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Abstract
Aims—To develop and evaluate two tumor-specific nanoprobes by functionalization of a PEG-
immobilized nanoparticle with arginine-glycine-aspartic acid (RGD) or chlorotoxin (CTX) ligand
that targets αvβ3 integrin and MMP-2 receptors, respectively.

Materials and Methods—The nanoprobes were made of iron oxide cores, biocompatible
polymer coating, and surface-conjugated RGD or CTX peptide. The tumor-targeting specificity of
the nanoprobes was evaluated both in vitro and in vivo.

Results and Discussion—Both nanoprobes were highly dispersive and exhibited excellent
long-term stability in cell culture media. The RGD-conjugated nanoprobe displayed a strong initial
accumulation near neovasculatures in tumors followed by quick clearance. Conversely, the CTX-
enabled nanoprobe exhibited sustained accumulation throughout the tumor.

Conclusion—These findings revealed the influence of the targeting ligands on the intratumoral
distribution of the ligand-enabled nanoprobes. With flexible surface chemistry, our nanoparticle
platform can be used in a modular fashion to conjugate biomolecules for intended applications.

Keywords
Nanotechnology; nanoparticle; magnetic resonance imaging; cancer; targeting; chlorotoxin; RGD
peptide; bioconjugation; stability; glioma

Introduction
The rapidly expanding nanotechnology is offering new approaches to diagnose and treat
debilitating and deadly diseases, such as cancer [1–3]. Among these promising approaches,
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magnetic nanoparticle-based molecular imaging agents have drawn considerable attention in
recent years [2,4,5]. These so-called “nanoprobes” are comprised of nanoscale magnetic
cores that can be detected via magnetic resonance (MR) imaging and surface-immobilized
targeting ligands that have high affinity to cancer biomarkers. These nanoprobes can
facilitate visualization of cancer-related molecule expression, revealing biological processes
occurring within the tumor, and thus can serve as powerful tools for ultra-sensitive and non-
invasive detection, diagnosis and evaluation of cancer [3,6,7]. Despite significant progress
made on the synthesis of various nanoscale magnetic cores, it remains a challenge to
produce stable, biocompatible and target-specific nanoprobes for potential clinical
applications.

In our previous study, we have developed a nanoparticle platform comprised of a
superparamagnetic iron oxide core that was surface-modified with poly(ethylene glycol)
(PEG) molecules bearing amine functional groups for further bioconjugation. This system
was evaluated for stability under biological environments and demonstrated to be suitable
for further development for in vivo use [8]. The aim of this study is to develop targeting
nanoparticle systems capitalizing on this base nanoparticle to enable selective imaging of
neoplastic tissue in vivo and to investigate the difference in targeting mechanism between
ligands for different biomolecular targets. Critical to the development of these systems is the
modification of the base nanoparticle with targeting ligands and optimization of its
pharmacokinetic properties to ensure that the functionalized nanoparticle system remains
stable under biological conditions and demonstrates intended functionality. Although having
a stable base nanoparticle as a foundation is a necessary step towards the development of
targeted nanoparticle systems, introduction of additional molecules on the surface of the
base nanoparticle would most likely alter the physicochemical properties of the nanoparticle,
such as hydrodynamic size and surface charge that regulate its in vitro and in vivo behavior
and fate, and, further, there is no guarantee that the biomolecule conjugated on the
nanoparticle surface would retain its functionality [9,10]. Thus, a successfully functionalized
base nanoparticle would demonstrate: (1) the base nanoparticle is suitable for conjugation of
biomolecules for intended applications, and (2) the conjugation chemistry is appropriate for
the tested ligand. In this study, we target at two biomarkers that are overexpressed in brain
tumors, namely, αvβ3 integrin and matrix metalloproteinase-2 (MMP-2). These two
biomarkers play a significant role in brain tumor cell invasion and angiogenesis [11],
representing two major hallmark events in the progression of solid tumors [12–15].
However, while MMP-2 expression is limited to cancer cells, αvβ3 integrins are
overexpressed on several invasive brain cancer varieties and nearly all neovascular
endothelial cells [16]. To target the αvβ3 integrin biomarker, we chose cyclic arginine-
glycine-aspartic acid (RGD) peptide as targeting ligand. RGD peptide has high affinity to
αvβ3 integrin [17,18], and has been used as targeting ligand of different nanomaterials for
tumor imaging [19–24]. We chose chlorotoxin (CTX), a 36 amino acid peptide from
scorpion venom, to target MMP-2 [25]. CTX has high affinity to tumors of the
neuroectodermal origin, and has promising therapeutic potential due to its ability to inhibit
cancer cell invasion [26–28]. By using two targeting agents in this study, we intended 1) to
show that our base nanoparticle is versatile for conjugation of different targeting ligands and
thus can be used to develop new nanoparticle systems for diagnosis and treatment of a
variety of cancer types; 2) to show that each targeting ligand would retain their bioactivity
after conjugation and enhance the specificity of the base nanoparticle to its targeted tumor
cells; 3) to provide insight to the targeting mechanisms of different ligands used to target
cancer cells.

