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Abstract We describe the preparation of superparamagnetic nanoclusters (SNCs) by fine—tuning of the
seed Fe3O4 nanoparticle sizes to enhance and their T2 relaxivity can be increased by > 4—fold. Therefore,
with 11 nm seed core and PVA coating, SNC—11 exhibit a higher T2 relaxivity than other cluster condition.
So fabricating the cluster, seed size is the most important influence the T2 relaxivity. As well as, in vitro
cellular imaging results demonstrated the strong potential of SNCs for clinical applications by targeting
affinity. According to the experiments, with 11 nm seed core and PVA coating, SNC—11 exhibited the
highest T2 relaxivity of 454 mM 's™!

indicating superior magnetic resonance (MR) contrast efficiency. Further in vitro cellular imaging results

due to the strong seed size effect on their magnetic sensitivity,

demonstrated the strong potential of SNCs for clinical applications.

1. Introduction
NPs alone offer many scientific challenges

Organization of individual nanoparticles and applications, ensembles of NPs show
(NPs) into 2-D or 3-D nanostructures — unique coupled properties that potentially
superlattices or small clusters — motivated can be applied in functional nanoscale
an opportunity to manufacture materials materials which are important in biological
with enhanced physical, chemical and diagnosis, catalysis, plasmonics, and data
mechanical properties.[1 61 While individual storage application.B 5]
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Currently, a number of theoretical and
experimental studies have been conducted to
examine the effectiveness of iron oxide
nanoparticles in MR  imaging. The
transverse relaxation rate (r2) of water
protons has demonstrated that the
magnetization and size of the magnetic
(MNPs) are key

influencing the relaxation rate.®  More

nanoparticles factors
specifically, studies have demonstrated an
increase in relaxation rates with increasing
magnetization.  Accordingly, nanoparticles
made from various compositions possessing
high magnetizations have been synthesized,
such as Mn- or Zn-doped ferrites, and
resulted in a significant increase of the
relaxation rate.'*!! Although 12 can be
enhanced by increasing the size of
individual particles, this approach could be
more difficult to assess due to the
difficulties in achieving accurate sizes and
size distributions. However, aggregates of
MNPs have been exhibit

dramatically relaxation rates

shown to
higher
compared to single MNPs. 1 Clustering of
individual MNPs is appealing as it provides
a facile way to increase the overall
magnetic content per particle, while still

stability.
MNP-based

contrast agents by controlled aggregation

maintaining high colloidal

Strategies for preparing

have yielded suitable colloidal materials for
highly effective T2 contrast agents.[12 B

Herein, we report on an optimal design
strategy of superparamagnetic nanoclusters
(SNCs), capable of achieving a high 12
relaxivity through the control of the seed
nanoparticles (Figure. 1). The size of the

seed nanoparticles has been controlled from

4 to 11 nm encapsulated within a polyvinyl
alcohol (PVA, Mw 13,000 ~ 23,000 g/mole)
shell to form superparamagnetic
(SNCs), and they

excellent colloidal stability under various

nanoclusters showed

conditions. The saturation
SNCs

increasing seed nanoparticles. The resultant

physiological

magnetization of increased with

SNCs possess a large magnetic content and
produce a strong magnetic field exhibiting a

high 2 relaxivity (454 mM 's '[metal])due

[11,1

to magnetic coupling effect. 2 Subsequent

application of SNCs to a cellular assay

system was performed to assess their use
in identifying biomarkers and target cells."!

Dual imaging capacity was  further

magnetic
[16]

demonstrated using resonance
(MR) and fluorescence imaging.

Seed particle O Fe;0, Fatty acid

4 nm 8 nm 11 nm

Magpnetic coupling effect

Nanocluster

SPNs-8 SPNs-11

T, relaxivity

Figure 1. Schematic illustration of high
performance superparamagnetic
nanoclusters (SNCs) for use as a
T2 contrast agent. The gradient
blue color bar represents the
transverse relaxivity (r2) strength
corresponding to core sizes.

