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Superparamagnetic iron oxide (SPIO) nanoparticles are widely used in magnetic resonance imaging

(MRI) as versatile ultra-sensitive nanoprobes for cellular and molecular imaging of cancer. In this

study, we report a one-step procedure for the surface functionalization of SPIO nanoparticles with

a lung cancer-targeting peptide. The hydrophobic surfactants on the as-synthesized SPIO are displaced

by the peptide containing a poly(ethylene glycol)-tethered cysteine residue through ligand exchange.

The resulting SPIO particles are biocompatible and demonstrate high T2 relaxivity. The nanoprobes are

specific in targeting avb6–expressing lung cancer cells as demonstrated by MR imaging and Prussian

blue staining. This facile surface chemistry and the functional design of the proposed SPIO system may

provide a powerful nanoplatform for the molecular diagnosis of lung cancer.
Introduction

Lung cancer is the most common cause of cancer-related death

worldwide, with 1.4 million deaths occurring annually.1 It is also

the leading cause of cancer death in the US, expected to account

for 31% and 26% mortality in men and women in 2008, respec-

tively.2 Development of advanced imaging probes that provide

information at the molecular and cellular levels is crucial for the

molecular diagnosis and targeted therapy of lung cancer.

Recently, superparamagnetic nanoparticles (e.g., Fe3O4,3–5

MnFe2O4
6) have received considerable attention as molecular

imaging probes with substantially higher molar relaxivities over

small molecular T1 agents (e.g., Gd-DTPA). Considerable effort

has been devoted to strategies to increase the cancer specificity of

superparamagnetic probes to target unique molecular markers of

solid tumors.7–10 Surface functionalization of the super-

paramagnetic iron oxide (SPIO) nanoparticles has provided

multiple examples of targeted contrast agents that specifically

recognize tumor markers such as transferrin receptor,11 folate

receptor,12 and Her-2/neu.6,13 Despite these successes, the current

modification strategies may suffer from several limitations. For

example, although coating of SPIO nanoparticles with a silica14

or gold15 shell can greatly facilitate ligand attachment, the added
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layer may compromise the efficiency of SPIO in relaxing the

surrounding water molecules. On the other hand, most currrent

surface functionalization procedures require several synthetic

steps with reactive intermediates, which makes it inconvenient for

the wide use of SPIO in cancer molecular imaging applications.

In this study, we report a one-step method to functionalize the

surface of SPIO particles with a lung cancer-targeting peptide
Scheme 1 Surface modification of superparamagnetic iron oxide (SPIO)

nanoparticles with LCP-PEG-Cys for lung cancer targeting. A scrambled

peptide control (SP-PEG-Cys) is included to examine the avb6 specificity

for cell targeting.
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(LCP, Scheme 1). The peptide, named H2009.1

(RGDLATLRQL), was isolated from a phage-displayed peptide

library by biopanning on the lung adenocarcinoma cell line

H2009.16,17 This peptide binds to the restrictively expressed

integrin, avb6, which is up-regulated in many human non-small

cell lung carcinomas compared with normal lung tissue.18 In

order to incorporate this peptide onto the SPIO surface, the

peptide was synthesized with a poly(ethylene glycol) (PEG11)

linker followed by a cysteine residue at the C-terminus of the

peptide (NH2-RGDLATLRQL-PEG11-Cys-COOH, or LCP-

PEG-Cys). Here we demonstrate the peptide was able to replace

the hydrophobic surfactants on the as-synthesized SPIO nano-

particles through direct ligand exchange. The resulting nano-

particles have shown specific targeting to the avb6–postive H2009

cells over avb6–negative H460 cells as well as over a scrambled

peptide (SP, with the sequence of DALRLQGTLR-PEG11-Cys-

COOH, or SP-PEG-Cys)-SPIO control. The facile surface

chemistry and ability to incorporate the SPIO chelator as part of

solid phase peptide synthesis have the potential to greatly facil-

itate the use of SPIO for molecular imaging applications.

