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| A magnetic water-soluble chitosan as potential contrast agents for MRI was synthesized by a simple new route. The morphology and
structure of the magnetic water-soluble chitosan were characterized by FTIR, FESEM and XRD. The magnetic properties were characterized
by in vitro and T>-weighted FLASH image experiments. In vitro magnetic resonance imaging demonstrates that the magnetic water-

The results of T,-relaxivities indicates that the magnetic water-soluble chitosan provided high relaxivity. The paper presents a new, simple

and economic route to preparing magnetic water-soluble chitosan using for potential magnetic resonance imaging contrast agents.

soluble chitosan could greatly enhance the contrast for image under magnetic field and the contrast was enhanced with the concentration. |
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INTRODUCTION

Since the early application of magnetic resonance imaging
(MRI) in clinical diagnostics by Lauterbur', magnetic resonance
imaging has been one of the most useful diagnostic techniques.
Nowadays, more than 30 % of the examinations are performed
after administration of a contrast agent, in order to enhance
the contrast between normal and diseased tissue. The most
commonly used contrast agents are paramagnetic materials
like Gd-based compounds®®, Mn-based compounds™® and
superparamagnetic iron oxide (SPIO) nanoparticles®'’.
Recently, more and more attention has been drawn to SPIO
nanoparticles because they may potentially provide higher
contrast enhancement and efficiency in early detection of
tumors, lymph node metastasis and liver sclerosis'' than
conventional paramagnetic Gd-based contrast agents due to
their superparamagnetic property. Until now, SPIO nanoparticles
(like Cliavist, Combidex, Feridex, Resovist, Sinerem) have
been used successfully in some instances for liver tumor
enhancement. However, the direct use of SPIO nanoparticles
as in vivo MRI contrast agent results in biofouling of the
particles in blood plasma and formation of aggregates that are
quickly sequestered by cells of the reticular endothelial system
such as macrophages'”. Therefore, many efforts have been
devoted to modifying SPIO nanoparticles using coating agents
with good biocompatible properties. Kim et al." successfully
prepared biocompatible starch-coated SPIO nanoparticles and

investigated them in vivo in a rat brain by MRI. Lee et al.'*"

first synthesized ferrofluid made of SPIO and chitosan, then
made the ferrofluid sprayed by a nozzle on the surface of the
alkali solution to prepare embolic materials in the form of
microspheres. The SPIO-chitosan microspheres which were
about 100-150 um showed a strong enhancement of MRI
contrast similar to the ferrofluid in vitro when injected into
the kidney of a New Zealand white rabbit via an angiographic
catheter.

Chitosan, a nontoxic cationic polysaccharide derived by
partial deacetylation of chitin, which exhibits good biocom-
patibility and biodegradability, diverse biological activities
such as antifungal and antibacterial activity, has been widely
used in biomedicine, food, cosmetic, agriculture and chemical
industries. However, the molecular weight (Mw) of commercially
produced chitosan is ca. 20000 and this high molecular weight
makes the chitosan have very low solubility in neutral solution.
Thus, most researchers usually have to add strong acid (such
as HCI) to the solution in order to enhance the solubility, which
will introduce new trouble to the system and limit many appli-
cations. Tsai ef al.'® synthesized a potential MRI contrast agent
(ferrofluid of chitosan-coated superparamagnetic iron oxide
particles) by lowering the molecular weight of chitosan to ca.
13000 and adding HCI, mannitol and lactic acid in order to
enhance the solubility.

In this paper, we use an easy, novel and effective method
to prepare water-soluble chitosan which has excellent water
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solubility in neutral environment and synthesize magnetic
water-soluble chitosan by in situ reaction. First, the water-
soluble chitosan with low molecular weight (Mw = 1024) and
very narrow polydispersity index (Mw/Mn = 1.06) was synthe-
sized by degradation from common chitosan under microwave
irradiation. Then, magnetic Fe;O4 nanoparticles were obtained
by co-precipitation and covered by the water-soluble chitosan
by in situ reaction. The synthesized magnetic water-soluble
chitosan which has high relaxivity, good water solubility, low
toxicity, good biocompatibility and biodegradability can be
used as a potential good contrast enhancement agent in magnetic
resonance imaging. Moreover, the synthesis process suits large
scale production. This interesting route might open a new,
simple and economic route to preparing magnetic resonance
imaging contrast agents with high relaxivity and low toxicity
in bulk.

EXPERIMENTAL

Sodium hydroxide, ferrous chloride tetrahydrate and ferric
chloride hexahydrate, all of analytical grade, were purchased
from Shanghai Chemical Reagents Corp. (Shanghai, China)
and used without further purification. Deionized water was
boiled for 0.5 h to remove oxygen before use. Chitosan was
used as supplied by Hainan Provincial Key Lab of Fine Chem
(Haikou, China). The chitosan was previously characterized
by FTIR and gel permeation chromatography (GPC) for the
determination of the degree of deacetylation and polymer
weight, which were ca. 90 % and 20,000 g/mol, respectively.