2. Materials and Methods

2.1. Materials



A4 vhe 4R 24

offt

Iron(II)

1,2-hexadecandiol,

acetylacetonate (Fe(acac)s),
oleylamine, oleic acid,
benzyl ether, phenyl ether, bromoacetic acid,
pyrene, poly vinyl alcohol (PVA, Mw 13,000
= 23,000 g/mole), were purchased from
Sigma-Aldrich (St. Louis, USA). Hexane
and ethanol were obtained from Duksan
(Korea).

deionized water was used for all of the

pure chemicals Co. Ultrapure
synthesis. All other chemicals and regents

were of analytical grade.

2.2. Synthesis of iron oxide magnetic
nanoparticles
The synthesis of 4 nm nanoparticles is as

follows”:

Iron (IMI) acetyl acetonate, 1,
2-hexadecandiol, oleic acid, oleyl amine,
phenyl ether was mixed in a two neck
flask, and then the mixture was placed in a
110 C vacuum condition for 30 minutes to
eliminate the moisture and oxygen. The
mixture was heated to 200C for 30 minutes
to form FesOs seed particles. Next, the
product was heated to 265 TC for 30
minutes to growth the particles.

The 8 nm particles were also synthesized
by a similar method. Iron (II) acetyl
acetonate, 1, 2-hexadecandiol, oleic acid, and
oleyl amine were also used, but to make the
8 nm particles, we changed the solvent to
benzyl ether. Since benzyl ether has higher
boiling temperature than phenyl ether, it is
more suitable for high temperature reaction.
All ingredients were mixed in a two neck
flask, which was placed in a 110 C vacuum
condition for 30 minutes to eliminate the
moisture and oxygen. Subsequently, the
mixture heated to 200C for two hours to

form FesO, seed particles. Next, the product
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was heated to 300C for one hour to grow
the particles.

Eleven nanometer particle ingredients were
same as the 8 nm particles except for
adding 8 nm particles as a seed. The 8 nm
particles were dispersed with 4 ml of
hexane. To reduce overflow during the
synthesis, the mixture was place in a room
temperature vacuum condition for 30 min.
and 110C vacuum condition for an excess
of 30 minutes. The mixture was heated to
200C for one hour, then 300C for 30
minutes. The

product of all magnetic

nanoparticle synthesis reactions were
washed with 20 ml ethyl

Specifically, we added 20 ml ethyl alcohol

alcohol.

to the end of synthesized product. The
mixture was centrifuged at 6,000 rpm for 10
min. After centrifugation, the precipitated
sample was present on the floor of
centrifugation cell. The precipitant was
dissolved with an appropriate hexane
quantity, and the 20 ml of ethyl alcohol
already present, centrifuged at 6,000 rpm for
10 min., and then the supernatant was

discarded.

2.3. Fabrication and sorting of clusters

In this paper, we fabricate clusters using
the emulsification method. First, PVA (200
mg) was dissolved in distilled water (20 ml)
while shaking and heating the solution.
MNP was dispersed with 4 ml of hexane.
The PVA solution was then poured in the
100 ml beaker and the MNC dispersed
solution was introduced by injection method
under sonication condition. The mixture was
stirred at 1,200 rpm for 15 min;
subsequently we stored the mixture at room

temperature overnight. Upon centrifuging the
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mixture solution, we obtained SNCs capping
with PVA.

To fabricate a cluster using an emulsion
process, it has the disadvantage of yielding
a variety of cluster, so we performed
sorting process to obtain similar sized
clusters. The sample was centrifuged at
different speeds since the heavy clusters
required a low centrifugal force and light
clusters required a high centrifugal force.
Usually we repeated centrifugation at three
different rpm (8,000, 10,000, 12,000 rpm) to

perform separation by cluster size.

