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 Hybrid Nanoparticles for Detection and Treatment 
of Cancer  
 There is currently considerable effort to incorporate both diagnostic and 
therapeutic functions into a single nanoscale system for the more effective 
treatment of cancer. Nanoparticles have great potential to achieve such 
dual functions, particularly if more than one type of nanostructure can be 
incorporated in a nanoassembly, referred to in this review as a hybrid nano-
particle. Here we review recent developments in the synthesis and evalua-
tion of such hybrid nanoparticles based on two design strategies (barge vs. 
tanker), in which liposomal, micellar, porous silica, polymeric, viral, noble 
metal, and nanotube systems are incorporated either within (barge) or at 
the surface of (tanker) a nanoparticle. We highlight the design factors that 
should be considered to obtain effective nanodevices for cancer detection 
and treatment. 
  1. Introduction and Motivations 

 In Isaac Asimov’s 1966 novel  Fantastic Voyage , scientists 
develop a technology that shrinks a team of people in a sub-
marine to the size of a human blood cell. [  1  ]  The microscopic 
submarine is injected into the body of a comatose patient, and 
the passengers steer their craft through the body to fi nd and 
remove a life-threatening blood clot. Modern-day scientists 
working in the fi eld of nanotechnology often use this literary 
image to describe their vision. Though nanotechnologists 
aren’t able to shrink people to those sizes, they are building the 
submarines, at least in the form of small devices that can cir-
culate through the body, and they are imparting in those struc-
tures the capabilities to perform autonomous tasks to diagnose 
and treat patients. Like Asimov’s microscopic submarine, the 
nanostructures we build today must possess many functions 
to be effective, and this has naturally led to the combining 
of multiple nano-objects into hierarchical assemblies. This 
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review focuses on what we call hybrid 
nanoparticles—nanoparticles that con-
tain two or more distinct nanoparticles 
assembled in a functional structure that 
itself is still of nanoscale dimensions. The 
goal of this type of research is to build a 
nanostructure whose medical effects are 
superior to those that could be realized 
from any simple mixture of the individual 
components. 

  1.1. Nanoparticles to Detect and Treat 
Cancer 

 Nowhere in medicine are the goals of 
nanotechnology more hotly pursued than 
in the fi eld of oncology. [  2–4  ]  Researchers have created many 
examples of nanoparticles that can circulate through the 
bloodstream and stick to tumors. The optical or magnetic 
properties of some of these nanoparticles provide a means 
to image tumors at their earliest stages of development. For 
example, the strong superparamagnetism of magnetic nano-
particles allows the visualization of target diseased tissue in 
any plane of the body using T 2 -weighted magnetic resonance 
imaging. [  5–7  ]  Additionally, the quantum confi nement effect 
exhibited by semiconductor nanoparticles allows ultrasensi-
tive and multiplexed fl uorescence imaging both  in vitro  and 
 in vivo , providing new tools to understand cellular processes 
related to cancer development. [  8  ,  9  ]  Other nanosystems can 
carry small payloads of anti-cancer drugs and deliver them 
directly to a tumor. For example, the high loading capacity 
and the biologically stable nature of lipid bilayer-based lipo-
somes allow the delivery of drugs to target sites  in vivo , mini-
mizing side effects and toxicity of the drug payloads. [  10  ,  11  ]  As a 
completely inorganic alternative, mesoporous silica nanopar-
ticles have been used to secure and carry therapeutic agents 
in biological systems. [  12  ,  13  ]  Therapeutic functions other than 
drug delivery can be performed by nanoparticles engineered 
with the ability to transduce optical or radio frequency energy 
into thermal energy. The coupling of the strong near-infrared 
(NIR) plasmon resonance absorption of gold nanoparticles 
into thermal energy is an example of a nanoscale phenom-
enon that has been exploited to photothermally destroy malig-
nant tumors. [  14  ,  15  ]  Although such nanoscale characteristics 
can enhance the detection or treatment of cancer, the single 
functionality in all the above examples of nanosystems limits 
their utility, because multiple systems are required to detect, 
monitor, and treat cancer.  
m 1wileyonlinelibrary.com
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  1.2. Combining Multiple Functions into a Single Nanosystem: 
Hybrid Nanoparticles 

 Several oncology-directed nanosystems that integrate multiple 
nanocomponents and nanostructures into a single nanodevice 
have emerged. [  16  ,  17  ]  Imaging of tumors provides a good example 
of where the properties of two nanodevices could be combined 
to improve surgical treatment of cancer patients. Whereas 
superparamagnetic iron oxide nanoparticles improve the con-
trast of magnetic resnonance images (MRI), the fl uorescence of 
nanoparticle quantum dots can be seen by the unaided eye. A 
tumor-targeting nanosystem that possesses both types of nano-
particles offers the possibility to fi rst identify a malignant tissue 
non-invasively by MRI, providing a low-resolution anatomical 
reference to guide the surgical procedure. Then, during surgery, 
the tumor margins can be directly visualized at a higher resolu-
tion by fl uorescence imaging of the quantum dots. In addition, 
optical fl uorescent systems can provide detailed subcellular 
information, which can aid in the diagnostic procedure. 

 Multiple nanocomponents with diagnostic and therapeutic 
functions can be integrated into a single nanosystem. [  18–20  ]  
These systems follow on the concept of a “theranostic” device, 
in which both diagnostic and therapeutic functions can be 
administered in a single dose. [  21  ]  For nanoparticles, one advan-
tage of combining imaging with therapeutic functions is that 
the biodistribution of the materials can be monitored  in vivo , 
reducing the potential for unintended side effects of drug tox-
icity or hyperthermia-induced damage in healthy tissues. In 
addition to the utility of tracking the fate of nanotherapeutics 
 in vivo  immediately after administration, the use of such hybrid 
nanoparticles potentially allows the medical team to monitor 
the progress and effi cacy of a therapy throughout the course of 
treatment.  

  1.3. General Design Rules for Hybrid Nanoparticles: 
Barges vs Tankers 

 In general there are two approaches to incorporate a thera-
peutic or diagnostic entity in a nanoparticle: it is either stuck 
to the surface of a solid nanoparticle, or it is encapsulated in 
a porous nanostructure. In a sense, this is related to the two 
methods of carrying goods on ships in the macroscopic world: 
we either stack the cargo on the deck of a barge or we place it in 
the closed container of a tanker. As with shipping, the solution 
chosen to carry a nano-cargo depends on the characteristics of 
the cargo and the delivery requirements. A reactive or antigenic 
drug should be protected from the environment in some sort of 
container vessel until it reaches its “port,” whereas an imaging 
agent attached to the external surface of a barge-like vessel can 
be more readily accessed and more rapidly released in response 
to physiological stimuli. 

 One concept that does not translate well to the macro-
scopic shipping analogy is carrying capacity. For a macroscopic 
sphere, many more molecules can be contained in the inner 
volume than can be adsorbed on the surface. As the sphere gets 
smaller, the space available to load a drug either on the surface 
or in the interior volume decreases. However, as the diameter 
of the sphere approaches the dimensions of the molecular 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
payload, more molecules can be placed on the surface than can 
be contained in the inner volume. A simple set of bounding 
calculations can be performed to answer the question “at what 
nanoparticle diameter is it more effi cient to load a drug on the 
surface of a solid nanoparticle than in the interior of a hollow 
one?” The result depends on the size of the drug in question, 
and  Figure    1   presents the results for two different anti-cancer 
therapeutics, representing a small molecule (doxorubicin) and 
a large protein (the antibody drug bevacizumab, trade name 
bH & Co. KGaA, Weinheim Adv. Mater. 2012, 
DOI: 10.1002/adma.201200653
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     Figure  1 .     Calculation comparing the payload capacity of solid versus 
porous nanoparticles. The number of molecules in the payload that could 
be loaded on the surface of a solid nanoparticle (“sphere surface”, solid 
lines) is compared to the number that could be contained within the 
confi nes of a hollow nanoparticle (“porous sphere”, dashed lines), as a 
function of nanoparticle diameter. The result depends on the size of the 
drug payload, and the calculation is performed using two different anti-
cancer drugs, the small molecule doxorubicin (“dox”, black traces) and 
the large protein antibody bevacizumab, trade name Avastin (“avastin”, 
blue traces). For these calculations, the hollow particles were loaded only 
in the interior (no molecules on the surface), while the solid particles 
were loaded only on the surface. In both cases the maximum loading 
is assumed to be hexagonal close packed (hcp), 74% packing effi ciency, 
with the drug molecules approximated as spheres. In addition, the avail-
able volume in the porous nanoparticles is assumed to be 80% of the 
geometric volume.  
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Avastin). The plots in Figure  1  give the number of molecules 
that can be loaded as a function of nanoparticle diameter. As 
can be seen in the plots, the crossing point occurs when the 
nanoparticle carrier is  ∼ ten times the diameter of the molecule 
payload; for the small molecule this occurs at  ∼ 20 nm, whereas 
for the large protein it is  ∼ 100 nm. At diameters less than these 
cutoffs, the nanoparticle can carry more molecules on its sur-
face than in its inner volume. This “ten-fold” rule for host diam-
eter vs payload diameter is very dependent on loading effi ciency, 
which is usually much smaller in practice than in concept, but 
it provides a limiting guide for the design of a nanocarrier. 
As already mentioned, there may be biocompatibility issues 
that push one to choose an enclosed “tanker”-like nanostruc-
ture, but from the perspective of maximizing the quantity of 
drug delivered to a target tissue, it doesn’t make sense to build 
a hollow nano-carrier at a size much smaller than 100 nm. A 
main advantage of the hollow “tanker” approach is that, in gen-
eral, the loaded drug does not have to be chemically modifi ed 
to load it into the nanocarrier as is required for surface-loaded 
“barge”-like nanocarriers. This can become a critical issue for 
regulatory approval—a chemically modifi ed drug usually must 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 
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be treated as a new chemical entity, which can slow the path to 
the clinic signifi cantly.   

  1.4. Biocompatibility Considerations 

 Probably the most important factor in the design of any nano-
particle for  in-vivo  application is the biocompatibility of the 
device. The term “biocompatibility” has many meanings. In 
some cases the mere demonstration of water solubility is cited 
as evidence of biocompatibility. In the present context, “bio-
compatible” means that the nanoparticle must display limited 
toxicity to the organism at its effective dose, it must be able to 
perform its function without interference from the organism’s 
healthy mechanisms, and it must be able to circulate suffi ciently 
long to accomplish its intended task. Shape, size, and charge 
are all factors in determining how long a given nano-particle 
will circulate before being eliminated by the liver, kidneys, or 
spleen. A key requirement for intravenously administered 
nanotherapeutics is that they have an ability to circulate in the 
bloodstream for  > 2 hours; if it is fi ltered out by the liver or the 
kidneys it can’t make it to the tumor.  

