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The coupling of specific antibodies to imaging agents often improves imaging specificity. However, free
amine groups designed for the coupling can cause nonspecific binding of the imaging agents. We report
here development of a nanocarrier, MnMEIO-silane-NH2-mPEG nanoparticles (NPs), consisting of a
manganese-doped iron oxide nanoparticle core (MnMEIO), a copolymer shell of silane and amine-
functionalized poly(ethylene glycol) (silane-EA-mPEG). The key feature in MnMEIO-silane-NH2-mPEG
is the flexible PEG, which masks the non-conjugated reactive amine groups (eNH2 4 eNH3

þ) and re-
duces nonspecific binding of MnMEIO-silane-NH2-mPEG to cells. The amine groups on MnMEIO-silane-
NH2-mPEG were conjugated with the fluorescent dye, Cy777 or antibodies [Erbitux (Erb)] to form a MR-
optical imaging contrast agent (MnMEIO-silane-NH2-(Erb)-mPEG) for EGFR-expressing tumors. Confocal
microscopic and flow cytometric analyses showed that MnMEIO-silane-NH2-(Erb)-mPEG displayed low
nonspecific binding. Moreover, TEM images showed that MnMEIO-silane-NH2-(Erb)-mPEG were endo-
cytosed by EGFR-expressing cells. In line with their EGFR expression levels, A431, PC-3, and Colo-205
tumors treated with MnMEIO-silane-NH2-(Erb)-mPEG NPs showed �97.1%, �49.7%, and �2.8%
contrast enhancement, respectively, in in vitro T2-weighted MR imaging. In vivo T2-weighted MR imaging
and optical images showed that MnMEIO-silane-NH2-(Erb)-mPEG could specifically and effectively target
to EGFR-expressing tumors in nude mice; the relative contrast enhancements were 7.94 (at 2 h) and 7.59
(at 24 h) fold higher in A431 tumors as compared to the EGFR-negative Colo-205 tumors. On the con-
trary, MnMEIO-silane-NH2-(Erb) NPs showed only 1.44 (at 2 h) and 1.52 (at 24 h) fold higher in EGFR-
positive tumors as compared to the EGFR-negative tumors. Finally, antibodies can be readily changed
to allow imaging of other tumors bearing different antigens. These data indicate that masking surface
charges on contrast agents is a useful strategy to improve imaging efficacy.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, there has been a considerable interest in developing
targeted dual-modality MR-optical imaging agents for early cancer
detection [1,2]. The development of these imaging agents often re-
quires conjugation of tumor-targeting moieties and near infrared
(NIR) molecules onto the surface of superparamagnetic iron oxide
(SPIO) nanoparticles (NPs) [3e6]. The surface modification of NPs
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with linear chains of poly(ethylene glycol) (PEG) derivatives pos-
sessing terminal functional groups such as amine or carboxylic acid
is the most common strategy employed for conjugation [7e10].

However, non-conjugated reactive functional groups on the
surface of NPs can cause severe fouling and nonspecific interaction
of NPs to the cell membranes and may lead to inefficient tagging of
NPs to the desired targets and ambiguous detection of unintended
targets [11e13]. These inadequacies can severely jeopardize the
usefulness of the imaging modality. Consequently, intelligent de-
signs of surface structure that achieve excellent stability, multi-
functionality and high targeting specificity are urgently needed
[14,15]. Previous studies have demonstrated that neutral and
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negatively charged NPs adhere much less to the negatively charged
cell membranes than the positively charged NPs [16e18]. Therefore,
there have been constant efforts to neutralize the surface charge.
Recently, surface modification of NPs by zwitterionic ligands has
been successfully used to achieve neutral surface [17e19], however,
the approaches requires multi-step processing of the NPs.

In this study, we aim to develop a base system for targeted
contrast agents that display low nonspecific binding while target-
ing antibodies are easily replaceable. The design is based on the
flexibility of poly(ethylene glycol) which could in principle covers
non-conjugated functional group to prevent nonspecific binding of
the contrast agents. This approach could be used as a model system
to investigate the benefits of masking surface charges on improving
the specificity of NPs. The molecular structure of silane-EA-mPEG
was strategically designed and synthesized (Scheme 1) such that
the non-conjugated eNH2 (eNH2 4 eNH3

þ) on the surfaces of NPs
remain buried deep inside the entangled mPEG chains as shown in
Fig. 1. Thus, mPEG can act as an insulator, which in turn can
decrease the electrostatic interaction between NPs and negatively
charged cell membranes of non-targeted tissue. Thus, these two
NPs were expected to display different surface charges.

