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ABSTRACT OF THE DISSERTATION 

 

Cooperative Nanomaterials Systems for Cancer Diagnosis and 

Therapeutics 
 

by 

 

Ji Ho Park 

 

Doctor of Philosophy in Materials Science and Engineering 

 

University of California, San Diego, 2009 

Professor Michael J. Sailor, Chair 

 

  The unique electromagnetic and biologic properties of nanomaterials are being 

harnessed to build powerful new medical technologies.  Particularly, there have been 

recently increasing interests in cancer nanotechnology, wherein nanomaterials play an 

important role in ultrasensitive imaging, targeting, and therapy of cancer.  However, these 

nanomaterials typically function as individual units and are designed to independently 

perform their tasks.  In this dissertation, new cooperative nanosystems consisting of two 

distinct nanomaterials that work together to target, identify, or treat tumors in vivo were 



 

 xix 

studied. 

 

 In the first two chapters, the synthesis of worm-shaped dextran-coated iron oxide 

nanoparticles (nanoworms, NW) exhibiting substantial in vivo circulation times and 

significant tumor targeting when coated with tumor-homing peptides were studied. NWs 

are also found to display a greater magnetic resonance (MR) response than the spherical 

nanoparticles. 

 

 Next, two types of multifunctional nanoparticles were fabricated for simultaneous 

detection and treatment of cancer. Micellar hybrid nanoparticles (MHN) that contain 

magnetic nanoparticles, quantum dots, and an anti-cancer drug doxorubicin (DOX) 

within a single PEG-modified phospholipid micelle were first prepared. Simultaneous 

multimodal imaging (MR and fluorescence) and targeted drug delivery in vitro and in 

vivo was performed using DOX-incorporated targeted MHN. Secondly, luminescent 

porous silicon nanoparticles (LPSINP) that were drug-loadable, biodegradable and 

relatively non-toxic were prepared. In contrast to most inorganic nanomaterials, LPSINP 

were degraded in vivo in a relatively short time with no noticeable toxicity. The clearance 

and degradation of intravenously injected LPSINP in the bladder, liver, and spleen were 

established by whole-body fluorescence imaging. 

 

Finally, two types of cooperative nanomaterials systems to amplify targeting and 

deliver drugs efficiently to regions of tumor invasion were developed. Gold nanorods 

localized through vascular circulation to the tumor region, where they reported their 
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location and converted near infrared (NIR) radiation to thermal energy. The local 

photothermal heating enabled to enhance tumor-specific drug release from thermally 

labile therapeutic liposomes or induce more binding sites for targeted therapeutic 

liposomes.  The combination of local hyperthermia and chemotherapy in the cooperative 

nanosystems significantly enhanced therapeutic efficacy relative to individual therapies. 



 

 1 

 

 

 

 

 

 

 

 

 

1 Introduction to Hybrid Nanoparticles for Cancer 
Diagnosis and Therapuetics 
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1.1 Introduction and Motivations 

 

In Isaac Asimov’s 1966 novel Fantastic Voyage, scientists develop a technology 

that shrinks a team of people in a submarine 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 find and remove a life-threatening blood clot. 

Modern-day scientists working in the field of nanotechnology often use this literary 

image to describe their vision.  Though nanotechnologists aren’t able to shrink people 

down that small, they are building the submarines, at least in the form of small devices 

that can circulate through the body, and they are imparting in those structures the 

capabilities to perform autonomous tasks to treat patients. 

 

 

1.1.1 Nanoparticles to Detect and Treat Cancer 

  

 Nowhere in medicine are the goals of nanotechnology more hotly pursued than in 

the field of oncology.2-4 Researchers have created functional nanoparticles that can 

circulate through the bloodstream and stick to tumors.  The optical or magnetic properties 

of the nanoparticles provide a means to see the tumors at their earliest stages of 

development.  In addition, some of these systems can carry small payloads of anti-cancer 

drugs and deliver them directly to the tumor.  For diagnostic applications, the stong 



 

 

3 

superparamagnetism of magnetic nanoparticles allows the visualization of the target 

diseased tissue in any plane of body using T2-weighted magnetic resonance imaging.5-7 

The quantum confinement effect exhibited by many semiconductor nanoparticles allows 

ultrasensitive and multiplexed fluorescence imaging both in vitro and in vivo, providing 

tools to understand cellular processes related to cancer development.8, 9  For therapeutic 

applications, the high loading capacity and the biologically stable nature of lipid bilayer-

based liposomes allow the delivery of drugs to target sites in vivo, minimizing side 

effects and toxicity of the drug payloads.10, 11 As a completely inorganic alternative, 

mesoporous silica nanoparticles have been used to secure and carry therapeutic agents in 

biological systems.12, 13 In addition to drug delivery, nanoparticles can perform a 

therapeutic function based on their ability to convert optical or radio frequency energy 

into heat.  For example, the strong plasmon resonance absorption of gold nanoparticles, 

particularly in the near-infrared (NIR) region, has been exploited to photothermally 

destroy malignant 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. 

 

 

1.1.2 Combining Multiple Functions into a Single Nanosystem: 

Hybrid Nanoparticles 
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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 contrast of magnetic resnonance images (MRI), the 

fluorescence of nanoparticle quantum dots can be seen by the unaided eye.  A tumor-

targeting nanosystem that possesses both types of nanoparticles offers the possibility to 

first identify a malignant tissue non-invasively by MRI, providing a low-resolution 

anatomical reference to guide the surgical procedure.  Second, the tumor margins can be 

directly visualized during surgery at a higher resolution by fluorescence imaging of the 

quantum dots.  In addition, optical fluorescent systems can provide detailed subcellular 

information, which can aid in the diagnostic procedure.  

 

Diagnostic and therapeutic functions have also been combined into a single 

nanosystem.18-20  The advantatge of combining imaging with therapeutic functions is that 

the biodistribution of the hybrid nanoparticles can be monitored in vivo, reducing the 

potential for unintended side effects of drug toxicity or hyperthermia-induced damage in 

healthy tissues.  Besides tracking the fate of nanotherapeutics in vivo, the use of such 

hybrid nanoparticles potentially allows the medical team to monitor the progress and 

efficacy of a therapy.  
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1.1.3 General Design Rules for Hybrid Nanoparticles: Barges vs 

Tankers 

  

In general there are two approaches to incorporate a therapeutic 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 approaches 

we use to carry 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 outside 

world 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 macroscopic 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 

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 efficient to load a drug on the surface of a solid 

nanoparticle rather than into the interior of a hollow one?” The result depends on the size 
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of the drug in question, and Figure 1.1 presents the results for two different anti-cancer 

therapeutics, representing a small molecule (doxorubicin) and a large protein 

(bevacizumab, trade name 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 nine or 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.  Below these diameters, the nanoparticle can carry more molecules 

on its surface than in its inner volume.  This „ten-fold“ rule is very dependant on loading 

efficiency, 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 above, there may be 

biocompatibility issues that push one to choose an enclosed „tanker“-like nanostructure, 

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 general, the loaded drug does 

not have to be chemically modified to load it into the nanocarrier as is required for 

surface-loaded „barge“-like nanocarriers. 

 

 

1.1.4 Biocompatibility Considerations 

 

Probably the most important factor in the design of any nanoparticle for in-vivo 

application is the biocompatibility of the device.  The term „biocompatibility“ has many 
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meanings.  In some cases the mere demonstration of water solubility is cited as evidence 

of biocompatibility.  In the present context, „biocompatible“ 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 long enough 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 filtered out by the liver or the kidneys it can't make it to the tumor.  

 

 

1.1.5 Specific Targeting to Tumors 

 

The blood vessels feeding tumors tend to be very "leaky" relative to normal blood 

vessels.  Many kinds of nanoparticles will find their way from the blood stream 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-specific mechanism that works for a wide 

range of nanoparticles, as long as the nanoparticle of interest is able to circulate long 

enough. A more specific method to target a tumor is to attach molecules to the surface of 

the nanoparticle that improves its ability to attach to the surface of a tumor or to penetrate 

into the cancerous cells.  These molecules can be sugars, small molecules, antibodies, or 
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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 cells21, 22.   

 

This chapter focuses on recent reports of hybrid nanoparticles that could be used 

for simultaneous diagnostics and therapeutics of cancer (Table 1.1). Classification of the 

hybrid nanoparticles is based on the structural components such as liposome, micelle, 

mesoporous silica, polymer, and viral; and the functional components such as gold 

nanoparticles or carbon nanotubes (for photothermal therapy), magnetic nanoparticles (to 

improve MRI contrast), or photoluminescent quantum dots (for fluorescence imaging). 

We also include hybrid nanoparticles that were not designed to achieve the goals of 

simultaneous imaging and treatment, but could be modified and used for this purpose. 

Furthermore, we highlight important design factors to be considered for their clinical 

translation. Hybrid nanoparticle systems that can be used for multimodal imaging are not 

included in this article, since several excellent reviews have recently appeared.17, 23, 24 

 

 

1.2 Classification of Hybrid Nanoparticles 

 

1.2.1 Liposomal Hybrid Nanoparticles 
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Liposomes are “spherical”, self-assembled nanostructures consisting of concentric 

lipid bilayers that can incorporate hydrophilic therapeutic agents in their internal spaces 

or hydrophobic drugs within the bilayers.  Small unilamellar liposomes 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 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 a broad interest in liposomal systems 

for delivery of various chemotherapeutic agents 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 can enable the 

detection of angiogenesis in vivo by magnetic resonance imaging (MRI).25, 26  It has been 

recognized that various types of inorganic nanoparticles can offer similar or improved 

image contrast in either MRI or other types of medical imaging systems, and iron oxide-
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based magnetic nanoparticles (for MRI) and luminescent quantum dots (for optical 

imaging) have been incorporated into hybrid liposome systems. 

 

For MR imaging and hyperthermia treatment of tumors, hydrophilic magnetic 

nanocrystals have been encapsulated in the inner aqueous compartment of liposomal 

nanovehicles.27, 28  Kobayashi and coworkers developed magnetite-containing cationic 

liposomes for an intracellular hyperthermia application.29, 30  These magnetic liposomes 

were used as mediators to couple and convert irradiation from an alternating magnetic 

field to thermally treat solid tumors. 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, 

magenetic liposomes have been steered towards tumors in vivo using an external magnet, 

and the distribution of the nanodevices has been identified using MR imaging.31 For 

optical imaging, Vogel and coworkers have incorporated hydrophobic quantum dots into 

the bilayer membrane of lipid vesicles.32 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 coworkers synthesized 

quantum dot-liposome nanohybrids using the electrostatic interaction between negatively 

charged quantum dots and positively charged lipids.33 The cationic fluorescent liposomes 

lead to dramatic improvements in cellular binding and internalization in tumor cells in 
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vitro, and histological observation of xenograft tumors directly injected with the same 

liposomes reveals that similar cellular internalization occurs in vivo. More recently, 

Ménager and coworkers prepared liposomal hybrid vessicles with dual-imaging 

capabilities using an emulsion process to encapsulate two types of nanoparticles.34 The 

hybrid vesicles contained both hydrophilic magnetic nanoparticles and hydrophobic 

quantum dots, and displayed strong magnetic properties and low photobleaching. After 

intravenous injection in a mouse, the intense fluorescence of the hybrid vesicles allowed 

clear detection in several organs. Although these hybrid vesicles demonstrate the 

feasibility of such systems for in vivo applications, they are not optimal formulations due 

to their large size (0.5~1 µm) and short in vivo circulation times. 

 

A few reports have appeared describing the use of such hybrid liposomal 

nanoparticles for simultaneous targeting, diagnosis, and chemotherapeutic treatment of 

cancer. Nobuto and coworkers examined the efficiency of systemic chemotherapy 

administered using liposomes containing both magnetic nanocrystals and doxorubicin 

(DOX) in an osteosarcoma-bearing hamster.35 After intravenous administration of the 

magnetic DOX liposomes, a DC dipole electromagnet was turned on in the vicinity of the 

tumor.  Greater accumulation of DOX in the tumor and significant 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 coworkers developed a 

similar liposomal system, but using a specific antibody to provide molecular targeting, 

(Fig. 1.2).36 An Anti-HER2 antibody and luminescent quantum dots were chemically 
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linked to functional PEG groups on the liposome surface, and the interior of the 

liposomes contained a DOX payload.  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. 

 

The 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 the co-encapsulation of nanocrystals and 

therapeutics into the inner space of a liposome, or the chemical attachment of 

nanocrystals to its surface, has the potential to cause payload leakage or a decrease in 

vivo stability of the liposomal nanostructure. 

 

 

1.2.2 Micellar Hybrid Nanoparticles 

 

Although liposomes can incorporate poorly soluble therapeutics in the thin 

hydrophobic bilayer that comprises the outer skin of the nanostructures, the drug loading 

capacity is somewhat restricted because of possible membrane destabilization and the 

relatively limited space available.37 Micelles are colloidal nanoparticles with small sizes 
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(5-50 nm) compared to liposomes (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 self-assemble.38, 39 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 ideally suited for many types of hydrophobic or poorly soluble cancer 

therapeutics.37, 40-43 

 

Since many magnetic or optical nanocrystals are synthesized in organic phases,6, 

44-48 methods had to be developed to enhance water solubility to improve compatibility in 

biological media. The first demonstrations of in vitro imaging with semiconductor 

quantum dots occurred in 1998,49, 50 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.51 With the more recent development of micellar coatings consisting of block-

copolymers, numerous hydrophobic nanocrystals have been successfully modified and 

solubilized for biological applications.52-61 Some of these have demonstrated dual 

imaging modes (fluorescence imaging and MRI) by incorporating a fluorescent 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 lipid micelle.52, 60-62 
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Micellar hybrid nanosystems have also been used to co-incorporate hydrophobic 

nanocrystals (for imaging) and molecular drugs. Jain et al. developed a novel micellar 

hybrid nanosystem that contains water-insoluble anti-cancer agents, hydrophobic 

magnetic nanocrystals, and amphiphlic molecules (Pluronic, polyoxyethylene-

polyoxypropylene triblock copolymer).63, 64 The poorly soluble therapeutic molecules 

partition into the hydrophobic shell surrounding the magnetic nanocrystals, and they are 

secured at the interface with the amphiphile, which confers aqueous solubility to the 

hybrid. The researchers demonstrated sustained release of the incorporated 

chemotherapeutics in vitro for 2 weeks. Additionally, the micellar magnetic nanoparticles 

exhibited a significant MR signal in the carotid arteries of mice after intravenous 

injection. Prasad and coworkers 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 photosensitizer 

drug 2-[1-hexyloxyethyl]-2-devinl pyropheophorbide-a (HPPH) and magnetic 

nanocrystals.65 Hydrophobic interactions between the hydrocarbon chains of PE-PEG and 

the hydrocarbon coating on the magnetic nanocrystals stabilizes the micellar nanocarriers 

and enhances the loading of the hydrophobic drug.  It was observed that the efficacy of 

photosensitization is not altered in the micellar assemblies. The hybrid nanocarriers could 

magnetically deliver photosenitizer agents into tumor cells in vitro, resulting in enhanced 

internalization and phototoxicity.   

 

Gao and coworkers reported substantial cancer-targeting capability of 

multifunctional polymeric micelles that contain molecular drugs and MRI contrast agents 



 

 

15 

(Fig. 1.3).66 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.42 Furthermore, hybrid micelles with attached 

cRGD targeting ligands delivered the incorporated therapeutics more efficiently to 

integrin αvβ3-expressing tumor cells.  That work demonstrated the potential to use 

micellar hybrids for systemic administration of hydrophobic drugs while simultaneously 

allowing targeting and MR imaging. 

 

The above examples illustrate the power of the micellar encapsulation approach: it 

allows one to incorporate multiple, distinctively different payloads within a single 

nanostructure.  It also allows the administration of combinations that can provide 

complementary or confirmatory information, for example in MRI and fluorescence 

imaging.  We and our coworkers synthesized hybrid nanoparticles that contain magnetic 

nanocrystals, quantum dots and a molecular anti-cancer agent within a single 

poly(ethylene glycol)-phospholipid micelle (Fig. 1.4).19 The two different types of 

hydrophobic nanocrystals 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 fluorescence) of a xenografted tumor in a mouse was 

demonstrated. The work illustrated the ability to combine optical with magnetic 
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resonance imaging, to obtain microscopic resolution at the tumor site by fluorescence, 

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 coworkers 

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.67 Once the nanocells accumulate in a tumor after systemic administration 

(mouse model), the outer shell first 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 kind of “one-two punch” 

demonstrated by this work very elegantly illustrates a key advantage of 

nanotechnology—it provides an ability to incorporate hierarchical, synchronized 

functions into a device. 

 

 

1.2.3 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, 68 The synthesis of 

mesoporous silica is based on the formation of liquid-crystalline mesophases of 
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amphiphilic molecules (surfactants) 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 significant cytotoxicity, and their internalization can 

be manipulated by surface functionalization of the nanoparticles.12, 69-71 Additionally, 

magnetic or fluorescent imaging molecules can be easily incorporated using well-

developed silane and silanol chemistries.72-77 They are also capable of hosting a wide 

variety of therapeutic molecules.72, 73, 78-80 The molecules need not be covalently attached 

to be incorporated in a mesoporous silica nanoparticle.  For example, Lin and coworkers 

trapped genes along with their chemical inducers inside silica mesopores using gold 

nanoparticle caps.78 These therapeutic systems were able to release their payload and 

trigger gene expression in a plant model (tobacco mesophyll protoplast). The same group 

has described other types of hybrid mesoporous silica nanosystems that achieve tunable 

release of therapeutics using nanoparticle-based capping reactions.69, 73  If the capping 

nanoparticle is a magnetic nanocrystal, it can be used to magnetically manipulate the 

hybrid delivery nanosystem in addition to serving its blocking function.73 

 

Another approach is to encapsulate other types of nanoparticles within a shell of 

mesoporous silica. Several groups have reported that magnetic nanocrystals can be coated 

with a layer of porous silica.20, 81-85  These magnetic drug carriers with a porous shell 

have been mainly used to demonstrate in vitro magnetic separation and in vivo MR 

imaging. Shi and coworkers fabricated uniform magnetic nanospheres composed of a 

magnetic core and a mesoporous silica shell.82 The mesoporous silica shell was formed 

on a single magnetic nanocrystal by simultaneous sol-gel polymerization of 
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tetraethoxysilane (TEOS) and n-octadecyltrimethoxysilane (C18TMS) followed by 

removal of the organic groups. Hyeon and coworkers 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 reaction (Fig. 1.5).20 The 

nanoparticles were made fluorescent by attachment of fluorescein or rhodamine dyes via 

a 3-aminopropyltriethoxysilane (APTES) linker.  In vitro drug delivery and multimodal 

imaging were first successfully demonstrated using these uniform multimodal 

nanocarriers. Furthermore, significant 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 or 

quantum dots using similar procedures.86 

 

Very recently, a novel hybrid nanostructure composed of mesoporous silica 

nanoparticle core and lipid bilayer coating was developed for drug delivery applications 

by Brinker and coworkers.87 The hybrid nanostructure was prepared by fusion of a 

positively charged liposome on a negatively charged mesoporous silica nanoparticle. 

Interestingly, this electrostatic interaction for the nanohybrid preparation revealed that the 

negatively charged drug could be loaded into the nanohybrid only by fusing of the 

positively charged liposome with the negatively charged core. It was further 

demonstrated that calcein, which is membrane impermeable and fluorescent, were 

incorporated into the liposomal porous nanoparticles, delivered into the cells, and then 

released in endosomal compartments with a localized pH of ~5. Compared with 
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conventional liposomes, the stability of lipid coating to seal drugs could be much 

enhanced and the sustained release of drug could be achieved with their internal porous 

nanostructure. 

 

1.2.4 Polymeric Hybrid Nanoparticles 

 

Biodegradable polymeric nanoparticles, mainly poly(D,L-lactic-co-glycolic acid) 

(PLGA)-based nanoparticles in this review, have been widely used for a variety of 

biological applications due to their biocompatibility (FDA-approved components) and 

capabilities of encapsulation and controlled release of drugs.67, 88-96 The PLGA 

nanoparticles encapsulated with large amount of cargo could be readily prepared by the 

nanoprecipitation and water-in-oil-in-oil (W/O/O) double emulsion techniques.97, 98 As 

well as the drug encapsulation, incorporation of imaging contrast agents into the 

polymeric nanoparticles has been recently of interest to non-invasively monitor their 

functions in biological systems. Feng and coworkers developed a hybrid nanosystem of 

PLGA nanoparticles to formulate magnetic nanocrytals for MR imaging.99 By 

incorporating magnetic nanocrytals into the polymeric nanoparticles, superparamagnetic 

properties of hybrid system were significantly enhanced relative to individual magnetic 

nanocrystals, improving the MR contrast effects. Ex vivo MR images of livers from the 

mice injected with magnetic polymeric hybrid nanoparticles or magnetic nanocrytals 

were compared to confirm the MR contrast enhanced by polymer encapsulation of 

magnetic nanocrytals. The magnetic polymeric hybrid nanoparticles could be also 
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utilized for magnetically-guided drug delivery and other biomagnetic applications.100 

Brannon-Peppas and coworkers also developed polymeric nanoparticles for T1-weighted 

MR imaging.101 The water-in-oil-in-oil double emulsion solvent evaporation method 

allowed high loading of diethylenetriaminepentaacetic acid gadolinium (III) (Gd-DTPA), 

FDA-approved positive MR contrast agent, in the PLGA nanoparticles. The longitudinal 

relaxivity (r1) of the particle formulation was shown to be similar to that of 

unencapsulated Gd-DTPA. Directly labeling a gadolinium chelate molecule with a 

targeting ligand has not provided sufficient concentration of the contrast agent at the 

targeted site for in vivo MR imaging. The entrapment of Gd-DTPA in a nanoparticle 

allows for the possibility of achieving a high concentration of the contrast agent at the 

intended imaging site as well as nanoparticle targeting by multivalent ligands. It was 

suggested that these Gd-DTPA-loaded polymeric nanoparticles coupled with a targeting 

ligand would be utilized for the detection of atherosclerosis by improving a MR contrast 

for in vivo imaging.  

 

 Another polymeric hybrid nanoparticles involves co-encapsulation of therapeutic 

agents and luminescent nanocrystals, quantum dots, into a polymeric nanoparticle. Desai 

and coworkers synthesized biodegradable and surfactant-free nanoparticles co-

incorporated with hydrophobic drug, Coenzyme Q10, and quantum dots using the 

nanoprecipitation methods.102 Encapsulation of quantum dots into the core of larger 

polymeric nanoparticles was able to diminish the oxidation-induced metal catalysis and 

the release of toxic metal ion, significantly reducing cytotoxicity of unencapsulated 

quantum dots. These biocompatible luminescent polymeric nanoparticles were readily 
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internalized into PC12 cells and their intercellular location was visualized using the 

luminescence.  

More complex polymeric hybrid nanoparticles have been recently developed for 

simultaneous drug delivery and imaging applications. Haam and coworkers developed 

multifunctional magneto-polymeric nanohybrids composed of magnetic nanocrystals and 

anticancer drugs simultaneously encapsulated by an amphilipic block copolymer (PEG-

PLGA) using a nanoemulsion method (Fig. 1.6).103 The large amount of magnetic 

nanocrystals (~ 40 wt%) was incorporated into the polymeric hybrid nanoparticles 

enabling ultrasensitive T2-weighted MR imaging. The encapsulated drug doxorubicin was 

slowly released over 2 weeks from the hybrid nanoparticles, presumably owing to 

polymer degradation. To employ targeting affinity to these hybrid nanoparticles, antibody 

against human epidermal growth factor receptor 2 (tumor targeting marker for the 

treatment of patients with metastatic breast cancer) was conjugated with the hybrid 

nanoparticles. The antibody-conjugated polymeric hybrid nanoparticles allowed for 

targeted detection of cancer in both in vitro and in vivo MR imaging as well as targeted 

therapeutic effect on both cancer cells and xenograft tumors of mouse. Hyeon and 

coworkers also synthesized a similar multifunctional polymer nanomedical platform co-

encapsulated with hybrophobic therapeutic agent, doxorubicin and hybrophobic 

superparamagnetic nanocrystals or quantum dots using an oil-in-water emulsion and a 

subsequent solvent evaporation technique.104 The polymeric hybrid nanoparticles 

appeared fairly uniform and had a size range of 100 – 200 nm. The density of 

nanocrystals encapsulated in a single polymeric nanoparticle could be controlled by 

varying the amount of nanocrystals in the initial reaction mixture during the synthesis 



 

 

22 

procedure. Due to cooperative magnetic effect that clustered magnetic nanocrystals 

become more efficient at dephsing the spins of surrounding water protons, enhancing T2 

contrast in MR imaging,105 the polymeric hybrid nanoparticles encapsulated with 

magnetic nanocrystals displayed remarkable contrast in T2-weighted MR imaging. For 

the targeted imaging and therapy, folate group was coupled onto the surface of the 

polymeric hybrid nanoparticles. The folate-conjugated polymeric hybrid nanoparticles 

enabled effective targeting to folate receptors on the KB cancer cells which could be 

detected by optical (quantum dots) and MR (magnetic nanocrystals) imaging techniques. 

The folate-conjugated polymeric hybrid nanoparticles also selectively carried and 

released therapeutic agents to the cancer cells. The receptor-mediated delivery of 

chemotherapeutic drugs incorporated into targeted polymeric nanoparticles allowed for 

enhanced therapeutic effects relative to free drug because of reducing multidrug 

resistance effect of cancer cells. In addition, highly concentrated magnetic nanocrytals in 

the polymeric nanoparticle facilitated the magnetic guiding to enhance synergistic 

targeted therapeutic efficiency. 

 

 

1.2.5 Gold-Based Hybrid Nanoparticles 

 

 Gold nanoparticles have exhibited strongly enhanced optical properties 

originating from the surface plasmon resonance fields and have been widely utilized for 

cancer diagnostics and therapy.106 Particularly, gold nanorods, gold nanocages and gold 
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nanoshells have been of great interest for photothermal therapy due to their strong and 

tunable linear absorption in the near-infrared (NIR) region where tissues penetration can 

be optically maximized.14, 15, 107-113 Gold-based nanoparticles have been also utilized for 

both in vitro and in vivo imaging techniques such as computed tomography (CT),114-117 

optical coherence tomography (OCT)107, 118-120 two-photon-induced photoluminescence 

(TPIP),121, 122 and photoacoustic imaging,123, 124 and silver-enhanced staining.125, 126 

Another unique optical property of gold-based nanoparticles is to significnatly amplify 

the Raman scattering efficienies of adsorbed molecules by suface enhanced Raman 

scattering, allowing for spectroscopic detection of in vivo tumor targeting.127-130 

Furthermore, gold nanoparticles have been increasingly attractive for gene or drug 

delivery due to high packing density and low enzymatic degradation of attched 

oligonucleotide molecules and easy conjugation of targeting molecules to the gold 

surface.131, 132 Lastly, it has been known that in vivo long-term toxicity of gold 

nanoparticles is very benign although the material may be not degraded completely in 

vivo.133, 134 

 

More recently, there have been considerable efforts to combine such properties of 

gold nanoparticles with unique properties of other nanocomponents. Sokolov and 

coworkers described a new approach for optical imaging that combines the advantages of 

molecularly targeted plasmonic nanoparticles and magnetic actuation.135 The hybrid 

nanoparticles consisted of an iron oxide core surrounded by a gold layer. After targeting 

to epidermal growth factor receptor in the cells, the targeted hybrid nanoparticles could 

be optically detected by the gold portion resonantly scattering visible light and 
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magnetically modulated by the iron oxide core. Despite the optical contrast afford by the 

plasmonic nanoparticles, cells untreated with the nanoparticles could be still detected in 

the optical imaging. Magnetic actuation of these hybrid nanoparticles was utilized to 

further enhance contrast between targeted cells and untargeted cells. The signal 

fluctuations at the modulation of the hybrid nanoparticles could be selectively detected by 

using Fourier-based filtering and enabled to drastically increase the signal in 

magnetically labeled cells. Thus, the magnetically actuated plasmonic nanoparticles 

could improve the signal-to-noise ratio in monitoring biological events. Cheon and 

coworkers developed heterostructured nanoparticles composed with Au and FePt for 

multimodal biological detection.136 The Pt seed on FePt nanoparticle served as a catalytic 

surface to activate growth of a gold nanoparticle to the seed resulting in heterodimers of 

FePt-Au. Owing to magnetic property of the hetero-nanostructure, targeted biological 

species could be observed in in vitro molecular MR imaging. Additionally, gold part of 

the hetero-nanostructure could be also utilized to optically amplify their signal in the 

bioassay applications using a silver staining. Similar hybrid nanostructure was also 

developed by Sun and coworkers.137 Au-Fe3O4 dumbbell-like nanoparticles were 

synthesized by decomposing iron pentacarbonyl on the surface of gold nanoparticle. 

After a surfactant exchange reaction for biological applications, the epidermal growth 

factor receptor (EGFR) antibody was further coupled to the Fe3O4 surface for in vitro 

targeting study. The antibodies attached to dumbbell nanoparticles enabled them to get 

internalized into the cells overexpressing EGFR and then the cells labeled with dumbbell 

nanoparticles could be selectively visualized in both T2-weighted MR and optical 

imaging. This multimodal imaging was attributed to superparamagnetism and strong 
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reflectance at the wavelength (594 nm) used in this study of magnetic and plasmonic 

component, respectively. Furthermore, the cells labeled with the dumbbell nanoparticles 

could be manipulated by an external magnetic field. In contrast to rapid signal loss 

observed commonly in the fluorescence imaging, dual-mode imaging of the dumbbell 

nanoparticles could allow for high sensitivity in diagnostic applications. 

 

Simultaneous MR imaging and photothermal therapy could be also achieved using 

gold-based hybrid nanoparticles.18, 138-140 Hyeon and coworkers designed multifunctional 

magnetic gold hybrid nanoparticles consisting of a silica nanosphere core surrounded by 

a gold nanoshell for photothermal therapy, with embedded magnetite nanoparticles for T2 

MRI contrast enhancement (Fig. 1.7).18 Both magnetic nanocrystals of 7 nm and gold 

seed nanoparticles of 1-3 nm were first attached on aminated silica nanospheres. Gold 

nanoshell were then uniformly grown around the silica nanosphere. Their absorbance 

spectrum was ranged from 700 nm and NIR region, which is suitable for photothermal 

therapy due to enhanced tissue penetration of NIR radiation. After linked to Anti-

HER2/neu, the hybrid nanoparticles could selectively interact with cancer cells and the 

targeted cells could be detected in the T2-weighted MR imaging. Furthermore, the cancer 

cells targeted with the hybrid nanoparticles could be thermally ablated upon a short 

exposure to NIR radiation. Similar composite nanostructure with a gold surface, silica 

core, and magnetic inner layer was also designed for biodiagnistic systems and by Mirkin 

and coworkers.140 Hybrid nanoparticles with core/shell nanostructure of Fe2O3/Au were 

developed by Sokolov and coworkers.138 The gold layer was coated onto the surface of 

iron oxide nanocrystal using an iterative hydroxylamine seeding process and further 
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functionalized with epidermal growth factor receptor (EGFR) antibody. The iron oxide 

core of hybrid nanoparticles enabled MR imaging with strong T2 contrast while the 

plasmonic gold coating provided strong optical contrast by light scattering in the visible 

region. The targeted hybrid nanoparticles displayed molecular-specific destruction of 

cancer cells using pulsed NIR laser irradiation. The dual-mode imaging with the hybrid 

nanoparticles could be applied to monitor photothermal treatment of cancer, helping 

direct laser therapy. Li and coworkers synthesized bifunctional gold nanoshells with a 

superparamagnetic iron oxide-silica core for both MR imging and photothemal 

therapy.139 The iron oxide nanocrystal was first coated with amorphous silica layer via 

the sol-gel process and the surface of silica layer was further functionalized with amine 

groups. As mentioned earlier, gold nanocrystal seeds (2-3 nm) could be then attached to 

the silica surface and used to nucleate the growth of a gold shell on the silica surface. The 

silica middle layer of hybrid nanoparticles provided a dielectric interface for shifting the 

plasma resonance to the NIR region as reported in the conventional gold nanoshells.109 

The hybrid nanoparticles were further shielded by polyethylene glycol (PEG) to improve 

their biocompatibility. Similar to previously mentioned hybrid nanoparticles, 

superparamangetic characteristics for MR imaging and magnetic acuation and strong 

absorbance in the NIR region of the electromagnetic spercturm for photothermal therapy 

were also observed in these hybrid nanoparticles. Interestingly, R2 relaxivity of these 

hybrid nanoparticles exhibited bilinear behavior with significant increase at lower 

concentrations compared to that at higher concentrations.18, 139 This bilinear relaxivity for 

these hybrid nanoparticles might originate from randomly distributed clusters of magnetic 

nanocrytals within the silica core or on the silica surface. In addition, the MR contrast of 
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these hybrid nanoparticles was significantly enhanced compared to that of individual 

magnetic nanocrytals due to the cooperative MR contrast effect.105 

 

Furthermore, the strong absorption of gold-based nanoparticles in visible or NIR 

region could be utilized to trigger release of therapeutic agents from various types of 

nanoparticles.141-146 Caruso and coworkers first reported NIR-responsive capsules 

composed of gold nanoparticles incorporated within a LbL assembled polyelectrolyte 

multilayer shell.141 These core-shell structures enabled to tune plasmonic absorption in 

the NIR region, thus rendering the capsules optically addressable. The NIR layer 

irradiation on the capsules locally heated the capsule shell containing the light-absorbing 

gold nanoparticles and dissociated the LbL multilayer presumably due to different 

thermal expansion of each layer and explosive phase-transition separation by bubbles 

generated during the heating. To demonstrate laser-induced release of cargo, the protein 

lysozyme was encapsulated within the polyelectrolyte/gold nanoparticle shell of the 

capsule. Upon a NIR irradiation, the capsule selectively released lysozymes and the 

released lysozymes could digest bacterium micrococcus lysodeikticus (substrate for the 

enzymatic action of lysozyme) without any significant damage of their activity, 

indicating that NIR irradiation did not alter the biomolecule structure. Paasonen and 

coworkers developed similar system where the content could be selectively released from 

the liposome under the UV irradation143 The composition of liposomes was optimized to 

have a thermal sensitivity above body temperature. The gold nanoparticles were 

incorporated into either the lipid bilayer or the core of the liposomes during the synthesis. 

The thermally sensitive liposomes incorporated with gold nanoparticles retained their 
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cargo at 37 oC while they selectively released their contents upon the UV irradiation that 

induced local heating by the incorporated gold nanoparticles and subsequent phase 

transition of the lipid bilayers. Zasadzinski and cowokers also demonstrated remotely 

triggered liposome release by application of NIR light, which could be more suitable for 

in vivo applications.144 The hollow gold nanoshells (HGN) with maximum absorption 

spectrum of 820 nm in the NIR region were encapsulated into the liposomes, directly 

attached to the liposomes or freely located outside the liposomes. The HGN tethered 

directly to the outer surface of liposomes displayed the highest release of contents up to 

93% upon a NIR irradiation relative to other hybrid formulations. Thus, it could be 

pointed out that the efficiency of photo-triggered liposome release was strongly related to 

the proximity of the light-absorbing nanoparticles to the lipid bilayers of liposomes. 

