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CONS P EC TU S

R ecent advances in nanotechnology, materials science, and biotechnology have led to innovations in the field of nanomedicine.
Improvements in the diagnosis and treatment of cancer are urgently needed, and it may now be possible to achieve

marked improvements in both of these areas using nanomedicine. Lipid-coated nanoparticles containing diagnostic or
therapeutic agents have been developed and studied for biomedical applications and provide a nanomedicine strategy with
great potential. Lipid nanoparticles have cationic headgroups on their surfaces that bind anionic nucleic acids and contain
hydrophobic drugs at the lipid membrane and hydrophilic drugs inside the hollow space in the interior. Moreover, researchers
can design nanoparticles to work in combination with external stimuli such as magnetic field, light, and ionizing radiation,
which adds further utility in biomedical applications.

In this Account, we review several examples of lipid-based nanoparticles and describe their potential for cancer treatment and
diagnosis. (1) The development of a lipid-based nanoparticle that included a promoter�enhancer and transcriptional activator
greatly improved gene therapy. (2) The addition of a radiosensitive promoter to lipid nanoparticles was sufficient to confer
radioisotope-activated expression of the genes delivered by the nanoparticles. (3) We successfully tailored lipid nanoparticle
composition to increase gene transduction in scirrhous gastric cancer cells. (4) When lipophilic photosensitizing molecules were
incorporated into lipid nanoparticles, those particles showed an increased photodynamic cytotoxic effect on the target cancer. (5)
Coating an Fe3O4 nanocrystal with lipids proved to be an efficient strategy for magnetically guided gene-silencing in tumor tissues.
(6) An Fe16N2/lipid nanocomposite displayed effective magnetism and gene delivery in cancer cells. (7) Lipid-coated magnetic
hollow capsules carried aqueous anticancer drugs and delivered them in response to a magnetic field. (8) Fluorescent lipid-coated
and antibody-conjugated magnetic nanoparticles detected cancer-associated antigen in a microfluidic channel.

We believe that the continuing development of lipid-based nanomedicine will lead to the sensitive minimally invasive
treatment of cancer. Moreover, the fusion of different scientific fields is accelerating these developments, and we expect these
interdisciplinary efforts to have considerable ripple effects on various fields of research.
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1. Introduction
The coming together of a variety of scientific disciplines

has accelerated the development of applied medicine as

a bridge between basic science and clinical practice. Over

the past several decades, advances in nanotechnology,

materials science, and biotechnology have come to-

gether to give rise to the innovative field of nanomedi-

cine. Among the advances which have occurred, nano-

particles have been rapidly developed for the detection

and treatment of various diseases.1 At the same time,

cancer is a major cause of death worldwide and is on the

increase, and its clinical outcome remains poor. Nano-

particles may have a special utility in this complex, often

intractable disease.

As a minimally invasive, reliable, and high-perfor-

mance medical technology, the sensing and the delivery

of cancer-targeted nanomedicines and the monitoring of

their distribution are urgently required. The advantages of

nanomedicines are as follows: (1) biodistribution can be

controlled by the change of the nanoparticle properties,

(2) “stealth type nanoparticles” are able to maintain an

effective blood concentration by escaping the removal

carried out by the reticuloendothelial system (RES), (3) high

potency hydrophobic compounds can be dispersed in

water and delivered systemically by nanoparticles, and

(4) nanoparticles can enhance the level of signal detection

for the more sensitive detection of disease.

To date, numerous types of drug delivery systems (DDS)

have been developed for cancer treatment, and lipid

nanoparticles have been considered one of the most

promising options. The history of the development is

longer, and clinical trials have been performed more fre-

quently using lipid nanoparticles than other types of

nanoparticles.

In this Account, we present various examples of lipid-

based nanomedicines for cancer which we have developed

(Figure 1). Some of them exert their effect in combination

with external energy sources.

2. Lipid-Based Nanomedicines for Cancer
The liposome is the oldest2 and the most common type of

lipid-based nanostructure used for biomedical applications.

Liposomes have the advantage of being able to contain

hydrophobic drugs at the lipid bilayer itself and hydrophilic

drugs inside the lipid bilayer, and furthermore, cationic

liposomes electrostatically bind anionic nucleic acids to their

surface. In this section, we describe liposome-mediated

nanomedicines for the treatment of cancer.