In addition, we aimed to develop a dual-modality MR-optical
imaging contrast agent, which could be used to image in vitro and
in vivo tumors by both MR and optical imaging techniques. To this
aim, we synthesized superparamagnetic iron oxide nanoparticles,
MnMEIO-silane-NH2-(Erb)-mPEG NPs, containing the linear chains
of poly(ethylene glycol) (PEG), near infrared fluorescence dye
(Cy777), and Erbitux (Erb, an EGFR targetingmonoclonal antibody).
The binding ability of the contrast agents to EGFR-expressing tu-
mors (A431, SKBR-3, PC-3, and Colo-205) [20] was evaluated by
flow cytometric analysis, confocal fluorescent microscopy, and
in vitro T2-weighted MR imaging. Moreover, the binding specificity
of MnMEIO-silane-NH2-(Erb)-mPEG NPs were investigated and
compared to other imaging agents by flow cytometry and confocal
microscopy. Finally, nude mice bearing subcutaneous xenografts of
A431 and Colo-205 tumors were used forMR and optical imaging to
test the usefulness of MnMEIO-silane-NH2-(Erb)-mPEG for in vivo
imaging.
Scheme 1. Synthetic schem
2. Experimental

2.1. Chemicals

Osmium tetroxide (1%), iron (III) acetylacetonate (Fe(acac)3, 99.9%), manganese (II)
chloride (MnCl2$4H2O, 99%), methyl poly(ethylene glycol) (mPEG, M.W. ¼ 2000), oleic
acid (90%), oleylamine (90%),N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide (EDC),
IR-783, Fluorescein isothiocyanate (FITC), and glutaraldehyde (25%) were purchased
from SigmaeAldrich (St. Louis, MO, USA). Acryloyl chloride (96%) and N-Boc-ethyl-
enediamine (98%) were purchased from Alfa Aesar (Ward Hill, MA, USA). (3-
Aminopropyl) triethoxy silane (APTES, 98%) was purchased from Fluka (Buchs,
Switzerland). Cetuximab (Erbitux) was purchased fromMerck (Dietikon, Switzerland).
(Benzotriazol-1-yloxy) tripyrrolidinophosphonium hexafluorophosphate (PyBOP) and
N-hydroxybenzotriazole (HOBt)were purchased fromNovaBiochem (Nottingham,UK).
BCA (bicinchoninic acid)protein assay reagent kitwaspurchased fromPierce (Rockford,
IL, USA). Molecular-porous membrane tubing (M.W.¼12e14 kDa and M.W.¼ 50 kDa)
waspurchased fromSpectrum(Houston, TX,USA). S162Scientific Formvar/Carbon200-
mesh copper (50-grid)was purchased fromAgar Scientific (Stansted, UK).Matrigelwas
purchased from BD Bioscience (Bedford, MA, USA). Spurr’s resin was purchased from
Agar Scientific (Stansted, Essex, UK). All chemicals were used directly without any
further purification unless otherwise stated. The details of the synthesis of mPEG-AC,
APTES-Ac, silane-N-Boc-EA-mPEG, silane-EA-mPEG, Cy777, MnMEIO-silane-NH2-
mPEG, MnMEIO-silane-NH2-(Erb or Her)-mPEG, MnMEIO-silane-NH2, and MnMEIO-
silane-NH2-(Erb or Her) NPs are reported in Supporting Information.

2.2. Characterization

Relaxation time values (T1 and T2) of aqueous solutions of MnMEIO-silane-NH2-
(Erb)-mPEG NPs were measured to determine relaxivity r1 and r2. All measurements
were made using a relaxometer operating at 20 MHz and 37.0 � 0.1 �C (NMS-120
Minispec, Bruker, Ontario, Canada). The 1H NMR (300 MHz) spectra were recorded
on a Varian Unity-300 NMR spectrometer (Varian, Palo Alto, CA, USA). The FT-IR
analyses were performed using a Fourier transform infrared (FT-IR, PerkineElmer,
spectrum 2000, Boston, MA, USA). Hydrodynamic size and zeta potential were
analyzed with dynamic light-scattering (DLS, Nano ZS90, Malvern Instruments, UK).
The EDS spectra of MnMEIO and MnMEIO-silane-NH2-mPEG NPs were obtained on
an Energy-dispersive spectrometer (EDS, S-3000N, Hitachi, Tokyo, Japan). The
amount of antibody was determined UV/Vis spectrometry (Hitachi, U-3010, Tokyo,
Japan). Magnetic properties of the MnMEIO were studied with superconducting
quantum interference devise magnetometer (SQUID, VSM; Model 7400, Lake Shore,
Westerville, OH, USA) at fields ranging from �10 to 10 kOe and at 298 K.

2.3. Determination of conjugation efficiency between Erbitux antibodies with NPs

The conjugation efficiency between Erbitux antibodies with MnMEIO-silane-
NH2-mPEG NPs or MnMEIO-silane-NH2 NPs was determined by collecting
e of silane-EA-mPEG.



