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ABSTRACT
Purpose To report a modified preparation and to systematically
study the structure, magnetic and other properties of γ-Fe2O3-
DMSA-DG NPs (2-deoxy-D-glucose (2-DG) conjugated meso-
2,3-dimercaptosuccinic acid coated γ-Fe2O3 nanoparticles) and
test its ability to improve Hela tumor cells targeting in vitro com-
pared to the γ-Fe2O3-DMSA NPs.
Methods The conjugation of 2-DG on the surface of γ-Fe2O3-
DMSA NPs was performed by esterification reaction and charac-
terized. Acute toxicity was evaluated using MTT assay. Cellular
uptake was investigated by Prussian blue staining and UV colori-
metric assay.
Results DG was successfully functionalized onto the surface of γ-
Fe2O3-DMSA NPs; binding efficiency was ~60%. The mean
diameter of single core of γ-Fe2O3-DMSA-DG NPs was 10 nm.
Particle size and polydispersity index of its aggregates were
156.2 nm and 0.162, respectively. 2-DG-conjugated nanoparticles
caused little cytotoxic effects on Hela cells at the concentration
range of 0–600 μg/mL. When 2-DG-conjuated and non-
conjugated nanoparticles were incubated with Hela cells for 4,
8 and 12 h, the 2-DG-conjugated nanoparticle showed significant
amount of uptake in cells compared to their non-targeted
counterparts.
Conclusion γ-Fe2O3-DMSA-DG NPs could be developed as
a tumor-targeted probe for cervical cancer imaging and therapy.

KEY WORDS 2-deoxy-D-glucose . hela cells . iron oxide
nanoparticles

ABBREVIATIONS
2-DG 2-deoxy-D-glucose
γ-Fe2O3-DMSA
NPs

meso-2,3-dimercaptosuccinic
acid coated γ-Fe2O3 nanoparticles

γ-Fe2O3-DMSA-
DG NPs

2-deoxy-D-glucose (2-DG)
conjugated meso-2,3-dimercaptosuccinic
acid coated γ-Fe2O3 nanoparticles

DMSA meso-2,3-dimercaptosuccinic acid
EDC 1-Ethyl-(3-3-dimethylaminopropyl)

carbodiimide hydrochloride
FCS fetal calf serum
FTIR fourier transform infrared
GLUT glucose transporter
MRI magnetic resonance imaging
Ms saturation magnetization value
NHS N-hydroxysuccinimide
SPIO NPs superparamagnetic iron oxide

nanoparticles
TEM transmission electron microscopy
TGA thermal gravimetric analysis
VSM vibrating sample magnetometer
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INTRODUCTION

Tumor cells have acquired metabolic abilities to survive
under unfavorable microenvironment conditions thus devel-
oping a more aggressive phenotype. Increased glucose utili-
zation is one of the most characteristic and early-recognized
biochemical markers of the transformed phenotype (1).
Therefore, some researchers have proposed the glucose
transporter (GLUT) as an important diagnostic and thera-
peutic target to modulate the accelerated tumor growth
(2,3). GLUT activity in mammalian cells has been moni-
tored by radiolabeled tracers such as [14C] 2-deoxy-D-glu-
cose, [18F] fluoro-2-deoxy-D-glucose, and [14C] or [3H]3-O-
methyl-D-glucose (4–7). [18F] fluoro-2-deoxy-D -glucose
(18F-FDG) is the most common radiotracer of increased
glucose metabolism to visualize tumor activity and location
with positron emission tomography (PET) in the clinical
setting. The method is sensitive and quantitative (4,8). For
many high throughput preclinical studies, however, 18F-
FDG is impractical due to the short half-life of the isotope.
Therefore, alternatives to 2-deoxy-D-glucose (2-DG) la-
beled imaging agents would be valuable. Among the imag-
ing modalities, magnetic resonance imaging (MRI) is a
powerful medical diagnostic imaging technique for soft tis-
sue imaging (9). Other advantages of MRI include the use of
nonionizing radiation, high sensitivity and higher specificity,
multiplanar imaging capability, and high anatomical reso-
lution. Superparamagnetic iron oxide nanoparticles (SPIO
NPs, Fe3O4 or γ-Fe2O3) are one of the most adopted mag-
netic nanoprobes for T2 weighted MRI studies. In addition,
especially in the last decade, the field of biomedicine wit-
nessed an explosion of interest in the use of magnetic nano-
material in magnetic cell labeling and sorting, effective
treatment of some diseases, such as anti-tumor drug and
gene delivery and guided hyperthermia therapy (10–18).

