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Folic acid-conjugated glucose and dextran coated
iron oxide nanoparticles as MRI contrast agents for
diagnosis and treatment response of rheumatoid
arthritis
Fengying Dai,a Meihong Du,b Yingguo Liu,a Guiying Liu,*c Qingjun Liu*b
and Xin Zhang*a
Coating superparamagnetic iron oxide (SPIO) with dextran increases the stability of the magnetic
nanoparticles during blood circulation, yet this is accompanied by an increase in the particle size and the
vascular permeability eﬃciency of the SPIO nanoparticles into the joints decreases. In our study, the
thickness of the dextran coated onto SPIO (dex-SPIO) was optimized without aﬀecting the magnetic
quality of iron oxide by adding a suitable amount of glucose into the crystal growth process. To further
improve the signal enhancement eﬀect of this glucose and dextran coated SPIO (glu-dex-SPIO) for the
detection of the inﬂammatory site of arthritis, folic acid (FA) was conjugated to glu-dex-SPIO. This FA
glu-dex-SPIO was used as a negative contrast agent for MRI to visualize the antigen induce arthritis (AIA)
model in rats using a 7 T MR scans. MR imaging revealed more signiﬁcant diﬀerences between the
synovium and surrounding tissues with FA glu-dex SPIO than when using the non-targeting glu-dex-
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SPIO over a long period of time (24 h) after intravenous injection. Moreover, the therapeutic eﬃcacy of
the cyclooxygenase 2 (COX-2) inhibitor treatment of the inﬂamed joints also could be conﬁrmed by
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using FA glu-dex SPIO enhanced MRI, indicating that this type of nanoparticles could also have potential
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as a contrast agent for measuring the treatment response of rheumatoid arthritis.

1

Introduction

Rheumatoid arthritis (RA) is a systemic inammatory autoimmune disease characterized by chronic inammation and
subsequent joint destruction. Until recently, there had been
little hope for patients with rheumatoid arthritis. The current
methods for RA treatment have been restricted to inammation
control and the prevention of joint destruction, rather than a
complete disease cure. Therefore, nding a proper recognition
and therapy monitor for RA is crucial.1–3 Traditionally, a major
tool for diagnosing or monitoring the progression of joint
destruction caused by RA has been radiography. A limitation
lies in the fact that only the late signs of this progressive disease
can be visualized by these radiography techniques, by then
irreversible bone damage can not be avoided in a high
proportion of patients.4 Owing to its high spatial resolution and
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so-tissue contrast, magnetic resonance (MR) imaging is
considered to be the imaging modality of choice for so tissue
detail of joints rather than simple radiographs for the detection
of rheumatoid arthritis.5–7 Gadolinium or gadopentetate dimeglumine (Gd-DTPA) agents have frequently been preferred in
MR diagnostic practice. Yet these gadolinium-containing T1
contrast agents also have some disadvantages, such as raising
toxicity and a short retention time in the vascular system. These
limitations of gadolinium contrast agents have prompted the
development of new contrast agents based on superparamagnetic iron oxide particles.8
Previous studies have shown that the biodistribution and
vascular penetration of iron oxide nanoparticles depends on the
size and thickness of the coating of the iron oxide contrast
agent.9 Ultrasmall superparamagnetic nanoparticles with a
hydrodynamic diameter below 9 nm typically exhibit higher
blood vessels penetration eﬃciency than larger nanoparticles.10,11 Polymeric materials (e.g., dextran) have been
widely adopted to impart blood circulation stability upon iron
oxide contrast agents in magnetic resonance imaging (MRI) of
the liver.12–14 Nevertheless, the addition of a dextran coating is
always accompanied by an increase in the particle size and,
thereby, ineﬃciency during the MRI of RA.15,16 A proper design
of a dextran coated iron oxide contrast agent for RA must take
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into consideration both the super small iron oxide core and the
thin shell of the nanoparticles. Nevertheless, these two aspects
are contradictory in a traditional co-precipitation method, as
excess amount of dextran could be added to reduce the over
growth of the iron oxide crystals, but this would necessarily
increase the thickness of the outer layers to a certain extent.17,18
In order to improve the synthesis of dextran coated iron
oxide nanoparticles with a view toward optimizing the thickness
of the dextran coating and the magnetic response properties of
the iron oxide cores, a simple one-step method that provides
aqueous dispersions of glucose and dextran stabilized super
paramagnetic iron oxide (SPIO) has been reported in the
present work. Iron salts are precipitated in the presence of
glucose (during the growth stage), which stabilizes the particles
and provides signicantly smaller nanoparticles compared to
pure dextran coated SPIO nanoparticles. An adequate balance
between the hydrodynamic diameter and super paramagnetic
properties of the iron oxide colloid crystals can be achieved by
regulating the glucose content during the iron oxide crystal
growth stage. In order to further improve the signal enhancement eﬀect of these glucose and dextran coated SPIO (glu-dex
SPIO) nanoparticles for the detection of the inammatory sites
of arthritis, folic acid was conjugated to glu-dex SPIO for its
specic binding to the recruited and activated macrophages of
synovium in RA based on their overexpression of folic acid
receptors.19,20