General procedure: First, water-soluble chitosan was
synthesized by degradation from common chitosan (Mw =
20000) in the dilute acetic acid solution under microwave
irradiation. The GPC results show that the water-soluble chitosan
has low polymer weight (ca. 1024 g/mol) and narrow polydis-
persity index (Mw/Mn = 1.06). Then magnetic water-soluble
chitosan was prepared as follows: in a typical polymerization
system, first, 0.1 g water-soluble chitosan was dissolved in
100 mL de-ionic water, then 0.1 g FeCl,-4H,O and 0.25 g
FeCl;-6H,O were added in the solution and dispersed by
ultrasonic irradiation at high power (150 W, 80 kHz) at room
temperature under protection of nitrogen atmosphere. An
aqueous solution of 0.2 g NaOH was added drop by drop. The
reaction was completed in 3 h. The resultant product was
obtained by magnetic separation and then washed by deionized
water and ethanol three times respectively. Then the solid was
dried under vacuum to yield magnetic water-soluble chitosan.

Detection method: The morphology of magnetic water-
soluble chitosan was recorded on an S-4800II field emission
scanning electron microscope (Hitachi, Japan) at an activation
voltage of 15 kV. The FTIR was measured on a Nicolet Nexus
470 Fourier-transform spectrometer (Nicolet, America) at room
temperature (25 °C). X-Ray diffraction patterns were recorded
by using a D8 Super Speed (Bruker-AXS, Germany) equipped
with CuK,, radiation performed at 40 kV and 40 mA. The
polymer weight and polydispersity index of the water-soluble
chitosan were determined on an IAOO1 LC-3000 GPC system
(Beijing Chuangxintongheng science and technology, China)
using the buffer of CH;COOH + CH;COONH, (pH = 4.5) as
the mobile phase at a flow rate of 0.43 mL/min. MRI measu-

rements were performed at 0.5 T on an imaging and analyzing
system (MicroMR, Niumag, China). Multi-slice Spin Echo
sequence (TR =30 ms, TE =0.55 ms, NS = 32, slice thickness
= 5.0 mm) was employed for the acquisition of T>-weighted
FLASH images. MRI data were analyzed using the Image J
software package (a public domain Java image processing
program inspired by NIH Image that can be extended by plug-
ins, http://rsb.info.nih.gov/ij/)'"'®.

RESULTS AND DISCUSSION

The crystalline structure of the products was characterized
by XRD. The XRD patterns for magnetic water-soluble
chitosan and pure Fe;O, nanoparticles are shown in Fig. 1.
The characteristic diffraction peaks for magnetic water-soluble
chitosan are detected in the spectrum. Two characteristic
diffraction peaks at 20 value around 35.5 and 62.6° are observed.
These two peaks correspond to the (311) and (440) phase of
the Fe;O4 nanocrystal structure, which are consistent with the
database in JCPDS 75-1609. This confirms that Fe;O,
nanoparticles are embedded in the magnetic water-soluble
chitosan. The other characteristic peaks (20 =30.2, 43.0,53.2
and 57.3°) of Fe;0, nanoparticles corresponding to (220),
(400), (422) and (511) phase of Fe;O, are not obvious in the
XRD pattern of the magnetic water-soluble chitosan mainly
because their intensities are relatively low and easily covered
by the other wider diffraction peaks.
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Fig. 1. XRD of (a) Fe;0, nanoparticles and (b) the magnetic water-soluble
chitosan

The chemical structure of the magnetic water-soluble
chitosan was determined by FTIR (Fig. 2). FTIR of Fe;O, and
water-soluble chitosan were used for comparison. The spectra
indicate the presence of water-soluble chitosan and Fe;O4 in
the magnetic water-soluble chitosan. Thus, the broad peak at
3360 cm™ arises from the combined O-H stretching and inter-
molecular hydrogen bonding vibrations. The vibrations of the
N-H stretching from primary amines are masked in the same
region. The C-H stretching vibrations are clearly seen at 2925
and 2876 cm™ for the magnetic water-soluble chitosan. The
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Fig. 2. FTIR of (a) Fe;04, (b) water-soluble chitosan and (c) the magnetic
water-soluble chitosan

result that the 1606 cm™ peak of the N-H bending vibrations
from primary amines red-shifted to 1637 cm™ indicates that Fe;0,
nanoparticles are embedded in the water-soluble chitosan.
FESEM of the magnetic water-soluble chitosan are shown
in Fig. 3. It is clear that the magnetic water-soluble chitosan
basically resembles sphere morphology of a homogeneous
structure. The nanoparticles exhibit well defined particles size
smaller than 20 nm, embedded in the chitosan matrix.

