPH-doped nanoparticles result in significant cell death. These

observations illustrate the potential of the system for photody-

namic therapy.

Conclusion
In this article, we have reviewed hollow and porous inorganic

nanomaterials in nanomedicine, focusing on imaging/diagnosis,

and photothermal therapy. Proof-of-concept studies have shown

that inorganic nanoparticles with hollow structure and well-con-

trolled shape and dimensions have great promise in biomedical

applications. A variety of inorganic material with inherent che-

mical, optical, magnetic, or electronic properties, can have simul-

taneous potential applications for diagnosis and therapy that is

not possible with the traditional imaging, delivery, and sensing

devices. More detailed studies are needed in the interactions of
662 www.drugdiscoverytoday.com
nanoparticles with tumor cells and physiological components,

however, before these preliminary results can be employed clini-

cally. Safety is one of the most important issues. Fortunately,

although long-term safety studies have to be thoroughly exam-

ined, recent studies show that the toxicity of inorganic nanoma-

terials can be alleviated by suitable environmental-friendly surface

functionalization [36,39,40]. Reliable pharmacological profiles of

administered nanoparticles in vivo can be obtained with the well-

defined physical and chemical properties. Besides the ability of

nano-sized materials to avoid biobarriers, unique optical and

electronic properties of inorganic nanomaterials enable the smart

multifunctionalized nanomaterials, which are in high demand by

modern biomedical applications. Hollow and porous inorganic

nanomaterial can potentially revolutionize medical sensing, ima-

ging, diagnosis and therapy. Future studies will determine the

opportunities as well as the limitations.
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