2 Materials and methods
2.1

Materials

Ferrous sulfate heptahydrate, ferric chloride hexahydrate,
ammonium hydroxide and folic acid were purchased from
Sigma-Aldrich. Dextran (Mw ¼ 7000 Dalton) was purchased from
Pharmacia, USA. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 4-dimethylaminopyridine
(DMAP) were purchased from Alfa Aesar. Tumor necrosis factora (TNF-a) and interferon (gIFN) were purchased from Pepro
Tech Company. Freund's complete adjuvant was obtained from
the Sigma Chemical regent company. RAW264.7 cell, a mouse
monocyte macrophage cell line, was purchased from Shanghai
Fuxiang Technology Company Limited. All reagents were
purchased from common commercial sources and used without
further purication.
2.2 Synthesis procedure for the glu-dex SPIO magnetic
nanoparticles
Aqueous dispersions of the glu-dex SPIO magnetic nanoparticles
were prepared using a co-precipitation method. Ammonium
hydroxide (35 mL) was added to a mixture of Fe(II) chloride and
Fe(III) (molar ratio [Fe(II)]/[Fe(III)] ¼ 0.5) containing ferrous
sulfate heptahydrate (300 mg) and dextran (500 mg) in an
aqueous solution. Crystal growth of the magnetite nanoparticles
was allowed to continue for 30 min aer the addition of a
glucose solution with a nal concentration of either 2 mg mL1,
5 mg mL1 or 10 mg mL1. The reactor was degassed with
nitrogen at 80  C throughout the experiments. Four types of
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magnetic nanoparticles; dex-SPIO, glu-dex SPIO, glu-dex SPIO1
and glu-dex SPIO2 were synthesised using glucose concentration
of 0 mg mL1, 2 mg mL1, 5 mg mL1 and 10 mg mL1,
respectively. These nanoparticles were isolated from solution by
applying an external magnetic eld, aer the addition of a small
quantity of ethanol into the solution. The magnetic particles
were separated and washed three times and then dispersed in
saline to form a magnetouids for MR imaging.
2.3. Preparation of FA glu-dex SPIO
Folic acid (175 mg), DMSO (10 mL), EDC (8 mg) and DMAP
(10 mg) were added into a bottle in sequential order and the
mixture was shaken at 25  C for 30 min. A glu-dex SPIO aqueous
solution was then added into the reactor with continuous
shaking at 25  C for 24 h. The FA glu-dex SPIO was washed and
isolated by magnetic separation. Aerwards, the cleaning process
was repeat three times in order to remove any free folic acid.
2.4