Besides the local heating, the mechanical disruption by nano- or micro-bubbles generated 

during the irradiation could be reasoned for the transient membrane ruptures. Very 

recently, Möhwald and coworkers fabricated assembly composed with liposomes and 

gold nanoparticles and demonstrated NIR laser-initiated release of liposome contents.146 

Aggregation of neighboring gold nanoparticles driven by electrostatic interactions 

attracted a large number of liposomes constructing the assembly and resulted in the red-

shift of gold nanoparticle absorption (from 520 nm for individual nanoparticle to 650 nm 

for the aggregation) facilitating energy transfer (NIR light) in biological system. The 

assembly loaded with model drug (fluorescence dye) was illuminated by a focused laser 

beam, which initiated rapid release of the encapsulated dye molecules.  
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Another type of drug carrier could be also utilized for photothermally-triggered 

release of cargo by using gold-base nanoparticles. Yoo and coworkers introduced 

multifunctional hybrid nanoparticles combining photothermally controlled drug delivery 

system with MR imaging function.145 Interestingly, PLGA polymeric particles have been 

reported to be NIR resonant and to tune the release rate of loaded drugs by increasing the 

temperature.147 The biodegradable polymeric (PLGA) nanoparticles encapsulating model 

drugs were half deposited with metal multilayers (Mn and Au).  The gold and manganese 

layer was employed to absorb light in NIR region converting it to thermal energy and 

enhance contrast in MR imaging, respectively. The open half of the shells could be 

utilized to selectively release incorporated drugs through photothermally-triggered 

degradation of the polymeric core. These NIR-activated release techniques using various 

gold-based hybrid nanoparticles could be synergistically combined with hyperthermia, 

and molecular imaging and targeting, thus enhancing efficacy of cancer therapy. 

 

A novel and important design of hybrid nanoparticles for in vivo applications was 

introduced by Romanowski and coworkers using gold-based hybrid nanoparticles.148 

Biodegradable plasmonic nanoparticles were fabricated by a reduction process where 

liposome suspension containing chloroauric acid was mixed with ascorbic acid. Gold 

nanodots were formed on the surface of liposomes, generating resonance band in NIR 

spectral range. Interestingly, after incubation with Triton X-100, a non-ionic surfactant, 

these gold-coated liposomes lost their plasmon resonance chateracteristics as well as 

contrast in optical coherence tomography imaging. During the liposome degradation in 

the surfactant solution, gold nanodots assembled on the liposome surface could be 
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dissociated into individual gold-lipids with the order of single nanometers in diameter (~ 

5.7 nm) which could be eliminated by renal filtration.149 It was also demonstrated that 

these plasmonic liposomes were degraded with biologically relevant molecules 

(phopholipase A2 and calcium). The loss of plasmonic signal during the degradation 

could be further utilized to monitor release of drugs incorporated into such hybrid 

liposomes. This biodegradable nanostructure consisting of renally clearable components 

could become closer to clinical applications. 

 

 

1.2.6 Nanotube-Based Hybrid Nanoparticles 

 

Carbon nanotube is a hydrophobic, tubular nanostructure with a diameter of the 

order of a few nanometers and has shown remarkable mechanical and optical properties. 

These unique characteristics of the carbon nanotube have been utilized in biomedical 

applications such as diagnostic imaging (fluorescence, Raman and photoacoustic), drug 

delivery, and photoablative therapy.150-169 The carbon nanotubes administrated 

systemically into mice were found to exhibit nontoxic and excretable via either renal or 

biliary pathway depending their surface chemistries although it took quite a long 

period.170-172 Furthermore, the ultrahigh surface area and flexible nanostructure of one-

dimensional carbon nanotubes allows for enhanced binding between targeting ligands and 

receptors via a multivalency, efficient loading of therapeutics into the internal and 
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external spaces, and likely prolonged in vivo circulation in the blood stream to achieve a 

targeted drug delivery.154, 156, 160, 170  

 

Several types of magnetic hybrid carbon nanotubes have been developed for 

magnetic actuation and MR imaging in very recent years.173-176 Iijima and coworkers 

demonstrated in vivo MR imaging using single-walled carbon nanohorns (one 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 magnetite nanocrystals.174 The hybrid nanohorns were prepared 

by depositing Fe(OAc)2 on the oxidized carbon nanohorns and subsequent heating them 

at 400 oC. The superparamagnetic magnetite nanocrytals were strongly attached to the 

carbon nanohorns, enabling T2-weighted MR imaging of magnetic hybrid nanohorns in 

the spleen and kidneys of living mice after intravenous injection. It was also observed 

that the hybrid nanohorns appeared likely biocompatible in the preliminary in vivo 

toxicity test at a maximum dose of 8 mg/kg body weight. Strano and coworkers 

introduced asymmetric single-walled carbon nanotube/iron oxide nanoparticle complex 

for multimodal biomedical imaging.175 The magnetic nanocrystals with a size of ~ 3 nm 

was placed specifically at only one end of the nanotube in an asymmetric arrangement 

during the production process and then the surface of which was stabilized with 

oligonucleotides for biological applications. This nanocomplex still retained unique 

optical signatures of the single-walled carbon nanotubes. The magnetic hybrid nanotube 

could internalize into macrophage cells and image them using both MR and NIR 

fluorescence. Wilson and coworkers designed the gadonanotubes for ultrasenstive pH-

smart nanoprobes for T1-weighted MR imaging.176 The superparamagnetic clusters of 
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Gd3+ ions attached on the sidewall defects of the ultrashort single-walled carbon nanotube 

displayed extremely high T1-weighted relaxivity. Interestingly, the gadonanotubes also 

exhibited a dramatic response to pH and thermal change under physiologically relevant 

conditions, maintaining their physical structure. Particularly, the pH sensitivity could be 

applied to diagnose cellular stresses observed in cancer or other disease processes. 

 

Although carbon nanotubes have been reported to intrinsically have NIR 

luminescence,163, 165 the intensities were somewhat weak to achieve a whole-body 

imaging in vivo. Shi and coworkers developed luminescent multi-walled carbon 

nanotubes labeled with quantum dots.177 The multi-walled carbon nanotubes with larger 

inner space relative to single-walled carbon nanotubes were particularly chosen in this 

study since the dimension could be suitable for incorporation of various anti-cancer drugs 

with comparable molecular sizes. Plasma polymerization technique was employed to coat 

ultra-thin films of functional groups on the nanotube surface for conjugation of quantum 

dots. The luminescent nanotubes with strong emissions in the visible light range were 

then utilized to report their location in a mouse. More recently, Rusling and coworkers 

reported in vivo therapeutic effect of drug (cisplatin)-incorporated luminescent hybrid 

(quantum dot-conjugated) single-walled carbon nanotubes in a mouse xenograft tumor 

model (Fig. 1.8).178 The therapeutic hybrid nanotubes decorated with anti-epidermal 

growth factor receptors (EGFR), specific to head and neck squamous carcinoma cells 

(HNSCC) over-expressing EGFR, selectively accumulated in HNSCC tumors in mice 

and their accumulation were observed with the luminescence of hybrid nanotubes using 
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two-photon intravital imaging. Furthermore, significant regression of tumor growth was 

observed in mice treated with the targeted therapeutic hybrid nanotubes. 

 

Silica nanotubes, another type of nanotubes, have been fabricated for biomedical 

application by template synthesis and differentially functionalized on their inner and 

outer surfaces.179-186 Using porous alumina template combined with sol-gel chemistry, 

precise control of inner and outer diameter and length of the nanotubes could be 

achieved. Importantly, owing to unique synthesis procedure, their hollow tubular 

nanostructure can be first filled up with therapeutic agents keeping them from enzymatic 

degradation until they reach the target site, and their outer surface can be further 

functionalized with targeting moieties. Additionally, as mentioned earlier in the 

mesoporous silica nanoparticles, the open ends of silica nanotubes can be also utilized as 

a gate to control drug release.187, 188 Lee and coworkers developed magnetic nanotubes by 

incorporating magnetite nanoparticles on the inner surface of the nanotube.182 The inner 

voids of magnetic hybrid nanotubes were utilized to separate biological and chemical 

molecules by a magnet. Furthermore, the functionalized exterior was used to facilitate 

biological interaction between the nanotubes and specific target sites and allowed for 

more efficient targeted delivery of drugs under magnetic field. The magnetic hybrid 

nanotubes could be also utilized as MRI contrast agents.185  
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1.2.7 Viral Hybrid Nanoparticles 

 

A variety of viruses have been successfully modified as a synthetic nanoparticle 

for biological applications because they are in the nanometer size range and are naturally 

uniform in size.189-191 Some of viruses have been of interest due to their selective 

transfection and efficient gene delivery into the cells and tissues.192 For biological 

selectivity, their genome can be genetically engineered to display a functional moiety on 

the surface of viral nanoparticles and targeting ligands can be chemically coupled to 

reactive groups on the viral nanoparticles. In the past few years, several viral hybrid 

nanoparticles have been developed to monitor their biological functions in vitro and in 

vivo. Magnetic resonance contrast agents such magnetic nanocrystals and Gd3+ were 

coupled to the exterior or interior capsid of viral nanoparticles for their non-invasive 

visualization in MRI.193-196 Superparamagnetic viral nanoparticles were further used for 

magnetically-guided intravascular gene targeting.197 Fluorescent quantum dots were also 

conjugated to viruses for optical imaging.198-200 Furthermore, magnetic nanocrytal or gold 

nanocrystal could be used as a nanotemplate (core material) to self-assemble viral 

proteins into nanoparticle formulation, rendering multifunctionality to the viral hybrid 

nano-assembly.201, 202 

 

The high and selective cellular transfection of viral nanoparticles have provided 

potential for gene therapy of genetic diseases and cancer.203, 204 Recently, there have been 

increasing efforts to integrate both diagnostic and therapeutic functions into a single viral 

hybrid nanosystem. Cheon and coworkers hybridized the virus with magnetic nanocrytals 
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for simultaneous targeted gene delivery and MR imaging (Fig. 1.9).205 Magnetic 

nanocrystals with a monodisperse size of 12 nm were conjugated to the adenoviruse 

which has a selectivity to the cells overexpressed with Coxsackievirus B adenovirus 

receptor (CAR) via a crossliker. The CAR-positive cells were readily internalized with 

magnetic viral nanoparticles and selectively detected in MR imging. The CAR-mediated 

infection of the hybrid nanoparticles also allowed efficient and selective delivery of gene. 

The eGFP genes incorporated into the virus capsids were delivered into targeted cells, 

which enabled the expression of eGFP. Curiel and coworkers modified adenoviral vectors 

with gold nanoparticles to achieve a combinatorial therapeutic effect of targeted gene 

therapy and hyperthermia (Fig. 1.10).206 Gold nanoparticles were covalently conjugated 

to lysine residues of the adenovirus caspid encoding a luciferase reporter gene. Gold-

labeled adenoviral vectors with a conjugation ratio of 100:1 (gold:virus) retained their 

infectivity on the HeLa cells, while the higher conjugation ratio significantly reduced the 

infectivity. Furthermore, gold-labeled adenoviral vectors were engineered to re-target 

human cancer cells by reacting them with the fusion protein since primary receptor of 

adenoviral vectors, the Coxsackie adenovirus receptor (CAR) was not sufficient in most 

of human tumors. The re-targeted gold labeled adenoviral vectors with the 100:1 

conjugation ratio enabled similar luciferase expression to unmodified adenoviral vectors 

in MC38-CEA-2 cancer cells. In addition, the gold nanoparticles attached on the 

adenoviral vectors can be also utilized to monitor the hybrid viral vectors in biological 

systems. 
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1.3 Requirements for Clinical Applications 

 

Although considerable advences have been made in developing hybrid 

nanoparticles for simultaneous diagnostics and therapeutics of cancer in the past years, 

there have been still significant barriers to be overcome for their clinical tanslation. As 

shown in the Table 1 summarizing the recent studies to develop such hybrid 

nanoparticles, only a few hybrid nanoparticles have been successfully utilized to 

simultaneously detect and treat malignant tissues in vivo. In contrast to in vitro 

experiments, once nanoparticles enter into the dynamic blood stream, they travel at a 

certain of flow rate, meeting and interacting with numerous proteins and cells before 

reaching an target disease, for example, cancer. During the in vivo circulation, significant 

amount of nanoparticles are non-specifically cleared by the mononuclear phagocytic 

system (MPS) in the body such as liver, spleen, and lymph nodes depending on their 

surface chemistries and sizes before they perform their diagnostic and therapeutic 

functions at the intended sites. Thus, first of all, these hybrid nanoparticles composed of 

multiple nanocomponents should be engineered to have long residence times in the blood 

stream if systemic administration is required. Here are some of the most important facters 

to determine their in vivo behaviors. 

 

 Hybrid nanosystem where multiple nanomaterials were integrated in a single 

nanodevice seem to have a relatively large size to an individual one-component 

nanoparticle. Nanoparticle size is very closely related to its in vivo behaviors such as 

circulation times, extravasation, immunogenicity, degradation, flow rates, clearance, and 
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internalization into the cells.207 Additionally, it has been reported that the blood 

circulation time of nanoparticle is generally observed to decrease with increasing size.208 

Furthermore, long-circulating nanoparticles in the size range of 20–200 nm have been 

shown to accumulate preferentially at tumor sites through porous vasculatures and stay in 

the tumor tissues relatively for a long period, which has been well known as the EPR 

effect.209, 210 Thus, fabrication of hybrid nanoparticles with smaller sizes is desirable to 

make them circulate as long as possible and accumulate into tumor sites by the EPR 

effect. Hybrid nanoparticles based on flexiable nanostructures such as liposomes, 

micelles, and carbon nanotubes may behave differently in vivo even with their large sizes 

relative to those built with solid naostructures such as magnetic nanoparticles, gold 

nanoparticles, and porous silica nanoparticles. Although PEG coating could also help 

prolong circulation times of such hybrid nanoparticles, its shielding effect is somewhat 

limited to large nanoparticles.  

 

As mentioned earlier, various types of nanomaterials with different function 

(diagnosis or therapeutics) have been integrated into a single hybrid nanosystem for 

simultanous imaging and treatment of cancer by using multiple steps of chemical and 

physical methods such as chemical conjugation, encapsulation, eletrostatic and 

hybrophobic interactions, and nanoshell formation. Owing to their complicated 

nanostructures and chemistries, multicomponents incorporated into the hybrid 

nanoparticle may be easily dissociated into each part during the in vivo circulation or 

before finishing their combinatiorial functions  (diagnosis and therapeutics). For exmaple, 

if imaging components come off from the hybrid nanoparticles in the blood stream and 
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the dissociation is not recognized, bioditribution and targeting of the hybrid 

nanoparticles, particularly, incorporated toxic therapeutic component, would not be 

reported properly. Thus, considerable attention should be paid to design stable hybrid 

nanostructures in vivo. Furthermore, various chemicals and nanomaterials involved in the 

synthesis of hybrid nanoparticles would lead to unintended in vivo acute or long-term 

toxicities. Careful selection and combination of nanomaterials and chemicals are required 

to fabricate biocompatible hybrid nanoparticles. 

 

Lastly, incorporation of imaging nanocomponents into the hybrid nanodevice 

would interfere with the loading of therapeutic agents. Efficient loading of drugs in the 

therapeutic nanoparticle is very important to determine their efficacy in cancer therapy. 

Co-encapsulation of imaging and therapeutic component into the internal space of 

nanoparticle and their co-attachment on the nanoparticle surface might be undesirable 

since they should share the limited space and area. For example, the hybrid nanosystem 

where drugs are encapsulated in the interior and reporting components are decorated on 

the exterior could maximize each function. Thus, their dual functions to image and treat a 

cancer could be more synergistically performed by properly locating each of them on the 

hybrid nanostructure. 

 

 

1.4 Conclusions and Future Perspectives 
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 Since researchers have started the exploration of nanoparticles for biological 

applications over the past few decades, there has been significant improvement in the 

synthesis and functionalization of such nanoparticles, which could be further utilized for 

in vivo diagnostics and therapeutics. Recently, more complicated nanoparticles have been 

successfully developed to perform multiple functions in biological systems, some of 

which were introduced as hybrid nanoparticles in this chapter. Particularly, nanoparticle 

formulations have possessed the important features in vivo that can not be achieved by 

small imaging or therapeutic molecules. As the most important feature, pharmacokinetics 

of therapeutic molecules has been significantly improved by incorporating them into the 

nanoparticle, thereby some of them have been widely used in clinics. Additionally, 

various unique physicochemical characteristics of nanoparticles that can happen only in 

the nanoscale regime have enabled ultrasensitve and non-invasive in vivo imaging. Thus, 

the hybrid nanosystems possessing such advantages of individual nanoparticle are 

expected to contribute to the diagnosis and therapeutics of cancer as a more powerful 

tool. 

 

 One of important pairs of the multiple functions that such hybrid nanoparticles can 

perform is to simultaneously detect and treat a disease, particularly cancer. There is no 

doubt that these dual functions of hybrid nanoparticles would help clinicians diagnose 

and treat a cancer in very early stage. As discussed in this chapter, numerous hybrid 

nanostructures have been developed to achieve such dual functions in vitro and in vivo. 

Although some of them seem to get close to clinical applications, there are still a lot of 

regulatory hurdles to use them as safe nanotools for detection and therapy of cancer. 
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Much more efforts should be made on studying in vivo functions of such hybrid 

nanoparticles. Additionally, in future, hybrid nanoparticles for in vivo diagnosis and 

therapeutics of cancer should be fabricated with simple chemical procedure and 

nanostructure since complicated hybrid nanostructures and multiple fabrication steps 

would reduce their potential for a clinical use. We believe that such continuing efforts 

can drive more interactions between materials scientists/engineers and clinicians to 

develop clinically-applicable hydrid nanoparticles for simultaneous detection and 

treatment of cancer. 
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Figure 1.1 Mechanism of porous silicon formation  
Calculation is performed using two different anti-cancer drugs, a small molecule 
(doxorubicin) and a large protein (the antibody bevacizumab, trade name Avastin), and it 
compares the number of molecules that could be loaded on the surface of a solid 
nanoparticle to the number that could be contained in a hollow nanoparticle, as a function 
of nanoparticle diameter.  The result depends on the size of the payload.  The hollow 
particles were loaded only on 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 efficiency, with the drug molecules 
approximated as spheres. In addition, the porous particle is assumed to be only 80% 
porous. What we find is that for the loading of large molecules like Avastin, there is no 
loading advantage until your mothership is >100 nm.  For small molecules, the break 
even point is 20 nm. Of course there is an additional advantage of a porous particle in that 
it could potentially protect the payload from the outside world until delivery. 



 

 

55 

 

 

Figure 1.2 Multifunctional quantum dot-conjugated liposomes  
(a) Schematic of multifunctional quantum dot-conjugated liposomes containing an 
antibody targeting group (QD-immunoliposomes). (b) (Left panel) In vivo fluorescence 
images of mice bearing MCF-7/HER2 xenograft tumors implanted in the lower back, 30 
h after intravenous injection with QD-immunoliposomes. Fluorescence intensity is 
displayed in false color; the high intensity at the tumor site demonstrates that the 
liposomes accumulate prominently in tumors. (Right panel) Confocal fluorescence 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-immunoliposomes 
seem to internalize into the cytosol of MCF-7/HER2 tumor cells in vivo. Reproduced 
with permission from [ref. 36]. Copyright © 2008 American Chemical Society. 
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Figure 1.3 Multifunctional polymeric micelles  
(a) Schematic design of polymeric micelles constructed using amphiphilic block 
copolymers. The targeting ligand is cyclic RGD and the therapeutic agent is doxorubicin 
(DOX).  The hydrophobic core also contains superparamagnetic iron oxide (Fe3O4) 
nanoparticles. (b) Transmission electron microscope (TEM) image of the polymeric 
micellar assembly. The inset indicates the cryo-TEM image of the same micelle samples. 
The scale bars are 20 nm. (c) Confocal laser scanning microscope image of human 
Kaposi's sarcoma SLK cells treated with micelles either with (right panel) or without (left 
panel) a cRGD targeting peptide.  The intrinsic fluorescence of the DOX drug appears as 
red in the images. Scale bars are 20 µm. Reproduced with permission from [ref. 66]. 
Copyright © 2008 American Chemical Society. 
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Figure 1.4 Micellar hybrid nanoparticles  
(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 
somewhat 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 fluorescence images of tumors 
harvested from mice 20 h after injection with the micellar nanostructures (“MHN”).  
Control is injection with phosphate buffered saline (“PBS”). Reproduced with permission 
from [ref. 19]. Copyright © 2008 Wiley VCH. 
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Figure 1.5 Multifunctional porous magnetic nanoparticles  
(a) Schematic depiction of PEGylated porous silica-coated magnetic nanoparticles. (b) 
Transmission electron microscope (TEM) image of the nanostructures, showing 
monodispersed magnetic nanocrystals coated with a uniform mesoporous silica shell. (c) 
In vivo T2-weighted MR images (upper row) and color maps (lower row) of an MCF-7 
tumor implanted on a nude mouse before and after intravenous injection 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. 
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Figure 1.6 Multifunctional magneto-polymeric nanohybrids  
(a) Schematic of the fabrication of multifunctional magneto-polymeric nanohybrids 
(MMPN). (b) Transmission electron microscope (TEM) image of MMPN embedded with 
MnFe2O4 mangnetic nanocrystals. (c) T2-weighted MR images (upper row) and color 
maps (lower row) of NIH3T6.7 and MDA-MB-231 cells treated with IRR-MMPN and 
HER-MMPN, respectively (IRR: irrelevant antibody and HER: antibody specific to 
human epidermal growth factor receptors). (d) In vivo MR images and their color map of 
mice bearing NIH3T6.7 tumors 1 h after intravenous injection of HER-MMPN (upper 
panel) and IRR-MMPN (lower panel). (e) Comparative therapeutic efficacy study in mice 
bearing NIH3T6.7 tumors. Reproduced with permission from [ref. 103]. Copyright © 2008 
Wiley VCH. 
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Figure 1.7 Magnetic gold nanoshells  
(a) Schematic of magnetic gold nanoshells (Mag-GNS). (b) Transmission electron 
microscope (TEM) image of Mag-GNS. (c) In vitro T2-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 T2 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  
femtosecond-pulse laser (800 nm) at a power of 80 mW and subsequent staining of dead 
cells with trypan blue. Reproduced with permission from [ref. 18] Copyright © 2006 
Wiley VCH. 
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Figure 1.8 Fluorescent nanotube-based delivery system  
(a) Schematic of the fabrication of fluorescent nanotube-based delivery system. (b) 
Transmission electron microscope (TEM) image of fluorescent nanotube-based delivery 
system showing that Quantum dots were attached on the nanotube. (c) Scanning TEM 
image of fluorescent nanotube-based delivery system showing cisplatin as the bright 
spots. (d) Intravital two-phone microscopy image of tumor. (e) Confocal microscopy 
images of a tumor slice. Mice bearing HN12 xenografts were imaged 45 min after 
intravenous injection of fluorescent nanotube-based delivery system (red). Cell nuclei 
were stained with Höechst (blue) and blood vessels with 500 kDa FITC-dextran (green). 
(f) Therapeutic efficacy of fluorescent nanotube-based delivery system in HN12 HNSCC 
xenograft tumors in mice. The nanotubes were injected intravenously into mice at 0, 2, 
and 4 days. Error bars represent S.E.M. (n = 3). Reproduced with permission from [ref. 
178]. Copyright © 2009 American Chemical Society. 
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Figure 1.9 Magnetic adenovirus  
(a) Schematic of magnetic nanocrystals (MN)-labeled adenovirus. (b) Transmission 
electron microscope (TEM) image of MN-labeled adenovirus. The scale bars are 100 nm. 
(c) T2 weighted MR images of untreated U251N cells, MN-treated U251N cells, MN-
adenovirus treated U251N cells, and MN-adenovirus treated CHO-1 cells. (d) eGFP 
expression of U251N cells treated with eGFP gene-encoded MN-adenovirus. Reproduced 
with permission from [ref. 205]. Copyright © 2007 Wiley VCH. 
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Figure 1.10  Gold adenovirus hybrids  
(a) Schematic of adenoviral vector with gold nanoparticles (NP) coupled to capsid. (b) 
Transmission electron microscope (TEM) image of gold-labeled adenoviral vectors. The 
scale bars are 100 nm. (c) Retargeting of gold-labeled adenoviral vectors to tumor-
associated carcino embryonic antigen (CEA) by luciferase expression after incubation for 
24 h. Gold nanoparticles were reacted with adenoviral vector at different ratios [100:1, 
1000:1, 3000:1, and 5000:1 (gold:virus)]. MC38-CEA-2 cells were then infected with the 
luciferase encoding gold-labeled adenoviral vectors that were modified with scar-MFE 
fusion protein to retargeting viral vectors to the CEA expressed on tumor cells. Bars 
represent mean ± standard deviation. Asterisks indicate p < 0.05. Reproduced with 
permission from [ref. 206]. Copyright © 2006 American Chemical Society. 
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Table 1.1 Representative hybrid nanostructures for simultaneous imaging and drug 
delivery 
 

Structural 
component 

Imaging component Target tumor cells or xenografts [targeting 
species employed] 

Ref. 

Liposome  Quantum dot MCF-7/HER2 cells and xenografts [anti-
HER2 single chain Fv fragments] 

36 

Micelle 
(PEG-PLGA) 

Magnetic nanocrystal αvβ3-expressing SLK tumor endothelial cells 
[cyclic RGD peptide] 

66 

Micelle (PEG-
phospholipid) 

Magnetic nanocrystal and 
quantum dot 

MDA-MB-435 human cancer cells and 
xenografts [F3 peptide] 

19 

Mesoporous 
silica 

Magnetic nanocrystal MCF-7 breast cancer cells and xenografts 
[N/A] 

20 

Polymer (PLGA) Magnetic nanocrystal NIH3T6.7 fibroblast cells [herceptin] 103 

Polymer (PLGA) Magnetic nanocrystal or 
quantum dots 

KB cancer cells [folate] 104 

Gold nanoshell Gold nanoshell and 
Magnetic nanocrystal 

MDA-MB-468 cells [anti-epidermal growth 
factor receptor] 

138 

Gold nanoshell Magnetic nanocrystal SKBR3 breast cancer cells [anti-HER2/neu] 18 

Carbon nanotube Quantum dot Head and neck squamous carcinoma cells 
[anti-epidermal growth factor receptor] 

177 

Silica nanotube Magnetic nanocrystal NA 182 
185 

Adenovirus Magnetic nanocrystal U251N cells [Coxsackie B and adenovirus] 205 

Adenovirus and 
Gold 
nanoparticle 

Gold nanoparticle HeLa and MC38-CEA-2 cells [Coxsackie B 
and adenovirus, and adenovirus engineered to 
target tumor-associated carcino embryonic 
antigen (CEA), respectively] 

206 

*NA: not applicable 
 
 



 

 

65 

 

 

Chapter one, in part, is a reprint (with co-author permission) of the material as it 

appears in the following publication: “Hybrid Nanoparticles for Detection and Treatment 

of Cancer” Ji-Ho Park and Michael J. Sailor. in preparation for invited feature article in 

Adv. Funct. Mater. (2009).  The author of this dissertation is the primary author of this 

manuscript. 
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2.1 Abstract 

 

There is increasing interest in the effect of shape on the in vitro and in vivo 

performance of nanoparticles.  Here we report the synthesis and biological behavior of 

tumor-homing magnetic nanoworms (NW) consisting of a chain-like aggregation of iron 

oxide cores in a dextran coating.  The elongated particles display an enhanced magnetic 

resonance response, and when conjugated with a tumor-targeting peptide (F3, a 31 

residue amino acid sequence) they interact more effectively with a tumor-based target in 

vitro relative to nanospheres (NS) containing comparable surface chemistries.  Although 

they are significantly larger in one dimension (along the chain direction), untargeted NW 

display similar in vivo circulation times and enhanced passive accumulation in tumors 

(mouse xenograft tumor model) relative to untargeted NS.  These findings are important 

for the design of in vivo multifunctional nanoprobes applicable to the diagnosis and 

treatment of human diseases. 

 

 

2.2 Introduction 

 

The application of nanotechnology to medicine is providing new approaches for 

the diagnosis and treatment of diseases1-14.  Ultrasensitive imaging for early detection of 
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cancers and efficient delivery of therapeutics to malignant tumors are two primary goals 

in cancer bionanotechnology.  However, the development of non-toxic, functional 

nanoparticles that can successfully home to tumors presents some significant challenges.  

Dextran-coated magnetic iron oxide (IO) nanoparticles are of particular interest because 

they show relatively low toxicity and long circulation, and dramatically enhance 

hydrogen T2 relaxation in magnetic resonance imaging (MRI)5, 11, 15-20.  The clinical 

power of these materials may be amplified by improving MRI relaxivity, blood 

circulation times, and the homing of such nanoparticles to tumors. Efforts to increase 

MRI sensitivity have focused on development of new magnetic core materials6, 12 or on 

improvements in nanoparticle size21 or clustering7, 22.  However, most efforts to improve 

the morphological characteristics of such nanoparticles have resulted in materials with 

relatively short circulation half-lives due to incomplete additional hydrophilic coatings6, 

12, 21. 

 

An emerging theme in nanoparticle research is to control biological behavior 

and/or electromagnetic properties by controlling shape.  The manipulation of electrical, 

magnetic and optical properties by controlling the shape of nanomaterials has been 

demonstrated in many areas23-25.  However, there are limited studies pointing to a shape 

dependence on the in vitro or in vivo behavior of nanomaterials14, 26-28.  One of the most 

important pathways for clearance of nanoparticles in vivo is the mononuclear phagocytic 

system (MPS).  At the micro scale, particle shape is known to play a dominant role in 

particle uptake by phagocytes26.  Some types of elongated nanoparticles have been shown 

to exhibit low MPS uptake and, as a result, prolonged blood half-life relative to spherical 
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shapes13, 14, 29.  For example, spherical micelles are taken up by phagocytes more readily 

than micelles that have been extended into filaments by shear flow14. Conversely, for 

targeted materials, elongation enhances the surface area:volume ratio, allowing 

polyvalent binding to amplify particle affinity for cell surface receptors13, 30. 

 

In this work, we hypothesized that a nanostructure with an elongated assembly of 

IO cores (referred to here as nanoworms, NW) would improve the ability of the 

nanoparticles to circulate, target, and image tumors.  The synthetic strategy is inspired by 

the previous observation that magnetic nanoparticles can become aligned along strands of 

high molecular weight dextran31.  We find that the geometry of the nanoparticles 

(elongated vs spherical) influences their efficacy both in vitro and in vivo by enhancing 

their magnetic relaxivity in MRI, increasing their ability to attach to tumor cells in vitro 

due to enhanced multivalent interactions between peptide-modified NW and cell 

receptors, and amplifying their passive accumulation in vivo over spherical nanoparticle 

controls. 

 

 

2.3 Experimental 

 

Nanoworm and nanosphere preparation. 0.63 g of FeCl3·6H2O and 0.25 g 

FeCl2◊4H2O were mixed with 4.5 g dextran in 10 mL of deionized (Millipore) water at 

room temperature.  This acidic solution was neutralized by the dropwise addition of 1 mL 
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concentrated aqueous ammonia under vigorous stirring and a steady purge of nitrogen, 

and it was then heated at ~70 oC for 1 hr.  After purification by centrifuge filtering 

column (100,000MWCO, Millipore), the magnetic colloid was crosslinked in strong base 

(5M aqueous NaOH solution) with epichlorohydrin (Sigma) and filtered through a 0.1 

µm pore diameter membrane (Millipore).  NW with a size range of 50~80 nm were 

separated using a MACS® Midi magnetic separation column (Miltenyi Biotec). 

Nanosphere (NS) with a size range of 25~35 nm were prepared as described32.  

Micromod IO nanoparticles (50 nm nanomag-D-SPIO with amines) were obtained from 

Micromod Partikeltechnologie GmbH, Rostock, Germany.  Feridex IO nanoparticles 

were obtained from Berlex, NJ, USA. 

 

Size and shape determination using TEM, AFM and DLS. For transmission 

electron microscopy (TEM) imaging, an aliquot of NW, NS, or Micromod nanoparticles 

dispersed in water was dropped onto the carbon film covering a 300-mesh copper 

minigrid (Ted Pella, Inc., CA, USA), which was then gently wiped off after 

approximately 1 min and air-dried.  TEM images were obtained using a Hitachi H-600A 

transmission electron microscope. More than 80% of the nanostructures synthesized with 

20-kDa dextran displayed chain-like shapes in the TEM images.  For atomic force 

microscopy (AFM) imaging, an aliquot of NW in water was dropped onto a glass 

microscope slide (Fisher, US) and then dried in air. AFM images were obtained with a 

Nanoscope IIIa multimode atomic force microscope (Digital Instruments, US) operating 

in intermittent contact (tapping) mode.  For the dynamic light scattering (DLS) 

measurement, 50 mL of a diluted solution of NW or NS was transferred into a quartz 
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cuvette and hydrodynamic size measurements were obtained using a Malvern 

(Worcestershire, UK) Zetasizer ZS90.  Aggregation of IO cores observed in the TEM 

images did not appear to be due to a drying effect in the preparation of the TEM samples, 

as the particle sizes derived from the TEM images were well correlated with 

hydrodynamic diameter measurements by DLS for both the NW and NS. (Note that TEM 

only images the IO cores and not the dextran coating). 

 

Magnetic measurement. The SQUID (Superconducting Quantum Interference 

Device) magnetometry provides a direct measure of the total number of magnetic IO 

nanoparticles in a sample, as it measures the magnetization of a sample rather than the 

total iron content or the fluorescence intensity from a molecular tag. The SQUID 

measurements are thus more relevant to MRI imaging applications, because the 

magnetization data correlates with T221.  The SQUID technique has the additional 

advantage that it can be performed on cells, cell extracts, or on whole organs, and little 

sample workup is needed. A solution of the NW or NS sample was frozen and 

lyophilized to dryness in gelatin capsules.  The capsules were inserted into the middle of 

transparent plastic drinking straws.  The measurements were performed at 298 K using a 

Quantum Design (CA, USA) MPMS2 superconducting quantum interference device 

(SQUID) magnetometer.  The samples were exposed to direct current magnetic fields in 

stepwise increments up to one Tesla.  Corrections were made for the diamagnetic 

contribution of the capsule and straw.  
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MRI T2 mapping. MRI T2 mapping of NW or NS samples was performed using a 

7 cm bore, Bruker (Karlsruhe, Germany) 4.7 T magnet.  Samples were serially diluted 

with aqueous PBS (Mediatech) in a 384-well plate, containing 95 ml total sample/well.  

R2 is longitudinal relaxation rate equal to the reciprocal of the T2 relaxation time 

(R2=1/T2) and it is calculated with a T2-weighted MRI map. 

