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Abstract

We report a one-step method for facile and sustainable synthesis of magnetic iron oxide nanorods
(or IONRSs) with mean lengths ranging from 25 to 50 nm and mean diameters ranging from 5 to
8 nm. The prepared IONRs are highly stable in agueous media and can be surface functionalized
for biomarker-targeted applications. This synthetic strategy involves the reaction of iron(I11)
acetylacetonate with polyethyleneimine in the presence of oleylamine and phenyl ether, followed
by thermal decomposition. Importantly, the length and diameter as well as the aspect ratio of

the prepared IONRs can be controlled by modulating the reaction parameters. We show that

the resultant IONRs exhibit stronger magnetic properties compared to those of the widely used
spherical iron oxide nanoparticles (IONPs) at the same iron content. The increased magnetic
properties are dependent on the aspect ratio, with the magnetic saturation gradually increasing
from 10 to 75 emu g~1 when increasing length of the IONRs, 5 nm in diameter, from 25 to

50 nm. The magnetic resonance imaging (MRI) contrast-enhancing effect, as measured in terms
of the transverse relaxivity, 5, increased from 670.6 to 905.5 mM~1 s71, when increasing the
length from 25 to 50 nm. When applied to the immunomagnetic cell separation of the transferrin
receptor (TfR)-overexpressed medulloblastoma cells using transferrin (Tf) as the targeting ligand,
Tf-conjugated IONRs can capture 92 + 3% of the targeted cells under a given condition (2.0

x 104 cells/mL, 0.2 mg Fe/mL concentration of magnetic materials, and 2.5 min of incubation
time) compared to only 37 £ 2% when using the spherical IONPs, and 14 + 2% when using
commercially available magnetic beads, significantly improving the efficiency of separating the
targeted cells.
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1. INTRODUCTION

Magnetic nanoparticles have been developed for a number of biomedical applications,
including MRI contrast enhancement, =3 immunomagnetic separations,*> hyperthermia
therapies,®8 and drug delivery,®-12 due to their desirable properties of (a) biocompatibility
and chemical stabilities, (b) high saturation magnetization to provide maximum
performance, (c) large surface areas for binding or loading bioactive or functional
moieties, and (d) reliable dispersion in liquid or fluid media.13 Recently, a great deal of
attention and research effort has been directed into the synthesis and study of magnetic
nanoparticles with shapel4-16 and size-dependent!”-19 physical and chemical properties to
tailor the nanoparticle properties for high performances in the aforementioned biomedical
applications.20 Although size-dependent properties are well documented in spherical
nanoparticles, investigations on shaped nanoparticles with different aspect ratios (i.e.,
different dimensional sizes) are still limited, especially on iron oxides. When varying

the shape, the atomic arrangements in each facet of the nanocrystal can be altered, thus
conferring new properties and applications. In particular, the anisotropic-shaped iron oxide
nanoparticles (IONPs) with high aspect ratios have been shown to be strong MRI contrast
agents, given the increased transverse relaxivity, 7>, due to the linear clustering effect2% and
more power hyperthermia agents.?! Additionally, anisotropic magnetic nanoparticles with
high aspect ratios exhibited higher magnetic moments, which yielded a higher separation
efficiency when applied in magnetic separation and manipulation, even upon using a
weaker magnetic field.22 For the in vivo biomedical applications, such as imaging contrast
agents or probes and drug-delivery systems, anisotropic nanocrystals in a certain range

of aspect ratios exhibit favorable pharmacokinetics, with longer blood circulation time

and tumor tissue uptake and retention compared to those of spherical nanoparticles.23.24
Furthermore, nonspherical nanoparticles demonstrated the potential for multivalent and
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selective biofunctionalization along with enhanced cell—particle interactions.82526 To take
full advantage of their unique and improved physical and chemical attributes, robust and
easy-to-scale synthetic methods that allow for rational control of the size, shape, and
composition of nanostructures are necessary. Unlike varying the core size of spherical
IONPs, which has been fairly well studied, deliberately controlling the iron oxide
nanocrystal shape with different aspect ratios still remains very challenging.

