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Abstract
Antibody-conjugated hydrophilic magnetic nanocrystals for use as smart nanoprobes were
developed for ultrasensitive detection of breast cancer via magnetic resonance (MR) imaging.
MnFe2O4 nanocrystals (MNCs) for use as MR imaging contrast agents were synthesized by
thermal decomposition to take advantage of their MR signal enhancement effect. The MNC
surfaces were then modified with amphiphilic tri-block copolymers (dicarboxy poly(ethylene
glycol)–block-poly(propylene glycol)–block-poly(ethylene glycol)), not only allowing the
MNCs to transfer from the organic to the aqueous phase, but also increasing the colloidal
stability of the MNCs by masking poly(ethylene glycol). The physicochemical properties of the
synthesized hydrophilic magnetic nanocrystals (HMNCs) were fully investigated. Trastuzumab
(TZ), a monoclonal antibody against human epidermal growth factor receptor (HER2/neu), was
further conjugated on the surface of HMNCs to specifically target HER2/neu over-expressed
breast cancer cells. MR imaging analysis of target cells treated with TZ-conjugated HMNCs
(TZ-HMNCs) clearly demonstrated their potential as high-performance nanoprobes for
selective imaging.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Magnetic resonance (MR) imaging is a powerful technology
with widespread application in medicine, including cancer
diagnosis [1–7]. MR imaging techniques have been greatly
improved by the availability of better MR contrast agents with
increasing monodispersity and magnetic sensitivity [8–10].
Recently, hydrophobic magnetic nanocrystals synthesized
by thermal decomposition in organic solution have been
considered an emerging substance because of their very well-
defined crystalline structure, stoichiometry, and magnetism,

4 Authors to whom any correspondence should be addressed.

with a narrow size distribution compared to magnetic
nanocrystals prepared in the aqueous phase [11–19]. Due
to the hydrophobic ligands such as fatty acids on the
surface of crystal structure, however, thermally decomposed
magnetic nanocrystals have low colloidal stability in the
aqueous phase. In order to apply magnetic nanocrystals as
MR contrast agents for biomedical imaging, therefore, the
formulation of highly water-dispersible magnetic nanocrystals
is essential. In general, there are two main strategies
to increase solubility in an aqueous medium; one is the
exchange of hydrophobic surface ligands with hydrophilic
agents (exchange method), and the other is wrapping of
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Figure 1. Schematic illustration of TZ-HMNCs for the detection of HER2/neu over-expressed breast cancer by MR imaging. Highly stable
hydrophilic nanocrystals (HMNCs) were prepared by a nanoemulsion method using dicarboxy PEG–PPG–PEG and MnFe2O4 nanocrystals.
The HMNCs were further modified by the anti-HER2/neu antibody, Trastuzumab (TZ).

hydrophobic magnetic nanocrystals using amphiphilic agents
(addition method) [20–24]. For example, ligand-exchanged
water-dispersible magnetic nanocrystals as MR contrast agents
were first introduced by Cheon and co-workers [25]. These
MR contrast agents for in vivo monitoring of molecular
and cellular events demonstrate low toxicity and excellent
sensitivity under magnetic fields [25]. However, the colloidal
stability of these water-dispersible magnetic nanocrystals was
maintained only within a narrow range of salt concentrations
and pH conditions since the exchanged hydrophilic ligand
was relatively short. Thus, magnetic nanocrystals covered
with a long chain of amphiphilic block copolymers represent
one approach to increase the aqueous solubility and
stability [26]. Peculiarly, the addition of poly(ethylene glycol)-
based block copolymers with high molecular weight can
enhance the colloidal stability and increase the blood half-
life by rendering the protein non-immunogenic and non-
antigenic [27, 28]. Furthermore, the synthesis of water-
dispersible magnetic nanocrystals using the addition method
is quite simple and beneficial for loading biomolecules such
as genes or drugs [20, 29–31]. For this purpose, the use
of poly(ethylene glycol)–block-poly(propylene glycol)–block-
poly(ethylene glycol) (PEG–PPG–PEG), a tri-block copolymer
(commercial name Pluronic® F127), is one suitable approach
for phase transfer agents [32, 33]. The hydroxyl groups
at the end of PEG–PPG–PEG can be activated or modified
by bioconjugation chemistry, further facilitating their direct
conjugation to amine-containing antibodies or peptides for
tumor-specific detection [34].