 

Targeting peptide and dye conjugation. For near-infrared (NIR) fluorescence 

imaging, Cy7-labeled NW or NS were prepared by reacting aminated NW (500 mg Fe) or 

NS (900 mg Fe) in PBS buffer with 6 mg of Cy7-NHS ester (GE Healthcare Bio-

Sciences) in DMSO (Sigma) for 1 hr to have same fluorescence per iron atom for both 

NW and NS (one Cy7 dye per one IO core).  The remaining free amines were used for 

conjugation with the targeting peptides.  500 mg Fe of Cy7-labed NW or NS were first 

reacted with 200 mg of Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-

carboxylate (sulfo-SMCC, Pierce Chemicals) or 2 mg NHS-PEG(5kDa)-MAL (Nektar) 

in PBS solution for 1hr and then purified using a desalting column (GE Healthcare Bio-

Sciences).  200 mg of targeting peptide with a free terminal cysteine was then added to 

the 500 mg Fe NW or NS sample in PBS solution.  After incubation for 2 h with mild 

shaking at room temperature, the sample was purified with a centrifuge filter (100,000 

MWCO, Millipore), and then re-suspended in PBS solution. 

 

In vitro cell internalization. For cell internalization studies, MDA-MB-435 human 

breast carcinoma cells were maintained in Dulbecco's Modified Eagle's Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 µg/ml penicillin-



 

 

73 

streptomycin.  To obtain co-incubation and separate incubation data on NW-F and/or NS-

F, the cells were co-incubated with Cy7-labeled NW-F3 (20 mgFe) and Cy5.5-labeled 

NS-F3 (20 mgFe) or Cy5.5-labeled NW-F3 (20 mgFe) and Cy7-labeled NS-F3 (20 

mgFe), or incubated separately with Cy7-labeled NW-F3 (20 mgFe), Cy5.5-labeled NS-

F3 (20 mgFe), Cy5.5-labeled NW-F3 (20 mgFe), or Cy7-labeled NS-F3 (20 mgFe) per 

well for 2 hrs at 37 °C in the presence of 10% FBS.  The cells were rinsed three times 

with cell media and then imaged simultaneously in both the Cy5.5 (680 nm 

excitation/700 nm emission) and Cy7 channels with a NIR fluorescence scanner (LI-COR 

biosciences).  The total number of attached Cy7 or Cy5.5 dye molecules was controlled 

to yield the same fluorescence intensity on a per-iron basis for both types of particles.  

The relative fluorescence of the images (each well) was analyzed using the ImageJ (NIH) 

or OsiriX (Apple) programs.  All error bars show the standard deviation for three or more 

samples. 

 

To quantify the internalized amount of NW or NS, the cells were carefully 

detached from each well using trypsin-EDTA, and centrifuged into a pellet.  The pellets 

were freeze-dried in gelatin capsules, and then analyzed for magnetization using 

SQUID33.  All error bars show the standard deviation for three or more samples. 

 

For fluorescence microscopy, the cells (3000 cells per well) were seeded into 8-

well chamber slides (Lab-Tek) overnight. The cells were then incubated with 10 mg (total 

Fe content) of Cy7-labeled peptide-conjugated NW or NS per well for 3h at 37 oC in the 

presence of 10% FBS.  After incubation, the slides were rinsed three times with PBS, 
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fixed with 4% paraformaldehyde, and then washed three times with PBS and mounted in 

Vectashield Mounting Medium with 4',6-diamidino-2-phenylindole (DAPI; Vector 

Laboratories, Burlingame, CA).  The slides were observed with a fluorescence 

microscope (Nikon, Tokyo, Japan). 

 

To determine if the shape of NW are changed by cell uptake or not, the 

internalized NW were recovered from the cells 24 hrs after incubation.  The cells 

incubated with NW for 24 hrs were rinsed three times with culture medium, carefully 

detached from the well using trypsin-EDTA, and centrifuged into a pellet.  The pellet was 

dissolved in 10% SDS (in PBS) for 10 min and the NW isolated from the cells were 

rinsed using centrifugation and magnetic column.  Their size and shape was analyzed 

using DLS and TEM. 

 

Blood half-life and biodistribution. To quantify the in vivo circulation times of 

NW or NS samples in Nude BALB/c mice, NW or NS in PBS (100 mL) were 

intravenously injected into nude BALB/c mice at a dose of 3 Fe/kg body mass mass (n = 

3 for each NW or NS formulation).   Heparinized capillary tubes (Fisher) were used to 

draw 15 mL (for fluorescence) or 70 ml (for magnetization) of blood from the periorbital 

plexus at different times after intravenous injection.  The extracted blood samples were 

immediately mixed with 10 mM EDTA to prevent coagulation.  For Cy7-labeled NW or 

NS formulations, blood extracted at different times was imaged in a 96-well plate in Cy7 

channel (762 nm excitation/800 nm emission) with a NIR fluorescence scanner (LI-COR 

biosciences, NE, USA).  The images were analyzed using the ImageJ (NIH) or Osirix 
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(Apple) programs.  For non-labeled NW or NS samples, blood samples extracted at 

different times were immediatly freeze-dried in gelatin capsules, and then analyzed for 

magnetization using SQUID. The blood half-lives of NW or NS were calculated by 

fitting the fluorescence or magnetization data to a single-exponential equation using a 

one-compartment open pharmacokinetic model17. All error bars show the standard 

deviation for three or more animals. 

 

To determine if the shape of NW are changed during circulation, the NW were 

extracted from the blood stream 24 hrs after intravenous injection and rinsed completely 

5 times on the magnetic column with PBS solution, and their size and shape was analyzed 

using DLS and TEM. 

 

For the mouse biodistribution studies, unmodified NW in PBS (100 mL) were 

intravenously injected into Nude BALB/c mice at a dose of 3 mg Fe/kg body mass (n = 3 

for both the PBS controls and the NW samples).  The animals were sacrificed 24 hrs after 

injection by cardiac perfusion with PBS under anesthesia, and the blood, brain, heart, 

kidney, liver, lung, lymph node, skin and spleen were collected.  Organs and blood were 

immediately weighed, freeze-dried in gelatin capsules, and then analyzed for 

magnetization using SQUID.  Percentages of injected dose of the NW per wet weight of 

each organ were further corrected by subtracting magnetization of the PBS-injected 

organs (controls) from magnetization of the particles-injected organs. 
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In vivo passive tumor homing. MDA-MB-435 human breast carcinoma cells were 

injected into the mammary fat pad or subcutenously injected into nude BALB/c mice, 

respectively.  Tumors were used when they reached ~ 0.5 cm in size. All animal work 

was reviewed and approved by Burnham Institute for Medical Research’s Animal 

Research Committee.  Cy7-labed NW or NS were intravenously injected into mice (n = 

3~4 for each formulation) with a dose of 1 mg Fe/kg body mass.  For real-time 

observation of tumor/liver uptake, animals were imaged under anesthesia in Cy7 channel 

using the BonSai fluorescence-imaging system (Siemens, PA, USA) 6 hrs, 24 hrs or 48 

hrs after injection. 

 

 

2.4 Results and Discussion 

 

The NW synthesis is similar to the typical preparation of magnetic IO 

nanospheres (NS), involving reaction of Fe(II) and Fe(III) salts in the presence of 

dextran32.  In order to prepare the worm-like morphology, the concentrations of iron salts 

are higher and the molecular weight of dextran is larger (20 kDa).  The nanostructure 

appears as linearly aggregated IO cores with a mean hydrodynamic size (in the long 

dimension) of 65 nm (Fig. 2.1a and Table 2.1).  When higher molecular mass dextran (40 

kDa) is used, highly branched IO cores, with a larger size (~100 nm) and a broader size 

distribution (Fig. 2.2) are obtained.  
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To provide comparison, nanospheres were synthesized using the published 

procedure32. They exhibited physical sizes and shapes, magnetic responses, and 

biological properties similar to what has been previously reported15-18, 32 (Fig. 2.1, Table 

2.1, and Fig. 2.3a). NW are characterized as elongated, dextran-coated particles 

composed of a linear aggregate of 5~10 IO cores (50~80 nm) while NS are spherical, 

dextran-coated particles containing 1~2 IO cores (25~35 nm). NW display a slightly 

larger saturation magnetization value (74.2 emu/g Fe vs. 61.5 emu/g Fe and 53.5 emu/g 

Fe) and a higher MR contrast (R2 = 116 mMFe-1S-1 vs R2 = 70 mMFe-1S-1 and R2 = 95 

mMFe-1S-1) than NS and the commercially available Feridex (Fig. 1.1b-d).  The 

elongated structure of the NW apparently enhances the orientation of the magnetic 

moments of the individual nanoparticle constituents, increasing the net magnetization34, 

35.  The increased MR contrast observed for NW is thought to be due to enhanced spin-

spin relaxation of water molecules caused by the slightly larger magnetization value12, 21 

and the one-dimensional assembly22, 36. 

 

The efficiency of peptide-targeted cellular internalization of NW relative to NS 

was tested on MDA-MB-435 tumor cells in vitro.  Conceptually, the elongated shape of 

the NW is expected to provide a larger number of interactions between the targeting 

ligands and their cell-surface receptors compared with spherical nanoparticles (Fig. 2.4a).  

For this study, the internalizing peptide, F3, was used as the targeting species. F3 

selectively targets cell surface nucleolin in tumor cells and tumor endothelial cells, and is 

known to have cell-penetrating properties37-39. The number of peptides coupled to the 

particles was controlled by varying the extent of amination of the dextran coating (Table 
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2.1).  SQUID and fluorescence data indicate that internalization of F3-conjugated NW 

(NW-F) is enhanced relative to F3-conjugated NS (NS-F) on a per-iron basis (Fig. 2.4b 

and Fig. 2.5a-b).  For either NW or NS, the degree of internalization increases with the 

number of F3 peptides attached and incubation time, and dextran-coated NW or NS that 

do not contain targeting peptides display no evidence of internalization.  Incorporation of 

a PEG linker between the F3 targeting peptide and the NW reduces cellular uptake of 

NW (Fig. 2.4b).  In a competition study, equal amounts (iron basis) of NW-175-F and 

NS-30-F were co-incubated, and NW were found to inhibit cellular uptake of NS (Fig. 

2.5c).  NW recovered 24 hrs after internalization in cells retained their original shape 

(Fig. 2.5d).   

 

Circulation in the blood stream for a long period of time is a key requirement for 

in vivo target-specific reporting and drug delivery with nanomaterials20, 40.  We tested the 

blood circulation times of unmodified NW and NS with an injection dose of 3 mg Fe/kg 

body mass in mice.  Both exhibited similar long circulation times (blood half-lives: 

15~18 hrs) with a first-order elimination rate17 (Fig. 2.6a and Table 2.1).  NW extracted 

from the bloodstream after 24 hrs retained their original shape (Fig. 2.7) and they showed 

a slight increase in hydrodynamic size (from ~65 to ~80 nm by DLS), attributed to 

protein binding during circulation. 

 

The biodistribution of NW in the mouse 24 hrs post injection is similar to that 

reported previously for NS17.  These particles both display a tendency to undergo MPS 

clearance in the liver, spleen, and lymph nodes (Fig. 2.6b).  However, there are some 
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differences in the biodistribution of NW relative to NS.  The fraction of injected particles 

in the kidney is lower relative to the liver for NW compared with NS, whereas the 

spleen:liver particle concentration ratio is higher for NW. 

 

In circulation, nanoparticles tend to passively accumulate in tumors since tumor 

vessels are generally found to be more permeable than the vessels of healthy tissues2.  

Passive tumor uptake of NW in mouse xenograft MDA-MB-435 tumors was greater than 

NS (Fig. 2.6c). Interestingly, NW remain in the tumor 48 hrs after injection, whereas NS 

are almost completely eliminated within this time period.  The clearance behavior of NS 

is similar to that observed with RGD-conjugated quantum dots, which are of a 

comparable size9.  The data indicate that once NW extravasate into tumor tissue from the 

blood vessels, they become physically trapped and do not readily re-enter the blood 

stream. Thus more effective diagnostic imaging or drug delivery may be possible with 

NW than with NS. 

 

High aspect ratio nanomaterials such as carbon nanotubes and worm micelles 

have been found to circulate long enough to enable homing to biological targets despite 

their micron-sized length13, 14, 29.  In addition, pseudo one-dimensional assemblies of 

nanocrystals can display desirable optical or magnetic properties not found in the 

isodimensional materials41.  The linear aggregation of IO cores increases MRI sensitivity 

as shown in this study, suggesting that NW may offer an improved ability to image very 

small or poorly vascularized tumors. 
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The mechanism by which iron cores become linearly aggregated during synthesis 

requires further study, although the key factor seems to the molecular mass of the dextran 

polymer.  Several methods to construct one-dimensional assemblies of nanocrystals have 

been reported in recent years, for example involving the use of molecular coatings or 

biotemplates41-43.  These approaches provide a means to control the chain-like 

nanostructures more precisely, although in vivo properties of such materials have not yet 

been characterized. 

 

There have been many studies comparing the targeting ability of multivalent with 

monovalent ligands on nanomaterials30, 44, 45.  Here we have investigated the effect of 

nanoparticle morphology on intracellular delivery while attempting to maintain 

comparable surface chemical characteristics.  For a constant ratio of attached targeting 

peptides per iron atom, NW display a greater ability to be taken up by cultured tumor 

cells than NS.  The data suggest that the enhanced polyvalency of NWs vs NSs allows 

particles to bind to tumor cells with a higher avidity.  No significant uptake is observed if 

the NW or NS contain no targeting peptides. 

 

 When shape and surface charge are held constant, the blood circulation time of 

nanoparticles is generally observed to decrease with increasing size40. However, 

nanomaterials that are elongated along one dimension seem to be better able to evade the 

organism’s natural elimination processes13, 14, 29.  This study clearly demonstrates that 

nanoparticle size can be increased along one dimension without sacrificing circulation 

time.  The geometric alignment of cores within NWs provides two key advantages over 
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spherical counterparts: the elongated shape, with its larger surface area, presents multiple 

targeting ligands that can cooperatively interact with cell surfaces and linearly aggregated 

IO cores generate improved T2 relaxivity for MR imaging.  In addition, the nanomaterial 

is robust enough to retain its shape during circulation in vivo and after cell 

internalization.  This is in contrast to softer structures, such as elongated filomicelles, 

which fragment into smaller particles in the cells and during circulation14.   

 

 

2.5 Conclusions 

 

Overall, these results indicate that magnetic NWs represent an improved 

nanomaterial platform for targeting and imaging tumors in vivo.  In addition to imaging, 

NWs may also facilitate more efficient delivery of therapeutics to biological targets due 

to their large surface area, multiple attachment points, and long blood half-life.  These 

findings are important for the design of in vivo multifunctional nanoprobes applicable to 

the diagnosis and treatment of a range of human diseases. 
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Figure 2.1 Physical properties of magnetic nanoworms (NW) and conventional 
spherical nanoparticles (nanospheres; NS) preparations 
(a) Transmission electron microscope image showing the worm-like nanostructure. More 
than 80% of the particles have a contorted linear appearance with a hydrodynamic length 
of 50-80 nm.  Scale bar is 30 nm.  (Inset: atomic force microscope image showing the 
elongated shape. Scale bar is 100 nm).  (b) Magnetization curves for NW, NS, and 
Feridex.  (c) T2 relaxation rates as a function of iron concentration (mMFe) for NW, NS 
and Feridex.  (d) T2-weighted MR images of NW, NS and Feridex with different 
concentrations. 
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Figure 2.2 Physical and biological properties of magnetic nanoworms (NW) 
prepared with high molecular weight dextran (MW 40,000, Sigma). 
Scale bar in the TEM image is 50 nm.  These samples were not tested for their tumor-
homing properties in the present study. 
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Figure 2.3 Transmission Electron Microscope (TEM) images showing the shape and 
size of (a) NS and (b) commercial dextran-coated IO nanoparticles (Micromod)  
The shape and size of the NS made in this work are similar to iron oxide nanoparticles 
with a cross-linked dextran coating reported previously (CLIO).  These materials display 
a spherical morphology with a relatively narrow size distribution.  Micromod samples 
appear as clusters of IO cores, rather than the chain-like structures observed with the NW 
prepared in this study.   Scale bar is 50 nm. 



 

 

89 

 
 

Figure 2.4 Internalization of nanoworms (NW) and nanospheres (NS) conjugated 
with F3 peptides into MDA-MB-435 cells 
(a) Conceptual scheme illustrating the increased multivalent interactions expected 
between receptors on a cell surface and targeting ligands on a NW compared with a NS.  
(b) Fluorescence data comparing the efficiency of cellular internalization for various 
functionalized NW and NS systems. NH2, F3, and PEG-F3 indicate aminated NW/NS, 
F3-conjugated NW/NS and PEGylgated F3-conjugated NW/NS, respectively.  (c) 
Fluorescence microscope images of cells 3 hrs after incubation with F3(FITC)-
conjugated NW (NW-175-F) or F3(FITC)-conjugated NS (NS-30-F) (green). Nuclei are 
visualized with a DAPI stain (blue). Scale bar is 20 �m. 
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Figure 2.5 Comparison of internalization of nanoworms (NW) and nanospheres 
(NS) conjugated with F3 peptides into MDA-MB-435 cells 
(a) Comparison of fluorescence intensity and magnetization with the cells internalized 
with NW-175-F or NS-30-F after 2 hrs of incubation with MDA-MB-435 cells in vitro.  
(b) Quantification of fluorescence intensity in MDA-MB-435 cells incubated with Cy7-
labeled NW-175-F or NS-30-F for the indicated times. (c) Comparison of cellular 
internalization of NW-175-F and/or NS-30-F incubated together or separately for 2 hrs. 
(d) Transmission Electron Microscope (TEM) image showing the shape and size of the 
NW recovered after internalized in the cells for 24 hrs.  Scale bar is 50 nm.  All error bars 
show the standard deviation for three or more samples. 
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Figure 2.6 In vivo behavior of  untargeted nanoworms (NW) in the mouse 
(a) Percentage of NW remaining in circulation as a function of time with an injection 
dose (ID) of 3 mgFe/Kg.  The solid line represents an exponential fit. (b) Biodistribution 
of NW 24 hrs post injection.  Bl, blood; Br, brain; H, heart; K, kidneys; Li, liver; Lu, 
lungs; LN, lymph node; Sk, skin; and Sp, spleen.  (c) Fluorescence images of mice 
bearing MDA-MB-435 tumors, obtained 6, 24, and 48 hrs after injection of NW or NS 
with an ID of 1 mgFe/Kg.  Arrows and arrowheads point to the tumors and the livers, 
respectively. 
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Figure 2.7 Transmission electron microscope (TEM) images showing the shape and 
size of the NW recovered after circulating in the blood stream for 24 hrs 
Scare bar is 50 nm. 
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Table 2.1 Characterstics of nanoworms (NW) and nanospheres (NS). 
 

sample [a] size [nm] 
[b] 

blood T1/2 
[min] [c] 

amine 
[per NW/NS] 

peptide 
[per NW/NS] 

peptide 
[per gFe (x1020)] 

NS 30.3 1060 0 0 0 

NS-7-F 39.2  7 5 2.6 

NS-30-F 39.6  30 10 5.3 

NS-59-F 41.0  59 12 6.3 

NW 65.8 990 0 0 0 

NW-42-F 73.7  42 23 1.7 

NW-P42-F 87.3  42 16 1.2 

NW-175-F 76.6  175 69 5.1 

NW-P175-F 88.2  175 48 3.0 

NW-350-F 76.1  350 83 6.2 

NW-P350-F 90.8  350 59 4.4 

[a] The number after the letter identifier designates the number of amine groups per 
particle. The letter P indicates a poly(ethylene glycol) spacer is used. The –F suffix 
denotes F3-conjugated particle. 

[b] Hydrodynamic size based on DLS measurement (mean size resulting from three 
measurements) 

[c] Relative error in these measurements is ± 10% 
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                     Chapter two, in part, is a reprint (with co-author permission) of the material 

as it appears in the following publication: “Magnetic Iron Oxide Nanoworms for Tumor 

Targeting and Imaging” Ji-Ho Park, Geoffrey von Maltzahn, Lianglin Zhang, Michael P. 

Schwartz, Sangeeta N. Bhatia, Erkki Ruoslahti, and Michael J. Sailor, Adv. Mater. 20 

(2008) 1630-1635. The author of this dissertation is the primary author of this 

manuscript. 
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3 Systematic Surface Engineering of Magnetic Nanoworms 
for in vivo Tumor Targeting 
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3.1 Abstract 

 

In the design of nanoparticles that can target disease tissue in vivo, parameters 

such as targeting ligand density, type of target receptor, and nanoparticle shape can play 

an important role in determining the extent of accumulation.  In this work, we perform a 

systematic study of these parameters for the targeting of mouse xenograft tumors, using 

superparamagnetic iron oxide as a model nanoparticle system.  The type of targeting 

peptide (recognizing cell surface vs extracellular matrix), the surface coverage of the 

peptide, its attachment chemistry, and the shape of the nanomaterial [elongated 

(nanoworm, NW) vs spherical (nanosphere, NS)] is varied.  Nanoparticle circulation 

times and in vivo tumor targeting efficiencies are quantified in two xenograft models of 

human tumors (MDA-MB-435 human carcinoma and HT1080 human fibrosarcoma). We 

find that the in vivo tumor targeting ability of the NW is superior to NS, that the smaller, 

neutral CREKA targeting group is more effective than the larger, positively charged F3 

molecule, that a maximum in tumor targeting efficiency and blood half-life is observed 

with ~60 CREKA peptides per nanoworm for either the HT1080 or the MDA-MB-435 

tumor types, and that incorporation of a 5 kDa PEG linker improves targeting to both 

tumor types relative to a short linker.  It is concluded that the blood half-life of a targeting 

molecule-nanomaterial ensemble is a key consideration when selecting the appropriate 

ligand and nanoparticle chemistry for tumor targeting. 
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3.2 Introduction 

 

Targeted nanomaterial-based imaging and drug delivery vehicles have tremendous 

potential to improve the current clinical paradigms of cancer diagnosis and therapeutics.1-

15 Current clinically-approved nanoparticle formulations accumulate preferentially in 

tumors through the enhanced permeability and retention (EPR) effect,16, 17 whereby 

materials in the size range of 20-200 nm preferentially extravasate through 

transendothelial pores in tumor vessels and are retained in part because of non-functional 

tumor lymphatic vessels. The attachment of tumor-specific targeting ligands to 

nanomaterials has the promise to enhance tumor targeting for improved detection and 

therapy.  However, modification of nanomaterial surfaces with targeting ligands that 

contain charged domains (i.e. cell penetrating peptide sequences, nucleic acid-based 

agents, etc.),18-20 or that consist of large biomolecules (i.e. immunoglobulins)21, 22 

generally will decrease the circulation time of a nanomaterial in vivo because these 

moieties are recognized and eliminated by macrophages. With reduced circulation times, 

the targeting groups become less effective at homing to and penetrating their tumor 

targets. Long, hydrophilic polymer tethers can reduce macrophage recognition of 

ligands,23 but they introduce an entropic penalty to the tumor-ligand binding process.24 

Thus it appears that optimized nanoparticle formulations for tumor targeting exist within 

a broad, complex chemical space and may be surrounded by a vast landscape of 

substandard derivatives. The careful, systematic screening of the cooperative 

relationships between nanomaterial properties and tumor targeting efficiency is needed. 
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Despite the critical role they play in targeting nanomaterials to tumors, relatively 

few studies have attempted to maximize in vivo targeting efficiency through systematic 

variation of surface charge, targeting group, or nanomaterial shape. Recently, Gu et al. 

screened targeted drug-encapsulated polymer nanoparticles with different compositions 

of self-assembled diblock copolymers and aptamers to find optimally formulated 

nanoparticles.14  However, the tumor targeting efficiency (0.5~2 %ID/g) was too low to 

reproducibly differentiate the optimized formulation from the other candidates. There 

have been some impressive reports of in vivo tumor targeting with various targeting 

ligand/nanoparticle combinations, such as folic acid-modified dendrimers (~9 %ID/g),3 

synthetic small molecule-modified iron oxide nanoparticles (~4 %ID/g),4 poly ethylene 

glycol-coated (PEGylated) arginine-glycine-aspartic acid (RGD) peptide-modified carbon 

nanotubes (10-15 %ID/g),10 and PEGylated single-chain variable fragment (ScFv) 

antibody-modified gold nanoparticles (~8 %ID/g).13  However, the extent to which these 

materials represent optimized formulations for a given targeting ligand/nanomaterial 

combination remains unclear, providing relatively little insight for the design of more 

powerful nanoprobes.  In addition, the role of nanomaterial shape in tumor targeting has 

received relatively little attention, although there are indications that nanomaterials with 

elongated shapes and correspondingly increased surface area are more effective in vivo 

due to geometrically enhanced multivalent interaction between ligands and receptors.10, 25, 

26  It has become increasingly clear that the tumor-homing capability of a nanodevice that 

has been optimized in vitro is not predictive of in vivo results.  In this work, we 

systematically optimize in vivo tumor targeting by varying: targeting ligand type 

(recognizing cell surface vs extracellular matrix), ligand surface coverage, attachment 
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chemistry, and nanomaterial shape (elongated vs spherical).  The particle circulation time 

and the in vivo tumor targeting efficiency of each class of nanomaterial was quantified in 

two xenograft models of human tumors (MDA-MB-435 human carcinoma and HT1080 

human fibrosarcoma). 

 

 

3.3 Experimental 

 

Nanoworm and nanosphere preparation: Magnetic iron oxide nanoworms (NW) 

with a longitudinal size of ~70 nm were synthesized as previously described.26 Magnetic 

iron oxide nanospheres (NS) with a size of ~ 25 nm were synthesized using the published 

preparation of crosslinked dextran-coated iron oxide (IO) nanoparticles.27  Micromod 

nanoparticles (MM, spherical dextran-coated IO nanoparticles with free amines) with a 

size of ~100 nm were obtained from Micromod Partikeltechnologie GmbH (Rostock, 

Germany). NW or NS with different numbers of free amines were prepared for peptide 

conjugation by reacting them with different concentrations of aqueous ammonia at room 

temperature for 48 h.  The amine number per NW or NS was measured using the SPDP 

assay.28 The amine number per NW was calculated assuming that the molecular weight of 

a NW is 7 times higher than a NS, based on the mean value of aggregated IO cores for 

one NW observed in the transmission electron microscope (TEM) images and supported 

by the dynamic light scattering (DLS) data. The sizes, shapes and surface charges of NW, 
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NS or MM were characterized using TEM and DLS measurements as previously 

reported.26 

 

Targeting peptide conjugation: One of two targeting peptides were used with the 

NW, NS or MM samples: KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK (F3), which 

preferentially binds to blood vessels and tumor cells in various tumors,29, 30 and CREKA, 

which recognizes clotted plasma proteins in the blood vessels and stroma of tumors.8 The 

fluorescein (FITC)-conjugated peptides were synthesized using Fmoc chemistry in a 

solid-phase synthesizer, and purified by preparative HPLC.  The sequences and 

compositions were confirmed by mass spectrometry.  For the F3 peptide, an extra 

cysteine residue was added to the N-terminus to allow conjugation to the aminated 

dextran coating of the NW or NS. For NIR fluorescence imaging, NW or NS were first 

labeled with either Cy5.5 or Cy7 fluorescent molecules. The remaining free amines were 

used for conjugation with the targeting peptides. Briefly, aminated NW (500 µg Fe) or 

NS (900 µg Fe) were reacted in phosphate buffered saline (PBS) with Cy5.5-NHS ester 

(8 µg) or Cy7-NHS ester (6 µg, GE Healthcare Bio-Sciences) in DMSO (Sigma) for 1 h 

to display the same fluorescence intensity per iron atom for both NW and NS (one 

Cy5.5/Cy7 dye per one IO core). Next, Cy5.5/Cy7-labed NW or NS (500 µg Fe) were 

reacted with Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate 

(sulfo-SMCC, 200 µg, Pierce Chemicals) or NHS-PEG(5kDa)-MAL (2 mg, Nektar) in 

PBS for 1 h and then purified using an ACA54 desalting column (Pall, USA). targeting 

peptide with a free terminal cysteine (200 µg) was then added to the NW or NS sample 

(500 µg Fe) in PBS.  After incubation for 2 h with mild shaking at room temperature, the 
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sample was purified on the desalting column and then re-suspended in PBS. The number 

of Cy5.5/Cy7 dyes or FITC-peptides per single NW or NS was determined from the 

absorbance spectrum. Peptide conjugation to the particles through PEG chains resulted in 

fewer peptides per particle (Table 1). 

 

Blood half-life determination: All animal work was performed in accordance with 

the institutional animal protocol guidelines in place at the Burnham Institute for Medical 

Research, and it was reviewed and approved by the Institute’s Animal Research 

Committee.  NW, NS or MM in PBS (100 µL) were intravenously injected into nude 

BALB/c mice (3 mgFe/kg, n = 3~4 for each formulation). Heparinized capillary tubes 

(Fisher) were used to draw blood [15 µL (for fluorescence) or 70 µL (for magnetization)] 

from the periorbital plexus at several different times after intravenous injection. The 

extracted blood samples were immediately mixed with EDTA (10 mM in PBS) to prevent 

coagulation.  For Cy7-labeled formulations, the blood samples were imaged in a 96-well 

plate in the Cy7 channel (760 nm excitation/800 nm emission) with a NIR fluorescence 

scanner (LI-COR biosciences, NE, USA).  The images were analyzed using the ImageJ 

(NIH) or Osirix (Apple) programs.  For non-labeled samples, the blood samples were 

immediately freeze-dried in gelatin capsules, and then analyzed for magnetization using a 

superconducting quantum interference device (SQUID) magnetometer.31  The blood half-

lives of NW, NS, and MM were calculated by fitting the fluorescence or magnetization 

data to a single-exponential equation using a one-compartment open pharmacokinetic 

model.18 
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Biodistribution measurement: For the mouse biodistribution studies, unmodified 

NW, NW-C and PEGylated NW-C in PBS (100 µL) were intravenously injected into 

MDA-MB-435 tumor-bearing nude BALB/c mice at a dose of 3 mg Fe/kg body mass (n 

= 3~4 for both the PBS controls and the NW samples).  The animals were sacrificed 24 h 

after injection by cardiac perfusion with PBS under anesthesia, and the brain, kidney, 

liver, lung, spleen and tumor were collected.  For magnetic measurements, the organs 

were immediately weighed, freeze-dried in gelatin capsules, and then analyzed for 

magnetization using SQUID. Percentages of injected dose of the NW per wet weight of 

each organ were further corrected by subtracting magnetization of the PBS-injected 

organs (controls) from magnetization of the particles-injected organs. For fluorescence 

imaging, the organs were imaged in Cy7 channel with a NIR fluorescence scanner. All 

the NIR images for animals or organs were taken at the same exposure time. 

 

Magnetic measurements for blood half-life and biodistribution31: The 

superconducting quantum interference device (SQUID) magnetometry provides a direct 

measure of the total number of magnetic IO nanoparticles in a sample, as it measures the 

magnetization of a sample rather than the total iron content or the fluorescence intensity 

from a molecular tag. The SQUID measurements are thus more relevant to MRI imaging 

applications, because the magnetization data correlates with T2.  The SQUID technique 

has the additional advantage that it can be performed on whole organs or blood, and little 

sample workup is needed.  The blood samples and organs collected from the mice 

injected intravenously with the NW, NS, or MM were frozen and lyophilized to dryness 

in gelatin capsules. The capsules were inserted into the middle of transparent plastic 
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drinking straws.  The measurements were performed at 150 K using a Quantum Design 

(CA, USA) MPMS2 superconducting quantum interference device (SQUID) 

magnetometer.  The samples were exposed to direct current magnetic fields in stepwise 

increments up to one Tesla.  Corrections were made for the diamagnetic contribution of 

the capsule and straw. 

 

In vivo tumor homing: MDA-MB-435 human carcinoma cells or HT1080 human 

fibrosarcoma cells (1 x 106) were injected into the mammary fat pad or subcutenously 

injected into nude BALB/c mice, respectively.  Tumors were used when they reached 

~0.5 cm in size.  Some 0.2 cm or 1 cm tumors were used to compare the dependence of 

tumor size on NW homing.  Cy7-labed or non-labeled NW or NS were intravenously 

injected into mice (n = 3~8 for each formulation) with a dose of 3 mg Fe/kg body mass.  

For real-time observation of tumor/liver uptake, animals were imaged under anesthesia in 

Cy7 channel using the BonSai fluorescence-imaging system (Siemens, PA, USA) 24 h 

after injection. To quantify the amount of NW or NS homing, collected tumors 24 h post 

injection were weighed, freeze-dried in gelatin capsules, and then analyzed for 

magnetization using SQUID.31 For histologic analysis, frozen sections of tumors were 

prepared. The sections were fixed with 4% paraformaldehyde and stained with DAPI for 

observation of NW or NS only. Rat anti-mouse CD-31 (1:50, BD PharMingen) and 

biotinylated mouse fibrin(ogen) antiserum (1:50, Nordic) were used for immunochemical 

staining of tumor tissue sections.  The corresponding secondary antibodies were added 

and incubated for 1 hour at room temperature: AlexaFluor-594 goat anti-rat or rabbit IgG 

(1:1,000; Molecular Probes), streptavidin Alexa Fluor 594 (1:1000; Molecular Probes).  
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The slides were washed three times with PBS and mounted in Vectashield Mounting 

Medium with DAPI.  At least three images from representative microscopic fields were 

analyzed for each tumor sample. 

 

 

3.4 Results and Discussion 

 

Two different types of tumor-homing peptides were used as targeting ligands: F3, 

a 31-residue peptide, which preferentially binds to blood vessels and tumor cells in 

various tumors29, 30 and CREKA, a 5-residue peptide (sequence CREKA), which 

recognizes clotted plasma proteins in the blood vessels and stroma of tumors.8  In 

addition, two types of nanomaterials that display excellent in vivo tumor targeting were 

studied: superparamagnetic iron oxide nanospheres (NS) with a mean diameter of ~ 30 

nm, and superparamagnetic iron oxide nanoworms (NW), with a long dimension of ~70 

nm and ~30 nm thick.  Both nanoparticle types were prepared using previously reported 

methods.26, 28  All samples were dextran-coated, containing varying degrees of amination 

on the dextran, one of two different types of dextran-peptide linkers (5 kDa PEG vs. short 

hydrocarbon chain), and varying numbers of targeting peptides (Fig. 3.1 and Table 3.1). 

We have recently published a study of the in vitro tumor cell targeting capabilities of 

some of these formulations.26 

 

 We first tested various formulations of F3-conjugated NW (NW-F) for in vivo 
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tumor targeting, since it has been reported that F3 peptide effectively transports payloads 

such as nanoparticles or oligonucleotides into tumor vasculature in vivo (Table 3.1).1, 32, 33 

Mice bearing MDA-MB-435 tumors were injected with the various formulations of NW-

F. In all cases, the NW-F preparations were cleared from the blood mainly by the liver 

within 1 h, regardless of the number of attached peptides or the presence of a PEG layer, 

and no tumor homing was observed. This somewhat contrasts with previous findings with 

other types of nanoparticles1, 32, 33 (Fig. 3.2). It may be that iron oxide nanparticles are 

particularly prone to uptake by the mononuclear phagocytic system (MPS), and that this 

tendency is augmented by the large number of positively charged residues of the many F3 

peptides on the NW surface. We conclude that the kinetics of NW-F binding to the 

intended tumor target is not large favorable enough to compete with rapid uptake by the 

MPS in vivo. 