In early attempts, several groups used platinum,2”:28 platinum—palladium,2® cobalt,3° or
nickel3! as a shape-control seed. However, with multiple metal components and additives,
the particle growth mechanism and whether different reactants might work in competition
or cooperation with one another are poorly understood. Moreover, the toxicity of these
heavy metal contents in nanoparticles is a concern in future biological and clinical
applications, especially in vivo applications. More recently, several different strategies for
the synthesis of anisotropic pure metal nanocrystals have been reported. For example,

long iron oxide nanorods (IONRs) with a length longer than 100 nm can be obtained by
hydrothermal, 32 template-mediated,33 microwave-assisted,3* or precipitation methods.35:36
When shorter nanorods are prepared, seed growth on the side facets of FeO nanocubes3! or
high-temperature thermal decompositions of /-FeOOH can also be applied.3”

With an attempt to develop a robust synthesis procedure of IONRs and rationally control
the morphological and physical properties of IONRs, herein, we present a versatile one-
step solvothermal method for the preparation of IONRs with different aspect ratios (e.g.,
IONRs with lengths of 25 or 50 nm and mean diameters of 5 and 8 nm, respectively).
Transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS),
alternating gradient field magnetometry (AGM), and magnetic resonance relaxometry
were used to characterize the physical properties of the resultant IONRs. To demonstrate
potential biomedical applications, we prepared ligand-conjugated IONRs to examine the
performance of biomarker specific detection and separation of metastatic pediatric brain
tumor medulloblastoma cells in vitro. The higher r, values exhibited in IONRs compared to
those in their spherical counterparts also render their potential as MRI contrast agents for
molecular imaging applications.

EXPERIMENTAL SECTION

2.1. Chemicals and Materials.

Iron(111) acetylacetonate (Fe-(acac)s), polyethyleneimine (PEI, 10 kDa, 50 wt %,
aqueous solution), octyl(or phenyl)ether, and oleylamine were purchased from Fisher
Chemicals (Fair Lawn, NJ). Holotransferrin (human), 3-(triethoxysilyl)propyl succinic
anhydride (TSP), amine-terminated poly(ethylene glycol) (PEG), tetrahydrofuran (THF),
fluorescein isothiocyanate (FITC), hexane, ethanol, and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay kits were purchased from Sigma-Aldrich

(St. Louis, MO). Sulfosuccinimidyl-4-(A-maleimidomethyl)cyclohexane-1-carboxylate
(Sulfo-SMCC), Traut’s reagent, A~(hydroxysulfosuccinimide) (Sulfo-NHS), 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC), bicinchoninic acid (BCA)
protein assay Kit, streptomycin, and penicillin (10 000 U/mL penicillin, 10 000 tg/mL
streptomycin in 0.85% saline) were purchased from Thermo Fisher Scientific (Waltham,
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MA). CellTracker Green 5-chloromethylfluorescein diacetate, ProLong Gold anti-fade
mountant with 4”,6-diamidino-2-phenylindole (DAPI), Vybrant Dil cell-labeling solution,
and magnetic beads of 4.5 ym in diameter (Dynabeads M-450 Epoxy) were purchased from
Life Technologies (Carlsbad, CA). Fetal bovine serum (FBS), Eagle’s minimum essential
medium, Dulbecco’s modification of Eagle’s medium, Roswell Park Memorial Institute
1640 (RPMI 1640) medium, and phosphate-buffered saline (PBS) were purchased from
Corning (Corning, NJ). Cell media and supplements were acquired from Invitrogen. Milli-Q
water (18.2 MQ) was applied in all phases of the preparation. All chemicals were used
without further purification.

2.2. Synthesis of IONRs and Spherical IONPs.

Each of the reactions was conducted under a N, atmosphere or argon atmosphere using

the standard Schlenk line setup. The synthetic apparatus consists of the following elements:
a Schlenk flask, a heating mantle with quartz wool insulation, and a thermocouple placed
inside the flask. Analyzing the temperature inside the flask compared to that outside the
flask showed very little temperature difference after adjusting for equilibrium in the flask
(the internal thermocouple reads 195 °C when the external thermocouple reads 200 °C).

To synthesize IONRs, Fe(acac)s (4 mmol) was mixed with PEI (2.5 or 1 mL), octyl(or
phenyl)ether (10 mL), and oleylamine (2 mL, 6 mmol) and heated at 200 °C under argon
protection for 4 h. To control the aspect ratio of the IONRs, two different concentrations

of PEI (i.e., 50 wt %, ag. solution in 2.5 or 1 mL) were used. To synthesize other shapes

of nanoparticles, the temperature, reaction time, and oleylamine concentration were varied
and optimized. For instance, by changing the oleylamine concentration but keeping the
other reaction parameters the same as those in the preparation of the 50 nm nanorods,
nanoparticles with hexagonal and spherical shapes can be obtained. More specifically, a
molar ratio of 1:7 (iron salt/oleylamine) gives a hexagon-like shape and a molar ratio of 1:8
gives 10 nm spherical nanoparticles. In the synthesis, oleylamine acts as a reducing agent
and the reduction takes place when the mixture turns black. All of the resultant products
were cooled to room temperature and purified through magnetic separation with an external
permanent magnet using a process involving the isolation of the nanoparticles in a solution
of hexane (2 mL) and ethanol (30-40 mL). This entire separation procedure was repeated
several times.