  1.5. Specifi c Targeting to Tumors 

 The blood vessels feeding tumors tend to be very “leaky” rela-
tive to normal blood vessels. Many kinds of nanoparticles will 
fi nd their way from the bloodstream into tumors via these leaky 
vessels. The phenomenon is known as EPR, for “Enhanced 
Permeability and Retention.” Not everything in the blood 
stream will invade a tumor by this route, but on the whole it 
is a fairly non-specifi c mechanism that works for a wide range 
of nanoparticles. A more specifi c method to target a tumor is 
to attach molecules to the surface of the nanoparticle that have 
an affi nity for tumor tissues or that can induce transport into 
cancerous cells. These molecules can be sugars, small mole-
cules, antibodies, or small peptides; folic acid is one of the most 
commonly employed small molecules, which targets the folate 
receptor present on the surface of many tumor cells. [  22  ,  23  ]   

   2. Classifi cation of Hybrid Nanoparticles 

 In this article, we focus on hybrid nanoparticles that contain 
both structural (therapeutic) and functional (diagnostic) nano-
components ( Table    1  ). As discussed in section 1.3, the func-
tional nanocomponents such as gold nanostructures (for optical 
imaging), magnetic nanocrystals (for improving MRI contrast 
or hyperthermia), or quantum dots (for fl uorescence imaging) 
can be either incorporated into the inner space of a structural 
nanocomponent (“tanker”) or equipped on the surface of struc-
tural nanocomponent (“barge”). The structural components 
of the hybrid nanoparticles are mainly classifi ed based on the 
therapeutic function they deliver. For example, structural nano-
components such as a liposome, a micelle, mesoporous silica, a 
polymer, or a virus can mainly carry a drug cargo, while struc-
tural nanocomponents such as a gold nanoparticle or a carbon 
nanotube enable photoablation therapy ( Table    2  ). The tumor 
3wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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targeting ability of these hybrid nanoparticles will be also dis-
cussed, as well as their diagnostic functions. Furthermore, we 
highlight important design factors to be considered for clinical 
translation. Hybrid nanoparticle systems that can be used for 
multimodal imaging are not included in this article, since sev-
eral excellent reviews have recently appeared. [  17  ,  24  ,  25  ]  Hybrid 
nanoparticle systems incorporated with functional molecules 
(e.g., porphyrin, fl uorophore, Gd molecule, radio-active mole-
cule and so on) are not also included. A summary of the types 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm

   Table  2.     Intrinsic properties of structural nanocomponents in hybrid nanopa

Structural 
nanocomponent

 Therapeutic property

Liposome Loading of hydrophobic and hydrophilic drugs

Micelle Loading of hydrophobic drugs

Mesoporous silica Loading of hydrophilic drugs

Polymer (PLGA) Loading of hydrophobic drugs

Virus Loading of therapeutic nucleic acids and effi cient 

transfection

Gold nanoparticle Photoablation therapy Two

enha

rap

Carbon nanotube Photoablation therapy and loading of hydrophobic 

drugs

NIR 
of hybrid nanoparticles that could be used for simultaneous 
diagnostics and therapeutics of cancer is presented in   Table   3  –  9  , 
categorized based on the type of structural nanocomponent.          

  2.1. Liposomal Hybrid Nanoparticles 

 Liposomes are “spherical”, self-assembled nanostructures 
consisting of concentric lipid bilayers that can incorporate 
bH & Co. KGaA, Weinheim

rticles. 

Intrinsic property

Diagnostic property Biocompatibility

N/A Biodegradable

N/A Biodegradable

N/A Biodegradable

N/A Biodegradable (in a con-

trolled manner)

N/A Biodegradable

-photon-induced photoluminescence (TPIP), surface 

nced Raman spectroscopy (SERS), computed tomog-

hy (CT), optical coherence tomography (OCT), and 

photoacoustic imaging,

Bioinert 

(non-biodegradable)

fl uorescence, Raman, optical coherence tomography 

(OCT), and photoacoustic imaging

Bioinert 

(non-biodegradable)

Adv. Mater. 2012, 
DOI: 10.1002/adma.201200653
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   Table  3.     Representative liposomal hybrid nanoparticles for simultaneous imaging and therapy of cancer. 

Structural nanocomponent Functional nanocomponent Target (tumor) cells or xenografts [targeting mechanism/
species employed]

Ref.

Type (incorporated therapeutic payload and 
other function)

Type (diagnostic and other function) Design

Phospholipid liposome (no payload and mem-

brane fusion)

Gold nanoparticle (optical imaging) Barge Jurkat cells (T-lymphocyte, nonadherent) 

[membrane fusion]

 [  35  ] 

Phospholipid liposome [calcein (model drug)] Gold nanoparticle (photothermal 

heating-triggered drug release)

ARPE-19 human retinal pigment epithelia cells 

[non-specifi c internalization]

 [  34  ] 

Phospholipid liposome [6-carboxyfl uorescein 

(model drug)]

Gold nanoparticle (photothermal 

heating-triggered drug release)

Tanker N/A  [  28  ] 

Phospholipid liposome [Xylenol orange sodium 

salt (model drug)]

Magnetic nanocrystal (MRI) Barge N/A  [  42  ] 

Phospholipid liposome [5,6-Carboxyfl uorescein 

(model drug)]

Magnetic nanocrystal (electromagnetic 

heating-triggered drug release)

N/A  [  43  ] 

Phospholipid liposome (doxorubicin or 

cysteine protease inhibitor JPM-565)

Magnetic nanocrystal (MRI and mag-

netic targeting)

Tanker MMTV-PyMT human breast cancer cells and xenografts 

[magnetic targeting]

 [  44  ] 

Phospholipid liposome (N/A) Quantum dot (optical imaging) Barge A549 human epithelial lung cells [non-specifi c 

internalization]

 [  31  ] 

Phospholipid liposome (doxorubicin) MCF-7/HER2 cells and xenografts [anti-HER2 single chain 

Fv fragments]

 [  59  ] 

 Tanker A431 human epithelial carcinoma cells [epidermal growth 

factor (EGF) ligand]

 [  51  ] 
hydrophilic therapeutic agents in their internal spaces or 
hydrophobic drugs within the bilayers. Small unilamellar lipo-
somes which have been widely used for cancer therapy have 
the size range of 50–150 nm and are nanoassemblies with a 
single bilayer. [  11  ]  In particular, liposomes constructed of lipids 
that contain a poly (ethylene glycol) (PEG) pendant strand 
have been found to be capable of circulating for relatively long 
periods of time before being eliminated. These long-circulating 
© 2012 WILEY-VCH Verlag G

   Table  4.     Representative micellar hybrid nanoparticles for simultaneous ima

Structural nanocomponent Functional nanocomponen

Type (incorporated therapeutic payload 
and other function)

Type (diagnostic and other function)

PCL- b -PGMA micelle (paclitaxel) Magnetic nanocrystal (MRI)

PEG-PLA micelle (doxorubicin)

PEG-PLA micelle (doxorubicin)

Phospholipid micelle (siRNA)

HAMAFA- b -DBAM micelle 

(doxorubicin and pH-sensitivity)

PEG-PAsp(DIP)-CA micelle 

(paclitaxel and pH-sensitivity)

Quantum dot (optical imaging)

PEG-phospholipid micelle 

(doxorubicin)

Magnetic nanocrystal (MRI) and quantum d

(optical imaging)

PS- b -PAA micelle (doxorubicin) Magnetic nanocrystal (MRI and magnetic

targeting)

Upconversion nanoparticle (optical imaging

Adv. Mater. 2012, 
DOI: 10.1002/adma.201200653
liposomes can passively accumulate in tumors through the 
porous endothelium present in tumors—the EPR effect 
described above. Drugs incorporated into the liposomes can be 
released slowly in tumors, generating high local concentrations 
of drug and minimizing the systemic dose. Once the drug is 
delivered, the dissociated lipids are harmlessly cleared from the 
body. These attractive features have led to broad interest in lipo-
somal systems for delivery of various chemotherapeutic agents 
5wileyonlinelibrary.commbH & Co. KGaA, Weinheim

ging and therapy of cancer. 

t Target (tumor) cells or xenografts [targeting 
mechanism/species employed]

Ref.

Design

Barge N/A  [  91  ] 

Tanker SLK tumor endothelial cells [ α  v  β  3 -integrin targeting 

cRGD peptide]

 [  97  ] 

H2009 lung adenocarcinoma cells [lung cancer tar-

geting peptide with a sequence of RGDLATLRQL]

 [  98  ] 

MKN-74 and NUGC-4 gastric adenocarcinoma cells 

[anti-EGFR antibody]

 [  99  ] 

KB human carcinoma cells [folic acid]  [  101  ] 

Barge Bel-7402 human hepatocellular carcinoma cells 

[folic acid]

 [  96  ] 

ot Tanker MDA-MB-435 human breast cancer cells and xeno-

grafts [F3 tumor targeting peptide for  in vitro  and 

passive targeting by EPR for  in vivo ]

 [  19  ] 

 Tanker 4T1 murine breast cancer cells and xenografts [passive 

targeting by EPR]

 [  1  ,  102  ] 

)
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Structural nanocomponent Functional nanocomponent Target (tumor) cells or xenografts [targeting mecha-
nism/species employed]

Ref.

Type (incorporated therapeutic payload 
and other function)

Type (diagnostic and other function) Design

Porous silica (doxorubicin) Magnetic nanocrystal (MRI) Barge MCF7 human breast cancer cells [passive targeting 

by EPR]

 [  134  ] 

Porous silica (camptothecin or 

paclitaxel)

Tanker PANC-1 and BxPC3 human pancreatic cancer cells 

[folic acid]

 [  123  ] 

Porous silica (doxorubicin) H446 human lung cancer cells [folic acid]  [  127  ] 

Porous silica (photosensitizer ZnPc) NaYF 4  up-conversion nanocrystal (optical imaging 

& excitation source for photosensitizer)

MB49 murine bladder cancer cells [non-specifi c 

endocytosis]

 [  133  ] 

Porous silica (photosensitizer 

hematoporphyrin)

Gold nanorod (optical imaging and photothermal 

heating)

MDA-MB-231 human breast cancer cells (non-specifi c 

internalization)

 [  132  ] 

Porous silica (both doxorubicin and 

cisplatin, and liposomal coating)

Quantum dot, loaded into the porous nanostruc-

tures (optical imaging)

Hep3B human hepatocellular carcinoma cells 

[HCC targeting SP94 peptide with a sequence of 

SFSIIHTPILPLGGC]

 [  137  ] 

Porous silica nanorattle (docetaxel) Gold nanoshell (optical imaging and photothermal 

heating)

Barge HepG2 human hepatocellular carcinoma cells and H22 

mouse hepatoma xexnografts [passive targeting by EPR]

 [  141  ] 

   Table  6.     Representative polymeric hybrid nanoparticles for simultaneous imaging and therapy of cancer. 

Structural nanocomponent Functional nanocomponent Target (tumor) cells or xenografts [targeting mechanism/
species employed]

Ref.