Characterization of the SPIO

The crystal structures of the SPIO nanoparticles were studied
using X-ray powder diﬀraction (XRD) with a Bruker D8
ADVANCE diﬀractometer. The average size of the crystals
(D; nm) was estimated using Scherrer's formula. The particle
core size and morphology were studied using TEM (JEM-2100
electron microscope) operating at an acceleration voltage of
200 kV. The hydrodynamic size and size distribution of SPIO
were assessed using a dynamic light scattering (DLS) instrument
(Malvern Zetasizer Nano ZS). The thermal stability and content
of the coating materials of the SPIO nanoparticles were checked
using thermogravimetric analysis (Mettler-Toledo, TGA/DSC1)
with a heating rate of 10  C min1 in a N2 ow. The magnetization curves of the magnetic particles were measured using a
vibrating sample magnetometer (BHV-50HTI). The transverse
relaxation properties of SPIO were measured with a Magnetic
Resonance Analyzer (Bruker, minispec mq60). The X-ray photoelectron spectroscopy (XPS) of the SPIO nanoparticles was
studied with a Thermo ESCALAB 250xi instrument.
2.5. Macrophagocyte cellular uptake experiments
RAW264.7 cells were seeded into a 24-well plate at a density of 5 
105 cells per well in 500 mL of growth medium and incubated for
12 h. A TNF-a/gIFN solution was then applied to each well at a nal
concentration of gIFN (100 U mL1) and TNF-a (400 U mL1). The
medium was removed aer 24 h and replaced with a mixture of
500 mL growth medium and 10 mL SPIO (10 mg mL1). The plate
was further incubated for 6 h, then all of the medium was discarded carefully and cells were washed three times with 500 mL of
PBS. The cells were xed with glutaraldehyde and then Prussian
blue staining for the iron content assessment.
2.6. Induction of AIA
The AIA model was performed using methods previously
reported in the literature.21 Briey, male Lewis rats (weighing
200 g) were injected subcutaneously in the paw with 0.1 mL of
Freund's complete adjuvant. The joint swelling was quantied
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by measuring perpendicularly with calipers. The skin thickness
was measured and the results indicated antigen-induced
arthritis.
2.7. In vivo MR imaging
The SPIO solutions were injected intravenously through the tail
vein at a dose of 5 mg/200 g animal body weight. The AIA animal
MR images were obtained with a 7 T MRI imager (Bruker Biospec 7 T) at 24 h post injection of SPIO. All of the animals were
anaesthetized before imaging. For the MR imaging of the rats,
T2-weighted fast-spin-echo sequences were performed. The
intragastric administration rats were fed with the same dose of
COX every other day for 10 days. The control rats were treated
with the same amount of saline. The rats were killed aer the
MR imaging with the ankle joints of the AIA rats collected for
routine Hematoxylin–Eosin (H–E) and Prussian blue staining.
All animal experiments were performed in compliance with the
institutional ethics committee regulations and guidelines on
animal welfare.

3.

Result and discussion

3.1 Optimization of the magnetic properties of glucose and
dextran coated SPIO
The typical method for the synthesis of dextran coated iron
oxide nanoparticles is the co-precipitation of iron salts in the
presence of an excess of dextran. An adequate balance between
iron oxide core size and exterior hydrophilic layer thickness of
dextran can not be achieved with a single adjustment of the
amount of dextran. To optimize the synthesis of these SPIO
particles with a view toward optimization of the thickness of the
dextran coating and the magnetic response properties of the
iron oxide core, glucose was introduced to increase the stability
of the particles and this provides signicantly smaller nanoparticles compared with pure dextran coated SPIO nanoparticles (Fig. 1A).
The hysteresis loops of the dex-SPIO and glu-dex SPIO
nanoparticles were investigated in order to optimise the
magnetic properties of the glucose and dextran coated SPIO.
Fig. 1B shows the typical magnetization curves and hysteresis
loops for the SPIO nanoparticles. Typical characteristic curves
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for dextran SPIO (dex-SPIO) and glucose and dextran coated
SPIO (glu-dex SPIO) at a glucose concentration of 2 mg mL1
were observed showing an almost immeasurable coercivity and
remanence at room temperature, indicating the superparamagnetic nature of dex-SPIO and glu-dex SPIO. These
superparamagnetic characteristics signied that these particles
possessed single domains and all of the magnetic moments
were aligned in one direction. Dex-SPIO and glu-dex SPIO
exhibited Ms values of 45 and 42 electromagnetic units per gram
(emu per g), respectively (Fig. 1B). Glucose, as a small polyhydroxy molecule, served as a chelating agent that controlled
the iron oxide core size and could reduce the dextran exterior of
SPIO in our study. However, the glucose method has to be
carefully monitored in order to obtain a balance between the
proper size and magnetic response performance of SPIO. As
observed in Fig. 1B, when the glucose concentration increases
to 5 mg mL1 and 10 mg mL1 during the iron oxide synthesis
stage it can cause a loss in the saturation magnetization property and the reason for this could be the involvement of the
glucose and iron atoms in a spin–lattice relaxation process. This
eﬀect is consistent with previous reports, which showed that
reducing the particles to a limited size can lower their magnetic
moment and, therefore, their outer-sphere relaxivity (r2) due to a
noncollinear spin arrangement near the surface.15 Therefore, a
suitable level of glucose capping of the glu-dex SPIO nanoparticles was intentionally selected in order to ensure an
adequate balance between the hydrodynamic diameter and
superparamagnetic properties of the iron oxide colloid crystals.
3.2 Size and morphology examination of the SPIO
nanoparticles
TEM images show the morphology and mean diameter of the as
synthesized iron oxide nanoparticles. They indicate that both
the dex-SPIO and glu-dex SPIO nanoparticles are spherical with
homogeneous size distributions (Fig. 2A and B). For dex-SPIO,
the particles tend to be slightly larger and the mean core size is
about 8.5 nm. As for dex-glu SPIO, it possesses an average core
size of 4.6 nm. In agreement with the TEM results, the hydrodynamic diameter obtained using DLS also shows similar
values where the mean hydrodynamic size of glu-dex SPIO was
9.1  0.57 nm, while dex-SPIO had a signicantly larger size of

