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Carboxylmethyl starch sodium-coated magnetic nanoparticles (CMS@MNs) with average size of
10 nm were synthesized by chemical coprecipitation. Cellular iron content showed that CMS@MNs
could be efficiently uptaken by human hepatoma cells. TEM image showed that clusters consisting
of nanoparticles were enclosed within sub-micrometric endosomes and one cell contained several
such endosomes. After incubation with the nanoparticles, a phenomenon appeared that the intensity
of cellular side scatter signal (SSC) obtained by flow cytometry at 488 nm argon laser increased. It
was demonstrated that the increase of SSC signal was induced by a cell itself, and mainly caused by
the nanoparticles both adsorbed on the membrane and internalized into cytoplasm. Although without
inducing cell death the treatments with the nanoparticles could lead to increased permeability of
cell membrane to propidium iodide. Results implied a potential that flow cytometry might be used
as a tool to rapidly evaluate and select cells with high magnetic labeling and high viability in cellular
transplant.

Keywords: Magnetic Nanoparticle, Endocytosis, Side Scatter Signal, Cell Viability, Magnetic
Labeling.

1. INTRODUCTION

There are increasing explorations of magnetic iron oxide
nanoparticles as MRI contrast agents, drug delivery sys-
tems, and thermoseeds for hyperthermia, all of which
mainly utilize the special magnetic characteristics of this
type of nanoparticles.1–5 Sustained stability in physiologi-
cal condition is the prerequisite for magnetic nanomaterials
to be used in cellular and animal experiments. Addition-
ally, both excellent biocompatibility and bio-functionality
are also important aspects that determine whether they
could be used in biomedicine. To achieve these ends, var-
ious strategies have been carried out to decorate magnetic
iron oxide nanoparticles. Surface modification with poly-
mers can avoid the precipitation by steric hindrance effect,
among of which PEGylation (modified with poly(ethylene
glycol)) is widely employed because of its biocompati-
bility and convenience for subsequent conjugation with
biological molecules.6–9 Non-polymer surface modifica-
tions, such as meso-2,3-dimercaptosuccinic acid, have
also been used to yield magnetic nanoparticles stable in
physiological condition.10

∗Author to whom correspondence should be addressed.

For most applications, relatively large amounts of
nanoparticles should be delivered into cells and targeting
specificity is also necessary. For example, to efficiently
track the transplanted stem cells and other mammalian
cells used in cellular therapy, HIV-tat peptides, protamine,
and other transfection agents have been adopted to facil-
itate the internalization of iron oxide nanoparticles into
these cells.11–14 The conjugation with folate or methotrex-
ate could realize specific targeting of iron oxide nanopar-
ticles to tumor cells over-expressing folate receptor and
subsequent endocytosis of nanoparticles, as could improve
the MRI or drug delivery in target organs.9�15�16 Superpara-
magnetic iron oxide nanoparticles attached with specific
proteins, antibodies, peptides could be used to efficiently
image the sites of inflammation, neovasculature, apoptosis
or tumor.17–19 When derivatized with carbohydrates con-
taining galactose, iron oxide nanoparticles were selectively
accumulated in hepatocytes after injection, indicating a
potential application for drug targeting delivery.20 Besides
the specific targeting and uptake of magnetic nanoparticles
modified with various ligands, non-specific but high levels
of uptake occurs between some types of cells and magnetic
nanoparticls.21–23
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To evaluate the internalized efficacy of magnetic
nanoparticles or the cellular targeting specificity, a widely
used method is to incorporate fluorescent substances into
nanoparticles, such as quantum dots (QDs) and fluores-
cent dyes. The quantity of adsorption or internalization
of the nanoparticles could be indirectly reflected from the
intensity of fluorescence measured by fluorescent micro-
scope or flow cytometry.11�13�24 However, the cytotoxicity
of QDs and the easily bleachable fluorescence of dyes
make their practical applications uncertain.25�26 Moreover,
the introduction of QDs and dyes makes the synthesis of
nanoparticles more complex. Therefore, other method is
also required.

Very recently, the work of Suzuki et al.27 showed that
the intensity of side-scattered light could reflect uptake
potential of nanosized particles. In this work, using mag-
netic nanoparticles coated with carboxylmethyl starch
sodium (noted CMS@MNs) and human hepatoma cells
SMMC-7721, we also found that the relative quantity
of internalized nanoparticles could be indirectly reflected
from the intensity of side scatter signal obtained by flow
cytometry. And our results further demonstrated that the
increase of SSC is mainly caused by the nanoparticles both
adsorbed on the cell surface and enclosed within endo-
somes. Results also implied the possibility of flow cytome-
try as a convenient tool to evaluate the efficacy of magnetic
labeling and the viability of labeled cells.