Type (incorporated therapeutic 
payload and other function)

Type (diagnostic and other function) Design

PLGA (doxorubicin and thermosensi-

tive drug release)

Gold nanocoating (photothermal 

heating)

Barge A431 human epidermoid carcinoma cells and xenografts 

[passive targeting by EPR]

 [  167  ] 

PLGA (doxorubicin and controlled 

drug release)

Magnetic nanocrystal (MRI) Tanker NIH3T6.7 fi broblast cells [herceptin]  [  172  ] 

PLGA (doxorubicin and controlled 

drug release)

Magnetic nanocrystal (MRI) KB human carcinoma cells [folic acid]  [  162  ] 

PLGA (coenzyme Q10 and controlled 

drug release)

Quantum dot (optical imaging) PC12 pheochromocytoma cell [passive internalization]  [  161  ] 

Polystyrene and PLGA (paclitaxel and 

controlled drug release)

Quantum dot (optical imaging) Barge LNCaP human prostate cancer cells [anti-prostate specifi c 

membrane antigen]

 [  171  ] 

Magnetic nanocrystal (MRI) Tanker  

PLGA (paclitaxel and controlled drug 

release)

Gold nanorod (photothermal heating) Tanker A549 human lung cancer cells and xenografts [anti-Her2 

antibody for in vitro and intratumoral injection for in vivo]

 [  168  ] 

Magnetic nanocrystal (MRI)

Quantum dot (optical imaging)

   Table  7.     Representative viral hybrid nanoparticles for simultaneous imaging and therapy of cancer. 

Structural nanocomponent Functional nanocomponent Target (tumor) cells or xenografts [targeting mechanism/
species employed]

Ref.

Type (incorporated therapeutic pay-
load and other function)

Type (diagnostic and other function) Design

Adenovirus (eGFP gene) Magnetic nanocrystal (MRI) Barge U251N cells [Coxsackie B on adenovirus]  [  199  ] 

Adenovirus (luciferase reporter gene) Gold nanoparticle (photothermal heating) HeLa and MC38-CEA-2 cells [Coxsackie B on adenovirus, 

and adenovirus engineered to target tumor-associated 

carcino embryonic antigen (CEA), respectively]

 [  200  ] 

Cowpea mosaic virus (N/A) C 60  carbon nanoparticle (photodynamic therapy) N/A  [  201  ] 

M13 bacteriophage (N/A) Carbon nanotube (optical imaging) LNCaP human prostate adenocarcinoma cells [anti-

prostate specifi c membrane antigen antibody]

 [  203  ] 

Human immunodefi ciency virus 

(N/A)

Gold nanoparticle (photothermal heterodyne 

imaging)

Tanker N/A  [  202  ] 

Adv. Mater. 2012, 
DOI: 10.1002/adma.201200653
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   Table  8.     Representative gold-based hybrid nanoparticles for simultaneous imaging and therapy of cancer. 

Structural nanocomponent Functional nanocomponent Target (tumor) cells or xenografts [targeting mechanism/
species employed]

Ref.

Type (therapeutic and other function) Type (diagnostic and other function) Design

Gold nanorod (photothermal therapy 

and fl uorescence imaging)

Magnetic nanocrystal (MRI) Barge SK-BR-3 breast cancer cells [Herceptin]  [  236  ] 

Gold nanoshell 

(photothermal therapy)

Magnetic nanocrystal (MRI) Tanker SKBR3 breast cancer cells [anti-HER2/ neu ]  [  18  ] 

Gold nanoshell 

(photothermal therapy)

Magnetic nanocrystal (MRI)  MDA-MB-468 cells [anti-epidermal growth factor receptor]  [  234  ] 

Gold nanoshell 

(photothermal therapy)

Magnetic nanocrystal (MRI and mag-

netic targeting)

Barge KB human epidermoid carcinoma cells and xenografts 

[folic acid and magnetic targeting]

 [  241  ] 

Upconversion nanocrystal (optical 

imaging)

Tanker

   Table  9.     Representative carbon nanotube-based hybrid nanoparticles for simultaneous imaging and therapy of cancer. 

Structural nanocomponent Functional nanocomponent Target (tumor) cells or xenografts [targeting mechanism/
species employed]

Ref.

Type (therapeutic and other function) Type (diagnostic and other function) Design

Multi-walled carbon nanotube (photothermal 

therapy)

Magnetic nanocrystal (MRI) Tanker Murine renal carcinoma cells [passive targeting by EPR]  [  276  ] 

Single-walled carbon nanotube (incorporation 

of therapeutic molecule cisplatin)

Quantum dot (optical imaging) Barge Head and neck squamous carcinoma cells and xenografts 

[anti-epidermal growth factor receptor (EGFR) antibody]

 [  278  ] 

Multi-walled carbon nanotube (N/A) Quantum dot (optical imaging) N/A  [  277  ] 

Multi-walled carbon nanotube (incorporation 

of therapeutic molecule gemcitabine)

Magnetic nanocrystal (magnetic 

targeting)

BxPC-3 human pancreatic cancer cells and in vivo meta-

static model (magnetic targeting)

 [  272  ] 

Single-walled carbon nanotube (photothermal 

therapy)

Gold nanocrystal (SERS imaging and 

photothermal therapy)

SK-BR-3 human breast adenocarcinoma cells  [  283  ] 
in cancer therapy, and many translational studies have been 
performed, with more underway, to bring liposomes into the 
clinic. 

 The use of liposomes for  in vivo  imaging has a long history. [  10  ]  
Various reporter moieties can be either attached on the surface 
of liposomes or incorporated into their internal water reservoir, 
prolonging the blood residence time of such molecules. Early 
studies found that liposomes decorated with paramagnetic 
molecules enable the detection of angiogenesis  in vivo  by mag-
netic resonance imaging (MRI). [  26  ,  27  ]  It has been recognized 
that various types of inorganic nanoparticles offer similar or 
improved image contrast in either MRI or other types of med-
ical imaging systems, and iron oxide-based magnetic nanopar-
ticles (for MRI), gold nanoparticles and luminescent quantum 
dots (for optical imaging) have been incorporated into various 
hybrid liposome systems. 

 For optical imaging and photothermal heating, hydrophilic 
gold nanoparticles have been encapsulated in the interior [  28  ]  or 
on the outer membrane of liposomes, [  29–31  ]  and hydrophobic 
gold nanoparticles have been inserted into the hydrophobic 
interior of the liposomal membrane (Table  3 ). [  32–34  ]  A variety of 
imaging modalities can be incorporated into a liposomal for-
mulation using gold nanoparticles. Feldmann and co-workers 
demonstrated that liposomes linked with gold nanoparticles 
can fuse with the cellular membrane, and the strongly scattered 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 
DOI: 10.1002/adma.201200653
light from the gold nanoparticle allowed its dynamic motion to 
be imaged. [  35  ]  Photothermal heating in these systems relies on 
the strong coupling of an optical fi eld into the plasmonic band 
of the gold nanoparticle. This can trigger secondary processes, 
such as chemical dissolution, which can then result in release 
of therapeutic agents from various types of nanoparticles. [  36–38  ]  
For example, Zasadzinski and co-workers demonstrated drug 
release from a gold nanoparticle/liposome construct triggered 
by application of NIR light. [  28  ]  Hollow gold nanoshells (HGN), 
with a wavelength of maximum absorption ( λ  max ) at 820 nm 
were used, and the HGN were either encapsulated by the lipo-
somes, tethered to the liposomes, or physically mixed with 
liposomes as separate entities. It was found that HGN tethered 
directly to the outer surface of liposomes displayed the largest 
release of the liposomal payload—up to 93%—relative to other 
hybrid formulations. Thus the effi ciency of photo-triggered 
release is related to the proximity of the light-absorbing nano-
particle to the lipid bilayer of the liposome. In addition to the 
local thermal effect, mechanical disruption by nano- or micro-
bubbles generated during irradiation could also be responsible 
for the transient membrane ruptures. Möhwald and co-workers 
fabricated a similar assembly composed of liposomes and gold 
nanoparticles and demonstrated NIR laser-initiated release 
from a liposome. [  39  ]  Aggregation of gold nanoparticles, driven 
by electrostatic interactions between liposomes, resulted in 
7wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 a red-shift of the plasmonic absorption (from 520 nm for an 

individual nanoparticle to 650 nm for the aggregation). Focused 
laser illumination of the assembly, loaded with a model drug 
(fl uorescent dye), initiated rapid release of the encapsulated dye 
molecules. Combined therapy with anti-cancer drugs and pho-
tothermal heating could also be achieved with such a nanogold-
incorporated liposomal formulation. 

 For MR imaging and electromagnetic heating, hydrophilic 
magnetic nanocrystals have been either encapsulated in the 
inner aqueous compartment [  40  ,  41  ]  or coated on the surface of 
liposomal nanovehicles, [  42  ]  and hydrophobic magnetic nanoc-
rystals have been inserted into the hydrophobic interior of 
the liposomal membrane (Table  3 ). [  43  ]  Particularly, clustering 
of magnetic nanocrystals inside the liposome signifi cantly 
improved their MRI contrast properties. [  44  ,  45  ]  Kobayashi and co-
workers developed magnetite-containing cationic liposomes for 
an intracellular hyperthermia application. [  46  ,  47  ]  These magnetic 
liposomes were used as mediators to couple and convert irra-
diation from an alternating magnetic fi eld operating at radio 
frequencies to generate localized heating. This electromagnetic 
heating of magnetoliposomes was utilized to release encapsu-
lated therapeutic molecules to the surrounding environment, 
caused by the combined effects of bilayer permeabilization and 
partial membrane rupture. [  43  ]  Thermosensitive liposomes could 
further improve thermally controlled release of the encapsulated 
drugs. [  48  ]  Highly concentrated magnetic nanocrystals inside 
the liposome were able to generate a therapeutically effective 
dose of thermal energy to malignant tissues within a clinically 
acceptable irradiation range. Furthermore, magnetic liposomes 
have been steered to tumors  in vivo  using an external magnet, 
and the distribution of the nanodevices has been identifi ed by 
MR imaging. [  49  ]  

 For optical imaging, hydrophilic quantum dots have been 
encapsulated in the interior [  50–52  ] or on the outer membrane 
of liposomes, [  51  ,  53  ]  and hydrophobic quantum dots have been 
inserted into the hydrophobic interior of the liposomal mem-
brane (Table  3 ). [  31  ,  50  ,  54  ]  Vogel and co-workers have incorporated 
hydrophobic quantum dots into the bilayer membrane of lipid 
vesicles. [  55  ]  Interestingly, the selectivity of interaction of cationic 
hybrid liposomal nanoparticles with cells has been found to be 
dependent on the presence of PEG groups in the lipid layer. 
For example, hydrophobic quantum dots are dissociated from a 
PEGylated liposome and delivered to a cell’s plasma membrane, 
whereas a non-PEGylated liposome containing the same type 
of quantum dots will become internalized into the cells in its 
entirety. Kostarelos and co-workers synthesized quantum dot-
liposome nanohybrids by encapsulating hydrophilic quantum 
dots into the aqueous core of a PEGylated cationic liposome. [  56  ]  
The PEGylated cationic fl uorescent liposomes circulated for a 
relatively long time in the bloodstream of mice after systemic 
administration, ultimately accumulating in the tumor. These 
fl uorescent nanohybrids then remained in the tumor for at least 
24 hours, offering a wide temporal window for tumor imaging. 
Ménager and co-workers prepared liposomal hybrid vesicles 
with dual-imaging capabilities using an emulsion process to 
encapsulate two types of nanoparticles. [  57  ]  The hybrid vesicles 
contained both hydrophilic magnetic nanoparticles and hydro-
phobic quantum dots, and displayed strong magnetic proper-
ties with little deleterious photobleaching. After intravenous 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
injection in a mouse, the intense fl uorescence of the hybrid ves-
icles allowed clear detection in several organs. Although these 
hybrid vesicles demonstrated the feasibility of such systems for 
 in vivo  applications, they were not optimal formulations due to 
their large size (0.5  ∼  1  μ m) and short  in vivo  circulation times. 