 

 In contrast to the in vivo behavior of F3-modified NW, when CREKA is used as the 

targeting peptide (NW-C), the NW effectively home to their tumor targets (Fig. 3.3). 

CREKA is a short linear peptide that is neutrally charged and most likely non-

immunogenic.8, 22 A tradeoff between the number of attached peptides and the efficiency 

of tumor targeting is observed for the NW-C preparations; the most effective in vivo 

tumor targeting is observed with ~60 CREKA peptides per NW.  This maximum 

correlates with a substantial decrease in blood half-life that is observed when > 60 

CREKA peptides are attached to a NW.  The trend is observed for both HT1080 and 

MDA-MB-435 tumor types, although the overall targeting efficiency of NW-C is greater 

for HT1080 tumors. Additionally, in contrast to the NW-F preparations, significantly 
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long circulation times (> 10 h) are observed with some of the NW-C preparations. 

 

 For both HT1080 and MDA-MB-435 tumors, greater targeting efficiency is 

observed for NW-C when a PEG linker is used to attach the CREKA targeting group.  It 

is postulated that the PEG linker facilitates CREKA homing by providing a less 

restrictive environment (relative to the short sulfo-SMCC linker), improving the peptide’s 

ability to bind to clotted plasma proteins associated with the tumor.  Additionally, the 

PEG linker increases residence time of the nanostructure in the blood stream.  These 

results are distinct from the previous in vitro observations with PEGylated NW-F26 

because the targeting moiety in that case (F3) was a cell-internalizing peptide that is 

found in this study to be less suitable for in vivo targeting of nanoparticles.  The reason is 

that F3-coated particles are cleared by MPS-related organs, presumably because multiple 

copies of the highly cationic F3 cause a large increase in surface charge of the particles.  

Moreover, we previously showed that PEGylated F3-NW are less effectively internalized 

into tumor cells than F3-NW without PEG.26  Thus the PEG linker can impede the uptake 

of nanoparticles into cells, but it does not appear to significantly interfere with the 

binding of nanoparticles to receptors. 

 

 The decrease in circulation time observed for NW containing > 60 CREKA 

peptides is attributed to the presence of unreacted amines and damage to the dextran 

coating (exposing bare IO cores) that occurs during preparation of the more extensively 

functionalized nanoparticles. The data indicate that the blood half-life of a targeting 

molecule/nanoparticle ensemble must be considered when selecting the appropriate 
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ligand to target a tumor. As also observed with NW-F, a dramatic decrease in circulation 

time and a corresponding decrease in targeting efficiency can occur when targeting 

ligands are linked to nanomaterials. 

 

 A control experiment using KAREC, a scrambled version of CREKA, was 

performed in mice bearing MDA-MB-435 tumors. KAREC was attached to the NW 

using a PEG linker, and the formulations displayed similar circulation times to the 

PEGylated NW-C formulations. Significantly lower tumor targeting efficiency was 

observed with the scrambled peptide (Fig. 3.4). 

 

NIR fluorescence images of mice injected with NW-C confirm the tumor uptake 

results obtained by magnetic (SQUID) measurements (Fig. 3.5 and 3.6). Significant 

increases in the tumor:liver fluorescence signal ratio are observed in both tumor types for 

PEGylated NW-C (sample NW-P175-C) compared with the other samples studied.  

Targeting of PEGylated NW-C could be observed in smaller tumors (size 0.2 cm, Fig. 

3.7a), indicating that the formulation is applicable for the detection of tumors at the early 

stages of growth.  NIR fluorescence images of organs and biodistribution results in mice 

bearing MDA-MB-435 tumors 24 h post-injection reveal that most of the NW-C are 

cleared by the liver and the spleen of the mouse, similar to what is observed with other 

targeted nanomaterials3-5, 10, 14 (Fig. 3.7a and 3.8a).  PEGylated NW-C show relatively 

greater uptake by the spleen, while NW-C formulations containing the short chain linker 

display somewhat greater uptake by the liver. 
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Histological analysis revealed that most of the PEGylated NW-C localize with 

large blood vessels in the MDA-MB-435 tumor, whereas they extravasate into the tumor 

tissue along the smaller vessels in the HT1080 tumor (Fig. 3.8b). In addition, NW in the 

MDA-MB-435 tumor colocalize with fibrin(ogen) in the blood vessels, indicative of the 

self-amplifying homing that has been observed previously (left panel in Fig. 3.7b).8  NW 

in the HT1080 tumor localize with fibrin(ogen) in blood vessels as well as in tumor 

stroma (right panel in Fig. 3.7b).  These results suggest that HT1080 tumors, like other 

tumors,34, 35 contain clotted plasma proteins that provide initial binding sites for the 

CREKA peptide, and that the nanoparticles induce additional clotting within the tumor. 

Thus, the larger uptake of NW-C observed in the HT1080 tumor relative to MDA-MB-

435 tumor is attributed to passive transport across a highly vascularized and porous 

microstructure,36 active peptide-mediated binding, and self-amplifying homing due to 

clotting induced by the CREKA-coated particles. 

 

Lastly, we compared targeting efficiency of NW-C with CREKA-conjugated 

nanospheres (NS-C, blood half-lives: 10.6 h for NS-30-C and 17.9 h for NS-P30-C, Table 

3.1). We have previously reported that the elongated NW more effectively attach to 

tumor cells in vitro while exhibiting comparable blood circulation times relative to 

spherical NS.  The superior in vitro targeting efficiency was attributed to multivalent 

interactions between the elongated NW and receptors on the tumor cell surface.26  We 

find a similar improvement in tumor targeting by NW in vivo.  The optimized NW-C 

formulation (NW-P175-C) displays significantly higher levels of uptake in MDA-MB-

435 tumors relative to NS-C (NS-P30-C) (Fig. 3.9).  We also compared targeting efficacy 
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of NW-C with CREKA-conjugated commercial IO nanoparticles (MM-500-C, blood 

half-life: ~ 30 min).  This latter formulation was used in the first study demonstrating 

CREKA-mediated nanoparticle targeting to tumors8. In that study, CREKA-conjugated 

IO nanoparticles accumulate in tumors, but only after pre-injection with Ni-liposomes 

designed to inhibit MPS uptake. This inability of the nanoparticles to evade the MPS by 

themselves highlighted a significant limitation to the practical application of nanoparticle 

therapies that is overcome in the present study.  

 

3.5 Conclusions 

 

In summary, we demonstrate that careful, systematic evaluation of nanomaterials 

across a diverse material and surface chemical space, incorporating varying nanoparticle 

structural (i.e. spherical vs elongated) and surface characteristics (i.e. targeting ligand 

type, ligand surface density, and linker chemistry), can produce dramatic increases in 

tumor targeting potency. We suggest a few “design rules” for the future development and 

evaluation of targeted nanomaterial diagnostics and therapeutics: 

1. Because tumor vascular volumes represent a small fraction of the complete host 

vasculature, parent nanomaterial formulations should be optimized to exhibit 

long-term stability and long blood circulation times prior to incorporation of 

targeting ligands. 

2. Ligand affinity should not be considered as the only determinant of effective 

nanoparticle targeting. Highly cationic ligands and large biomolecules may 
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produce dramatic alterations in blood circulation times, which prevent access to 

receptors and prohibit effective targeting. 

3. Due to the dramatic effect circulation time has on targeting efficiency, it should 

be emphasized that multiple, circulation-matched controls (including unmodified 

materials and scrambled ligand controls) should be included in the assessment of 

targeting in order to decipher EPR-mediated accumulation from targeted 

accumulation. 

4. Finally, our finding that the targeting efficiency of one-dimensional nanoworms is 

enhanced compared to their spherical counterparts suggests that shape is an 

important determinant for effective imaging and drug-delivery with 

nanomaterials. The elongated shape prolongs in vivo circulation and provides a 

more effective scaffold to generate multivalent interactions between homing 

moieties and their in vivo targets. 

 

This study suggests that a systematic approach to the engineering of nanomaterials 

that includes a strong in vivo component is essential in transitioning nanodevices into 

clinical applications. 
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Figure 3.1 Schematic of systemic surface engineering of nanoparticles  
Three parameters varied to determine optimal in vivo tumor targeting: the shape of the 
nanoparticle, the type of targeting ligand, and the nature of the molecular linker. Two 
types of surface linkers are used to attach targeting groups to iron oxide nanoworms 
(NW) or spheres. A short hydrocarbon places the targeting peptide (either F3 or CREKA, 
green lines in the image) in close proximity to the dextran-coated nanostructure.  A 5 kDa 
PEG linker places it further away.  The number of targeting groups per nanoworm was 
varied to find the maximal in vivo circulation times and the optimal in vivo tumor 
targeting efficiency.  These same chemistries were tested on iron oxide nanospheres; the 
NWs consist of several of these nanosphere cores linked together in a chain. 
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Figure 3.2 In vivo circulation and targeting of F3-conjugated nanoworms (F3-NW)  
(a) Quantification of the amount of NW-F of different formulations present in vivo 30 
min after intravenous injection.  All NW-F tested are cleared from the blood stream in < 
1 hour.  (b) NIR fluorescence images of the mice bearing MDA-MB-435, 24 h after 
intravenous injection of NW-F of different formulations. Arrows point to the tumors, and 
arrowheads point to the liver. 
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Figure 3.3 Plots comparing in vivo blood circulation half-life and tumor targeting 
efficiency of nanoworms as a function of CREKA targeting peptide density (mouse 
model) 
Blood half-life in mice without tumors is shown in the bottom plot, and percent of 
injected dose of nanoworms that target MDA-MB-435 and HT-1080 tumors are shown in 
the middle and the top plots, respectively.  The effect of using a PEG linker to attach the 
CREKA targeting peptide (solid circles, “NW-P-C”) is compared with a short 
hydrocarbon linker (open circles, “NW-C”). Data obtained from SQUID measurements 
performed on blood or tissue samples, obtained 24 h post-injection. 
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Figure 3.4 Comparison of targeting efficiency of PEGylated CREKA-conjugated 
NW (NW-P-C) and PEGylated KAREC (scrambled version of CREKA)-conjugated 
NW (NW-P-K) 
It was tested in MDA-MB-435 tumor-bearing mice as a function of peptide number per 
NW, 24 h post injection. Note that targeting efficiency of NW-P-C with ~ 60 CREKA 
peptides is significantly greater than that of NW-P-K with ~ 60 KAREC peptides (p < 
0.05). 
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Figure 3.5 NIR fluorescence images (1) of mice injected with various NW-C 
formulations, obtained 24 h post-injection 
(NW-NH2 = NW-175; NW-PEG = NW-P175; NW-CREKA = NW-175-C, NW-PEG-
CREKA = NW-P175-C, see Table 3.1 for descriptions of these abbreviations). All 
samples contain a Cy7 fluorescent dye covalently linked to the dextran coating of the 
NW, and the images are obtained by observation in the Cy7 channel.  Arrows and 
arrowheads point to the tumors and the livers, respectively. 
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Figure 3.6 NIR fluorescence images (2) of mice injected with various NW-C 
formulations, obtained 24 h post-injection 
Arrows point to the tumors, and arrowheads point to the liver. 
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Figure 3.7 Biodistribution and histological analysis in mice injected with various 
NW-C formulations, obtained 24 h post-injection 
(a) Representative NIR fluorescence images showing the biodistribution of NW-C and 
NS-C in mice bearing MDA-MB-435 tumors 24 h post injection. Br, H, K, Li, Lu, T, and 
Sp represent brain, heart, kidney, liver, lung, tumor and spleen, respectively.  The tumors 
were cut in half for imaging. Note that the NW-P175-C formulation (with the highest 
targeting efficiency measured in this study) exhibits tumor homing regardless of the size 
of the tumor (examples of 0.2 cm, 0.5 cm, and 1 cm tumors are shown). (b) Fluorescence 
images showing colocalization of NW-C (NW-P175-C, green) and anti-fibrin(ogen) (red) 
in the blood vessels and stroma of MDA-MB-435 and HT1080 tumors. Cell nuclei were 
visualized with a DAPI stain (blue).  Scale bar is 20 µm. 
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Figure 3.8 Quantitative biodistribution and histological analysis in mice injected 
with various NW-C formulations, obtained 24 h post-injection 
(a) SQUID quantification of biodistribution of unmodified NW, PEGylated NW-C (NW-
P175-C), and NW-C (NW-175-C) in mice bearing MDA-MB-435 tumors, obtained 24 h 
post-injection. (b) Histological images of PEGylated NW-C (NW-P175-C, green) in 
MDA-MB-435 and HT1080 tumors. The tumors were collected 24 h post-injection. 
Blood vessels are stained red and cell nuclei are blue.  Scale bar is 100 µm. 
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Figure 3.9 SQUID quantification of in vivo tumor targeting efficiency of NW, NS 
and Micromod samples with and without CREKA targeting peptide, in mice 
bearing MDA-MB-435 tumors, 24 h post-injection. 
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Table 3.1 Characterstics of targeted and untargeted nanoworms (NW) and 
nanospheres (NS). 
 

 
a The number following the letter identifier designates the number of amine groups per 
particle. The letter P indicates a PEG spacer is used. The –F or –C suffix denotes F3 or 
CREKA-conjugated particle, respectively. For example, NW-P175-C denotes a 
nanoworm with 175 amines to which CREKA is conjugated through a PEG spacer. MM 
= aminated Micromod.  Micromod is a commercially available iron oxide nanoparticle 
preparation. 
b Mean hydrodynamic size based on DLS measurement 
c Number of targeting peptides per single NW or NS 
d Number of targeting peptides (x1020) per g of Fe. 
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Chapter three, in part, is a reprint (with co-author permission) of the material as it 

appears in the following publication: “Systematic Surface Engineering of Magnetic 

Nanoworms for in vivo Tumor Targeting” Ji-Ho Park, Geoffrey von Maltzahn, Lianglin 

Zhang, Austin M. Derfus, Dmitri Simberg, Todd J. Harris, Sangeeta N. Bhatia, Erkki 

Ruoslahti, and Michael J. Sailor, Small, 6 (2009) 694-700. The author of this dissertation 

is the primary author of this manuscript. 
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4 Micellar Hybrid Nanoparticles for Simultaneous 
Magneto-Fluorescent Imaging and Drug Delivery 
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4.1 Abstract 

 

Micellar hybrid nanoparticles (MHN) that contain magnetic nanoparticles (MN), 

quantum dots (QD), and a hydrophobic anti-cancer drug doxorubicin (DOX) within a 

single PEG-modified phospholipid micelle have been prepared.  The hydrophobic chains 

of the PEGylated-phospholipids interact strongly with hydrophobic chains attached to the 

magnetic and the quantum dot nanoparticles, providing high dispersibility and stability 

both in vitro and in vivo. Although some quenching of fluorescence is observed (relative 

to isolated QD), fluorescence intensity is strong enough to allow detection of MHN at 

sub-nanomolar QD concentrations. The nanocomposites can also be effectively observed 

by MRI. Simultaneous imaging and targeted drug delivery in vitro is performed on 

MDA-MB-435 human cancer cells using DOX-incorporated targeted MHN.  Combined 

MR and fluorescence imaging of MHN localized (via enhanced permeability and 

retention) in mouse xenograft MDA-MB-435 tumors is demonstrated. This design may 

be extended to synthesize hybrid nanodevices which combine the dissimilar functions of 

two or more nanomaterials such as MRI, photo-thermal therapy, Raman imaging, and 

optical imaging. 
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4.2 Introduction 

 

Multifunctional nanoparticles have the potential to integrate therapeutic and 

diagnostic functions into a single nanodevice.1-9 To date, several types of hybrid 

nanosystems containing multiple different types of nanoparticles have been developed 

that allow multi-modal imaging, for example formulations containing quantum dots (QD) 

and magnetic iron oxide nanoparticles (MN) provide a means to perform simultaneous 

fluorescent optical imaging and magnetic resonance imaging (MRI).10-15 While these 

nanocomposites have been used for in vitro magnetic cell separation and in vitro cell 

targeting, there are limited in vivo studies, particularly for cancer imaging and therapy, 

due to poor stability or short systemic circulation times generally observed for these more 

complicated nanostructures.16, 17 Herein, we introduce long-circulating, micellar hybrid 

nanoparticles (MHN) that contain MN, QD, and the anti-cancer drug doxorubicin (DOX) 

within a single polyethylene glycol (PEG)-phospholipid micelle and provide the first 

examples of simultaneous targeted drug delivery and dual-mode NIR-fluorescent and MR 

imaging of diseased tissue in vitro and in vivo. 

 

Micellar preparations of hydrophobic drugs and nanoparticles using diblock 

polymers hold great potential for biomedical applications.18-24 Such micellar coatings can 

display excellent stability, reducing the cytotoxicity of the hydrophobic drug or 

nanoparticle contents. Previous in vitro studies have demonstrated that drug molecules 

and MN can be incorporated within a micelle, allowing the corroboration of drug delivery 

by MRI.21, 23 Furthermore, micellar preparations containing single-component 
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nanomaterials such as QD and carbon nanotubes have been shown to be sufficiently 

stable for in vivo applications.18, 24 

 

 

4.3 Experimental 

 

 Micellar hybrid nanoparticle (MHN) synthesis. 100 µL (MHN1), 300 µL (MHN3), 

or 500 µL (MHN5) of TOP-coated CdSe/ZnS or CdSexTe1-x/ZnS quantum dots (QD, 

Invitrogen, CA, USA) in chloroform (2 mg/mL), and 100 µL of oleic acid-coated 

magnetic iron oxide nanoparticles (MN, prepared using a previously reported method 25) 

in chloroform (2 mg/mL), were mixed with 200 uL of 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG-PE or PEG-

phospholipids, Avanti Polar Lipids, Inc., AL, USA) in chloroform (10 mg/mL). For the 

drug-incorporated MHN, 100 uL of doxorubicin (DOX, Sigma-Aldrich Chemicals, MO, 

USA) in chloroform containing triethylamine (TEA) (molar ratio 1:1=TEA:DOX, 1 

mg/mL) was also added. After complete evaporation of the chloroform, the dried film 

was hydrated by adding 1 mL water at 75 oC and the synthesis vessel was placed in an 

ultrasonic bath for 5 min to obtain an optically clear suspension.  The suspension was 

first filtered through a 0.1 µm membrane.  

 

 The MHN and micellar MN (MMN) were then selectively collected by trapping on 

a magnetic column (Miltenyi Biotec, Bergisch Gladbach, Germany) and rinsing with 
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phosphate buffered saline (PBS) three times. Only the MHN and MMN were trapped on 

the magnetic column due to their magnetic properties, while micellar QD (MQD), DOX 

micelles, and empty micelles passed through the column. The MHN and MMN were 

eluted from the column after removal of the magnet, using 1 mL PBS. The eluted 

solution containing the MHN and MMN was then centrifuged at 14,000 rpm for 10 min 

and the supernatant, containing smaller individual MMN, was discarded. The MHN were 

re-suspended in deionized water or PBS solution. 

 

 The MMN or MQD shown in Figure 4.2e and 4.2f were prepared by encapsulating 

either hydrophobic MN or QD alone with PEG-phospholipids. For the MMN preparation, 

100 µL of MN in chloroform (0.2 mg/mL) were mixed with 200 µL of PEG-

phospholipids in chloroform (10 mg/mL). After complete evaporation of the chloroform, 

the dried film was hydrated by adding 2 mL of water at 75 oC and the synthesis vessel 

was placed in an ultrasonic bath for 5 min to obtain an optically clear suspension.  The 

suspension was first filtered through a 0.1 µm membrane. The MMN were then 

selectively collected by trapping on the magnetic column and rinsing with PBS three 

times to remove empty micelles. For the MQD preparation, 100 µL of QD in chloroform 

(0.2 mg/mL) were mixed with 200 uL of PEG-phospholipids in chloroform (10 mg/mL). 

After complete evaporation of the chloroform, the dried film was hydrated by adding 2 

mL water at 75 oC and the synthesis vessel was placed in an ultrasonic bath for 5 min to 

obtain an optically clear suspension.  The suspension was first filtered through a 0.1 µm 

membrane. The MQD were then selectively collected by rinsing on a centrifuge filter 

(100,000 MWCO, Millipore) three times with PBS to remove empty micelles.” 
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 To determine the amount of DOX incorporated into the MHN, DOX-incorporated 

MHN were disrupted in 0.5 M HCl-50% ethanol overnight and the fluorescence intensity 

of DOX loaded in MHN was compared with a standard curve of DOX fluorescence in the 

same solution. 

 

 Transmission electron microscope (TEM) imaging. an aliquot of MMN, MQD, or 

MHN dispersed in water was dropped onto the carbon film covering a 300-mesh copper 

minigrid (Ted Pella, Inc., CA, USA), which was then gently wiped off after 

approximately 1 min and air-dried. For negative staining, the grid was incubated with pH 

13 1.3% phosphotungstic acid for an additional 1 min. TEM images were obtained using 

a Hitachi H-600A transmission electron microscope. Hydrodynamic size of MMN, MQD 

or MHN was obtained using a Zetasizer ZS90 dynamic light scattering machine (Malvern 

Instruments, Worcestershire, UK). 

  

 Optical properties. The photoluminescence (PL) spectra of MMN, MQD or MHN 

were obtained using a 450 nm excitation source with an Acton 0.275-m monochromator, 

480-nm cutoff filter, and a UV-enhanced liquid nitrogen-cooled, charge-coupled device 

(CCD) detector (Princeton Instruments, NJ, USA).  The collection optics consisted of a 

2.54 cm diameter microscope objective lens coupled to fiber-optic cable. 

 

 For NIR fluorescence imaging and MRI T2 mapping, MMN, MQD, or MHN 

serially diluted in PBS, and cells incubated with/without MHN for 2 h were placed in a 
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386-well plate, containing 95 µl total sample/well.  The tumors injected with PBS or 

MHN were placed in flat plastic plate. The optical images were obtained in the Cy5.5 

channel (excitation at 680 nm/emission at 720 nm) or the Cy7 channel (excitation at 760 

nm/emission at 800 nm) with a NIR fluorescence scanner (LI-COR biosciences, NE, 

USA). The MRI was performed using a 7 cm bore, Bruker (Karlsruhe, Germany) 4.7 T 

magnet. R2 is longitudinal relaxation rate equal to the reciprocal of the T2 relaxation time 

(R2=1/T2) and it is calculated with a T2-weighted MRI map. The fluorescence and MR 

images were analyzed using the OsiriX program (Apple).  For magnetic measurement, 

freeze-dried MMN or MHN were placed in gelatin capsules and the capsules were 

inserted into transparent plastic drinking straws.  The measurements were performed at 

298 K using a MPMS2 superconducting quantum interference device (SQUID) 

magnetometer (Quantum Design, CA, USA).  The samples were exposed to direct current 

magnetic fields in stepwise increments up to 0.5 Tesla.  Corrections were made for the 

diamagnetic contribution of the capsule and straw. The magnetic data were used to 

quantify the amount of MN in the MHN. 

 

 Peptide conjugation. KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK (F3) 

peptide has been shown to bind preferentially to blood vessels and tumor cells in various 

tumors26, 27.  The peptide was synthesized using Fmoc chemistry in a solid-phase 

synthesizer, and purified by preparative HPLC.  The sequence and composition of the 

peptide was confirmed by mass spectrometry. For further conjugation, an extra cysteine 

residue was added to the N-terminus. For conjugation with F3, 5% of the PEG-PE used in 

the MHN synthesis was replaced with 1,2-Distearoyl-sn-Glycero-3-
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Phosphoethanolamine-N-[Maleimide (Polyethylene Glycol)2000] (maleimide PEG-PE, 

Avanti Polar Lipids, AL, USA). 200 µg of F3 was reacted with 2 mg maleimide-activated 

MHN in PBS.  After incubation for 30 min at room temperature, the F3-modified MHN 

sample was purified on a desalting column (Pall, NY, USA).  

 

 In vitro studies. MDA-MB-435 human carcinoma cells were maintained in 

Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and 100 µg/ml penicillin-streptomycin. For fluorescence microscopy, the 

cells (3000 cells per well) were seeded into 8-well chamber slides (Lab-Tek) overnight. 

The cells were then incubated with 50 µg of MHN or F3-MHN per well for 2 h (for 

intracellular targeting) and 50 µg of DOX-loaded F3-MHN (0.093 mg DOX per mg 

MHN) or 4.5 ug of free DOX (equivalent with DOX amount for DOX-loaded F3-MHN) 

physically mixed with 50 ug of F3-MHN per well for 30 min, 2 h, and 24 h (for 

intracellular drug delivery) at 37 oC in the presence of 10% FBS.  For the intracellular 

targeting study, the cells were observed without any fixation using an inverted 

fluorescence microscope (Nikon, Tokyo, Japan).  For the intracellular drug delivery 

study, the cells were fixed with 4% paraformaldehyde for 20 min, mounted in 

Vectashield Mounting Medium with 4',6-diamidino-2-phenylindole (DAPI; Vector 

Laboratories, Burlingame, CA), and observed with a fluorescence microscope. For 

endosome staining, the cells incubated with DOX-incorporated F3-MHN for 30 min were 

fixed with 4% paraformaldehyde for 20 min, and permeabilized and blocked with the 

solution containing 1% bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS for 

30 min, incubated with 2 ug/mL endosome marker (EEA1 antibody, Abcam) for 1 h, and 
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then with 2 ug/mL AlexaFluor® 488 conjugated goat anti-mouse IgG antibody for 1 h at 

room temperature. The nuclei stained with DAPI were observed in blue channel 

(excitation at 360 nm/emission at 460 nm). The DOX fluorescences were observed in 

Cy3 channel (excitation at 540 nm/emission at 580 nm). The QD fluorescence of 

MHN(705) were observed in Cy5.5 channel. 

 

 Cytotoxicity test. MDA-MB-435 human carcinoma cells were incubated with free 

DOX, MHN, DOX-loaded MHN, and DOX-loaded F3-MHN with different 

concentrations (equivalent amount of DOX and MHN, n = 3) for 4 h, rinsed with cell 

medium three times, and then incubated for an additional 44 h.  The cytotoxicity of 

various formulations of MHN was evaluated using MTT assay (Invitrogen). Cell viability 

was expressed as the percentage of viable cells compared with controls (cells treated with 

PBS). 

 

 In vivo behaviours. To quantify blood half-life, MHN(800) in PBS (100 µL) were 

intravenously injected into nude BALB/c mice (n = 3) at a dose of 3 mg/kg. Heparinized 

capillary tubes (Fisher) were used to draw 15 µL of blood from the periorbital plexus at 

different times after intravenous injection.  The extracted blood samples were 

immediately mixed with 10 mM EDTA (in PBS) to prevent coagulation. The blood 

extracted at different times was imaged in a 96-well plate in Cy7 channel using the NIR 

fluorescence scanner and the blood half-life was calculated by fitting the fluorescence 

data to a single-exponential equation using a one-compartment open pharmacokinetic 

model28. 
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 To determine if the MHN are dissociated during in vivo circulation, ~ 0.5 mL blood 

was extracted from the mouse 1 h after intravenous injection of MHN (10 mg/kg) and 

immediately mixed with ~0.5mL of 10 mM EDTA (in PBS) to prevent coagulation. The 

MHN were recovered from the blood mixture by rinsing on the magnetic column 5 times 

with PBS. Their size and shape were observed using TEM with negative staining by pH 

13 1.3% phosphotungstic acid (Note that the TEM used here can detect the micelle 

coating layer as well as MN and QD). 

 

In vivo tumor targeting. To quantify in vivo tumor accumulation, MDA-MB-435 

human carcinoma tumors were subcutaneously implanted bilaterally into the hind flanks 

of nude BALB/c mice.  Tumors were used when they reached ~0.5 cm in size. All animal 

work was reviewed and approved by Burnham Institute for Medical Research’s Animal 

Research Committee.  The MHN (or PBS control) samples were intravenously injected 

into mice (n = 2~4) with a dose of 10 mg/kg.  For real-time observation of tumor uptake, 

mice were imaged under anesthesia in Cy7 channel using the NIR fluorescence scanner, 

both pre- and 20 h post-injection of MHN(800).  To determine biodistibution, mice were 

sacrificed 20 h after MHN(800) injection by cardiac perfusion with PBS under 

anesthesia, and the organs were dissected and imaged in Cy5.5 or Cy7 channel using the 

NIR fluorescence scanner. 
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4.4 Results and Discussion 

 

 The synthesis of MHN is derived from a previously reported method for micellar 

encapsulation of QD18. Briefly, spherical oleic-acid coated MN with a size of 11 nm and 

elongated TOP-coated QD with a longitudinal size of 10~12 nm and NIR emission 

wavelength were encapsulated simultaneously within a micelle composed of PEG-

phospholipid, (Fig. 4.1). The micellar MN (MMN), micellar QD (MQD) and empty 

micelles produced during MHN synthesis were removed by magnetic separation and 

centrifugation. Transmission electron microscope images and dynamic light scattering 

measurements reveal that the MHN consist of clusters of both MN and QD within 

micellar coating with a hydrodynamic size of 60-70 nm (Fig. 4.2a-d). The MN:QD ratio 

within the individual micelles can be adjusted by changing the mass ratio of MN to QD 

during the synthesis. By contrast, MMN or MQD prepared by encapsulating either MN or 

QD alone with PEG-phospholipids appear to be either individually encapsulated or 

encapsulated as dimers, respectively (Fig. 4.2e and 4.2f).  When relatively concentrated 

solutions (> 2 mg/mL) of MN and QD are added to the PEG-phospholipid solution 

during micelle formation, aggregates rather than isolated nanoparticles are observed to 

form. All preparations with ~ 1 mg/mL MHN concentration are stable in either deionized 

water or in phosphate buffered saline (PBS) solutions, with no observable aggregation or 

dissociation for at least 1 month. Unlike dispersed arrangements of MN and QD in 

previous hybrid systems,13, 14 the MN and QD in the MHN appear to be closely packed 

within a single micelle, similar to the clustering of MN that have been observed inside 

poly(caprolactone)-PEG copolymer systems.22  
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To examine the ability to remotely image MHN preparations, MHN fluorescences 

were measured with blue (450 nm) and NIR (680 nm) excitation (Fig. 4.3). In both cases, 

as the ratio of MN to QD within a micelle increases, the intensity of fluorescence from 

the MHN assembly decreases with no significant spectral shift or line broadening of the 

emission spectrum. The loss of fluorescence intensity can be attributed to decreased 

number of QD per a micelle and optical absorption by the MN, consistent with previous 

observations.13, 14  Additionally, the proximity of MN and other QD in the MHN is likely 

to cause fluorescence quenching through non-radiative energy or charge transfer.10, 29 

Despite the quenching, the fluorescence is strong enough to allow detection of MHN at 

sub-nanomolar QD concentrations. These inorganic QD-containing hybrid systems can 

be excited and observed in the NIR spectral region with high photostability,30, 31 

providing significant advantages over the MN labeled with organic fluorophores.32, 33 

 

 The MHN materials can also be effectively imaged by MRI. The MR characteristics 

of MHN with varying MN:QD ratios were compared to MMN (Fig. 4.3b and 4.3c). The 

T2-weighted images of MHN1 and MHN3, composed of MN clusters, reveal significantly 

larger MR contrast compared to MMN (T2 relaxation rates R2 = 244.9, 187.5, and 104.9 

mMFe-1S-1, respectively). The increased T2 relaxivity for coalesced MN has been 

observed in several previous studies,2, 22, 34 and it highlights an unexpected benefit of co-

encapsulating both materials that is not observed in nanohybrids containing single MN.5, 

32, 35, 36 SQUID magnetic measurements confirm that MHN retain the superparamagnetic 

characteristics of individual MN (Fig. 4.4). The MHN are thus detectable via both MRI 
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and fluorescence at sub-micromolar Fe and sub-nanomolar QD concentrations (Fig. 

4.3b), highlighting their utility for bimodal applications.  

 

The ability of MHN to target and dual-mode image tumor cells was tested on 

MDA-MB-435 human cancer cells.  To allow the nanoassemblies to specifically target 

tumor cells, the MHN were conjugated with the targeting ligand F3, a peptide known to 

target cell-surface nucleolin in endothelial cells in tumor blood vessels and in tumor cells 

and become internalized into these cells26, 27, and to transport a payload like nanoparticles 

or oligonucleotides into the tumor vasculature in vivo37-39. Cells incubated with F3-

conjugated MHN (F3-MHN) display dramatically increased NIR fluorescence and MRI 

contrast while cells incubated with unmodified MHN exhibit no significant fluorescence 

and MRI contrast (Fig. 4.5a and 4.5b).  

 

Simultaneous imaging and drug delivery was demonstrated using the anti-cancer 

drug DOX, which was incorporated into MHN during synthesis (~0.093 mg of DOX per 

mg of MHN, Fig. 4.6). The intrinsic fluorescence of DOX allows the independent 

imaging of DOX and QD contained in the MHN, which are observed to co-localize in 

some areas of MDA-MB-435 cells in vitro after 2 h of incubation (Fig. 4.5c). During a 

24-h period, F3-MHN were observed to chaperone DOX into cancer cells and release it 

endosomally into the nuclei following tumor cell internalization (Inset in Fig. 4.5c and 

Fig. 4.7). After 30 min of incubation with DOX-loaded F3-MHN (DOX-MHN-F3), the 

DOX fluorescence signal was mainly observed in the cytoplasm and co-localized with 
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endosomes, whereas when free DOX was added, almost all of the DOX fluorescence 

signal was observed in the cell nuclei. As incubation time increases, the DOX in the 

cytoplasm was observed to translocate into the nuclei. 

 

Although they are composed of relatively toxic QDs, no significant toxicity of the 

MHN assemblies was observed in this study, consistent with previous in vitro and in vivo 

studies with MQD and liposomal hybrid particles containing QD and MN.17, 18 By 

contrast, DOX-incorporated F3-MHN display significant cytotoxicity which is higher 

than that of equivalent quantities of free DOX or DOX-incorporated untargeted MHN 

(Fig. 4.8). 

 

We next investigated the utility of MHN for multimodal in vivo applications. We 

synthesized MHN containing the QD emitting at longer NIR wavelength, 800 nm 

[MHN(800)] for in vivo experiments to improve imaging of organs in vivo and ex vivo by 

maximizing tissue penetration and minimizing optical absorption by physiologically 

abundant species such as hemoglobin (Fig. 4.9).40  We find that PEGylated MHN exhibit 

substantial blood circulation times (~3 h half-life), comparable to other PEG-

nanomaterial formulations (0.5~2 h half-life for PEGylated carbon nanotubes and 0.2~2.2 

h for PEGylated QD).24, 41, 42 We confirmed that the MHN survive circulation in the blood 

stream without dissociation into individual MN or QD by TEM (Fig. 4.10). 

