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agnetic nanoparticles (MNPs)

have been synthesized and

used as contrast-enhancing
agents in magnetic resonance imaging
(MRI) for diagnostic application in a di-
verse range of diseases including cardio-
vascular, neurological disorders, and
cancer."”* MNP surface coating with dex-
tran or citrate facilitates monodispersed
particles, colloidal stability, and biocom-
patibility that are crucial requirements for
clinical application.*> Furthermore, coat-
ing the particles with oleic acid can cre-
ate a hydrophobic surface that reduces
particle oxidation.® Subsequent replace-
ment of oleic acid with alternative com-
pounds, such as silane, allows greater
flexibility with regard to surface chemis-
try modification and biocompatibility.”°
Commercially available end-labeled si-
lane derivatives allow for the introduc-
tion of different chemical moieties such
as amine groups or polyethylene glycol
(PEG) onto the surface of MNPs.'° The hy-
drophilic PEG molecules have been used
to reduce phagocytic capture of nanopar-
ticles by cellular components of the im-
mune system, leading to extended circu-
lation and subsequent accumulation in
tumors as a consequence of the en-
hanced permeability and retention (EPR)
effect due to leaky vasculature and poor
lymphatic drainage in tumors.”'~'* The
EPR effect occurs because the newly
formed vessels in the tumor are irregular
in shape, leaky with large openings, and
have poor lymphatic drainage. The EPR
effect can be utilized for passive target-
ing of nanoparticles in areas with in-
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ABSTRACT Magnetic nanoparticles (MNP) can be used as contrast-enhancing agents to visualize tumors by
magnetic resonance imaging (MRI). Here we describe an easy synthesis method of magnetic nanoparticles coated
with polyethylene glycol (PEG) and demonstrate size-dependent accumulation in murine tumors following
intravenous injection. Biocompatible iron oxide MNPs coated with PEG were prepared by replacing oleic acid
with a biocompatible and commercially available silane-PEG to provide an easy and effective method for chemical
coating. The colloidal stable PEGylated MNPs were magnetically separated into two distinct size subpopulations
of 20 and 40 nm mean diameters with increased phagocytic uptake observed for the 40 nm size range in vitro. MRI
detection revealed greater iron accumulation in murine tumors for 40 nm nanoparticles after intravenous
injection. The enhanced MRI contrast of the larger MNPs in the tumor may be a combined result of the size-
dependent extravasation and capture by macrophages in the tumor, providing important considerations for

improved bioimaging approaches.
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creased angiogenesis, where there is en-
hanced permeability of the nanoparticles
out of the blood vessels and a longer re-
tention time in the tumor.

This approach has been utilized in the
development of the commercial PEGylated
liposomal Doxil as an anticancer treat-
ment.'® The application and characteriza-
tion of PEGylated approaches for silated
PEG MNP-mediated imaging of tumors is
unexplored.

In this work, we describe the prepara-
tion and characterization of silane-PEG-
coated MNPs using a simple synthesis
method based on the use of biocompati-
ble silane-PEG as a coating agent. The ef-
fect of size on phagocytic capture of
PEGylated MNPs in vitro and tumor accumu-
lation in vivo using MRI is determined for
optimal design of diagnostic nanoparticles.
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with silane-PEG was per-
formed by a ligand exchange
reaction in a toluene solvent
in the presence of the base
triethylamine and water. Ad-
dition of water converts the
Si(OMe); to the silanol form,
enabling efficient reaction
with the oxygen on the iron
oxide particles and oleic acid
replacement.” The silanol
forms polymer networks up
to three binding sites per Si
atom to the iron oxide, result-
ing in a more stable coat
compared to oleic acid.? The
silane-PEG-coated nanoparti-

Si(OMe)3-PEG
B ——

Toluene,
Triethylamine, H20

NaOH + Oleic acid

Figure 1. Preparation of PEGylated nanoparticles. Precipitation of iron ions in the presence of oleic acid
yields oleic-acid-coated nanoparticles. Ligand exchange with silane-PEG replaces the oleic acid with si-
lane, resulting in PEGylated MNPs.

RESULTS AND DISCUSSION

Iron oxide MNPs were produced and coated with
2-methoxy polyethyleneoxy propyltrimethoxysilane
(silane-PEG) by a two-step method; in the first step, iron
oxide MNPs were prepared by co-precipitation of Fe
ions with oleic acid under basic conditions followed by
a second step in toluene, where oleic acid was replaced
by a silane group (Figure 1).