For develop a novel targeted magnetic nanoprobes based
on higher glucose consumption of tumor cell, we reported
preparation, transmission electron microscopy (TEM) and
infrared spectroscopy (IR) characterization of a novel 2-
deoxy-D-glucose (2-DG) conjugated SPIO NPs, abbreviated
as γ-Fe2O3-DMSA-DG NPs, for targeting MDA-MB-231
human breast cancer cells in previous paper (19). These γ-
Fe2O3-DMSA-DG NPs were synthesized by conjugating
amino groups of 2-DG to surface carboxyl groups of
meso-2, 3-dimercaptosuccinic acid (DMSA) coated γ-
Fe2O3 NPs (γ-Fe2O3-DMSA NPs). In this report, our goal
was to report a modified preparation and systematically
study the structure, magnetic and other properties of γ-
Fe2O3-DMSA-DG NPs and test its ability to improve the
Human cervical cancer cells (Hela) tumor cells target in vitro
as compared the γ-Fe2O3-DMSA NPs. This lays down the

groundwork for us to research and develop a multifunction-
al tumor-targeted SPIO NPs for follow-up applications in
the field of magnetic cell separation, MRI, hyperthermia,
drug delivery and gene therapy.

MATERIALS AND METHODS

Materials

meso-2, 3-dimercaptosuccinic acid (DMSA) was purchased
from Shanghai Beihe Chemicals Co. Ltd, China. D-
Glucosamine (2-amino-2-deoxy-D-glucose) hydrochloride
(ADG·HCl) was purchased from Alfa Aesar GmbH & Co.
KG. 1-Ethyl-(3-3-dimethylaminopropyl) carbodiimide hy-
drochloride (EDC) and N-hydroxysuccinimide (NHS) were
purchased from Pierce Chemical Co. Human cervical can-
cer cells (Hela) were perchased from Shanghai Cellular
Institute of China Scientific Academy. RPMI 1640 medium
(containing 10% fetal calf serum, 100 μg/mL penicillin, and
100 μg/mL streptomycin), glucose-free RPMI 1640 medi-
um and fetal calf serum were purchased from BoooCle Bio-
Tech Co.,Ltd. GLUT1 antibody was purchased from
Shengyan Biomedicals (Shanghai) Co., Ltd. The other
chemicals were analytical grade reagents and purchased
from Shanghai Chemical Reagent Corporation, China. All
chemicals were used as received. Double distilled water was
used for all the experiments. Dialysis tubing (MW: 8000–
10000) was purchased from Nanjing Genetime Biotechnol-
ogy Co., LTD.

Synthesis of γ-Fe2O3-DMSA-DG NPs

γ-Fe2O3 NPs were synthesized by chemical co-precipitation
and subsequently stabilized with DMSA as described earlier
(20). Briefly, a 200 mL mixed solution of FeCl3·6H2O
(0.01 M) and FeSO4·7H2O (0.006 M) at pH 1.7 was pre-
pared under a stream of N2 protecting. Then, aqueous
ammonia solution (1.5 M) was dropped into it with violently
stirring until the pH of the solution was raised to 9. The
balanced equation was as follows:

Fe2þ þ 2Fe3þ þ 8OH� ! Fe3O4 þ 4H2O

The obtained magnetite was washed immediately with
water for 5 times and ethanol for 2 times by magnetic
separation. Then, the Fe3O4 NPs were dispersed in water
with a mass concentration of 3 mg/mL and its pH was
adjusted to 3.0 using 0.1 M HCl. Then theses Fe3O4 NPs
were oxidized into reddish-brown γ-Fe2O3 NPs using air for
1 h at about 95–100°C. Subsequently, the γ-Fe2O3 NPs
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were coated with DMSA according to the process described
elsewhere (21,22). Finally, the products were washed repeat-
edly with water and enriched with the help of a magnet.

The immobilization of 2-DG on γ-Fe2O3-DMSA NPs via
esterification reaction was according to the process reported
with modification (19). Surface activation was performed by
exposing the acid surface to EDC (0.5 mM) and NHS
(2.5 mM). For improving the conjugation efficiency, EDC
(0.5 mM) and NHS (2.5 mM) were added for three times
with 1 mL per time into 10 mL γ-Fe2O3-DMSA NPs
(1 mM). The mixed solution was left at room temperature
for 30 min. Add 10 mL of ADG·HCl (final concentration:
2 mg/mL) to 20 mL solution above. React for 2 h at room
temperature. Purify by dialysis overnight against water (dialysis
tubing, MW: 8000–10000).

Characterization

TEM studies and electron diffraction (ED) were carried out
using a JEM-2000EX (Jeol, Japan). A drop of particles
suspension in water was placed on a carbon-coated copper
grid (300 mesh), followed by drying the sample at room
temperature before it is attached to the sample holder on
the microscope. The structure of the crystal was determined
from its ED.