Herein, we report the formulation of systemic smart
nanoprobes with antibody-conjugated hydrophilic magnetic
nanocrystals (HMNCs) using PEG–PPG–PEG for breast
cancer detection. For the preparation of high-quality MR
imaging agents, we first synthesized monodisperse MnFe2O4

nanocrystals (MNCs). Subsequently, the phase transference of
hydrophobic MNCs toward the aqueous phase was achieved

by a nanoemulsion method using dicarboxy PEG–PPG–PEG
as a stabilizer [22]. To assess the potential as nanoprobes, the
morphology, size distribution, colloidal stability, and chemical
compositions of the HMNCs were analyzed. In order to detect
specific cancerous parts via MR imaging, anti-HER2/neu
monoclonal antibody (Trastuzumab, TZ) as a breast cancer
targeting moiety was further conjugated on the surface of
HMNCs (TZ-HMNCs). In addition, the biocompatibility and
cellular targeting efficacy of TZ-HMNCs were fully evaluated.
The conceptual scheme of TZ-HMNCs is depicted in figure 1.

2. Materials and methods

2.1. Materials

Iron (III) acetylacetonate, manganese (II) acetylaceto-
nate, 1,2-hexadecanediol, oleic acid, oleylamine, ben-
zyl ether, poly(ethylene glycol)–poly(propylene glycol)–
poly(ethylene glycol) (PEG–PPG–PEG, MW : 12 600 Da), suc-
cinic anhydride (SA), 4-dimethylaminopyridine (DMAP), tri-
ethylamine, 1,4-dioxane and N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide
hydrochloride (EDC) were purchased from Sigma-Aldrich.
N-hydroxysulfosuccinimide (sulfo-NHS) was purchased from
Pierce. Trastuzumab (TZ) was purchased from F. Hoffmann–
La Roche Ltd. Phosphate buffered saline (PBS; 10 mM,
pH 7.4) was purchased from Gibco. All other chemicals and
reagents were of analytical grade.

2.2. Synthesis of MnFe2O4 nanocrystals (MNCs)

Monodisperse MnFe2O4 nanocrystals (MNCs) were synthe-
sized by a thermal decomposition method using magnetic
acetylacetonates as precursors [17, 18]. 2 mmol of iron (III)
acetylacetonate, 1 mmol of manganese (II) acetylacetonate,
10 mmol of 1,2-hexadecanediol, 6 mmol of oleic acid, 6 mmol
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Figure 2. Synthetic scheme for the modification of PEG–PPG–PEG. Dicarboxy PEG–PPG–PEG was synthesized by an esterification process.

of oleylamine, and 20 ml of benzyl ether were mixed under an
ambient nitrogen atmosphere. The mixture was pre-heated to
100 ◦C for 20 min and further heated to 200 ◦C for 2 h. Finally
the mixture was refluxed at 300 ◦C for 30 min. After cool-
ing the reactants to room temperature, the products were puri-
fied with an excess of pure ethanol. MnFe2O4 nanocrystals of
approximately 10 nm in diameter were synthesized using the
seed-mediated growth method [18].

2.3. Synthesis of dicarboxy poly(ethylene
glycol)–block-poly(propylene glycol)–block-poly(ethylene
glycol)

The synthetic protocol of dicarboxy poly(ethylene glycol)–
block-poly(propylene glycol)–block-poly(ethylene glycol) as
a phase transfer agent is presented in figure 2. The PEG–
PPG–PEG was first modified by anhydride-acylation using
SA [34, 35]. Anhydrous PEG–PPG–PEG (1.19 mmol),
SA (4.76 mmol), DMAP (4.76 mmol), and triethylamine
(4.76 mmol) were dissolved in 1,4-dioxane (300 ml) and
stirred for 24 h at room temperature under nitrogen ambient.
After solvent evaporation, white powders were obtained and
these were then dissolved in chloroform to remove unreacted
SA by filtration. The transparent solution was precipitated
against excess cold diethyl ether in a dropwise manner. The
precipitates were dried under vacuum and stored for later use.

2.4. Preparation of HMNCs

Hydrophilic magnetic nanocrystals (HMNCs) were prepared
by a nanoemulsion method [22]. Briefly, 30 mg of MNCs
were dissolved in 5 ml of hexane. The organic solutions
were added to 40 ml of ultra-purified water containing 1 g
of dicarboxylated PEG–PPG–PEG. After mutual saturation of
the organic and aqueous phases, the mixture was emulsified
for 10 min by ultrasonication (ULH700S, Ulssohitech) at
450 W. The organic solvent was evaporated and residual
macromolecules were eliminated by centrifugation.