Fe;04 nanoparticles were synthesized according to
the method of Sun et al.” Replacement of oleic acid
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Figure 2. Infrared spectra of (a) oleic-acid-coated MNPs, (b) silane-
PEG-coated MNPs, and (c) pure silane-PEG.
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cles were soluble in aqueous

and organic conditions and
stable to aggregation in aqueous buffer for more than
6 months at room temperature (data not shown).

After purification by a toluene/pentane wash, MNPs
with oleic acid and silane/PEG coatings were analyzed
by IR spectroscopy (Figure 2). From the IR spectra of
iron oxide particles coated with oleic acid, vibration fre-
quencies within the crystal structure compatible with
Fe—0 and FeO—H bonds were detected (at 577 and
3400 cm ™', respectively). The peak at 1406 cm ™' was at-
tributed to C—H bending vibrations. The broad peak
from 1500 to 1700 cm ™" represented the stretching vi-
bration of C—C, (=, and CG==0 bonds in the oleic acid
carbon chain and the acid group. The oleic acid hydro-
carbon chain had a distinct C—H stretching vibration at
2850—2950 cm ™. Hence, all of the peaks are in accor-
dance with previously reported spectra of oleic-acid-
coated MNPs.’

In the IR spectra of silane-PEG-coated MNPs, the
Si—O—Fe and Fe—OH peaks were detected in the fre-
quency regimen between 500 and 1000 cm ™. The peak
at 1105 cm ™! most probably reflects C—O—C stretch-
ing vibration from the ether group. The C—H bending
vibrations from the carbon chain from 1200 to 1500
cm ™1 were difficult to assign. The peak, however, at
1344 cm ™! most likely derives from the C—H bending
in the ether groups. Our results are in agreement with
previously reported IR spectra for silane-PEG-coated
MNPs."” The spectra are similar to the spectra of the
pure silane-PEG spectra except that the pure silane-
PEG does not have an absorption from iron between
500 and 600 cm ™"

Transmission electron microscopy (TEM) analysis re-
vealed a diameter of 8.0 = 1.4 nm for the oleic-acid-
coated MNP and 8.2 = 1.7 nm for the silane/PEG-coated
particles (Supporting Information Figure S1). X-ray dif-
fraction of silane-PEG-coated MNPs showed a crystal-
linic Fe;0O,4 core structure with diameters between 11
and 15 nm (Table S2 and Figure S2 in Supporting Infor-

www.acsnano.org



mation). The hydrodynamic radius of the MNPs mea-
sured by dynamic light scattering (DLS) showed a peak
diameter of 26 nm and a polydispersity index of 0.24 for
the PEGylated particles (Supporting Information Figure
S3). This supports that the particles were discrete
PEGylated particles without interparticle cross-linking
previously observed with the silane coating process.'®

The surface charge measured by the { potential
measurement of the PEG-coated particles revealed a
net charge between +27 mV (pH = 2) and —18 mV (pH
= 10) with the isoelectric point at pH = 5 (Supporting
Information Figure S4). These charges are probably de-
rived from the ionizable hydroxyl groups on the iron ox-
ide surface. Furthermore, the PEG layer inhibited par-
ticle aggregation over a period of evaluation of 1
month. The molecular density of the silane-PEG coat
on the surface of MNPs was characterized by a thermo-
gravimetric analysis performed over a temperature
range of 20—900 °C (Supporting Information Figure
S5). On the basis of the total weight loss of 30% (w/w),
and assuming an average size of 8 nm, we estimated a
silane-PEG surface density of 10.5 molecules per nm?
MNP surface. The cellular cytotoxicity in HelLa cells was
measured after 24 h incubation by a colorimetric MTT
cell viability assay to determine the clinical feasibility of
the nanoparticles (Supporting Information Figure S6).
A 90— 100% cell viability was observed in the cells incu-
bated with silane-PEG-coated iron oxide at 1.6—200
pg/mL concentration, suggesting the nontoxic nature
of the MNPs."™

Two batches of differently sized silane-PEG-coated
particles were synthesized by magnetic separation us-
ing a neodymium magnet attached to a MACS column
in which larger nanoparticles were retained and smaller
particles contained within the effluent. DLS measure-
ments revealed effluent-containing small MNPs with a
mean diameter of ~20 nm, whereas the retained MNPs
were significantly larger with a mean diameter of ~40
nm. TEM analysis revealed iron oxide cores with a mean
diameter at 4.6 = 1.4 nm for the 20 nm particles com-
pared to 9.4 = 1.9 nm for the larger 40 nm particles (Fig-
ure 3).

