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Magnetic resonance imaging (MRI) is one of the most im-
pressive medical imaging techniques currently in use owing
to its noninvasive feature and high spatial resolution.!" Tts
signal is generated by the relaxation of water protons in tis-
sues. To improve the MRI sensitivity, various magnetic ma-
terials are used as contrast agents to accelerate the relaxa-
tion of protons and enhance the MRI signals.”! Gadolinium
ions (Gd**) are generally chosen as T, contrast agents be-
cause of their large paramagnetic moment and long elec-
tronic relaxation time, which can effectively shorten the lon-
gitudinal relaxation time (7;) of water protons, thus enhanc-
ing the T, relaxivity (r,) and realizing a brighter contrast.”!
Currently, the most studied Gd**-based contrast agents are
Gd** chelates, for example, the clinically applied gadopen-
tetic acid. Recently, Gd** ions have also been incorporated
into nanostructured assemblies and materials, such as den-
drimers, liposomes, fullerenes, carbon nanotubes, nanoparti-
cles, and metal-organic frameworks, to fabricate new Gd**
-based MRI contrast agents with improved imaging per-
formance and better biocompatibility.[*

Polyoxometalates (POMs) comprise a large class of anion-
ic metal-oxide clusters with well-defined structures and ver-
satile functionalities in catalysis, electronics, and magnetics.ls]
Similar to the conventional metal-organic chelates, the lacu-
nary POMs can serve as inorganic multidentate ligands for
paramagnetic metal ions like rare earth Gd**, forming a
series of magnetic clusters, such as [GdW,,05]"", [Gd-
(PW,,05),]'""", [GA(BW,,05,),]"", and [Gd-

[a] Dr. W. Chai, Dr. K. Fischer, Prof. M. Schmidt
Institute of Physical Chemistry, University of Mainz
Jakob-Welder Weg 11, 55099 Mainz (Germany)
E-mail: mschmidt@uni-mainz.de

S. Wang, Dr. H. Li, Prof. L. Wu

State Key Laboratory of Supramolecular Structure and Materials
College of Chemistry, Jilin University

Changchun 130012 (P. R. China)

E-mail: hl_li@jlu.edu.cn

H. Zhao, G. Liu

China-Japan Union Hospital of Jilin University
Changchun 130012 (P. R. China)

[**] MRI=magnetic resonance imaging

[b

—

[c

-

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201302618.

Chem. Eur. J. 2013, 19, 13317-13321

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(CuW,,05),]~.1) These Gd**-containing POMs (Gd-POM)
have been reported to exhibit higher r, than the commercial
contrast agent gadopentetic acid, owing to the large molecu-
lar weight and rigid framework structure of POMs that ben-
efit the realization of a long rotational correlation time and
an enhanced r,.[**® Therefore, Gd-POM:s are suitable nano-
carriers of Gd®* for fabricating new T, contrast agents.
However, the negatively charged surface of Gd-POMs can
strongly adhere to the positively charged biological mole-
cules, which influences the biocompatibility of Gd-POMs as
contrast agents in clinical use.” Meanwhile, the r; values of
Gd-POMs need to be further increased to satisfy the in-
creasing requirement of high sensitive MRI. In this context,
it is necessary to develop an efficient strategy to improve
both the biocompatibility and the r; of Gd-POMs.

Supramolecular assembly through noncovalent interac-
tions is a facile route to combine the building blocks with
complementary properties to create synergetic functions.®
Due to the negatively charged surfaces, POMs have been
widely assembled with cationic organic molecules and poly-
mers to construct hybrid nanostructures and materials.”) In-
spired by these works, we prepared organic-inorganic
hybrid assemblies of a representative Gd-POM
([GdW,,04]°", GAW) and a cationic polymer (poly(hexyl-
spermine)acrylamide, PHSAM) by electrostatic interaction
in aqueous solution (Scheme 1) and evaluated the MRI per-
formance of the assemblies. This design is based on the con-
sideration that the spermine groups on the side chains of
PHSAM can make the hybrid assemblies biocompatible;
meanwhile, anchoring GdW clusters on the hydrophilic
chains of PHASM can lead to a long rotational correlation
time and does not block the exchange between bulk water
and the coordinated water of GdW, thus realizing an en-
hanced r;. As expected, the hybrid assemblies are well bio-
compatible and exhibit an enhanced MRI contrast com-
pared with the pristine GAW.