The colloidal stability of the prepared HMNCs was
determined from resistance ability against the addition of salt
(sodium chloride) and various pHs, respectively. 1 ml of
HMNCs solution (0.52 mg ml−1) was added to 3 ml of various
salt (NaCl) solution concentrations (0–1.0 M) and pHs (pH 4–
13) at room temperature, respectively. After 72 h, the stability
of the HMNC solutions was evaluated using laser scattering
(ELS-Z, Otsuka Electronics, Japan).

2.5. Preparation of Trastuzumab-conjugated HMNCs
(TZ-HMNCs)

For the fabrication of smart nanoprobes, Trastuzumab (TZ) as
a targeting moiety was conjugated on the surface functional
group (carboxyl group) of HMNCs by using a zero-length
cross-linking process [34]. 2.34 × 10−6 mmol of TZ was
dissolved in 100 μl of PBS and mixed with 0.5 ml of HMNC
solution (0.84 mg ml−1). Sulfo-NHS (2.34 × 10−3 mmol)
and EDC (2.34 × 10−3 mmol) were added to the previous
solution. After incubation of the mixture for 6 h at 4 ◦C,
the products were purified by size exclusion chromatography
with a Sephacryl S-300 high resolution column (Amersham
Biosciences). A BCA protein kit (Pierce) was used to measure
the amount of TZ conjugated to HMNCs. 16 equivalent
Trastuzumab were conjugated on the surface of HMNCs.

2.6. Characterizations

The chemical structure of the dicarboxylated PEG–PPG–
PEG was analyzed by 1H-NMR (JUM-ECP300, JEOL Ltd,
Japan), and chloroform-d was used as the solvent. The
characteristic bands of HMNCs were confirmed by Fourier-
transform infrared spectroscopy (FT-IR, Varian, ExcaliburTM,
USA). All materials were analyzed using attenuated total
reflectance (ATR). The size and size distribution of the
HMNCs were measured by laser scattering (ELS-Z, Otsuka
Electronics, Japan). The morphologies of the nanoparticles
were evaluated using a high resolution transmission electron
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Figure 3. (a) 1 H-NMR spectra of dicarboxy PEG–PPG–PEG. (b) FT-IR spectra of PEG–PPG–PEG and dicarboxy PEG–PPG–PEG.

microscope (HR-TEM, JEM-2100F, JEOL Ltd). The amounts
of iron and manganese ions were measured by ICP-OES (IRIS
Intrepid II XDL, Thermo Elemental). The magnetic hysteresis
loop and saturation of magnetization were obtained using a
vibrating sample magnetometer (MODEL-7300, Lakeshore).
X-ray diffraction patterns of the HMNCs were obtained with a
Rigaku D/max-RB (Tokyo, Japan) powder diffractometer and
by image-plate photography using graphite-monochromatized
Cu Kα radiation (λ = 1.542 Å). Data were collected from 20◦
to 80◦ with a step size of 0.05◦ and an interval of 5 s.

2.7. Cytotoxicity test for HMNCs

For evaluation of the cytotoxicity by HMNCs, HER2/neu
receptor over-expressed NIH3T6.7 cells and NIH3T3 cells
as normal cells were selected (American Type Culture
Collection, Manassas, VA). The cells were maintained in
DMEM (Gibco, NY, USA), containing 10% (v/v) fetal bovine
serum, 100 U ml−1 penicillin, and 0.1 mg ml−1 streptomycin
in a 5% CO2 humidified atmosphere at 37 ◦C. The cytotoxicity
for HMNCs was then evaluated by measuring the inhibition of
cell growth using an MTT assay. Briefly, the cells were plated
at a density of 4 × 103 cells ml−1 in 96-well plates and treated
with HMNCs at various concentrations (10−3–1 mg ml−1) for
72 h. The cell viabilities were then obtained by calculating
the ratio of the number of viable cells in the treated culture
compared with non-treated control cells.