2.1. A Potent Expression System for the Enhancement

of Liposome-Mediated Gene Transduction. Here we des-

cribe how the combination of a potent promoter�enhancer

with a transcriptional activator greatly enhanced the gene

therapeutic effect in cancer treatment.3 Enhancement of

exogenous gene expression is a matter of considerable

importance, especially for the success of cancer gene therapy

using nonviral vectors, because the transfection efficiency is

frequently inadequate. Among the nonviral vectors, cationic

liposomes have the advantages of easy preparation and a

lack of unacceptable virus-associated adverse reactions, such

as the activation of oncogenes.4 To enhance liposome-

mediated gene transduction, we developed cationic multi-

lamellar vesicle (MLV) liposomes containing a potent expres-

sion promoter�enhancer and transcriptional activator high

mobility group 1,2 (HMG-1,2) chromatin proteins (Figure 2B).

This gene therapy vector was examined in combination with

cytokines in a metastatic breast cancer nude mouse model.

We initially confirmed that the HMG-1,2 protein enhanced

the expression of reporter genes by approximately 2-fold

under optimal in vitro study conditions (data not shown).

Subsequently,wemonitored thegenedistributionat themost

effective dose and the ratio of liposome/plasmid deoxyribo-

nucleic acid (DNA)/HMG-1,2 protein, and found that potent

luciferase activity was detected only in the tumor tissues

(Figure 2C, D). In the treatment study, the liposomes contain-

ing tumor necrosis factor-R (TNF-R)-expressing pcagTNF-R
prolonged median survival, an effect which was enhanced

in combination with interferon-γ (INF-γ) (Figure 2E).

FIGURE 1. Diagram of the strategy of lipid-based theranostic nanomedicines for cancer.
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These results demonstrate that cationic liposome-

mediated gene therapy using a potent expression system

is a useful approach to metastatic tumors. As a practical

nanomedicine treatment for cancer, the enhancement of

cationic liposomal gene expression obtained by the

application of a strong promoter�enhancer combined

FIGURE 2. (A) Plasmid DNAs. (B) Diagram of cationic MLV liposomes containing plasmid DNA and the HMG-1,2 protein. (C) Optimization of the
liposome dose for the maximum transfection activity. Mice were intraperitoneally administered liposomes on day 21, including the luciferase-
expressing pcagluc, and the luciferase activity in tumor tissueswas examinedonday23. (D)Monitoring of the reporter geneexpression in each tissue.
Mice were administered the liposomes (3.8 � 10�7 mol) containing pcagluc. (E) Treatment in a metastatic breast cancer model. Mice were
intraperitoneally given INF-γ (4000 U: white arrows) and the liposomes (3.8� 10�7 mol) containing pcagTNF-R (blue arrows). (C-E) MCF-7 cells (7.5�
106) were intraperitoneally inoculated into themice on day 0. Micewere intraperitoneally given liposomes constructedwith a cationic lipid (10 μmol)
including the plasmid DNA (300 μg) and the HMG-1,2 protein (96 μg). Reproduced in part from ref 3. Copyright 1998 Stockton Press.



Vol. 44, No. 10 ’ 2011 ’ 1080–1093 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1083

Nanomedicine for Cancer: Lipid-Based Nanostructures Namiki et al.

with a transcriptional activator continues to develop, and

the strong points, such as nonvirus-method-associated

safety, will outweigh the drawback of low transfection

efficiency.