The developed nanoprobes consist of an iron oxide core, biocompatible polymer coating,
and near-infrared (NIR) fluorophores, and surface-conjugated targeting agent (either RGD
or CTX peptide). We examined the hydrodynamic size, surface charge and colloidal stability
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in biological media. We evaluated in vitro target specificity of these nanoprobes via MRI,
iron quantification assay and fluorescent microscopy. We further evaluated the tumor-
specific accumulation of these nanoparticles in a xenograft mouse tumor model by MRI and
histology, and examined the difference on targeting mechanism between these two
nanoparticle systems.

Materials and Methods
Materials

All general chemicals, unless otherwise specified, were purchased from Sigma-Aldrich (St.
Louis, MO). Chlorotoxin (MW: 4005, pI: 8.5) were purchased from Alomone Labs
(Jerusalem, Israel). RGD peptide cyclo(Arg-Gly-Asp-D-Tyr-Cys) (c(RGDyC)) (MW:
594.65, pI: 5.9) and cyclo(Arg-Gly-Asp-D-Tyr-Lys) (c(RGDyK)) (MW: 619.68, pI: 10.4)
were purchased from Peptide International (Louisville, KY). Dulbecco’s phosphate buffered
saline (PBS), Dulbecco’s modified eagle’s medium (DMEM, with and without phenol red),
fetal bovine serum (FBS), TrypLE, AF647 succinimidyl ester (AF647-NHS), wheat germ
agglumin-Alexa Fluor 555 conjugates (WGA-AF555), ProLong Gold antifade solution
containing DAPI (4',6-diamidino-2-phenylindole), donkey anti-hamster IgG Alexa Fluor
488 (AF488) conjugates, goat anti-rat IgG Alexa Fluor (AF555) conjugates were purchased
from Invitrogen (Carlsbad, CA). Hamster anti-mouse CD61 IgG and rat anti-mouse CD31
IgG were purchased from BD Biosciences (San Jose, CA). Cassettes and O.C.T solution
were acquired from Sakura Finetek (Torrance, CA). Acetone and hexane were purchased
from EMD (San Diego, CA). N-Succinimidyl iodoacetate (SIA), N-succinimidyl 3-(2-
pyridyldithio)propionate (SPDP), 2-iminothiolane (Traut’s reagent) and tris(2-carboxyethyl)
phosphine hydrochloride (TCEP·HCl) were purchased from Molecular Bioscience (Boulder,
CO). Sephacryl S-200 resin and empty PD-10 columns were purchased from GE Healthcare
(Piscataway, NJ). The Micro BCA assay kit was purchased from Pierce Biotechnology
(Rockford, IL). Amicon centrifugal filters (3 mL capacity, 5k molecular weight cut-off)
were purchased from Millipore (Billerica, MA). U87-MG, MCF-7, and 9L cell lines were
purchased from ATCC (Manassas, VA). All cell lines were maintained and propagated
according to the ATCC’s protocol.

Xenograft Mice Preparation
All animal studies were conducted in accordance with University of Washington
Institutional Animal Care and Use Committee (IACUC) approved protocols. Subcutaneous
xenografts were established in athymic (nu/nu) mice (using U87-MG cell line. The
xenografts were established by injection of 5 million of U87-MG suspended in serum free
media and matrigel at a 1:1 ratio.

Synthesis of NP-PEG-NH2
12-nm core diameter, oleic acid coated magnetite nanoparticles (NP-OA) were synthesized
via thermal decomposition of iron oleate complex [29]. Amine-functionalized, PEGylated
nanoparticles were synthesized according to an established procedure [8]. The nanoparticles
were stored in 0.1 M sodium bicarbonate buffer (pH 8.5).

Conjugation of RGD Peptide
RGD peptide was conjugated to NP-PEG-NH2 through iodoacetyl cross-linking chemistry.
NP-PEG-NH2 nanoparticles were first functionalized with iodoacetyl groups. Specifically,
0.5 mg of AF647 succinimidyl ester was dissolved in 50 µL of anhydrous DMSO, and the
solution was then added to 1 ml of NP-PEG-NH2 (5 mg Fe/mL) suspended in 0.1 M sodium
bicarbonate (pH 8.5). The reaction mixture was under gentle shaking for 1 hr, and 5 mg of
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SIA dissolved in 100 µL of anhydrous DMSO was added. The resulting mixture was
allowed to react for 2 hrs. Excessive AF647 and SIA were removed from the suspension
through gel chromatography using Sephacryl S-200 column equilibrated with 0.1 M sodium
bicarbonate, 5 mM EDTA buffer (pH 8.0). 0.5 mg of RGD peptide was then added to the
SIA modified nanoparticle solution, and the mixture was allowed to react for overnight at
4°C. The resultant NP-RGD was passed through a Sephacryl S-200 column equilibrated
with PBS to remove unreacted RGD peptide.