2.8. Targeting efficacy of TZ-HMNCs against cancer cells

The targeting efficacy of TZ-HMNCs as smart nanoprobes for
cancer cells was investigated by microscopy and MR imaging.
The cells (1×106 cells/well) were incubated with TZ-HMNCs
(43 μg ml−1) at 4 ◦C for 4 h and then they were washed
twice with PBS (pH 7.4, 10 mM). Subsequently, TZ-HMNC
treated cells were incubated with fluoroisothiocyanate-labeled
goat anti-human Immunoglobulin G in previously described
media at 37 ◦C for 4 h. The cells were washed twice with
PBS (pH 7.4, 10 mM) and were collected by trypsinization.
Finally, the samples were washed three times with 0.2% fetal
bovine serum and 0.02% NaN3 in PBS (pH 7.4, 10 mM)
and re-suspended in 400 μL of paraformaldehyde (4%).

Scanning of the cell-associated fluorescence was performed
using FACScalibur equipment (Beckton-Dickinson, Mansfield,
MA) at the wavelength of 488 nm. The specific binding
and cellular uptake of prepared nanoparticles were visualized
by confocal microscopy (LSM 510, Olympus, Tokyo, Japan).
Moreover, the cellular uptake efficiency of TZ-HMNCs was
also examined by the Prussian blue staining method against
both NIH3T3 and NIH3T6.7 cells.

MR imaging of the HMNC solutions and model cells
treated with TZ-HMNCs was performed with a 1.5 T clinical
MR imaging instrument with a micro-47 surface coil (Intera;
Philips Medical Systems, Best, The Netherlands). For T2
(spin–spin relaxation time)-weighted MR imaging of in vitro
cells at 1.5 T, the following parameters were adopted: point
resolution = 156 μm × 156 μm, section thickness = 0.6 mm,
TE (time to repeat) = 60 ms, TR (echo time) = 4000 ms,
number of acquisitions = 1.

2.9. Statistical analysis

All experiments were performed in triplicate and the values
were expressed as average ± standard deviation. The two-
tailed Student’s t-test was used to assess if the difference in
relative T2 weight value and relative fluorescence intensity
between the treated group and the non-treated group was
significant. p < 0.05 was considered to be statistically
significant [36].

3. Results and discussion

To prepare HMNCs as smart imaging agents, the hydroxyl
group of PEG–PPG–PEG was modified with carboxyl group
by an esterification process using SA. The terminal carboxyl
group of dicarboxylated PEG–PPG–PEG can be easily
conjugated with the amine group of the targeting moiety.
Moreover, phase transfer of hydrophobic MNCs with HMNCs
was successfully achieved by the addition of dicarboxylated
PEG–PPG–PEG against the surface of MNCs due to the
amphiphilic properties. After modification of the functional
group, the chemical structure of the dicarboxylated PEG–
PPG–PEG was evaluated by 1H-NMR; the characteristic peaks
are presented in figure 3(a). The δ values were 1.14 ppm
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Figure 4. TEM images of (a) MNCs in hexane and (b) HMNCs in water; inset: solubility test against MNCs and HMNCs. The scale bars
represent 20 nm. (c) Size distribution of HMNCs determined by laser scattering.

Figure 5. X-ray diffraction pattern of HMNCs. The x-ray diffraction
patterns match the literature values for stoichiometric MnFe2O4

(JCPDS No. 10-319).

(–CH3 of PPG chains) and 3.64 ppm (–CH2– of PEG chains
and –CH– of PPG chains), respectively. In addition, the chain
(–CH2CH2–) generated by SA was verified at 2.55 ppm. We
further confirmed the characteristic band of dicarboxylated
PEG–PPG–PEG using FT-IR spectra (figure 3(b)). The
anhydride group of SA (1783 and 1861 cm−1) was converted
to a carboxyl group (1737 cm−1) after esterification of the
hydroxyl group of PEG–PPG–PEG by the ring opening process
of SA. These results demonstrate that dicarboxylated PEG–
PPG–PEG was successfully synthesized.

Monodisperse MNCs (MnFe2O4) of size 10 nm were
synthesized by a seed-mediated growth method [18]. The
morphology of the MNCs as revealed by TEM is shown
in figure 4(a). The MNCs were dispersed in non-polar
organic solvents and they were not dispersible in the aqueous
phase because of the oleic acid on the surface of the MNCs
(inset of figure 4(a)). To increase the colloidal stability
against the aqueous phase, dicarboxylated PEG–PPG–PEG
was introduced to coat the MNC surfaces. Due to the
hydrophobic interaction of MNCs with the PPG chains of the
amphiphilic dicarboxylated PEG–PPG–PEG, HMNCs were
successfully prepared by a nanoemulsion method (figure 4(b)).
Therefore, the MNCs were well dispersed in the aqueous
phase due to the spontaneous PEGylation by hydrophilic

PEG chains (inset of figure 4(b)). The size distribution
of HMNCs was determined by light scattering to be 29 ±
10 nm (figure 4(c)). Furthermore, the presence of MnFe2O4

nanocrystals in the HMNCs was verified from the x-ray
diffraction pattern. Although MnFe2O4 nanocrystals were
covered with organic components, the spinel structure of the
nanocrystals was maintained (figure 5).