For the synthesis of spherical IONPs that can be used for comparison with IONRs, we

used a general thermal decomposition approach of Fe(acac)s in a solvent mixture of phenyl
ether, oleylamine, and low amounts of PEI. The reaction uses a high temperature of 250 °C.
Fe(acac)s (3 mmol) was reacted with phenyl ether (30 mL), oleylamine (9 mmol), and 0.1
mL PEI under nitrogen. The mixture was refluxed for 30 min. This reaction gives IONPs
with a core size of 5 nm. Furthermore, to increase the nanoparticle size to 25 and 50 nm,
seed-mediated synthesis was used. Using 10 mg of seeds mixed with 5 mmol of Fe(acac)s,
10 mmol of stearyl alcohol, and 4 mmol of oleylamine led to IONPs with a core size of 25
nm, whereas changing the mass of the seeds to 0.1 mg but keeping the other conditions the
same resulted in IONPs with a core size of 50 nm.
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2.3. Coating and Stabilizing IONRs and IONPs with PEG.

PEG-NH, was used to functionalize IONR surfaces following a modified procedure by Fang
et al.38 First, IONRs were silanized using TSP by reacting for 12 h at 105 °C under an argon
atmosphere. They were then collected using magnetic separation and washed with 50 mL
hexane several times. The precipitated IONRs then were dissolved in THF (7 mL), PEG with
amine terminal groups (170 mg, MW: 2 kDa) was added to the IONRs, and the mixture was
sonicated at 50 °C for about 20 h. Finally, the PEG-coated IONRs (IONR-PEG-NH>) were,
once again, purified using magnetic separation and washed with excess hexane. The same
coating procedure was applied to the spherical IONPs, which were prepared as controls to
determine the shape-specific properties.

2.4. Functionalization of PEG-Coated IONRs and IONPs with Targeting Ligands.

A solution of 2 mg/mL IONR-PEG-NH, in PBS was reacted for 1 h with a Sulfo-SMCC
linker (at a concentration of 2 mg/mL). The resulting compounds, Sulfo-SMCC-IONRs,
were then purified using a PD-10 column to remove the free linkers and free nanoparticles.
Additionally, the transferrin receptor (TfR) targeted ligand holotransferrin (Tf), conjugated
with the FITC, was thiolated via a thiolation reaction by mixing it overnight with Traut’s
reagent (in a molar ratio of 1:15). The thiolation reaction was performed in pH 8.5 borate
buffer (0.1 M). The resulting product was then purified using a desalting spin column. Sulfo-
SMCC-IONRs were then incubated with thiolated-Tf in PBS for 4 h at room temperature.
Tf-IONRs were purified, using both differential centrifugation and magnetic separation. The
number of Tf ligands conjugated to the IONR surface was determined by a BCA protein
assay.39 The iron concentrations of different samples were determined by the colorimetric
method used in our previous work.3?

To demonstrate the targeting ability of Tf-IONRs, we prepared a control sample, that is,
nontargeting ligand bovine serum albumin (BSA)-conjugated IONRs (BSA-IONRs), using a
procedure similar to that used for conjugating IONRs with Tf. BSA was also labeled with
FITC before being conjugated onto IONRs. The same conjugation procedure was applied for
spherical IONPs to obtain Tf-IONPs and BSA-IONPs.

2.5. Characterizations of IONPs and IONRs.

Both the size and morphology of the synthesized IONRs and spherical IONPs were
examined using a TEM (HitachiH-7500), with an accelerating voltage of 75 kV. The samples
were prepared by dropping a diluted amount of nanoparticles onto the TEM grid. The

size and dimensions of the prepared IONPs and IONRs were determined by averaging
measurements from 50 randomly selected particles in the field of view of a TEM image. The
magnetic moment versus applied magnetic field (M-H) curves of the magnetic nanoparticles
were recorded using a Princeton AGM at room temperature.