The functional groups present in the powder samples of
ADG·HCl, DMSA, γ-Fe2O3-DMSA NPs and γ-Fe2O3-
DMSA-DG NPs were identified by fourier transform infra-
red (FTIR) spectroscopy. FTIR spectra were recorded on a
Nicolet Nexus 870 FTIR spectrometer (Nicolet, USA) and
1% of the powder samples were mixed and ground with
99% KBr. Discs of 10 mm diameter were prepared by
pressing the powder mixture at a load of 10 tons under
vacuum for 2 min and the spectrum was taken in the range
of 4000-400 cm-1 with a resolution of 2 cm-1at room
temperature.

The elemental analysis and 2-DG loading on γ-Fe2O3-
DMSA NPs were measured by energy dispersive X-ray
spectroscopy (SEM/EDS, EDAX, PV9100).

The thermal behaviour of the powders was studied by
thermal gravimetric analysis (TGA) using a Perkin-Elmer
TGA 7 Thermogravimetric Analyzer in synthetic N2 atmo-
sphere up to 700ºC.

Magnetic measurements were carried out with a
Lakeshore 7470 vibrating sample magnetometer (VSM)
(Lakeshore, 7407 VSM system). The samples were dried
by heating at 80ºC.

The hydrodynamic diameter and size distribution of the
particles were determined at 25°C by photon correlation
spectroscopy (PCS) instrument (Malvern Zetasizer 3000,
Malvern Instruments Co.). The zeta potential was obtained

by measuring the electrophoretic mobility (Malvern Zetasizer
3000,Malvern Instruments Co.). All samples were diluted 100
times by water.

Cell Culture, Cytotoxicity and Uptake Experiments

Hela cells were cultured in RPMI 1640 medium containing
10% fetal calf serum (FCS), 100 μg/mL penicillin, and
100 μg/mL streptomycin. For control experiments, medium
having no particle was used. The cells were incubated at
37ºC in 5% CO2 atmosphere and medium was replaced
every third day.

The cytotoxicity of γ-Fe2O3-DMSA-DG NPs was evalu-
ated by using a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay. The Hela cells were
grown in 96-well plates at 5×104 cells per well at 37°C in
5% CO2 atmosphere for 24 h. The culture medium was
replaced with 100 mL of medium containing 0–600 μg/mL
of nanoparticles. The cytotoxicity was evaluated by deter-
mining the viability of Hela cells. After incubation for 24 h,
the medium was removed and rinsed once with medium,
MTT dye solution (5 mg/mL) was added to each well. After
4 h of incubation at 37°C, the medium was removed and
Formazan crystals were dissolved in 200 μL dimethylsulph-
oxide (DMSO) and quantified by measuring the absorbance
of the solution by a microplate reader (Ultra Microplate
Reader EL×808 IU, Bio-RAD) at 570 nm. The viability
was calculated as the percentage of control (cells receiving
no treatment).

In the cell-uptake experiments, cells were washed with
PBS and medium was changed to glucose-free RPMI 1640.
The dilutions of γ-Fe2O3-DMSA NPs and γ-Fe2O3-DMSA-
DG NPs were added for the concentration, time and tem-
perature indicated. For Prussian blue staining, which indi-
cates the presence of iron, one part of the cells was fixed with
2.5% glutaraldehyde at 4°C for 1 h, washed, and incubated
for 30 min with 2% potassium ferric-ferrocyanide in 3.7%
hydrochloric acid. Cells were washed again and evaluated
for iron staining using light microscopy (Axioplan Imaging
II, Zeiss, Germany).

Cellular uptake of γ-Fe2O3-DMSA NPs and γ-Fe2O3-
DMSA-DG NPs was determined by measuring the Fe con-
centration. The cell layer was dissolved in 30% v/v HCl at
60°C for 2 h. A total of 1.0 mg of potassic persulphate was
then added to oxidize the ferrous ions present in the above
solution to ferric ions. Then 1.0 mL of 0.1 M solution of
potassium thiocyanate was added to this solution to form the
iron-thiocyante complex. 150 μl of the mixture was trans-
ferred to a 96-well plate and the absorbance was read after
10 min at 480 nm using a microplate reader (Model 680,
Bio-RAD) (23). A standard curve using the differently
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FeCl3·6H2O solution was recorded in the same conditions
to quantify the amount of cell-bound iron. Each experiment
was repeated in triplicate wells at least three times. Means
and standard deviations were calculated.