2. MATERIALS AND METHODS

2.1. The Synthesis and Characterization of
CMS@MNs

CMS-coated magnetite nanoparticles were synthesized by
chemical coprecipitation based on literature.28 Carboxyl-
methyl starch sodium was dissolved in deionized water at
80 �C under magnetic stirring. An iron solution contain-
ing FeCl3 and FeSO4 (molar ratio 2:1) was prepared under
N2 protection. A mixture of iron and CMS solution was
prepared (vol. ratio 1:4) under vigorous stirring, and then
enough ammonia aqueous solution was added dropwise
with violently stirring at 60 �C for 2 h. After the reac-
tion, the remaining solution was cooled to room temper-
ature. The yielding CMS-coated magnetite nanoparticles
were dialyzed to remove the unreacted CMS and ions at
37 �C for 2–3 days against distilled water that replaced
every day. Scanning electron microscope (Sirion-2000, FEI
Company) was used to characterize the morphology of
CMS@MNs after the samples were deposited on silicon
substrates and sprayed with gold.

2.2. Cell Culture and Treatments

Human hepatoma cell line, SMMC-7721 was generously
donated by Institute of Cardiovascular Disease, Nanjing
Medical University, China. Cells were cultured in RPMI

1640 medium containing 10% fetal calf serum, 100 U/ml
penicillin and 100 �g/ml streptomycin at 37 �C in 5%
CO2. Nanoparticles were directly dissolved in medium
containing serum because of their excellent stability. In
experiments, cells were grown in plates for 24 h before
incubation with nanoparticles.

2.3. Cellular Uptake of CMS@MNs

Iron content in cells was measured using potassium thio-
cyanate method. The same number of cells were seeded in
6-well plates and grown for about 24 h. Then to the orig-
inal medium CMS@MNs suspension was added, yielding
final iron concentration of 1 mM. After further incubation
for different time, the cells were thoroughly washed with
phosphate-buffered solution (PBS), and trypsinized. The
detached cells were completely dissolved in 0.2 ml of con-
centrated HCl at 60 �C for 2 h. After the lysates cooled
down to room temperature, 0.2 ml of 5% trichloroacetic
acid was added. Then 4.25 ml of the reagent of potassium
thiocyanate (composed of 2.5 ml ddH2O, 0.25 ml concen-
trated HCl, 0.5 ml 2% K2S2O6 and 1 ml 20% NH4SCN)
was added. The absorbance at 490 nm was read using Bio-
Rad microplate reader (model 680) and iron content was
calculated according to a standard curve of FeSO4

The TEM samples of cells were prepared as described
below. Following the incubation with the same concentra-
tion of CMS@MNs for 24 h, cells were washed with PBS
for 3 times, harvested and fixed with 4% glutaraldehyde
in 4 �C. Then the cells were post-fixed in 1% osmium
tetraoxide for 30 min. After washed with PBS three times,
the samples were dehydrated with graded solutions of ace-
tone (30%, 50%, 70%, 80%, 90%, and 100%) for 10 min
in each solution. After dehydration, the samples were
treated with increased ratio of embedding agent to ace-
tone (from 1:1, 2:1 to pure embedding agent) for 1 h for
each step, and then processed in molds at 60 �C. Ultra-
thin sections of 70 nm were cut, first stained with uranyl
acetate, then stained with lead nitrate, and finally viewed
under a Hitachi electron microscope (H-600) at 80 kv.

2.4. Side Scatter Signal Obtained by Flow Cytometry

During the detection of the viability of magnetic
nanoparticles-incubated cells using flow cytometry, we
observed that their side scatter signal (SSC) changed evi-
dently. Thus, experiments were designed to demonstrate
the effects that magnetic nanoparticles interacting with
cells had on SSC signal obtained by flow cytometry at
488 nm argon-ion laser (BD FACSCalibur). Cells were
treated as described below:
(1) cells were incubated with CMS@MNs ([Fe = 1 mM])
for different time, then SSC was detected,
(2) Cells were first incubated with different concentrations
of CMS@MNs for 24 h, then cultured in nanoparticle-free
medium for additional 48 h, at last SSC was detected,
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(3) Cells were first incubated with different concentrations
of CMS@MNs for 24 h, then reseeded and cultured for
different time, at last SSC was detected.