 

Long-circulating nanoparticles in the size range of 20-200 nm have been shown to 
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accumulate preferentially at tumor sites through an enhanced permeability and retention 

effect.43, 44 MDA-MB-435 tumors-bearing nude mice were imaged prior to injection of 

MHN and then 20 h after injection.  In these optical images, significant fluorescence was 

observed in the tumors 20 h after MHN injection (Fig. 4.11a). Biodistribution 

measurements indicate that MHN mainly accumulate in the liver, while MHN are not 

observed significantly in other organs (Fig. 4.12). To evaluate the multimodality of MHN 

in MR and optical imaging, the tumors were harvested 20 h after injection and 

immediately imaged in 4.7T MRI scanner and NIR optical imaging system.  Significant 

differences in the optical and MRI contrast were observed between the tumors injected 

with PBS and those injected with MHN (Fig. 4.11b and Fig. 4.13). The differences 

observed in the fluorescence images are much more substantial than in the MR images, 

due to the low background signals associated with NIR imaging. Although these in vivo 

results are preliminary, the data provide promise for further in vivo applications due to 

the prolonged residence time in blood circulation displayed by MHN relative to similar 

liposomal hybrid systems.17 

 

4.5 Conclusions 

 

In summary, a novel design of MHN that contain MN, QD, and anti-cancer drug 

DOX within a single PEG-phospholipid micelle have been prepared. The hydrophobic 

chains of the PEG-phospholipids interact strongly with hydrophobic chains attached to 

the MN and QD, providing high dispersibility and stability for in vitro and in vivo 
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applications. The MHN enable dual-mode imaging for cells in vitro and organs in vivo or 

ex vivo, combining the advantages of optical imaging (for microscopic resolution and in 

vivo fluorescent imaging) and MRI (for determination of full anatomical distribution in 

vivo). This approach may be applicable to the synthesis of other hybrid nanodevices that 

combine the dissimilar functions of two or more nanomaterials such as MRI, photo-

thermal therapy, Raman imaging, and optical imaging. Simultaneous dual-mode 

diagnosis and therapy with the hybrid system reported here may allow for more effective 

early detection and treatment of various types of cancers. 
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Figure 4.1 Schematic of prepartion of micellar hybrid nanoparticles (MHN) 
The synthetic procedure used to prepare MHN that encapsulate magnetic nanoparticles 
and quantum dots within a single PEG-phopholipid micelle. 
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Figure 4.2 Transmission electron microscope (TEM) images of micellar hybrid 
nanoparticles (MHN) 
TEM images of (a) micellar hybrid nanoparticles (MHN) with a mass ratio of 1 [magnetic 
nanoparticles (MN)] to 5 [quantum dots (QD)] (inset: TEM image of MHN with negative 
staining by 1.3% phosphotungstic acid), (b-d) magnified images of MHN with a mass 
ratio of (b) MHN1 with 1(MN):1(QD), (c) MHN3 with 1(MN):3(QD), and (d) MHN5 
with 1(MN):5(QD). (e) micellar magnetic nanoparticles, (f) micellar quantum dots 
(emission �max = 705 nm). Note that micellar coating layer of MHN was observed with 
brighter color in the negative stained TEM image [inset in (a)]. Scale bar in (a) is 100 nm, 
scale bar in (b) is 20 nm for [inset in (a) and (b-d)], and scale bar in (e) is 20 nm for (e 
and f). In these formulations the QD are somewhat elongated and the MN are spherical. 
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Figure 4.3 Optical properties of micellar hybrid nanoparticles (MHN) 
(a) Photoluminescence spectra of micellar quantum dots (MQD, emission �max =  705 
nm), micellar magnetic nanoparticles (MMN) and micellar hybrid nanoparticles (MHN) 
with different compositions of MN and QD. The particle samples were excited with 450 
nm light. The spectra are normalized by total mass of each particle type. (b) Multimodal 
imaging of MMN and MHN as a function of iron concentration in MRI (upper panel, T2-
weighted mode) and NIR fluorescence (lower, in the Cy5.5 fluorescence channel �ex = 
680 nm, �obs = 720 nm). (c) Relaxivity R2 values of MMN and MHN in the T2-weighted 
MR images. 
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Figure 4.4 SQUID magnetization curves for micellar magnetic nanoparticles 
(MMN) and micellar hybrid nanoparticles with 1(MN):3(QD) (MHN3) 
The magnetization values are normalized by the total mass of particles in each sample. 
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Figure 4.5 In vitro behaviors of micellar hybrid nanoparticles (MHN) 
(a) Intracellular delivery of F3-conjugated micellar hybrid nanoparticles (F3-MHN) into 
MDA-MB-435 human carcinoma cells. In both panels the F3-MHN or the MHN control 
particles appear red in the images. 2 h after incubation with the cells, the F3-MHN 
particles are strongly associated with the cells, while the control nanoparticles (MHN) 
without the F3 species do not penetrate.  (b) Multimodal images (NIR fluorescence in 
Cy5.5 channel and MRI) of the cells in (a) compared with PBS control and with untreated 
cells. (c) Targeted drug delivery of doxorubicin (DOX)-incorporated F3-MHN into 
MDA-MB-435 human carcinoma cells. The DOX-loaded F3-MHN were incubated with 
the cells for 2 h. Arrowheads indicate co-localization of DOX and MHN. The inset shows 
co-localization of some DOX (red) and endosome marker (green) 30 min after incubation 
with DOX-loaded F3-MHN.  Nuclei were stained with DAPI. 
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Figure 4.6 Doxorubicin-loaded micellar hybrid nanoparticles (MHN) 
Fluorescence spectra of micellar hybrid nanoparticles (MHN) and doxorubicin-loaded 
MHN (DOX-MHN), obtained using 480 nm excitation.  The weak fluorescence observed 
in the wavelength range 540-630 nm for the DOX-MHN sample is attributed to intrinsic 
fluorescence from DOX. 
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Figure 4.7 Intracellular drug delivery of targeted doxorubicin-loaded micellar 
hybrid nanoparticles 
Targeted intracellular drug delivery of doxorubicin (DOX)-incorporated F3-MHN (DOX-
MHN-F3) into MDA-MB-435 human carcinoma cells at multiple time points. The left 
and middle panels are for DOX (red)-incorporated F3-MHN (green). Nuclei are stained 
with DAPI (blue). The right panels are for free DOX that is physically mixed with F3-
MHN (not incorporated into the MHN). 
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Figure 4.8  Cytotoxicity of various formulations of micellar hybrid nanoparticles 
(MHN) by MTT assay 
MDA-MB-435 human carcinoma cells are treated with free DOX, MHN, DOX-
incorporated MHN (DOX-MHN), and DOX-incorporated F3-MHN (DOX-MHN-F3) for 
4 h. The amounts of DOX and MHN used here are equivalent for all formulations 
(~0.093 mg of DOX per mg of MHN). 
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Figure 4.9 Micellar hybrid nanoparticles loaded with 800 nm quantum dots  
(MHN800) 
(a) TEM image of MHN composed of MN and QD emitting at 800 nm [MHN(800)]. 
Scale bar is 50 nm. (b) Photoluminescent spectra of MMN, MQD(800), and MHN(800), 
obtained with 450 nm excitation. 
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Figure 4.10 TEM image of MHN recovered from the blood circulation in mouse 2 h 
after intravenous injection 
The TEM image was obtained with negative staining by 1.3% phosphotungstic acid. 
Scare bar is 50 nm. 
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Figure 4.11 In vivo tumor homing of micellar hybrid nanoparticles (MHN) 
(a) NIR fluorescence images of in vivo passive accumulation of  micellar hybrid 
nanoparticles containing the QD emitting at 800 nm [MHN(800)] in a mouse bearing 
MDA-MB-435 tumors. The mouse was imaged pre-injection and 20 h post-injection 
(injection dose: 10 mg/Kg). (b) Multimodal imaging of ex vivo tumor harvested from the 
mouse in (a) in MRI and NIR fluorescence (control: PBS-injected tumor).  NIRFI 
indicates near-infrared fluorescence image and MRI(T2) indicates T2 values in T2-
weighted mode MRI.  
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Figure 4.12 Biodistribution of micellar hybrid nanoparticles (MHN) 
Biodistribution of MHN(800) 20 h after injection with a dose of 10 mg/kg. The organs 
were imaged in the Cy7 channel using a NIR fluorescence imaging (NIRFI) system. 
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Figure 4.13 Multimodal imaging of tumors with micellar hybrid nanoparticles 
(MHN) 
Ex vivo NIRF and MR images of tumors harvested from mice 20 h after injection of 
either MHN(800) (green in NIRF images), or  MHN(705) (red in NIRF images). 
MHN(800) or MHN(705) doses for the injections were 10 mg/kg.  The control 
corresponds to tumors injected with equivalent volumes of phosphate-buffered saline 
(PBS). MR images obtained in T2-weighted mode; the color map for the T2 values is 
indicated at the far right of the Figure. 
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Chapter four, in part, is a reprint (with co-author permission) of the material as it 

appears in the following publication: “Micellar Hybrid Nanoparticles for Simultaneous 

Magneto-Fluorescent Imaging and Drug Delivery” Ji-Ho Park, Geoffrey von Maltzahn, 

Erkki Ruoslahti, Sangeeta N. Bhatia, and Michael J. Sailor, Angew. Chem. Int. Ed. 47 

(2008) 7284-7288. The author of this dissertation is the primary author of this 

manuscript. 
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5 Biodegradable Luminescent Porous Silicon Nanoparticles 
for In Vivo Applications 
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5.1 Abstract 

 

Nanomaterials circulating in the body hold great potential to diagnose and treat a 

disease. Importantly, nanomaterials should be harmlessly eliminated from the body in a 

reasonable amount of time after they perform their therapeutic or diagnostic function. 

Despite efforts to increase their targeting efficiency, significant quantities of systemically 

administrated nanomaterials are cleared by the phagocytic system before finding their 

targets.  Accumulation of nanoparticles in unintended sites can induce acute and chronic 

toxicity. However, there has been little effort directed at the self-destruction of errant 

nanomaterials. This chapter will describe luminescent porous silicon nanoparticles 

(LPSINP) that are drug-loadable, biodegradable and relatively non-toxic. The near-

infrared photoluminescence of LPSINP is found to be suitable for in vivo animal 

imaging. Furthermore, in contrast to most inorganic nanomaterials (gold nanoparticles, 

carbon nanotubes, quantum dots, and magnetic nanoparticles), LPSINP are degraded in 

vivo in a relatively short time with no noticeable toxicity (mouse model). The clearance 

and degradation of intravenously injected LPSINP in the bladder, liver, and spleen are 

established by whole-body fluorescence imaging.  Ex vivo fluorescence images and 

histological studies of the organs harvested from the same mice 24 h after LPSINP 

injection supports the results of the in vivo imaging, showing low toxicity. These results 

provide a new approach for design of safe multifunctional nanomaterials for in vivo 

applications. 
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5.2 Introduction 

 

Nanomaterials that can circulate in the body hold great potential to diagnose and 

treat disease1-4.  For such applications, it is important that the nanomaterials be 

harmlessly eliminated from the body in a reasonable period of time after they perform 

their diagnostic or therapeutic function.  Despite efforts to improve their targeting 

efficiency, significant quantities of systemically administered nanomaterials are cleared 

by the mononuclear phagocytic system (MPS) before finding their targets, increasing the 

likelihood of unintended acute or chronic toxicity.  However, there has been little effort 

to engineer the self-destruction of errant nanoparticles into non-toxic, systemically 

eliminated products.  Here we present luminescent porous silicon nanoparticles (LPSiNP) 

that can carry a drug payload and whose intrinsic near-infrared (NIR) photoluminescence 

allows monitoring of both accumulation and degradation in vivo.  Furthermore, in 

contrast to most optically active nanomaterials [carbon nanotubes (CNT), gold 

nanoparticles (GN), and quantum dots (QD)], LPSiNP self-destruct in a mouse model 

into renally cleared components in a relatively short period of time with no evidence of 

toxicity.  As a preliminary in vivo application, we demonstrate tumor imaging using 

dextran-coated LPSiNP (D-LPSiNP).  These results demonstrate a new type of 

multifunctional nanostructure with a low-toxicity degradation pathway for in vivo 

applications. 
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The in vivo use of nanomaterials as therapeutic and diagnostic agents is of intense 

interest due to their unique properties such as large specific capacity for drug loading2, 

strong superparamagnetism3, efficient photoluminescence1, 5, or distinctive Raman 

signatures4, among others.  Materials with sizes in the range of 20-200 nm can avoid 

renal filtration, leading to prolonged residence time in the blood stream that allows more 

effective targeting of diseased tissues.  Many biodegradable polymeric nanoparticles that 

can encapsulate hydrophilic or hydrophobic drugs have been developed for in vivo 

therapeutic applications2, 6, 7, and some of them have been approved for clinical use.  

However, organic molecule-based nanoparticles generally require the addition of a 

molecular tag in order to allow in vivo monitoring by fluorescence.  Although CNT, GN, 

and QD have demonstrated potential for in vivo imaging due to their unique optical 

properties1, 4, 8, clinical translation has been impeded due to concerns regarding the 

biodegradability of such materials4, 8, 9, the toxicity of degradation byproducts10, or the 

toxic structural characteristics of the nanomaterials themselves11.  Although efficient 

renal clearance can mitigate toxic effects, optimized formulations can leave significant 

residual heavy metals or other toxic constituents in MPS organs4, 12.  Furthermore, the 

hydrodynamic size required for renal clearance (< 5.5 nm)12 may be too small to allow 

the incorporation of functional components such as multivalent targeting ligands, and 

rapid renal excretion reduces the time available to the nanomaterial to perform its 

function.  A more desirable design criterion for improving the biocompatibility of 

nanomaterials would involve the incorporation of controllable rates of self-destruction, 
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through which components could be hierarchically degraded into harmless, renally-

cleared products after performing their in vivo function.  

 

Electrochemically etched porous silicon has exhibited considerable potential for 

biological applications due to its biocompatibility13, biodegradability14, encoding 

property for multiplexed detection15, and tunable porous nanostructure for drug 

delivery16.  Furthermore, since the discovery of photoluminescence of porous silicon in 

199017, luminescent (porous) silicon nanoparticles have been produced by several 

methods18-22, some of which are amenable to biological applications21, 22.  For in vivo use, 

silicon nanoparticles provide attractive chemical alternatives to heavy metal-containing 

QD, which have been shown to be toxic in biological environments10.  Additionally, 

silicon is a common trace element in humans and a biodegradation product of porous 

silicon, orthosilicic acid (Si(OH)4), is the form predominantly absorbed by humans and is 

naturally found in numerous tissues.  Furthermore, silicic acid administered to humans is 

efficiently excreted from the body through the urine23.  In this work, we show that porous 

silicon nanostructures with intrinsic NIR luminescence can be used for in vivo 

monitoring, they can be loaded with therapeutics, and they can be engineered to resorb in 

vivo into benign components that clear renally within specific timescales (Fig. 5.1a). 

 

 

5.3 Experimental 
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 Preparation of luminescent porous silicon nanopartiels (LPSiNP).  Porous silicon 

samples were prepared by electrochemical etch of a single-crystal, (100)-oriented p-type 

silicon wafer (0.8-1.2 mΩ cm, Siltronix) by application of a constant current density of 

200 mA/cm2 for 150 s in a 3:1 (v/v) electrolyte of 48 % aqueous HF/ethanol.  A 

freestanding film of the porous silicon nanostructure was then removed from the 

crystalline silicon substrate by application of a current pulse of 4 mA/cm2 for 250 s in a 

solution of 3.3% (by volume) 48 % aqueous HF in ethanol.  The freestanding hydrogen-

terminated porous silicon film was placed in deionized (DI) water and fractured into 

multi-sized particles by sonication overnight.  The particles were then filtered through a 

0.22 µm filtration membrane (Millipore).  The nanoparticles were further incubated in DI 

water for ~ 2 weeks to activate their luminescence in the near-infrared range.  Finally, in 

order to remove dissolved silicic acids during the activation and obtain porous silicon 

nanoparticles in a size range of 20-200 nm, the activated nanoparticles were spun down 

in DI water at 14,000 rpm for 30 min, the supernatant containing silicic acids and smaller 

nanoparticles (< 20 nm) was removed.   

 

For LPSiNP with different porous nanostructures, porous Si samples were 

prepared by electrochemical etch of a single-crystal, (100)-oriented p-type silicon wafer 

(0.8-1.2 mΩ cm, Siltronix) by application of a constant current density of 50 mA/cm2 for 

300 s, 200 mA/cm2 for 150 s or 400 mA/cm2 for 150 s in a 3:1 (v/v) electrolyte of 48 % 

aqueous HF/ethanol.  A freestanding film of the porous silicon nanostructure was then 

removed from the crystalline silicon substrate by application of a current pulse of 4 

mA/cm2 for 250 s in a solution of 3.3% (by volume) 48 % aqueous HF in ethanol.  The 
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freestanding hydrogen-terminated porous silicon film was placed in deionized (DI) water 

and fractured into multi-sized particles by sonication overnight.  The particles were then 

filtered through a 0.22 µm filtration membrane (Millipore). The nanoparticles were 

further incubated in DI water for ~ 2 weeks to activate their luminescence in the near-

infrared range.  Finally, in order to remove dissolved silicic acid and obtain porous 

silicon nanoparticles in a size range of 20-200 nm, the activated nanoparticles in DI water 

were spun down at 14,000 rpm for 30 min, the supernatant containing silicic acid and 

non-porous smaller nanoparticles (< 20 nm) was removed. 

 

For LPSiNP with different sizes, the particles were then filtered through a 0.45 

µm filtration membrane (Millipore) after overnight sonication process.  The nanoparticles 

were further incubated in DI water for ~ 2 weeks to activate their luminescence in the 

near-infrared range.  First, LPSiNP with larger sizes (hydrodynamic size = ~ 270.3 nm) 

were obtained by centrifugation at low speed (at 6,000 rpm for 10 min) and removal of 

the supernatant.  The nanoparticles were then filtered through a 0.22 µm filtration 

membrane.  Secondly, LPSiNP with medium size (hydrodynamic size = ~ 125.7 nm, 

which are the LPSiNP used mainly in this study) were obtained by centrifugation at high 

speed (at 14,000 rpm for 30 min) and removal of the supernatant.  Lastly, LPSiNP with 

smaller size (hydrodynamic size = ~ 14.5 nm) were obtained from the supernatant. 

 

To prepare D-LPSiNP, a dextran coating was applied. A 1 mL aliquot of an 

aqueous dispersion of 0.5 mg of LPSiNP was mixed with a 1 mL aliquot of water 

containing 100 mg of dextran (MW ~20,000, Sigma).  The mixture was stirred overnight, 



 

 

166 
 

rinsed three times using a centrifugal filter (100,000 Da molecular weight cut-off, 

Millipore, inc.), the particles were resuspended in water and then filtered through a 0.22 

µm filtration membrane. 

 

Nanoparticle characterization. Scanning electron micrographs (SEM) were 

obtained with a Hitachi S-4800 field-emission instrument.  A 20 uL drop of ethanol 

containing LPSiNP was directly placed onto a polished silicon wafer and the solvent 

allowed to dry in air.  Dynamic light scattering (Zetasizer Nano ZS90, Malvern 

Instruments) was used to determine hydrodynamic size and zeta potential of LPSiNP or 

D-LPSINP (in DI water).  To analyze porous nanostructure (pore surface area, pore size, 

and pore volume) of LPSiNP, N2 adsorption isotherms (interpreted with the BJH and 

BET models) were measured on a Micromeritics Accelerated Surface Area and 

Prosimetry analyzer (ASAP 2020). 

 

The photoluminescence (PL, λex = 370 nm and 460 nm longpass emission filter) 

and absorbance spectra of LPSiNP or D-LPSiNP in DI water were obtained using a 

Princeton Instruments/Acton spectrometer fitted with a liquid nitrogen-cooled silicon 

charge-coupled device detector, and a Hewlett-Packard 8452A UV-vis diode array 

spectrophotometer, respectively. Fluorescence images of D-LPSiNP in DI water 

subjected to different excitation wavelength bands were obtained using an IVIS 200 

imaging system (Xenogen). (GFP: 445-490 nm and 1 s exposure time, DsRed: 500-550 

nm, 2 s exposure time, Cy5.5: 615-665 nm, 8 s exposure time, and ICG: 710-760 nm, 20 

s exposure time). The emission filter used was ICG (810-875 nm).   



 

 

167 
 

 

The photostability (photobleaching) of LPSiNP was evaluated relative to organic 

dyes commonly used in biological imaging (fluorescein, Cy5.5 and Cy7). The LPSiNP 

and dyes (dispersed or dissolved in aqueous solution) were illuminated with a 100 W 

mercury lamp, and fluorescence intensities were monitored using a fluorescence 

microscope (Nikon Eclipse LV150) equipped with a thermoelectrically cooled CCD 

camera (Photometrics CoolSNAP HQ2).  Excitation (355 ± 25 nm for LPSiNP, 480 ± 20 

nm for Fluorescein, 650 ± 22 nm for Cy5.5, and 710 ± 35 nm for Cy7) and emission (435 

nm long pass for LPSiNP, 535 ± 25 nm for Fluorescein, 710 ± 25 nm for Cy5.5, and 800 

± 35 nm for Cy7) were used for these experiments. The fluorescence intensities were 

monitored at 0.5 or 1 min intervals.  The quantum yield (QY) of LPSiNP in ethanol was 

measured using the comparative method, using Rhodamine 101 (QY = 100%, Sigma) in 

ethanol as the standard.  The Fourier-transform infrared (FTIR) spectra of as-etched 

porous silicon films and LPSiNP were obtained in the absorption mode using a Thermo 

Scientific Nicolet 6700 FTIR spectrometer equipped with a diamond Attenuated Total 

Reflectance (ATR) accessory.   

 

In vitro degradation.  A series of samples containing 0.05 mg/mL of LPSiNP or 

D-LPSiNP in 1 mL of PBS solution were incubated at 37 ºC. An aliquot of 0.5 mL of 

solution was removed at different time points and filtered with a centrifugal filter (30,000 

Da molecular weight cut-off, Millipore, inc.) to remove undissolved LPSiNP.  0.4 mL of 

the filtered solution was diluted with 4.6 mL HNO3 (2 %(v/v)) and subjected to analysis 

by inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin Elmer 
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Optima 3000DV).  The silicon concentration in the original solution was determined by 

incubating the solution in PBS at 37 oC for 72 h and measuring the silicon concentration 

without filtration.  The decrease in PL of the above samples over time was also 

monitored. 

 

Drug loading and cytotoxicity. 0.5 mg LPSiNP (0.5 mg/mL) was mixed with 0.05 

mg doxorubicin (DOX, Sigma) in DI water at room temperature overnight and then 

rinsed three times using a centrifugal filter (100,000 Da molecular weight cut-off, 

Millipore, inc.).  The amount of DOX incorporated into LPSiNP was determined by 

incubating DOX-loaded LPSiNP (DOX-LPSiNP) in a 0.3 M HCl 70% ethanol solution 

overnight and comparing the fluorescence with a standard curve (~ 43.8 mg DOX per 1 

mg LPSiNP).  Release kinetics of DOX from DOX-LPSiNP (0.05 mg/mL) in PBS at 

37oC was measured by filtering out DOX-LPSiNP from the solution at each time point 

using the centrifugal filter and measuring fluorescence of free DOX left in the solution at 

590 nm (λex = 480 nm). 

 

For drug-mediated cytotoxicity experiments, MDA-MB-435 human carcinoma 

cells were incubated with LPSiNP, DOX-LPSiNP or free DOX (at different 

DOX/LPSiNP concentrations) for 48 h and rinsed with cell medium three times.  The 

cytotoxicity of LPSiNP, DOX-LPSiNP or free DOX was evaluated using the MTT assay 

(Chemicon).  For nanostructure- or size-related cytotoxicity experiments (without DOX), 

HeLa cells were incubated with the LPSiNP (at different LPSiNP concentrations) for 48 

h and rinsed with cell medium (no phenol red) three times.  The cytotoxicity of LPSiNP 
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was evaluated using the Calcein assay [fluorogenic intracellular esterase sensor Calcein 

acetoxymethylester (Calcein AM), Invitrogen].  Cell viability was expressed as the 

percentage of viable cells compared with controls (cells treated with PBS).  The 

cytotoxicity of the LPSiNP was also examined by observing morphology of live cells 

using an inverted optical microscope (Nikon). 

 

In vivo toxicity, circulation, and bioditribution for free DOX and DOX-LPSiNP.  

All animal work was performed in accordance with the institutional animal protocol 

guidelines in place at the Burnham Institute for Medical Research, and it was reviewed 

and approved by the Institute’s Animal Research Committee.  Free DOX or DOX-

LPSiNP (in 200 µL PBS solution) were intravenously injected into BALB/c mice at a 

dose of 2 mg DOX/kg body mass (45.5 mg/kg for LPSiNP of DOX-LPSiNP).  To 

examine preliminary in vivo toxicity, body mass of the mice was monitored every 3 days 

over a period of 3 weeks. 

 

To determine blood half-lives, blood (100 µL) was collected from the periorbital 

plexus at several different times after injection using heparinized capillary tubes (Fisher), 

and then immediately mixed with 100 µL of 10 mM EDTA (in PBS) to prevent 

coagulation.  For silicon concentration in the blood (DOX-LPSiNP), the blood samples 

were digested and prepared as mentioned for the organs.  The total silicon concentration 

in the blood was measured using ICP-OES.  For DOX concentration in the blood (free 

DOX and DOX-LPSiNP), the blood samples were spun down briefly to remove red blood 

cells and 100 µL of the supernatants was mixed with 100 µL of 0.3 M HCl 70% ethanol 
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solution overnight to extract free DOX molecules from the DOX-LPSiNP.  The total 

DOX concentration in the blood was calculated based on the fluorescence intensity of 

DOX in the samples (λex = 480 nm and λem = 590 nm). 

 

To determine biodistribution of free DOX and DOX-LPSiNP in mouse, the 

organs (liver, spleen, kidney, lung, heart, and brain) were collected 24 h after injection, 

weighed, homogenized in 1.5 mL of 0.3 M HCl 70% ethanol solution, and further 

incubated in the same solution overnight to extract DOX molecules from the organs and 

DOX-LPSiNP.  The homogenized solution was spun down at 10,000 rpm for 10 min and 

the supernatant was only used to measure the DOX fluorescence.  The DOX fluorescence 

(λex = 480nm and λem = 590 nm) in each tissue was quantified as % injected dose (%ID) 

per gram of wet tissue. 

 

In vitro fluorescence imaging.  HeLa cells (3000 cells per well) were seeded into 

8-well chamber glass slides (Lab-Tek) and incubated overnight.  A 50 µg per well 

quantity of LPSiNP was added and the cells incubated for 2 h at 37 oC in the presence of 

10% fetal bovine serum (FBS).  The cells were then rinsed three times with cell medium, 

fixed with 4% paraformaldehyde for 20 min and then observed in the fluorescence 

microscope (370 nm or 488 nm excitation and 650 nm long pass emission filter) and in 

the Radiance 2100/AGR-3Q BioRad Multi-photon Laser Point Scanning Confocal 

Microscope.  For confocal fluorescence microscopy, the cells treated with LPSiNP were 

imaged using 488 nm Ar ion laser excitation and a 650 nm long pass emission filter.  For 

multi-photon fluorescence microscopy, the cells treated with LPSiNP were imaged using 
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750 nm Mai-Tai laser excitation.  The DAPI and LPSiNP signals were separated using 

495 dichroic filter and 560 nm long pass filter. 

 

In vivo degradation, toxicity, and circulation.  All animal work was performed in 

accordance with the institutional animal protocol guidelines in place at the Burnham 

Institute for Medical Research, and it was reviewed and approved by the Institute’s 

Animal Research Committee.  LPSiNP or D-LPSiNP (in 200 µL PBS solution) were 

intravenously injected into BALB/c mice at a dose of 20 mg/kg body mass.  For in vivo 

degradation studies, the mice were sacrificed 1 day, 1 week and 4 weeks after injection 

by cardiac perfusion with PBS under anesthesia, and the brain, heart, kidney, liver, lung, 

and spleen were collected.  The tissues were weighed and then digested with a solution of 

HNO3 (0.5 mL, ~15.7 M), H2O2 (0.1 mL, 30%) and HF (0.03 mL, 5%) for 2 days. A 

solution of H3BO3 (0.235 mL, 0.4 M) was added and the mixture diluted with HNO3 

(10.50 mL, 2%).  The silicon concentration in the samples was determined using ICP-

OES. 

 

For the in vivo toxicity studies, the mass of each mouse was monitored for 4 

weeks after injection and compared with control mice (PBS-injected).  The sections of 

kidney, liver, and spleen tissues harvested from the mice 1 day and 4 weeks after 

injection were stained with haematoxylin and eosin and then examined by a pathologist.  

To determine blood half-lives, the blood (100 µL) was collected from the periorbital 

plexus at several different times after injection using heparinized capillary tubes (Fisher), 

and then immediately mixed with 100 µL of 10 mM EDTA (in PBS) to prevent 
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coagulation.  The blood samples were digested and prepared as mentioned above for the 

organs.  The total silicon concentration in the blood was measured using ICP-OES. 

 

In vivo fluorescence imaging.  Aliquots of LPSiNP (20 µL of 0.1 mg/mL in PBS) 

were injected subcutaneously and intramuscularly into the left and right flank, 

respectively, of a nude mouse, and imaged immediately with GFP excitation (445-490 

nm) and ICG emission filter (810-875 nm) using the IVIS 200 imaging system.   

 

For systemic administration, LPSiNP or D-LPSiNP (in 200 µL PBS) were 

intravenously injected into nude mice at a dose of 20 mg/kg body mass.  The mice were 

imaged under anesthesia several different times after injection using the IVIS 200 

imaging system.  The organs (bladder, brain, heart, kidney, lymph nodes, liver, lung, 

skin, and spleen), harvested 24 h after injection, were also imaged.  For in vivo 

fluorescence tumor imaging, the nude mouse bearing an MDA-MB-435 human 

carcinoma tumor (~0.5 cm, one side of flank) was used. The tumor area was imaged 

under anesthesia several different times after intravenous injection of D-LPSiNP at a dose 

of 20 mg/kg body mass using the IVIS 200 imaging system.  The tumor and muscle 

around the tumor harvested 24 h after injection, were also imaged.  The excitation filters 

used were GFP (445-490 nm), DsRed (500-550 nm), and Cy5.5 (615-665 nm).  The 

emission filter used was ICG (810-875 nm).  For fluorescent histological analysis, 

sections of liver, spleen, and tumor tissues were fixed with 4% paraformaldehyde, stained 

with DAPI, and then observed with 370 nm excitation and 650 nm long pass emission 

filter using the fluorescence microscope. 
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5.4 Results and Discussion 

 

 Luminescent porous Si nanoparticles (LPSiNP) were prepared by electrochemical 

etching of single-crystal silicon wafers in ethanolic HF solution, lift-off of the porous 

silicon film, ultrasonication, filtration of the formed particles through a 0.22 µm filtration 

membrane and finally activation of luminescence in an aqueous solution (Fig. 5.2).  

During the activation step, silicon oxide grows on the hydrogen-terminated porous silicon 

surface, generating significant luminescence attributed to quantum confinement effects 

and to defects localized at the Si/SiO2 interface (Fig. 5.3 and 5.4)5, 18, 19.  The preparation 

conditions were optimized to provide pore volume and surface area suitable for loading 

of therapeutics and long in vivo circulation times while maintaining an acceptable 

degradation rate (Fig. 5.5 and 5.6).  As a result, the medium-sized (126 nm) particles 

prepared by electrochemical etching at 200 mA/cm2 for 150 s were chosen for the study 

presented here.  The LPSiNP appear spherical and fairly uniform in the scanning electron 

microscope (SEM), with a well-defined micro- and meso-porous nanostructure (Fig. 

5.1b).  The pore diameters are on the order of 5~10 nm (Fig. 5.5a and 5.5b).  The mean 

hydrodynamic size measured by dynamic light scattering (DLS) is ~126 nm, consistent 

with the SEM measurements. 
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The intrinsic photoluminscence of LPSiNP under UV excitation appears at 

wavelengths between 650 and 900 nm (Fig. 5.1c), suitable for in vivo imaging due to low 

tissue adsorption in this spectral range24.  The materials display greater photostability 

relative to fluorescein or the well-known NIR cyanine fluorophores, Cy5.5 and Cy7 (Fig. 

5.7).  The quantum yield of LPSiNP in ethanol was determined to be ~10.2 % (relative to 

Rhodamine 101 standard) (Fig. 5.8), which is in accord with previously reported values 

for other water-soluble luminescent silicon/silica nanoparticles21, 22.  When placed in 

biological solution (phosphate buffered saline, PBS, pH 7.4, 37 oC) at a mass 

concentration less than the solubility of silicic acid (0.1~0.2 mg/mL SiO2)25, LPSiNP lose 

their luminescence in a short time and dissolve (Fig. 5.1d).  A blue-shift of the 

luminescence spectrum during degradation is indicative of a shrinking in size of the 

semiconductor fluorophore (Fig. 5.9).  No detectable (by DLS) LPSiNP remain after 8 h 

of incubation.  However, degradation is slowed by addition of a molecular or polymeric 

surface coating (see below). 

 

 The anti-cancer drug doxorubicin (DOX) was incorporated into the LPSiNP 

(DOX-LPSiNP, ~ 43.8 ug DOX per 1 mg LPSiNP) to test their potential for therapeutic 

applications (Fig. 5.10).  The positively charged DOX molecules are bound to the 

negatively charged porous SiO2 surface by electrostatic forces.  Loading of DOX 

increases the zeta potential of the nanoparticles from -52 mV to -39 mV.  A relatively 

slow release of the drug is observed at physiological pH and temperature, reaching 

significant levels within 8 h (Fig. 5.1e).  The appearance of free silicic acid in solution as 

a function of time, indicative of degradation of the LPSiNP, correlates with the DOX 
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release profile.  The rate of degradation of DOX-LPSiNP is somewhat slower than bare 

LPSiNP (Fig. 5.10a).  We postulate that the presence of DOX molecules inhibits the 

nanoparticle dissolution process by slowing the rate of SiO2 hydrolysis at the LPSiNP 

surface.  

  

DOX-LPSiNP exhibit similar or slightly greater cytotoxicity relative to free DOX, 

while bare LPSiNP show no significant cytotoxicity (Fig. 5.1f).   It is possible that silicic 

acid released by the LPSiNP increases the cytotoxicity of DOX by decreasing local 

extracellular or intracellular pH26.  In a preliminary in vivo study (Fig. 5.10b-d), DOX-

LPSiNP displayed similar circulation times to bare LPSiNP, suggesting that the attached 

DOX molecules have no significant effect on LPSiNP circulation, in contrast to the rapid 

clearance observed with nanoparticles that are coated with positively charged 

polymer/peptide27.  Importantly, DOX-LPSiNP retained DOX molecules during 

circulation and delivered them to organs related to nanoparticle clearance such as the 

liver and the spleen.  Previous work has shown that sequestration of DOX (in that case, in 

liposomes) reduces cardiotoxicity by reducing the systemic concentration of free DOX26. 

