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Abstract
Amphiphilic surfactants have been used to disperse magnetic nanoparticles in biological
media, because they exhibit a dual hydrophobic/hydrophilic affinity that facilitates the
formation of a nanoemulsion, within which nanoparticle surfaces can be modified to achieve
different physicochemical properties. For the investigation of the interactions of cells with
charged magnetic nanoparticles in a biological medium, we selected the nanoemulsion method
to prepare water-soluble magnetic nanoparticles using amphiphilic surfactant (polysorbate
80). The hydroxyl groups of polysorbate 80 were modified to carboxyl or amine groups. The
chemical structures of carboxylated and aminated polysorbate 80 were confirmed, and
water-soluble manganese ferrite nanoparticles (MFNPs) were synthesized with three types of
polysorbate 80. Colloidal size, morphology, monodispersity, solubility and T2 relaxivity were
found to be similar between the three types of MFNP. However, cationic MFNPs exhibited
greater cytotoxicity in macrophages (RAW264.7 cells) and lower cellular membrane effective
stiffness than anionic and non-ionic MFNPs. Moreover, cationic MFNPs exhibited large
uptake efficiency for RAW264.7 cells compared with anionic or non-ionic MFNPs under the
same conditions. Therefore, we propose that surface charge should be a key consideration
factor in the design of magnetic nanoparticles for theragnostic applications.

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, the use of manganese ferrite nanoparticles
(MFNPs), as magnetic resonance (MR) imaging probes and
effective carriers for the delivery of therapeutics, has been
attractive because of their high magnetic susceptibility in

comparison with magnetite nanoparticles [1–5]. For the
stable dispersion of MFNPs in biological media with low
cytotoxicity, various strategies such as the ligand exchange
and addition methods have been developed [3, 4, 6–8].
Among them, the addition method has been preferred
for the preparation of water-stable MFNPs because the
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nanostructures can be easily modified in the aqueous
phase using amphiphilic surfactants, which have two main
components, a hydrophilic shell and a hydrophobic core.
Furthermore, imaging agents and therapeutics can be
stably loaded within the hydrophobic core of amphiphilic
surfactants [3, 4]. Here, the hydrophilic shell of amphiphilic
surfactants is known to play an important role in colloidal
stability in biological media, cellular uptake efficiency and
cytotoxicity [9–11]. In particular, the functional end group
at the hydrophilic tail can be modified by a bio-conjugation
chemistry that can be used to target delivery of imaging agents
and therapeutics.

In this study, we fabricated water-stable MFNPs using
non-ionic and charged surfactants, based on polysorbate
80, to investigate the physicochemical characteristics and
cytotoxicity in macrophages. Macrophages, as immune
responsive cells, can recognize and take up foreign molecules
and nanoparticles introduced into the human body [12]. Thus,
it is very important to understand surface characteristics,
i.e. surface charge, of water-stable MFNPs to assess the
cellular affinity and cytotoxicity in macrophages [13],
because the cell membrane is negatively charged and this
charge affects cellular uptake and cytotoxicity [14]. To
prepare charged (aminated and carboxylated) MFNPs, in
particular, the hydroxyl group of amphiphilic and non-ionic
polysorbate 80 was modified with amine (cationic) and
carboxyl (anionic) groups, respectively, using a simple
bio-conjugation technique [3, 10]. Subsequently, non-ionic
and charged MFNPs were prepared using three types of
polysorbate (non-ionic, cationic, and anionic polysorbates)
via the nanoemulsion method [2]. The physicochemical
properties, i.e. water stability, morphology, colloidal size,
surface charge, and T2 relaxivity, of the three types of
MFNP were analyzed. The cytotoxicities of the three types of
MFNP for the murine macrophage (RAW264.7 cell) were also
assessed, and cellular membrane affinity and stability were
observed to discover the role of surface charge effects for
MFNPs. Moreover, we carried out atomic force microscope
(AFM) analysis to verify the effect of cell surface stiffness by
charged MFNPs.