PHSAM with a degree of polymerization of 155 and a
PDI value of 1.15 was synthesized by reversible addition—
fragmentation chain transfer (RAFT) polymerization. The
detailed synthetic procedures and characterization results of
PHSAM are shown in the Supporting Information (Figur-
es S1-S7). Due to the hydrophilic side chains, PHSAM is
well soluble in water. Dynamic light scattering (DLS) results
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Scheme 1. Schematic illustration of the formation process of hybrid as-
semblies based on PHSAM and GdW.

show that either PHSAM or GdW is not able to form large
assemblies in water in the investigated concentration range.
The R, value of PHSAM is around 9.8 nm (Figure S6). On
the other hand, static light scattering (SLS) results show that
the R, value of PHSAM is about 17.8 nm (Figure S7). The
R,/Ry, value is 1.82, which is typical for expanded coil struc-
tures in a good solvent.'"

The PHSAM/GdW assemblies were prepared by adding
the aqueous solution of GAW dropwise into the aqueous sol-
ution of PHSAM (detailed procedures are shown in the
Supporting Information). After adding GdW, the solution
became turbid, which indicated the formation of large as-
semblies. The scattering intensity gradually increased when
the charge ratios of GdW to PHSAM (defined as r) were in-
creased from 0.06, 0.08, 0.1, 0.2, and 0.3 to 0.5. However,
upon further increasing r up to 1, the mixture became unsta-
ble and tended to precipitate, which may be attributed to
the increasing neutralization of the positive charges of
PHSAM by the anionic GAW clusters. Apparently, the resid-
ual charges on the surface of PHSAM/GdW assemblies are
not sufficient to stabilize the assemblies. In situ atomic force
microscopy (AFM) and cryo-TEM images both revealed
that spherical PHSAM/GdW assemblies are formed in the
solution (Figure 1).

Figure 1. a) In situ AFM and b) cryto-TEM images of PHSAM/GdW as-
semblies with r=0.5 in aqueous solution.
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DLS results revealed the R, values of freshly prepared
PHSAM/GdW assemblies to be 70 nm at different r<0.5.
After 24 h, only the assemblies with r=0.5 maintained R, =
70 nm even after 3 d (Figure S8), while the other assemblies
with smaller r became a little bit larger (Figure 2). Further-
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Figure 2. R, values of the PHSAM/GdW assemblies prepared under the
condition of different » and after different time.

more, the concentration-dependent R, results show that di-
luting the solution of assemblies with r=0.5 has little influ-
ence on the size of the assemblies (Figure S9). The zeta po-
tential of PHSAM/GdW assemblies with r=0.5 is 50.6 mV,
which is typical for stable colloid particles. Considering that
a suitable Gd**-based MRI contrast agent needs to satisfy
the requirement of both high content of Gd** ions and high
stability, r=0.5 appears to be the optimal ratio to prepare
PHSAM/GdW assemblies for MRI performance. In the fol-
lowing, assemblies with r=0.5 were investigated regarding
their MRI performance and biocompatibility.

SLS measurements were employed to further characterize
the structure of the PHSAM/GdW assemblies. As shown in
the Berry plot (Figure 3), the R, value of PHSAM/GdW as-
semblies with r=0.5 is about 75 nm. The value of R,/R,=
1.07 is larger than the theoretical value of 0.775 for mono-
disperse hard spheres, which may be caused by the polydis-

—_
o - -
© o -
N N 2

o
©
N

o
3
N

(KcIR)"? 1 10 (mol g')'"*

300 600 900 1200 1500
(g°+3000+%c) | ym? —=

o4

Figure 3. Berry plot of PHSAM/GdW assemblies with r=0.5 in water
yielding M,=210x10° gmol™', R,=75nm, and the 2. virial coefficient
A,=19%x10" mol Lg?2 The concentrations are 0.29, 0.24, 0.19 and

0.12 mgmL™'; the refractive index increment is dn/dc =0.1283 cm®*g~".
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persity of the assemblies. The solution density p of the as-
semblies may be estimated to p=0.25 gcm > by utilizing p=
3M, /(47N AR,*) with the molar mass M, =210x10°gmol ™,
R,=70 nm, and N, = Avogadro number. Thus, the structures
are swollen by approximately a factor of 4 by water, which
allows bulk and GdW-coordinated water to exchange.