For SSC detection, cells were thoroughly washed with
PBS to remove nanoparticles, harvested and prepared into
single cell suspension, and then loaded to flow cytometry.
At least 105 cells were tested for each sample. For data
analysis, the value of SSC intensity was divided into four
regions: M1 (0–200), M2 (200–400), M3 (400–600), and
M4 (600–800).

2.5. Cell Viability

Propidium iodide (PI) staining was used to assess cell via-
bility after incubation with CMS@MNs. The same quan-
tity of cells was plated in 6-well plates and cultured for
24 h, and then nanoparticle-containing medium was added.
After incubation in the same condition for another 24 h,
the cells were washed with PBS to thoroughly remove
particles, harvested, and then washed with PBS. For flow
cytometry analysis, the cells were dissolved in 0.3 ml of
PI solution (final concentration is 10 �g/ml) and placed in
dark for 20 min. At least 105 cells were tested for each
sample. For data analysis, the value of FL-2 (PI) intensity
was divided into three regions: M1 (0–101), M2 (101–102)
and M3 (>102). Apparently, dead cells were located in the
region of M1.

3. RESULTS

3.1. The Characteristic of CMS@MNs

Figure 1 shows the SEM image of CMS-coated mag-
netic nanoparticles with very homogeneous size distribu-
tion. Through calculation, the average size is 10 nm. It can
be said that the agglomeration of nanoparticles in SEM
image is the result of dryness during the sample prepa-
ration, because CMS@MNs exhibit excellent stability in
aqueous solution.

Fig. 1. SEM image of CMS@MNs.
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Fig. 2. Iron content in cells after incubation with CMS@MNs (1 mM
of iron) for different time.

3.2. Cellular Uptake of CMS@MNs

After incubation, most of magnetic nanoparticls can be
removed by washing with PBS because of their perfect
stability in medium. Thus, the quantity of iron tested could
match that adsorbed and incepted by cells. In contrast
to almost undetectable iron in control cells, iron content
came to 1.6, 4.3, and 7.6 pg/cell, respectively after incu-
bation with nanoparticles for 1, 16, and 42 h, revealing

(A)

(B)

Fig. 3. TEM images of cells after incubation with CMS@MNs (1 mM
of iron) for 24 h. (A) control cell, (B) treated cell, and an endocytic
vesicle in process (inset).
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actively endocytosis of CMS@MNs by hepatoma cells
(Fig. 2). TEM images showed that on the hepatoma cell
surface, there are a lot of microvilli (Fig. 3(A)), an impor-
tant ultrastructure of tumor cells distinguished from normal
cells. These microvilli maybe play an important role in the
adsorption and subsequent endocytosis for nanoparticles.
Figure 3(B) showed that clusters of magnetic nanoparti-
cles were internalized into endosomes and usually, one
cell contained several such endosomes with different sizes.
There are also clusters formed from nanoparticles on the
cell surface (Fig. 3(B), inset) that could partly contribute
to the iron content tested. Consequently, it is conceiv-
able that cellular iron content tested here came from the
nanoparticles both adsorbed on cell surface and internal-
ized into cells.

3.3. Side Scatter Signal Obtained by Flow Cytometry

Side scatter signal reflects the density and granularity of a
cell, higher density and more granules with stronger SSC
signal. Forward scatter signal (FSC) reflects the size of a
cell, which can differentiate live cells from necrotic cells
with smaller size. After incubation with nanoparticles, the
mean intensity of FSC almost did not change compared
with control cells, showing that cells could keep their
sizes during the absorption of nanoparticles (histograms
not shown), however, the intensity of SSC increased evi-
dently (Fig. 4). With the prolongation of incubation time,
the percentage of cells in the region of M1 (low sig-
nal intensity) decreased significantly, resulting in corre-
sponding increase of cells in the regions of M2 and M3

Fig. 4. Side scatter signal of cells detected by flow cytometry (488 nm
Argon laser) after incubation with CMS@MNs suspension (1 mM of
iron). (A) Control cells, (B, C, D) incubation with nanoparticles for 1,
16, 42 h, respectively.

Table I. Side scatter signal of hepatoma cells after incubation with
CMS@MNs ([Fe] = 1 mM) for different time.