2. Materials and methods

2.1. Materials

Polysorbate 80, ethylenediamine, 1,1′-carbonyldiimidazole
(CDI), 1,4-dioxane (99.8%), 4-dimethylaminopyridine, tri-
ethylamine, and succinic anhydride (SA) were purchased
from Sigma Aldrich. Phosphate-buffered saline (PBS: 10 mM,
pH 7.4), Dulbecco’s modified Eagle medium (DMEM),
foetal bovine serum, and antibiotic–antimycotic solution were
purchased from Gibco, and dialysis membranes (molecular
weight cut-off: 1000 Da) were obtained from Spectrum
Laboratory. Murine macrophage-like cells (RAW264.7) were
purchased from American Tissue Type Culture. Ultrapure
deionized water was used for all syntheses. All other
chemicals and reagents were of analytical grade.

2.2. Synthesis of manganese ferrite nanoparticles (MFNPs)

To synthesize monodispersed manganese ferrite nanoparticles
(MFNPs), 2 mmol iron (III) acetylacetonate, 1 mmol
manganese (II) acetylacetonate, 10 mmol 1,2-hexadecanediol,
6 mmol dodecanoic acid, and 6 mmol dodecylamine were
dissolved in 20 ml benzyl ether under an ambient nitrogen
atmosphere [2]. The mixture was then pre-heated to 200 ◦C
for 2 h and refluxed at 300 ◦C for 30 min. After the reactants
were cooled to room temperature, the products were purified
with an excess of pure ethanol. MFNPs approximately 12 nm
in diameter were synthesized using the seed-mediated growth
method. The seed-mediated growth method is almost identical
to the synthesis method of monodispersed MFNPs. Briefly,
100 mg of seed MFNPs dispersed in hexane (4 ml) was added
to the other reagents. Next, the mixture was heated to 100 ◦C
(10 ◦C min−1) and stirred for 30 min to remove hexane before
heating to 200 ◦C. The remaining steps are the same. These
processes should be carried out twice to obtain 12 nm MFNPs.

2.3. Modification of polysorbate 80

To prepare charged MFNPs, the hydroxyl groups of NP
were modified with amine or carboxyl groups as previously
described [3, 10]. For the preparation of carboxylated
polysorbate 80 (anionic polysorbate, AP) using SA, first,
5 mmol NP and 20 mmol SA were dissolved in a flask
containing 100 ml 1,4-dioxane, and the reactant solution was
stirred for 1 h. Subsequently, 20 mmol dimethylaminopyridine
and triethylamine were added to the reactor at room
temperature. After further reaction for 24 h, the unwanted
solvent was rapidly eliminated using a rotary evaporator. The
obtained transparent gel-type product was then dissolved in
10 ml deionized water and dialyzed against excess aqueous
phase for at least 7 days. The purified product was freeze-dried
and stored under vacuum for later use. To synthesize the
aminated polysorbate 80 (cationic polysorbate, CP) using
CDI, 5 mmol NP and 15 mmol CDI were dissolved in a flask
containing 100 ml 1,4-dioxane. After the reactant solution
was stirred for 1 h, 15 mmol ethylenediamine was added to
the reactor at room temperature. All subsequent steps were
the same as described above for the synthesis of AP. The
characteristic bands of modified polysorbate 80 (AP and CP)
were confirmed by Fourier-transform infrared spectroscopy
(FT-IR, Varian, Excalibur R© series).

2.4. Preparation of charged MFNPs

Three types of charged MFNP (non-ionic, anionic, and
cationic) were prepared by the nanoemulsion method [2].
MFNPs (30 mg) were dissolved in 4 ml hexane (as the
organic phase), and the organic phase was mixed with 20 ml
deionized water (as the aqueous phase) containing 100 mg
NP, AP, or CP. After mutual saturation of the organic and
aqueous phases, the emulsion was ultra-sonicated in an
ice-cooled bath for 15 min at 190 W. The organic solvent was
evaporated overnight at room temperature, and the products
were purified by centrifugal filtration (Centriprep YM-3,
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Figure 1. Schematic illustration for the preparation process of three
types of polysorbate 80-coated manganese ferrite nanoparticle
(MFNP).