Conjugation of CTX
CTX was conjugated to NP-PEG-NH2 in a similar procedure as RGD conjugation. 1 mg of
CTX was dissolved in 0.5 mL of 0.1 M sodium bicarbonate, 5 mM EDTA buffer (pH 8.0).
To this solution, 11.2 µL of Traut’s reagent solution (10 mg/mL) was added. The reaction
was allowed to proceed for 1 hr to produce thiolated CTX. Nanoparticles functionalized
with AF647 and iodoacetyl groups were mixed with thiolated CTX and the reaction was
allowed to react for overnight at 4°C. The resultant NP-CTX was passed through a
Sephacryl S-200 column equilibrated with PBS to remove unreacted CTX peptide.

Nanoparticle Characterization
TEM samples were observed on a Phillips CM100 TEM (Philips, Eindhoven, The
Netherlands) operating at 100 KV. FTIR spectra (resolution: 4 cm−1) were acquired using a
Nicolet 5DXB spectrometer (Thermo Scientific, Boston, MA). 2 mg of nanoparticle powder
was mixed with KBr (Sigma-Aldrich, St. Louis, MO) and milled, and the mixture was
pressed into a pellet for analysis. The hydrodynamic size of nanoparticles was obtained via
dynamic light scattering (DLS) using a Malvern Nano Series ZS particle size analyzer
(Worcestershire, UK). Zeta potential measurements were performed by diluting the
nanoparticle dispersion with 10 mM NaCl solution and then titrating to different pH values
(pH = 3, 5, 7, 9 and 11) by addition of 0.1 N HCl or NaOH. For size and zeta potential
measurements, the iron concentration of nanoparticle samples was 200 µg/mL. For long-
term stability study, nanoparticles were sealed in sterilized DLS cuvettes and kept at 4°C for
a desired time period. Size measurements were performed regularly up to a month.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to measure
nanoparticle concentrations in various solutions at each stage of nanoparticle experiments
including bioconjugations, in vitro cell uptake experiments and animal studies.

Quantification of Nanoprobe Components
The number of reactive amine groups per nanoparticle was quantified via SPDP assay
[8,30]. The number of RGD or CTX ligands per nanoparticle was determined by BCA assay.
Briefly, micro BCA assay working reagent solution was prepared according to the vendor’s
protocol. 0.6 mL of nanoparticle suspension (2 mg Fe/mL) were added to 0.6 mL of working
reagent solution, and the mixture was incubated at 60°C for 2 hrs. The supernatant of
reaction mixtures was isolated with Amicon centrifugal filter by centrifugation at 5,000 rpm
for 10 min, The supernatants were loaded on 96-well plates and their UV-vis absorptions at
562 nm were determined. Concentrations of peptides on NPs were quantified by comparing
free peptide standards. To exclude iron interference, the absorbance values of the NP-
peptide conjugates were subtracted by the values of NP-PEG-NH2. In the case of RGD
peptide, NP-RGD contains immobilized c(RGDyC) with thioether linkages that does to react
with the BCA reagent, while the thiol group on the free c(RGDyC) reacts with the BCA
reagent. Thus, c(RGDyK) was chosen as a standard, since the lysine group on c(RGDyK)
does not react with the BCA reagent.
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Quantification of Intracellular Iron Content
All cell lines were cultured in 12-well plates and grow to 80% of confluence before
experiment. Cells were washed twice with PBS, and nanoparticles in growth media (50 µg
Fe/mL) were then added. Cells incubated without nanoparticles were used as control for
baseline intracellular iron content. After 2 h incubation at 37°C, 5% CO2, the cells were
washed three times with PBS and lysed with 400 µL of 50 mM NaOH solution. Intracellular
iron content was determined by the colorimetric ferrozine-based assay and determining cell
counts by protein quantification [31]. The net cellular uptake of nanoprobes (expressed as
weight of iron per cell) was derived by subtracting the baseline intracellular iron content
from cells that were not treated with nanoprobes. All experiments were performed in
triplicates.