Experimental

Materials

Fmoc-amino polyethylene glycol propionic acid (C42H65NO16,

Fmoc-NH-(PEG)11-COOH) was purchased from Polypure,

Oslo, Norway. Fmoc-Cys(Trt)-Wang resin (substitution level

0.59 mmol/g) and all other amino acids were obtained from

EMD Biosciences Inc. Dimethylformamide (DMF) and

trifluoroacetic acid (TFA) were purchased from Applied bio-

systems Inc. O-Benzotriazole-N,N,N0,N0-tetramethyl-uronium-

hexafluoro-phosphate (HBTU) and N-hydroxybenzotriazole

(HOBt) were obtained from Novabiochem. All the other

reagents were purchased from Sigma-Aldrich.

Synthesis of superparamagnetic iron oxide particles

Oleic acid-coated hydrophobic SPIO nanoparticles were

prepared by thermal decomposition of ferric acetylacetonate

(Fe(acac)3) according to a previously published procedure.19

Briefly, Fe(acac)3 (1 mmol), oleic acid (3 mmol), oleylamine

(3 mmol) and 1,2-hexadecanediol (5 mmol) were dissolved in

10 mL phenyl ether. The mixture was heated under nitrogen

environment at 200 �C for 2 h before refluxing the solution at

300 �C for another 1 h. SPIO particles were precipitated with

20 mL ethanol and resuspended in 10 mL hexane. Uniform SPIO

particles (6.2 � 0.9 nm in diameter) were obtained by sequential

centrifugations and ethanol precipitations. The size of these

hydrophobic SPIO particles were determined by transmission

electron microscopy (TEM, JEOL 1200EX II, JOEL USA, Inc.,

Peabody, MA) and calculated by averaging the size of 300

particles measured by Image J software.

Syntheses of LCP-PEG-Cys and SP-PEG-Cys peptides

Peptide syntheses were carried out on a Symphony� Synthesizer

(Rainin Instruments, Protein Technologies, Inc. Woburn, MA)

by Fmoc solid phase peptide synthesis using Fmoc-Cys(Trt)-

Wang resin. Fmoc-protected amino acids were coupled at
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a 5-fold excess using HBTU, HOBt and N-methylmorpholine

(NMM) for coupling (45 min). 20% piperidine in DMF was used

to remove N-terminal Fmoc protecting groups. Fmoc-NH-

(PEG)11-COOH was coupled in the same fashion. Upon

completion of the synthesis, peptides were cleaved from the resin

using a TFA : 1,2-ethanedithiol (EDT) : H2O : triisopropylsilane

cocktail (94 : 2.5 : 2.5 : 1) and precipitated in cold diethyl ether.

Crude peptides were purified by reverse phase HPLC using an

Aapptec Spirit peptide C18 column (250 mm � 21.2 mm, 5 mm).

The purified peptides were analyzed by analytical RP-HPLC

(Varian, RP-C18 column, 250mm � 4.6mm, 5 mm) and were

greater than 95% purity. The peptide molecular weights were

confirmed by MALDI-MS (Voyager DE� Pro instrument,

Applied Biosystems Inc, Carlsbad, CA, USA).
Surface modification of SPIO nanoparticles

In a typical procedure, SPIO nanoparticles (2.0 mg) were

dispersed in 200 mL toluene and mixed with LCP/SP-PEG-Cys

(2.0 mg) dissolved in dimethylsulfoxide (DMSO) (200 mL). The

mixture was kept at 60 �C for 2 h under nitrogen environment.