Fig. 1. Schematic illustration of enhancing specific targeting of protonated MnMEIO-silane-NH2-(Erb)-mPEG NPs by masking positive charges on the NPs.
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unconjugated oligonucleotides in the supernatant after centrifugal filtration of the
Erbitux antibody reaction mixture and measuring the concentration using Nano-
Drop ND-1000 Spectrometer (NanoDrop products, Wilmington, DE, USA). These
data were presented as mean � SD calculated from quadruple wells.

2.4. Cell lines and animal model

Epidermal growth factor receptor (EGFR)-expressing cells, A431 (a human
epidermoid cancer cell line), SKBR-3 (a human breast cancer cell line), PC-3 (a hu-
man prostate cancer cell line), and a low or non EGFR-expressing cell Colo-205
(a human colorectal cancer cell line) were cultured in DMEM, McCoy’s 5A me-
dium, DMEM/Hams F12 medium, and RPMI 1640 medium, respectively, supple-
mented with 10% fetal bovine serum (FBS) (GIBCO). All cells were cultured in a
humidified incubator at 37 �C with 5% CO2.

HER2/neu receptors expressing cells, SKBR-3 (a human breast cancer cell line),
MCF-7 (human breast adenocarcinoma cell line), and a low or non HER2/neu-
expressing cell Colo-205 (a human colorectal cancer cell line) were cultured in
DMEM, McCoy’s 5A medium, and RPMI 1640 medium, respectively, supplemented
with 10% fetal bovine serum (FBS) (GIBCO). All cells were cultured in a humidified
incubator at 37 �C with 5% CO2.

Female BALB/cAnN.Cg-Foxn1nu/CrlNarl mice (6e8 weeks old) were purchased
from the National Laboratory Animal Center, Taipei, Taiwan. Animal experiments
were performed in accordance with the institutional guidelines. One million
(1 � 106) A431 and Colo-205 cells were subcutaneously injected to right and left
flanks, respectively, of nude mice (n ¼ 3) in 100 mL PBS with matrigel. MR imaging
experiments (see below) were performed two weeks after tumor implantation, at
which time the tumors were measured approximately 500 mm3 in volume.

2.5. Flow cytometric analysis

A431, PC-3, and Colo-205 cells were collected in microcentrifuge tubes (1 �106

cells each). These cells were incubated with MnMEIO-silane-NH2-(Erb)-mPEG NPs
and control probes (MnMEIO-silane-NH2-mPEG NPs, MnMEIO-silane-NH2-(Erb)
NPs, and MnMEIO-silane-NH2 NPs) (10 mg/mL) for 1 h at 37 �C, and the cells were
washed three times in PBS, and then resuspended by 1 mL PBS in FACS tube.
Immunofluorescence of viable cells was analyzed by a FACScan flow cytometer
(Becton Dickinson, San Jose, CA). Fluorescent intensities were analyzed with the
CELLQUEST software (Becton Dickinson).

2.6. Confocal fluorescent microscopy

All cell lines (A431, SKBR-3, PC-3, MCF-7, and Colo-205) were seeded at a density
of 2 � 105 cells/well on cover glasses (24 � 24 mm) and grown for 24 h. Then
cells were incubated with MnMEIO-silane-NH2-(Erb)-mPEG NPs or MnMEIO-silane-
NH2-(Her)-mPEG NPs and control probes (MnMEIO-silane-NH2-mPEG NPs,
MnMEIO-silane-NH2-(Erb) NPs or MnMEIO-silane-NH2-(Her) NPs, and MnMEIO-
silane-NH2 NPs) (10 mg/mL) for 1 h at 37 �C, washed three times in PBS, and fixed
with 4% formaldehyde solution for 30 min at room temperature. Cell nuclei and
cytoplasm were stained with 40-6-diamidino-2-phenylindole (DAPI, blue) and
HiLyte Fluor� 594 acid (red), respectively. Cover glasses containing fixed cells were
mounted in a mixture of PBS and glycerol (1 : 1) on a microscope slide. The cells
were observed using a laser scanning confocal imaging system (Olympus Fluoview
300, Olympus, Tokyo, Japan) consisting of Olympus BX51 microscope (Olympus,
Tokyo, Japan) and a 20 mW-output 488 nm argon ion laser.

2.7. TEM measurements

The average core sizes, size distribution, and morphology of the nanoparticles
were examined using a transmission electronmicroscope (TEM, JEOL JEM-2000 EXII,
Tokyo, Japan) at a voltage of 100 kV. An aqueous solution of MnMEIO-silane-NH2-
(Erb)-mPEG NPs was drop-casted onto a 200-mesh copper grid and the grid was air-
dried at room temperature before TEM measurements.