Fluorescent Microscopy
All cell lines were cultured in 6-well plates. MCF-7 and U87-MG cells were seeded at 0.8
million per well two day before the assay, while 9L cells were seeded at 0.6 million per well
one day before the assay. Cells were washed twice with PBS, and nanoprobes in growth
media (50 µg Fe/mL) were then added. Cells incubated without nanoparticles were used as
control for baseline intracellular iron content. After 2 h incubation at 37°C, 5% CO2, the
cells were washed three times with PBS, detached from the well plates by TrypLE, and
reseeded on glass cover-slips. After attachment, the cells were fixed with 4% formaldehyde
solution for 1 h, and treated with WGA-AF555 for 30 min for membrane stain. The slides
were mounted using ProLong Gold antifade solution containing DAPI and imaged using a
LSM 510 Meta confocal fluorescence microscope (Carl Zeiss, Peabody, MA).

In vivo MRI Experiment
Nanoprobes were administered via tail-vein injections (n = 3 for each type of nanoprobes).
Mice were anesthetized with 1 to 2.5% isoflurane (Abbott Laboratories, Abbott Park, IL)
before they were placed in the imaging chamber. MR images were acquired before
nanoprobe injection and at various time points post-injection on a 4.7T Bruker magnet
(Bruker Medical Systems, Karlsruhe, Germany) equipped with Varian Inova spectrometer
(Varian, Inc., Palo Alto, CA). A 6 cm volume coil and spin-echo imaging sequence were
used to acquire spin-spin relaxation time (T2) weight images of the animals. A multi-spin-
echo multi-slice imaging sequence was used to determine T2 values in tumor and normal
tissues using the following imaging parameters: TR = 2 s, TE = 13.6, 30 and 60 ms, field of
view of 60 × 30 mm2, number of averages of 2, matrix size of 256 × 128, slice number of
10, slice thickness of 1 mm, and gap of 0.5 mm. The T2 map was generated by NIH ImageJ
(Bethesda, MD) based on the equation SI = A×exp(−TE/T2) + B, where SI is the signal
intensity, TE is the echo time, A is the amplitude, and B is the offset. R2 maps were
generated by taking the reciprocal of T2 map, and were colorized via Matlab program (The
MathWorks, Natick, MA). The average proton relaxivity R2 (i.e. 1/T2) of whole tumor
region (throughout different slices) were also calculated, and R2 changes were derived by
subtracting pre-injection R2 values from post-injection R2 values.

Histological Examination of Tumors
Tumors were dissected, embedded in Tissue Tek O.C.T solution, and frozen in liquid
nitrogen. Six-micrometer thin frozen slices were fixed in ice-cold methanol and washed with
PBS. Slices were stained with primary hamster anti-mouse CD61 antibody followed by
AF488-labeled anti-hamster secondary antibody. Endothelial cells were stained using rat
anti-mouse CD31 antibody followed by AF555-labeled anti-rat secondary antibody. For
Prussian blue / Nuclear fast red staining, standard clinical laboratory protocols were
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followed. Microscopic images of tissue were acquired using an E600 upright microscope
(Nikon) equipped with a CCD color camera.

Statistical analysis
The data were expressed as mean ± SEM (standard error of the mean). We have prescreened
all the original data to ensure that they followed normal distribution. Unpaired t-test was
used to determine the significance of nanoprobe accumulation measured by Ferrozine assay,
while paired t-test was used to determine the significance of R2 change in in vivo MRI
experiment. We considered a P value of <0.05 as statistically significant.

Results
Conjugation of nanoparticles with CTX or RGD peptides and physicochemical properties
of nanoprobes

The PEG-coated, amine-functionalized base nanoparticles (NP-PEG-NH2) were synthesized
as reported previously [8]. The hydrophilic PEG serves as exterior coating to render the
nanoparticle biocompatible and stable in biological media. PEG also reduces protein
adsorption and non-specific macrophage uptake, ultimately achieving prolonged serum half-
life in vivo [9,32]. Amine groups at the free termini of PEG chains allow for further
conjugation of bioactive molecules or ligands. In this study, the targeting ligands, RGD and
CTX peptides, were conjugated to the nanoparticle via thioether linkage (Figure 1). For
conjugation CTX to NP-PEG-NH2, an extra thiol group was introduced on CTX molecule
by reacting with 2-iminothiolane (Traut’s reagent). For RGD conjugation, a variant of RGD
peptides, c(RGDyC) sequence was chosen because the cyclic backbone RGD has previously
demonstrated to be better resistant to proteolysis and has high affinity to the αvβ3 integrin
receptors [33].

The size and morphology of the synthesized nanoprobes were characterized by TEM. Figure
2a shows that NP-PEG-NH2 and the nanoprobes conjugated with RGD (NP-RGD) or CTX
(NP-CTX) were spherical and well dispersed, with a core size of ~12 nm, indicating that all
the nanoprobes maintained their morphology after the conjugation of either RGD or CTX
and no inter-particle cross-linking occurred during the conjugation process. The number of
reactive amine groups per nanoparticle was found to be around 70–80 by quantifying
released pyridine-2-thione following reaction with SPDP [8, 30].