X-ray diffraction (XRD) measurements were performed using a Philips X’Pert-
Diffractometer with (Bragg-Brentano-geometry, Cu Ka-rays, U= 45 kV; /=40 mA).
Statistical analyses for mean values, standard deviations, and Student’s #test were
performed using Microsoft Office Excel software (Microsoft Corporation, Redmond, WA).
To study the MRI contrast enhancement properties of prepared nanorods and spherical
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nanoparticles, the transverse relaxation time (75) and relaxivity (/) were measured by

an MR scanner at the field strength of 3 T (Siemens 3T Tim/Trio; Siemens Healthcare,
Erlangen, Germany). A set of MRI phantom tubes containing solutions of IONRs and
IONPs (2 mL) with different iron concentrations (0.008-0.125 mM) was scanned in the MRI
scanner. Images were recorded using a multiecho spin echo (SE) sequence performed with

a time of repeat of 2520 ms and an array of 20 different time of echo points, starting at

12.2 ms, with an increment of 12.2 ms. A plugin program in the software ImageJ (NIH)

was used to calculate the mean values of the signal intensities of the regions of interest, and
the 7, values of each sample was calculated by exponentially fitting MRI signal intensities.
Finally, the linear correlation slope between the relaxation rates (1/7;) at different iron
concentrations was used to determine the transverse relaxivity, 7, as reported by us earlier.40

2.6. Targeting and Specific Cell Binding of Tf-IONRs to TfR Overexpressed Cells.

2.7.

The pediatric brain tumor medulloblastoma D556 cell line with TfR highly overexpressed
was used for testing the specificity of the targeted IONRs or IONPs, functionalized with

Tf as the targeting ligand to TfR. The cells were treated with 0.2 mg/mL FITC-labeled
Tf-IONRs or Tf-IONPs at 37 °C for 3 h. Briefly, the cells were cultured under 37 °C

under humidified conditions (5% COy). FBS (10%) with 1% penicillin-streptomycin was
supplemented in the cell media. The cells (5 x 10°) were seeded in each well of eight-well-
chambered slides. After 36 h of incubation, the medium was replaced and the nanoparticles
(0.1 mg/mL) were added into the cell medium and further incubated for 3 h at 37 °C.

The cell medium was then discharged, and the collected cells were washed with PBS three
times. The cell binding or internalization of the targeted nanoparticles was observed using a
fluorescent microscope (Zeiss Axioplan 2, Thornwood, NY) at 488 nm excitation and 515
nm emission.#! We performed the same experiments using nonspecific.

Magnetic Separation of Cancer Cells.

Because immune-magnetic cell separation is one of the most adopted biomedical
applications of magnetic particles, to demonstrate whether shaped IONRs show improved
performance in biomarker-targeted applications or not, we performed immunomagnetic

cell separation experiments using developed Tf-IONRs, with spherical Tf-IONPs and
commercially available magnetic Dynabeads, widely used in research laboratories, as a
comparison. The cell separation experiments were performed using a procedure reported
recently.*2 Briefly, 2.0 x 10* D556 cells per well were prepared and grown for 24 h prior

to separation. After removal of the culture medium, D556 cells were incubated with a

0.2 mg/mL concentration of nanoparticles (IONRs; spherical IONPs; and commercially
available magnetic Dynabeads M-270 Epoxy) in fresh medium for 1 h at 4 °C. Subsequently,
the medium solution was removed and PBS was used to wash cells three times. Next, the
cells were detached and placed into tubes and diluted in 1 mL of PBS. The tube containing
cell suspensions was then inserted into a permanent magnet (Fisher, Cat. No.: CS15000) for
a selected time, for example, 2.5 or 5 min. The cells attached with magnetic nanoparticles
were separated from the suspension. The captured D556 cells were resuspended in PBS and
were counted using a hemocytometer. Separately, the prestained D556 cells were transferred
onto the PLL-coated slide, fixed with 4% paraformaldehyde in PBS, and then mounted with
the Prolong Gold anti-fade mounting reagent containing DAPI. The cells were observed
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under the fluorescence microscope (Olympus BX41; Olympus, Center Valley, PA). Various
time points were used to test and measure the cell capture performances of different shapes
of magnetic materials (i.e., IONRs), IONPs, and commercially available magnetic beads
(Dynabeads M-270 Epoxy).

In Vitro Cytotoxicity Analysis.