 

 Next, we tested biodegradability and biocompatibility of LPSiNP in vitro and in 

vivo.  The LPSiNP formulation is relatively non-toxic to HeLa cells in vitro within the 

tested concentration range (Fig. 5.11a, 5.5e, 5.6c and 5.12).  For in vivo studies, LPSiNP 

(20 mg/kg) were injected intravenously into mice.  As with many other nanomaterials3, 4, 

12, the injected LPSiNP accumulate mainly in the MPS-related organs such as the liver 

and the spleen (Fig. 5.11b).  However, the LPSiNP accumulated in the organs are 
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noticeably cleared from the body within a period of 1 week and completely cleared in 4 

weeks.  The mechanism of clearance is attributed to degradation into soluble silicic acid 

followed by excretion.  This result contrasts with the slow clearance generally observed 

for other types of inorganic nanoparticles with diameters > 5.5 nm4, 8, 9.  Over a period of 

4 weeks, the body weight of the mice injected with LPSiNP increased slightly in a pattern 

similar to the control mice (Fig. 5.11c), indicating that the mice continue to mature 

without any significant toxic effects. 

 

Since the degradation of highly localized LPSiNP may induce subsequent damage 

in the organs related to nanoparticle clearance, in vivo toxicity of LPSiNP was further 

examined in kidney, liver, and spleen tissues of mice 1 day and 4 weeks after LPSiNP 

injection.  Histopathologically, no significant toxicity was observed in these tissues 

relative to the controls (Fig. 5.11d). Hepatocytes in the liver samples appeared 

unremarkable, and there were no inflammatory infiltrates.  However, the sinusoids in 

between the rows of hepatocytes contained Kupffer cells (macrophages) that appeared 

swollen 1 day after injection.  The cells returned to the normal morphology 4 weeks after 

injection, implying that LPSiNP were taken up, degraded (presumably by lysosomes), 

and the soluble products were subsequently released from the cells.  Spleen samples 

showed no significant change in morphology of the lymphoid follicles or in the size of 

the red pulp after LPSiNP injection. Kidney samples also showed no remarkable change 

in the morphology. Although the in vivo toxicity results shown here are preliminary, the 

LPSiNP show promise as non-toxic biodegradable inorganic nanomaterials. 
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 We next investigated the possibility of imaging cells in vitro and organs in vivo 

using the intrinsic photoluminescent properties of LPSiNP.  Significant luminescence of 

LPSiNP was observed in HeLa cells using excitation wavelengths of 370 nm, 488 nm, 

and 750 nm (two-photon excitation) 2 hr after incubation, attributed to non-specific 

cellular uptake of the silica-based nanomaterials28 (Fig. 5.13a and Fig. 5.14).  To examine 

their potential for in vivo imaging, subcutaneous and intramuscular injections of LPSiNP 

dispersions (20 mL aliquots, 0.1 mg/mL) into the left and right flank of a nude mouse, 

respectively, were administered.  The mouse was imaged in a fluorescence mode (GFP 

excitation filter, 445-490 nm and ICG emission filter, 810-875 nm).  The signals from 

both injections were clearly observed without any skin autofluorescence although the 

near-skin fluorescence intensity is larger than the signal emanating from deeper tissue 

(Fig. 5.13b).  The fluorescence spectrum of LPSiNP allows imaging in the NIR-emission 

range, a convenient window for in vivo imaging due to the low levels of NIR 

autofluorescence of mouse skin excited with visible light1, 29. 

 

We next examined whole-body fluorescence imaging of nude mice using LPSiNP 

administered by intravenous injection.  To prevent rapid degradation after injection and 

to increase their blood half-life, LPSiNP were coated with the biopolymer dextran by 

physisorption30 (D-LPSiNP, Fig. 5.15).  The coating process increased the size and zeta 

potential of the nanoparticles (from 125 nm to 151 nm and from -52 mV to -43.5 mV, 

respectively).  Bare LPSiNP or D-LPSiNP were injected and imaged at different time 

points (Fig. 5.13c-e).  A significant fraction of the bare LPSiNP were immediately 

removed by renal clearance, presumably due to their degradation into smaller (< 5.5 nm) 
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nanoparticles12.  The remaining nanoparticles were observed to accumulate in the liver 

and the spleen, consistent with the histology data discussed above. 

 

The D-LPSiNP exhibit a somewhat different pattern in their uptake by the MPS-

related organs.  These nanoparticles accumulate and degrade in the liver slowly relative 

to bare LPSiNP, which is consistent with the in vitro degradation and in vivo blood half-

life data (Fig. 5.15c and 5.5d).  Biodistribution and histological studies of the organs 

harvested from the same mice 24 h after injection are consistent with the whole-body 

fluorescence imaging data (liver < spleen for LPSiNP and liver > spleen for D-LPSiNP) 

(Fig. 5.13f and 5.13g).  These results indicate that the intrinsic luminescent properties of 

LPSiNP allow the non-invasive monitoring of their biodistribution and degradation in a 

live animal as well as the microscopic observation of their localization in the organs. 

 

 Lastly, we evaluated the potential of LPSiNP to image tumors in vivo.  In order to 

detect and image deep-tissue diseases such as tumors by fluorescence, the excitation 

wavelength for the nanoparticle should be in the NIR range in order to maximize tissue 

penetration and minimize optical absorption by physiologically abundant species such as 

hemoglobin24.  LPSiNP emit in the NIR (810-875 nm) and they can be excited with red 

or NIR radiation (615-665 nm or 710-760 nm) (Fig. 5.16a) or by two-photon NIR 

excitation (Fig. 5.14c).  Similar to some of the NIR-emitting semiconductor QD29, the 

quantum efficiency of LPSiNP decreases with longer excitation wavelengths.  However, 

the quantum yield is sufficient to allow their observation in internal organs using a 

conventional fluorescence imaging system. 
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Injection of the D-LPSiNP formulation (20 mg/kg) into a nude mouse bearing an 

MDA-MB-435 tumor results in passive accumulation of the nanomaterial in the tumor, as 

revealed in the NIR fluorescence image (Fig. 5.16b).  Imaging with shorter excitation 

wavelengths (blue or green filter sets) results in poor differentiation of the target organ 

relative to the surrounding skin area (Fig. 5.167).  The ex vivo fluorescence images and 

histology confirm the presence of D-LPSiNP in the tumor (Fig. 5.16c and 5.16d).   

 

 

5.5 Conclusions 

 

This study represents the first example of the imaging of a tumor and other organs 

using biodegradable silicon nanoparticles in live animals, and it is important because of 

the biodegradability and low in vivo toxicity observed.  The LPSiNP injected 

intravenously are observed to accumulate mainly in MPS-related organs and are degraded 

in vivo into apparently non-toxic products within a few days and removed from the body 

through renal clearance.  These larger (100 nm-scale) silicon-based biodegradable 

nanoparticles overcome many of the disadvantages of smaller (< 5.5 nm) nanocrystals12 

such as fast clearance from circulation, low capacity for drug loading, and toxicity of the 

residual particles that do not escape MPS uptake4, 12.  We believe the reduced in vivo 

toxicity of this multifunctional inorganic nanomaterial provides a promising pathway for 

clinical translation. 
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Figure 5.1 Characterization of luminescent porous Si nanoparticles (LPSiNP) 
(a) Schematic depicting the structure and in vivo degradation process for the 
(biopolymer-coated) nanoparticles used in this study.  (b) Scanning electron microscope 
image of LPSiNP (inset shows the porous nanostructure of one of the nanoparticles). 
Scale bar is 500 nm (50 nm for the inset).  (c) Photoluminescence (PL) emission and 
absorbance spectra of LPSiNP.  PL is measured using UV excitation (λ = 370 nm).  (d) 
Appearance of silicon in solution (by ICP-OES) and photoluminescence intensity (λex = 
370 nm and λem = maximum peak intensity at each time point) from a sample of LPSiNP 
(50 µg/mL) incubated in PBS solution at 37oC as a function of time.  (e) Release profile 
depicting percent of doxorubicin (DOX) from DOX-loaded LPSiNP (DOX-LPSiNP) 
released into a PBS solution as a function of time at 37 oC.  Data were obtained by 
filtering out DOX-LPSiNP from the solution at each time point using a centrifugal filter 
and measuring the fluorescence intensity of free DOX left in solution (λem = 590 nm λex 
= 480 nm). Error bars indicate s.d. (f) Cytotoxicity of DOX-LPSiNP, bare LPSiNP, and 
free DOX towards MDA-MB-435 human carcinoma cells, quantified by MTT assay. The 
cells were incubated with the samples for 48 h. 
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Figure 5.2 Schematic diagram of the synthesis of luminescent porous silicon 
nanoparticles (LPSiNP) 
A porous silicon layer with a pore size range of 5-10 nm is first etched into the single-
crystal silicon substrate in ethanolic HF solution. The entire porous nanostructure is 
removed from the Si substrate by application of a current pulse. The freestanding 
hydrogen-terminated porous silicon film is then placed in an aqueous solution and 
fractured into multi-sized particles by overnight ultrasonication. The particles are then 
filtered through a 0.22 µm porous filtration membrane to obtain the porous silicon 
nanoparticles.  Finally, the nanoparticles are incubated in an aqueous solution to activate 
their luminescence. 
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Figure 5.3 FTIR spectra of porous silicon film and luminescent porous silicon 
nanoparticles (LPSiNP) shown in Fig. 5.2 
The hydrogen-terminated surface of the as-etched porous silicon film is converted to 
silicon dioxide in the porous silicon nanoparticles.  The oxide layer passivates the 
nanoparticle surface and also generates interfacial oxides, giving rise to a strong NIR 
photoluminescence. 
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Figure 5.4 Photoluminescence spectra of porous silicon film and luminescent porous 
silicon nanoparticles (LPSiNP) 
They were acquired during activation in deionized (DI) water at room temperature (1 d 
indicates 1 day after immersion in DI water).  Note the increase in PL intensity and slight 
blue-shifting of the peak maximum with time. 
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Figure 5.5 Characterization of three types of luminescent porous silicon 
nanoparticles (LPSiNP) prepared with different porous nanostructures 
(a) Analysis of porous nanostructures of LPSiNP by SEM and gas adsorption (BET/BJH) 
methods.  The particle size values (by Dynamic Light Scattering, DLS) are the means 
plus/minus one standard deviation for three batches of LPSiNP, and the pore size values 
(by SEM) are averages of > 10 different pores from randomly selected LPSiNP.  (b) Pore 
size distributions and pore volume in LPSiNP determined by gas adsorption (BJH and 
dV/dw methods).  (c) Photoluminescence spectra of LPSiNP (λex = 370 nm).  (d) In vitro 
degradation of LPSiNP in PBS solution at 37oC as a function of time. Note that LPSiNP 
prepared using the etching condition with a current density of 50 mA/cm2 show slightly 
slower degradation relative to the other two preparations of LPSiNP, suggesting that the 
their lower porosity may be responsible for the slower degradation.  (e) Cytotoxicity of 
LPSiNP by calcein assay. HeLa cells were incubated with LPSiNP for 48 h and then 
viability was evaluated using the fluorogenic intracellular esterase sensor calcein 
acetoxymethylester (Calcein AM). 
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Figure 5.6 Characterization of luminescent porous silicon nanoparticles (LPSiNP)  
with different average particle sizes, prepared using the same etching conditions 
The etching was performed at 200 mA/cm2 for 150 sec for all samples. The suffixes “-S” 
“-M” and “-L” refer to small (15 nm), medium (126 nm), and large (270 nm) particles.  
(a) Effect of nanoparticle size on the blood circulation half-life in mouse (n = 3).  Note 
that the LPSiNP-M show the longest circulation times relative to LPSiNP with other 
sizes.  The LPSiNP-S are cleared rapidly by the kidney due to their small size (close to 
the typical renal clearance range of < 5.5 nm) while the LPSiNP-L are cleared rapidly by 
the spleen or lung non-specifically due to their large size.  The size and zeta potential 
values obtained by DLS are the means plus/minus one standard deviation for three lots of 
LPSiNP.  The blood half-life values were obtained by fitting the concentration of silicon 
in each blood sample at each time point to a single-exponential equation using a one-
compartment open pharmacokinetic model1.  (b) Photoluminescence spectra of the 
LPSiNP with different sizes (λex = 370 nm). (c) Cytotoxicity of the LPSiNP with 
different sizes by Calcein assay. HeLa cells were incubated with LPSiNP for 48 h and 
then their viability was evaluated using the fluorogenic intracellular esterase sensor 
Calcein acetoxymethylester (Calcein AM). 
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Figure 5.7 Photobleaching effect of luminescent porous silicon nanoparticles 
(LPSiNP) over conventional dyes 
Changes in fluorescence intensity of LPSiNP dispersed in aqueous solution exposed to air 
during continuous exposure to a 100 W mercury lamp, compared with organic dyes 
commonly used in biological imaging experiments (Cy5.5, Cy7, and fluorescein). 
Excitation wavelengths of 355 ± 25 nm for LPSiNP, 480 ± 20 nm for fluorescein, 650 ± 
22 nm for Cy5.5, and 710 ± 35 nm for Cy7, and emission wavelengths of 435 nm (long 
pass) for LPSiNP, 535 ± 25 nm for fluorescein, 710 ± 25 nm for Cy5.5, and 800 ± 35 nm 
for Cy7 were used for these experiments. The fluorescence intensities were monitored 
with a thermoelectrically cooled CCD camera. 
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Figure 5.8 Quantum yield (QY=10.2%) of luminescent porous Si nanoparticles 
(LPSiNP) compared to Rhodamine 101 (QY=100%) 
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Figure 5.9 Evolution of photoluminescence spectrum of LPSiNP during degradation 
under physiological conditions (in PBS at 37 oC)  
The maximum intensity of the photoluminescence spectrum at each time point was used 
for Fig 5.1d. 
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Figure 5.10 Characterization of DOX-loaded LPSiNP (DOX-LPSiNP) 
Zeta potential of LPSiNP increases from - 52 mV to - 39.1 mV after DOX loading. (a) 
Appearance of silicon in solution (by ICP-OES) from a sample of LPSiNP and DOX-
LPSiNP incubated in PBS solution at 37oC as a function of time. (b) Blood concentration 
of silicon (by ICP-OES) or DOX (by fluorescence) for mice injected with LPSiNP, DOX-
LPSiNP, or free DOX as a function of time (n = 3). DOX in DOX-LPSiNP were able to 
circulate for a longer period of time than free DOX by incorporating DOX in the porous 
nanostructure of LPSiNP.  Note that there is no significant difference in the circulation 
times between DOX-LPSiNP and LPSiNP.  (c) Biodistribution of DOX from mice (n = 
3) injected with free DOX or DOX-LPSiNP.  The tissues were homogenized 24 h after 
single intravenous injection of free DOX or DOX-LPSiNP (concentration of DOX in all 
experiments was 2 mgDOX/kg, corresponding to 45.5 mg/kg of LPSiNP in the DOX-
LPSiNP formulation) and the DOX fluorescence (λex = 480nm and λem = 590 nm) in each 
tissue was analyzed as % injection dose (%ID) per gram of wet tissue. The results show 
that biodistribution of DOX from DOX-LPSiNP is similar to that of LPSiNP as shown in 
figure 2b, confirming that LPSiNP retain the loaded DOX during the circulation.  In 
contrast, a significant amount of free DOX accumulated in kidney, lung, and heart, which 
may induce in vivo acute or chronic toxicity (*p < 0.05).  (d) Body mass change in mice 
injected with free DOX, and DOX-LPSiNP (concentration of DOX in all experiments 
was 2 mgDOX/kg, corresponding to 45.5 mg/kg of LPSiNP in the DOX-LPSiNP 
formulation) compared with PBS control (n = 3). There was no statistically significant 
difference in the weight change between control (PBS), free DOX, and, DOX-LPSiNP 
over a period of 3 weeks. 
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Figure 5.11 Biocompatibility and biodegradability of luminescent porous Si 
nanoparticles (LPSiNP) 
(a) In vitro cytotoxicity of LPSiNP towards HeLa cells, determined by Calcein assay.  
LPSiNP at the indicated concentrations were incubated with cells for 48 h.  (b) In vivo 
biodistribution and biodegradation of LPSiNP over a period of 4 weeks in mouse. 
Aliquots of LPSiNP were intravenously injected into the mouse (n = 3 or 4, dose = 20 
mg/kg).  The silicon concentration in the organs was determined at different time points 
after injection using ICP-OES.  Error bars indicate s.d.  (c) Change in body mass of mice 
injected with LPSiNP (n = 3, dose = 20 mg/kg) compared with PBS control (n = 4). 
There is no statistically significant difference in the mass change between control (PBS) 
and LPSiNP over a period of 4 weeks. Error bars indicate s.d.  (d) Liver, spleen, and 
kidney histology. Livers, spleens, and kidneys were harvested from mice before, 1 day, 
and 4 weeks after intravenous injection of LPSiNP (20 mg/kg). Organs were stained with 
hematoxylin and eosin. The arrows indicate the LPSiNP taken up by macrophages in the 
liver.  The scale bar is 50 µm for all images. 
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Figure 5.12 In vitro biocompatibility of luminescent porous Si nanoparticles 
(LPSiNP) 
Optical microscope images of HeLa cells incubated with LPSiNP at a concentration of 
(a) 0 mg/mL, (b) 0.013 mg/mL, (c) 0.05 mg/mL, and (d) 0.2 mg/mL.  The cells were 
rinsed three times using cell medium (no phenol red) 48 h after incubation and 
immediately imaged using an inverted optical microscope.  The scale bar is 20 µm. 
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Figure 5.13 In vitro, in vivo and ex vivo fluorescence imaging with luminescent 
porous Si nanoparticles (LPSiNP) 
(a) In vitro cellular imaging with LPSiNP. HeLa cells were treated with LPSiNP for 2 h 
and then imaged.  Red and blue indicate LPSiNP and cell nuclei, respectively.  The scale 
bar is 20 µm. (b) In vivo fluorescence image of LPSiNP (20 mL of 0.1 mg/mL) injected 
subcutaneously and intramuscularly on each flank of a mouse.  (c) In vivo images of 
LPSiNP and dextran-coated LPSiNP (D-LPSiNP). The mice were imaged at multiple 
time points after intravenous injection of LPSiNP and D-LPSiNP (20 mg/kg). Arrowhead 
and arrow with solid line indicate liver and bladder, respectively.  (d) In vivo image 
showing the clearance of a portion of the injected dose of LPSiNP into the bladder, 1 h 
post-injection.  Li and Bl indicate liver and bladder, respectively. (e) Lateral image of the 
same mice shown in (c), 8 h after LPSiNP or D-LPSiNP injection. Arrows with dashed 
line indicate spleen.  (f) Fluorescence images showing the ex vivo biodistribution of 
LPSiNP and D-LPSiNP in mouse.  Organs were harvested from the animals shown in (c), 
24 h after injection. Li, Sp, K, LN, H, Bl, Lu, Sk, and Br indicate liver, spleen, kidney, 
lymph nodes, heart, bladder, lung, skin, and brain, respectively.  (g) Fluorescence 
histology images of livers and spleens from the mice shown in (c) and (f), 24 h after 
injection.  Red and blue indicate (D-)LPSiNP and cell nuclei, respectively.  The scale bar 
is 50 µm for all images. 
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Figure 5.14 In vitro cellular imaging of luminescent porous Si nanoparticles 
(LPSiNP) 
HeLa cells were treated with LPSiNP for 2 h, fixed and then imaged.  (a) Fluorescence 
microscope images of cellular uptake and binding of LPSiNP.  The nanoparticles can be 
imaged in vitro under both excitation wavelengths indicated on the left side of the images 
(λem = 650 nm long pass).  (b) Confocal fluorescence microscope images of cellular 
uptake of LPSiNP (λex = 488 nm and λem = 650 nm long pass).   (c) Multi-photon 
fluorescence microscope image of celluar uptake of LPSiNP (λex = 750 nm).  The 
LPSiNP are clearly observable inside the cells under two-photon excitation conditions as 
well as with single-photon excitation, in agreement with previous observations with 
porous silicon chips3.  The scale bar is 20 µm. 
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Figure 5.15 Characterization of dextran-coated luminescent porous silicon 
nanoparticles (D-LPSiNP) 
(a) Dynamic light scattering size data obtained from LPSiNP and D-LPSiNP. Note that 
the size and zeta potential increases from 125 nm to 151 nm and from -52 mV to -43.5 
mV after dextran coating, respectively.  Although these samples display a relatively large 
size distribution, there are several FDA (US Food and Drug Administration)-approved 
nanoparticle formulations that span this range, such as liposomal doxorubicin (Doxil®), 
albumin-bound Paclitaxel (Abraxane®), and dextran-coated iron oxide nanoparticles 
(Feridex®). (b) Photoluminescence spectra of LPSiNP and D-LPSiNP with UV 
excitation (λ = 370 nm).  (c) In vitro degradation of LPSiNP and D-LPSiNP (in PBS at 37 
oC). Degradation is monitored as the intensity of photoluminescence from the 
nanoparticle.  (d) Blood concentration of silicon (by ICP-OES) for mice (n = 3) injected 
with LPSiNP or D-LPSiNP as a function of time. LPSiNP are cleared in a short time 
(blood half-life: 27.6 ± 1.8 min) while D-LPSiNP circulate for a longer period of time 
(blood half-life: 82.0 ± 15.8 min). 
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Figure 5.16 Fluorescence images of tumors containing dextran-coated luminescent 
porous Si nanoparticles (D-LPSiNP) 
(a) Fluorescence images of D-LPSiNP as a function of concentration using different 
excitation filters (GFP: 445-490 nm and 1 s exposure time, DsRed: 500-550 nm, 2 s 
exposure time, Cy5.5: 615-665 nm, 8 s exposure time, and ICG: 710-760 nm, 20 s 
exposure time). The emission filter used is ICG (810-875 nm).  (b) Representative 
fluorescence images of mouse bearing an MDA-MB-435 tumor.  The mouse was imaged 
using a Cy5.5 excitation filter and ICG emission filter at the indicated times after 
intravenous injection of D-LPSiNP (20 mg/kg).  Note that a strong signal from D-
LPSiNP is observed in the tumor, indicating significant passive accumulation in the 
tumor by the EPR effect.  (c) Ex vivo fluorescence images of tumor and muscle around 
the tumor from the mouse used in (b).  (d) Fluorescence images of a tumor slice from the 
mouse in (b).  Red and blue indicate D-LPSiNP and cell nuclei (DAPI stain), 
respectively.  The scale bar is 100 µm. 
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Figure 5.17 Fluorescence images of mice injected dextran-coated luminescent 
porous Si nanoparticles (D-LPSiNP) 
Fluorescence images of mouse bearing MDA-MB-435 tumor after injection of dextran-
coated luminescent porous silicon nanoparticles (D-LPSiNP) using different excitation 
filters (GFP: 445-490 nm, DsRed: 500-550 nm, Cy5.5: 615-665 nm, and 20 s exposure 
time for all images).  The mouse was imaged 8 h after intravenous injection of D-LPSiNP 
(20 mg/kg). The emission filter used is ICG (810-875 nm).  
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Chapter five, in part, is a reprint (with co-author permission) of the material as it 

appears in the following publication: “Biodegradable Luminescent Porous Silicon 

Nanoparticles for In Vivo Applications” Ji-Ho Park, Luo Gu, Geoffrey von Maltzahn, 

Erkki Ruoslahti, Sangeeta N. Bhatia, and Michael J. Sailor, Nature Mater. 8 (2009) 331-

336. The author of this dissertation is the primary author of this manuscript. 
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6 Cooperative Nanoparticles for the Photothermally 
Triggeered Delivery of Drugs to Tumors 
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6.1 Abstract 

 

The ability of one structural type to perform multiple medical diagnostic or 

therapeutic functions is often cited as an advantageous characteristic of nanomaterials 

that cannot be achieved with organic small molecules.  Although there are now many 

examples of nanosystems that integrate multiple functions into a single structure, the 

designs can reduce the efficacy of the individual functions due to space and surface 

chemistry limitations in the tiny platforms.  Here, we present a cooperative nanosystem 

consisting of two distinct nanomaterials that work together in vivo to detect diseased 

tissue and deliver drugs more effectively to the site.  Gold nanorods (GNRs) localize 

through vascular circulation to the tumor region, where they report their location and 

convert near infrared (NIR) radiation to thermal energy.  After tumor diagnosis, 

intravenously-injected, thermally labile liposomes loaded with the anti-cancer drug 

respond to the thermal signal, releasing their payload in the vicinity of the irradiated 

GNRs.  It is found that the combination of local hyperthermia and chemotherapy 

significantly enhances therapeutic efficacy relative to individual therapies, causing a 

durable decrease in tumor volume after a single treatment.  These results suggest a new 

strategy for cancer therapy, in which unique functions of individual nanomaterials are 

temporally and spatially combined. 
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6.2 Introduction 

 

The ability of one structural type to perform multiple medical diagnostic or 

therapeutic functions is often cited as an advantageous characteristic of nanomaterials 

that cannot be achieved with organic small molecules1-3.  Although there are now many 

examples of nanosystems that integrate multiple functions into a single structure, the 

designs can reduce the efficacy of the individual functions due to space and surface 

chemistry limitations in the tiny platforms.  Here, we present a cooperative nanosystem 

consisting of two distinct nanomaterials that work together in vivo to detect diseased 

tissue and deliver drugs more effectively to the site.  Gold nanorods (GNRs) localize 

through vascular circulation to the tumor region, where they report their location and 

convert near infrared (NIR) radiation to thermal energy.  After tumor diagnosis, 

intravenously-injected, thermally labile liposomes loaded with the anti-cancer drug 

respond to the thermal signal, releasing their payload in the vicinity of the irradiated 

GNRs.  It is found that the combination of local hyperthermia and chemotherapy 

significantly enhances therapeutic efficacy relative to individual therapies, causing a 

durable decrease in tumor volume after a single treatment.  These results suggest a new 

strategy for cancer therapy, in which unique functions of individual nanomaterials are 

temporally and spatially combined. 

 

Although two or more functions can be incorporated into a single nanoparticle, 

the increased functionality can impose limitations on the effectiveness of the device. For 

example, magnetic nanoparticles and drug molecules can be co-encapsulated in 
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liposomes to simultaneously perform multiple functions such as magnetic resonance 

imaging, magnetic drug delivery and hyperthermia4, but the loading capacity and the 

stability are typically compromised relative to a single-component liposome.  There has 

been some effort to develop intrinsically multifunctional nanomaterials such as magnetic 

nanocapsules and luminescent porous silicon nanoparticles to overcome such problems5, 

6, although these more complicated structures may lose versatility in terms of the types of 

payloads they can carry.  Access to the payloads can also be limited, reducing the ability 

to control their release.  As more chemical complexity is incorporated into the shells of 

such nanocarriers it becomes more difficult for the device to evade the mononuclear 

phagocyte system (MPS).  The MPS acts to remove foreign material via the liver, spleen, 

or lymph nodes.  Efforts to inhibit these natural elimination processes by designing 

various chemical or physical barriers into the nanostructure can also limit the 

nanomaterial’s functions. Separating functions into two or more nanoparticle 

formulations is one means to simplify the problem.  If two separate nanomaterials can be 

engineered to cooperate in their diagnostic or therapeutic functions, it is possible that the 

overall dosage can be reduced to minimize side effects and provide a safer transition to 

the clinic. 

 

Combination therapies are commonly employed in a wide range of cancer 

treatments. In particular, hyperthermia can increase the concentration of an administered 

therapeutic nanoparticle in a tumoral region by increasing blood flow and vessel 

permeability7, 8. Hyperthermia can also enhance drug toxicity in cancer cells that are 

otherwise resistant to chemotherapeutics9. Furthermore, local hyperthermia can improve 
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the accumulation of a drug which is encapsulated in a thermosensitive carrier10, 11.  The 

combination of hyperthermia and chemotherapeutics can, therefore, be employed 

synergistically to treat high-risk tumors with a view towards total tumor eradication. 

However, the methods generally used to induce hyperthermia in a tumor such as 

microwave, radiofrequency, and ultrasound lack specificity for tumor tissues and can 

damage the surrounding normal tissues. From a clinical perspective, more precise and 

site-specific heat transfer to a diseased site is needed to improve the safety and efficacy 

of thermal cancer therapies. 

 

Recent advances in the field of plasmonic nanomaterials have presented new 

opportunities for localized hyperthermia therapy. Plasmonic nanomaterials are metallic 

structures which efficiently convert optical radiation into heat by coupling into one or 

more plasmon modes12, 13.  Of particular interest are gold nanorods (GNRs), due to their 

immense optical coefficients in the NIR region of the spectrum, where living tissue is 

highly transparent14, 15.  Previously, we and other groups demonstrated that GNRs can be 

modified to circulate for long periods of time in the blood stream and passively 

accumulate in tumors in vivo, where they can be heated with localized NIR radiation to 

selectively destroy malignant tissue regions16-18.  In addition, the optical properties of 

GNRs or gold-based nanoparticles have been harnessed to image targeted tissues in 

vivo19-21. In this work, we hypothesized that GNRs could be used to detect a diseased site 

and act as tumor-specific triggers to amplify the therapeutic function of a circulating drug 

carrier (Fig. 6.1a). We find that GNR-mediated photothermal heating is highly localized 
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in tumors and significantly improves the selectivity and efficacy of cancer treatment with 

thermosensitive drug carriers. 

 

 

 

6.3 Experimental 

 

 Gold nanorod (GNR) preparation. GNRs containing a cetyltrimethylammonium 

bromide (CTAB) coating and displaying a peak plasmon resonance at 800 nm were 

purchased from Nanopartz, inc. To replace the CTAB-monolayers with polyethelyne 

glycol (PEG) molecules, solutions of CTAB-GNRs were made 100 µM in 5 kDa thiol-

PEG (Nektar) and dialyzed for 24-48 hrs in a 5 kDa cutoff cellulose ester membrane 

(SpectraPor). After dialysis, the PEG-GNRs were purified with multiple rounds of 

centrifugation using molecular weight cutoff centrifugal filters (100 kDa cutoff, 

Millipore) and stored at 4 ˚C. For the experiments to identify particles by surface-

enhanced Raman scattering (SERS), the thiol-PEG solution contained between 1-5 µM of 

3,3′-Diethyl-thia-tricarbo-cyanine iodide. 

 

Therapeutic nanoparticle preparation. Doxorubicin-loaded liposome and micelle 

formulations were synthesized from hydrogenated soy sn-glycero-3-phosphocholine 

(HSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol, 1,2-

Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-[Amino(Polyethylene Glycol)2000] 
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[DSPE-PEG-NH2(2k)] and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

(polyethylene glycol 2000) [DSPE-PEG(2k)], purchased from Avanti Polar Lipids 

(Alabaster, AL). Doxorubicin (DOX) and triethylamine (TEA) was purchased from 

Sigma Chemical Co. (St.Louis, MO). Non-thermally sensitive DOX liposomes (NSLs) 

were prepared from HSPC, cholesterol, and DSPE-PEG(2k) in the molar ratio of 75:50:2 

by lipid film hydration and membrane (100 nm) extrusion method22. Thermally sensitive 

DOX liposomes (TSLs) were prepared from DPPC, HSPC, cholesterol, and DSPE-

PEG(2k) in the molar ratio of 90:60:3:4 by a lipid film hydration and membrane (100 

nm) extrusion method. Encapsulation of DOX into the liposomes was then carried out 

using a pH gradient-driven loading protocol23. Free doxorubicin was removed by gel 

filtration on Sephadex G-50. For DOX-loaded thermally sensitive micelles (TSMs), DOX 

was dissolved in chloroform at room temperature (molar ratio of DOX:TEA = 1:2) and 

then mixed with DSPE-PEG(2k) in chloroform (molar ratio of DOX:DSPE-PEG(2k) = 

1:2). The chloroform was removed using a rotary evaporator to form the drug-containing 

lipid film. To form DOX micelles, the lipid film was hydrated with 10 mM HEPES-

buffered saline (HBS, pH 7.4) at 37 °C for 30 minutes.  The DOX micelles were filtered 

with a membrane of pore size 100 nm and purified on a desalting column (GE healthcare) 

to remove free DOX molecules.  For fluorophore conjugation (Cy7 or Alexa Fluor 488), 

the amine-terminated phospholipid derivative [DSPE-PEG-NH2(2k)] was included at 1 

mol % of total lipid. 

 

Nanoparticle characterization. For transmission electron microscope (TEM) 

imaging, an aliquot of GNRs, TSMs, NSLs, or TSLs dispersed in water was dropped onto 
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the carbon film covering a 300-mesh copper minigrid (Ted Pella, Inc., CA, USA), which 

was then gently wiped off after approximately 1 min and air-dried. For negative staining, 

the grid was incubated with pH 13, 1.3% phosphotungstic acid for an additional 1 min. 

TEM images were obtained using a Hitachi H-600A transmission electron microscope. 

Hydrodynamic size of GNRs, TSMs, NSLs, and TSLs was obtained using a Zetasizer 

ZS90 dynamic light scattering machine (Malvern Instruments, Worcestershire, UK). 

 

Raman (SERS) Spectral Acquisition.  A Horiba Jobin Yvon Labram HR800 

spectrometer was used for recording the SERS spectra. Spectra were acquired with a 785 

nm diode laser using 600 grooves/mm grating and a 10x long working distance 

microscope objective. In vitro SERS spectra of the cyanine dye-tagged PEG-GNRs were 

acquired between 100 and 1900 cm-1 of Raman shift using 50 mW of laser power. For in 

vivo SERS spectra of cyanine dye-tagged PEG-GNRs, MDA-MB-435 human cancer cells 

were injected in the flank of athymic (nu/nu) mice (~2 x 106 cells/tumor). Three weeks 

following implantation, tumors of ~150 mm3 had formed. Cyanine dye-tagged PEG-

GNRs were intravenously injected into the mouse (10 mgAu/kg).  Twenty-four hrs after 

injection, in vivo Raman spectra of the anesthetized mouse (tumors, skin, liver and 

spleen) were obtained in the Raman shift range 100 to 1900 cm-1, using acquisition times 

of 30s (liver and spleen) or 60 s (tumors and skin) and 50 mW of laser power. The 

Raman laser was focused on the anatomical regions corresponding to the tumor, liver, 

and spleen and the skin near tumor.  The spectra of the organs and of the tumor were 

obtained through the skin, in a completely non-contact and non-invasive manner. 

Background correction was applied to the spectra for clarity. 
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Photothermal heating. GNR-mediated photothermal heating were conducted 

under the guidance of infrared thermography (FLIR S60 camera). A custom-built 30W, 

variable output 810 nm diode laser source was utilized for thermographic experiments. 

All in vitro and in vivo experiments were conducted using a 0.8 cm diameter and 0.75 

W/cm2 intensity beam. For photothermal tumor heating experiments, MDA-MB-435 

human cancer cells were injected in the flank of athymic (nu/nu) mice (~2E6 

cells/tumor). Photothermal experiments were performed 3 weeks following tumor 

implantation, at which point tumors of ~150mm3 had formed. SERS-coded PEG-GNRs 

were intravenously injected into the mouse (10mgAu/kg).  The in vivo photothermal 

heating thermographs of mouse tumors were obtained under anesthesia 24 hrs after 

injection. 