Incubation time (h)

SSC intensity Control cells 1 16 42

M1 (0–200) 80�1±4�4 55�5±1�2 13�5±0�8 2�6±0�5
M2 (200–400) 14�3±4�2 41�9±1�0 70�4±0�4 56�1±1�2
M3 (400–600) 0�8±0�3 2�9±0�3 16�3±1�1 40�4±0�5
M4(600–800) 0�01±0 0�04±0�02 0�3±0�1 1�5±0�2
Mean 141�0±9�1 202�4±2�3 302�6±3�2 381�9±0�7

(high signal intensity) (Table I). For cells incubated for
1, 16, and 42 h, the mean intensity of SSC are 202,
302, and 381, respectively, showing significant increase
compared to 140 of control cells (Table I). The results
indicated that nanoparticles interacting with cells could
strengthen cellular SSC signal intensity. To further exam-
ine the relationship between nanoparticles interacting with
cells and the intensity of SSC signal, two experiments were
conducted. In one experiment, nanoparticles was used to
incubate cells for 24 h, and then removed, and after fur-
ther incubation in nanoparticle-free medium for 48 h,
the intensity of SSC was detected. The results showed
that SSC signal intensity decreased after the removing
of nanoparticles, and especially for cells incubated with
low concentration of nanoparticles ([Fe] = 0�5 mM), their
SSC signal intensity decreased close to that of control
cells (Table II). In the other experiment, the cells were
first incubated for 24 h, and then reseeded, and 24 h or
72 h following reseeding SSC signal was detected. The
results showed that 24 h following reseeding SSC inten-
sity decreased slightly, while 72 h following reseeding the
intensity decreased drastically, reaching to the level simi-
lar with control cells (Table III). Results above indicated
that the intensity of SSC signal decreased rapidly with the
reduction of intracellular nanoparticles due to cell divi-
sion, implying that SSC intensity could reflect the relative
content of intracellular nanoparticles.

3.4. Viability

PI staining was used to evaluate the viability of cells
because PI is not permeable for the membrane of vital
cells, but permeable for membrane of necrotic cells. After
incubation with magnetic nanoparticles containing 0.5, 1

Table II. Side scatter signal of hepatoma cells after incubation with
CMS@MNs for 24 h, and 48 h in nanoparticle-free medium.

Nanoparticles concentration (mM iron)

SSC intensity Control cells 0.5 1 2

M1 (0–200) 81�5±1�2 77�2±0�1 60�6±0�4 40�3±0�4
M2 (200–400) 17�7±1�0 22�4±0�1 37�5±0�4 53�9±2�8
M3 (400–600) 1�0±0�2 0�7±0�04 2�4±0�02 6�0±1�0
M4(600–800) 0�01±0 0�02±0�01 0�02±0�01 0�1±0�03
Mean 144�9±4 161�1±1�0 195�0±1�0 237�7±7�4
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Table III. Side scatter signal of hepatoma cells from reseeded and cultured cells that were incubated with CMS@MNs for 24 h.

Nanoparticles concentration (mM iron)

24 h following passage 72 h following passage

SSC intensity Control cells 1 2 1 2

M1 (0–200) 81�5±1�2 46�7±0�3 29�2±0�2 81�6±3.3 87�8±2�9
M2 (200–400) 17�7±1�0 51�0±0�4 65�0±0�1 18�1±3�1 12�1±2�9
M3 (400–600) 1�0±0�2 3�0±0�1 6�4±0�1 0�7±0�3 0�3±0�1
M4(600–800) 0�01±0 0�02±0 0�1±0�03 0�01±0 0�01±0
Mean 144�9±4 219�6±0�2 254�9±0�2 149�1±6�9 138�4±3�8

Fig. 5. Histograms of FL-2 (PI) of CMS@MNs-incubated cells
obtained by flow cytometry after PI-staining. (A) Control cells, (B, C
and D) cells incubated with nanoparticles (0.5, 1 and 2 mM of iron)
for 24 h.

and 2 mM of iron for 24 h, the percentages of dead cells
with FL-2 intensity located in the region of M3 are 5.52%,
4.69%, and 6.17%, respectively, and the values did not
increase compared with 8.43% of control cells. However,
the percentages of cells with stronger PI staining (cells in
the region of M2) increased significantly, from 11�5±1�1%
of control cells to 32�8±0�8%, 38�0±% and 38�7±0�7%
of treated cells (Fig. 5 and Table IV). The results indi-
cated that although without inducing cell death the treat-
ments with magnetic nanoparticles could lead to increased
permeability of cell membrane to PI.

Table IV. PI staining of hepatoma cells after incubation with
CMS@MNs for 24 h.