After cooling to room temperature, the peptide-coated SPIO was

precipitated with a mixture of ethanol, chloroform and hexane

(1 : 1 : 2) and redispersed in water. The size and morphology of

the peptide-coated SPIO particles were characterized with

transmission electron microscopy and dynamic light scattering

(DLS 802, Viscotek, Houston, TX, USA). Peptide quantities

binding on the surface of SPIO particles were analyzed by the

W.M. Keck Facility, Yale University. The magnetic properties of

peptide and oleic acid coated particles were measured from the

hysteresis curves of air-dried SPIO particles by using an alternate

gradient magnetometer (AGM, MicroMag 2900, Princeton

Measurements, NJ, USA). The T2 relaxation times were

measured by a 0.47 T relaxometer (Maran Ultra, UK) with

standard Carr-Purcell-Meiboom-Gill (CPMG) sequence and

inversion-recovery technique.
Cell uptake and viability studies

Human lung cancer cell lines, avb6–postive H2009 cells and

avb6–negative H460 cells, were used for all the in vitro biological

studies.20 The cells were maintained in an RPMI culture medium

supplemented with 5% fetal bovine serum and 1% penicillin and

streptomycin (37 �C, 5% CO2). For cell uptake studies, H2009

and H460 cells were plated in 8-well chamber slides (Poly-D-

Lysine Cellware CultureSlide, BD Bioscience, Bedford, MA,

USA) and incubated with culture medium containing LCP-SPIO

or SP-SPIO at Fe concentrations of 0.03 mM for 0.5 and 2 h.

After incubation, the media was removed and cells were washed

with PBS three times. Subsequently, cells were fixed with meth-

anol for 5 min and acetone for 1 min at �20 �C. For staining, the

fixed cells were incubated with 10% Prussian blue for 5 min and

then a mixture of 10% Prussian blue and 20% hydrochloride acid

(v/v, 1 : 1) for 30 min. The cells were counter stained with nuclear

fast red for 5 min. Images were acquired with a Leica fluorescent

microscope (Leica DM5500 B, Chicago, IL, USA).

For viability studies, H2009 and H460 cells were incubated at

different Fe concentrations (0.03 or 0.3 mM) of LCP-SPIO or

SP-SPIO for 24 h. The cell viability was evaluated by using
This journal is ª The Royal Society of Chemistry 2009



Fig. 1 (A) Solubility test of different surface modified SPIO particles

dispersed in a water and hexane mixture (a) SPIO particles, (b) LCP

treated SPIO particles, (c) PEG-Cys treated SPIO particles and (d) LCP-

PEG-Cys treated SPIO particles; (B) FTIR spectra of oleic acid coated

SPIO, free PEG-Cys and PEG-Cys coated SPIO; (C) Magnetic hysteresis

loops of surface modified 6 nm SPIO particles.
a CellTiter-Glo� Luminescent Cell Viability Assay kit (Prom-

ega, Madison, WI, USA). Cell viability was calculated by

comparing the number of viable cells incubated with SPIO

samples over that from the cell medium control. The standard

error was obtained from 3 replicate experiments.

MRI evaluation of SPIO uptake in cancer cells

H2009 lung cancer cells were grown in tissue culture flasks and

incubated with LCP-SPIO or SP-SPIO nanoparticles at the Fe

concentration of 0.03 mM for 0.5 and 2 h. After incubation,

H2009 cells were washed with PBS three times, harvested

by trypsinization and suspended in 100 mL 1% agarose gel.

T2-weighted images and T2 relaxation times of cell suspensions

were acquired on a Varian INOVA 4.7 T scanner. A spin echo

sequence (TR¼ 5000 ms, TE¼ 45 and 60 ms, FOV¼ 35� 35 mm,

matrix ¼ 128 � 128, slice thickness ¼ 2 mm) was used for image

acquisition.

Results

Surface modification and characterizations of SPIO

nanoparticles

We chose to use the PEG-tethered Cys strategy to modify the

surface of SPIO nanoparticles (Scheme 1). The thiol and

carboxylate groups on Cys can form bi-dentate binding to the Fe

ions on the SPIO surface.21,22 Furthermore, oxidation of thiol

groups can lead to crosslinked disulfide between Cys residues on

the SPIO surface,23–25 which can further increase the stability of

ligand functionalization.