2.4. Synthesis of CMPVA

Synthesis  of carboxymethyl polyvinyl
alcohol (CMPVA): polyvinyl alcohol (6 g)
was dissolved in distilled water (40 ml)
using sonication and heating the solution.
With vigorous stirring at room temperature
sodium hydroxide solution (concentration: 5
g/ 10 mL) was added slowly into the PVA
solution. After cooling the solution to room
temperature, bromoacetic acid (10 g) in
water (10 mL) was added drop-wisely into
the mixture.

The solution was stirred overnight at room
temperature and neutralized with the
addition of hydrochloric acid (1 M). Excess
added to precipitate the
CMPVA, which was then collected by
centrifugation for 10 min. at 4,000 rpm.
CMPVA was purified by dispersing the

polymer in 95% ethanol and removing the

ethanol was

excess reactants. The purified polymer was
freeze dried under vacuum at -30°C and

stored at room temperature.

2.5. Antibody conjugation of SNC

To conjugate the antibody with the SNC,
0.1 mg of cetuximab was dissolved in 10
mM sodium phosphate buffered solution (400
uL, pH 7.4) and mixed with the above SNC
solution (5 mg/mL)."¥ Then, EDC (2.0
mmol) and NHS (2.0 mmol) were added to
the solution. The
conjugated with the SNCs was calculated
using a BCA (bicinchoninic acid) kit. The
irrelevant antibody (IRR, human IgG as a

amount of antibody

control)-conjugated SNC were synthesized

in the manner described above.

2.6. Characterization

Morphology and size were analyzed by
transmittance electron microscopy (TEM,
JEM-2010, JEOL Ltd) and field emission
scanning electron microscopy (SEM, S-900,
Hitachi Ltd). Size distribution of MNCs was
measured by laser scattering (DLS, ELS-Z,
Otsuka electronics). Thermogravimetric
analysis (TGA, SDT Q600, TA instruments

Ltd.) was performed to determine the

weight content of the particles and
synthesized clusters. Fourier transform
infrared spectroscopy (FT-IR, Excalibur

series, Varian Inc.) analysis was performed
to confirm the characteristic bands of the
synthesized clusters. The saturation of
evaluated wusing a
vibrating—sample magnetometer (VSM,
Model 7400, Lakeshore). The amount of

metals in the nanoparticles was determined

magnetization was

by inductively coupled plasma optical
emission spectroscopy (ICP-OES, INPREPID
2XSP, IRIS). To confirm the crystallinity,
we used the X-ray diffraction (XRD, Ultima
III, Rigaku). MR was performed at 1.5 T,
and room temperature using a Micro-47
surface coil (MRI, Intera, Philips Medical
Systems).
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Figure 2.

3. Result and Discussion

Thermal

acetylacetonate complexes in the presence of

decomposition of the iron

hydrophobic surfactants and diol reducing
agents resulted in the formation of spherical
particles. By modifying the seed-mediated
growth procedure as previously reported[lg]
to incrementally grow the magnetic core
from 4 nm to 11 nm, we produced highly
MNPs
solvent confirmed by TEM images of
MNP-4 (3.7 £ 05 nm, size variation < 4.2
%), MNP-8 (79 £ 1 nm, size variation < 5
%) and MNP-11 (108 * 15 nm, size

variation < 3.1 %), respectively (Figure 2).

monodisperse soluble in organic

Next, their ligand composition weight ratios
measured by TGA revealed 362 %
(MNP-4), 121 % (MNP-8) and 75 %
(MNP-11), respectively (Figure 3).

This decrease of ligand ratio according to
size increase of MNP is possibly due to

their different surface area per volume.
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Figure 3. Thermogravimetric analysis (TGA)
of magnetic nanoparticle

(MNP). MNP -4 (green),
MNP—-8 (blue), and MNP—11
(Red). Dashed line means

temperature derivate weight.

Precisely, the surface area per volume of
MNP-4 was 15/ nm whereas the one of
MNP-11 was 0.54/ nm.