2.2. Radioisotope-Controlled Liposome-Mediated Trans-

duction of the Suicide Gene. Here we discuss the potential of

“radioisotope-controlled” gene transduction as a cancer

nanomedicine.5 Target-specific geneexpression is also an issue

FIGURE 3. (A) Plasmid DNAs. (B) Diagram of radioisotope-controlled suicide gene transduction. (C) Time dependent activation of the Egr-1promoter
with radioisotopes. The luciferase activity of the pEgr-Luc-transfected cells incubated with I-131, Ga-67, or Tc-99m. (D) Dose-dependent activation of
Egr-1 transcription by Ga-67. Ga-67-citrate was added to the cells transfected with each plasmid. Luciferase activity was measured at 3 h after
irradiationand is displayedas the fold induction. (E) Viability of thepEgr-TK-transduced cells treatedwithGa-67andGCV. ThepEgr-Tk-transduced cells
were seeded on day 0 andwere incubatedwithGa-67-citrate. After 15min, GCVwas added to the cells. Cell viabilitywas assessedwithMTT cytotoxic
assay. (C�E) AsPc-1 cells (3 � 104) were tested. Reproduced in part from ref 5. Copyright 1997 Mary Ann Liebert, Inc.
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FIGURE 4. (A) Optimization of the cationic liposome/DNA complexes in NUGC-4. NUGC-4 cells were incubated with the various types of the β-galacto-
sidase-expressing cationic liposome (1.5�24 μg/mL)/pCMV-SPORTβ-gal (1 or 2 μg/mL) complexes, and β-galactosidase activity was compared. (B)
Reporter gene expression in the ascitic cells (small red cells, red blood cells; large clear cells, NUGC-4) and the disseminated lesions. Nudemice received
the GFP-expressing LA2000 (6 μg)/pcDNA3.1 CT-GFP (2 μg)/HMG-1, 2 (1.28 μg) complex (1mL) on day 21. On day 28, ascitic cells were evaluated using
fluorescence microscopy. Mice similarly received 1 mL of the β-galactosidase-expressing LA2000 (6 μg)/pCMV-SPORTβ-gal (2 μg)/HMG-1, 2 (1.28 μg)
complex on day 21. β-Galactosidase in the disseminated lesions was detected with X-Gal staining on day 28. (C) Development of ascites after the
coinoculation of NUGC-4 with NF22. (D) Effects of combination therapy. (E) Immunohistochemical evaluation of the treatment. Twenty-eight days after
tumor inoculation, the degree of proliferation, apoptosis, and angiogenesiswere compared in anothermousemodelwith the detection of Ki-67, ssDNA,
and vWF, respectively. (D, E) Mice were orally administered gefitinib and intraperitoneally received 1mL of the LA2000 (6 μg)/pcDNA3.1 CT-GFP (2 μg)/
HMG-1, 2 (1.28 μg) complex (negative control) or the NK4-expressing LA2000 (6 μg)/pcDNA3 hNK4 (2 μg)/HMG-1, 2 (1.28 μg) complex. (C�E) NUGC-4
cells (1 � 106) plus NF22 cells (2 � 106) were coinoculated on day 0. Reproduced in part from ref 8. Copyright 2005 Wiley-Liss, Inc.
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in successful cancer gene therapy. We demonstrated that the

radiosensitive early growth response gene 1 promoter (Egr-1)

was sufficient to confer radioisotope-activated expression of

the therapeutic gene in pancreatic tumor cells.

The early response genes that encode the FOS, JUN, and

the Egr families play a major part in early signal transduc-

tion following a variety of physical stimuli. Egr-1 trans-

duces early stimulation signals in tissue-protective reactions,

such as cell proliferation, growth arrest, and tissue repair.

Ionizing radiation induces the formation of reactive oxy-

gen intermediates, which indirectly activate Egr-1 tran-

scription. Prior to our investigation, Weichselbaum et al.

transfected the TNF-expressing pEgr-TNF into hemato-

poietic cells and irradiated them with an external beam

to elicit Egr-1 promoter induction.6 Compared with their

approach, ours is more suitable for the irradiation of wide-

spread metastatic lesions, because external beam irradia-

tion is only available for local lesions. To anticipate the

irradiation of metastatic lesions, we used radioisotopes

that are known to accumulate in tumors.

We confirmed that the Egr-1 promoter yielded strong

reporter gene expression in the presence of the radioiso-

tope. The degree of Egr-1-activation by radioisotopes was

compared in a human pancreatic tumor cell line, AsPc-1

(Figure 3B). Cells were transfected with pEgr-1-Luc using

cationic liposomes and then were exposed to each radio-

isotope. It was found that Ga-67-citrate, which is commonly

employed in tumor scintigraphy,7 was suitable for the trig-

geringof luciferase gene induction (Figure 3C,D). AsPc-1 cells

were then transfectedwith pEgr-TK. Ganciclovir (GCV), which

is selectively phosphorylated by the herpes simplex virus

thymidine kinase (HSV/TK) so as to exert cytotoxicity, and

Ga-67-citrate were added to the pEgr-TK-transfected cells,

and the antitumor effect was then assessed. The pEgr-TK-

transfected AsPc-1 cells displayed the cytotoxic effect 2 days

after the initiation of the treatment (Figure 3E).

These results indicate that pEgr-TK combined with Ga-67

and GCV is a good candidate for irradiation-controllable

gene therapy for cancer using liposomes. As an added

precautionary measure, modifications such as a radiosensi-

tive promoter combined with an HSV/TK-sensitive pro-drug

may be used so that greater reliability will be conferred on

future nanomedical treatments for cancer through an en-

hanced targeting of the expression of specific genes to-

gether with more limited cytotoxicity.

2.3. Enhancement of Gene Transduction with Tailor-

Made Liposomes. Liposomes of tailor-made composition

have been shown to greatly improve gene transduction.8

We assessed the effect of NK4-expressing gene therapy

using tailor-made liposomes combined with gefitinib in

scirrhous gastric cancer (SGC)-bearing animals. Every type

of cancer cell has its own particular sensitivity to antitumor

agents and transfection activity in response to gene therapy

vectors. Therefore, an optimized, tailor-made approach is

attractive as a more effective means to achieve disease

control. Tailor-made approaches were utilized for both the

selection of the gefitinib-sensitive SGC cell lines and the

design of the cationic liposomes containing the NK4 gene.