Fig. 1A demonstrates the success of SPIO surface modification

strategy by the PEG-Cys method. The as-synthesized SPIO

nanoparticles were coated with oleic acids at the surface and

consequently very hydrophobic.19 Partition of these SPIO

nanoparticles between the hexane and aqueous phases (the top

and bottom layers in Fig. 1A, respectively) shows that most of

the particles stayed in the hexane phase (a in Fig. 1A). Treatment

of as-synthesized SPIO nanoparticles with LCP peptide (NH2-

RGDLATLRQL-COOH) without the PEG-Cys group did not

change the partition behavior of the SPIO nanoparticles (b in

Fig. 1A). In comparison, surface treatment with PEG-Cys and

LCP-PEG-Cys molecules resulted in complete partitioning of

SPIO nanoparticles in the aqueous phase (c and d in Fig. 1A).

When the –COOH group of Cys was replaced with –CONH2, the

resulting LCP-PEG11-Cys-CONH2 was not able to bind on the

surface of SPIO particles through ligand exchange, and therefore

failed to solubilize the SPIO particles in water under otherwise

identical surface modification conditions (data not shown).

The attachment of PEG-Cys on the SPIO surface was further

confirmed by the FTIR. As-synthesized SPIO nanoparticles have

shown characteristic Fe–O vibration bands at 600 and 450 cm�1

(Fig. 1B).26 In addition, surface-bound oleic acids can be

observed by the presence of 2900 (C–H stretching) and 1620

(C]O stretching) cm�1 peaks. In the PEG-Cys modified SPIO

sample, the Fe–O absorption bands were retained. Moreover,

absorption peaks due to PEG-Cys (e.g., 1100 and 1660 cm�1

peaks from PEG C–O–C and Cys C]O streching bands,

respectively) were also observed. Based on the amino acid anal-

ysis of the peptides on the SPIO particles, we calculated that
This journal is ª The Royal Society of Chemistry 2009
approximately 100–130 LCP(SP)-PEG-Cys chains were bound

per 6 nm SPIO particle.

The magnetic properties of the SPIO nanoparticles did not

change significantly upon ligand exchange. Magnetic hysteresis

data showed almost superimposable magnetization curves for

the as-synthesized and LCP-PEG-Cys modified SPIO nano-

particles (Fig. 1C). The values of saturated magnetization

moment (Ms) are approximately 90 emu/g Fe for both samples.

This data suggests that ligand exchange on the surface of SPIO
J. Mater. Chem., 2009, 19, 6367–6372 | 6369



Fig. 2 TEM (A, C) and DLS (B, D) characterization of LCP/SP-PEG-

Cys modified SPIO nanoparticles. (A, B) SPIO nanoparticles modified by

LCP-PEG-Cys. (C, D) SPIO nanoparticles modified by SP-PEG-Cys.

The scale bars in A and C are 20 nm.

Fig. 3 Evaluation of cell targeting specificity and cytotoxicity of SPIO

nanoprobes. (A) Prussian blue staining of avb6(+)-H2009 and avb6(�)-

H460 cells treated with LCP-SPIO and SP-SPIO at 0.03 mM Fe

concentration for 2 h; (B) percentage of cell viability after incubation with

SPIO samples at Fe concentrations of 0.03 and 0.3 mM for 24 h.
did not considerably affect the SPIO nanocrystalline structure

and magnetic properties.

The LCP/SP-PEG-Cys modified SPIO nanoparticles were

further characterized by the TEM and DLS (Fig. 2). TEM data

showed that both SPIO samples were singly dispersed on the

copper grids without the formation of clustered SPIO aggregates.