The cytotoxicity of the reported IONRs was examined using the MTT assay, Hela cells, and
D556 medulloblastoma cells using the protocol reported in our earlier study.3 Briefly, 1 x
10* Hela cells or D556 cells per well of a 96-well plate were seeded with IONRs at selected
concentrations for 24 h. The IONR-treated cells were then washed with PBS three times.
Subsequently, the MTT solution (100 gL per well) was added into the cells. The resulting
mixture was incubated for 4 h, followed by 5 min of pipetting with DMSO (100 gL /well).
The absorbance at 570 nm was read using a plate reader. The untreated cells were considered
to have 100% viability. Comparisons of cell viability between the IONR-treated groups and
controls were performed using one-way analysis of variance and the Student #test (unpaired,
two tails).

3. RESULTS AND DISCUSSION
3.1. Shape-Controlled Synthesis of IONRs with Different Aspect Ratios.

With a one-pot synthesis, IONRs that are 25 and 50 nm in length and 5 and 8 nm in
diameter (aspect ratios of 5 and 6.3) can be readily obtained. After coating with PEG,

they were single dispersed into the various solvents and biofunctionalized. The prepared
IONRs are highly stable in biological media and possess highly magnetic properties. The
synthetic procedure involves the reaction of iron acetylacetonate with PEI in the presence of
oleylamine and phenyl ether, followed by the solvothermal method at 200 °C under an inert
gas atmosphere. The method reported here allows the preparation of short and thin nanorods,
long and thick nanorods, and even longer and thinner nanowires by just varying the PEI
concentrations. This robust synthesis procedure can be applied for a scale-up production
without a size selection of products. The morphologies of the resultant IONRs are presented
in Figure 1. Statistical analysis (Figure S1) indicated mean lengths of 25.4 £ 1.9 and 50 +
3.2 nm for the reported 25 and 50 nm (in length) IONRS, respectively. To provide examples
for this report, we only show nanorods with a mean length of 25 nm and a mean diameter of
5 nm (Figure 1A), resulting from the use of 2.5 mL of PEI, and those with a length of 50 nm
and a mean diameter of 5 nm, resulting from the use of 1 mL of PEI (Figure 1B).

High-resolution TEM images show that IONRs tend to align parallel to each other along
their long axes. Elongated 50 nm nanorods are parallel to the set of (111) planes, indicated
by observation of the fringe spacing of 0.203 nm (Figure 1C). Through the previously
attached TSP linker, PEG-NH, was then introduced onto IONR surfaces successfully. EDS
measurements, as shown in Figure 1D, reveal the composition of the nanorods having a core
of iron oxide and a coating shell of silane, which is evidenced by a sharply increased silicon
(Si) peak after the functionalization steps. Notably, the copper peak is attributed to the

TEM copper grid. To further study the crystal structure of the synthesized oleylamine-coated
nanorods, XRD measurements were conducted on 50 nm IONRs. The sample was collected
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as a thin film on a glass side by drying chloroform-dissolved IONRs in an oven. As shown
in Figure 1E, the inverse spinel structure of IONRs was easily observed, although the typical
broadening peaks were presented as expected, which is due to the effect of small crystallite
domain size. The position of the peaks is in good agreement with the XRD reference pattern
(shown as the bottom columns in Figure 1E), which demonstrated that the crystalline phase
of the prepared IONRSs is magnetite instead of other phases of iron oxide.

Considering the formation mechanism of the rodlike anisotropic nanoparticles, PEI
concentration, reaction time, reaction temperature, and oleylamine concentration are among
the factors affecting their elongation during growth. As examples, Figure 2A,B shows

a set of TEM images of different shapes of nanoparticles obtained at different reaction
temperatures (top panel) and oleylamine concentrations (lower panel). Thus, keeping the
same reaction condition used for the formation of 50 nm IONRs, but changing the
temperature to 230 °C (Figure 2A) and 250 °C (Figure 2B), the rod shape was disrupted,
leading to nanoparticles that were less uniform in shape and size. Our experience suggests
that under these reaction conditions at higher temperatures both the nucleation and growth
rate increased and therefore nonuniform nanorods and spherical nanoparticles were formed.
Moreover, we observed that the reaction time greatly affected the final shape of the
nanoparticles. When the reaction was maintained for 4 h after reduction, hollowed nanorods
may be present (Figure 2C). Of note, for the formation of the uniform rods, the reaction was
stopped immediately after reduction (the reduction occurs when the mixture turns black).