NK4 binds to the c-Met receptor without activating it and

competitively antagonizes HGF c-Met-mediated biological

reactions.9 Gefitinib is a molecular targeting agent for epi-

dermal growth factor receptor (EGFR) tyrosine kinase.10

Peritoneal dissemination occurs in the terminal stage of

SGC, and there is no effective therapy available, but effective

control of SGC dissemination might yield a survival benefit.

We initially assessed the gefitinib-sensitivity of eight SGC

cell lines, and five of the cell lines displayed various degrees

of sensitivity (data not shown). Subsequently, the composi-

tion of liposomes containing an NK4-expressing gene was

optimized for maximum transfection activity in the highly

gefitinib-sensitive NUGC-4 (Figure 4A). Finally, mice were

peritoneally coinoculated with NUGC-4 and scirrhous-asso-

ciated gastric fibroblasts, NF22, on day 0. In this animal

model, fibroblasts accelerated tumor progression (Figure 4C)

through a secretion of the growth factors needed by SGC

cells, which is similar to the case in SGC patients. Mice were

given gefitinib and the NK4-expressing tailor-made lipo-

somes. NK4 suppressed gefitnib resistance through an in-

activation of such the required growth factors, and

eventually, this tailor-made combination helped to decele-

rate the cancer progression (Figure 4D) by inhibiting the

proliferative, angiogenic, and antiapoptotic effects in tumor

tissues (Figure 4E).

This tailor-made approach is potentially useful to the

treatment of peritoneal disseminated SGC. If rapid and

accurate procedures for determining the optimal nanome-

dicine compositions prior to become feasible, tailor-made

cancer treatments of potent efficacy and minimal adverse

side reactions would come into clinical practice.

2.4. Enhanced Photodynamic Effect on Gastric Cancer

of a Photosensitve Stealth Liposome. Here we discuss a

photosensitive stealth liposome (PSSL) with a lipophilic

photosensitizer incorporated into its lipid bilayer that en-

hanced its photoactivity.11Among themanywater insoluble

compounds, lipophilic photosensitizers in particular have

potential for enhancing photodynamic therapy (PDT), and
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FIGURE 5. (A) Diagram of PSSL. PSSL incorporates lipophilic Ce6 ester into its lipid bilayer. (B) Photodynamic effects of PSSL and Ce6�Na in gastric
cancer cells. PSSL or Ce6�Na was incubated with each cell line for 30 min, and a laser was used to irradiate them. The cell viability was analyzed by
cytotoxic assay after 15 h of laser irradiation. (C) In HSC-45, the cellular uptake (30 min) of PSSL and Ce6�Na was visualized under fluorescence
microscopy. The uptake of PSSL by OCUM-2MD3 was semiquantitatively measured. (D) Photodynamic effect of PSSL and Ce6�salt (�Na) in the
animalmodel. HSC-45 cells (1� 106) were subcutaneously inoculated into each nudemouse.When the tumor size reached 12mm [(themajor axisþ
theminor axis)/2],micewere given300 μL of PBS, Ce6�Na, or PSSL. Twohours later, 100 J/cm2 of laser lightwas irradiatedonto the tumor. The tumor
sizes were compared 20 days after the treatment. Reproduced in part from ref 11. Copyright 2004 Elsevier Ltd.
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FIGURE 6. (A) Diagram of the LipoMag-preparation. (B) Electron micrograph of LipoMag. (C) Immunohistochemical evaluation on serial sections of
NUGC-4 xenografts. (D) Metal allergy-free magnets used for the subcutaneous tumormodel. (a) Magnets were coated with titanium nitride by an ion
platingmethod (left). Regular nickel-coatedmagnet (right). Scanningelectronmicrograph (b) andenergydispersiveX-ray analysis (c, d) of the titanium-
nitride-coatedmagnet. (e, f) Allergic inflammation caused by nickel-coatedmagnets (e) can be avoidedwith a titanium-coating (f). (g) Titanium-nitride-
coated magnet (M) was attached to the tumor lesion (T) over the skin (S) using adhesive tape. (h) A magnet was implanted on tumor tissue under the
skin. (E) siRNA distribution in the NUGC-4 xenograft after intravenous administration. (F) Quantification of the biodistributed siRNA. Fluorescence
intensity of Alexa Fluor 488 labeled siRNA extracted from the column is proportional to the amount of siRNA introduced into the tissue homogenate.
(G) Weight ratio of the siRNA delivered by each vector per NUGC-4 tumor lesion. (H) Antitumor effect of the siRNAEGFR delivered by LipoMag in the
subcutaneously NUGC-4-inoculatedmice. (a) Treatment schedule. (b) Tumor volume for each treatment schedule over time. (c) Two days after the last
treatment, the degrees of angiogenesis, proliferation, and apoptosis were compared by immunostaining of vWF, Ki-67, and ssDNA, respectively. *P<
0.01, comparedwith groupA (no treatment). (I) Diagramand photographof themagnetic apparatus. (a) A neodymiummagnet in the yokewas sealed
in a tianium case by gas tungsten arc welding. Strong magnetism was detected on one side of the device using a magnetometer. (b) The
biocompatibility of the device sewn onto the gastric wall of healthy mice was confirmed to continue for a period of at least 6 months. (J) Antitumor
effect of the siRNAEGFR delivered by LipoMag in the orthotopically inoculated gastric cancer model. (a) NUGC-4 cells (1� 106) were inoculated into a
site on the outside of the murine gastric wall, and then the magnetic device was sewn onto the wall so as to be fixed at the center of this inoculated
region. Mice were administrated siRNAEGFR/LipoMag at 7, 9, 11, 13, 15, 17, 19, and 21 days after the innoculation with tumor cells. (b, c) Twenty four
days after the tumor inoculation, mice were sacrificed and the weight of the stomach in the animals was compared. LipoMag/siRNA (containing
69.1 μg of total lipid and 6 μg of siRNAEGFR or siRNANC by per 20 g of mice) was administered. Reproduced in part from ref 13. Copyright 2009
Macmillan Publishers Limited.
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water dispersion of lipophilic drugs is one of the important