Colloidal stability of HMNCs is an essential requirement
for application as MR probes. We thus examined the colloidal
stability of HMNCs for a wide range of pHs and various
concentrations of salt. As shown in figure 6, the HMNCs
(7.5 mg ml−1) demonstrated excellent colloidal stability for
various pHs (4–13). Furthermore, the HMNCs were not
aggregated or precipitated even at high salt concentrations
(NaCl; 0.1–1 M) because the PEG chains on the surface of
the HMNCs prevented them from attack by ions and change of
proton concentration [27, 28].

We next investigated the magnetic properties and
induced MR signals of HMNCs as contrast agents to better
understand the diagnostic potential. T2-weighted spin-echo
MR imaging of HMNCs displayed a significant shift
in lower signal intensity along with increasing HMNCs
concentration (figure 7(a)). Red color (rightmost map image)
means high MR intensity and blue color (leftmost map
image) is low MR intensity. The relaxivity of HMNCs
containing MnFe2O4 nanocrystals increased linearly according
to increase of the HMNC concentration; the relaxivity
coefficient was 236 l mmol−1 s−1 (figure 7(b)). Magnetic
hysteresis loops of HMNCs were observed using a vibration
sample magnetometer at 300 K (figure 7(c)), revealing that
the HMNCs exhibited superparamagnetic behavior without
magnetic hysteresis. The saturation of magnetization value
for HMNCs was 1.56 emu g−1 at 0.85 T. These results
demonstrated that HMNCs have potential as MR imaging
agents.

The in vitro cytotoxic activity of HMNCs for model cells
was measured by MTT assay (figure 8). Cell viability was
observed after cells were exposed to various concentrations
(10−3–1 mg ml−1) of HMNCs for 72 h. Within the
concentration range of 10−3–1 mg ml−1, the viability of both
cells was maintained at more than 85%. Therefore, the
HMNCs were biocompatible and revealed the possibility of use
as nanoprobes for cancer detection.
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Figure 6. Colloidal stability test of HMNCs against various (a) pHs and (b) NaCl concentrations. Size analysis of HMNCs against various
(c) pHs and (d) NaCl concentrations; average ± standard deviation.

Figure 7. (a) Concentration-dependent T2-weighted MR images of HMNCs in aqueous solution, (b) graph of relaxivity versus the
concentration of HMNCs, and (c) the magnetic hysteresis loop of HMNCs obtained with a vibration sample magnetometer at 300 K.

The specific targeting efficacy of antibody-conjugated
HMNCs (TZ-HMNCs) against cancer cell lines was evaluated
using fluorescence activated cell sorting (FACS) analysis.
The receptor, HER2/neu, is over-expressed for patients with
metastatic breast cancer; this serves as a tumor-targeting
marker for the treatment. TZ has been attached at the
HER2/neu receptor and it obstructs the binding of growth
factors, which inhibit the phosphorylation process. In addition,
TZ inhibits the growth and profilation of breast cancer
cells. Thus, TZ was conjugated with HMNCs for proof
of concept. 16 equivalent Trastuzumab were conjugated
on surface of HER-MMPNs, as evaluated using a BCA

kit. In the FACS analysis, NIH3T6.7 cells treated with TZ-
HMNCs demonstrated 46 times higher �FI/FInon-treated (FI:
fluorescence intensity) than that of NIH3T3 cells, according
to the order of the cancer marker expression level (figure 9).
HER2/neu is highly expressed at the surface of NIH3T6.7
cells; NIH3T3 cells show the opposite behavior. On the other
hand, IgG-HMNCs (Immunoglobulin G-conjugated HMNCs)
presented hardly any cellular affinity against both cells because
IgG as an irrelevant antibody has no specific binding ability for
both cells.