3,000 Da, Amicon) with two cycles at 3000 rpm for 1 h.
The size distribution and zeta potential of non-ionic MFNPs
(NMFNPs), anionic MFNPs (AMFNPs), and cationic MFNPs
(CMFNPs) were analyzed by laser scattering (ELS-Z, Otsuka
Electronics). The morphologies of the charged MFNPs
were confirmed using transmission electron microscopy
(JEM-2100, JEOL). The surface charges of the three types of
MFNP were analyzed by gel electrophoresis using 1% agarose
in the buffer solution and a voltage of 100 V applied to the gel
matrix.

2.5. MR imaging

All MR imaging experiments were performed with a
1.5 T clinical MRI instrument with a Micro-47 surface
coil (Intera, Philips Medical Systems). R2 relaxivities of
MFNP solutions were measured at room temperature with
the Carr–Purcell–Meiboom–Gill sequence (TR = 400 ms,
32 echoes with 12 ms even echo space, number of
acquisitions = 1, point resolution = 0.234 × 0.234 mm,
section thickness = 0.6 mm). R2 was defined as 1/T2 with
units of s−1. The ratio of R2 to MFNP concentration is equal
to the relaxivity coefficient (mM−1 s−1).

2.6. Cytotoxicity

The cell viability of RAW264.7 cells treated with charged
MFNPs was evaluated using an MTT cell proliferation
assay kit I (Roche). RAW264.7 cells were seeded into a
96-microwell plate at a density of 2 × 104 cells/well and
incubated at 37 ◦C in a humidified atmosphere with 5% CO2.
After 24 h incubation, RAW264.7 cells were treated with
various concentrations of NMFNPs, AMFNPs, or CMFNPs
for 24 h at 37 ◦C. The cells were washed with 100 µl
PBS (pH 7.4, 1 mM), and 100 µl fresh DMEM was added.
Subsequently, the cells were treated with MTT assay solution
according to the manufacturer’s instructions. Cell viability
was evaluated using a microplate reader (Synergy H4 hybrid
reader, BioTek) at an absorbance wavelength of 575 nm
(reference wavelength of 650 nm). All experiments were

performed in triplicate. Cell viability was determined from
the ratio of absorbance values for treated cells to that for
nontreated control cells. Cell viability was expressed as
the half maximal (50%) inhibitory concentration (IC50) of
cellular growth relative to that for nontreated control cells.
The IC50 was calculated from the equation of a sigmoid curve,
y = Bottom+(Top−Bottom)/[1+10(logIC50−χ)

×Hill slope],
where Bottom and Top are the maximum and minimum y-axis
values for the curve plateau, respectively, and the Hill slope
is the slope of the curve as calculated by GraphPad PRISM
software.

2.7. Cellular uptake

RAW264.7 cells (5× 105 cells/well of a six-well plate) were
incubated with 5 µg ml−1 NMFNPs, AMFNPs, or CMFNPs
at 37 ◦C for 24 h. The cells were rinsed with PBS and
detached using a cell scraper. Cellular uptake of NMFNPs,
AMFNPs, and CMFNPs was quantified via measurement
of the magnetic ion (Mn and Fe) concentration of cell
samples using inductively coupled plasma atomic emission
spectroscopy (Thermoelectron).

2.8. Cellular stiffness measurement

RAW264.7 cells (1 × 105 cells/well of a 24-well plate) were
incubated with 1 µg ml−1 NMFNPs, AMFNPs, or CMFNPs
at 37 ◦C for 24 h. The cells were rinsed with PBS. The AFM
measurements was performed on an Innova (Bruker, Santa
Barbara, USA) with Nanodrive controller. The closed-loop
system aided the clear and robust imaging of cells. We
used the contact mode, which is able to obtain soft sample
images. The NP cantilever tip (triangular type) was used for
cell imaging and the resonant frequency of the cantilever is
18 kHz. The spring constant of the cantilever is 0.063 N m−1

and the tip radius is 20 nm, which is sufficiently smaller than
the cell size. For the force–distance (F–d) curve, the effective
stiffness of the cell membrane was measured up to 500 nm.
To maximize the reliance, we used the same cantilever for
each state. All images and F–d curves were processed with
Nanoscope analysis software version 1.20 (Bruker, USA).