aspects of this approach. PDT12 is potentially a curative

option for early gastric cancer and is also effective even in

the advanced stages of gastric cancer cases in areas such as

relieving pyloric stenosis. However, porfirmer sodium,which

is a clinically used photosensitizer, does not specifically

accumulate in tumor tissues. The development of a photo-

sensitizer that is accumulated in a sufficient drug concentra-

tion in tumor tissues has been urgently awaited. A lipophilic

photosensitizer that was reported to have potential in an in

vitro study unfortunately also forms large clusters which

induce life-threatening thrombosis after intravenous admin-

istration, and moreover, these clusters are easily eliminated

by the RES with almost no accumulation in tumor tissues.

To examine the possibility of bioapplications of a lipo-

philic photosensitizer, we prepared PSSL (Figure 5A) and

evaluated the in vitro and in vivo photodynamic effects.

The prepared PSSL contained polyethylene glycol (PEG) to

minimize the recognition and uptake by the RES. In terms of

the stealth function, we measured the degree of the escape

from the removal by the RES and confirmed that a half to a

third less PSSL was removed in murine liver tissues com-

pared with photosensitive nonstealth liposomes (chlorin e6

(Ce6) trimethyl ester/DLPC/DOPE = 1:2:2; molar ratio) 2 h

after intravenous administration (data not shown). We com-

pared the photodynamic effects of PSSL with hydrophilic

Ce6�Na in gastric cancer cell lines.We found that PSSL had a

photocytotoxic effect (80% lethal dose) up to 53 timesmore

potent thanCe6�Na,which hadanequivalentmolar ratio of

the chlorin ring (Figure 5B). At equivalent concentrations of

the chlorin ring, a much greater accumulation of drugs was

detected in gastric cancer cells in the PSSL group than in the

Ce6�Na group (Figure 5C). These results suggest that the

enhanced photoactivitymay bemainly due to the increased

cellular uptake of PSSL.

In animals, when Ce6�Na (2.5mg/kg) was intravenously

given, the therapeutic outcome was insufficient and tumor

regrowth occurred within 10 days after PDT. In contrast,

implanted tumors were eradicated completely with PSSL

(2.5 mg/kg) plus PDT (Figure 5D).

PSSL achieved a striking photoactivity in animal models,

and it is evident that PSSL holds promise for PDT against

gastric cancer. To develop these technologies, a large num-

ber of potential lipophilic compounds which currently are

lying idle can easily be changed to the intravenously admin-

istrable hydrophilic form, and the maintenance of effective

blood concentrations of these therapeutic agents will thus

be readily achievable.

3. Lipid-Based Magnetic Nanomedicines for
Cancer
Magnetic materials providemultiple functions in lipid-based

nanomedicine: for example, the magnetic field sensing and

the heat generation in an AC magnetic field. In particular,

magnetic attraction is potentially utilizable for both the drug

delivery and for the disease detection. In this section, we

describe the potential utility of lipid-based magnetic nano-

particles as a novel nanomedicine for the treatment and the

diagnosis of cancer.