For further confirmation of the cancer cell specific
binding affinity of TZ-HMNC, microscopic images of
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Figure 8. Cell viability for NIH3T3 and NIH3T6.7 cells treated with
various concentrations of HMNCs by MTT assay. (NIH3T3 cells:
black; NIH3T6.7 cells: gray.)

model cells were investigated. First, TZ-HMNCs and
IgG-HMNCs were treated for both cells, respectively.
Subsequently, fluoroisothiocyanate-labeled goat anti-human
IgG as secondary antibody was attached with TZ or IgG on
the surface of HMNCs for verification of the targeting ability.
Moreover, the nuclear site was stained by 4′,6-diamidino-
2-phenylindole that demonstrated blue color. Confocal
microscopic images demonstrated that TZ-HMNCs displayed
excellent binding ability against NIH3T6.7 cells in comparison
with NIH3T3 cells (figure 10(a)). NIH3T6.7 cells treated
with TZ-HMNCs exhibited a bright green color, whereas faint
green fluorescence was noted for IgG-HMNCs. Furthermore,
NIH3T3 cells treated with TZ-HMNCs or IgG-HMNCs
exhibited a faint green color, indicating that cellular binding
affinity was low. The extent of intracellular uptake with TZ-
HMNCs (or IgG-HMNCs) for both NIH3T6.7 and NIH3T3
cells was also confirmed using microscopic images after

Prussian blue staining (figure 10(b)). The transport of TZ-
HMNCs into NIH3T6.7 cells took place efficiently. In
contrast, NIH3T3 cells treated with TZ-HMNCs and IgG-
HMNCs, and NIH3T6.7 cells treated with IgG-HMNCs
exhibited insignificant cellular uptake. The small fractions
of iron observed represented non-specific cellular binding
of nanoparticles. Overall, FACS analysis and microscopic
images demonstrated that TZ-HMNCs successfully bound to
NIH3T6.7 cells and were subsequently taken up into the cells.

The targeting efficacy of TZ-HMNCs for the breast
cancer cell lines were next investigated by MR imaging.
In T2-weighted MR images, NIH3T6.7 cells treated with
TZ-HMNCs presented black color, while NIH3T3 cells
appeared as gray color (figure 11(a)). NIH3T6.7 cells
incubated with TZ-HMNCs showed superior MR signal
intensity (�R2/R2non-treated) (figure 11(b)). The value of
�R2/R2non-treated for NIH3T6.7 cells treated with TZ-HMNCs
was 13 times higher than that of NIH3T3 cells. However
both IgG-HMNC treated cells showed partial enhancement
against the MR signal intensity due to non-specific binding.
These results demonstrated that TZ-HMNCs have remarkable
specific binding ability for cancer cells and potential as smart
MR imaging agents.

4. Conclusion

This study demonstrated the successful synthesis of antibody-
conjugated ultrasensitive HMNCs consisting of highly
sensitive magnetic nanocrystals modified with amphiphilic tri-
block copolymers (PEG–PPG–PEG). The HMNCs showed
excellent colloidal stability in the aqueous phase over broad
ranges of pH and high salt concentration. As smart MR
contrast agents, TZ-HMNCs demonstrated both excellent
biocompatibility and ultrasensitive targeted detection via MRI
in vitro. The HMNCs showed strong feasibility as efficient
MR contrast agents and provide a novel strategy with potential
applications to the diagnosis of cancer.

Figure 9. FACS analysis for (a) NIH3T3 cells and (b) NIH3T6.7 cells treated with TZ-HMNCs and IgG-HMNCs, respectively. (c) Relative
fluorescence intensity (�FI/FInon-treated; FI: fluorescence intensity) (IgG-HMNCs: black; TZ-HMNCs: gray) (∗ and ∗∗: p < 0.05).
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Figure 10. (a) Confocal microscopic images of NIH3T3 cells and NIH3T6.7 cells treated with IgG-HMNC and TZ-HMNC, respectively. The
scale bars represent 200 μm. (b) Microscopic images of iron stained NIH3T3 cells and NIH3T6.7 cells treated with IgG-HMNC and
TZ-HMNC. The scale bars represent 200 μm.

Figure 11. (a) The T2-weighted MR images and their color maps for
NIH3T3 and NIH3T6.7 cells treated with IgG-HMNCs and
TZ-HMNCs, respectively. (b) Graph of the �R2/R2non-treated value
for NIH3T3 and NIH3T6.7 cells treated with IgG-HMNCs and
TZ-HMNCs, respectively (IgG-HMNCs: black; TZ-HMNCs: gray)
(∗ and ∗∗: p < 0.05).
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