3. Results and discussion

To prepare charged MFNPs, NP was modified to AP and CP
(figure 2(a)). For the carboxylation of NP, first the hydroxyl
group of NP was modified into a carboxyl group using SA
by the esterization process and the characteristic band of
AP was confirmed by FT-IR (figure 2(b)). The anhydride
group of SA (1783 and 1861 cm−1) was converted to a
carboxyl group (1730 cm−1) by the ring opening induced
by SA. For the synthesis of CP, the hydroxyl groups of
NP were activated with CDI and the conjugated imidazole
group of activated NP was attacked by the amine group
of ethylenediamine. Subsequently, a stable carbamate bond
was formed by coupling the hydroxyl group of NP to an
amine group of ethylenediamine. The characteristic bands
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Figure 2. (a) Synthetic diagram of cationic polysorbate 80 (CP) and anionic polysorbate 80 (AP) from non-ionic polysorbate 80 (NP). (b)
The FT-IR spectra of NP (red line), AP (green line), and CP (blue line).

of CP were verified by FT-IR: the N–H bending of the
amine group (1530 cm−1) and C=O stretching of the amide
group (1710 cm−1) of CP appeared simultaneously after
modification of NP. In the case of AP, the peaks appeared
simultaneously at 1730 cm−1 (C=O stretching of carboxyl
group) and 1640 cm−1 (C–C with C=O) against NP. These
results demonstrated that two charged polysorbates (AP and
CP) were successfully prepared by the conjugation process.
As MR imaging agents, uniform MFNPs (12 nm) were
synthesized at a high temperature via a thermal decomposition
process. MFNPs were subsequently coated with NP, AP, or CP
using a nanoemulsion method (figure 1).

The size distribution and morphology of NMFNPs,
AMFNPs, and CMFNPs were confirmed by transmission
electron microscopy (figure 3(a)), which showed no signif-
icant differences in size or morphology between the three
types of MFNP. Moreover, the colloidal sizes of AMFNPs
and CMFNPs were determined by light scattering to be
182.1± 88.3 and 117.0± 53.6 nm, respectively (figure 3(b)).
These results were similar to the size of NMFNPs (138.9 ±
69.4 nm) due to the flexible polyethylene glycol (PEG) chains
of each polysorbate. Furthermore, zeta potential values for
charged MFNPs were measured to confirm the differences
in surface charge between the three types of water-soluble
MFNP. CMFNPs and AMFNPs exhibited zeta potentials
of 37.2 ± 1.0 mV and −27.0 ± 4.2 mV, respectively,
because of the modified polysorbate molecules (figure 3(c)).
However, the zeta potential of NMFNPs was−11.9±0.9 mV

due to the non-ionic polysorbate molecules. For further
verification of the surface charge and monodispersity of the
three MFNPs, gel electrophoresis analysis was conducted by
applying 100 V to an agarose gel matrix after loading with
AMFNPs, CMFNPs, or NMFNPs. In agreement with the zeta
potential results, the bands for AMFNPs and CMFNPs were
smoothly spread and shifted towards the cathode and anode,
respectively, due to their respective negative and positive
surface charges (figure 3(d)). Each type of MFNP weight did
not change significantly. These data indicate that the three
types of MFNP were successfully fabricated via combination
of MFNPs and modified polysorbates using the nanoemulsion
method.

As shown in figure 4(a), the solubility of charged
MFNPs was evaluated before and after the phase transfer of
MFNPs with NP, AP, or CP. The naked MFNPs were well
dispersed in hexane due to the surface ligands (oleylamine
and oleic acid) attached to the MFNPs (figure 4(a), left). By
contrast, the phase transferred MFNPs (NMFNPs, AMFNPs,
and CMFNPs) were only dispersed in water, and phase
separation appeared between the hexane (upper) and water
(lower) phases (figure 4(a), right). When a magnetic field
using a NdFeB magnet was applied, the charged MFNPs
were attracted to the glass vial wall to which the magnet was
applied without any aggregation. These results suggest that
polysorbate molecules as amphiphilic surfactants successfully
covered the hydrophobic MFNPs during the nanoemulsion
process.
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Figure 3. (a) TEM images of three types of MFNP. The scale bar is 20 nm. (b) Size distribution and (c) zeta potential of NMFNPs (red
line), CMFNPs (green line), and AMFNPs (blue line) using laser scattering. (d) Gel electrophoresis analysis of three types of MFNP.