Successful conjugation of RGD or CTX on NP-PEG-NH2 was confirmed by Fourier
transform infrared spectroscopy (FTIR) (Figure 2B). The IR spectra of NP-PEG-NH2
contained multiple bands at 1458, 1346, 1244, 1112 and 949 cm−1, corresponding to the
different vibrational modes of PEG’s C-O-C bonds [34]. The peaks at 1642 and 1559 cm−1

could be assigned to either primary amine groups or mono-substituted amide. On the
spectrum of NP-RGD, the increased relative intensity of amide peaks at 1634 and 1542
cm−1 was observed, and the relative intensity of carboxyl peak at 1710 cm−1 was decreased.
Furthermore, peak at ~1400 cm−1, representing the tyrosine hydroxyl groups of RGD
peptide, could be seen on the spectrum. This suggests that the amide-rich RGD peptide was
successfully conjugated to the base nanoparticle. The spectrum of NP-CTX followed the
similar trend as the NP-RGD, displaying the increased intensity of amide peaks and dwarfed
carboxyl peak, as well as a newly emerged hydroxyl peak. The number of immobilized
ligands on each nanoprobe was determined via BCA protein quantification assay. The
results showed that there were 14.9 RGD peptide on each NP-RGD nanoprobe, and 12.4
CTX on each NP-CTX nanoprobe (Figure 2C).

The hydrodynamic size of NP-PEG-NH2 in cell culture media was determined to be 38 nm
by dynamic light scattering (DLS) (Figure 3A; and Table 1). The hydrodynamic size
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increased to 44 nm and 46 nm after being conjugated with RGD peptide and CTX,
respectively. The zeta potential of NP-PEG-NH2 was −14 mV at pH 7, and remained at
similar values after the conjugation of either RGD or CTX (Figure 3B). Both nanoprobes
displayed excellent long-term colloidal stability in cell culture media, i.e., DMEM with 10%
of FBS, as they maintained their hydrodynamic size for at least a month (Figure 3C). No
flocculation or apparent size change was observed even after several months of storage. The
major physiochemical properties of these nanoprobes are summarized in Table 1.

In vitro evaluations of cell targeting specificity of nanoprobes
The specificity of the NP-CTX, and NP-RGD nanoprobes for tumor cells were assessed in
vitro. Here we chose glioma cell lines as our model cells because they represent a common
type of brain cancer with overall poor prognosis [35], and most of glioma cell lines
overexpress MMP-2 while some of them also overexpress αvβ3 integrin [19,28,36,37]. We
tested our nanoprobes on human glioblastoma (U87-MG) and rat glioma (9L) cell lines. The
former expresses both αvβ3 integrin and MMP-2 receptors, while the latter expresses
MMP-2 only. We used human breast adenocarcinoma (MCF-7) cell line as negative control
which does not express either receptor [37]. We have previously demonstrated that CTX
conjugated on iron oxide nanoparticles promotes multivalent binding of nanoparticles to
targeted receptors, which significantly increase the binding of nanoparticles to target cells
compared to free CTX [28]. This effect has also been observed for RGD conjugated on iron
oxide nanoparticle surfaces [20]. Thus the nanoprobes developed in this study, with such
multivalent binding effect, are likely to interfere with their binding specificity through
competitive binding inhibition assays. Therefore competitive binding assays may not be
suitable for this nanoparticle system, and instead, negative control cells were used here to
demonstrate receptor specific targeting. Iodoacetyl-conjugated nanoparticles (NP-SIA) that
contain no targeting ligands were chosen as our control nanoparticles. NP-SIA is an
intermediate product right before CTX conjugation.

To determine the amount of nanoparticles uptake by cells, the iron content of cells were
determined by a ferrozine-based colorimetric assay after cells were cultured with
nanoprobes. For U87-MG cell line, the cellular uptake of RGD peptide-conjugated
nanoprobes (NP-RGD) was 4.6 times (P < 0.001) of that of NP-SIA. The difference in
cellular uptake between NP-RGD and NP-SIA by MCF-7 and 9L cell lines was not as
significant: 1.5 times (P = 0.45) for MCF-7, and 1.1 times (P = 0.82) for 9L (Figure 4A).
These results showed that the NP-RGD nanoprobes were preferentially taken up by the U87-
MG cells, which is the only cell line expressing αvβ3 integrins among the three tested. For
CTX-conjugated nanoprobes (NP-CTX), 3.0 times (P < 0.005) and 3.6 times (P < 0.005) of
uptake over those by control nanoprobes were observed in MMP-2 positive U87-MG and 9L
cell lines, respectively. No significant difference in cellular uptake (P = 0.32) between NP-
CTX and control nanoprobes for the MMP-2 negative MCF-7 cell line (Figure 4B).