Additionally, increasing the oleylamine concentration from a molar ratio of iron salt/
oleylamine may cause shape change from nanorod to hexagon-like or spherelike. For
example, a molar ratio of 1:7 gives a hexagon-like shape (Figure 2D), a molar ratio of 1:8
gives 10 nm spheres (Figure 2E), and a molar ratio of 1:9 gives ultrasmall 3.5 nm spherical
nanoparticles (Figure 2F). Finally, to promote the formation of super-paramagnetic IONRs,
it is essential to carry out the synthesis in a N, atmosphere.

To make IONRs stable in hydrophilic media, the IONR surface was coated with a layer

of PEG-NH,, following a modified protocol reported by Fang et al.38 To further evaluate
the stability of IONRs, the hydrodynamic size change of IONRs was monitored in various
solutions, such as aqueous NaCl solution, PBS, and 100% FBS at a concentration of 0.2
mg/mL for a period of 1, 2, 4, 8, 12, and 24 h, respectively. The PEG-NH, coated IONRs
(with a length of 50 nm by TEM measurement) remain single dispersed, with hydrodynamic
sizes only slightly increased from 77.5 to 85.2 nm within 24 h, demonstrating good stability
in agueous media and against the nonspecific protein absorption in 100% FBS.

3.2. Stronger Magnetic Properties with IONRs.

We examined the magnetic properties of the IONRs of different aspect ratios and IONPs

by measuring the magnetic moment versus applied magnetic field (A/~H) curves using an
AGM at room temperature. The M-H curves of IONRs with different aspect ratios shown
in Figure 3 revealed that these IONRs are superparamagnetic. With an increase in the
nanorod length to 50 nm, the magnetization saturation value increases to 75 emu g~1. The
lower magnetization value of the smaller IONRs was attributed to the increased surface spin
disorder layer. Further, the MS values of spherical IONPs are even lower compared to those
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of the IONRs: 1.8 emu g~ for spherical IONPs and from 8 emu g1 (25 nm) to 75 emu g1
(50 nm) for IONRSs, as shown in Figure 3A-C.

Given the high magnetization values, these IONRs are expected to have a strong contrast-
enhancing effect in the MRI. In Figure 4, T,-weighted MR images of IONRs with
different iron concentrations recorded at a field strength of 3 T are presented. Significant
iron concentration-dependent signal attenuation induced by IONRs was observed when
increasing the Fe concentrations from 0.001 to 0.089 mM (Figure 4).

The transverse relaxivity, r, for IONRs with lengths of 25 and 50 nm are 670.57 and
905.53 mM~1 571, respectively. The observation of an increased 7, value from longer
IONRSs is consistent with the earlier report by Mohapatra et al.*4 and is possibly related

to their high magnetization saturation value and relatively large surface area. In comparison,
the r, values of spherical IONPs with diameters of 25 and 50 nm increase from 326.2

to 523.3 mM™1 s71, respectively. Hence, IONRs exhibit superior 7,-weighted contrast
properties that can potentially improve the sensitivity of MRI detection. In addition to

the potential improvement of pharmacokinetics and tissue penetration and retention with
nonspherical anisotropic shape, the advantages of high relaxivity MRI contrast agents,
particularly in nanoparticles, which generally have low delivery efficiency to the targeted
tissue (e.g., a tumor) and high nonspecific uptake and low degradation in the liver, include
reducing the dosage, thus minimizing potential toxicity risks, improving the sensitivity for
molecular-targeted imaging when the levels of targeted biomarkers are intrinsically limited
and detecting small lesions when only a small amount of the contrast agent can reach and
accumulate.

3.3. Functionalized IONRs for Biomarker Targeting.

The capability of biomarker targeting of these IONRs was tested on TfR overexpressed
medulloblastoma cells, which is the most common brain cancer in children.
Medulloblastoma cancer cells were incubated with either IONRs or spherical IONPs
conjugated with TfR-targeted Tf ligands or inactive nontargeted BSA-labeled FITC. In
addition, blocking experiments in which the TfR of cells were pretreated with a fixed
amount of Tf to block the TfRs were performed to further confirm the binding specificity

of Tf-IONRs to TfRs. Using fluorescence imaging (Figure 5A-C), we can compare the
amount of cells captured by the various nanoparticles. The results show that the anisotropic
properties of the IONRs confer superiority in targeting biomarker-overexpressed cells
compared with spherical IONPs (Figure 5D-F). Fluorescence images of TfR-overexpressing
medulloblastoma D556 cells treated with different nanoparticle conjugates, shown in Figure
5A-F, reveal that the green fluorescence from FITC is stronger in cells treated with Tf-
conjugated IONRs (Figure 5A) or IONPs (Figure 5D) compared to that in the cells treated
with spherical BSA-conjugated IONRs (Figure 5B) and IONPs (Figure 5E). The blocking of
TfRs reduced the cellular uptake of targeted Tf-IONPs (Figure 5C) and Tf-IONRs (Figure
5F).