To determine the competitive effect and specificity of
glucose, Hela cells were inclubated at 37°C with 2 μg/mL
anti-GLUT1 antibody before γ-Fe2O3-DMSA NPs or γ-
Fe2O3-DMSA-DG NPs were added. NPs were added to a
final concentration of 100 μg/mL and cells were incubated
at 37°C for another 2 h. SPIO NPs in cells were stained with
Prussian blue as described above.

MRI

To evaluate the potential of SPIO NPs in clinical MR imag-
ing, labeled Hela cells after incubation 2 h were trypsinized,
centrifuged, counted, and resuspended in 2% agarose in
Eppendorf tubes. MRI was performed at 1.5 T (Siemens
Ananto1.5 T System) for T2 weighted imaging (T2WI) by
using a fast spin-echo sequence (repetition time/echo time
(TR/TE), 5500 ms/100 ms; field of view (FOV), 50 mm×
50 mm; slice thickness, 3 mm; matrix, 256×256) and a16-
echo sequence (TR/TE, 3000 ms/22 ms, 44 ms, 66 ms,
88 ms,110 ms,…… 352 ms; FOV, 50 mm×50 mm; slice
thickness, 3 mm; matrix, 256×256) at room temperature.
The signal intensities of the nonlabeled and γ-Fe2O3-DMSA
NPs or γ-Fe2O3-DMSA-DG NPs–labeled cells were deter-
mined from a circular 10-mm2 region of interest (ROI).

RESULTS

Synthesis of γ-Fe2O3-DMSA-DG NPs

The γ-Fe2O3 NPs were synthesized by chemical coprecipi-
tation and stable nanoparticles suspension was obtained via

surface coating with DMSA. Over amount of FeSO4·7H2O
was required in this reaction in order to prevent possible
oxidation of Fe2+. Then the pH of mixed solution was
adjusted to 9 using aqueous ammonia solution in order to
make sure black Fe3O4 was precipitated absolutely. There
are two theories to explain the possible mechanism of bind-
ing of DMSA to SPIO NPs. One theory is strong coordinate
bonds between Fe and S of DMSA were formed (24). The
other theory is coordinate bonds between Fe and COOH of
DMSA were formed (25). For conjugating 2-DG to the
surface of nanoparticles, surface acylamidation reaction
was introduced in this paper outlined in Fig. 1. This surface
reaction allows the formation of carboxylic acid groups on
the γ-Fe2O3-DMSA NPs surface that, once activated with
EDC, are competent for reacting with primary amino
groups on the 2-DG.

Characterization

The TEM images of γ-Fe2O3-DMSA NPs and γ-Fe2O3-
DMSA-DG NPs are shown in Fig. 2, which shows that most
of the particles are quasi-spherical and the average diameter
of single core of NPs are 10 nm. The particle aggregates are
well dispersed in water in both Fig. 2 (a) and (b). Under
conditions of room temperature and air-induced oxidation,
γ-form of Fe2O3 core was the only possible crystal structure
produced. Other crystal structure, for example, α-Fe2O3

NPs were not produced because the phase transition of γ-
Fe2O3 to α-Fe2O3 occurred at the temperature range of
580–608ºC in the dependence on the particle size (26).
ED measurements were also performed to confirm the crys-
tal form of γ-Fe2O3-DMSA-DG NPs prepared. The result is
shown in Fig. 2(c). Each diffraction ring coincides with the
diffraction ring of γ-Fe2O3 reported (27,28).

Qualitative characterization of γ- Fe2O3-DMSA-DG
NPs was achieved by SEM/EDS and FTIR. Figure 3a
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Fig. 1 The synthetic scheme
of γ-Fe2O3-DMSA-DG NPs.
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demonstrates that DG are successfully functionalized onto the
surface of γ-Fe2O3-DMSA NPs as evidenced in the FTIR
spectra of γ-Fe2O3-DMSA NPs and γ- Fe2O3-DMSA-DG
NPs. The FTIR data of ADG·HCl, DMSA, γ-Fe2O3-DMSA
NPs and γ- Fe2O3-DMSA-DG NPs are listed in Table I. The
band at 1088 and 1052 cm-1 in the FTIR curve of γ- Fe2O3-
DMSA-DG NPs corresponded to C-N and C-O stretching
vibration of 2-DG, respectively. Thus, IR results confirm the
successful surface 2-DG functionlization of γ-Fe2O3-DMSA
NPs.