3.1. Magnetic Crystal-Lipid Nanostrutures for Magne-

tically Guided siRNA Delivery. Here we describe the utility

of lipid-based magnetic nanoparticles as an efficient vector

for the RNA interference of cancer.13 Decomposition of a

disease-associated gene using small interfering RNA

(siRNA)14 is a potential approach, but an siRNA delivery that

targets lesions successfully remains to be developed.15 We

devised LipoMag, nanoparticles composed of oleic-acid-

coated magnetite nanocrystal cores and cationic lipid shells

(Figure 6A). Initially, we evaluated the potential of LipoMag

as an siRNA transporter in murine gastric tumors after the

systemic infusionof LipoMag/fluorescence-labeled siRNA (F-

siRNA) and found that fluorescence was detected mainly in

themagnetic field-irradiated tumor vessels. We consider the

EGFR to be an attractive tumor vessel target, because the

overexpression of EGFR was observed in tumor endothelial

cells (Figure 6C,E). To monitor the siRNA biodistribution, we

sequentially compared the fluorescent intensity of each

organ after the systemic infusion of LipoMag/F-siRNA or

PolyMag (commercially available polymer-coated magnetic

nanocrystals)/F-siRNA. Under a magnetic field, a heavy

accumulation of siRNA in tumor lesions was observed only

in the LipoMag group (Figure 6F). Moreover, we compared

the antitumor effects of the intravenous administration of

the tumor vessel-targeted siRNAdelivered by LipoMag in the

gastric-cancer-inoculatedmice. In the subcutaneously inocu-

lated model, LipoMag/siRNAEGFR treatment under a mag-

netic field displayed a 50% greater reduction in tumor

volume compared with the control group at the end of the

treatment (Figure 6G). However, no significant reductionwas

observed in the PolyMag groups (data not shown). In the

immunohistochemical evaluation, LipoMag/siRNAEGFR dis-

played inhibition of angiogenesis and proliferation, as well

as an induction of apoptosis. Finally, using an orthotopically

inoculated model, we assessed whether there would be a

similar therapeutic effect in more deeply targeted regions.

To obtain a target-specific directional magnetic field in deep
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sites within the body, we devised a transplantable mag-

netic circuit (Figure 6H). For this model, siRNAEGFR/Lipo-

Mag was administrated and we found that the siRNAEGFR/

LipoMag group exhibited significantly inhibited tumor

growth (Figure 6I).

Overall, tumor-vessel-targeted siRNA delivery using

LipoMag combined with transplantable magnets dis-

played a significant antitumor effect. LipoMag formula-

tions clearly have the potential for widespread use in

tumor-vessel-targeted RNA interference. If an external

magnetic field from outside the body can be controlled

so as to result in the accumulation of a sufficient amount

of magnetic nanoparticles within a targeted lesion, mag-

netic guidance of siRNA would become a powerful, mini-

mally invasive, and maximally effective delivery system

in a variety of diseases.

3.2. Enhanced Magnetically Guided Gene Transduc-

tion Using Iron Nitride Nanocrystal. The Fe16N2/cationic

FIGURE 7. (A) Electron micrograph of the Fe16N2/metallic oxide nanocomposite. The average diameter is 26 nm, and the shell thickness is
approximately 3.5 nm. (B) The X-ray photoelectron spectroscopy profiles indicated that the metallic oxide shell was composed of aluminum (Al)-,
yttrium (Y)-, and iron (Fe)- oxides. These metallic oxides play a role in the prevention of oxidation and decomposition of Fe16N2. (C) X-ray diffraction
peaks originating in Fe16N2 were clearly observed. (D) Magnetization curve of the Fe16N2/metallic oxide nanocomposite and Fe3O4. Fe16N2/metallic
oxide nanocomposite displaying the saturationmagnetization (103.1 emu/g) and coercive force (3055Oe) (cf. Fe3O4 displayed50.8 emu/gand0Oe).
(E) Electron micrograph of the Fe16N2/cationic lipid nanostructure. (F) Diagram of the expression of a reporter gene transfected with the Fe16N2/
cationic lipid nanostructure. (G) Magnetically guided transfection activity of the Fe16N2/cationic lipid comparedwith the Fe3O4/cationic lipid in gastric
cancer cell lines. Reproduced in part from ref 16. Copyright 2011 Sciyo.
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lipid nanocomposite has potential as a gene delivery

tool.16 The iron nitride nanocrystal is an attractive materi-

al, not only as a high-density data storage device in the

field of information technology17 but also as a gene

therapeutic vector in the field of biomedical technology.