Although the spherical nanoparticles were found to be effective for cell targeting, the
anisotropic IONRs exhibit a superb capability of targeting cancer cells. The superior
targeting capability of the nanorods compared to that of the spherical nanoparticles is
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demonstrated by the observed stronger green florescence intensity (Figure 5A), which

is much higher than that of the spherical nanoparticle cells (Figure 5D). Furthermore,
cytotoxicity experiments from the MTT assay using Hela cells and D556 medulloblastoma
cells (Figure S2) revealed that the cell viabilities of both Hela and D556 cells still reached
83% when surface-coated IONRs were added at very high concentrations of 0.50 Fe
mg/mL; however, at lower concentrations (<0.13 Fe mg/mL), coated IONRs did not exhibit
statistically significant cytotoxicity to Hela cells (o= 0.05).

3.4. More Efficient Immunomagnetic Cell Separation with IONRs.

To further demonstrate the utility of the reported IONRs in biological applications, in
particular, using Tf-IONRs to capture cancer cells in the medium, the performance of
Tf-IONRs in capturing D556 cancer cells in the 1 mL medium was compared to that of their
spherical IONPs in mimic of immunomagnetic cell capturing and separation applications
commonly used in biomedical laboratories.

Tf functionalized IONRs, with a length of 50 nm and diameter of 5 nm, were investigated
for magnetic separation of transferrin-overexpressed medulloblastoma D556 cells, which
have a high tendency of metastasis through the cerebral spinal fluid (CSF). The performance
or efficiency of detecting and separating cancer cells was compared to that of commercial
spherical IONPs or macron-sized magnetic beads (i.e., Dynabeads) widely used for cell
separation experiments. On the basis of the substantial magnetization difference, we expect
the IONRs to provide a more efficient separation in a shorter time window. The experiments
were performed under the same conditions (i.e., the same Fe concentration, medium,
temperature, incubation time, and permanent magnet) but with varying nanoparticles,
nanorods, or Dynabeads and lengths of separation time. The fluorescent images of the
medulloblastoma cancer cells captured by different nanoparticles or nanorods as well as
Dynabeads using a magnetic separation time of 2.5 min are shown in Figure 6.

We used the amount of captured cells to estimate the efficiency of the cell capture and
separation given a 5 min magnetic separation time and 0.2 mg Fe/mL of nanomaterial
used. The results showed that the percentages of cells captured were 98 + 3.2% for IONRs
compared to 78.67 = 5.3% for spherical IONPs and 40 + 3.2% for Dynabeads (7= 3, p

< 0.05). When changing separation time to 2.5 min, the amounts of cells captured were
reduced, being 92 + 3.2% for IONRs compared to 37.33 + 5.3% for spherical IONPs and
14 + 3.2% for Dynabeads (7= 3, p< 0.05, at 0.2 mg/mL Fe). For these two treatments,
the separation efficiency was higher when using the IONRs. For instance, for a 2.5 min
experiment time, the separation yield was higher by a factor of approximately 6.5 for the
nanorods when compared to that of the Dynabeads (92 + 3% vs 14 + 2%) and by a factor
of 2.4 (92 + 3% vs 37 = 2%) when compared to that of the spherical IONPs prepared under
similar conditions.

Xu et al.*> have previously developed spherical IONPs and applied them in the
immunomagnetic separation of tumor cells. The cell-separation process involved the use
of polymer-coated spherical IONPs with a core size of 30 nm, which were conjugated with
antihuman epithelial growth factor receptor 2 (anti-HER2 or anti-HER2/neu) antibodies. In
that work, after 10 min of incubation with spherical IONPs at room temperature, 73.6% of
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SK-BR3 cells spiked in 1 mL of fresh human whole blood were separated by the IONPs in
10 min. Using the nanorods reported in this work, we were able to isolate 98% of the cells
in 5 min under similar conditions (e.g., the magnet, temperature, and volume of the media
that cancer cells were spiked in). Others have also reported the performances of spherical
IONPs46:47 or beads8 in cell separation and detection of various diseases.*® In comparison,
anisotropic IONRSs reported in this work exhibited better performance than spherical IONPs
or microsized magnetic beads. This is possibly attributed to their high surface ratio and

high magnetic moments. Further studies need to be conducted to compare and analyze the
efficiency of the nanorods and spherical particles in cell detection and separation using more
biological application-relevant media, such as whole blood or CSF samples.