 A few reports have appeared describing the use of such 
hybrid liposomal nanoparticles for simultaneous targeting, diag-
nosis, and chemotherapeutic treatment of cancer (Table  3 ). [  42  ,  54  ]  
Nobuto and co-workers examined the effi ciency of systemic 
chemotherapy administered using liposomes containing both 
magnetic nanocrystals and doxorubicin (DOX) in an osteosa-
rcoma-bearing hamster. [  58  ]  After intravenous administration 
of the magnetic DOX liposomes, a DC dipole electromagnet 
was turned on in the vicinity of the tumor. Greater accumu-
lation of DOX in the tumor and signifi cant improvement in 
the anti-tumor effect of the drug were observed. Although 
the targeting in this case was a bit crude, relying on the pre-
existing knowledge of the tumor location, it demonstrates the 
important advantage of multi-modal nanosystems. Park and 
co-workers developed a similar liposomal system, but using a 
specifi c antibody to provide molecular targeting, ( Figure    2  ). [  59  ]  
An Anti-HER2 antibody and luminescent quantum dots were 
chemically linked to functional PEG groups on the liposome 
surface, and the interior of the liposomes contained a DOX pay-
load. The researchers were able to verify localization at tumor 
sites both  in vitro  and  in vivo  by observation of luminescence 
from the quantum dots. This study demonstrated the feasibility 
of real-time observation of the dynamics of drug delivery to a 
targeted tumor site. Recently, Vasiljeva and co-workers used 
magnetic liposomes to localize therapeutic molecules in both 
the tumor and its microenvironment while monitoring their 
delivery by MRI. [  44  ]  In an orthotopic murine mammary tumor 
model, these MRI-visible liposomes delivered cysteine cathe-
psin inhibitors effectively to a tumor under the infl uence of an 
external magnet, substantially suppressing tumor growth.  

 Hybrid liposomal nanosystems have great potential for 
future clinical use since they are designed to integrate the well-
established physicochemical and pharmacodynamic properties 
of liposomes with unique photochemical and electromagnetic 
properties of nanocrystals. However, careful attention should 
be paid to stability of such malleable systems since co-encapsu-
lation of nanocrystals and therapeutics into the inner space of 
a liposome, insertion of nanocrystals into the liposomal mem-
brane, or chemical attachment of nanocrystals to its surface all 
have the potential to cause payload leakage or a decrease  in vivo  
stability of the liposomal nanostructure.  

  2.2. Micellar Hybrid Nanoparticles 

 Although liposomes can incorporate poorly soluble therapeu-
tics in the thin hydrophobic bilayer that comprises the outer 
skin of these nanostructures, the drug loading capacity is some-
what restricted because of possible membrane destabilization 
and the relatively limited space available. Micelles are colloidal 
nanoparticles with smaller sizes (5–50 nm) compared to lipo-
somes (50–150 nm). However, their inner volume is composed 
of hydrophobic tails of the lipid or surfactant constituents, 
into which many hydrophobic or amphiphilic molecules can 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 
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     Figure  2 .     a) Schematic showing a liposomal hybrid nanoparticle containing antibody and 
quantum dot functionalities (QD-immunoliposomes). The pendant antibody provides a tar-
geting capability, while the quantum dot exhibits bright photoluminescence to enable  in vivo  
or  in vitro  imaging. b) (Left panel)  In vivo  fl uorescence images of mice bearing MCF-7/HER2 
xenograft tumors implanted in the lower back, 30 h after intravenous injection with QD-immu-
noliposomes. Fluorescence intensity is displayed in false color; the high intensity at the tumor 
site demonstrates that the liposomes accumulate prominently in tumors. (Right panel) Con-
focal fl uorescence image of a tumor slice from the mouse, 48 h post-injection. Red and blue 
indicate QD-immunoliposomes and cell nuclei (DAPI stain), respectively. The QD-immunoli-
posomes appear to internalize into the cytosol of MCF-7/HER2 tumor cells  in vivo . Reproduced 
with permission from ref.  [  59  ]  Copyright © 2008 American Chemical Society.  
self-assemble. [  60–62  ]  In an aqueous environment, hydrophobic 
regions of amphiphilic molecules segregate to the core of the 
micelle and the hydrophilic regions of the molecules tend to 
orient into the aqueous phase, increasing the stability of the 
colloidal assembly. The hydrophobic core of a micelle is thus 
ideally suited for many types of hydrophobic or poorly soluble 
cancer therapeutics that are not capable of being administered 
in typical aqueous excipients. [  63–66  ]  Furthermore, due to their 
relatively small size, micellar formulations are substantially 
extravasated from blood vessels to the deep tumor tissues, ena-
bling their uniform distribution over the entire tumor. [  67  ,  68  ]  

 Since many magnetic or optical nanocrystals are synthe-
sized in organic phases, [  6  ,  69–73  ]  methods had to be developed 
to enhance water solubility to improve compatibility in biolog-
ical media. The fi rst demonstrations of  in vitro  imaging with 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2012, 
DOI: 10.1002/adma.201200653
semiconductor quantum dots occurred in 
1998, [  74  ,  75  ]  and in 2002 quantum dots coated 
with a micellar overlayer were shown to be 
soluble and stable enough for both  in vitro  
and  in vivo  imaging. [  76  ]  With the more recent 
development of micellar coatings consisting 
of block-copolymers, numerous hydrophobic 
nanocrystals have been successfully modi-
fi ed and solubilized for biological applica-
tions. [  77–86  ]  Some of these have demonstrated 
dual imaging modes (fl uorescence imaging 
and MRI) by incorporating a fl uorescent or 
paramagnetic molecular species into the lipid 
that covers either a magnetic or luminescent 
nanocrystal, respectively. Alternatively, both 
types of nanocrystals have been incorporated 
into a more conventional micelle. [  77  ,  85–88  ]  

 Micellar hybrid nanosystems have also 
been used to co-incorporate functional 
nanocrystals (for imaging) and therapeutic 
agents (Table  4 ). Hydrophobic nanocrystals 
can be incorporated in the central region of 
a micellar nanodevice, [  89  ,  90  ]  while hydrophilic 
nanocrystals can be conjugated to the surface 
of a micellar nanodevice. [  91  ]  Jain  et al.  devel-
oped a novel micellar hybrid nanosystem 
where poorly soluble therapeutic molecules 
partitioned into the hydrophobic shell sur-
rounding the magnetic nanocrystals on 
the interior of the micelle. The drugs were 
secured at the interface with a polyethylene 
oxide amphiphile (Pluronic, polyoxyeth-
ylene-polyoxypropylene triblock copolymer), 
which conferred aqueous solubility to the 
hybrid. [  92  ,  93  ]  The researchers demonstrated 
sustained release of the incorporated chemo-
therapeutics  in vitro  for 2 weeks. Additionally, 
the micellar magnetic nanoparticles exhib-
ited a signifi cant MR signal in the carotid 
arteries of mice after intravenous injection. 
Prasad and co-workers designed a similar 
multifunctional polymeric micelle-based 
nanocarrier system that consists of polymeric 
micelles of diacylphospholipid-poly(ethylene 
glycol) (PE-PEG) co-incorporated with the hydrophobic pho-
tosensitizer drug 2-[1-hexyloxyethyl]-2-devinl pyropheophor-
bide-a (HPPH) and magnetic nanocrystals. [  94  ]  Hydrophobic 
interactions between the hydrocarbon chains of PE-PEG and 
the hydrocarbon coating on the magnetic nanocrystals stabi-
lized the micellar nanocarriers and enhanced the loading of 
the hydrophobic drug. It was observed that the effi cacy of pho-
tosensitization is not altered in the micellar assemblies. The 
hybrid nanocarriers could magnetically deliver photosenitizer 
agents into tumor cells  in vitro , resulting in enhanced inter-
nalization and phototoxicity. The pH-sensitive micellar hybrid 
nanoparticles have been also utilized to effectively release 
an encapsulated therapeutic payload in acidic lysosomes of 
the cell while simultaneously monitoring their intracellular 
distribution. [  95  ,  96  ]  
9wileyonlinelibrary.comheim
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     Figure  3 .     a) Schematic design of polymeric micellar hybrid nanoparticles, where the micellar membrane is composed of amphiphilic block copolymers. 
The targeting ligand is cyclic RGD and the therapeutic agent is doxorubicin (DOX). The hydrophobic core also contains superparamagnetic iron oxide 
(Fe 3 O 4 ) nanoparticles to enable magnetic resonance imaging. b) Transmission electron microscope (TEM) image of the polymeric micellar assembly. 
The inset is a cryo-TEM image of the same micelle formulation. Scale bars are 20 nm. c) Confocal laser scanning microscope image of human Kaposi’s 
sarcoma SLK cells treated with polymeric micelles either with (right panel) or without (left panel) a cRGD targeting peptide. The intrinsic fl uorescence 
of the DOX drug appears as red in the images. Scale bars are 20  μ m. Reproduced with permission from ref.  [  97  ]  Copyright © 2008 American Chemical 
Society.  
 Gao and co-workers reported substantial cancer-targeting 
capability of multifunctional polymeric micelles that contain 
molecular drugs and MRI contrast agents ( Figure    3  ). [  97  ,  98  ]  The 
hydrophobic core region of a single micelle was co-loaded with 
a cluster of magnetic nanocrystals and the anti-cancer drug 
doxorubicin. Interestingly, a micellar nanostructure composed 
of amphiphilic block copolymers of poly-(ethylene glycol)-
block-poly(D,L-lactide) (PEG-PLGA) copolymer was observed 
to release the incorporated drug to cells more rapidly relative to 
micelles that used poly( ε -caprolactone) (PCL) as the hydrophobic 
core constituent. [  64  ]  Furthermore, hybrid micelles with attached 
cRGD targeting ligands delivered the incorporated therapeu-
tics more effi ciently to integrin  α  v  β  3 -expressing tumor cells. 
Recently, Namiki and co-workers demonstrated that lipid-coated 
magnetic nanocrystals (LipoMag) exhibited more effi cient gene 
silencing and better anti-tumor effects after magnetically guided 
targeting than commercially available polymer-coated nanocrys-
tals (Poly Mag). [  99  ]  This micellar coating that led to solubiliza-
tion of individual hydrophobic magnetic nanocrystals enabled 
LipoMag to prolong their circulation in the blood and effi ciently 
deliver the incorporated siRNA to the tumor site compared with 
a larger PolyMag formulation composed of irregularly shaped 
magnetic clusters. In addition, a pH-sensitive micellar layer 
encapsulating magnetic nanocrystals and a therapeutic cargo 
allowed the MRI-detectable nanostructure to release its payload 
selectively in an acidic environment of the tumor. [  100  ,  101  ]  These 
works demonstrate the potential of micellar hybrids as theran-
ostic agents—for targeted systemic administration of therapeutic 
molecules while simultaneously allowing MR imaging.  