Next we fabricated SNCs wusing seed
nanoparticle sizes of 4 nm (SNC-4), 8 nm
(SNC-8) and 11 nm (SNC-11). To evaluate
the surfactant potential, the critical micelle
concentration (CMC) of PVA was measured
using fluorescence technique (Figure. 4).
When the micelles were formed, the slope of
fluorescence against the concentration of
PVA decreased because the micelle was
formed, pyrene entered micelle in the aqueous
phase, and then pyrene emission intensity
was changed. As the PVA concentration
increased, the fluorescence intensity ratio of
PVA (Iso/Is5) spontaneously declined with
the critical micelle concentration of 82.2 nM.
These results indicated that the PVA
successfully played a role of surfactant for
fabrication of clusters.

Upon evaporation of the low boiling point

solvent (hexane), the nanoparticles confined
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Figure 4. Plot of log C vs. intensity
ratio (lse0/lz7s) from the PVA
solution emission spectrum.
The critical micelle concentration
is determined by taking thein
flexion of the sigmoidal curve.
The CMC of PVA is 1.48
mg/L(82.2nM).

the oil droplets were self-assembled into
nanospheres, with the cluster size being
controlled by adjusting the nanoparticle
concentration or the extent of stirring speed
during the emulsification process.[ls] After
solvent evaporation, nanometer-sized and
monodisperse  superparamagnetic  clusters
were finally formed. TEM images showed
iron oxide magnetic nanoclusters using 4
nm, 8 nm, and 11 nm seed nanoparticles,
with similar overall sizes of approximately
60 nm (57.3 * 7.3 nm, Figure 5 a-c). In
addition, FE-SEM indicated their fairly high
monodispersities (Figure. 5 d-f). From the
measurement of hydrodynamic diameters
using dynamic light scattering (DLS), the
mean sizes of SNC-4, SNC-8, and SNC-11
were similar at 73.3 nm, 78.1 nm, and 76.6
(Figure. 6a). PVA
SNCs
calculated from TGA analysis were 6.69 %

nm, respectively

composition  weight  ratios  of

Figure 5. (a—c) TEM images of SNCs
(Scale bar = 10 nm). (d—f)
FE—-SEM images of SNCs
(Scale bar =50 nm). SNC—4
(a, d), SNC—-8 (b, e), and
SNC—-11 (c, f)
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Figure 6. (a) Hydrodynamic size distributions
with  particle  No.—weighted
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weight losses to demonstrate
of organic/inorganic compositions,
(c) X—ray diffractometer analysis
for spinel ferrite crystallinity,
and (d) hysteresis loops for
superparamagnetic  behaviors
at room temperature, SNC—4
(green line), SNC—8 (blue line),
and SNC—11 (red line).

(SNC-4), 11.7 % (SNC-8) and 95 %
(SNC-11), respectively, indicating that MNPs
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Figure 7. FT—IR of SNC—4 (red),
SNC—-8 (blue), SNC—11
(green), and PVA
(yellow). Region (i) is
the Fe—0O bond peak.

were surrounded with a small amount of
PVA molecules (Figure. 3, Figure. 6b).

The crystallinity of the as—prepared SNCs
was analyzed by XRD (Figure. 6¢) and all
of the reflection peaks of SNCs indicated
that the clusters were composed of iron
oxide nanoparticles. In addition, we observed
that larger the primary particles, more
increase in the sharpness of peak. The
Scherrer formula was used to estimate the
average grain sizes of the clusters where D
is the diameter of the grains, A is the
X-ray wavelength in nanometers (A =
15418 A), B is the width of the XRD peak
at half-peak height in radians, and © is the
angle between the incident and diffracted
beams in degrees[zm. The grain sizes of seed
FesO4 nanoparticles in SNC-4, SNC-8 and
SNC-11 were confirmed as 4.3 nm, 83 nm
and 11.8 nm, respectively.