A431, PC-3, and Colo-205 tumor cells treated with contrast agents were pre-
pared and analyzed by TEM as following: tumor cells (1 �106 cells) grown on glass
coverslips were incubated with MnMEIO-silane-NH2-(Erb)-mPEG NPs (10 mg/mL)
for 24 h. After washed 3 times in PBS to remove unbounded NPs, tumor cells were
trypsinized andwashed 5 times in PBS and fixed in 2.5% glutaraldehyde for 2 h. Fixed
cells were washed 3 times in PBS. Post-fixation staining was done using 1% osmium
tetroxide for 1 h at room temperature. Tumor cells were washed and dehydrated in
40, 50, 70, 80, 90, 95, and 100% ethanol successively and treated twice, 30 min each,
with propylene oxide, followed by embedding in Spurr’s resin. A diamond knife was
used to section the embedded cells. The sections were post-stained with 2.5%
aqueous uranyl acetate and 0.2% aqueous lead citrate. Prepared cell samples were
then analyzed by the transmission electron microscope at a voltage of 100 kV.

2.8. In vitro MR imaging study

MR imaging was performed on a 7.0 T MRI system (Bruker, Ettlingen, Germany).
All cell lines (A431, PC-3, and Colo-205 cells) contained 1�106 cells, were incubated
with MnMEIO-silane-NH2-(Erb)-mPEG NPs (10 mg/mL) for 1 h at 37 �C and washed
three times in PBS. All samples were scanned by a fast gradient echo pulse sequence
(TR/TE ¼ 3000/90). The contrast enhancement (%) was calculated by the following
equation (Eq. (1))

Enhancementð%Þ ¼ �
SIpost � SIpre

��
SIpre � 100 (1)

where SIpost is the value of signal intensity in tumor cells treated with the contrast
agents, MnMEIO-silane-NH2-(Erb)-mPEG NPs, and SIpre is the value of signal in-
tensity for tumor cells alone.
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2.9. In vivo MR imaging study

Nude mice bearing A431 and Colo-205 tumor cells (approximately 500 mm3)
were anesthetized by pentobarbital. MnMEIO-silane-NH2-(Erb)-mPEG NPs and
control probe (MnMEIO-silane-NH2-mPEG NPs, MnMEIO-silane-NH2-(Erb) NPs, and
MnMEIO-silane-NH2 NPs) (10 mg/kg) were infused via the tail vein to the mice.
The MR imaging was performed on a Bruker 7.0-T Biospec MR scanner (Bruker,
Ettlingen, Germany) with a volume coil used as radio frequency (RF) transmitter
and receiver. All mice were measured using a T2-weighted fast spin-echo sequence
(TR/TE ¼ 3000/90, echo train length ¼ 8) imaging for every 3 mm sectioning
thickness. Images were acquired at pre-injection and various time points (2.0 and
24.0 h) post-injection. The contrast enhancement (%) was calculated by the equation
(Eq. (1)), where SIpost is the value of signal intensity for contrast agent targeted on
tumor cells, and SIpre is the value of signal intensity before contrast agent injection.

2.10. In vivo optical imaging study

Tumor-bearing mice were anesthetized and injected via tail veinwith MnMEIO-
silane-NH2-(Erb)-mPEG NPs and control probe (MnMEIO-silane-NH2-mPEG NPs,
MnMEIO-silane-NH2-(Erb) NPs, and MnMEIO-silane-NH2 NPs) (10 mg/kg). Optical
imaging were acquired at pre-injection and various time points (2.0, and 24.0 h)
post-injection using an IVIS spectrum system (IVIS Imaging System 200 Series,
Caliper Life Sciences, USA) Images collected were analyzed by Living Image software
version 3.0 (Xenogen).
Fig. 2. Schematic represe
2.11. Histological analysis

Tumor-bearing mice were sacrificed 24 h after MR imaging studies, A431
and Colo-205 tumoral biopsies were fixed in 10% formalin and embedded in paraffin.
Tumor blocks were sectioned and stained with H&E. To detect MnMEIO-silane-NH2-
(Erb)-mPEG NPs, sections were stained with Prussian blue against MnMEIO NPs.

3. Results and discussion

3.1. Synthesis of MR-optical imaging agents

The aim of this study was to develop an optimal nanocarrier
with minimal nonspecific binding. To this aim, we used a PEG
derivative (silane-EA-mPEG) to construct this nanocarrier. This
strategically designed and synthesized polymer (Scheme 1) in
principle could cover up an amine group inside the entangled
mPEG chains (Fig. 1). Therefore, mPEG act as an insulator, which
can decrease the electrostatic interaction between NPs and nega-
tively charged cell membranes to reduce nonspecific binding. The
synthesis of silane-EA-mPEG was carried out via Michal addition of
N-Boc-ethylenediamine, methoxypoly (ethylene glycol) acrylate
ntations of the NPs.