The preferential uptake of nanoprobes by target cells was further confirmed by fluorescence
imaging, for which a near-infrared fluorophore, AF647-NHS succinimidyl ester, was
conjugated onto the amine groups of nanoprobes. Cells were incubated with fluorescence-
enabled nanoprobes for 2 hours before imaging. U87-MG cells treated with the NP-RGD
can be clearly visualized in AF647 channel, while for 9L and MCF-7 cell lines, no AF647
signal was observed (Figure 5A). NP-CTX probe treatment of both U87-MG and 9L showed
strong signal in AF647 channel, indicating strong uptake of NP-CTX by the cell lines
expressing MMP-2 (Figure 5B). Conversely, little signal of NP-CTX can be found on the
MCF-7 cell line.
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In vivo tumor-specific accumulation and intratumoral distribution of nanoparticles
The tumor-specific targeting and contrast enhancement by the developed nanoprobes were
assessed in nude mice bearing flank xenograft U87-MG tumors. The goal of our in vivo
study was to investigate temporal and spatial behavior of NP-RGD and NP-CTX in mice
bearing tumors that expressed receptors for both RGD and CTX ligands. Our in vitro
experiments have identified that only U87-MG tumor cells expressed receptors for both
RGD and CTX ligands. Thus we limited our in vivo study only to U87-MG tumors. The
nanoprobes were administered intravascularly via tail vein injection. The MR images were
acquired at 4 hrs and 52 hrs post injection. The targeting specificity towards U87-MG
tumors was evaluated by comparing the relaxivity enhancement of tumor regions of mice
receiving targeting nanoprobes and non-targeting nanoprobes. As shown in Figure 6A, the
significant increase of R2 relaxivity in tumor regions (yellow dash-line circled areas) was
visualized in colorized R2 maps of the mice injected with targeting nanoprobes NP-RGD
(first row) or NP-CTX (second row). A slight increase in R2 within the tumor regions was
observed at 4 hrs post injection for mice receiving non-targeting nanoprobes (NP-SIA), but
the R2 fell back to the pre-injection level 52 hrs post injection (third row). Figure 6B shows
quantitative results of R2. A contrast enhancement of 11.939 ± 2.746 s−1 (mean ± SEM) in
terms of R2 was observed in the tumors 4 hrs post inject of NP-RGD, which is significant
higher than in the tumors of the mice receiving NP-SIA (as control) (0.617 ± 1.447 s−1, P =
0.013). However, this contrast enhancement decreased to 3.712 ± 1.152 s−1 52 hours post
NP-RGD injection, although it is still significant higher than that of NP-SIA (−0.267 ±
0.842 s−1, P = 0.014). For mice receiving NP-CTX nanoprobes, the contrast enhancement in
tumors increased to 5.181 ± 1.567 s−1 (P = 0.13) 4 hrs post injection and progressively to
7.152 ± 1.311 s−1 (P = 0.046) 52 hrs post injection.

To further confirm the preferential accumulation of nanoprobes in tumors and to investigate
their intra-tumoral distribution, the mice receiving nanoprobe injections were sacrificed after
MR imaging, and histological analyses were performed on excised tumor tissues. CD61 and
CD31 antibodies were used to stain β3 integrin, and PECAM-1 (Platelet Endothelial Cell
Adhesion Molecule 1) receptors, respectively. β3 integrin are upregulated in U87-MG tumor
cells and immature blood vessels, while PECAM-1 is strictly associated with endothelial
cells. Thus, CD31 staining was used confirm blood vessel location, and the co-localization
of CD31 and CD61 staining was used to confirm presence of neovasculature in the tumor.
Immunofluorescence images showed that U87-GM tumors have developed heterogeneous
and complex neovasculature (Figure 7A). The overlay images showed that the limited
accumulation of NP-RGD in red in the tumor predominantly colocalizes with cells
expressing CD61 in blue and CD31 in green, and are not far from blood vessels. Conversely,
NP-CTX are dispersed within tumor and predominantly appeared not associated with blood
vessels. Results from Prussian blue stain (Figure 7B) confirm the finding of the
immunofluorescence staining, which showed that NP-RGD appeared near the vasculatures
(labeled by arrows), while NP-CTX nanoprobes were distributed throughout the tumor, and
a noticeable significant population of them were away from vasculatures.

Discussions
In the present study, we reported the development and evaluation of two iron oxide
nanoparticlebased nanoprobes that bear targeting ligands for biomarkers of αvβ3 integrins or
MMP-2 overexpressed on cancer cells.