FT-IR spectroscopy analysis performed on
freeze dried samples of SNC-4, SNC-8 and
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Figure 8. Colloidal pH stability tests.
(a—c) Hydrodynamic diameter

of SNCs in different pH
condition (a): SNC—4, (b):
SNC—-8, (c): SNC—-11. (d—f)

Photographs of SNCs dispersed
in different pH solutions (d:
SNC—4, e: SNC—8, f: SNC—11).

SNC-11 (Figure. 7) showed that SNCs
exhibited  the bands  of
magnetite at 550 cm (Fe-Ostretching).”

characteristic

The magnetic properties analyzed using a
VSM (Figure. 6d) showed that the magnetic
hysteresis loops of SNC-4, SNC-8 and
SNC-11 were observed at 300 K exhibiting
superparamagnetic behavior without
remanence coercivity at zero field. The
saturation of magnetization values (Ms) of
SNC-4, SNC-8, and SNC-11 were 24, 49
and 75 emu/g at 1 T, respectively.

In Figure. 8, colloidal stabilities of SNCs
under various pH conditions were examined
using dynamic light scattering (DLS), which
showed that the hydrodynamic sizes (Du) of
SNC-4, SNC-8 and SNC-11 were highly
stable over a wide pH range (3~11). The
photographs of SNCs dispersed in different
pH solutions also confirmed their remarkable
levels.

broad tolerance at several pH

Therefore, PVA used as a surfactant in this
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Contrast Seed particle
) Surfactant Ms’ Hp' 2
agen Materials Size (nm)

CLIO FesO4 5 Dextran 45 30 62
Feridex FesOs, y—Fex03 496 Dextran 60 160 120
SNC-4 FesO4 60 PVA 24 73.3 111
SNC-8 FesO4 60 PVA 49 78.1 294
SNC11 FesO4 60 PVA 70 76.6 454

* Ms: Magnetic saturation value (emu /g), Hp: Hydrodynamic diameter(nm) of cluster , and r2: Transverse

relaxation rate at 1.5T(mM'S™)

one-pot reaction processm] could sufficiently
stabilize the nanoparticle clustering in a
wide pH range due to hydrogen bonding
between OH group and water, which could
enable dispersion of SNCs in HxO or
phosphate buffered saline (PBS) without
further surface modification.

In MR imaging, the contrast enhancement
effects are directly related to the Ms value
of the nanoparticles. Specifically, transverse
relaxivity (R2=1/T2) represents the degree
of T2-weighted MRI contrast effect where
the R2 wvalue is proportional to the Ms
value. The size effects of iron oxide
nanoparticles on the MRI contrast
enhancements were measured at 1.5 T and
compared with conventional iron oxide
nanoparticles  (Feridex, cross-linked iron
oxide (CLIO) and Resovist) in table 1. The
relaxivity
obtained as the gradient of the plot of R2

versus the molarity of magnetic atoms,

coefficient (r2), which was

increased as the seed nanoparticle size
increased by showing 110, 250 and 454
mM ' s for SNC-4, SNC-8 and SNC-11,
respectively (Figure. 9). The 12 values of

CLIO and Feridex were 62 mM ' s’ and
110 mM ' s !, respectively (table 1). It is
well accepted that, for assembled structures,
magnetic dipole-dipole interactions are much
stronger than those of individual
nanoparticles, as a result of the anisotropy

coupling effect of dipoles[lg].

Therefore,
interparticle magnetic coupling can increase
overall individual magnetic  anisotropy
properties and raise the net positive
magnetic force of clusters toward external
magnetic field. In our work, neither a
decrease  of

significant  increase  nor

coercivity of SNCs as compared to
individual NPs was observed as in most
random nanoparticle aggregates as

Figure. 6d.
Consequently, this increase in the relaxivity

coefficient of SNCs is likely due to the

previously observed in

presence of both anisotropic and random
dipole-dipole interactions within the clusters,
which makes SNCs

superparmagnetically.