A sketch of a glucose and dextran coated SPIO nanoparticle (A) and the magnetic hysteresis loops of dex-SPIO and glu-dex SPIO
nanoparticles obtained using a series of glucose concentrations (B).

Fig. 1
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Fig. 2 Size measurements and morphological examination of dex-SPIO and glu-dex SPIO: (A) dex-SPIO; (B) glu-dex SPIO; (C) dex-SPIO, (D) gludex SPIO.

SPIO at 24.9 nm  1.46 nm (Fig. 2C and D). The diﬀerent sizes of
dex-SPIO and glu-dex SPIO indicated that the hydrophilic
glucose may be capable of reducing the nucleation size of the
iron oxide particles as well as inuencing the thickness of the
outer layers of iron oxide crystals.

3.3 Powder X-ray diﬀraction analysis of the SPIO
nanoparticles
Powder X-ray diﬀraction (XRD) analysis was used to examine the
crystalline properties of the SPIO particles (Fig. 3). The XRD
patterns of both the dex-SPIO and glu-dex SPIO magnetic
nanoparticles were similar with both SPIO exhibiting characteristic peaks that mainly correspond to magnetite (Fe3O4)
compounds similar to those previously reported.22,23 Five
distinct Fe3O4 peaks at 30.1 , 35.5 , 43.1 , 57.0 , and 62.6
accounting for the (220), (311), (400), (511) and (440) crystal
planes, respectively, were observed for both SPIO samples. The
glu-dex SPIO prepared using the controlled growth co-precipitation process would be expected to be pure magnetite, so it was
conrmed that the addition of the proper amount of glucose did
not result in a phase change of Fe3O4. The XRD analysis also
suggests that there is an absence of other nonmagnetic iron
oxide species in both dex-SPIO and glu-dex SPIO. The average
crystal size, corresponding to the highest intensity peak (311) of
the particles, was calculated according to the Scherrer equation.
The average particle sizes obtained from the calculation were

This journal is © The Royal Society of Chemistry 2014

An overlay of the X-ray power diﬀraction patterns of dex-SPIO
and glu-dex SPIO.

Fig. 3

3.5 nm and 7.8 nm for glu-dex SPIO and dex-SPIO, respectively,
which are consistent with the TEM experiments.
3.4

Thermal analysis of SPIO

Thermal analysis curves of dex-SPIO and the glu-dex SPIO are
shown in Fig. 4. As both of the SPIO samples were obtained by
freeze drying, only a slight weight loss occurred from 20  C to
120  C due to the evaporation of physically adsorbed water.
Apart from the physically adsorbed water loss, the weight loss
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s1, which is much higher than that of the commercial T2
contrast agent Ferumoxtran (r2 ¼ 53 mM1 s1). It is worthy of
note that commercial Ferumoxtran has a similar core size of
4.9 nm and a larger dynamic size of about 22 nm compared to
glu-dex SPIO synthesised in this study.26 As had been previously
conrmed, the coating thickness of the SPIO nanoparticles
could signicantly aﬀect their relaxivity. As the coating thickness increases, the r2 relaxivity decreases dramatically and our
results imply that the relatively higher relaxivity of dex-glu SPIO
compared to Ferumoxtran may be attributed to the thinner
exterior coating layer.
3.6
Fig. 4 Thermal gravimetric analysis of dex-SPIO and glu-dex SPIO.