The macrophage cell line RAW 264.7 was used as a
cellular model for phagocytic capture of the nanoparti-
cles at a concentration range of 0.1—0.4 mg/mL over a
24 h incubation. After repeated cell washes, the total
iron and protein contents in the cell culture were mea-
sured using ferrozin and Bradford assay, respectively
(Figure 4). Compared to the 20 nm particles, the up-
take of 40 nm particles exhibited an ~8-fold increase,
suggesting that the phagocytic uptake is size-
dependent. However, the 40 nm particles have 8 times
larger volume compared to the 20 nm particles, which
indicates a similar number of particle uptake. The size-
dependent nature of macrophage phagocytosis has
been described previously for various other types of
nanoparticles with larger particles showing greater up-
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Si-PEG(40nm)
Figure 3. Size range of magnetically separated PEGylated iron oxide
nanoparticle analyzed by TEM. (a) Small 20 nm silane-PEG-coated
MNPs have an iron oxide core with an average size of 4.6 = 1.4 nm.

(b) Larger 40 nm silane-PEG-coated MNPs have an average iron oxide
core of 9.4 = 2.0 nm (scale bar = 20 nm).

Si-PE

take.?’ Studies of macrophage uptake of iron oxide
MNPs has revealed a dependence on the polyanion
scavenger receptor SR-A, which can recognize nega-
tive charged particles.?' Receptor-mediated uptake can
explain the increased uptake, in weight, of the larger
nanoparticles as each nanoparticle is taken up
specifically.

Interestingly, the PEG coat did not inhibit cellular up-
take, promoting the use of the 40 nm magnetic nano-
particles for macrophage imaging applications in vivo.

Mice bearing subcutaneously implanted foot tu-
mors were examined by MRI before and after intrave-
nous injection with either 20 or 40 nm MNPs or a non-
separated mixture of MNPs (Figure 5). As a measure of
accumulation, the relaxation rate R, was used due to
the correlation with accumulation of nanoparticles.

Before injection, the R, value in the tumor was mea-
sured to be 20 s, After 24 h, this increased to over 30
s~ 1 for mice injected with the nonseparated particles
and the larger 40 nm particles (Figure 5a,c). In contrast,
the small 20 nm particles did not result in any increased
contrast within the tumor (Figure 5b).
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Figure 4. Uptake of different sized iron oxide nanopatrticles in
macrophage-like cells (RAW 264.7). Concentration-dependent up-
take was observed, with approximately 8-fold lower uptake of
the small (20 nm) particles compared to the larger (40 nm) par-
ticles. The mean cellular uptake and standard deviation error bars
are shown. All samples were performed in triplicates.
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a) Si-PEG (no separation) b) Si-PEG (20nm) c) Si-PEG ( 40nm)
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Figure 5. MRI in mice with a SCCVII tumor before and 24 h after injection of MNPs. Tu-
mor R, map overlay (arrow) on a T,-weighted MRI image. (a) MRI of the PEGylated nano-
particles without magnetic separation showed increased R, values in the tumor after in-
jection of the MNPs. (b) Injection of the 20 nm MNPs did not change the R, value in
the tumor. (c) Injection of the 40 nm MNPs gave rise to higher R, values in the tumor.

40 nm PEG-coated nanoparticles resulted in
a 31 £ 9% higher contrast relative to pre-
injection. The contrast change of the 40 nm
particles is significantly larger than the 20 nm
and had a contrast change of 5 * 3%. Con-
trast change of the nonseparated particles
was 20 £ 3% and is slightly lower compared
to that of the 40 nm particles. This is probably
due to the lower content of larger MNPs in
this fraction.

Direct extravasation of particles out across
all blood vessels has been described for
nanoparticles with a crystal size below 9
nm.?2 The small 20 nm particles with a crys-
tal size of 4.6 = 1.4 nm could result in loss
into other tissues, while the 40 nm particles
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Figure 6. Quantification of average R, values when different
sized iron oxide nanoparticles were injected into mice with a
SCCVII tumor. R, values are averaged over a region of interest
around the tumor. The nonseparated and the larger particles
give a greater contrast difference. The values are averaged
from two animals in each of the Si-PEG and Si-PEG (20 nm)
groups and four animals in the Si-PEG (40 nm) group, with er-
ror bars showing the standard deviation.

The larger nanoparticles exhibited a significant in-
crease in contrast in the tumor after 24 h. To quantify
this difference, a region of interest (ROI) was selected
around the tumor on the MRI image, and the R, value

was measured before and after injection (Figure 6). The

METHODS

Materials. Oleic acid, N-hydroxysuccinimide (NHS), pentane,
toluene, iron(lll) chloride pentahydrate, iron(ll) chloride tetrahy-
drate, sodium hydroxide, and triethylamine (TEA) were all pur-
chased from Sigma-Aldrich. FerroZine iron reagent solution was
from HACH; msMACH columns were from Miltenyi Biotec.
Neodymium rare earth magnets were from Indigo. TEM grid
and kohle lochfilme were from Plano. 2-Methoxy(polyethyl-
eneoxy)propyltrimethoxysilane (Si-PEG, 596—725 Da) wsa from
Gelest Inc.