 The above examples illustrate the power of the micellar 
encapsulation approach: it allows one to incorporate multiple, 
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
distinctively different payloads within a single nanostruc-
ture. [  102  ]  It also allows the administration of theranostic combi-
nations that can provide complementary or confi rmatory infor-
mation, for example in MRI and fl uorescence imaging. We and 
others have synthesized hybrid nanoparticles that contain mag-
netic nanocrystals, quantum dots and a molecular anti-cancer 
agent within a single poly(ethylene glycol)-phospholipid micelle 
( Figure    4  ). [  19  ]  The two different types of hydrophobic nanocrys-
tals were incorporated with doxorubicin during synthesis, and 
their targeted delivery to tumor cells was demonstrated using 
a pendant targeting peptide. The dual-mode imaging (by MRI 
and fl uorescence) of a xenografted tumor in a mouse was dem-
onstrated. The work illustrated the ability to combine optical 
with magnetic resonance imaging, to obtain microscopic res-
olution at the tumor site by fl uorescence, and full anatomical 
distribution by MRI.  

 Micellar coatings have also been employed to separately 
control release of two different drugs co-encapsulated into a 
hybrid nanoparticle. Sasisekharan and co-workers fabricated 
a novel micellar nanosystem, which they named a “nanocell” 
that comprises a poly-(lactic-co-glycolic) acid (PLGA) polymeric 
nanoparticle core within a PEGylated-lipid shell. [  103  ]  Once the 
nanocells accumulate in a tumor after systemic administration 
(mouse model), the outer shell fi rst releases an anti-angiogenic 
agent, causing vascular shutdown, and then the polymeric 
core, which is presumably trapped in the tumor upon vascular 
shutdown, releases its chemotherapeutic agent. The “one-two 
punch” very elegantly illustrated by this work demonstrates 
a key advantage of nanotechnology—it provides an ability to 
incorporate hierarchical, synchronized functions into an inject-
able formulation.  
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 
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     Figure  4 .     a) Schematic representation of micellar hybrid nanoparticles containing two different 
types of nanoparticles and a molecular drug. b) Transmission electron microscope (TEM) 
image of a micelle containing a mass ratio of 1 magnetic nanoparticle for every 3 quantum 
dots. The scale bar is 100 nm. In these formulations the quantum dots are elongated and the 
magnetic nanoparticles are spherical. c) Fluorescence microscope image showing targeted 
delivery of doxorubicin (DOX)-incorporated micelles to MDA-MB-435 human carcinoma cells. 
The micelles have peptide targeting groups attached to their surface. d) MRI and NIR fl uores-
cence images of tumors harvested from mice 20 h after injection with the micellar nanostruc-
tures (“MHN”). Control is injection with phosphate buffered saline (“PBS”). Reproduced with 
permission from ref.  [  19  ]  Copyright 2008 Wiley VCH.  
  2.3. Porous Silica-Based Hybrid Nanoparticles 

 Mesoporous silica nanoparticles are another class of “hollow” 
nanoparticles that have attracted great attention as potential 
drug carriers due to their large surface area, tunable size and 
porosity, chemical stability and biocompatibility. [  12  ,  104  ]  The 
synthesis of mesoporous silica is based on the formation of 
liquid-crystalline mesophases of amphiphilic molecules (sur-
factants) that serve as templates for the  in situ  condensation of 
orthosilicic acid. [  13  ]  Mesoporous silica nanospheres have been 
shown to be readily taken up by eukaryotic cells without any 
signifi cant cytotoxicity, and their internalization can be manipu-
lated by surface functionalization of the nanoparticles. [  12  ,  105–107  ]  
Additionally, magnetic or fl uorescent imaging molecules can 
be easily incorporated using well-developed silane and silanol 
chemistries. [  108–114  ]  These formulations are also capable of 
hosting a wide variety of therapeutic molecules. [  108  ,  109  ,  115–117  ]  
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2012, 
DOI: 10.1002/adma.201200653
The molecules can be coupled to the inner 
surface of mesoporous silica nanoparticles 
via pH-sensitive linkers for controlled release 
in lysosomes. [  118  ]  For example, Lin and co-
workers trapped genes along with their 
chemical inducers inside silica mesopores 
using gold nanoparticle caps. [  115  ]  These ther-
apeutic systems were able to release their 
payload and trigger gene expression in a 
plant model (tobacco mesophyll protoplast). 
The same group described other types of 
hybrid mesoporous silica nanosystems that 
achieve tunable release of therapeutics using 
nanoparticle-based capping reactions. [  105  ,  109  ]  
If the capping nanoparticle is a magnetic 
nanocrystal, it can be used to manipulate 
the hybrid delivery nanosystem and release 
the encapsulated molecules under magnetic 
actuation in addition to serving a blocking 
function. [  109  ,  119  ]  

 Another approach is to encapsulate other 
types of nanoparticles within a shell of mes-
oporous silica where therapeutic molecules 
can be incorporated (Table  5 ). The thera-
peutic molecule incorporated in the mesopo-
rous silica layer is protected from degradation 
in the physiological environment. Several 
groups have reported that magnetic nanoc-
rystals or quantum dots can be coated with 
a layer of porous silica. [  20  ,  120–129  ]  These mag-
netic or optical drug carriers with a porous 
shell have been mainly used to demonstrate 
magnetic separation, MR/optical imaging 
and drug delivery both  in vitro  and  in vivo . 
Shi and co-workers fabricated uniform mag-
netic nanospheres composed of an Fe 3 O 4  iron 
oxide core and a mesoporous silica shell. [  121  ]  
The mesoporous silica shell was formed on 
a single magnetic nanocrystal by simulta-
neous sol-gel polymerization of tetraethox-
ysilane (TEOS) and n-octadecyltrimethoxysi-
lane (C18TMS) followed by removal of the 
organic groups. Hyeon and co-workers enabled precise control 
of particle size and silica shell thickness in core-shell magnetic 
mesoporous silica nanoparticles by varying the concentration 
of the cetyltrimethylammonium bromide (CTAB)-coated core 
magnetic nanocrystals during the silica condensation reac-
tion ( Figure    5  ). [  20  ]  The nanoparticles were made fl uorescent 
by attachment of fl uorescein or rhodamine dyes via a 3-ami-
nopropyltriethoxysilane (APTES) linker.  In vitro  drug delivery 
and multimodal imaging were fi rst successfully demonstrated 
using these uniform multimodal nanocarriers. Furthermore, 
signifi cant passive tumor accumulation of the nanocarriers 
was observed after intravenous injection, demonstrating their 
excellent  in vivo  stability. Mesoporous silica coatings can also 
be applied to CTAB-coated gold nanorods using similar pro-
cedures. [  130–132  ]  Zhang and co-workers have developed a thera-
peutic nanodevice where NaYF 4  up-converting nanocrystals 
were encapsulated with a uniform layer of mesoporous silica 
11wileyonlinelibrary.comeim
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     Figure  5 .     a) Schematic depiction of porous silica-coated magnetic hybrid nanoparticles con-
taining a poly(ethylene glycol) (PEG) overcoating. b) Transmission electron microscope (TEM) 
image of the nanostructures, showing monodispersed magnetic nanocrystals coated with a 
uniform mesoporous silica shell. c)  In vivo  T 2 -weighted MR images (upper row) and color maps 
(lower row) of an MCF-7 tumor implanted on a nude mouse before and after intravenous injec-
tion of the nanoparticles (5 mgFe/kg). The arrows indicate regions of enhanced MR contrast 
resulting from accumulation of nanoparticles in the tumor (by the EPR effect). Reproduced with 
permission from ref.  [  20  ]  Copyright 2008, Wiley VCH.  
that contained a zinc phthalocyanine photosensitizer. [  133  ]  The 
nanocrystals activated the incorporated photosensitizer upon 
excitation with a NIR laser in order to release reactive singlet 
oxygen as a cancer chemotherapeutic.  

 To achieve more effi cient loading of therapeutic molecules 
into the pores, functional nanocrystals have been attached to 
the surface of mesoporous silica nanoparticles (Table  5 ). Hyeon 
and co-workers reported porous silica-based multifunctional 
nanoparticles that incorporated drugs into their porous interior 
and magnetic nanocrystals on their surface. [  134  ]   In vivo  passive 
accumulation of the hybrid nanoparticles in the tumor region 
was imaged with the MRI-active nanocomponents. Further-
more, the anti-cancer drug doxorubicin incorporated into the 
pores of the hybrid nanoparticle was also effi ciently localized 
in the tumor region. Immobilization of therapeutic molecules 
on their inner wall via pH-responsive hydrazone bonds enabled 
more effective release of the incorporated molecules to the cyto-
plasm from the nanoparticle. [  135  ]  

 Mesoporous silica nanoparticles have been used to encapsu-
late both functional (magnetic or optical) nanocrystals and drugs 
in their porous nanostructure (Table  4 ). Brinker and co-workers 
have developed a hybrid nanostructure composed of a mesopo-
rous silica nanoparticle core with a lipid bilayer shell. [  136  ]  The 
12 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
hybrid is prepared by fusion of a positively 
charged liposome on a negatively charged 
mesoporous silica nanoparticle. Interestingly, 
this electrostatic arrangement allows the 
loading of a negatively charged drug into the 
nanohybrid. Furthermore, they demonstrated 
that calcein, which is membrane imperme-
able and fl uorescent, is incorporated into 
the liposomal porous nanoparticles and then 
released in the endosomal compartments of 
cells, where the localized pH is signifi cantly 
lower ( ∼ 5) than in the extracellular media 
( ∼ 7). Compared with conventional liposomes, 
the stability of the lipid coating on the rigid 
silica scaffold allows more effective loading 
and sustained release of a drug. Recently, the 
liposome-coated nanoporous particles with 
enormous loading capacity were further dec-
orated with a targeting peptide that binds to 
human hepatocellular carcinoma and incor-
porated with multicomponent cargos (both 
therapeutic molecules and quantum dots). [  137  ]  
The targeted delivery of a drug cocktail with 
the lipid-coated porous nanoparticles enabled 
effective destruction of drug-resistant human 
hepatocellular carcinoma cells. 

 Recently, several research groups have 
developed porous silica “nanorattles” con-
sisting of a hollow nanoparticulate shell 
containing various materials in the interior. 
These structures can effectively incorporate 
a large amount of therapeutic payload into 
the empty inner space. [  138–140  ]  Tang and co-
workers have fabricated multifunctional silica 
nanorattles coated with a gold nanoshell for 
the combination of photothermal therapy and 
chemotherapy. [  141  ]  This dual cancer treatment with gold-coated 
silica nanorattles showed enhanced overall therapeutic effi -
cacy and reduced systemic toxicity. Stucky and co-workers have 
developed mesoporous multifunctional upconverting lumines-
cent and magnetic nanorattles for targeted optical imaging and 
chemotherapy. [  142  ]  The magnetic nanocrystals and therapeutic 
molecules were both incorporated into the hollow interior of the 
upconverting luminescent rare-earth-doped NaYF 4  nanorattle 
shell. These multifunctional nanorattles were guided through 
the infl uence of an external magnetic fi eld to the tumor region, 
providing an improved anti-cancer outcome. Their localization 
in the tumor was monitored with the visible luminescence from 
the nanorattle, induced by 2-photon NIR excitation.  