 

The temperature-induced release of DOX encapsulated in micelles and liposomes 

at various temperatures was quantified by measuring the amount of encapsulated DOX 

that was released from a given sample of micelles and liposomes in PBS or 50% bovine 

serum (in PBS) after incubation for 0.5, 1, 3, 5 min (supplementary figure 4) or for 10 

min (figure 1d) at a given temperature. The fluorescence intensity of the incubated 

sample was measured with a fluorescence spectrophotometer (Molecular Devices). The 

relative percentage of fluorescence intensity after incubation at different temperatures 

was calculated by comparison with the total fluorescence intensity obtained after 

disrupting the liposomes by adding 0.3 M HCl-50% ethanol to the samples. 
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In vitro imaging and cytotoxicity. MDA-MB-435 human carcinoma cells were 

maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS) and 100 µg/ml penicillin-streptomycin. For fluorescence 

microscopy, the cells (3000 cells per well) were seeded into 8-well chamber slides (Lab-

Tek) overnight. The cells were incubated with 80 ug DOX/mL of free DOX, TSMs, 

NSLs, and TSLs per well for 15 min at 37 °C or 45 °C in the presence of 10% FBS and 

rinsed three times with cell medium. The cells were then incubated for an additional 1 hr 

at 37 °C in the presence of 10% FBS, fixed with 4% paraformaldehyde for 20 min, 

mounted in Vectashield Mounting Medium with 4',6-diamidino-2-phenylindole (DAPI; 

Vector Laboratories, Burlingame, CA), and observed with a fluorescence microscope 

(Nikon, Tokyo, Japan). The nuclei stained with DAPI were observed in the blue channel 

(excitation at 360 nm/emission at 460 nm) and the fluorescence intensity from DOX was 

observed in the Cy3 channel (excitation at 540 nm/emission at 580 nm). 

 

Cytotoxicity of the in vitro cooperative nanoystem was performed using MDA-

MB-435 human carcinoma cells.  Cells were incubated with free DOX, TSMs, NSLs, or 

TSLs at different concentrations and GNRs at 7 ugAu/mL for 15 min at 37 °C or 45 °C in 

a cell incubator.  For laser-induced (photothermal) heating, samples were irradiated for 

15 min with ~0.75 W/cm2 of 810 nm laser light, either in the presence or absence 

(control) of GNRs, in a  10% FBS (Fetal Bovine Serum) medium while maintaining an 

average solution temperature of ~45 °C (monitored by infrared thermographic 

surveillance).  After irradiation, the cells were rinsed three times with cell medium.  The 

cells were then incubated for an additional 48 hrs at 37 °C in a medium containing 10% 
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FBS. The cytotoxicity of free DOX, TSMs, NSLs, and TSLs was evaluated using an 

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Invitrogen). 

Cell viability is expressed as the percentage of viable cells compared with controls (cells 

treated with PBS). 

 

In vivo behavior of thermosensitive nanoparticles (heated with an external water 

bath, not a laser).  The NIR fluorophore, VT750-NHS (750 nm excitation/780 nm 

emission, Visen) was attached to the surface (TM-VT750, NL-VT750, and TL-VT750), 

or VT750-COOH (750 nm excitation/780 nm emission, Visen) was encapsulated in the 

internal space (VT750@NL and VT750@TL) of nanoparticles.  Mice bearing bilateral 

MDA-MB-435 human carcinoma tumors or control mice without tumors were 

intravenously injected with VT750-labeled nanoparticles and one flank (area where the 

tumor is located) of each mouse was either not heated or heated at 45oC for 30 min in 

temperature-controlled water bath. The tissues were then harvested at 2 hrs post-injection 

of nanoparticles (particularly, the bladder was carefully harvested before the mice 

urinated) and imaged in the Cy7 channel (750 nm excitation/800 nm emission) with a 

NIR fluorescence imaging system (LI-COR Odyssey Infrared Imaging System). 

 

In vivo behavior of thermosensitive nanoparticles (laser photothermal heating).  

We first intravenously injected GNR into mice bearing bilateral MDA-MB-435 human 

carcinoma tumors (10 mgAu/kg). At 72 hrs post-injection of GNR, therapeutic molecules 

or nanoparticles (5 mgDOX/kg) were systemically administered and either the right or 

the left flank (area where the tumor is located) was immediately irradiated with NIR-light 
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(~0.75 W/cm2 and 810 nm) for 30 min, maintaining an average tumor surface 

temperature at ~45 °C (monitored by infrared thermographic observation). At 24 hrs 

post-injection of the therapeutic nanoparticles, the tissues were harvested, weighed, 

incubated with 500 µl of 70% EtOH, 0.3 N HCl, and homogenized (Tissue Tearor, 

Biospec Products) to release doxorubicin from the tissues.  Following homogenization, 

another 1 ml of 70% EtOH, 0.3 N HCl, was added to the samples and they were 

centrifuged.  Supernatants of samples were analyzed for doxorubicin fluorescence using a 

fluorescence microplate reader (Molecular Devices, SpectraMax GeminiEM) and 

compared to standard curves. 

 

DOX quantification and distribution in tissues.  For histologic analysis, 

therapeutic nanoparticles (TSM, NSL, and TSL) were labeled with Alexa Fluor 488. 

Frozen sections of tumors were prepared 6 h after treatment with the combination GNR-

heating and therapeutic molecule or nanoparticle injection. The sections were fixed with 

4% paraformaldehyde and stained with 4’,6-diamidino-2-phenylindole (DAPI). At least 

three images from representative microscopic fields were analyzed for each tumor 

sample. 

 

In vivo therapeutic studies. We first intravenously injected GNR or saline into the 

mice bearing bilateral MDA-MB-435 human carcinoma tumors (10 mgAu/kg). At 72 hrs 

post-injection of GNR, saline, therapeutic molecules or nanoparticles (3 mgDOX/mL) 

were systemically administered and one flank of the mouse (the area where the tumor is 

located) was either not irradiated or immediately irradiated with NIR-light (~0.75 W/cm2 
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and 810 nm) for 30 min, maintaining an average tumor surface temperature at ~45 °C 

(monitored by infrared thermographic observation). Each therapeutic cohort included 5~7 

mice. After the single treatment, tumors were measured and mice were weighed at 3 day 

intervals over a period of 3 weeks. 

 

All animal work was performed in accordance with the institutional animal 

protocol guidelines in place at the Massachusetts Institute of Technology, and it was 

reviewed and approved by the Institute’s Animal Research Committee. 

 

 

6.4 Results and Discussion 

 

 CTAB-coated GNRs were coated with a mixed monolayer of polyethylene glycol 

(PEG) and surface enhanced Raman scattering (SERS)-active reporter molecules to 

increase circulation times, reduce in vivo toxicity, and provide remote imaging as 

described previously18, 24.  The gold cores appear as dark rods in the transmission electron 

microscope image (Fig. 6.1b), with an average width of ~13 nm and length of ~47 nm.  

The PEG coating is observed as a faint halo around the metal cores. The wavelength of 

maximum optical absorption of the GNR is 800 nm (Fig. 6.2).  As observed previously, 

intravenously-injected PEG-coated GNRs were observed to circulate in the blood stream 

with a half-life of >17 hrs in mice, enabling passive accumulation in a xenografted MDA-

MB-435 human carcinoma tumor through the porous vascular structures18. Passive 
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accumulation in tumors allowed tunable photothermal heating selectively in the tumor 

region by excitation with an 810 nm laser (Fig. 6.1c and Fig. 6.3).  As has been observed 

with SERS-tagged gold nanoparticles20, 24, the SERS spectrum of a surface-embedded 

cyanine dye on the GNRs was evident in Raman spectra obtained from the tumor in vivo 

(Fig. 6.1c and Fig. 6.4). Thus the GNR formulation used in this study is an effective 

hyperthermia agent that can be observed in vivo with spectroscopic imaging methods. 

 

A second nanostructure that could deliver a drug in response to the thermal 

stimulus from the GNRs was synthesized using a modification of a published liposome 

preparation25, 26. The formulation contains thermally responsive lipid constituents chosen, 

in part, for their potential for translation to clinical studies. Three preparations were 

studied: a thermally sensitive liposome (TSL, 132.4 ± 7.2 nm hydrodynamic size), a 

control liposome that is not thermally sensitive (NSL, 137.1 ± 4.9 nm hydrodynamic 

size), and a thermally sensitive micelle (TSM, 25.9 ± 2.1 nm hydrodynamic size).  All 

three sample types were prepared with the chemotherapeutic agent doxorubicin (DOX) in 

this study. The TSL displayed similar thermal properties to the published formulation25, 

27.  The TSLs released 50~60% of their drug contents in a short period of time (~30 s) 

when heated to 45 °C, while the non-thermally sensitive liposomes showed no significant 

drug release (Fig. 6.1d and Fig. 6.5). The DOX-loaded micelles exhibited somewhat 

similar thermal sensitivity similar to that of the TSL, but released their DOX payload 

more slowly at 45 °C than the TSL. 

 

We next investigated if the thermally sensitive drug carriers could deliver DOX 
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into cancer cells at increased temperature in vitro (Fig. 6.6a).  In the absence of drug, the 

cells were observed to tolerate temperatures of ~45 °C without any significant indications 

of toxicity.  In the presence of the drug, free DOX molecules rapidly internalized into 

cells and bound to nuclei either with or without heating, although more DOX was 

observed in the nuclei of cells exposed to 45 °C heat. Of the three types of nanoparticles, 

TSLs delivered the largest quantity of DOX to cells when heated, while TSMs exhibited 

much lower DOX delivery. As expected, NSLs showed no temperature-induced DOX 

uptake, consistent with their lack of thermally responsive lipids. None of the three 

nanoparticle types displayed significant internalization of DOX into cells at 37 °C. 

 

GNR-mediated photothermal heating significantly increased DOX-related toxicity 

towards cancer cells compared with control samples heated in the incubator (Fig. 6.6b 

and Fig. 6.7). In agreement with previous results9, free DOX molecules, as well as the 

TSMs and the TSLs, displayed slightly larger cytotoxicity at the higher temperature (45 

°C) while NSLs showed no toxic effect in the timescale of the experiments.  Importantly, 

the cytotoxicity of free DOX and TSLs was significantly enhanced when exposed to 

controlled GNR-mediated photothermal heating to  45 °C (Fig. 6.6b).  The result suggests 

that photothermal heating by GNRs in close proximity to cells produces local temperature 

increases that damage the cell membrane and facilitating cellular internalization of drug 

molecules. 

 

Consistent with the in vitro results, we found that GNR-mediated heating of 

thermosensitive nanoparticles also improves drug accumulation in tumors in vivo.  We 
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first tested the ability of the thermosensitive nanoparticles to release their contents in vivo 

by heating the tumoral region of the mouse with an external water bath (Fig. 6.8a and 

Fig. 6.9). The NIR fluorescent dye VT750 was either covalently attached to the surface 

lipids (TSM-VT750, NSL-VT750, and TSL-VT750) or encapsulated in the internal space 

of the nanoparticles (VT750@NSL and VT750@TSL) to monitor biodistribution of the 

nanoparticle or its contents, respectively. Mice bearing bilateral MDA-MB-435 human 

carcinoma tumors were intravenously injected with VT750-labeled nanoparticles and one 

of the two xenografted tumors was immediately heated at 45 °C for 30 min in a 

temperature-controlled water bath.  Tissues were harvested 2 hrs post-injection and 

imaged in a NIR fluorescence imaging system.  Significant fluorescence intensity was 

observed in the heated tumors relative to the unheated control tumors.  We attribute the 

increased nanoparticle uptake to heat-induced dilation of the vascular pores feeding the 

tumors8, 10, 11. Additionally, bladders from the mice injected with TSM-VT750 and 

VT750@TSL displayed strong signals relative to the other formulations, suggesting that 

these non-binding fluorescent payloads are released into the blood stream selectively 

upon heating.  However, the data indicate that TSMs are readily dissociated into free 

lipids in vivo regardless of the application of external heat (Fig. 6.9). 

 

 Having established that application of external heat can trigger drug release in a 

tumor, we next tested the ability of injected GNRs to improve nanoparticle drug delivery 

using the laser-induced photothermal effect. Mice bearing bilateral MDA-MB-435 human 

carcinoma tumors were intravenously injected with GNRs (10 mgAu/kg). At 72 hrs post-

injection (when significant quantities of GNR were observed to accumulate in the tumor 
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and no GNRs remained in the blood stream18), therapeutic molecules or nanoparticles 

were systemically administered and the flank where one of the two xenografted tumors 

was located was immediately irradiated with NIR-laser radiation (~0.75 W/cm2, 810 nm).  

The tumor was irradiated for 30 min, and an average tumor surface temperature of ~45 

°C was maintained by infrared thermographic observation.  At 24 hrs post-injection of 

the chemotherapeutic, the tissues were harvested and the native fluorescence of DOX in 

each tissue was quantified.  The biodistribution of NSL and TSL upon the photothermal 

heating was similar to that of other nanomaterials, with a tendency to undergo significant 

clearance into the MPS-related organs (liver and spleen)20, 28, 29 (Fig. 6.8b). However, we 

found that the quantity of DOX accumulated in the GNR-heated tumors was comparable 

to that observed in the MPS-related organs, particularly for the TSM and TSL 

formulations. Strikingly, the TSLs combined with GNR-mediated heating resulted in 

~12x larger quantity of DOX accumulating in the heated tumor relative to an unheated 

tumor.  Such a significant excess is difficult to achieve with actively targeted 

nanomaterials (i.e., materials containing molecular species that bind specifically to 

tumors or tumor-related tissues)20, 29-31.  The excess can be attributed to a combination of 

two factors: an increase in uptake of nanoparticles through heat-dilated vessel pores, and 

an increase in diffusion of drug out of the nanocarriers.  Once free of the carrier, DOX 

molecules are known to bind efficiently to cancer cells in vivo32.  TSM and NSL 

formulations also showed greater accumulation of DOX in GNR-heated tumors, although 

the quantities are statistically lower than observed for TSLs (p < 0.05).  Free DOX 

molecules did not accumulate in tumors, even with GNR-mediated heating, presumably 

due to their short blood half-life (~5 min) and small molecular size relative to the 
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nanoparticle carriers.  The blood half-life of the liposomal and micellar formulations is 

much greater (~3 hrs), and the data illustrate the significant advantage of using 

encapsulants for delivery of short-lived or toxic therapeutics.  Microscopic histological 

analysis of the tumor tissues supports the macroscopic quantitative DOX biodistribution 

data.  Upon the photothermal heating, significant quantities of DOX were observed in the 

extravascular region of the tumor for the TSL formulations, while DOX delivery to the 

tumor was somewhat limited for NSL and TSM samples (Fig. 6.8c). 

 

Finally, we investigated longer-term therapeutic efficacy of the cooperative 

nanosystem for treatment of a human xenograft tumor in the mouse model (Fig. 6.10).  

As described above, a single dose of the therapeutic (either free DOX or nanoparticles, all 

at a dose of 3 mgDOX/kg) was administered intravenously into the mouse injected with 

GNR. Immediately afterwards, one flank of the mouse was irradiated with a NIR laser 

whose beam was expanded to cover the entire tumor region.  We found that the 

combination of GNR-mediated heating and the presence of the thermosensitive 

therapeutic nanoparticles significantly inhibits tumor growth without displaying 

significant systemic toxicity.  Controls using the individual components or combinations 

using non- or weakly thermosensitive therapeutic nanoparticles, with or without laser 

irradiation proved to be less effective. 

   

 



 

 

219 
 

6.5 Conclusions 

 

In this work, we demonstrate that a pair of synthetic nanoparticles can work 

together to detect a diseased site and more effectively deliver chemotherapeutics to the 

site than individual nanoparticle treatments. This system relies on GNR transduction of 

an external optical signal into a tumor-specific thermal signal that enhances recruitment 

of circulating drug carriers into the tumor and triggers drug release from them. GNRs 

localized in tumors can be also identified in vivo via intense SERS signals, making it 

possible to use this technology to both diagnostic and therapeutic applications.  The use 

of cooperative nanomaterials in which each of the components has a dedicated function 

can be simple to implement, and the data presented here show that it can be effective at 

treating diseased tissues. 
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Figure 6.1 Characterization of the two components of a cooperative nanosystem 
(a) Schematic diagram depicting the cooperative nanomaterials system. (b) Transmission 
electron microscope images of PEGylated gold nanorods (GNR), thermally sensitive 
micelles (TSM), non-thermally sensitive liposomes (NSL) and thermally sensitive 
liposomes (TSL).  Scale bars are all 100 nm. (c) Optical image, thermal images, and 
Raman spectra of a mouse depicting the multifunctionality of the GNRs.  The GNRs act 
as thermal transducers and as SERS contrast agents when irradiated with a laser of the 
appropriate wavelength and intensity.  The mouse bearing a MDA-MB-435 tumor was 
injected intravenously with GNRs (10 mgAu/kg). The infrared thermographic maps 
shown were obtained 24 h post-injection; the left image was acquired immediately before 
and the right image 5 min after onset of irradiation with a diode laser (� = 810 nm, 0.75 
W/cm2).  Raman spectra (5 acquisitions of 60 s each) were acquired from the tumoral 
region (red trace) and from skin near the tumor (blue trace). The GNRs in this experiment 
were labeled with a cyanine dye, and the peaks in the trace correspond to the SERS 
spectrum cyanine dye (verified by in-vitro control) (d) Amount of doxorubicin (DOX) 
released in vitro from the liposome and micelle formulations used in this study, as a 
function of temperature.  The samples were incubated for 10 min at the indicated 
temperatures and the amount of free DOX was quantified by fluorescence spectroscopy, 
relative to a standard curve. 
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Figure 6.2 Optical absorption spectrum of PEG-coated gold nanorods 
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Figure 6.3 NIR laser irradiation effect on the tumor without GNR injection 
Infrared thermographic maps of tumor surface temperature of mice bearing lateral MDA-
MB-435 tumors were obtained before and 5 min after onset of irradiation with the diode 
laser (810nm, 0.75 W/cm2). 
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Figure 6.4 Raman spectra of SERS-coded GNRs in vitro and in the liver and spleen 
in vivo 
(a) Raman spectra of SERS-coded GNRs used for in vivo experiments in figure 1c. (b) In 
vivo Raman spectra of SERS-coded GNRs of liver and spleen from the mouse in figure 
1c. Athymic (nu/nu) mouse bearing lateral MDA-MB-435 tumors were injected 
intravenously with SERS-coded GNRs (10 mgAu/kg). At 24 h post-injection, in vivo 
Raman spectra of SERS-coded GNRs (10 acquisitions of 30 seconds each) were acquired 
in the liver and the spleen. 
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Figure 6.5 Release kinetics of doxorubicin from various therapeutic nanoparticles at 
different temperatures 
The experiments were performed in PBS over 5 min (20 ugDOX/mL) 



 

 

228 
 

 
 
Figure 6.6 Temperature-induced intracellular drug delivery and cytotoxicity of the 
cooperative nanosystem   
(a) Images showing the intracellular delivery of doxorubicin (red) from various 
therapeutic nanoparticle formulations to MDA-MB-435 human carcinoma cells, at two 
different temperatures. The cells were incubated with free doxorubicin (Free DOX), 
thermally sensitive micelles (TSM), non-thermally sensitive liposomes (NSL), and 
thermally sensitive liposomes (TSL) for 15 min at the indicated temperatures in a cell 
incubator.  All formulations contain 80 ug/mL of doxorubicin. Samples were rinsed three 
times with cell medium, then incubated for an additional 1 hr at 37 °C and imaged. The 
nuclei were stained with 4’-6-diamidino-2-phenylindole (DAPI, blue).  (b) Cytotoxicity 
of various photothermally activated therapeutic nanoparticle formulations to MDA-MB-
435 human carcinoma cells, quantified by MTT assay. The cells were incubated with free 
DOX, TSMs, NSLs, and TSLs at the indicated concentrations.  GNR+ and GNR- indicate 
the presence or absence of GNRs (7 ugAu/mL) in the mixture, respectively.  L+ and L- 
indicate the presence or absence of NIR irradiation (810 nm, 0.75 W/cm2 for 15 min), 
respectively.  After irradiation (or 15 min in the dark for L- samples), the cells were 
rinsed three times with the cell culture medium and incubated for an additional 48 hrs at 
37 °C before administration of the MTT assay. 



 

 

229 
 

 
Figure 6.7 In vitro temperature-induced cytotoxicity of various therapeutic 
nanoparticle formulations 
In vitro cytotoxicity (by MTT assay) of various therapeutic nanoparticle formulations 
towards MDA-MB-435 human carcinoma cells maintained at two different temperatures. 
The cells were incubated with free DOX, TSMs, NSLs, and TSLs with different 
concentrations and GNRs (7 ugAu/mL) at 37 °C (a) or 45 °C (b) in a cell incubator for 15 
min and rinsed three times with cell medium. The cells were then incubated for an 
additional 48 hrs at 37 °C and evaluated for cytotoxicity. 
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Figure 6.8 Fate of thermally responsive nanostructures in vivo 
(a) Fluorescence images of organs from mice where one tumor was heated at 45 °C for 30 
min immediately after injection of various VT750-labeled nanoparticle formulations. The 
NIR-fluorescent molecular probes VT750 (750 nm excitation, 780 nm emission) were 
either attached to the nanoparticle surface (TSM-VT750, NSL-VT750, and TSL-VT750) 
or encapsulated in the internal space of nanoparticles (VT750@NSL and VT750@TSL). 
Mice bearing bilateral MDA-MB-435 tumors were intravenously injected with various 
VT750-labeled nanoparticle formulations and one tumor was immediately heated at 45 
°C for 30 min in a temperature-controlled water bath. At 2 hrs post-injection, the tissues 
were collected from the mice and imaged with a NIR fluorescence imaging system. (b) 
Biodistribution of doxorubicin (DOX) for various therapeutic nanoparticle formulations 
after GNR-mediated photothermal heating. Values represent the mean and standard 
deviation. The differences between TSL and all other formulations (TSM and NSL) were 
significant (*P < 0.05, one-sided t test) in the heat tumor in the targeting efficacy. (c) 
Histological analysis of DOX distribution in MDA-MB-435 tumors treated with free 
DOX or the indicated therapeutic nanoparticle formulations and then subjected to GNR-
mediated photothermal heating. The tissues were collected for hisotological analysis 6 hrs 
post-injection of the therapeutic nanoparticles (Red: DOX, Blue: DAPI nuclear stain, 
Green: Alexa Fluor® 488 labeled on the therapeutic nanoparticles). Abbreviations: NP, 
nanoparticle; T+, tumor heated to 45 °C; T-, tumor maintained at ambient temperature; 
Li, liver; Sp, spleen; K, kidney; Lu, lung; Bl, blood; Br, brain; H, heart. 



 

 

231 
 

 
 

Figure 6.9 Fluorescence images of organs from the mice after injection of various 
VT750-labeled nanoparticle formulations (no heating) 
NIR fluorophore VT750 (750 nm excitation/780 nm emission) was either attached to the 
lipids of micelles (TSM-VT750) or encapsulated in the internal space of liposomes 
(VT750@NSL and VT750@TSL). Mice bearing bilateral MDA-MB-435 tumors were 
intravenously injected with various VT750-labeled nanoparticle formulations. At 2 hrs 
post-injection of nanoparticles, the tissues were collected from the mice and the 
fluorescences in tissues were obtained using NIR fluorescence imaging system. 
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Figure 6.10 Tumor therapy using cooperative nanosystem 
(a) Relative tumor volume in different treatment groups (n = 5~7 mice per trace) for 
MDA-MB-435 human carcinoma tumors. Mice bearing bilateral MDA-MB-435 tumors 
were injected with GNRs (10 mg Au/kg).  After 72 hrs, a single dose of the indicated 
saline, free DOX, or various therapeutic nanoparticle formulations (3 mgDOX/kg) was 
administered through tail vein injection and one tumor was irradiated with a NIR laser 
(810 nm, ~0.75 W/cm2) for 30 min while maintaining an average tumor surface 
temperature of ~45 °C (monitored by infrared thermographic surveillance). Tumor 
volumes were quantified every 3 d post-irradiation. The differences between TSL plus 
irradiation and all other groups were significant (*P < 0.05 for 12 and 15 days and **P < 
0.02 for 18 and 21 days, one-sided t test) in the tumor volume change curves.  (b) 
Representative images of treated tumors in the live animals for the indicated treatments 
(21 days post-treatment). Scale bar indicates 1 cm. (c) Mouse mass as a function of days 
post-treatment for the indicated treatment groups. L+ and L- indicate animals whose 
tumors received NIR irradiation, or no irradiation, respectively, 72 hrs after GNR 
injection. Normal growth of all groups is observed for 3 weeks post-treatment. 
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Chapter six, in part, is a reprint (with co-author permission) of the material as it 

appears in the following publication: “Cooperative Nanoparticles for the Photothermally 

Triggered Delivery of Drugs to Tumors” Ji-Ho Park, Geoffrey von Maltzahn, Luvena 

Ong, Andrea Centrone, T. Alan Hatton, Erkki Ruoslahti, Sangeeta N. Bhatia, & Michael 

J. Sailor, submitted to Nat. Nanotech. (2009). The author of this dissertation is the 

primary author of this manuscript. 
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7 Cooperative Nanomaterials System to Enhance 
Therapeutic Efficacy by Engineering a Tumor 
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7.1 Abstract 

 

Nanotechnology has recently emerged as one of the most promising fields in 

cancer therapeutics.  Although the various nanotechnological approaches have brought its 

potential to treat malignant tissues, significant clearance of systemically administered 

therapeutic nanoparticles by the mononuclear phagocyte system (MPS) before reaching 

targeted sites has still impeded clinical translation.  The addition of a targeting ligand that 

selectively interacts with cancer cells has improved therapeutic efficacy of drug carriers, 

decreasing their uptake in untargeted organs.  Nevertheless, therapy directed with 

targeted therapeutic nanoparticles alone is still not effective enough to eradicate entire 

tumor tissues.  Here, we present a novel cooperative nanosystem, wherein therapeutic 

efficacy of targeted drug carriers were significantly enhanced by engineering local 

microenvironments in a tumor using gold nanorod (NR)-mediated photothermal heating.  

The porous tumor vessels populated with NRs were locally dilated upon the NR-mediated 

heating, which accelerated the recruitment of circulating therapeutic nanoparticles into 

the tumor tissues. Subsequently, the stress/heat-related protein, p32, was upregulated on 

the surface of cancer cells and increased selective binding of therapeutic nanoparticles. 

This work would open a new nanotechnological strategy, engineering not only 

nanomaterials but also tumor environments to improve cancer therapy. 
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7.2 Introduction 

 

Nanotechnology has recently emerged as one of the most promising fields in 

cancer therapeutics1-3.  Although the various nanotechnological approaches have brought 

its potential to treat malignant tissues4-8, significant clearance of systemically 

administered therapeutic nanoparticles by the mononuclear phagocyte system (MPS) 

before reaching targeted sites has still impeded clinical translation.  The addition of a 

targeting ligand that selectively interacts with cancer cells has improved therapeutic 

efficacy of drug carriers, decreasing their uptake in untargeted organs.  Nevertheless, 

therapy directed with targeted therapeutic nanoparticles alone is still not effective enough 

to eradicate entire tumor tissues4-8.  Here, we present a novel cooperative nanosystem, 

wherein therapeutic efficacy of targeted drug carriers were significantly enhanced by 

engineering local microenvironments in a tumor using gold nanorod (NR)-mediated 

photothermal heating.  The porous tumor vessels populated with NRs were locally dilated 

upon the NR-mediated heating, which accelerated the recruitment of circulating 

therapeutic nanoparticles into the tumor tissues. Subsequently, the stress/heat-related 

protein, p32, was upregulated on the surface of cancer cells and increased selective 

binding of therapeutic nanoparticles. This work would open a new nanotechnological 

strategy, engineering not only nanomaterials but also tumor environments to improve 

cancer therapy.  

 

Over the past few decades, nanomaterials have begun to play a propitious role in 

delivering therapeutic molecules effectively to diseased sites due to their unique, large 
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surface area and internal space for drug incorporation.  Besides drug carriers, nanoscale 

properties in materials have been utilized to damage or destroy malignant tissues at 

increased temperatures by remotely applying electromagnetic energy to the nanomaterials 

4, 9-14.  Furthermore, the nanomaterial surface can be decorated with multiple numbers of 

targeting ligands, enhancing their targeting efficacy by multivalent interactions between 

ligands and receptors15.  In spite of such merits of nanomaterials, cancer treatments using 

nanotechnologies have lag in clinical translation relative to conventional cancer therapies 

such as small therapeutic molecules, whole-body or local hyperthermia, and radiation.  

We thought that nanotechnology may still be limited in therapeutic efficacy because 

research has only focused on engineering properties of nanomaterials such as blood half-

life, drug encapsulation and release, targeting ligand coupling, geometry, surface 

chemistry and others. 

 

Tumorigenesis is a multi-step process that requires expression of tumor-

associated proteins and suppression of proteins controlling normal cell growth16.  The 

distinct list of tumor-specific proteins have been exploited to develop powerful ligands 

for targeting of diagnostic and therapeutic agents such as antibody, aptamer, peptide, 

small molecule and others.  As mentioned earlier, ligand-direct targeting of therapeutic 

nanomaterials have been widely pursued to improve therapeutic efficacy, yet supposed 

microenvironmental challenges in the tumor such as restricted transvascular transport and 

receptor availability have prevented its full clnical capabilities. Although the porous 

microstructures of tumor blood vessels are favorable for non-specific infiltration of 

circulating nanomaterials into the extravascular region of the tumor where tumor-specific 
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receptors reside17, extravasated nanomaterials still locate close to the vessels, resulting in 

a highly heterogeneous distribution of therapeutic agents in the tumor. 

 

Hyperthermia has been reported to not only improve such nanoparticle 

extravasations in tumors18 but also damage selectively neoplastic cells activating 

immunological processes and inducing expression of particular proteins19.  It has also 

been widely used in the clinics interacting synergistically with chemotherapy and 

radiotherapy20, 21.  From a clinical point of view, tumor-specific hyperthermia would 

become one of the most powerful tools to manipulate tumor microenvironments toward 

enhanced interactions between cancerous tissues and therapeutic agents such as 

nanoparticles.  However, conventional methods still have neither achieved effective 

hyperthermia regionally nor to deeply sited tumors.  We hypothesized that gold nanorods 

would possess high potential to precisely and non-invasively modulate local 

microenvironments in the tumor; the nanorods enable significant passive accumulation in 

tumors via their fenestrated blood vessels and efficient and tunable heat generation upon 

a near-infrared (NIR) irradiation, which penetrates tissues more effectively10, 13.  Thus, in 

this work, we designed a novel cooperative nanomaterials system, wherein NRs 

accumulated in the tumor photothermally manipulate local surroundings, thus amplifying 

targeting efficacy of circulating liposomes (LPs) loaded with anti-cancer drug 

doxorubicin (DOX) to the engineered tumor tissues (Fig. 7.1a). 
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7.3 Experimental 

 

 Gold nanorod preparation. Gold nanorods (NRs) with a coating of 

cetyltrimethylammonium bromide (CTAB) were purchased from Nanopartz with a peak 

plasmon resonance at 800 nm. To replace CTAB-monolayers with polyethelyne glycol 

(PEG) molecules, solutions of CTAB-NRs were brought to 100 µM of 5kDa thiol-PEG 

and dialyzed for 24 - 48 hrs in a 5 kDa cutoff cellulose ester membrane (SpectraPor). 

After dialysis, PEG-NRs were purified further with multiple rounds of centrifugation 

using molecular weight cutoff centrifugal filters (100 kDa cutoff, Millipore) and stored at 

4˚C. 

 

Magnetic nanoworm preparation. Superparamagnetic, dextran-coated iron oxide 

nanoworms (NWs) with a longitudinal size of ~70 nm were synthesized with the 

published procedure22, aminated using 10% v/v ammonium hydroxide, and derivatized 

with near-infrared (NIR) fluorophore, Cy5.5-NHS (GE healthcare). For control NWs 

(CTL-NWs), partially Cy5.5-labeled aminated NWs were coated with a PEG molecule 

[NHS-PEG(5k), Nektar]. For Lyp1-conjugated NWs, Lyp1 peptides with extra cysteine 

were attached to partially Cy5.5-labeled aminated NWs via a PEG crosslinker [NHS-

PEG(5k)-MAL, Nektar] in phosphate buffered saline pH 7.4 (PBS). The prepared NWs 

were stored in PBS at 4 °C before use. NWs were characterized via dynamic light 

scattering (DLS) and transmission electron microscope (TEM), and intravenously 

injected in vivo to ensure CTL-NWs and Lyp1-NWs exhibited similar circulation times 

(blood half-lives for both: ~ 6 hrs).  
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Doxorubicin liposome preparation. Hydrogenated soy sn-glycero-3-

phosphocholine (HSPC), cholesterol, and 1,2-distearoyl-snglycero-3-

phosphoethanolamine-N-polyethylene glycol 2000 [DSPE-PEG(2k)], 1,2-Distearoyl-sn-

Glycero-3-Phosphoethanolamine-N-[Amino(Polyethylene Glycol)2000] [DSPE-PEG-

NH2(2k)] and 1,2-Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-

[Maleimide(Polyethylene Glycol 2000)] [DSPE-PEG(2k)-MAL] were purchased from 

Avanti Polar Lipids (Alabaster, AL). Doxorubicin (DOX) was purchased from Sigma 

Chemical Co. (St.Louis, MO). For control liposomes (CTL-LPs), LPs with no functional 

group were prepared from HSPC, cholesterol, and DSPE-PEG(2k) in the molar ratio of 

75:50:6 by lipid film hydration and membrane (100 nm) extrusion method23. 

Encapsulation of DOX into the LPs was then carried out using the pH gradient-driven 

loading protocol24. For Lyp1-conjugated LPs (Lyp1-LPs), LPs with maleimide groups 

were prepared from HSPC, cholesterol, DSPE-PEG(2k), and DSPE-PEG(2k)-MAL in the 

molar ratio of 75:50:6:6. Lyp1 peptides with extra cysteine were attached to maleimide-

terminated LPs in PBS. For Alexa Fluor® 488-conjugated LPs, LPs with amine groups 

were prepared from HSPC, cholesterol, and DSPE-PEG(2k)-NH2 in the molar ratio of 

75:50:6 and conjugated with Alexa Fluor® 488-NHS (Invitrogen). The prepared LPs 

were stored in PBS at 4 °C before use. LPs were characterized via DLS and TEM, and 

intravenously injected in vivo to ensure CTL-LPs and Lyp1-LPs exhibited similar 

circulation times (blood half-lives for both: ~ 3 hrs).  