from 120  C to 300  C was due to the decomposition of chemically bound water.24,25 The signicant change in the weight loss
from 300  C to 600  C is the result of the breakdown of molecules on the nanoparticle’s surface. From the curve, without the
impact of water, it can be calculated that there was a percentage
weight loss of 18% for the dex-SPIO particles and 9% for the
glu-dex SPIO particles between 300  C and 600  C, which can be
attributed to the shell of the particles25 (Fig. 4). As inferred from
the smaller weight loss of the glu-dex SPIO sample, the thickness of the shell of the glu-dex SPIO particles should be thinner
that of dex-SPIO. The comparison of these results demonstrated
the dual function of glucose, which could help control the over
growth of the iron oxide core and also help decrease the
thickness of the outer layer materials.
3.5 Measurement of the transverse relaxation properties of
SPIO
Fig. 5 shows the relationship between 1/T2 (y axis) and the
concentration of SPIO (x axis). The T2 relaxation coeﬃcient (r2)
of the SPIO is obtained by measuring the relaxation rate based
on the Fe concentration. The r2 value of dex-SPIO was estimated
to be 161.3 mM1 s1 as calculated from the slope of the
regression line. The r2 value of glu-dex SPIO was 130.3 mM1

FA conjugated dex-glu SPIO nanoparticles

A previous study revealed that the signal intensity of normal
human synovium remains unchanged aer SPIO administration because of the absence of activated macrophages in the
healthy synovium.27 From this standpoint, inammation site
MR imaging might have higher sensitivity and specicity for the
evaluation of RA, as even a small signal intensity change would
reect a pathological change. On account of the excellent
properties of the glucose and dextran coating method, dex-glu
SPIO was selected and conjugated with FA to enhance the MR
imaging in an AIA model rat in the following experiments.
The X-ray photoelectron spectroscopy (XPS) spectrum of gludex SPIO and FA glu-dex SPIO exhibit similar C1s peaks for their
carbon bonds. The major component of the C1s spectrum of
dextran coated SPIO at 286.1 eV was primarily due to the CHOH
group of the dextran. The broad shoulder observed for glu-dex
SPIO could be tted into three peaks at 284.5, 285.9 and 287.8
eV, which could be attributed to C–C/C–H, C–O and O–C–O,
respectively. Two dominant carbon species are expected from
dextran, single-bonded C–O and O–C–O in a 5 : 1 ratio (Fig. 6A).
These features agree well with reported spectra of dextan coated
SPIO.28–31 Aer modication, FA glu-dex SPIO showed similar
C1s peaks to glu-dex-SPIO at 284.5, 286.0 and 287.8 eV. The
relative intensities of these peaks were very close to those of the
original glu-dex SPIO. In addition, two typical peaks at 289.0 eV
285.5 eV belonging to C]O and C–N bonds conrmed the
incorporation of FA32 (Fig. 6B). Murine macrophage uptake
characterization further conrmed the specic binding eﬀect of
the folic acid decorated SPIO. Murine RAW 264.7 macrophages
were activated with tumor necrosis factor-a (TNF-a)/interferon
(gIFN), and a superior cell uptake eﬃciency was obtained for FA
glu-dex SPIO, whereas a slightly inferior cell membrane penetration eﬀect was observed in glu-dex SPIO (Fig. 7).
3.7 FA Dex-glu SPIO as an MRI contrast agent in AIA rat
diagnosis

Fig. 5

T2 relaxation rate (1/T2) as a function of iron concentration of

SPIO.
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14 days aer a Freund's complete adjuvant injection, the paw
scores of the rats suggested that rheumatoid arthritis had
developed and immunohistochemical staining was performed
in order to conrm the AIA model. A typical example of a
hematoxylin–eosin stain of the RA induced using Freund's
complete adjuvant, is shown in Fig. 8. As shown in Fig. 8A and
B, there are a lot of inammatory cells immersed in the ankle
joint and degeneration or necrosis in the epithelium as well as
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C1s XPS spectra of glu-dex SPIO (A) and FA glu-dex SPIO (B).