The average diameters were 6.2 � 0.9 and 6.4 � 1.1 nm for the

LCP-SPIO and SP-SPIO, respectively. The DLS histograms

(Fig. 2B and 2D) showed a single population of particle size

distribution for both samples. The hydrodynamic diameters were

16.2 � 2.5 and 15.7 � 3.1 nm for the LCP-SPIO and SP-SPIO,

respectively. The larger diameter from the DLS measurment

reflects the contribution of the LCP/SP-PEG-Cys surface coat-

ings (they are not visible under TEM) to the increase in hydro-

dynamic size.
Cell uptake and viability of LCP/SP-SPIO nanoparticles

To determine the targeting specificity of LCP-SPIO nano-

particles to avb6-positive lung cancer cells, we performed two

experiments. In the first experiment, we compared the cell uptake

efficiency of LCP-SPIO nanoparticles between avb6-positive

H2009 and avb6-negative H460 cells. Prussian blue staining

showed considerably increased Fe uptake in avb6-positive H2009

cells over avb6-negative H460 cells (Fig. 3A). Majority of the

particles appear to be localized in the perinuclear region of the

cell, consistent with the previous observation with LCP-modified

quantum dots in H2009 cells.18 In the second experiment, we

compared the uptake efficiency in H2009 cells between the LCP-

SPIO and SP-SPIO nanoparticles. Results show that cell tar-

geting is peptide specific as the peptide with the scrambled

sequence did not mediate significant SPIO uptake in H2009 cells.

These results indicate that surface-bound LCP peptides
6370 | J. Mater. Chem., 2009, 19, 6367–6372
maintained their biological activities and achieved cancer-specific

targeting properties for the SPIO nanoprobes.

In order to evaluate whether peptide functionalization may

induce toxicity to the cells, LCP-SPIO or SP-SPIO at two

different Fe concentrations were incubated with H2009 or H460

cells for 24 h. Under these conditions, neither of the particles

showed observable cytotoxicity (Fig. 3B).
Evaluation of SPIO targeting specificity to lung cancer cells by

MRI

Prior to evaluation of SPIO targeting specificity to lung cancer

cells, we examined and compared the MR relaxivities of the SPIO

nanoparticles between LCP-SPIO and SP-SPIO. At 37 �C, both

particle formulations showed similar MR relaxivities (Fig. 4A).

More specifically, the T1 and T2 relaxivities were measured to be

11.5 and 142 s�1 Fe mM�1 for LCP-SPIO, respectively. In

comparison, the T1 and T2 relaxivities were 12.1 and 141 s�1 Fe

mM�1 for SP-SPIO, respectively. Thus, the particles show

comparable intrinsic MR properties regardless of which peptide

is conjugated at the surface.

MR imaging of H2009 cancer cells incubated with LCP-SPIO

showed significantly reduced T2 relaxation times over the SP-

SPIO control (Fig. 4B). T2 relaxation times were 27.3 � 3.2 and

45.0� 5.2 ms after 0.5 h incubation for LCP-SPIO and SP-SPIO,

respectively (p ¼ 0.05). The difference is even more significant

after 2 h incubation (p ¼ 0.01), where T2 relaxation times were

16.7 � 2.5 and 35.6 � 3.1 ms for LCP-SPIO and SP-SPIO,

respectively. These results are consistent with the observation

from the cell uptake studies (Fig. 3A), which demonstrates the

avb6-targeting specificity of LCP-SPIO nanoprobes.
This journal is ª The Royal Society of Chemistry 2009



Fig. 4 Evaluation of cell targeting specificity of SPIO nanoprobes by

MRI. (A) T1 and T2 relaxation rates as a function of Fe concentrations

for LCP-SPIO and SP-SPIO; (B) T2 relaxation times of H2009 cells

treated with LCP-SPIO and SP-SPIO nanoprobes for 0.5 and 2 h. The

p values were calculated by Student’s t-test and showed statistical

significance between the LCP-SPIO and SP-SPIO samples.
Discussion

Lung cancer is the leading cause of cancer-related deaths in the

US and its five year survival rate is less than 15%.2 When lung

cancer is diagnosed early, surgical resection, radiation and

chemotherapy can substantially improve survival. Currently,

computed tomography (CT) and positron emission tomography

(PET) are frequently used for lung tumor diagnosis.27 These

methods have shown limited accuracy (e.g. PET suffers from low

spatial resolution)28 and specificity (e.g. CT has high false posi-

tive rates29) for the diagnosis of lung cancer. The current study

aims to develop highly specific SPIO nanoprobes and use the

high spatial resolution capability of MRI for molecular diagnosis

of lung cancer.