Fig. 3. Binding specificity of the NPs. Comparison of nonspecific binding of MnMEIO-
silane-NH2-mPEG NPs, and MnMEIO-silane-NH2 NPs to Colo-205 cells (A). Binding
activity of MnMEIO-silane-NH2-(Erb)-mPEG NPs (B) or MnMEIO-silane-NH2-(Erb) NPs
(C) to A431, PC-3, and Colo-205 cells. In these experiments NPs (10 mg/ml) were
incubated with cells at 37 �C for 1 h. Cell-associated fluorescent intensities were
analyzed with a FACScan flow cytometer.
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(mPEG-Ac) and (3-aminopropyl) triethoxy silane acrylate (APTES-
Ac) followed by Boc deprotection. Manganese-doped magnetism-
engineered iron oxide (MnMEIO) NPs with an average diameter of
8.8 � 0.8 nm (Supporting Information, Figure S1) were synthesized
using a non-hydrolytic thermal decomposition process. The
magnetization curve obtained at room temperature showed no
hysteresis (Supporting Information, Figure S2) and the saturation
magnetization (Ms) of MnMEIO NPs obtained from the magneti-
zation curve was 101 emu/g. The silane-EA-mPEG coated MnMEIO
NPs were prepared using a ligandeexchange reaction between as-
prepared oleic acid, oleyl amine-stabilized MnMEIO NPs, and
silane-EA-mPEG. Successful ligand exchange was confirmed by
Fourier transform infrared spectroscopy (FT-IR) and energy-
dispersive spectrometer (EDS) analyses (Supporting Information,
Figure S3 and Table S1). In addition, the EDS spectra also show
characteristic strong Si peak after ligand exchange (Supporting
Information, Figure S4). Dynamic light-scattering (DLS) measure-
ments revealed that silane-EA-mPEG coated MnMEIO NPs have
a relatively narrow size distribution with a mean size of
35.1 � 4.2 nm (Supporting Information, Figure S5). The grafted
amine groups served as reactive sites for efficient conjugation of
with Cy777 dye and Erb or Her. The carboxylic acid in Cy777 dye
was briefly activated with N-ethyl-N0-(3-dimethylaminopropyl)
carbodiimide (EDC) in dimethyl sulfoxide (DMSO) and the acti-
vated Cy777 was conjugated to the surface of MnMEIO-silane-NH2-
mPEG NPs. The DLS analyses show that the diameters of Cy777 and
Erb conjugated with MnMEIO-silane-NH2-mPEG NPs increased
from 35.1 � 4.2 to 48.2 � 5.9 nm (Supporting Information,
Figure S5) and the zeta potential value dropped from þ17.3 � 0.7
to þ7.1 � 0.2 mV at pH 7 due to the shielding of amine groups
(Supporting Information, Figure S6). Conjugation efficiency of Erb
antibodies to the MnMEIO-silane-NH2-mPEG was 76 g/mg NPs.
Therefore, these results confirmed that the Cy777 and Erb were
conjugated onto the surface of MnMEIO-silane-NH2-mPEG NPs.
The relaxivities (r1 and r2) of the MnMEIO-silane-NH2-(Erb)-mPEG
NPs measured at 20 MHz and 37.0 � 0.1 �C were 26.7 � 2.3 and
216.9 � 10.8 mM�1 s�1, respectively (Supporting Information,
Figure S7). Furthermore, our DLS data indicate no significant
variation in hydrodynamic size of MnMEIO-silane-NH2-(Erb)-
mPEG NPs across a wide pH range (pH 4e10) (Supporting
Information, Figure S8), reassuring high colloidal stability of
MnMEIO-silane-NH2-(Erb)-mPEG NPs under physiological condi-
tions. Finally, no significant variation in hydrodynamic size and
relaxivity of MnMEIO-silane-NH2-(Erb)-mPEG NPs were observed
over a period of two months (Supporting Information, Figures S9
and S10).

We synthesized contrast agents, MnMEIO-silane-NH2-(Erb)-
mPEG, MnMEIO-silane-NH2-(Erb), MnMEIO-silane-NH2-mPEG
and MnMEIO-silane-NH2 that differ in the positions of the
positively charged amine groups. The schematic representations
of these NPs are shown in Fig. 2. Each NP was coated with APTES,
followed by hydration which leads to exposure of amine groups.
The APTES-coated iron oxide nanoparticles exhibited a high
positive zeta potential value (þ45.3 � 0.3 mV at pH 7) in water
(Supporting Information, Figure S11). A comparison of FT-IR
spectra for MnMEIO NPs and the MnMEIO-silane-NH2 before
and after ligand exchange are shown in Supporting Information,
Figure S12 and Table S2. The average size of the nanocarrier was
21.5 � 1.3 nm; this value was consistent with DLS measurements
(Supporting Information, Figure S13). This high positive charge
of the nanocarrier is expected to incur much of nonspecific
binding effect. Sizes and zeta potential of the nanoparticles are
shown in Supporting Information Table S3. Conjugation effi-
ciency of the Erb antibodies onto MnMEIO-silane-NH2 was
86 g/mg NPs.
3.2. Flow cytometric analysis