Fig. 7 Cell uptake of SPIO by murine macrophages: (A) glu-dex SPIO;

(B) FA glu-dex SPIO.

Photomicrographs of representative hematoxylin and eosin
stain sections from an AIA rat: (A) ankle joint; (B) synovium. The long
arrow shows the degeneration or necrosis in the epithelium and the
short arrow shows the inﬁltration of inﬂammatory cells.

Fig. 8

inltration of inammatory cells observed in the synovium.
Immediately thereaer, an MRI scan was performed to investigate the contrast-enhancing capacity of the FA glu-dex SPIO in
the detection of AIA rats. Representative T2-weighted ankle joint
images of animals injected with SPIO 24 hours aer injection
are shown in Fig. 9. Compared with the saline injection control,
the FA glu-dex SPIO group image showed a marked negative
synovium enhancement and appeared hyperintense compared
with the surrounding tissue, which is indicative of SPIO accumulation in these tissues (Fig. 9A and C). On the other hand, the
non-targeting SPIO injected rat contained relatively minor
signal loss. (Fig. 9A and B). The in vivo MRI detection results
suggest that the folic acid-conjugated SPIO facilitates access to
extravasate through the capillaries and diﬀuse into the synovium, where folic acid receptors are highly expressed. The ankle
join of rat was removed aer MR imaging and a histological
Prussian blue staining was performed. In agreement with the
imaging study, histological analysis demonstrated that a small
amount of iron oxide nanoparticles was detected in the joint
space with dex-glu SPIO. An increased iron oxide penetration of
the synovium was observed for FA dex-glu SPIO (Fig. 9D–F).
Overall, the results suggest that folic acid-conjugated iron oxide
nanoparticles might be useful as MRI contrast agents for the
detection of AIA in vivo.

T2-weighted MR image and histological Prussian blue staining of AIA rats 24 h post-injection of SPIO: (A) and (D) saline control; (B) and (E)
glu-dex SPIO; (C) and (F) FA glu-dex SPIO. The arrow shows the synovium.

Fig. 9
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Fig. 10 RA treatment eﬃcacy monitored in AIA rats: (A) control AIA; (B)

10 days later after therapy. The arrow shows the synovium.

3.8. FA Dex-glu SPIO as an MRI contrast agent in AIA rat
therapy response
To evaluate the therapeutic response capacity of FA glu-dex
SPIO, MR images of AIA rats treated with cyclooxygenase 2
(COX-2) inhibitors were investigated in this section. The rats
selected from group had the median degree of AIA and were
injected with COX-2 over ten days. At the end of the treatment,
T2-weighted MR images were acquired. The images of the ankle
joint before and aer COX-2 treatment are shown in Fig. 10.
Large areas of marked post contrast enhancement of the synovium were seen in the rat control group, indicating high-grade
synovitis (Fig. 10A). As for the ten day COX-2 treatment group,
the thickening of the synovium no longer extends along the
diaphyses (Fig. 10B), indicating the alleviation of synovitis to
some extent. These results suggested that FA glu-dex SPIO
might be useful as a contrast agent for quantifying the recovery
level of the synovium of rheumatoid arthritis.

4 Conclusion
\In conclusion, the present results demonstrated that glu-dex
SPIO decorated with FA is an excellent agent for the enhancement
of contrast in the inamed joints of a rat model of rheumatoid
arthritis. Signicant diﬀerences between the synovium and adjacent tissue were obtained for FA glu-dex SPIO and non-targeting
SPIO in AIA rats using 7 T MRI. In addition, FA glu-dex SPIO
nanoparticles have proven to be more sensitive than non-targeting
SPIO for detecting the outcome of COX-2 treatment. Therefore, FA
glu-dex SPIO particles are not only potential contrast agents for
diagnosis, but allow us to evaluate long term response to antirheumatic drugs in rheumatoid arthritis treatment.
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