To further confirm the electrostatic interaction between
PHSAM and GdW in the assemblies, X-ray photoelectron
spectroscopy (XPS) was used to study the dry assemblies de-
posited on a silicon substrate. As shown in the N 1s spectra
(Figure 4a), the binding energy of the nitrogen atoms of
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Figure 4. a) Contrast N 1s XPS spectra of PHSAM and PHSAM/GdW as-
semblies and b) contrast W 4f XPS spectra of GdW and PHSAM/GdW
assemblies. The r values of all the assemblies are 0.5.

PHSAM is about 401.2 eV, corresponding to the ammonium
bromide groups on the side chains of PHSAM. In contrast,
the assemblies with r=0.5 exhibit a new peak of N 1s be-
sides 401.2 eV, appearing at a relatively low binding-energy
position of 399.3 eV, which should be ascribed to the ammo-
nium groups electrostatically interacting with GdW clusters.
Since the charge ratio of GAW to PHSAM is 0.5 in the as-
semblies, only half of the positive charge of PHSAM is neu-
tralized by GdW. Therefore, it is reasonable to observe both
the free and the electrostatically bound ammonium groups
in XPS spectra. On the other hand, in previous works we
have found that the electrostatic encapsulation of tungsten-
containing POMs by cationic surfactants can induce the
W 4f peaks of POMs to shift to low-binding energy position,
because the d' electrons in POMs become more difficult to
delocalize."V For the PHSAM/GdW assemblies, a similar
shift of the W 4f peaks was also observed in comparison
with the pristine GAW (Figure 4b), which is another evi-
dence for the electrostatic interaction between GdW and
PHSAM.

In general, the stability of electrostatic assemblies is sensi-
tive to the ionic strength of the ambient environment. In-
creasing the ionic strength can weaken the electrostatic in-
teraction and destruct the assemblies. Therefore, it is impor-
tant to evaluate the stability of PHSAM/GdW assemblies in
a physiological environment containing abundant types of
ions. For this purpose, we prepared PHSAM/GdW assem-
blies in an isotonic salt solution (150 mm NaCl). SLS results
revealed the assemblies with r=0.5 to be stable. The molar
mass increased to M,=300x10°gmol™', the R, and R,
values were both determined to 90 nm, also being somewhat
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larger as in water, but remained constant over a period of
3 d (Figures S10 and S11). The R,/R, value is, within experi-
mental error, the same as in pure water, which indicates that
the PHSAM/GdW assemblies prepared in pure water or in a
150 mm solution of NaCl have a similar structure, although
the solution density is calculated to be somewhat smaller
with p=0.15.

It has been reported that Gd-POMs can accelerate the re-
laxation of water protons owing to the accommodation of
paramagnetic Gd®" ions in its framework, and thus, can
serve as MRI contrast agents.”! The contrast ability of Gd-
POMs is influenced by several factors, such as molecular
size, ambient hydrophobicity, and self-assembly behavior.?!
To investigate the influence of the microenvironment of
PHSAM/GdW assemblies on the contrast ability of GdW,
we compared the in vitro T)-weighted MR images of GAW
and PHSAM/GdW assemblies by using a clinical 1.5 T MR
scanner at room temperature. As shown in rowa in
Figure 5, the images of GdW in water gradually become
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Figure 5. In-vitro 7;-weighted MR images of a) the aqueous solutions of
GdW, b) the aqueous solutions, and c¢) the 150 mm solutions of PHSAM/
GdW assemblies in NaCl with r=0.5.