In our design, Erb antibody was conjugated in MnMEIO-silane-
NH2-(Erb)-mPEG NPs and MnMEIO-silane-NH2-(Erb) NPs whereas
MnMEIO-silane-NH2-mPEG NPs and MnMEIO-silane-NH2 NPs did
not contain this antibody. We testedwhether MnMEIO-silane-NH2-
(Erb)-mPEG NPs could efficiently and specifically bind to EGFR-
expressing tumors by flow cytometry. Three kinds of cancer cells,
A431 (expresses high levels of EGFR), PC-3 (expresses medium
levels of EGFR) and Colo-205 (expresses low or none EGFR) were
incubated with either MnMEIO-silane-NH2-(Erb)-mPEG NPs or
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control probes (MnMEIO-silane-NH2-(Erb) NPs, MnMEIO-silane-
NH2-mPEG NPs and MnMEIO-silane-NH2 NPs) and cell-associated
fluorescence were measured by a flow cytometer. As shown in
Fig. 3 (A) minor MnMEIO-silane-NH2-mPEG NPs and MnMEIO-
silane-NH2 NPs were found to bind the Colo-205 cells. In these
cases, it is notable that MnMEIO-silane-NH2-mPEG NPs showed
lower nonspecific binding than MnMEIO-silane-NH2 NPs, sug-
gesting that PEG indeed masks the surface charges and reduces
Fig. 4. Analyses of the specificity of the NPs. MnMEIO-silane-NH2-(Erb)-mPEG (A), MnMEIO-
were incubated (10 mg/mL) with cell lines at 37 �C for 1 h. Cells were counterstained for cy
under a confocal microscopy using appropriate filters. In these NPs, FITC was conjugated in p
the tumor cells. Data are represented as mean � SD. n ¼ 3. *P < 0.05. TEM analysis of the ce
and Colo-205 (H) cells. The black dots shown in insets are MnMEIO-silane-NH2-(Erb)-mPEG
the reader is referred to the web version of this article.)
nonspecific binding of the NPs to cell membranes (Fig. 3 (A) and
Supporting Information, Figures S14 and S15). On the contrary, as
shown in Fig. 3 (B) and (C), slightly lower fluorescence was recor-
ded in A431, PC-3, and Colo-205 tumor cells when treated with
MnMEIO-silane-NH2-(Erb)-mPEG NPs than that of treated with
MnMEIO-silane-NH2-(Erb) NPs. As Colo-205 tumor cells express
little or none EGFR, both MnMEIO-silane-NH2-(Erb)-mPEG NPs and
MnMEIO-silane-NH2-(Erb) NPs were expected to bind poorly to
silane-NH2-(Erb) (B), MnMEIO-silane-NH2-mPEG (C), and MnMEIO-silane-NH2 NPs (D)
toplasm (with HiLyteFluor� 594 in red) and nuclei (with DAPI in blue), then observed
lace of the Cy777 shown in Fig. 2. (E) Quantitative fluorescent intensities of the NPs in
llular uptake of MnMEIO-silane-NH2-(Erb)-mPEG NPs (10 mg/mL) in A431 (F), PC-3 (G)
NPs (short arrows). (For interpretation of the references to color in this figure legend,
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Colo-205 cells. However, MnMEIO-silane-NH2-(Erb) NPs displayed
more nonspecific binding to Colo-205 cells than that of MnMEIO-
silane-NH2-(Erb)-mPEG NPs. Exposed amine groups may generate
positive charges on the surfaces of nanoparticles and positively
charged nanoparticles are known to enhance adsorption to nega-
tively charged cell membranes compared to neutral or negatively
charged nanoparticles [14,16]. SinceMnMEIO-silane-NH2-(Erb) NPs
and MnMEIO-silane-NH2-(Erb)-mPEG NPs differ only at the posi-
tion of the amine groups (whichwere used for conjugationwith Erb
(Fig. 2)), difference in nonspecific binding activities in these two
probes is best explained by masking of surface charges by the ter-
minal flexible mPEG arms.

3.3. Confocal fluorescence imaging

We used confocal microscopy to investigate the binding effi-
ciency and specificity of the probes. In these experiments FITC was
conjugated to the respective nanoparticles in place of Cy777 shown
in Fig. 2. Consistent with the flow cytometric results, Erb on the
nanoparticles can target EGFR efficiently; graded FITC fluorescent
intensity was observed on the cell membranes of A431 cells, SKBR-
3 and PC-3 cells, reflecting EGFR expression levels on the mem-
branes in these cells (Fig. 4).