Figure 3b shows a typical SEM/EDS elemental analysis
of γ-Fe2O3-DMSA NPs and γ- Fe2O3-DMSA-DG NPs.
From the peak area of N, the atomic ratio of N was
increased from 0 to 4.97% after conjugation of 2-DG on
the surface of γ- Fe2O3-DMSA NPs. This also indicated 2-
DG was successfully functionalized onto the surface of γ-
Fe2O3-DMSA NPs

TGA has been performed to confirm the coating forma-
tion and estimate the binding efficiency of DMSA and 2-DG
on the surface of γ-Fe2O3 NPs for quantitative character-
ization of γ-Fe2O3-DMSA-DG NPs. Fig. 4 shows the weight
loss for γ- Fe2O3-DMSA NPs and γ-Fe2O3-DMSA-DG
NPs. A slight weight loss (8.19% in Fig. 4(a), 15.69% in
Fig. 4(b)) is observed up to 250ºC in both curves, probably
due to adsorbed water, while a significant weight loss takes
place between 250 and 600ºC. The weight loss for γ-Fe2O3-
DMSA NPs, attributed to decomposition of DMSA, is
4.95%, corresponding to the molar ratio between the Fe
and DMSA (100:2.5) or the number ratio between Fe2O3

NPs and DMSA (1:516). The calculation was as follows:

the number ratio between Fe2O3 NPs and DMSA in g

� Fe2O3 �DMSA NPs system

¼ 1 : 516 ¼ 3ð1�Wl1%�Wl2%Þ
4ρpR3NA

:
Wl1%
M1

where Wl1% is weight loss percentage of DMSA of
γ-Fe2O3-DMSA NPs, Wl2% is weight loss percentage of
water in γ-Fe2O3-DMSA NPs sample, ρ is the density of
Fe2O3, R is the radius of Fe2O3 nanoparticle, M1 is
molecular weight of DMSA, NA is Avogadro’s number.

The weight loss for γ-Fe2O3-DMSA-DG NPs between
250 and 600ºC is increased to 9.31%, mainly due to
the decomposition of DMSA and ADG.. Assuming the
weight for γ-Fe2O3 NPs in the Fig. 4 (a) and (b) is 86.86%
and 75.23% respectively, and according the molecular weight
of DMSA and ADG is 182.2 and 179.1 respectively, we could
calculate the molar ratio between DMSA and ADG (1 : 1.2) in
the γ-Fe2O3-DMSA-DG NPs system. The calculation was as
follows:

the molar ratio between DMSA and ADG in the g

� Fe2O3 �DMSA � DG NPs system

¼ 1 : 1:2 ¼
Wl3%� 1�Wl3%�Wl4%ð ÞWl1%

1�Wl1%�Wl2%

h i

M2

:
1�Wl3%�Wl4%ð ÞWl1%

1�Wl1%�Wl2%

M1

whereWl3% is weight loss percentage of DMSA and ADG of
γ-Fe2O3-DMSA-DG NPs, Wl4% is weight loss percentage of
water in γ-Fe2O3-DMSA-DG NPs sample, M2 is molecular
weight of ADG. Considering that DMSA is a compound with
two carboxyl groups, the binding efficiency of 2-DG on the
surface of γ- Fe2O3-DMSA NPs is about 60% (carboxyl
group:2-DG010:6).

The hysteresis loop of the as-synthesized magnetic NPs is
shown in Fig. 5, which is measured at room temperature with a
VSM. Magnetic measurements indicated superparamagnetic
behavior at room temperature for both samples, as evidenced
by zero coercivity and remanence on the magnetization loops.
The saturation magnetization value (Ms) for γ- Fe2O3-DMSA
NPs and γ- Fe2O3-DMSA-DG NPs was 48.95 and
49.67 emu/g, respectively. The Ms of both NPs was similar
to the value reported previously (29,30) and enough to be used
as MRI probe. It can be concluded there was no significant
reduction of the Ms after conjugation reaction.

The dispersion in water of γ- Fe2O3-DMSA NPs and γ-
Fe2O3-DMSA-DG NPs produced nanoparticle aggregates.
PCS was applied to determine the average hydrodynamic
diameter and polydispersity index of these aggregates. The

Fig. 2 TEM images of
γ-Fe2O3-DMSA NPs (a)
and γ-Fe2O3-DMSA-DG
NPs (b); ED patterns of
γ-Fe2O3-DMSA-DG NPs (c).
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average hydrodynamic diameter (the mean diameter based
upon the intensity of scattered light) of γ- Fe2O3-DMSA
NPs and γ- Fe2O3-DMSA-DG NPs was 154.6±28.3 and
156.2±28.2 nm, respectively, which was the total diameter
of aggregates and its aqueous layer thickness. The polydisper-
sity index is a ratio that gives information about the homoge-
neity of the particle size distribution in a given system. In this
paper, polydispersity index was applied to evaluate the mono-
disperse population of particle aggregates. The zeta
potential of γ-Fe2O3-DMSA NPs and γ-Fe2O3-DMSA-
DG NPs was (-21.76±0.80) and (-10.22±0.81) mV,

respectively. This decrease in surface negative charge
was due to the absence of some carboxyl groups on
the surface of γ-Fe2O3-DMSA-DG NPs after conjuga-
tion of ADG to these carboxyl groups. The polydisper-
sity index of γ- Fe2O3-DMSA NPs and γ- Fe2O3-
DMSA-DG NPs was 0.146 and 0.162, respectively.
Considering no significant difference of particle size
and distribution between γ- Fe2O3-DMSA NPs and γ-
Fe2O3-DMSA-DG NPs was detected, it suggested that
no bigger aggregates generated during conjugation
reaction.