 

Peptide synthesis. LyP-1 peptides, a cyclic nine–amino acid peptide (Cys-Gly-
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Asn-Lys-Arg-Thr-Arg-Gly-Cys), were synthesized with an automatic microwaveassisted 

peptide synthesizer (Liberty; CEM, Matthews, North Carolina) using standard solid-

phase Fmoc/t-Bu chemistry. During synthesis, the peptides were labeled with 5(6)-

carboxyfluorescein (FAM) with a 6-aminohexanoic acid spacer separating the dye from 

sequence. The LyP-1 peptides with an extra N-terminal cysteine were synthesized the 

nanoparticle conjugation. 

 

In vivo photothermal experiments. A custom 30W, variable output 810 nm diode 

laser source was utilized for thermographic experiments. All experiments were conducted 

using a 0.8 cm diameter and ~ 0.75 W/cm2 intensity beam. For photothermal tumor 

heating experiments, athymic (nu/nu) mouse bearing a MDA-MB-435 tumor in the left 

flank were injected intravenously with either PEGylated NRs (10 mgAu/kg) or saline. At 

72 h post-injection, infrared thermographic maps of average tumor surface temperature 

were obtained over 30 min while irradiating left flank area of the mouse with diode laser 

(810nm, 0.75 W/cm2). Photothermal experiments were conducted under the guidance of 

infrared thermography (FLIR S60 camera). 

 

Detection of protein expression by immunoblotting and immunostaining. For in 

vitro study, cells were seeded in 2 wells of 6-well culture plate at a density of 50~60% 

per well in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and 100 µg/ml penicillin-streptomycin 24 hrs before heating 

experiments. The cells were treated for 20 min at 37oC or 45oC (in cell incubator) and 

then incubated for an additional 2 hrs at 37oC. For immunoblotting, after washing cells 
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with PBS three times, the cells were harvested, and the cell pellets are resuspended and 

incubated for 30 min at 4oC in lysis buffer buffer [20 mmol/L Tris-HCl (pH 7.5) 

containing 150 mmol/L NaCl and 1% (v/v) Nonidet P-40] supplemented with protease 

inhibitor mixture (Sigma, St. Louis, MO). The cell debris was removed by centrifugation, 

and the protein concentration was determined with the bicinchoninic acid protein assay 

(Pierce, Rockford, IL). Samples of cell extracts containing 30 µg of protein were 

analyzed by SDS-PAGE and transferred to polyvinylidene fluoride membrane filters 

(Invitrogen). p32 protein was detected with anti-p32 antibody and peroxidase-conjugated 

secondary antibody. Actin was detected with antiactin and peroxidase-conjugated 

secondary antibody. The antibody complexes on the filters were visualized with the 

Enhanced Chemiluminescence Plus Western Blotting Detection System (Pierce). For 

immunostaining, after washing cells with PBS three times, the cells were fixed with 4% 

paraformaldehyde for 20 min, and permeabilized and blocked with the solution 

containing 1% bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS for 30 min, 

incubated with 5 ug/mL anti-p32 antibody for 1 h, and then with 5 ug/mL Alexa Fluor® 

594 goat anti-rabbit IgG antibody for 1 h at room temperature. The nuclei stained with 

DAPI were observed in blue channel (excitation at 360 nm/emission at 460 nm). The p32 

were observed in Cy3.5 channel (excitation at 580 nm/emission at 620 nm).  

 

For in vivo study, MDA-MB-435 xenograft tumors (~ 0.7 cm) implanted on the 

flank of athymic (nu/nu) mice were heated at different temperature [37oC (unheated), 

41oC, 45 oC, and 49oC] for 30 min using temperature-controlled water bath and harvested 

at different time period after heating treatments. For immunoblotting, the tumors were 
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then homogenized (Tissue Tearor, Biospec Products) and incubated for 30 min at 4oC in 

the lysis buffer. The cell debris was removed by centrifugation, and the protein 

concentration was determined with the bicinchoninic acid protein assay (Pierce, 

Rockford, IL). Samples of cell extracts containing 30 µg of protein were analyzed by 

SDS-PAGE and transferred to polyvinylidene fluoride membrane filters (Invitrogen). p32 

protein was detected with anti-p32 antibody and peroxidase-conjugated secondary 

antibody. Actin was detected with antiactin and peroxidase-conjugated secondary 

antibody. The antibody complexes on the filters were visualized with the Enhanced 

Chemiluminescence Plus Western Blotting Detection System (Pierce). For 

immunostaining, the frozen sections of tumors were fixed with aceton for 20 min, and 

permeabilized and blocked with the solution containing 1% bovine serum albumin (BSA) 

and 0.1% Triton X-100 in PBS for 30 min, incubated with 5 ug/mL anti-p32 antibody 

overnight at 4oC, and then with 5 ug/mL Alexa Fluor® 594 goat anti-rabbit IgG antibody 

for 1 h at room temperature. The nuclei stained with DAPI were observed in blue channel 

(excitation at 360 nm/emission at 460 nm). The p32 were observed in Cy3.5 channel 

(excitation at 580 nm/emission at 620 nm).  

 

In vitro cellular fluorescence imaging. Cells were maintained in Dulbecco's 

Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 

and 100 µg/ml penicillin-streptomycin. For fluorescence microscopy, the cells (3000 cells 

per well) were seeded into 8-well chamber slides (Lab-Tek) 24 hrs before experiments. 

The cells were treated with 80 ugFe/mL of Cy5.5 labeled CTL-NWs or Lyp1-NWs per 

well for 20 min at 37 oC or 45 oC in the presence of 10% FBS and incubated for an 
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additional 2 hr at 37 oC in the presence of 10% FBS. The cells were then rinsed three 

times with cell medium, fixed with 4% paraformaldehyde for 20 min, and permeabilized 

and blocked with the solution containing 1% bovine serum albumin (BSA) and 0.1% 

Triton X-100 in PBS for 30 min, incubated with 5 ug/mL anti-p32 antibody for 1 h, and 

then with 5 ug/mL Alexa Fluor® 594 goat anti-rabbit IgG antibody for 1 h at room 

temperature. The nuclei stained with 4’-6-diamidino-2-phenylindole (DAPI) were 

observed in blue channel (excitation at 360 nm/emission at 460 nm). The p32 were 

observed in Cy3.5 channel (excitation at 580 nm/emission at 620 nm). The NWs were 

observed in Cy5.5 channel (excitation at 680 nm/emission at 720 nm). 

 

In vivo temperature-induced tumor targeting of magnetic nanoworms. Mice 

bearing bilateral MDA-MB-435 human carcinoma tumors were intravenously injected 

with Cy7-labeled CTL-NW or Lyp1-NW (3 mgFe/kg) and either right or left flank of 

mice (area where tumor is located) was immediately irradiated with NIR-light (~0.75 

W/cm2 and 810 nm) for 30 min, maintaining average tumor surface temperature at ~45 

oC under infrared thermographic observation. At 24 hrs post-injection, the tissues were 

harvested and the Cy7 fluorescence in tissues were imaged in Cy7 channel (750 nm 

excitation/800 nm emission) using NIR fluorescence imaging system (LI-COR Odyssey 

Infrared Imaging System). For histological analysis, mice bearing bilateral MDA-MB-

435 human carcinoma tumors were intravenously injected with Cy5.5-labeled CTL-NW 

or Lyp1-NW (3 mgFe/kg) and either right or left flank of mice was immediately 

irradiated with NIR-light (~0.75 W/cm2 and 810 nm) for 30 min, maintaining average 

tumor surface temperature at ~45 oC under infrared thermographic observation. At 24 hrs 
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post-injection, the tumors were harvested and sectioned. The frozen sections of tumors 

were fixed with acetone for 20 min, and permeabilized and blocked with the solution 

containing 1% bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS for 30 min, 

incubated with 5 ug/mL anti-p32 antibody or CD31 (BD Pharmingen) overnight at 4oC, 

and then with 5 ug/mL Alexa Fluor® 594 goat anti-rabbit IgG antibody or Alexa Fluor® 

594 goat anti-rat IgG antibody for 1 h at room temperature, respectively. The nuclei 

stained with DAPI were observed in blue channel (excitation at 360 nm/emission at 460 

nm). The p32 or blood vessels were observed in Cy3.5 channel (excitation at 580 

nm/emission at 620 nm). The NWs were observed in Cy5.5 channel (excitation at 680 

nm/emission at 720 nm). 

 

In vitro temperature-induced cytotoxicty of therapeutic nanoparticles. Cells were 

maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS) and 100 µg/ml penicillin-streptomycin. The cells were treated 

with free DOX, CTL-LPs, or Lyp1-LPs with different concentrations at 37 oC or 45 oC 

for 20 min (in cell incubator) and then incubated for an additional 4 hrs at 37 oC. The 

cells were rinsed with cell medium three times, and then further incubated for 44 hrs at 

37 oC. The cytotoxicity of free DOX, CTL-LPs, or Lyp1-LPs was evaluated using MTT 

assay (Invitrogen). Cell viability was expressed as the percentage of viable cells 

compared with controls (cells treated with PBS). 

 

In vivo tumor targeting of therapeutic nanoparticles by NR-mediated 

photothermal heating. Mice bearing bilateral MDA-MB-435 human carcinoma tumors 
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were intravenously injected with NRs (10 mgAu/kg). At 72 hrs post-injection of NR, 

CTL-LPs or Lyp1-LPs (3 mgDOX/kg) were systemically administered and either right or 

left flank (area where tumor is located) of mice was immediately irradiated with NIR-

light (~0.75 W/cm2 and 810 nm) for 30 min, maintaining average tumor surface 

temperature at ~45 oC under infrared thermographic observation. At 24 hrs post-injection 

of liposomes, the tissues were harvested, weighed, incubated with 500 µl of 70% EtOH, 

0.3 N HCl, and homogenized (Tissue Tearor, Biospec Products) to release doxorubicin 

from tissues.  Following homogenization, another 1 ml of 70% EtOH, 0.3 N HCl, was 

added to samples and they were centrifuged. Supernatants of samples were analyzed for 

doxorubicin fluorescence using a fluorescence microplate reader (Molecular Devices, 

SpectraMax GeminiEM) and compared to standard curves. For histological analysis, at 

72 hrs post-injection of NRs, mice bearing bilateral MDA-MB-435 human carcinoma 

tumors were intravenously injected with Alexa Fluor® 488-labeled CTL-NW or Lyp1-

NW (3 mgDOX/kg) and either right or left flank of mice was immediately irradiated with 

NIR-light (~0.75 W/cm2 and 810 nm) for 30 min, maintaining average tumor surface 

temperature at ~45 oC under infrared thermographic observation. At 24 hrs post-injection, 

the tumors were harvested and sectioned. The frozen sections of tumors were fixed with 

acetone for 20 min, and stained with DAPI. The nuclei stained with DAPI were observed 

in blue channel (excitation at 360 nm/emission at 460 nm). The DOX fluorescences were 

observed in Cy3 channel (excitation at 540 nm/emission at 580 nm). The Alexa Fluor® 

488 on the LPs were observed in FITC channel (excitation at 490 nm/emission at 520 

nm). 
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In vivo therapeutic studies. For tumor volume change studies without 

photothermal treatments, mice bearing bilateral MDA-MB-435 human carcinoma tumors 

were intravenously injected with NR, CTL-LPs or Lyp1-LPs (6 mgDOX/kg) at 0, 6, 12 

days. For tumor volume change studies with photothermal treatments, mice bearing 

bilateral MDA-MB-435 human carcinoma tumors were intravenously injected with NRs 

(10 mgAu/kg). At 72 hrs post-injection of NR, CTL-LPs or Lyp1-LPs (3 or 6 

mgDOX/kg) were systemically administered and either right or left flank (area where 

tumor is located) of mice was immediately irradiated with NIR-light (~0.70 or 0.75 

W/cm2 and 810 nm) for 30 min, maintaining average tumor surface temperature at ~42 or 

45oC under infrared thermographic observation. Each therapeutic cohort included 4~6 

mice. At regular intervals (every 3 days) after single or multiple treatments, tumors were 

measured and mice were weighed over 3 or 4 weeks. 

 

For survival rate studies with photothermal treatments, mice bearing single MDA-

MB-435 human carcinoma tumors were intravenously injected with NRs (10 mgAu/kg). 

At 72 hrs post-injection of NR, CTL-LPs or Lyp1-LPs (3 mgDOX/kg) were systemically 

administered and either right or left flank (where a tumor is located) of mice was 

immediately irradiated with NIR-light (~0.75 W/cm2 and 810 nm) for 30 min, 

maintaining average tumor surface temperature at ~ 45oC under infrared thermographic 

observation. Each therapeutic cohort included 6 mice. At regular intervals (every 3 days) 

after single, tumor volumes were checked and mice were weighed over 9 weeks. Mice 

were sacrificed when tumors exceeded 500 mm3. 
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All animal work was performed in accordance with the institutional animal 

protocol guidelines in place at the Massachusetts Institute of Technology, and it was 

reviewed and approved by the Institute’s Animal Research Committee. Student’s t test 

was used for statistical analysis of the results. 

 

 

7.4 Results and Discussion 

 

As previously demonstrated by our group13, polyethylene glycol (PEG)-coated 

NRs with a maximum optical absorption of 800 nm accumulated passively in a MDA-

MB-435 xenograft tumor and enabled effective in vivo photothermal heating in the tumor 

upon a benign NIR irradiation (810 nm, ~0.75W/cm2) (Fig. 7.1a and 7.1b).  

 

LyP-1 peptide, a cyclic nine–amino acid peptide (Cys-Gly-Asn-Lys-Arg-Thr-Arg-

Gly-Cys), were chosen for targeting ligand because of its superior targeting efficacy in 

heated xenograft tumors over other tested tumor targeting peptides (data not shown).  The 

LyP-1 peptide has been reported to selectively recognize lymphatics and tumor cells in 

certain tumor types and subsequently inhibit tumor growths25, 26.  Recently, it was found 

that the p32 or gC1qR receptor, whose expression is elevated on the surface of tumor cell 

undergoing stress, is the target molecule for the LyP-1peptide27. Thus, we investigated 

whether the enhanced targeting of Lyp-1 peptide relates to upregulation of p32 receptor 

in the heated tumor. Twenty-four hrs post-heating, the p32 expression on MDA-MB-435 
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xenograft tumors appeared to slightly increase with the increase of temperatures even 

though the difference was not statistically significant (Fig. 7.2). 

 

Encouraged by the possibility of p32 upregulation at increased temperatures, we 

next tested the p32 expression at different time periods after heat treatment. Heat 

treatment at 45oC was chosen since we estimated that average temperature over the whole 

tumor (inside) would be around 43oC at which the cancer cells are more vulnerable to 

hyperthermia, chemotherapeutics or a combined therapy of both19, 21. Furthermore, we 

have observed the most enhanced passive accumulation of nanoparticles in various types 

of xenografted tumors at 45oC relative to other temperatures (data not shown).  The p32 

expression on the MDA-MD-435 tumors was slightly upregulated 2 and 6 hrs after heat 

treatment and then returned to somewhat normal state 24 hrs post-treatment while that on 

the C8161 tumors was not significantly changed over 24 hrs after heat treatment (Fig. 

7.1c and 7.3). The p32 expression in cultured cells upon heat treatment also exhibited 

similar pattern to that in the xenografted tumors although the p32 expression on C8161 

cells (and cell surface) and xenograft tumors seemed to be lower than that in MDA-MB-

43 tumors and cells, which agrees with the previous finding (Fig. 7.4 and 7.5)27. 

 

Since we found the possibility of enhancing the receptor availability upon heating, 

we next investigated how nanopartcles decorated with LyP-1 peptides interact with the 

same cancer cells upon heat treatments.  Magnetic nanoworms (NWs) were prepared with 

binding-favorable geometry and excellent biological stability22, 28, and they were coated 

with multiple LyP-1 peptides via PEG linkers.  LyP-1 peptide-conjugated NWs (LyP1-



 

 

250 
 

NWs) significantly internalized into heated MDA-MB-435 cells over unheated ones; 

however, they did not interact well with C8161 cells regardless of heat treatments (Fig. 

7.1d). The colocalization of p32 receptors and LyP1-NW were clearly observed in MDA-

MB-435 cells, confirming that the binding and internalization of LyP1-NW are mediated 

with the p32 receptors on the surface of MDA-MB-435 cells.  The lack of interaction of 

LyP1-NWs with C8161 cells could be due to insufficient p32 availability on the cell 

surface regardless of heat treatment (Fig. 7.5).  As expected, control NWs did not exhibit 

any interaction in both cell types regardless of heat treatments (Fig. 7.6). 

 

We further investigated whether LyP1-NWs selectively homed in vivo to 

xenograft tumors upon heat treatments. Similar to the in vitro results, the targeting of 

LyP1-NWs to heated MDA-MB-435 tumors was prominent over on unheated ones while 

the difference in homing on heated C8161 tumors over unheated ones was relatively low 

(Fig. 7.7 and 7.8).  In histological analysis, most of LyP1-NWs were well colocalized 

with p32 receptors in both types of tumors and observed in the extravascular area of the 

heated tumors.  Additionally, distribution of control NWs in the tumors did not relate to 

the p32 receptor although significant amount was observed in the heated tumors.  

Furthermore, targeting of LyP1-NWs administered right after heat treatment was still 

histologically similar to that right before heat treatment (Fig. 7.9), suggesting that 

prominent targeting of LyP1-NW on the individual tumor cells of heated tumors did 

attribute mainly to the binding to the p32 receptors, not the simultaneous hyperthermia. 
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Having verified that temperature-induced amplification of nanoparticle targeting 

to tumor cells in vitro and xenografted tumors in vivo; we next evaluated in vitro 

temperature-induced cytotoxicity of targeted therapeutic carriers, doxorubicin (DOX) 

liposomes, constructed with lipid compositions for non-thermal sensitivity29. LyP1 

peptide-conjugated DOX liposomes (LyP1-LPs) showed higher cytotoxicity toward 

MDA-MB-435 cells at the DOX concentrations above 10 ugDOX/mL upon heat 

treatment (45 oC) relative to control DOX liposomes (CTL-LPs) whereas the cytotoxicity 

difference at 37 oC was insignificant (Fig. 7.10a and 7.10b).  This enhanced cytotoxicity 

of LyP1-LPs could be due to synergistical effects of hyperthemic chemotherapy and 

targeting to upregulated receptor proteins at increased temperature. By contrast, the heat-

induced cytotoxicity of LyP1-LPs toward C8161 melanoma cells was significantly 

reduced relative to results seen in MDA-MB-435 cells; this was due to lower p32 

expression on the melanoma surface regardless of heat treatment and, presumably, higher 

resistance to DOX molecules (Fig. 7.11). 

 

Based on the results of each component, we built up the cooperative 

nanomaterials systems, wherein photothermal heating mediated with NRs engineered the 

tumor to facilitate more interactions between tumor cells and therapeutic LPs, and then 

we evaluated therapeutic efficacy of the system.  Twenty-four hrs post-treatment, 

targeting efficacy of LyP1-LPs was significantly higher in the engineered tumors than 

that of CTL-LPs (Fig. 7.12a and 7.12b), indicating that targeted LPs could stay longer in 

the tumors than untargeted LPs releasing the encapsulated DOX although both types of 

LPs would similarly infiltrate into the tumor tissues.  By contrast, in the normal 
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environment of tumors, both LP formulations showed relatively low accumulation 

despite some p32 receptors in the tumors for LyP1-NPs (Fig. 7.12a and 7.13).  

Additionally, in order to achieve therapeutic effects in the unengineered tumor, these LPs 

should have been administered multiple times and at relatively high doses although 

incorporation of targeting ligand LyP-1 peptide to LPs could help slow down the tumor 

growth (Fig. 7.14), in accord with the previous report30. 

 

As mentioned earlier, hyperthermia in the range of 41~43oC has been known to 

selectively damage malignant cells relative to normal cells19.  Similarly, the increased 

temperature in the tumor via a NR-mediated photothermal heating seemed to affect tumor 

growth in vivo although the reduction of tumor size could not be achieved (Fig. 7.15).  

However, the tumors (or tumor cells) engineered with the NR-mediated heating were 

more vulnerable to attack by therapeutic nanoparticles relative to the unmodified tumors 

(Fig. 7.12c and 7.12d).  Combined with NR-mediated thermal engineering of tumor, a 

single injection of therapeutic nanoparticles at a relatively low therapeutic dose (3 

mgDOX/kg) was able to achieve significant tumor regression or elimination, which has 

not been observed in conventional targeted therapies at multiple and high doses in the 

same tumor model30, 31. Significant loss of body mass was not observed for all types of 

treatments. 
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7.5 Conclusions 

 

This study demonstrated that the integration of materials or methods used 

currently in cancer therapy through a novel cooperative nanosystem could significantly 

enhance therapeutic efficacy relative to individual materials or methods. Site-specific 

heating mediated with NRs engineered the tumors to amplify accumulation of therapeutic 

LPs as well as enhanced anti-tumor effects by combining hyperthermia with 

chemotherapeutics. Cancer treatments using this cooperative nanosystem have thus 

significant clinical relevance because NR and DOX LP materials used in this study are 

similar those approved by the FDA, and local hyperthemia has already been applied to 

diseased sites of the human body.  Furthermore, this cooperative approach could be 

extended to other combinations of nanomaterials, therapeutic receptors, and diseases to 

amplify therapeutic efficacy by engineering local environments of diseased sites. 
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Figure 7.1 Characterization of components in cooperative nanosystem 
(a) Schematic of cooperative nanomaterials system. Transmission electron microscope 
images show PEGylated gold nanorods (NRs), magnetic nanoworms (NWs), and DOX 
liposomes (LPs). The scale bars are all 50 nm. (b) In vivo photothermal property of NR. 
Athymic (nu/nu) mouse bearing a MDA-MB-435 tumor were injected intravenously with 
either PEGylated NRs (10 mgAu/kg) or saline to evaluate potential for photothermal 
heating. At 72 h post-injection, infrared thermographic maps of average tumor surface 
temperature were obtained over 30 min while irradiating left flank area of the mouse with 
diode laser (810nm, 0.75 W/cm2). Scale bar indicates 1 cm. (c) Effect of p32 expression 
in MDA-MB-435 xenograft tumor on increased temperature and heating time. A MDA-
MB-435 xenograft tumor on athymic (nu/nu) mouse was heated at 45oC for 30 min using 
temperature-controlled water bath. At 6 hrs after heating treatment, the tumor sections 
were imaged for analysis of p32 expression by immnostaining (left panel). At different 
time period after heating treatment, the tumors were harvested and processed for analysis 
of p32 expression by western blot (right panel). β-actin was used as a control. Scale bar 
indicates 50 µm. *P < 0.05 (n = 3~4). (d) In vitro cellular binding and internalization of 
Lyp1-conjugated Cy5.5-labeled magnetic nanoworms (Lyp1-NWs) upon heating. C8161 
or MDA-MB-435 cells were treated with Lyp1-NWs (green) for 20 min at 37 oC or 45 
oC (in cell incubator) and then incubated for an additional 2 hrs at 37 oC. The Cy5.5 
fluorescence of Lyp1-NWs was imaged to observe cellular distribution of nanoparticles. 
The nuclei and p32 were stained with 4’-6-diamidino-2-phenylindole (DAPI, blue), and 
anti-p32 antibody followed by Alexa Fluor® 594 goat anti-rabbit IgG antibody (red), 
respectively. - and + and indicate no heating (37 oC) and heating (45 oC), respectively. 
Error bars indicate standard deviations from more than three measurements. Scale bar 
indicates 50 µm. 
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Figure 7.2 Effect of p32 expression in MDA-MB-435 xenograft tumor at different 
temperature 
A MDA-MB-435 xenograft tumor on athymic (nu/nu) mouse was heated for 30 min at 
different temperatures using temperature-controlled water bath. At 24 hrs post-heating, 
p32 expression at each temperature was determined by immunoblot analysis. β-actin was 
used as a control. (n = 3~4). 
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Figure 7.3 Effect of p32 expression in C8161 xenograft tumor on increased 
temperature and heating time in vivo  
A MDA-MB-435 xenograft tumor on athymic (nu/nu) mouse was heated at 45oC for 30 
min using temperature-controlled water bath. At 6 hrs after heating treatment, the tumor 
sections were imaged for analysis of p32 expression by immnostaining (left panel). At 
different time period after heating treatment, the tumors were harvested and processed for 
analysis of p32 expression by western blot (right panel). β-actin was used as a control. (n 
= 3). 
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Figure 7.4 Effect of p32 expression in various cultured cells on increased 
temperature  
(a) Immunoblots of p32 expression on various cultured cells at increased temperature. 
C8161, HeLa, MDA-MB-231, MDA-MB-43, HT1080 cells were treated for 20 min at 37 
oC or 45 oC (in cell incubator) and then incubated for an additional 2 hrs at 37 oC. β-actin 
was used as a control. (b) Fluorescence images of p32 expression on various cultured 
cells at increased temperature by immunostaining. The experimental procedure was the 
same as in (a). After permeabilization and blocking, the nuclei and p32 were stained with 
4’-6-diamidino-2-phenylindole (DAPI, blue), and anti-p32 antibody followed by Alexa 
Fluor® 594 goat anti-rabbit IgG (red), respectively. - and + and indicate no heating (37 
oC) and heating (45 oC), respectively. 



 

 

261 
 

 
Figure 7.5 Fluorescence images of p32 expression on the surface of various cultured 
cells at increased temperature by immunostaining 
The experimental procedure was the same as in supplementary figure 3a. Only after 
blocking, the nuclei and p32 were stained with 4’-6-diamidino-2-phenylindole (DAPI, 
blue), and anti-p32 antibody followed by Alexa Fluor® 594 goat anti-rabbit IgG (red), 
respectively. - and + and indicate no heating (37 oC) and heating (45 oC), respectively. 
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Figure 7.6 In vitro cellular binding and internalization of control Cy5.5-labeled 
magnetic nanoworms (CTL-NWs) upon heating  
C8161 or MDA-MB-435 cells were treated with CTL-NWs (green) for 20 min at 37 oC 
or 45 oC (in cell incubator) and then incubated for an additional 2 hrs at 37 oC. The Cy5.5 
fluorescence of CTL-NWs was imaged to observe cellular distribution of nanoparticles. 
The nuclei and p32 were stained with 4’-6-diamidino-2-phenylindole (DAPI, blue), and 
anti-p32 antibody followed by Alexa Fluor® 594 goat anti-rabbit IgG (red), respectively. 
- and + and indicate no heating (37 oC) and heating (45 oC), respectively. 
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Figure 7.7 Temperature-induced amplification of in vivo tumor targeting in MDA-
MB-435 xenograft tumors 
(a) Quantification of MDA-MB-435 tumor targeting of Cy7-labeled Lyp1-conjugated 
magnetic nanoworms (Lyp1-NWs) over Cy7-labeled control NWs (CTL-NWs) upon 
heating. Mice bearing bilateral MDA-MB-435 tumors were intravenously injected with 
Lyp1-NWs or CTL-NWs and one tumor was immediately heated at 45oC for 30 min 
using temperature-controlled water bath. At 24 hrs post-injection, the tissues were 
collected from the mice and the Cy7 fluorescence in tissues was obtained using NIR 
fluorescence imaging system. *P < 0.05 (n=3~4). (b) Representative fluorescence image 
of major organs from the mice in (a). T+, T-, Li, Sp, K, and Br indicate heated tumor, 
unheated tumor, liver, spleen, kidney, and brain, respectively. (c) Histological analysis of 
Lyp1-NW or CTL-NW distribution in MDA-MB-435 tumors treated with or without 
heating. The NWs (green) was labeled with Cy5.5 to determine nanoparticle distribution 
with Cy5.5 fluorescence in tumors. The nuclei and p32 or blood vessels were stained with 
4’-6-diamidino-2-phenylindole (DAPI, blue), and anti-p32 antibody followed by Alexa 
Fluor® 594 goat anti-rabbit IgG antibody (red) or CD31 followed by Alexa Fluor® 594 
goat anti-rat IgG, respectively. Note that a vessel structure occupied with strong LyP1-
NW signal (arrow head) might be related to lymphatics as reported previously22. - and + 
and indicate no heating (37 oC) and heating (45 oC), respectively. Error bars indicate 
standard deviations from more than three measurements. 
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Figure 7.8 Temperature-induced in vivo tumor targeting in C8161 xenograft tumors 
(a) Quantification of C8161 tumor targeting of Cy7-labeled Lyp1 conjugated magnetic 
nanoworms (Lyp1-NWs) over Cy7-labeled control NWs (CTL-NWs) upon heating. Mice 
bearing bilateral C8161 tumors were intravenously injected with Lyp1-NWs or CTL-
NWs and one tumor was immediately heated at 45oC for 30 min using temperature-
controlled water bath. At 24 hrs post-injection, the tissues were collected from the mice 
and the Cy7 fluorescence in tissues was obtained using NIR fluorescence imaging 
system. (n=3). (b) Histological analysis of CTL-NW and Lyp1-NW distribution in C8161 
tumors treated with or without heating. Mice bearing bilateral C8161 tumors were 
intravenously injected with CTL-NWs or Lyp1-NWs and one tumor was immediately 
heated at 45oC for 30 min using temperature-controlled water bath. At 24 hrs post-
injection, the tissues were collected from the mice, stained and imaged using fluorescence 
microscope. The NWs (green) was labeled with Cy5.5 to determine nanoparticle 
distribution with Cy5.5 fluorescence in tumors. The nuclei and p32 were stained with 4’-
6-diamidino-2-phenylindole (DAPI, blue), and anti-p32 antibody followed by Alexa 
Fluor® 594 goat anti-rabbit IgG (red), respectively. - and + and indicate no heating (37 
oC) and heating (45 oC), respectively. 
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Figure 7.9 Histological analysis of MDA-MB-435 tumors injected with Lyp1-NWs 
right after heating  
Mice bearing bilateral MDA-MB-435 tumors were intravenously injected with CTL-
NWs right after one tumor was heated at 45oC for 30 min using temperature-controlled 
water bath. At 24 hrs post-injection, the tissues were collected from the mice, stained and 
imaged using fluorescence microscope. The NWs (green) was labeled with Cy5.5 to 
determine nanoparticle distribution with Cy5.5 fluorescence in tumors. The nuclei and 
p32 or blood vessels were stained with 4’-6-diamidino-2-phenylindole (DAPI, blue), and 
anti-p32 antibody followed by Alexa Fluor® 594 goat anti-rabbit IgG (red) or CD31 
followed by Alexa Fluor® 594 goat anti-rat IgG, respectively. - and + and indicate no 
heating (37 oC) and heating (45 oC), respectively. 



 

 

266 
 

 

 
Figure 7.10 Heat-mediated cytotoxicity of targeted therapeutic nanoparticles toward 
MDA-MB-435 cells 
(a and b) Temperature-induced cytotoxicity of various therapeutic molecule or 
nanoparticle formulations towards MDA-MB-435 human carcinoma cells by MTT assay. 
The cells were treated with free DOX, control DOX liposomes (CTL-LPs), or Lyp1-
conjugated DOX liposomes (Lyp1-LPs) with different concentrations at 37 oC (a) or 45 
oC (b) for 20 min (in cell incubator) and then incubated for an additional 4 hrs at 37 oC. 
The cells were rinsed with cell medium three times, incubated for an additional 44 hrs at 
37 oC and then evaluated for cytotoxicity using MTT assay. 
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Figure 7.11 Heat-mediated cytotoxicity of targeted therapeutic nanoparticles toward 
C8161 cells 
Temperature-induced cytotoxicity of various therapeutic molecule or nanoparticle 
formulations towards C8161 human carcinoma cells by MTT assay. The cells were 
treated with free DOX, control DOX liposomes (CTL-LPs), and Lyp1-conjugated DOX 
liposomes (Lyp1-LPs) with different concentrations at 37 oC (a) or 45 oC (b) for 20 min 
(in cell incubator) and then incubated for an additional 4 hrs at 37 oC. The cells were 
rinsed with cell medium three times, incubated for an additional 44 hrs at 37 oC and then 
evaluated for cytotoxicity using MTT assay. 
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Figure 7.12 Tumor therapy using cooperative nanosystem 
(a) Quantification of in vivo tumor targeting of Lyp1-LPs over CTL-LPs upon NR-
mediated heating. *P < 0.05 (n=3~4). (b) Histological analysis of DOX distribution in 
MDA-MB-435 tumors treated with NR-mediated heating from the mice in (a). The FITC 
(on Lyp1, green) and DOX (red) fluorescence of nanoparticles was imaged to determine 
nanoparticle and DOX distribution in tumors, respectively. The nuclei were stained with 
4’-6-diamidino-2-phenylindole (DAPI, blue). Scale bar is 100 µm. (c) Tumor volume 
change in different treatment groups for bilateral MDA-MB-435 xenograft tumors in 
mice. At 72 hrs post-injection of GNRs (10 mg Au/kg), mice bearing bilateral MDA-MB-
435 tumors were injected with silane, free DOX molecules, and various therapeutic 
nanoparticle formulations at single dose (arrow head, 3 mgDOX/kg) and one tumor was 
immediately irradiated (810 nm, ~0.75 W/cm2) for 30 min while maintaining average 
tumor surface temperature at ~45oC under infrared thermographic suirveilance. Tumor 
volumes were monitored every 3 days after irradiation. Error bars indicate standard 
deviations from more than three measurements. *P < 0.05 and **P < 0.01 for 
NR+L+Lyp1 sample and all other treatment sets (n= 4~6). (d) Survival rate in different 
treatment groups at single dose (3 mgDOX/kg at 0 day) for single MDA-MB-435 
xenograft tumors in mice (n=6). NR+ L- and NR+ L+ indicate treatment without and with 
NR-mediated heating, respectively. Error bars indicate standard deviations from more 
than three measurements. 
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Figure 7.13 Histological analysis of DOX distribution in untreated MDA-MB-435 
tumors (NR+ L-) of the mice in figure 7.12a. 
The FITC (on Lyp1, green) and DOX (red) fluorescence of nanoparticles was imaged to 
determine nanoparticle and DOX distribution in tumors, respectively. The nuclei were 
stained with 4’-6-diamidino-2-phenylindole (DAPI, blue). Scale bar is 100 µm. 
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Figure 7.14 Tumor therapy without photo-thermal heating 
Mice bearing bilateral MDA-MB-435 tumors were injected with saline, CTL-LPs or 
Lyp1-LPs (6 mgDOX/kg) at 0, 6, and 12 days (arrow head). Tumor volumes were 
monitored every 3 days after irradiation. Error bars indicate standard deviations from 
more than three measurements. *P < 0.05 for Lyp1 sample and all other treatment sets 
(n= 4). 
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Figure 7.15 NR-mediated photothermal tumor therapy at different temperatures 
At 72 hrs post-injection of NRs (10 mg Au/kg), one tumor of the mice bearing bilateral 
MDA-MB-435 tumors was irradiated (810 nm, ~0.75 W/cm2) for 30 min while 
maintaining average tumor surface temperature at ~43 or ~45 oC under infrared 
thermographic suirveilance. The control group was not irradiated. Tumor volumes were 
monitored every 3 days after irradiation. Error bars indicate standard deviations from 
more than three measurements. NR+ L- and NR+ L+ indicate treatment without and with 
NR-mediated heating, respectively. *P < 0.05, **P < 0.01 for NR+L+ (45oC) sample and 
NR+L- sample (n= 4). 
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