Nanoparticles concentration
(mM iron)

Fluorescence Control
intensity cell 0.5 1 2

M1(0–101) 78�8±1�1 62�1±1�2 57�6±2�5 55�4±0�2
M2 (101–102) 11�5±1�1 32�8±0�8 38�0±2�6 38�7±0�7
M3 (102–103� 8�4±0�3 5�5±0�3 4�7±0�1 6�2±0�9

4. DISCUSSION

Because of their ability as MRI contrast agents to localize
the labeled stem cells or other cells after transplantation,
many efforts are devoted to prepare superparamagnetic
iron oxide nanoparticles that could be non-specifically but
readily captured by cells. Based on observations on anionic
iron oxide nanoparticles, non-specific endocytosis could
be modeled as a two-step process: first binding at the cell
membrane and forming clusters, described as a Langmuir
adsorption, and subsequent internalization through invagi-
nation of plasma membrane.29 After internalization, iron
oxide nanoparticles were concentrated into endosomes or
lysosomes where they were retained for several days.22�30

Here, human hepatoma cells exhibited adsorption endocy-
tosis with relatively large quantities for CMS@MNs, as
demonstrated by iron content detection. In cells, there are
many sub-micrometric endosomes with different sizes each
enclosing lots of iron oxide particles. It is well-known that
the characters of tumor cells in biology, biochemistry, and
molecular biology are very different from that of normal
cells, among of which the changes of surface ultrastruc-
ture and membrane molecules expression are associated
with adhesion, recognition, and signal transduction. These
changes might be also associated with more absorption of
magnetic nanoparticles by tumor cells than normal cells.
Here, TEM image shows that on the surface of tumor
cells there are lots of microvilli (Fig. 3(A)) which could
largely increase the membrane area that determines the
number of nanoparticles adsorbed. Moreover, very possi-
bly, microvilli play a role in the formation of nanoparticle
clusters on the membrane that would be endocytosed by
cells subsequently (Fig. 3(B), inset).

Results above showed that nanoparticles interacting with
cells consisted of two parts: nanoparticles in the form of
clusters adsorbed on cell surface and nanoparticles con-
centrated into endosomes. In combination with the fact
that nanoparticles-incubated cells presented high intensity
of SSC signal, it could be concluded that these two parts
of nanoparticles together led to the alterations of SSC sig-
nals intensity. With the prolongation of incubation time,
both intracellular iron content and SSC signal intensity
increased evidently, and with the cell division SSC inten-
sity decreased rapidly. These results suggested that the sig-
nal intensity could indirectly reflect the relative quantity of
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nanoparticles absorbed by cells. The relationship between
SSC intensity and cellular magnetic nanoparticles implied
that flow cytometry might be used as a convenient and
fast tool to evaluate cellular uptake of nanoparticles, espe-
cially for work involving lots of tests between nanopar-
ticles with different coatings and different cell lines. For
example, Weissleder et al.31 synthesized a library compris-
ing 146 magnetic nanoparticles decorated with different
small molecules, and screened the library against differ-
ent cell lines to discover nanoparticles with high affin-
ity for specific cell types using fluorescent microscopy
or fluorescence-activated cell sorting (FACS) analysis. If
using the method of side-scatter light, the tests will be time
and cost efficient.

In addition, flow cytometry can be used to assess cell
viability or apoptosis readily and rapidly after staining
with dyes, such as propidium iodide, 7-aminoactinomycin
D (7-AAD), and Annexin V/FITC. Consequently, in com-
bination with both viability and SSC signal intensity mea-
surements, it is possible to evaluate the ability of cells
to uptake magnetic nanoparticles and their viability or
apoptosis simultaneously. Moreover, if flow cytometry is
equipped with sorting modality, it will be helpful for
selecting highly magnetic labeled and highly viable cells
for cell transplant or other usages.

5. CONCLUSION

At present, fluorescent labeling is widely used to assess
the uptake of magnetic nanoparticles by cells. However,
the introduction of QDs and dyes might alter the property
of nanoparticles in physiological solutions and provoke
adverse effects on cells. In this study, we demonstrated that
carboxylmethyl starch sodium coated magnetic nanopar-
ticles could be efficiently absorbed by human hepatoma
cells where clusters of nanoparticles were adsorbed on
cell membrane or wrapped into endosomes with differ-
ent sizes. We also demonstrated that clusters composed
of nanoparticles could result in the increase of SSC sig-
nal intensity and suggested a simple and rapid method to
evaluate nanoparticles uptake and cell viability by flow
cytometry simultaneously.
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