  2.4. Polymeric Hybrid Nanoparticles 

 Biodegradable polymeric nanoparticles derived from poly(D,L-
lactic-co-glycolic acid) (PLGA) have been widely used for a 
variety of biological applications due to their biocompatibility 
(FDA-approved components) and their ability to encapsulate 
and provide controlled release of drugs. [  103  ,  143–151  ]  PLGA nano-
particles containing relatively high loadings of a molecular 
heim Adv. Mater. 2012, 
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cargo can be prepared by arrested precipitation and water-in-oil-
in-oil (W/O/O) double emulsion techniques. [  152  ,  153  ]  In addition 
to drugs, the use of imaging contrast agents as a cargo has been 
of interest. Brannon-Peppas and co-workers developed Gd-
loaded polymeric nanoparticles for T 1 -weighted MR imaging, 
in this case focused on atherosclerosis detection. [  154  ]  The water-
in-oil-in-oil double emulsion solvent evaporation method allows 
high loading of diethylenetriaminepentaacetic acid gadolinium 
(III) (Gd-DTPA), an FDA-approved positive MR contrast agent, 
in PLGA nanoparticles. The longitudinal relaxivity ( r  1 ) of the 
particle formulation was shown to be similar to that of unen-
capsulated Gd-DTPA. Feng and co-workers developed a PLGA 
nanoparticle system containing magnetic nanocrystals for MR 
imaging. [  155  ]  Similar to the micellar systems, the superpara-
magnetic properties of the hybrids are signifi cantly enhanced 
relative to individual magnetic nanocrystals due to the close 
proximity of the magnetic nanoparticles, improving the MR 
contrast effects.  Ex vivo  MR images of livers from mice injected 
with the hybrids or with singular magnetic nanocrystals were 
compared to confi rm the MR contrast enhancement achieved 
by placing multiple magnetic nanocrystals in close proximity. 
Magnetically-guided drug delivery and other biomagnetic appli-
cations were also demonstrated with these systems. [  156  ]  

 Combinations of functional nanocrystals (fl uorescent 
quantum dots or MRI-visible magnetic nanoparticles) and thera-
peutic agents have been found to be compatible with polymeric 
nanoparticles (Table  6 ). [  157–160  ]  Desai and co-workers synthe-
sized biodegradable and surfactant-free nanoparticles co-incor-
porated with hydrophobic drug, Coenzyme Q10, and quantum 
dots using an arrested precipitation method. [  161  ]  Hyeon and co-
workers synthesized a similar multifunctional polymer system 
co-encapsulated with a hydrophobic therapeutic agent (doxoru-
bicin) and either hydrophobic superparamagnetic nanocrystals 
or hydrophobic quantum dots, using an oil-in-water emulsion 
and a subsequent solvent evaporation technique. [  162  ]  The prepa-
ration provides polymeric hybrid nanoparticles with uniform 
shapes in the size range of 100–200 nm. For targeted imaging 
and therapy, a folate group was coupled onto the surface of the 
polymeric hybrid nanoparticles. The folate-conjugated poly-
meric hybrid nanoparticles enabled effective targeted delivery 
of therapeutic agents to the folate receptor-positive KB cancer 
cells, which could be detected by optical (quantum dots) and 
MR (magnetic nanocrystals) imaging techniques. Recently, co-
incorporation of magnetic nanocrystals and the anti-cancer drug 
doxorubicin into a single thermosensitive polymeric nanodevice 
was demonstrated for theranostic applications. [  163  ]  The encapsu-
lated drug was released selectively in response to the physiolog-
ical temperature by de-swelling of the polymeric nanodevice. 

 Plasmon-induced photothermal activation of a gold nanos-
tructure is often used to induce payload release from a poly-
meric nanodevice (Table  6 ). Yoo and co-workers introduced 
multifunctional hybrid nanoparticles combining photother-
mally controlled drug delivery with MR imaging in a poly-
meric host. [  164  ]  The polymeric nanoparticles were composed of 
PLGA, prepared with half-shells of metal multilayers (Mn and 
Au) that were resonant in the NIR region of the spectrum. The 
authors harnessed the known ability of PLGA to release loaded 
drugs more rapidly with increasing temperature. [  165  ]  NIR light 
absorbed in the metallic layers was converted to thermal energy, 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 
DOI: 10.1002/adma.201200653
which then induced degradation of the polymeric core and 
released the incorporated drugs. The nano-assemblies also dis-
played enhanced MRI contrast. Drug delivery from such gold-
based hybrid nanoparticles can be synergistically combined 
with hyperthermia and molecular imaging, thus enhancing 
the effi cacy of cancer therapy. For example, the same group 
recently demonstrated complete destruction of tumors in a 
mouse model using metal multilayer/PLGA nanoparticle con-
structs. [  166  ,  167  ]  Tumor destruction derived from a combination 
of hyperthermia and targeted drug delivery. 

 There are several examples of polymeric hybrid nanopar-
ticle systems aimed at  in vivo  simultaneous drug delivery and 
imaging (Table  6 ). [  168–170  ]  Shi and co-workers developed a mul-
tifunctional nanocarrier system where superparamagnetic 
Fe 3 O 4  nanocrystals and chemotherapeutic agent paclitaxel were 
co-loaded into the biodegradable polymeric nanomatrix and 
quantum dots and targeting antibodies were attached to its sur-
face. [  171  ]  Signifi cant targeting of these multifunctional nanocar-
riers to xenografted prostate tumors in a mouse was observed 
with multiple imaging modalities. Haam and co-workers devel-
oped polymeric nanohybrids consisting of magnetic nanoc-
rystals and anticancer drugs encapsulated in an amphiphillic 
block copolymer (PEG-PLGA) using a nanoemulsion method 
( Figure    6  ). [  172  ]  Incorporation of a large amount of magnetic 
nanocrystals ( ∼  40 wt%) into the polymeric hybrid nanoparticles 
enabled ultrasensitive T 2 -weighted MR imaging. The encapsu-
lated drug doxorubicin was slowly released over 2 weeks from 
the hybrid nanoparticles, presumably owing to polymer degra-
dation and dissolution. A targeting group was attached to the 
surface of these hybrid nanoparticles in the form of an antibody 
against human epidermal growth factor receptor 2, which is a 
targeting marker for the treatment of patients with metastatic 
breast cancer. The antibody-conjugated polymeric hybrid nano-
particles allowed for targeted detection of cancer both  in vitro  
and  in vivo  (by MR imaging), and the drug-loaded targeted 
nanocarriers demonstrated signifi cant therapeutic effi cacy 
against both cancer cells  in vitro  and xenografted tumors  in vivo  
(mouse model).   

  2.5. Viral Hybrid Nanoparticles 

 A variety of viruses have been successfully re-engineered to act 
as synthetic nanoparticles for biological applications. Compared 
with most other synthetic nanoparticles, viral nanoparticles are 
more uniform in size and shape, they can better protect ther-
apeutic nucleic acid payloads, and they can deliver these pay-
loads into cells and tissues with greater selectivity. [  173–176  ]  Their 
biological selectivity is easily optimized; manipulation of their 
genome can be used to modify the functional moieties displayed 
on the viral nanoparticle surface. These species may have their 
own specifi c targeting capabilities, or they may serve as sites for 
attachment of additional targeting ligands. The protein coating 
(capsid) of viral nanoparticles also allows for encapsulation or 
conjugation of non-nucleic acid therapeutic payloads—small 
molecules or proteins—for targeted delivery. [  177–182  ]  

 In the past few years, several examples of hybrid viral nano-
particles have been developed to monitor biological functions 
either  in vitro  or  in vivo  (Table  7 ). Magnetic nanocrystals have 
13wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  6 .     a) Schematic depicting the fabrication of multifunctional magneto-polymeric nano-
hybrids (MMPNs), a hybrid nanoparticle in which the main structure comprises a polymer, 
into which are embedded magnetic MnFe 2 O 4  nanocrystals. b) Transmission electron micro-
scope (TEM) image reveals a high loading of MnFe 2 O 4  nanocrystals. c) T 2 -weighted MR images 
(upper row) and intensity color maps (lower row) of NIH3T6.7 and MDA-MB-231 cells treated 
with nanoparticles containing an irrelevant antibody (IRR) or an antibody specifi c to human 
epidermal growth factor receptors (HER). d)  In vivo  MR images and corresponding intensity 
color map of mice bearing NIH3T6.7 tumors 1 h after intravenous injection of HER-labeled 
(upper panel) and IRR-labeled (lower panel) nanoparticles. e) Comparative therapeutic effi cacy 
study in mice shows a signifi cant reduction in the rate of growth of NIH3T6.7 tumors treated 
with the HER-labeled nanoparticles containing the anti-cancer drug doxorubicin, compared 
with free doxorubicin or other controls. Reproduced with permission from ref.  [  172  ]  Copyright 
© 2008 Wiley VCH.  
been coupled to the exterior of the capsid of viral nanoparti-
cles for MRI visualization. [  183–185  ]  Magnetically-guided gene 
delivery has been accomplished with viral nanoparticles con-
taining superparamagnetic iron oxide nanoparticles. [  186–188  ]  
To image viral nanoparticles at a higher resolution, quantum 
dots have been placed either on the surface of or inside viral 
nanomaterials. [  189–193  ]  Additionally, the protein constituents 
of viral nanoparticles have been self-organized onto the sur-
face of an inorganic spherical nanoparticle (magnetic or gold 
nanocrystal). [  194–197  ]  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
 The extensive and selective transfection 
of cells that can be accomplished with viral 
nanoparticles provides the potential for effec-
tive gene therapy against genetic diseases 
and cancer. [  198  ]  Recently, there have been 
intensive efforts to integrate both diagnostic 
and therapeutic functions into a single viral 
hybrid nanosystem. Cheon and co-workers 
hybridized a viral nanoparticle with mag-
netic nanocrystals for simultaneous targeted 
gene delivery and MR imaging ( Figure    7  ). [  199  ]  
In that work, magnetic nanocrystals with 
a monodisperse size of 12 nm were conju-
gated to an adenovirus that displayed selec-
tivity to cells that over-express Coxsackievirus 
B adenovirus receptor (CAR). The magnetic 
viral nanoparticles readily internalized into 
the CAR-positive cells, and these cells were 
then selectively detected by MR imaging. 
The CAR-mediated infection by the hybrid 
nanoparticles also allowed effi cient and selec-
tive gene delivery. This was demonstrated 
using genes that code for eGFP (enhanced 
green fl uorescent protein); the targeted cells 
expressed this readily detected fl uorophore.  