Our results indicated these nanoprobes have superior colloidal stability in media containing
high concentration of salts, amino acids, and proteins. This can be attributed to the presence
of dense and stable hydrophilic coating on the nanoparticle surface. Stable silicon-oxygen-
silicon (siloxane) linkages between succinic anhydride silane (SAS) molecules display good
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chemical stability against solvent leaching while highly hydrophilic PEG chains provide a
steric repulsion force that prevents nanoprobe aggregation. Furthermore, these nanoprobes
possess a moderate negative zeta potential that minimizes the ionic interaction between the
nanoparticle surface and macromolecules in the cell media [38]. Unlike highly cationic
nanoparticles, negative surface charge of nanoprobes does not cause severe disruption on the
integrity of cell membrane.

We demonstrated the targeting efficacy of both NP-RGD and NP-CTX in cell lines that have
different levels of αvβ3 integrins and MMP-2 expressions. Both NP-RGD and NP-CTX
showed elevated cellular uptakes in receptor-positive cell lines as compared to those in
receptor-negative cell lines. And in receptor-positive cell lines, targeting nanoprobes (NP-
RGD and NP-CTX) showed much higher cellular uptake than non-targeting nanoparticles
(NP-SIA).

Our in vivo MRI results demonstrated that the nanoprobes provided substantial contrast
enhancement in the U87-MG xenograft mouse model by preferential accumulation in
tumors. However, the temporal difference in particle accumulation in tumors between NP-
RGD and NP-CTX was observed. While the NP-RGD exhibited a strong initial
accumulation in tumors, the NP-CTX showed a more progressive and sustained
accumulation. Histological analysis further revealed the spatial difference in intratumoral
nanoprobe distribution between NP-RGD and NP-CTX. NP-RGD mainly accumulated near
the blood vessels, while NP-CTX exhibited a highly diffusive distribution throughout the
tumor. These differences in spatial and temporal nanoprobe accumulation can be attributed
to the difference in molecular targets exhibited by RGD and CTX.

The tumor consists of neoplastic tumor cells and stromal cells that include neovascular
endothelial cells [39]. The αvβ3 integrins are overexpressed on U87-MG tumor cells, as well
as endothelial cells of angiogenic tumor vessels [12,13]. Based on the nature of its targets,
the RGD peptide is a dual-targeting ligand that binds to both neovascular endothelial cells
and tumor cells, while CTX interacts with tumor cells only through its affinity to MMP-2.
After NP-RGD was injected into the bloodstream, a significant amount of NP-RGD would
be quickly associated with the neovascular endothelial cells while few others manage to
reach the tumor cells, resulting in strong initial accumulation of the nanoprobe in the tumor.
The decrease of contrast enhancement in later time points is consistent with previous reports
[36,40], and might be attributed to the dissociation and clearance of the vasculature-bound
NP-RGD as a result of the relatively weak affinity of RGD peptides to the αvβ3 integrin
expressed on endothelial cells (EC50 around micromolar range [20]). The results also
justified that although NP-RGD showed a strong targeting effect in vitro, its contrast
enhancement in vivo diminished over time in vivo. On the other hand, CTX is likely
extravasated across the endothelium through Annexin A2 binding and then interact with
MMP-2 receptors that are overexpressed on U87-MG tumor cells [37,41–43]. Because the
extravasation of NP-CTX nanoprobes across the endothelium is a receptor dependent
process, it is likely to contribute to the gradual accumulation in the tumor. The increased
contrast enhancement up to 52 hrs can be attributed to continuous nanoprobe accumulation.
These results reveal how the nature of the molecular targets of the ligand affects the
accumulation and retention of the ligand-enabled nanoprobe within the tumor.

Conclusions
We have developed two tumor-targeting nanoprobes that bear RGD and CTX peptides,
respectively. The nanoprobes are highly dispersive and exhibit excellent long-term stability
in the cell culture media. Colorimetric iron quantification assay and confocal fluorescent
microscopy confirmed that nanoprobes conjugated with targeting ligands selectively bind to
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tumor cells overexpressing αvβ3 integrin or MMP-2 receptors. Results of in vivo MRI and
histology showed that the both nanoprobes accumulated preferentially in tumors, and
revealed the effect of the difference in molecular targets between ligands on nanoprobe
accumulation and distribution in tumors.

Future perspective

This study demonstrated that with flexible surface chemistry, our base nanoparticle can
be conjugated with biomolecules in a modular fashion to develop various nanoparticle-
based diagnostic and therapeutic agents. Our study provided helpful information on
selection of targeting ligands for development of new nanoparticle systems for intended
applications.

Executive Summary

• Two nanoprobes were developed with molecular targets of αvβ3 integrin or
MMP-2 receptors, respectively.