Although MnMEIO-silane-NH2-(Erb) seemingly gave rise to
stronger fluorescent signals than that of MnMEIO-silane-NH2-(Erb)-
mPEG, some of the signals were attributed to nonspecific binding as
more MnMEIO-silane-NH2-(Erb) bound to Colo-205 cells which ex-
press little or none EGFR. Higher magnification of confocal micro-
scopy revealed that MnMEIO-silane-NH2-(Erb)-mPEG NPs and
MnMEIO-silane-NH2-(Erb) NPs resided in the cytoplasm of tumor
cells, suggesting the uptake of NPs by the EGFR-expressing tumor
cells, possibly via receptor-mediated endocytosis. In contrast, in the
absence of Erb antibodies the control probes (MnMEIO-silane-NH2-
mPEG and MnMEIO-silane-NH2) did not differentially stain tumor
cells according to their EGFR levels. In these experiments, however,
MnMEIO-silane-NH2-mPEG stained less than MnMEIO-silane-NH2
inall the cellswe tested, highlighting theeffectivenessof our strategy
of masking surface charges by a flexible mPEG arm to enhance im-
aging specificity. Thus, these data indicate that first, tumor-targeting
moiety can direct the conjugated probes to the tumor cells and sec-
ond, the flexible mPEG can mask positive charges on the surfaces of
the probe to effectively reduce nonspecific binding to tumor cells.

3.4. TEM measurements

Similar finding was observed in TEM images of tumor cells
(A431, PC-3, and Colo-205) incubated with MnMEIO-silane-NH2-
(Erb)-mPEG NPs. As shown in Fig. 4 (F), the nanoparticles (black
dots) resided in the cytoplasm, suggesting that MnMEIO-silane-
Fig. 5. EGFR-dependent contrast enhancement. (A) T2-weighted MR images of EGFR-positiv
MnMEIO-silane-NH2-(Erb)-mPEG NPs (10 mg/mL); (B) color-map of MR imaging.
NH2-(Erb)-mPEG NPs were trapped by the tumors possibly via
receptor-mediated endocytosis. In addition, few black dots were
revealed in PC-3 cells (Fig. 4 (G)), but were absent in Colo-205 cells
(Fig. 4 (H)). These results clearly showedmasking of surface charges
can efficiently avoid nonspecific binding.

3.5. In vitro MR imaging

To test its usefulness for in vitro imaging, MnMEIO-silane-NH2-
(Erb)-mPEG was incubated with A431, PC-3, and Colo-205 tumor
cells. Treated cells were followed by T2-weighted in vitro MR
imaging. Fig. 5 shows representative in vitro T2-weighted images of
tumor cells treated with or without MnMEIO-silane-NH2-(Erb)-
mPEG. The contrast enhancement (%) values for A431, PC-3, and
Colo-205 tumor cells after MnMEIO-silane-NH2-(Erb)-mPEG
treatments were �97.1%, �49.7%, and �2.8%, respectively. A431
cells showed strongest enhancement comparing to PC-3 and
Colo-205 cells. These in vitro MR images results indicate that
MnMEIO-silane-NH2-(Erb)-mPEG could efficiently target to EGFR-
overexpressing tumor cells for MR imaging.

3.6. In vivo MR imaging

To test its utility for in vivo MR imaging, nude mice bearing
subcutaneous A431 and Colo-205 tumor cells in right and left
lateral thighs, respectively, were intravenously injected with
MnMEIO-silane-NH2-(Erb)-mPEG NPs, MnMEIO-silane-NH2-(Erb)
NPs, MnMEIO-silane-NH2-mPEGNPs, andMnMEIO-silane-NH2 NPs
(10 mg/kg) and subjected to MR imaging. Consistent with our
in vitro studies, highest imaging specificity was noted in mice
treated with MnMEIO-silane-NH2-(Erb)-mPEG probes. The relative
contrast enhancements were 7.94 (�45.3% versus �5.7%, 2 h post-
injection), and 7.59 (�62.3% versus �8.2%, 24 h post-injection) fold
higher in A431 tumors as compared to the EGFR-negative Colo-205
tumors (Fig. 6). On the contrary, significant negative contrast en-
hancements were noted in Colo-205 tumors after injection of the
MnMEIO-silane-NH2-(Erb) NPs; the relative contrast enhance-
ments were only 1.44 (�50.6% versus �35.1%, 2 h post-injection)
and 1.52 (�68.7% versus �45.1%, 24 h post-injection) fold higher
in A431 tumors as compared to the EGFR-negative Colo-205 tu-
mors. Finally, MnMEIO-silane-NH2-mPEG NPs andMnMEIO-silane-
NH2 NPs did not differentiate EGFRþ or EGFR� tumors, and more
nonspecific binding was noted in tumors after injection of
MnMEIO-silane-NH2 NPs.