 Curiel and co-workers incorporated a 
second function to a gene-delivering nano-
particle by modifying adenoviral vectors with 
excitable gold nanoparticles—thus allowing 
both targeted gene therapy and hyperthermia 
with the same targeted nanoparticle. [  200  ]  Gold 
nanoparticles were covalently conjugated 
to lysine residues on an adenovirus capsid 
encoding a luciferase reporter gene. Gold-
labeled adenoviral vectors with a gold:virus 
ratio of 100:1 retained their ability to infect 
HeLa cells, although higher conjugation 
ratios signifi cantly reduced infectivity. Since 
the primary receptor of adenoviral vectors, 
the Coxsackie adenovirus receptor (CAR) is 
not a highly effective target for most human 
tumors, gold-labeled adenoviral vectors were 
re-engineered to target human cancer cells 
by reacting them with a fusion protein. These 
gold-labeled adenoviral vectors displayed sim-
ilar luciferase expression to unmodifi ed ade-
noviral vectors in MC38-CEA-2 cancer cells. 
Recently, additional examples of photo-acti-
vatable viral nanoparticles have been devel-
oped for targeted photothermal heating/imaging by decorating 
a virus capsid with C 60  (“buckyballs”) [  201  ]  or by encapsulating a 
gold nanoparticle with viral proteins. [  202  ]  

 Belcher and co-workers have developed genetically engi-
neered multifunctional M13 bacteriophages assembled with 
fl uorescent carbon nantubes. [  203  ]  The fi lamentous M13 bacteri-
ophages can display material-specifi c peptides and/or targeting 
motifs on their capsid using genetic engineering. The single-
walled carbon nanotubes were selectively coupled to the geneti-
cally engineered bacteriophages for NIR fl uorescence imaging 
heim Adv. Mater. 2012, 
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     Figure  7 .     a) Schematic of viral nanoparticle hybrids consisting of magnetic nanocrystals (MN) attached to an adenovirus nanoparticle. b) Transmis-
sion electron microscope (TEM) image of the construct. Scale bar is 100 nm. c) T 2 -weighted MR images of untreated U251N cells, MN-treated U251N 
cells, MN-adenovirus treated U251N cells, and MN-adenovirus treated CHO-1 cells. d) Fluorescence microscope image of U251N cells treated with 
MN-adenovirus containing a gene that codes for eGFP (enhanced green fl uorescent protein). Expression of the delivered gene causes the cells to emit 
the fl uorescence characteristic of eGFP. Reproduced with permission from ref.  [  199  ]  Copyright © 2007 Wiley VCH.  
of tumors. These multifunctional bacteriophages were effec-
tively accumulated in the tumor and their targeting was clearly 
imaged by NIR fl uorescence from the carbon nanotube in a 
separate spectral window. These bacteriophage vectors can be 
further genetically modifi ed to treat cancer using targeted gene 
therapy by inserting therapeutic genes into the vector backbone 
and displaying targeting ligands on the vector surface.  

  2.6. Gold-Based Hybrid Nanoparticles 

 Gold nanoparticles display very unique optical properties origi-
nating from plasmons—collective oscillations of highly mobile 
electrons resident in the metal at optical frequencies. One of 
the most important properties of plasmonic systems is their 
very large absorption cross-section relative to molecule or semi-
conductor-based absorbers. This allows the effi cient coupling of 
external optical fi elds into photoemissive, thermal, or chemical 
effects. Gold-based plasmonic nanostructures have been widely 
utilized for cancer diagnostics and therapy. [  204  ]  They have 
become promising contrast agents for biological imaging such 
as computed tomography (CT), [  205–208  ]  optical coherence tom-
ography (OCT), [  209–212  ]  two-photon-induced photoluminescence 
(TPIP), [  213  ,  214  ]  photoacoustic imaging, [  215  ,  216  ]  silver-enhanced 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 
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staining [  217  ,  218  ] ), and surface enhanced Raman spectroscopy 
(SERS). [  219–223  ]  In addition, gold-based nanoparticles such 
as nanorods, nanocages and nanoshells have been of great 
interest for photothermal therapy due to their strong and tun-
able linear absorption in the near-infrared (NIR) region where 
tissue penetration can be maximized. [  14  ,  15  ,  209  ,  224–229  ]  Lastly, since 
colloidal gold has been long used to treat rheumatoid arthritis 
in humans, [  230  ]  the biosafety of gold-based nanoparticles is cur-
rently well accepted, even though the material may not degrade 
completely  in vivo . [  231  ,  232  ]  

 Simultaneous biological imaging and photothermal therapy 
could be achieved using gold-based hybrid nanoparticles 
(Table  8 ). [  18  ,  233–240  ]  Hyeon and co-workers designed multifunc-
tional magnetic gold hybrid nanoparticles consisting of a silica 
nanosphere core surrounded by a gold nanoshell for photo-
thermal therapy, with embedded magnetite nanoparticles for 
T 2  MRI contrast enhancement ( Figure    8  ). [  18  ]  Both magnetic 
nanocrystals of 7 nm and gold seed nanoparticles of 1–3 nm 
were fi rst attached to aminated silica nanospheres. A gold 
nanoshell was then uniformly grown around the silica nano-
sphere. Absorbance spectra ranged from 700 nm to the NIR, 
a suitable spectral region for photothermal therapy due to the 
relatively deep penetration of NIR radiation in biological tis-
sues. After linking to anti-HER2/ neu  targeting moieties, the 
15wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  8 .     The “core-shell” motif is common in hybrid nanoparticle design. a) In this example, 
the shell consists of a gold layer that also contains magnetic nanoparticles. This two-component 
shell encapsulates a silica core (Mag-GNS). The presence of both the magnetic component 
(iron oxide) and the plasmonic component (gold) allows imaging (by MRI) and hyperthermia 
(by laser heating), respectively. b) Transmission electron microscope (TEM) image of Mag-
GNS. c)  In vitro  T 2 -weighted MR images of control SKBR3 cells, HER2/ neu -negative H520 cells 
treated with AbHER2/ neu -coupled Mag-GNS, and HER2/ neu -positive SKBR3 cells treated with 
AbHER2/ neu -coupled Mag-GNS. The corresponding T 2  relaxation times are indicated below 
the MR images. d) Optical microscope images of control SKBR3 cells (left panel) and SKBR3 
cells treated with AbHER2/ neu -coupled Mag-GNS (right panel) after irradiation for 10 s with a 
femtosecond-pulsed laser (operating at a wavelength of 800 nm). A trypan blue stain reveals 
the large quantity of dead cells resulting from the treatment. Reproduced with permission from 
ref.  [  18  ]  Copyright © 2006 Wiley VCH.  
hybrid nanoparticles selectively interacted with cancer cells and 
the targeted cells were detected by T 2 -weighted MR imaging. 
Furthermore, the cancer cells targeted with the hybrid nano-
particles could be thermally ablated upon short exposure to 
NIR radiation. Li and co-workers synthesized bifunctional gold 
nanoshells with a superparamagnetic iron oxide-silica core for 
both MR imaging and photothemal therapy. [  235  ]  The iron oxide 
nanocrystal was fi rst coated with an amorphous silica layer via 
the sol-gel process and the surface of the silica layer was further 
functionalized with amine groups. As mentioned earlier, gold 
nanocrystal seeds (2–3 nm) could then be attached to the silica 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
surface and used to nucleate the growth of a 
gold shell on the silica surface. The middle 
layer of silica containing hybrid nanoparticles 
provided a dielectric interface for shifting the 
plasmonic resonance to the NIR region, as 
has been done with the more conventional 
gold nanoshell constructs. [  225  ]  Irudayaraj 
and co-workers have fabricated multifunc-
tional nano-pearl-necklaces where multiple 
iron oxide nanocrystals were linked on the 
surface of a single gold nanorod. [  236  ]  This 
multifunctional nanocomplex, conjugated to 
Herceptins, allowed for targeted dual-mode 
imaging (MRI with magnetic nanocrystal and 
two-photon luminescence with gold nanorod) 
and therapy (photothermal heating with gold 
nanorod) of cancer cells. Recently, Liu and 
co-workers developed multifunctional upcon-
version nanoprobes for multimodal imaging 
and dual-targeted photothermal therapy. [  241  ]  
The luminescent upconverting nanocrys-
tals used as a core material of the hybrid 
nanoparticle system offered effective optical 
imaging with NIR light excitation while mag-
netic nanocrystals and gold nanoshells placed 
on the surface of the hybrid nanoparticle ena-
bled MR imaging, magnetic targeting, and 
photothermal therapy. These multifunctional 
nanoprobes homed to tumors with dual 
(magnetic and ligand) targeting strategies, 
and they allowed multimodal imaging of the 
tumor targeting process (with upconversion 
luminescence and MRI), as well as the selec-
tive photothermal treatment of tumors. These 
hybrid nanoparticles possessed superpara-
mangetic characteristics for MR imaging and 
magnetic actuation and strong absorbance in 
the NIR region of the electromagnetic spec-
trum for photothermal therapy.     

  2.7. Nanotube-Based Hybrid Nanoparticles 

 Carbon nanotubes are hydrophobic, tubular 
nanostructures with diameters on the order 
of a few nanometers that display remark-
able mechanical and optical properties. [  242  ,  243  ]  
These characteristics have been harnessed in 
biomedical applications such as diagnostic imaging (fl uores-
cence, Raman and photoacoustic), [  244–253  ]  drug delivery, [  248  ,  254–260  ]  
and photoablative therapy. [  244  ,  261–264  ]  Carbon nanotubes adminis-
trated systemically into mice have been reported to be nontoxic 
and excretable via either renal or biliary pathways depending 
their surface chemistries, although excretion requires a long 
time relative to many other nanoparticles. [  265–267  ]  

 Several types of magnetic hybrid carbon nanotubes have been 
developed for magnetic actuation and MR imaging in recent 
years (Table  8 ). [  268–273  ]  Iijima and co-workers demonstrated  in 
vivo  MR imaging using single-walled carbon “nanohorns” (one 
heim Adv. Mater. 2012, 
DOI: 10.1002/adma.201200653
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type of carbon nanotube with 40 nm long, 2–5 nm in diameter, 
and at least one end closed by a conical cap) labeled with mag-
netite nanocrystals. [  274  ]  The hybrid nanohorns were prepared by 
deposition of Fe(OAc) 2  on oxidized carbon material and subse-
quent heating to 400  ° C. The process results in strong attach-
ment of the superparamagnetic magnetite nanocrystals to the 
carbon nanohorns, which enabled T 2 -weighted MR imaging of 
the hybrids in the spleen and kidneys of living mice. Prelimi-
nary  in vivo  toxicity tests indicated that the hybrid nanohorns 
were biocompatible at doses up to 8 mg/kg body weight. Strano 
and co-workers introduced asymmetric single-walled carbon 
nanotube/iron oxide nanoparticle complexes as multimodal 
biomedical imaging agents. [  275  ]  Their synthesis places  ∼ 3nm-
diameter magnetic nanocrystals at only one end of the nano-
tube and the surface of the assembly is stabilized with oligo-
nucleotides. This nanocomplex displayed distinctive NIR lumi-
nescence signatures from the single-walled carbon nanotubes. 
The hybrids were shown to internalize into macrophage cells, 
and both MR and NIR fl uorescence modalities could be used to 
image them. The intrinsic photothermal properties of the nano-
tubes allowed MR-guided photothermal treatment of tumors in 
a mouse xenograft model. [  276  ]  