behave

To investigate further capability of SNCs
for cell labeling, we modified the repeating

hydroxyl units of PVA into carboxylate
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Figure 9. (a) T2—weighted MR image
of aqueous solution of
SNC—11, SNC-8, SNC-4,
and MNP—4 (b) T2—weighted
MR relaxation rate of SNC—11
(red), SNC—8 (blue), SNC—4
(green), and MNP—4 (yellow).

carboxymethyl PVA

Carboxymethylation is a

groups to form
(CcMpPVA)I,
common procedure in polysaccharide
chemistry for derivatizing alcohol groups
with carboxymethyl groups. The SNC-11
encapsulated with CMPVA (CMSNC-11)
was prepared with a similar procedure as
previously described. A431 cells, which have
a high level of the EGFR cancer markers,
were compared with MCF7 cells, which
have a low level of the EGFR cancer
markers. To compare the performance of
CMSNC-11 in these cell lines, CMSNC-11
nanoparticles were conjugated with an
anti-EGFR (CET,
utilizing the carboxyl group on the surface
of the CMSNC-11. The targeting efficacy of
conjugated CMSNC-11
(CET-CMSNC-11) and their detection by

MR imaging were investigated using cancer

antibody cetuximab)

Cetuximab

cell lines. The cells were incubated with
CET-CMSNC-11 at room temperature with
a relatively short incubation time (2 h) to

minimize the particle uptake via endocytosis.
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Figure 10. AR2/R2yr graph against A431
and MCF7 cells incubated
with  CET - CMSNC-11(gray)
and IRR - CMSNC-11 (black).

The difference of AR2/R2nt
(NT;non-treated, R2=T2 ) in  the cells
treated with CET-conjugated CMSNC-11
(CET-CMSNC-11) compared to those of
CMSNC-11 conjugated with an irrelevant
antibody (IRR, humanlgG;IRR-CMSNC-11)
119%(A431) and
22%(MCF7), respectively (Figure. 10). In
addition, CET-CMSNC-11 exhibited specific
affinity (5.4times) for A431 cells compared
with MCF7 cells, demonstrating the efficient
targeted delivery of CET-CMSNC-11 forth
eEGFR receptor. IRR-CMSNC-11 treated

cells, however, showed partial enhancement

were approximately

against the MR signal intensity owing to
non-specific binding. Inaddition, the confocal
microscopic images showed that A431 cells
incubated with CET-CMSNC-11 presented
excellent uptake efficiency compared to
other cases (Figure. 11). In the case of
A431 cells treated with CET-CMSNC-11, a
bright red color was observed in the
microscopic image,whereas dim fluorescence
IRR-CMSNC-11.

demonstrated  that

was noted for the

Microscopic  results
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MCF7 .

MCF7

Figure 11. Confocal microscopy images of
A431 and MCF7 cells incubated
with CET - CMSNC—-11 and IRR
-CMSNC—11 at room temperature
for 2h.

CET-CMSNC-11 successfully binds to A431
cells. Therefore, by using the well-defined
SNCs as

specifically detect EGFR-expressing cancer

bimodal probes, we could
cells using both fluorescence microscopy and
MRI.

5. Conclusions

In summary, we suggest a strategy for
preparing highly potent and functional
superparamagnetic nanoclusters (SNCs). For
a given magnetic material, SNCs are able to
achieve high 12 relaxivity with densely
packed magnetic nanoparticles. This is
possibly due to the increase of magnetic
by the

coupling effect, as well as the net positive

anisotropic  property magnetic
magnetic force, which together lead the
SNCs to be highly effective MR contrast
agents. The PVA shell in particular renders
the particles highly soluble in aqueous

media and can be utilized for surface

conjugation. In addition, CMPVA by further
modification of PVA provides a versatile
bioconjugation moiety to serve as smart and
bimodal contrast agents. We envisage that
our SNCs could be readily extended to other
magnetic nanocluster formations (e.g., Fe,
CoFe, and MnFe), which could further
improve the 12 relaxivity along with

multimodal imaging and/or therapeutic

treatment agents.
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