Figure 4. (a) Solubility test for MFNPs, NMFNPs, AMFNPs, and
CMFNPs in hexane (upper) and water (lower). (b) Magnetic field
effect for MFNPs, NMFNPs, AMFNPs, and CMFNPs in hexane. (c)
Graph for relaxivity coefficients around NMFNPs, AMFNPs, and
CMFNPs.

To confirm the potential of charged MFNPs to serve
as MR imaging contrast agents, the magnetic sensitivity of
MFNPs was evaluated using a 1.5 T clinical MRI instrument.

As the concentration of charged MFNPs increased, the
T2 relaxivities (R2) for the three types of charged MFNP
linearly increased and the T2 relaxivity coefficients were
182.96 mM−1 s−1 for NMFNPs, 182.35 mM−1 s−1 for
AMFNPs, and 183.11 mM−1 s−1 for CMFNPs (figure 4(c)).
These results demonstrate that charged MFNPs were stably
suspended in an aqueous phase and exhibited similar MR
sensitivity without hindrance of the functional group of
the modified polysorbates. R2 is defined as ratio of Fe
concentration and inverse of T2 relaxation time and measured
by MR signal intensity from the difference of T2 relaxation
times. T2 relaxation time is a characteristic value of a material
according to the magnetic spin structure [1]. In T2 weighted
MR imaging, a voxel of the MR image becomes dark when
the T2 relaxation time is short. In other words, a short T2
relaxation time means the R2 value is high. This means that
if a material has a high R2 value, this material will appear as
a darker voxel compared to the surrounding materials in the
MR image.

For application in the biological field, verifying
cytotoxicity and delivery efficacy is very important. In
particular, surface charge conditions of various nanoparticles
were prepared with particular purposes such as with
antibodies, fluorescence probes or chemical drugs attached.
Many of the nanoparticles were confirmed to be cytotoxic
in the final format. In that case, the cytotoxicity effect
of the surface charge of the nanoparticles was ignored.
Surface charge and the cytotoxicity of the final product
are difficult to consider separately, but in order to use
the molecular imaging field in more detail it should be
taken into account. We hypothesized that the cytotoxicity of
MFNPs was related to the amount of uptake of MFNPs. In
addition, as molecular imaging was based on accumulation
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Figure 5. (a) Cell viabilities and (b) IC50 values for RAW264.7 cells treated with NMFNPs (red line), AMFNPs (blue line) and CMFNPs
(black line).

of imaging agents in the target site, evading clearance via
macrophages is important to increase delivery efficacy. Thus,
to satisfy the above two conditions, macrophage RAW264.7
cells were used as a model. Thus, the cytotoxicity of
NMFNPs, AMFNPs, and CMFNPs was evaluated using
an MTT assay to evaluate the viability of RAW264.7
cells exposed to various concentrations of each type of
MFNP (figure 5(a)). RAW264.7 cell viability decreased with
increasing concentrations of each type of charged MFNP. The
IC50 value for NMFNPs and AMFNPs were 97 µg ml−1

and 108 µg ml−1, respectively. However, the IC50 value
for CMFNPs (13.5 µg ml−1) was approximately seven
times less than the values for the other charged MFNPs
(figure 5(b)). These results indicate a close relationship
between cytotoxicity and surface charge for the treated
nanoparticles. Namely, the positively charged CMFNPs were
the most toxic compared to the non-ionic and anionic MFNPs.
This is likely because the cellular membrane is composed of
negative charged lipids that increased binding of the positively
charged CMFNPs [14–16].