• The nanoprobes are highly stable in cell culture media and exhibits long-term
stability.

• The achieved high stability of the nanoprobes can be attributed to the dense
PEG coating on the nanoprobe.

• This study demonstrated that the highly stable base nanoparticle developed in
our previous study could be conjugated with biomolecules in a modular fashion
for intended applications.

• Colorimetric iron quantification assay and confocal fluorescent microscopy
confirmed that nanoprobes conjugated with targeting ligands selectively bind to
cells that overexpress αvβ3 integrins or MMP-2.

• MR imaging demonstrated that the both nanoprobes accumulated preferentially
in tumors.

• Targeted delivery of magnetic particle-based nanoprobes significantly enhances
MR imaging contrast compared to non-targeted delivery.

• The in vivo study revealed that the nanoprobes bearing different ligands
accumulate differently in tumors both temporally and spatially. This provides
insights in selecting targeting ligands in development of new nanoparticle
systems for biomedical applications.
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Figure 1. The chemical scheme of nanoprobes synthesis
Chemical scheme for conjugation of RGD (NP-RGD) or CTX (NP-CTX) to base
nanoparticles (NP-PEG-NH2).
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Figure 2. Physicochemical properties of nanoparticles
(A) TEM images of NP-PEG-NH2, NP-RGD and NP- CTX (scale bar: 60 nm). (B) FTIR
spectra of NP-PEG-NH2, NP-RGD and NP-CTX. (c) Quantification of immobilized ligand
by BCA assay.
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Figure 3. Colloidal properties of nanoprobes
(A) Hydrodynamic size of nanoprobes in cell culture media. (B) Zeta potential of
nanoprobes as a function of pH value. (C) Hydrodynamic sizes of nanoprobes in cell culture
media as a function of storage time, showing long-term stability of the nanoprobes. Cell
culture media was composed of 90% DMEM and 10% FBS.
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Figure 4. In vitro assessment of cancer cell targeting specificity of nanoprobes
Cellular uptake of (A) NP-RGD and (B) NP-CTX by MCF-7, U87-MG and 9L cells, with
NPSIA as control nanoprobe. Results are presented as mean ± SEM.
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Figure 5. Preferential uptake of nanoprobes by target cells assessed by confocal microscopy
Images of U87-MG, 9L and MCF-7 cells incubated with (A) NP-RGD and (B) NP-CTX
nanoprobes, where nuclei were stained with DAPI (blue, first column), cell membranes with
WGA-AF555 (green, second column) and nanoprobes with AF647 (red, third column). Also
shown are the overlay images (fourth column) (Scale bar: 40 µm).
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Figure 6. In vivo MRI assessment of tumor-targeting nanoprobes in xenograft U87-MG tumor
mouse model
(A) Representative T2-weighted MR images of mice injected with NP-RGD (first row), NP-
CTX (second row) and NP-SIA (control, third row) nanoprobes, acquired before nanoprobe
injection (first column), and 4 hrs (second column) and 52 hrs post injection. Axial cross
sections of the lower body were analyzed. Expanded (2×) and colorized R2 maps of tumor
region were shown next to the anatomical images. R2 (s−1) from low (blue) to high (red)
were visually represented in colors generated from the gradient bar at right. The expended
regions were enclosed with yellow dash-lines. (B) R2 changes in tumor regions quantified
by calculating the difference in R2 before and after nanoprobe injection. Results are
presented as mean ± SEM.
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Figure 7. Histological examination of xenograft U87-MG mouse tumors 52 hours post
administration of AF647-labeled NP-CTX or NP-RGD
(A) Immunofluorescence images of tumor sections. Antibodies were used to stain CD31
markers associated with mouse vasculature (first column, green), and CD61 markers up-
regulated on U87-MG cells and mouse tumor neovasculature (second column, blue); the
fluorescence signal of AF647 associated with nanoprobes are shown in red (third column).
The merged images were shown in the fourth column (Scale bar: 40 µm). (B) Prussian blue
staining images (counterstained with nucleus fast red) of tumors sections excised from mice
injected with NP-RGD (left) or NP-CTX (right). Arrows in the images mark the location of
blood vessels. The inset shows a cross-section of blood vessel at high magnification (Scale
bar: 40 µm, inset: 10 µm).
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Table 1

Physicochemical properties of nanoprobes.

Probe Name Hydrodynamic
size* (nm)

Polydispersity
index (PDI*)

Zeta potential
at pH 7 (mV)

Number of ligand
per nanoprobe

NP-PEG
NH2

38 0.135 −14 0

NP-RGD 44 0.147 −16 14.9

NP-CTX 46 0.169 −20 12.4

*
Measured in cell culture media (90% DMEM and 10% FBS).
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