SPIO nanoparticles are the most commonly used T2 contrast

agents used in the clinics. Several different formulations (e.g.

Feridex IV, Resovist) are clinically used for liver or GI tract

imaging.30 Most of these particles were synthesized by the low-

temperature hydrolytic procedure that utilized alkaline precipi-

tation of Fe2+/Fe3+ salts. Their applications in cancer molecular

imaging may be limited due to the high polydispersity of SPIO

nanoparticles, low relaxation rates and lack of specificity in vivo.
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Recently, much attention has been devoted to the development

of structurally well-defined superparamagnetic nanoparticles

with high magnetization and MRI sensitivity.31 High tempera-

ture nanocrystalization methods with Fe(CO)5 or Fe(acac)3 as

precursors in the presence of surfactants (e.g. oleic acid) were

established to yield SPIO nanoparticles with narrow size distri-

butions.19,32 In addition to Fe3O4, other SPIO compositions (e.g.

MnFe2O4,6 ZnxFe3�xO4, x < 0.533) have been synthesized with

increased magnetization and T2 relaxivity.

Our current surface functionalization strategy employs the use

of monodisperse SPIO nanoparticles coated with hydrophobic

surfactants. The proposed surface chemistry has several potential

advantages. First, the procedure can lead to stably dispersed

single SPIO particles in aqueous solution as demonstrated by the

TEM and DLS. Because a defined PEG length of only 11

ethylene glycol units was used, the hydrodynamic size of the

modified SPIO particles was narrowly distributed with only a few

nanometres increase compared with inorganic Fe3O4 core. The

relatively small hydrodynamic diameter (�16 nm) of the result-

ing SPIO nanoprobes may prove important in targeting lung

cancer cells with enhanced tissue penetration properties. Second,

after surface modification, the SPIO nanoparticles maintained its

magnetic properties as demonstrated by the hysteresis curves

(Fig. 1C). The direct conjugation strategy should also maintain

the high intrinsic MR relaxivities of SPIO nanoparticles without

possible attenuations by the introduction of a non-magnetic layer

(e.g. SiO2 or Au).14,15 Third, the PEG-Cys design has resulted in

stable ligand conjugation on the SPIO surface, which helped

achieve the avb6-specific targeting of lung cancer cells. The

bidentate chelation21,22 and possible disulfide crosslinking23–25

at the SPIO surface provide the thermodynamic driving force for

the stable surface attachment of biological molecules. Similarly,

Sun and coworkers have also utilized a bidentate strategy with

4-methylcatechol to achieve stable surface functionalization of

SPIO particles.5 Finally, our PEG-Cys design can be easily

incorporated in a solid phase peptide synthesis protocol, which-

can be generalized to a variety of small peptide molecules. This

strategy provides a complementary approach to the use of

amphiphilic micelle strategy for the solubilization and

ligand modification of SPIO nanoprobes.34–36 Further work is in

progress to investigate the long-term stability of the surface

coating, shelf-life and in vivo imaging efficacy of these SPIO

nanoprobes.
Conclusions

In summary, we describe a facile chemical method to function-

alize the surface of SPIO nanoparticles for molecular imaging of

lung cancer. A lung cancer targeting peptide, H2009.1, was

successfully introduced at the SPIO surface when a PEG-cysteine

moiety was added to the carboxy-terminus of the peptide. The

resulting SPIO nanoprobes demonstrated avb6-specific targeting

of human H2009 lung cancer cells over the avb6-negative H460

control by Prussian blue staining and T2-weighted MR imaging.

The relatively small size, monodisperse size distribution, and

versatile surface chemistry open up many opportunities for the

implementation of biologically specific SPIO nanoprobes for

molecular diagnosis of lung cancer.
J. Mater. Chem., 2009, 19, 6367–6372 | 6371
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