Fig. 3. FESEM of the magnetic water-soluble chitosan with different
magnification: (a) 50000 and (b) 100000

To understand how the magnetic water-soluble chitosan
perform as contrast agents for MRI, we studied their relaxivities
under a 0.5 T imaging and analyzing system. Superparamagnetic
iron oxide-based MR contrast agents shorten the T, (spin-spin)
relaxation times and their net effectiveness is expressed as T
relaxivity (r,), which represents the reciprocal of the relaxation
time per unit concentration of metal ions, with units (Fe) mM™
s'. Fig. 4 displays the T, relaxivity of magnetic water-soluble
chitosan. At the magnetic field of 0.5 T, magnetic water-soluble
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Fig. 4. Relaxivity (r,) of the magnetic water-soluble chitosan

chitosan have a T, relaxivity of 234 (Fe) mM™ s”. Fig. 5(a)
shows image of phantoms prepared by magnetic water-soluble
chitosan. The intensity in the center tube, which included only
the water, was used as baseline intensity. It was seen that proton
signal intensity increased with contrast agent concentration.
Fig. 5(b) shows the plots of signal enhancement levels (AS %)
with the concentration of magnetic water-soluble chitosan. AS %
was defined as follows: AS % = (pixel signal intensity/averaged
signal intensity in the center tube — 1) x 100. The results show
that good linear relation was obtained between the concentration
of magnetic water-soluble chitosan and AS %.
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Fig. 5. (a) T,-Weighted signal enhancement effect by the magnetic water-
soluble chitosan with different concentration; (b) plots of AS %
versus the concentration of the magnetic water-soluble chitosan
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Conclusion

In summary, magnetic water-soluble chitosan as potential
contrast agents for MRI were successfully prepared via a new,
simple and effective route. The structure of the magnetic water-
soluble chitosan was identified by FTIR and XRD. FESEM
shows that the magnetic water-soluble chitosan basically
resembles sphere morphology of a homogeneous structure.
In vitro magnetic resonance imaging demonstrates that the
magnetic water-soluble chitosan could greatly enhance the
contrast for image under magnetic field and the contrast is
enhanced with the concentration. The results of T>-relaxivities
indicate that the magnetic water-soluble chitosan has a high
T, relaxivity of 234 (Fe) mM™! s™'.

ACKNOWLEDGEMENTS

This work was financially supported by the National Natural
Science Foundation of China (21204031), the Natural Science
Foundation of the Jiangsu Higher Education Institutions of
China (10KJB430006), Scientific Research Foundation for
Advanced Talents of Jiangsu University of China (10JDG060)
and Natural Science Foundation of Jiangsu Province of China
(BK2011490).

REFERENCES

1. P. C. Lauterbur, Nature, 242, 190 (1973).
2. P. Lebduskova, J. Kotek, P. Hermann, L.V. Elst, R.N. Muller, I. Lukes
and J.A. Peters, Bioconjug. Chem., 15, 881 (2004).

hed

b

10.

11.

12.

13.

14.

15.
16.

17.

18.

M. Bartolini, Magn. Resonan. Imag., 21, 541 (2003).

H. Kobayashi, S. Kawamoto, T. Saga, N. Sato, T. Ishimori, J. Konishi,
K. Ono, K. Togashi and M.W. Brechbiel, Bioconjug. Chem., 12, 587
(2001).

J. Feng, J. Inorg. Biochem., 92, 193 (2002).

J. Feng, G. Sun, F. Pei and M. Liu, Bioorg. Med. Chem., 11, 3359
(2003).

Z.Li, W. Li, X. Li, F. Pei, X. Wang and H. Lei, J. Inorg. Biochem., 101,
1036 (2007).

Z.Zhang, R. He, K. Yan, Q.-N. Guo, Y.-G. Lu, X.-X. Wang, H. Lei and
Z.-Y. Li, Bioorg. Med. Chem. Lett., 19, 6675 (2009).

J. Lu, S. Ma, J. Sun, C. Xia, C. Liu, Z. Wang, X. Zhao, F. Gao, Q.
Gong, B. Song, X. Shuai, H. Ai and Z. Gu, Biomaterials, 30, 2919
(2009).

M. Baghi, M.G. Mack, M. Hambek, J. Rieger, T. Vogl, W. Gstoettner
and R. Knecht, Anticancer Res., 25, 3665 (2005).

M. Abo, Z. Chen, L.-J. Lai, T. Reese and B. Bjelke, Neuro Report, 12,
1543 (2001).

H. Lee, E. Lee, D.K. Kim, N.K. Jang, Y.Y. Jeong and S. Jon, J. Am.
Chem. Soc., 128, 7383 (2006).

D.K. Kim, M. Mikhaylova, FH. Wang, J. Kehr, B. Bjelke, Y. Zhang, T.
Tsakalakos and M. Muhammed, Chem. Mater., 15, 4343 (2003).

H. Lee, E. Heekim, H. Shao and B. Kookkwak, J. Magn. Magnet.
Mater., 293, 102 (2005).

E.H. Kim, Y. Ahn and H.S. Lee, J. Alloys Compd., 434, 633 (2007).
Z.T. Tsai, J.F. Wang, H.Y. Kuo, C.R. Shen, J.J. Wang and T.C. Yen, J.
Magn. Magnet. Mater., 322, 208 (2010).

E.H. Kim, H.S. Lee and H. Sha, On the Convergence of Bio-Informa-
tion-, Environmental-, Energy-, Space- and Nano-Technologies, Parts
1 and 2, pp. 277-279,1044 (2005).

K. Matsumoto, H. Yakumaru, M. Narazaki, H. Nakagawa, K. Anzai,
H. Ikehira and N. Ikota, Magn. Resonan. Imag., 26, 117 (2008).