 Although carbon nanotubes can display intrinsic NIR lumi-
nescence, [  250  ,  252  ]  the natural intensity of this process is gener-
ally too weak to achieve whole-body imaging  in vivo . Shi and 
co-workers developed luminescent multi-walled carbon nano-
tubes labeled with quantum dots in an effort to overcome 
© 2012 WILEY-VCH Verlag G

     Figure  9 .     a) Schematic of the fabrication of hybrid nanoparticles based o
image of nanotubes with attached fl uorescent quantum dots. c) STEM im
are the anti-cancer drug cisplatin. d) Intravital two-photon microscope ima
and blood vessels are green. e) Corresponding confocal microscope images
signifi cant suppression of tumor growth in a mouse model containing HN1
venously into the mice at 0, 2, and 4 days as indicated. Reproduced with pe
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this limitation. [  277  ]  Multi-walled carbon nanotubes possessing 
a larger inner volume relative to single-walled carbon nano-
tubes were chosen for this study, to allow incorporation of 
anti-cancer drugs. A plasma polymerization technique was 
employed to place thin fi lms of functional groups on the nano-
tube surface to provide a means to attach quantum dots. The 
resulting nanotubes displayed strong emission in the visible 
spectrum, which was harnessed to report their anatomical loca-
tion in a mouse. Rusling and co-workers added cisplatin to the 
quantum dot-carbon nanotube assemblies, and demonstrated a 
positive therapeutic effect in a mouse xenograft tumor model 
( Figure    9  ). [  278  ]  When decorated with antibodies to epidermal 
growth factor receptors (EGFR) specifi c to head and neck squa-
mous carcinoma cells (HNSCC), the nano-constructs selec-
tively accumulated in HNSCC tumors in mice. Accumulation 
of the targeted nanoparticles was observed using two-photon 
intravital imaging. Furthermore, signifi cant regression of 
tumor growth was observed in mice treated with the targeted 
therapeutic hybrid nanotubes. Recently, both MRI-active nan-
oparticles and quantum dots have been incorporated into the 
carbon nanotube, and multimodal cellular imaging has been 
demonstrated. [  279  ,  280  ]   

 Carbon nanotubes have been plated with gold for high-
contrast photoacoustic and photothermal imaging by Kim 
and co-workers. [  281  ]  The gold-coated single-walled carbon 
nanotubes displayed strong plasmonic resonances in the 
NIR spectrum. When decorated with biomolecules specifi c 
17wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 to lymphatic endothelial receptors, the gold-nanotube hybrids 

could target lymphatic vessels in a live animal, and targeting 
was imaged non-invasively with an integrated photoacoustic/
photothermal technique. The same researchers also dem-
onstrated enrichment of targeted nanoparticles in circu-
lating tumor cells (CTC) in the bloodstream of mice when a 
CTC-targeting moiety was attached to the nanoparticles. [  282  ]  
Carbon nanotubes were also decorated with gold nanocrystals 
and aptamers for targeted SERS imaging and photothermal 
therapy of cancer cells. [  283  ]  

 Although carbon-based nanotubes are perhaps the most 
familiar nanotube formulation used in biomedical studies today, 
silica-based nanotubes are an interesting alternative because of 
their degradability in biological media. Silica nanotubes can 
be fabricated by template synthesis using a porous alumina 
template combined with sol-gel chemistry, and precise control 
of inner and outer diameters and nanotube lengths has been 
achieved. [  284–286  ]  Importantly, the synthetic procedure provides 
a means to differentially functionalize the inner and outer sur-
faces; the interior of the hollow tubular nanostructure can be 
fi lled with therapeutic agents, thus protecting them from enzy-
matic degradation, and the outer surface of the nanostructure 
can be functionalized with targeting moieties. Additionally, as 
with the mesoporous silica nanoparticles mentioned earlier, the 
open ends of silica nanotubes can be chemically gated to control 
drug release. [  287  ,  288  ]  Lee and co-workers developed a magnetic 
variant by incorporating magnetite nanoparticles on the inner 
surface of the silica nanotube. [  289  ]  The inner voids of these mag-
netic hybrid nanotubes were able to collect biochemicals, which 
could then be guided with a magnet. Furthermore, the func-
tionalized exterior facilitated biological interaction between the 
nanotubes and specifi c target sites, allowing for more effi cient 
delivery of drugs. The magnetic hybrid nanotubes could be also 
used as MRI contrast agents. [  290  ]    

  3. Requirements for Clinical Applications 

 Although considerable advances have been made in developing 
hybrid nanoparticles for combined diagnostic and therapeutic, 
or theranostic, applications in the past decades, there remain 
signifi cant barriers to their clinical translation. As can be 
seen in Table  1 , which summarizes the recent advances with 
hybrid nanoparticles, only a few hybrid nanoparticle systems 
can simultaneously detect and treat malignant tissues  in vivo . 
In contrast to  in vitro  experiments, once nanoparticles enter 
into the dynamic bloodstream, they meet and interact with 
numerous proteins, cells, and tissue surfaces before reaching 
their intended target site (such as the cancerous tissues). 
During  in vivo  circulation, a signifi cant quantity of nanoparti-
cles are non-specfi cally cleared from the blood by the mononu-
clear phagocytic system (MPS) in the body—the liver, spleen, 
and lymph nodes—and the effi ciency of this process depends 
on nanoparticle size and surface chemistry. Thus, hybrid nano-
particles composed of multiple nanocomponents must be engi-
neered to exhibit a long residence time in the bloodstream if 
systemic administration is to be effective. 

 To summarize the most important factors determining 
 in vivo  behavior of hybrid nanosystems: First, a nanodevice 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
containing multiple nanomaterial components will naturally 
be larger than an individual one-component nanoparticle. The 
size of a nanoparticle is closely tied to  in vivo  behaviors such 
as circulation time, circulation rate, extravasation, immu-
nogenicity, degradation, clearance, and cellular internaliza-
tion. [  291  ]  In general, the blood circulation time of a nanopar-
ticle decreases with increasing size, [  292  ]  and long-circulating 
nanoparticles in the size range of 20–100 nm tend to accu-
mulate preferentially at tumor sites via the EPR effect. [  293  ,  294  ]  
Thus many hybrid nanosystems tend to be designed and con-
structed to fall into the 20–100 nm size range. This size range 
is also the break-even point for payload capacity for hollow 
(volume-loaded) vs solid (surface-loaded) nanostructures 
(Figure  1  and Table  1 ). A PEG coating generally prolongs cir-
culation times of nanoparticles, and it is more effective with 
the larger nanoparticles. 

 Second, the mechanical fl exibility of a hybrid nanopar-
ticle exerts a large infl uence on its properties. Hybrids based 
on fl exible nanostructures such as liposomes, micelles, and 
carbon nanotubes behave differently  in vivo  relative to those 
built with more rigid nanostructures such as magnetic nan-
oparticles, gold nanoparticles, and porous silica nanopar-
ticles. Flexibility infl uences the engagement with cellular 
surfaces and it may enhance effusional processes. Addition-
ally, fl exible nanostructures can be more permeable and they 
will hold and release a drug payload differently than rigid 
nanostructures. 

 Third, hybrid nanoparticles are composed of multiple func-
tional components that all must work in concert to achieve the 
desired theranostic outcome. Fabricated using many chemical 
and physical processing steps such as chemical conjugation, 
electrostatic and hydrophobic condensation, controlled precipi-
tation, and magnetic separation, the more complicated nanos-
tructure of a hybrid nanoparticle may be dissociated into its 
sub-constituents before accomplishing its intended functions. 
For example, if an imaging component is stripped from the 
hybrid nanoparticle during circulation, the biodistribution of 
the hybrid will not be reported properly and this could lead to 
a false positive or (more likely) a false negative diagnosis. In 
addition, the various chemical and nanocrystal components of 
a hybrid nanoparticle could lead to unintended acute or long-
term toxicity if the hybrid goes awry. Thus, careful selection of 
nanocomponents and chemical agents is required to fabricate 
reliable and biocompatible hybrid nanoparticles, and consider-
able attention must be given to the design and  in vivo  behavior 
of hybrid nanostructures. 

 Lastly, incorporation of imaging nanocomponents into 
a hybrid nanodevice will interfere with the loading of thera-
peutic agents. Because any nano-superstructure will exhibit 
toxicity or other undesirable side effects at suffi ciently high 
doses, effi cient loading of the drug into a therapeutic nanopar-
ticle is critically important. A co-loaded imaging component 
must share the limited space or volume available in the hybrid. 
A hollow hybrid, where the drugs are encapsulated in the inte-
rior and the reporting components are decorated on the exte-
rior, is one possibility to maximize each function. Thus, the 
dual functions to image and to treat the disease could be more 
synergistically performed with the proper design of a hybrid 
nano-theranostic.  
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 
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  4. Conclusions and Future Prospects 

 Signifi cant improvements in the synthesis and functionaliza-
tion of hybrid nanoparticles have been realized in recent years, 
offering hope for their successful clinical translation. A key 
promise of these more complicated nanoparticle systems is 
their demonstrated ability to perform multiple functions in bio-
logical systems, and many examples were highlighted in this 
article. Even single-component nanoparticle formulations per-
form tasks  in vivo  that are not achievable with simple imaging 
or therapeutic molecules. For example, the pharmacokinetics 
of many therapeutic molecules are signifi cantly improved 
when incorporated into a nanoparticle formulation, and this 
has been well demonstrated in the clinic by a few high-profi le 
nanoparticle drugs like Abraxane and Doxil. The unique physi-
cochemical characteristics of nanoparticles have also enabled 
ultrasensitve  in vivo  imaging, such as in the clinically approved 
iron oxide nanoparticle formulation Feridex®. If the more 
complicated properties of hybrids can be tamed, the combining 
of such functions into a hybrid nanosystem promises to yield 
even greater improvements in patient outcomes. 

 An important pairing of functions that such hybrid nanopar-
ticles can achieve is the simultaneous detection and treatment 
of a disease, particularly cancer. Theranostic hybrid nanoparti-
cles would allow the clinician to more effectively monitor the 
progress of cancer and the effi cacy of the treatment. As dis-
cussed in this article, numerous hybrid nanostructures have 
been developed to achieve such dual functions  in vitro  and  in 
vivo . Although some of them are approaching clinical applica-
tions, there are many technical and regulatory hurdles to be 
surmounted before such nanotools become commonplace in 
the treatment of cancer. Much more effort should be focused 
on the  in vivo  behavior of hybrid nanoparticles. Addition-
ally, reliable and reproducible synthetic procedures need to be 
developed, and their scaling to production levels must be vali-
dated. The fi eld needs effective participation and collaboration 
between chemists, materials scientists, biologists, engineers 
and clinicians.  
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