brighter with increasing concentration, which demonstrates
the contrast ability of GAW. Enhanced contrasts are also ob-
served for the PHSAM/GdW assemblies with r=0.5 either
in pure water or in the aqueous 150 mm solution of NaCl
(row b and c in Figure 5) when the concentration of the as-
semblies is increased, indicating that the contrast ability of
GdW is well maintained in the assemblies. It should be
noted that the R, values of the assemblies are stable in the
varied concentration range (Figures S9 and S12). More im-
portantly, the assemblies exhibit obviously brighter contrast
images than the pristine GdW, which is consistent with the
measured r; of GAW and PHSAM/GdW assemblies that are
4.6 and 13.7mm 'S™!, respectively (Figure S13). Thus, the
relaxivity of GdW is enhanced about 3 times in the assem-
blies. It has been reported that polymer micelles loaded
with the clinically used gadopentetic acid (4.1 mm'S™) also
showed a much higher relaxivity (48 mm~'S™!) than the free
gadopentetic acid, because the restricted local motion of ga-
dopentetic acid led to a prolongation of the rotational corre-
lation time.'¥ Therefore, we infer that the relaxivity en-
hancement of PHSAM/GdW assemblies is attributed to the
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longer rotational correlation time of GdW caused by the
electrostatic interaction with PHSAM. Furthermore, the hy-
drophilic chains of PHASM may enable the external water
molecules to freely penetrate the interior of the assemblies
and to exchange with the coordinated water of GdW, since
the spherical complexes are significantly swollen. The ex-
change between bulk and coordinated water of GdW also
promotes the increase of r,. The contrast intensity of
PHSAM/GdW assemblies is similar in pure water and in the
aqueous 150 mm solution of NaCl, demonstrating that the
higher ionic strength has little influence on the MRI con-
trast of PHSAM/GdW assemblies.

The biocompatibility of PHSAM/GdW assemblies was
tested by culturing HeLa cells and using the 3-(4,5-dime-
thylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
assay. Results for different incubation times and concentra-
tions are shown in Figure 6. The number of viable cells incu-
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Figure 6. MTT assay of PHSAM/GdW assemblies with r=0.5 in HeLa
cells.

bated with PHSAM/GdW assemblies after 48 h was close to
85%, even if the GAW concentration in the assemblies is as
high as 0.16 mgmL ', indicating a good biocompatibility of
the assemblies. It has been reported that the encapsulation
of POMs into biocompatible polymer matrices, for example,
chitosan, can lower the cell toxicity of POMs.'"¥) In the pres-
ent work, PHSAM is a cationic polymer with compatible
spermine groups as side chains. Therefore, spermine groups
(though with a significantly reduced cationic charge) should
be abundant on the surface of the PHSAM/GdW assemblies,
which probably contributes to the low toxicity of assemblies.

In conclusion, the cationic polymer PHSAM and anionic
GdW clusters form hybrid assemblies by electrostatic inter-
action. The assemblies are stable in water and in isotonic
salt solution. Importantly, the T7;-weighted MRI perform-
ance of GdW is enhanced about 3 times in the assemblies;
meanwhile, the assemblies show good biocompatibility,
which enables them to be promising candidates for MRI
contrast agents. This work demonstrates that incorporation
of POMs into water-penetrable and biocompatible polymer
matrices is a promising strategy to fabricate POM-based
MRI contrast agents. Other properties of POMs, such as lu-
minescence,’” anti-tumor, and anti-viral properties,'® may
also be optimized in such hybrid assemblies, which may lead
to more POM-based biochemical applications.
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Experimental Section

Preparation of PHSAM/GdW assemblies: GdW (26 mg) was dissolved in
water (25 mL); PHSAM (7.8 mg) was dissolved in water (50 mL). After-
wards, 3.6 mL of the GdW solution were added droppwise into 20 mL of
the PHSAM solution under stirring with a speed of 500 rpm. The mixture
was stirred for further 0.5h to obtain a mother solution of PHSAM/GdW
assemblies in which the content of GdW is 0.16 mgmL~". The other solu-
tions with different GdW contents were prepared by diluting the mother
solution. For preparing assemblies in NaCl solution, just replace water
with the aqueous solution of NaCl (150 mm).
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