For biomedical applications such as gene delivery, iron

oxide has been the main magnetic material investigated,

while iron nitride nanoparticles have not been previously

reported. The magnetic attractive force of magnetic nano-

particles can be enhanced by the optimization of the

magnetic materials. Among such materials, Fe16N2 has

several advantages, for example: (1) Fe16N2 has a greater

degree ofmagnetization comparedwith iron oxide, and (2)

similar to iron oxide, Fe16N2 is an iron-based biocompa-

tible material, and iron is cheap and abundant.

Both the degree of magnetization and gene therapeutic

effect of the magnetic nanocomposite were enhanced by

using iron nitride instead of the conventional iron oxide

(Figure 7A�D). Initially, we prepared the Fe16N2/metallic

oxide nanocomposite, and then the oleic acid-coated

Fe16N2/metallic nanocomposite was assembled with the

cationic lipid via hydrophobic interaction13 (Figure 7E). The

obtained magnetic nanoparticles were mixed with the luci-

ferase expressing plasmid DNA, pcagluc, and then electro-

statically formed the complexes (Figure 7F). Using the Fe16N2/

cationic lipid nanoparticles, a greater degree of luciferase

activity was achieved in the cancer cell lines compared with

the Fe3O4/cationic lipid nanoparticles (Figure 7G).

The development of iron nitride nanoparticles for biome-

dical needs will ultimately lead to a widespread array of

FIGURE 8. (A) Diagram of the preparation of the ferromagnetic capsules and the transmission electron micrographs of each synthetic stage. (B)
Fluorescence images show themagnetic attraction of the lipid-coatedmagnetic hollownanostructure containing aqueous doxorubicin using a heart-
shaped magnet. (C) Magnetically (0.2 T) guided cytotoxic effect of the ferromagnetic capsules on a gastric cancer cell line, MKN-45. The amount of
doxorubicin entrapped in the ferromagnetic capsules wasmeasured from the fluorescence intensity after the lysis of the nanocomposite membrane
with 0.3 N HCL-50% ethanol.22 (B, C) Exitation/emission wavelength: 510 nm/550 nm. Reproduced in part with permission from ref 19. Copyright
2011 American Chemical Society.
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medical applications, including not only target-specific DDS

but also the highly sensitive detection of diseases. In addi-

tion to iron nitride, there may be a considerable number of

other potential magnetic materials for biomedical applica-

tions among the industrial magnetic materials, including

high-density data storage device applications.

3.3. Hydrothermal Synthesis of Ferromagnetic Cap-

sules for Aqueous Anticancer Drugs. Ferromagnetic cap-

sules of several hundred nanometers in diameter having a

nanometer-thick shell will be applicable to a magnetically

guided DDS of aqueous agents. The porous ferromagnetic

nanostructure encapsulates aqueous drugs in the interior

hollow space and can be attracted by magnetism. Most of

the previous magnetic nanoparticles have had a solid struc-

ture composed of amagnetic nanocrystal core and lipophilic

drug shell with only limited internal space available for

carrying aqueous agents. We have newly devised porous

and hollow magnetic capsules which enable the loading

of large amounts of aqueous agents into the cavity

(Figure 8A). Initially, a silica particle modified with cationic

polymer poly(diaryldimethylammonium chloride) (PDDA)

was used as a template for the ferromagnetic capsules.

Ferromagnetic FePt nanoparticles were deposited on the

surface of the template through a polyol method.18 An

FePt-nanoparticle/PDDA nanohybrid shell of 5 nm thick-

ness also exhibits ferromagnetic features at room tempera-

ture, because the FePt nanoparticles of an ordered-alloy

phase are formed with the aid of PDDA despite the small

size (3�4 nm). The crystallographic and magnetic proper-

ties of the FePt nanoparticles depend on the preparation

temperature.19 Using supercritical water,20 the silica tem-

plate is sequentially dissolved after the FePt nanoparticles

are thermally fused together on the template. The nan-

ometer-thick network shell is mainly composed of fused

FePt nanoparticles and maintains a three-dimensional hol-

low structure.21 The mixture of the aqueous anticancer

FIGURE 9. (A) Fluorescent magnetic nanoparticles. (B) Diagram of the formation of magnetic aggregation resulting from the immune reaction.
(C) A magnetic field (0.4 T) was irradiated onto the microfluidic channel reactor over the IELS. Usually, the optical path of the light source is cut off
by themagnet attached at the area of interest to themicrofluidics. To overcome this problem, we used IELS as the light source of the reactor, because
a magnetic field easily passes through the thin IELS (0.3 mm) and reaches the reactor with a minimal loss of magnetism. The constant flow rate
(25 nL/min)was generated using a syringe pump (NanoJet, Chemyx Inc. TX). (D) Observation of the immune reaction in themicrofluidic channel using
the IELS. (E) Detectionof theCEAantigen (100ng/mL) by the absenceof thenanoparticle-associatedNIRF at themagnetic-field-irradiated regionof the
microfluidics. A macroimaging system (Lumazone FA with 512BE, Roper Industries, Inc., FL) was used to measure the distribution of fluorescent
intensity.
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drugwith the dried ferromagnetic capsules was vacuumed to