4. CONCLUSIONS

We presented a one-step oleylamine-mediated procedure that was used to successfully
synthesize IONRs with lengths ranging from 25 to 50 nm and diameters from 5 to 8 nm.
As compared to conventional spherical IONPs, IONRs at a similar material volume and
mass provide stronger magnetic properties, including magnetic saturation and relaxation
times, compared to spherical IONPs. Additionally, we showed, as an example for potential
biomedical application, that the reported anisotropic IONRs offer an improved performance
in biomarker-targeted cell capture and separation and therefore can be used for cancer
detection and diagnosis. It is anticipated that future development of such anisotropic IONPs
and systematic investigations of the functional properties and biological behaviors will lead
to a range of new or improved biomedical applications in in vivo MRI, molecular imaging,
drug delivery, as well as in vitro magnetic device-based detection.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TEM images of IONRs of 5 nm in diameter but different lengths. (A) IONRs (25 nm)

synthesized in the presence of 0.025 mmol PEI; (B) IONRs (50 nm) synthesized in the
presence of 0.01 mmol PEI; (C) high-resolution TEM images of the selected area showing
lattice fringes of nanorods oriented to the crystallographic plane (scale bar of 5 nm); (D)
the elements presented in the surface-coated IONRs measured by EDS, noting the Si peak
coming from the TSP used for surface coating; and (E) the XRD spectrum for 50 nm long
IONRs with solid red lines indicating the XRD reference pattern for magnetite.
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Figure 2.
TEM images of the examples of iron oxide crystals with various shapes. The shapes and

morphologies of these materials were obtained by modulating: reaction temperature (A, B),
reaction time (C), and oleylamine concentration (D-F). The scale bar is 50 nm.
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Figure 3.

Room-temperature M-H curves with close views of (A), 50 nm IONR (B) and 50 nm
spherical IONP (C) nanoparticles. Right side: enlarged low-field regions of each M-H
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Figure 4.
To-weighted MR contrast effect of the IONRs at two different lengths (25 and 50 nm) and

spherical IONP of two different diameters (25 and 50 nm). (A) 7,-weighted MR images of
IONRSs and spherical IONPs at various iron concentrations (right); (B) plots of 1/ 75 (/)
values of both the nanorods and spherical nanoparticles of different sizes. The corresponding
relaxation rates (> = 1/ 7;) demonstrated a linear correlation with Fe concentration (B).
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Figure5.
Fluorescence images of the D556 medulloblastoma cells treated with different nanoparticle

conjugates. Upper panels: Cells treated with nanorod conjugates Tf-IONRs (A) and BSA-
IONRSs (B) and cells pretreated with a fixed amount of Tf, followed by treatment with
Tf-IONRs (C, blocking control experiment). Lower panel: Cells treated with spherical
Tf-IONPs (D); cells treated with spherical BSA-IONPs (E); and cells pretreated with a
fixed amount of Tf, followed by treatment with Tf-IONPs (F, blocking control experiment).
Magnification: 20x. FITC was used to label Tf or BSA. DAPI (blue) was used to stain cell
nuclei.
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Figure 6.
Magnetic separation of medulloblastoma cancer cells using different magnetic materials.

Bright light (left panel) and corresponding florescent (right) microscopy images of the
captured D556 cells using: beads (commercially available Dynobeads) (A, B), SHP
(commercially available IONPs) (C, D), 50 nm IONPs (E, F), 50 nm IONRs (G, H), and cell
capture performance (% cell captured) of different separation reagents (I). Cell separation
experiment: step 1: cells were seeded with 0.2 mg/mL IONPs for 1 h at 4 °C; step 2:

cells were detached, placed in Eppendorf tubes, and diluted to 1 mL of media; step 3:

cells were exposed to magnetic separation for 2.5 min and then for 5 min; step 4: the
suspension containing the nontargeted cells were removed; step 5: IONPs was captured, and
the separated cells were diluted in media, counted, and prepared for microscopy study.
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