Table I FTIR Data and Spectra Analysis of ADG·HCl, DMSA, γ- Fe2O3-DMSA NPs and γ-Fe2O3-DMSA-DG NPs

ADG·HCl DMSA γ- Fe2O3-DMSA NPs γ- Fe2O3-DMSA-DG NPs

O-H stretching vibration 3431(w) 3396(w)

N-H stretching vibration 3298(w)

C-H asymmetric/symmetric stretching vibration 2945(w) 2927/2864(w) 2927/2852(w)

S-H stretching vibration 2562(w)

C0O stretching vibration 1700(m)

O-H bending vibration 1613(m) 1636(m)

N-H inplane bending vibration 1538(m)

C-H scissoring vibration 1382(m) 1387(m)

C-N stretching vibration 1072(w) 1088(w)

C-O stretching vibration 1035(m) 1052(w)

N-H out-plane bending vibration 918(w)

Fe-O lattice vibration (stretching/bending vibration) 635/588(s) 629/588(s)

s strong, m medium, w weak

3500 3000 2500 2000 1500 1000 500

10
88

10
35

A B

58
8

62
9

10
52

13
8716

3628
52

29
27

33
96

58
8

63
5

13
82

16
13

28
64

29
27

34
31

17
00

25
62

91
8

10
72

15
38

29
45

32
98

(d)

(c)

(b)

(a)
T

ra
ns

m
is

si
on

 (
%

)

Wavelength (cm-1)

Fig. 3 Qualitative characterization of γ-Fe2O3-DMSA-DG NPs. (A) IR of ADG·HCl (a), DMSA (b), γ-Fe2O3-DMSA NPs (c) and γ-Fe2O3-DMSA-DG NPs
(d); (B) SEM/EDS elemental analysis of γ-Fe2O3-DMSA NPs (a) and γ-Fe2O3-DMSA-DG NPs (b).
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MTT Cytotoxicity Assay

To examine the acute toxicity of γ-Fe2O3-DMSA NPs and γ-
Fe2O3-DMSA-DG NPs, the viability of Hela cells incubated
with the nanoparticles at the concentration range of 0–
600 μg/mL was evaluated using the MTT assay (Table II).
The result demonstrates that a dose-dependent reduction in
MTT absorbance for Hela cells incubated with non-
conjugated nanoparticles and 2-DG-grafted nanoparticles at
all tested concentrations. In all concentration range, they
showed little cytotoxic effects to Hela cells and the cells
remained more than 80% viable relative to control. And the
cytotoxicity of γ-Fe2O3-DMSA-DG NPs was lower than that
of γ-Fe2O3-DMSANPs. There were no statistically significant
differences in the concentration range of 50–600 μg/mL
between viability values of the two groups (p>0.05).

Cellular Uptake

Cellular uptake of γ-Fe2O3-DMSA NPs and γ-Fe2O3-
DMSA-DG NPs was investigated in Hela cells. To visualize
the iron within SPIO NPs labeled cells, Prussian blue stain-
ing was performed. Fig. 6 shows the optical micrographs of
Prussian blue stained Hela cells after 2 h incubation with
100 μg/mL SPIO NPs. It can be seen that most of the Hela
cells incubated with SPIO NPs were stained in blue and no
blue spots were observed in the cytoplasm of the control
cells without SPIO NPs under the same conditions. And the
number of blue spots in Hela cells incubated with γ-Fe2O3-
DMSA-DG NPs was more than that in the cells incubated
with γ-Fe2O3-DMSA NPs. Specificity of glucose was also
evaluated by competitive binding method. Dependence of
SPIO NPs uptake on GLUT family transporters was tested
by the addition of the indicated quantities of anti-GLUT1
antibody prior to incubation with SPIO NPs. The results
are shown in Fig. 6 (c) and (d). The inhibition phenomena
showed exposure of the cells to GLUT1 antibody prior to
treatment with 2-DG-grafted NPs significantly eliminated
blue spots. Comparatively, non-targeted NPs were not
blocked by GLUT1 antibody.