In a typical experiment, synthesis of oleic-acid-coated
iron particles was prepared by dissolving FeCl; and FeCl,
(2:1) in water (20 mL). NaOH (50 mL, 1 M), acetone (25 mL),
and oleic acid (0.5 mL) were heated to 83 °C in a flask (Fig-
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with a crystal size above 9 nm are restricted
to extravasate in the tumor by the EPR effect. In addi-
tion, the smaller nanoparticles may be able to re-enter
the bloodstream and deplete the amount retained
within the tumor.

The increased entry of the 40 nm particles into tu-
mor tissue may also be attributed to the increased en-
try into macrophages. It has previously been reported
that tumor-associated macrophages can capture nano-
particles at the tumor site.?*> The accumulation of the 40
nm particles in the tumor could, therefore, be a com-
bined effect of the particle-specific extravasation and
capture by macrophages in the tumor.

In summary, biocompatible iron oxide MNPs coated
with commercial PEG-silane were prepared by a simple
synthesis method in which oleic acid was replaced with
silane-PEG to provide an easy and effective method for
chemical coating or conjugation of bioactive molecules.
The colloidal stable PEGylated MNPs were magneti-
cally separated into two distinct size subpopulations
that exhibited different accumulation into macroph-
ages in vitro and murine tumors after intravenous injec-
tion. The enhanced MRI contrast in the tumor of the
larger MNPs could be attributed to the combined ef-
fect of size-dependent extravasation and capture by
macrophages in the tumor, an important consideration
for improved bioimaging approaches.

ure 1). During rapid stirring (1200 rpm) under nitrogen flow,
the iron solution was added dropwise over 5 min. Thereafter,
oleic acid (2.5 mL) was added. After 10 min, the solution
was precipitated with MeOH/acetone (1:1), centrifuged, and
the supernatant discarded. This washing procedure was re-
peated three times.

Iron oxide nanoparticles coated with oleic acid were dis-
solved in toluene in a glass tube (2 mg/mL). Silane-PEG (200 L,
Gelest Inc.), triethylamine (1 mL), and H,O (20 pL) were added to
the solution while stirring. After 24 h, the particles were precipi-
tated with pentane and centrifuged, and the supernatant was
discarded. The particles were then redissolved in toluene and
precipitated with pentane. This washing procedure was re-
peated three times.
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Different fractions of MNPs coated with silane-PEG were pre-
pared by running the samples through a magnetic msMACS col-
umn (Miltenyi Biotec) with a neodymium magnet attached.

To measure uptake in macrophages, the iron oxide nanopar-
ticles were added to RAW cells and incubated for 24 h. After
washing and harvesting the cells by trypsin treatment, the cells
were lysed in passive lysis buffer from Promega, and the protein
content in the cell lysate was measured with a Bradford assay.
The iron concentration was determined with ferrozin assay after
dissolving in HCI.

Cytotoxicity was determined using a tetrazolium-based vi-
ability assay.

SCCVII tumors were implanted into the right rear foot of fe-
male C3H/Hentac mice and grown to 200 mm?3. The MNPs were
diluted in saline to the concentration of 1.25 mg Fe/mL and in-
jected intravenously at the dose of 2.5 mg/kg animal body
weight. MRI was performed using a 3 T MR scanner (Signa Ex-
cite HD). Ry, R,, and Ry* spin echo inversion recovery, gradient
echo, and spin echo sequence relaxometry was performed prior
to and at different time points following intravenous contrast
agent administration. All experiments were performed under na-
tional and European Union approved guidelines for animal
welfare.

IR spectroscopy was performed using a Perkin-Elmer Para-
gon 1000 FTIR spectrometer. The samples were air-dried and
then mixed with potassium bromide and pressed to a KBr disk.
Thermal gravimetric analysis (TGA) was performed using a
Netsch STA 409 thermal analyzer. The sample was heated from
room temperature to 1100 °C at 10 K/min. Photon correlation
scattering and { sizing was performed with a Zetasizer (Malvern
Instruments, Malvern, UK).

Transmission electron microscopy was performed on
samples air-dried onto 300 mesh copper grids and visualized us-
ing a 200 kV Philips CM20 microscope. For each MNP formula-
tion, the mean size value was calculated * standard deviation
based on more than 50 particles. X-ray powder diffraction was
measured on a Bruker D8 powder diffractometer using Cu Ko ra-
diation (\ = 1.54056 A) with an Fe fluorescence suppressing
detector.
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