3.7. In vivo optical imaging

MnMEIO-silane-NH2-(Erb)-mPEG was designed as a dual-
modality MR-optical imaging agent. Having established its utility
e cell lines (A431 and PC-3 cells) and negative cell lines(Colo-205 cells) incubated with



Fig. 6. (A) T2-weighted MR images of nude mice bearing subcutaneous tumor xenografts of A431 and Colo-205 tumor cells before and after injection of MnMEIO-silane-NH2-(Erb)-
mPEG NPs and control probe (MnMEIO-silane-NH2-mPEG NPs, MnMEIO-silane-NH2-(Erb) NPs, and MnMEIO-silane-NH2 NPs) (10 mg/kg). Images were acquired at pre-injection and
various time points (2 and 24 h) post-injection; (B) Color-map of MR imaging; (C) Histograms of contrast enhancements in different tumors after injections of the probes.
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in MR imaging, we further investigated whether it can be used in
optical imaging. Nude mice bearing subcutaneous A431 and Colo-
205 tumors were intravenously injected with MnMEIO-silane-
NH2-(Erb)-mPEG NPs, MnMEIO-silane-NH2-(Erb) NPs, MnMEIO-
silane-NH2-mPEG NPs, and MnMEIO-silane-NH2 NPs (10 mg/kg)
(all of which bears an infrared dye Cy777, Fig. 2), and then subjected
to whole-body optical imaging. Consistent with the in vivo MR
imaging, highest imaging specificity was achieved when MnMEIO-
silane-NH2-(Erb)-mPEG was used (Fig. 7); fluorescent signal was
evident in EGFRþ A431 tumors but only very feeble in Colo-205
tumors at both 2 h and 24 h post-injection of the probe.

3.8. MnMEIO-silane-NH2-mPEG as a base system for designing
highly specific targeted imaging probes

MnMEIO-silane-NH2-(Erb)-mPEGwas generated by conjugating
the EGFR targeting antibodies (Erb) to the reactive amine groups on
the base probe, MnMEIO-silane-NH2-mPEG. We demonstrated that
the MnMEIO-silane-NH2-(Erb)-mPEG NPs gave rise to highest im-
aging specificity by masking the positive charge of the probe.
Furthermore, the base probe showed minimal nonspecific binding.
Thus, we test our design strategy by replacing Erbitux with Her-
ceptin, a HER2/neu-specific antibody to form a HER2/neu targeting
imaging probe MnMEIO-silane-NH2-(Her)-mPEG. As in the case of
Fig. 7. In vivo optical images of nude mice bearing subcutaneous tumor xenografts of A431 a
NPs and control probe (MnMEIO-silane-NH2-mPEG NPs, MnMEIO-silane-NH2-(Erb) NPs, a
various time points (2 h and 24 h) post-injection.
specific targeting of EGFRþ tumors by MnMEIO-silane-NH2-(Erb)-
mPEG, the MnMEIO-silane-NH2-(Her)-mPEG specifically targeted
HER2/neu-expressing cells but not to non-expressing cells in
confocal microscopy analyses and in vitro MR imaging. In addi-
tion, imaging intensity was proportional to their expression levels
of HER2/neu (Supporting Information, Figure S16), indicating
MnMEIO-silane-NH2-(Her)-mPEG is a specific and efficient imaging
probe for HER2/neu-expressing tumors. Conclusively, these data
strongly support the notion that PEG can mask the positive charges
on the imaging probes to enhance imaging specificity, and the in-
ternal configuration of amine group allows flexible choice of
targeting antibodies yet preserves the benefit of masking effect
by PEG.

3.9. Histological analysis and Immunostaining studies

The aforementioned interpretation is further supported by
histological analysis (Supporting Information, Figure S17). Signifi-
cant localization of MnMEIO-silane-NH2-(Erb)-mPEG NPs was
founded in A431 tumor biopsy. On the contrary, no uptake of
MnMEIO-silane-NH2-(Erb)-mPEG NPs was observed in Colo-205
tumor biopsy. These results clearly demonstrate that MnMEIO-
silane-NH2-(Erb)-mPEG NPs can very specifically target to EGFR-
expressing sites in vivo.
nd Colo-205 tumor cells after intravenous injection of MnMEIO-silane-NH2-(Erb)-mPEG
nd MnMEIO-silane-NH2 NPs) (10 mg/kg). Images were acquired at pre-injection and
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4. Conclusion

In summary, we have successfully developed a nanocarrier,
MnMEIO-silane-NH2-mPEG NPs, in which flexible mPEG arms was
proposed to mask positive charges on the surface of the nano-
carriers to prevent its nonspecific binding to cells. A unique dual-
modality MR-optical imaging contrast agent, MnMEIO-silane-
NH2-(Erb)-mPEG was generated using MnMEIO-silane-NH2-mPEG
as backbone. Our data indicate positive charges generated by
reactive amine groups (eNH2 4 NH3

þ) on the surfaces of the
nanocarriers are effectively masked by the flexible mPEG arms. We
experimentally demonstrated that masking surface charges could
significantly reduce nonspecific binding and increase the imaging
specificity of MnMEIO-silane-NH2-(Erb)-mPEG NPs to EGFR-
overexpressing tumors in vitro and in vivo. Furthermore, the base
probe can be conjugated with a variety of targeting antibodies yet
preserve the benefit of masking effect by PEG. Based on these re-
sults, masking of the non-conjugated eNH2 groups on nanocarriers
is a promising strategy for the design and development of the next-
generation nano-scale diagnostic and therapeutic modalities.
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