remove air from the hollow space and the space was filled

with the aqueous anticancer drug. The surface of the drug-

loaded magnetic capsules was then coated with egg phos-

phatidylcholine toavoid the leakageof theagents. Ultimately,

the magnetic attraction of the lipid-coated magnetic capsules

(Figure 8B) and the enhanced antitumor effect were derived

from magnetic guidance in gastric cancer cells (Figure 8C).

These magnetic hollow capsules enable temporal and

spatial modifications, that is, a “four-dimensional” manipula-

tion of a large amount of aqueous drugs by the application of

a magnetic field. In the engineering field, both the external

and internal large surface areaof theporousmetallic capsules

have potentially far-reaching benefits in applications such as

the development of catalysts, fuel cells, and so on.

3.4. The Diagnosis of Cancer Using Fluorescent Mag-

netic Nanoparticles and a Microfluidic Channel. Fluores-

cent magnetic nanoparticles have potential as a tool in the

diagnosis of cancer. Antibody-conjugated magnetic nano-

particles bound to the targeted antigen and formed a large

aggregation, which was distinguishable from nonaggre-

gated magnetic nanoparticles by comparing the accumula-

tion pattern under a magnetic field in a microfluidic channel

reactor. We synthesized near-infrared fluorescent (NIRF)-

labeled magnetic nanoparticles conjugated with anti-carci-

noembryonic antigen (CEA) antibodies. The particle surfaces

were conjugated with the antibody through a conventional

procedure using SPDP and dithiothreitol,23 and finally the

CEA-targeted NIRF magnetic nanoparticles were prepared.

The obtained nanoparticles and CEA antigen were mixed to

form the aggregation of the antigen�nanoparticle com-

plexes (Figure 9B). This mixture was applied to the entrance

of the microfluidic channel reactor,24 and a magnetic field

was irradiated onto the upper region of the microfluidic

channel (Figure 9C). In the absence of antigen, nonaggre-

gated nanoparticles were gradually attracted by the mag-

netic field, but in the presence of antigen the aggregated

complexes were hardly entrapped by magnetic field and

passed through the microfluidic channel (Figure 9D, E). This

result suggests that the driving force of the aggregation

generated by the water flow in the narrow space of the

microfluidic channel was greater than the magnetic force

which attracted the aggregations. The NIRF-labeled mag-

netic nanoparticles directed at cancer-related antigen and

the microfluidic channel are potentially of use as a cancer

diagnostic system. Compared with the procedure reported

by Degr�e,25 the one we used had the following advant-

ages: (1) real time observation of magnetic nanoparticle

movement using an inorganic electroluminescence sheet

(IELS)26 and (2) very low background noise as a result of

using NIRF.

Further investigation and together with the eventual

optimization of the reaction conditions of the nanoparti-

cles and microfluidic channels will ultimtely reveal the

clinical utility of this system. As an early diagnostic tool in

various diseases, this system has the capacity for rapid

and sensitive detection, even from a very limited amount

of clinical samples. Moreover, this electroluminescent

microfluidic channel will also serve to allow for an anal-

ysis of the magnetism directed hydrodynamics of mag-

netic nanoparticles.

4. Conclusion and Perspectives
This Account highlights lipid-based nanoparticles as a can-

cer-targeted theranostic nanomedicine. The fusion of nano-

technology, materials science, and biotechnology is

bringing about advances in the medical technologies used

for the diagnosis and treatment of cancer, as well as the

monitoring of drug distribution. Lipid-based nanomedicines

clearly afford new options in the management of this

critically important disease.

For the success of lipid-based nanomedicine, further

studies are required. Most importantly, the long-term safety

of nanomaterials for in vivo applications should be con-

firmed. It is also necessary to devise a means of mass

producing nanoparticles, as well as optimizing their dose

or concentration, flow rate, size of the microfluidic channel

reactor, and so forth.

Lipid-based nanomedicines have great potential in clinical

practice for the purposes of early detection and minimally

invasive treatment of cancer, and are expected to bring about

an improvement in the detection rate, clinical outcome, and

patient quality of life. We believe that the development of

nanomedicine will be rapidly accelerated via this fusion of

different scientific disciplines and will provide a considerable

ripple effect in turn on these disciplines as well.
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