UV colorimetric assay was also utilized to quantify the
cellular uptake of γ-Fe2O3-DMSA NPs and γ-Fe2O3-
DMSA-DG NPs into Hela cells in terms of iron concentra-
tion. The results shown in Table III demonstrate the spec-
ificity of the 2-DG-grafted nanoparticles for the glucose
transporter. The uptake of 2-DG-conjuated and non-
conjugated nanoparticles by Hela cells was time dependent
and increased with time. When the materials were incubat-
ed with cells for 4, 8 and 12 h, the 2-DG-grafted nano-
particles showed significant amount of uptake in Hela cells
compared to their non-targeted counterparts. Following 4–
12 h in culture, the Hela cells incubated with γ-Fe2O3-
DMSA-DG NPs demonstrated an uptake approximately
1.93–5.25 times higher than the γ-Fe2O3-DMSA NPs group
with 50–200 μg/mL. This might be due to the high glucose
consumption.

MRI

Using a clinical 1.5-T MR scanner, the MRI signal intensity
of Hela cells in agarose incubated with SPIO NPs (Fig. 7 (c)
and (d)) was significantly decreased (a significant darkening
of T2W signals) compared with water and nonlabeled cells
(Fig. 7 (a) and (b)) (no MR contrast). γ-Fe2O3-DMSA NPs
and γ-Fe2O3-DMSA-DG NPs caused noticeable shorter T2

relaxation times with signal loss in the cells. Mean T2 relax-
ation time of γ-Fe2O3-DMSA NPs and γ-Fe2O3-DMSA-DG
NPs internalized Hela cells was 670.6±26.7 and 233.0±
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Fig. 4 TGA curves of γ-Fe2O3-DMSA NPs (a) and γ-Fe2O3-DMSA-DG
NPs (b).

Fig. 5 Hysteresis loops at room temperature for γ-Fe2O3-DMSA NPs
(squares) and γ-Fe2O3-DMSA-DG NPs (circles). M: magnetization value; H:
magnetic field strength.
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9.3 ms, respectively. No changes in T2 relaxation time were
observed in water and nonlabeled cells.

DISCUSSION

Many tumors have been shown to overexpress facilitated
glucose transporters. 18F-FDG demonstrates functional imag-
ing at the cellular level, where elevated glucose consumption
by malignant cells results in increased uptake of 18F-FDG
compared with normal tissue. SPIO NPs hold promise as
multifunctional constructs for use in early cancer detection
and treatment. If SPIO NPs could be conjugated with glucose
analog, a nontoxic tracer for rapid tumor detection, SPIO
NPs would potentially be used in various fields of biomedical

research, and maybe even clinical applications. In this study,
we successfully synthesized 2-deoxy-D-glucose conjugated γ-
Fe2O3-DMSA NPs by a modified preparation method under
very mild conditions without the need of high temperature,
organic solvent, surfactant and some other special experimen-
tal technology, such as DMSO was commonly used as solvent
(31) in this reaction system and was difficult to remove from
the solution of SPIO NPs. EDC, as a zero-length crosslinking
agent, reacts with carboxyl group of DMSA to form a primary
amine-reactive O-acylisourea intermediate. In the presence of
NHS, EDC can be used to convert carboxyl groups to amine-
reactive NHS esters. The bending efficiency was about 40% in
our previous paper (data no shown) (19). The process of adding
EDC and NHS little by little in the reacting solution reported
in this paper could dramatically improve the bending efficien-

Table II Viability of Labeled Hela Cells Measured at Different Concentrations with MTT Assay

Sample Concentration (μg/mL)

0 50 100 200 400 600

γ-Fe2O3-DMSA NPs 100.27±2.40 91.37±9.46 89.63±5.05 85.73±4.90 83.83±8.87 82.07±3.66

γ-Fe2O3-DMSA-DG NPs 98.67±5.08 94.80±2.25 91.73±5.88 90.57±4.14 90.83±4.41

Fig. 6 Prussian blue staining
of representative Hela cells
labeled with γ-Fe2O3-DMSA
NPs (a), γ-Fe2O3-DMSA-DG
NPs (b), γ-Fe2O3-DMSA NPs
plus anti GLUT1 antibody (c),
γ-Fe2O3-DMSA-DG NPs plus
anti GLUT1 antibody (d) and
control Hela cells (e).
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cy. This strategy is particularly useful in the present study for
conjugation of 2-DG to the surface of nanoparticles through
the reaction between carboxylic acid and amino group.