As shown in figure 6, each MFNP measured approxi-
mately 2.2 ± 0.1, 2.1 ± 0.2, and 6.9 ± 2.4 pg for one cell.
CMFNPs were absorbed into cells approximately 3.1 and
3.3 times more than NMFNPs and AMFNPs respectively.
These results can be explained by the fact that cellular uptake
kinetics was affected by the surface charge characteristics of
MFNPs, also underpinning the hypothesis that cytotoxicity
was affected by the uptake efficiency of MFNPs.

For the direct measurement of the interaction between
MFNPs and cell surface, we measured the effective stiffness
of cell surface using AFM indentation method. The AFM
indentation method is able to measure the surface softness
from the bending extent of the cantilever. The amphiphilic
surfactant polysorbate 80 is able to disperse the fatty acid
of the cellular membrane [17, 18], which induces the cell
softness. In figure 7(a), we found the target cell using a
microscope. The target cell was pushed by a triangular

Figure 6. Uptake amounts of magnetic components for RAW264.7
cells treated with NMFNPs, AMFNPs and CMFNPs using
ICP-AES.

shape cantilever, which has a low spring constant (k =
0.06 N m−1, figure 7(a) inset). We also confirmed that
the cell was sufficient to attach the surface to prevent slip
during the indentation using contact mode AFM imaging
(figure 7(b)). As shown in figure 7(b), the RAW264.7 cell
had enough adhesive strength with a surface. In figure 7(c),
we note that the CMFNP treated cell had a gradual slope
of the force–distance (F–d) curve. This slope of the F–d
curve indicated the effective stiffness of the cell surface,
which includes the cell transformation and cantilever bending.
However, because the same cantilever was used for each
state, the effective stiffness was a representative parameter
of cell softness. As shown in figure 7(d), NMFNP (0.054 ±
0.002 N m−1, average ± standard deviation) and AMFNP
(0.063 ± 0.002 N m−1) treated cells had a slightly smaller
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Figure 7. The AFM indentation experiment for measuring the effective stiffness of NMFNP, AMFNP, and CMFNP treated cells. (a)
Microscope image of RAW264.7 cell and AFM tip arrangement (inset). (b) A contact mode 3D image of a RAW264.7 cell. (c) A
force–distance graph for each state. (d) The effective stiffness of each state.

and larger effective stiffness than the effective stiffness of
control (0.062 ± 0.003 N m−1, nontreated) RAW264.7 cells,
respectively. From these results, we noted that NMFNPs
penetrated the cell membrane better than AMFNPs, which
was also mentioned in figure 7(b). However, the CMFNP
(0.0389 ± 0.002) treated cell showed the smallest effective
stiffness compared with other MFNP treated cells. These
results demonstrated that the cationic charge of CMFNPs was
able to disturb the stability of the cell membrane more than
other charged MFNPs due to the cell–surface interactions.

4. Conclusions

In conclusion, we fabricated charged, water-soluble MFNPs
as MR imaging contrast agents using three types of
polysorbate 80 (non-ionic, anionic, and cationic) via a
nanoemulsion method to investigate the surface charge effect
on macrophages. The three prepared MFNPs exhibited similar
colloidal stability in an aqueous phase with similar sizes,
morphologies, and T2 relaxivities. However, cationic MFNPs
(CMFNPs) demonstrated greater cytotoxicity to RAW264.7
cells than non-ionic and anionic MFNPs (NMFNPs and
AMFNPs). Moreover, CMFNPs exhibited greater uptake
efficiency than either NMFNPs or AMFNPs. We thus
confirmed that surface charge affects cellular membrane
effective stiffness via an indentation experiment. CMFNPs
show lower effective stiffness than either NMFNPs or
AMFNPs. These results demonstrated that cationic MFNPs
bring more opportunities for the contact with the cellular

membrane. All these results can be attributed to increasing
interaction between the positively charged MFNPs and
the negatively charged cellular membrane. To reduce the
cytotoxicity and evade immune cells, the modification with
non-ionic or anionic surface charge of MFNPs can be a
successful strategy for intravenous applications. Therefore,
we propose that the surface charge of magnetic nanoparticles
should be considered as the key element for theragnostic
applications, such as use as a magnetic label or a versatile MR
imaging probe.
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