There are no significant difference between the TEM
image of γ-Fe2O3-DMSA NPs and γ-Fe2O3-DMSA-DG
NPs. It indicates no further aggregation happened during
the conjugation process, which has also been confirmed by
hydrodynamic diameter and distribution measurements.
FTIR, SEM/EDS and TGA indicate 2-DG is successfully
functionalized onto the surface of γ-Fe2O3-DMSA NPs.
Considering that part of carboxyl groups of DMSA were
absorbed on the surface of naked iron oxide particles, free
carboxyl groups for further functionalization was limited
and unknown. In this paper, the binding efficiency of 2-
DG to DMSA coated maghemite nanoparticles was calcu-
lated to be about 60% based on total carboxyl groups of
DMSA. Therefore, higher binding efficiency could be pre-
dicted by our analysis mentioned above.

The majority of cancers and isolated cancer cell lines over-
express the GLUT family members (32,33). In this paper, we
chose the research object as Hela cells with high-level surface
expression of GLUT1 (34–37). The results of the MTT assay
performed in our study indicated that two SPIO NPs had
lower cytotoxic effects to Hela cells in a concentration range
up to 600 μg/mL as compared with the nonlabeled Hela cells,
which could be further explored for biomedical applications. It
was surprising that cells incubated with γ-Fe2O3-DMSA-DG
NPs maintained a higher viability, as it seems like this NPs are
promoting growth of tumor cells. Following 4–12 h incubated

in cell culture medium of Hela, γ-Fe2O3-DMSA-DG NPs
showed about 2- to 5-fold higher levels of cellular internaliza-
tion than γ-Fe2O3-DMSANPs. 2-DG-grafted NPs uptake was
also effectively blocked by antibodies against the glucose trans-
port protein GLUT1. Collectively, these results demonstrate
specificity of γ-Fe2O3-DMSA-DG NPs and suggest involve-
ment of the GLUT family of transporters in its uptake. The
results of cellular uptake experiments show the novel targeted
magnetic nanoprobes based on higher glucose consumption of
tumor cell were successfully designed and prepared.

Spin–lattice relaxation time T1 and spin-spin relaxation
time T2 may be shortened considerably in presence of para-
magnetic species.While shortening of T1 leads to an increase in
signal intensity (a bright spot), shortening of T2 produces
broader lines with decreased intensity (a dark spot). The iron
oxide-based superparamagnetic is T2 relaxation-darkening
contrast because of their high relaxivities and capacities to
achieve T2. The T2 relaxation process occurred due to the
exchange of energy between protons in water molecules. In the
presence of an externally applied magnetic field, inhomogene-
ity in the magnetic field was created by magnetic nanoparticles
which resulted in dephasing of the magnetic moments of pro-
tons and hence T2 shortening. The results of MRI showed that
γ-Fe2O3-DMSA-DG NPs-labeled Hela cells can be detected
in vitro with a 1.5T clinical MRI scanner.

According to our preliminary results it becomes obvious
that conjugation of 2-DG to γ-Fe2O3-DMSA NPs could sig-
nificantly increase most tumor cells uptake of iron oxide NPs.
These novel magnetic nanoparticles may allow separating,
diagnosing, monitoring and treating many tumors which have
been shown to overexpress facilitated glucose transporters.

CONCLUSION

In this study, we reported a modified preparation and
systematically studied the structure, magnetic and other
properties of γ-Fe2O3-DMSA-DG NPs. 2-DG-grafted nano-
particels showed little cytotoxic effects, significant amount of

Table III Comparison Uptake of 2-DG-Conjugated γ-Fe2O3-DMSA (b) and Non-conjugated γ-Fe2O3-DMSA NPs (a) by Hela Cells as Quantified by UV
Colorimetric Assay

Conc. of Fe added in the
incubation media (μg/mL)

Cellular uptake of Fe per cell (pg)

4 h 8 h 12 h

a b a b a b

50 0.5051±0.0289 2.6521±0.3829 0.5772±0.0626 2.7506±0.1035 0.9043±0.2238 3.8643±0.3109

100 1.7204±0.1055 4.9762±0.5693 2.6007±1.0963 5.0154±0.4629 3.4505±0.0444 6.6851±0.4185

200 3.8176±0.0389 9.4192±1.2322 4.7300±0.1512 9.9460±0.3450 6.0575±0.2805 12.4724±0.2495

Fig. 7 T2 weighted MR images of water (a), nonlabeled Hela cells (b), γ-
Fe2O3-DMSA NPs-labeled Hela cells (c) and γ- Fe2O3-DMSA-DG NPs-
labeled Hela cells (d).
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uptake in Hela cells and T2 contrast enhancement compared
to their non-targeted counterparts. Therefore, we conclude
that 2-DG-grafted γ-Fe2O3-DMSA NPs are useful as a multi-
functional tumor-targeted SPIO NPs for follow-up applica-
tions in the field of magnetic cell separation, MRI,
hyperthermia, drug delivery and gene therapy.
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