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Gadolinlumioaded carboxyl-functionalized 1: Magnevist, 2: G4*@CGO
graphene oxide (G4™@CGO)

A facile synthetic strategy which leads to a high performance Gd3+ based MRI contrast agent (Gd3+@CGO)
is developed using graphene oxide as a nanocarrier.
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MRI contrast modified by traditional carriers seem to be not far superior to the clinically
used Magnevist. In this study, a kind of MRI contrast agent (Gd**@CGO) possessing a

significantly high r; value was easily prepared using carboxyl-functionalized graphene
oxide (CGO) as a nanocarrier to interact with GdCl;°6H,0 directly. With the content of
Gd*" loaded on CGO of 2.8 wt%, the prepared Gd**@CGO shows good dispersibility in
water and possesses r; of 63.8 mM™ S, which is 14 times higher than that of Magnevist. It
is exciting that Gd** anchored on CGO remains stable at least for 1 year, probably
relying on the electrostatic adsorption and physical encapsulation effect of CGO to Gd**.

1. Introduction

The clinical success of magnetic resonance imaging (MRI), a
powerful noninvasive diagnostic modality, has fuelled an
interest in techniques to prepare efficient contrast agents.
Superparamagnetic iron oxide nanoparticles have attracted
enormous attention in recent years due to their nontoxicity and
cytocompatibility,! whereas the dark contrast of which restrains
its clinical use. In contrary, gadolinium ions (Gd*") are
characteristic of accelerating the longitudinal relaxivity (r;) and
therefore exhibiting bright contrast, which have been clinically
used widely through coordination to polydentate chelator, e.g.,
the diethylene triamine pentacetic acid (DTPA) and diethylene
triamine tetraacetic acid (DTTA). However, these low-
molecular weight Gd*" complexes are not ideal for application
in many cases including cardiovascular and cancer imaging due
to their shortages such as weak signal of contrast enhancement
and rapid extravasating from the vasculature.”> Much research
has been done to improve MRI contrast enhancement by
incorporating  Gd** into  various carriers such  as
polyamidoamine dendrimers,® quantum dots* and silica
nanoparticles,” where complicated reactions are required to
introduce DTPA or DTTA to coordinate Gd*".® The Gd*'-
loaded nanomaterials prepared through these methods display
r; values ranging from 4.1 to 28.8 mM™' S, which actually are
not remarkable compared with clinical Magnevist MRI contrast
agent (r,=3.4~4.1 mM™' S™).

In virtue of the nano cavity, fullerenes and carbon nanotubes
with good biocompatibility have been widely wused as
nanoplatforms for constructing high performance endohedral
gadofullerene and gadonanotube based MRI contrast agents.

This journal is © The Royal Society of Chemistry 2013

Gd@C82" and GAd@C60® can be categorized into the first
generation of gadofullerenes. Later on, Gd@C60[C(COOH);,],
(r=4.6 mM™"' S’ and Gd;N@C80[DiPEG5000(OH),] (r;=143
mM™" S) with improved water solubility were developed.'®
Unfortunately, yields of these water-soluble gadofullerenes
were low. Using current arc evaporation method, Zhang
obtained two kinds of water-soluble gadofullerenes [Sc,GdN@
C800,,(0H),5, ScGd,N@C800,,(OH),s] with high yield."
Nevertheless, gadofullerenes obtained in this way only show
ordinary 7, values (20.7 mM' S and 17.6 mM"' S,
respectively) compared with Magnevist. Carbon nanotubes can
also be used to encapsulate Gd*" and lead to high performance
MRI contrast agents. Wilson prepared superparamagnetic
nanotubes with high »; value of 170 mM"' S before
hydrophilic modification, where Gd*" clusters were loaded and
confined by soaking and sonicating single-walled carbon
nanotubes in GdCl; aqueous solution.'”> Generally speaking,
Gd** ions are loaded into fullerenes and carbon nanotubes
merely through a physical encapsulation effect.

In comparison with fullerenes and carbon nanotubes, the
graphene oxide (GO) has significant advantages such as low
cost and better water dispersibility benefitted from its abundant
hydrophilic oxygen-containing groups,'* ' which make GO an
attractive nanocarrier for MRI contrast agent. Furthermore,
carboxyl-functionalized GO (CGO) possessing more carboxyl
groups can show improved water solubility,'”” which was
usually prepared by converting hydroxyl and epoxy groups of
GO into carboxyl groups. These carboxyl groups can
participate in esterification, amidation and coordination
reactions, '® thus broad the potential for functionalization of GO.
Nevertheless, there are only a few reports about GO or CGO

J. Name., 2013, 00, 1-3 | 1

Page 2 of 8



Page 3 of 8

used as a nanocarrier for Gd** based MRI contrast agents. Shen
and his coworkers are the first ones who obtained a MRI
contrast agent using CGO as a nanocarrier through electrostatic
adsorption of Gd**-DTPA chloride on CGO sheets. However,
in this case, Gd*' ions were adsorbed on CGO enduring
complicated reactions and still rely on DTPA, and the r; value
of the product was not reported by the author.'” Recently, an
interesting finding was reported, i.e., carboxyphenylated
graphene nanoribbons can be used as ligands to chelate Gd**
and prepare high performance T;-weighted MRI contrast
agent.'® However, the size of these nanoribbons was too large
to ensure good biocompatibility'?, which was 125-280 nm, 7-15
nm and up to 20 mm in width, thickness, and length,
respectively.

In this study, we develop an easy method to prepare high
performance Gd**-based MRI contrast agents employing CGO
as a nanocarrier without the assistance of polydentate chelator,
i.e., DTPA or DTTA. The CGO is used without further
treatment. GO sheets with lateral size of c.a. 200 nm are
prepared and further carboxylated to form CGO by chloroacetic
acid.

2. Experimental

2.1. Preparation of GO

GO was prepared from purified flake graphite (200 mesh) by a
modified Hummers’ method. Briefly, flake graphite (1 g) was
mixed with concentrated H,SO,4 (98 wt%, 33 mL) and NaNO;
(0.5 g) at 0 °C for 20 min in an ice bath. Potassium
permanganate (3 g) was added gradually with stirring while
keeping the temperature of the mixture below 5 °C. Then the
ice bath was removed and the mixture was stirred at 35 °C for 5
days. Finally, deionised water of 45 mL was added slowly and
the temperature was kept at 98 °C for 2 h, followed by the
addition of H,O, (6 mL, 30 wt% aqueous solution) at 60 °C. In
order to remove the ions of oxidant and other inorganic
impurity, the resultant mixture was purified according to the
protocol proposed by Zhang, L., et al. *°

2.2. Preparation of CGO

The dried GO (100mg) powders were dispersed into deionised
water (100 mL) and sonicated for 2 h to give a transparent
solution. Sodium hydroxide (6g) and chloroacetic acid
(CICH,COOH) (5g) were added to the GO solution and
sonicated for 2 h under a temperature of 35 °C to convert the
epoxy and hydroxyl groups of GO to carboxyl groups, giving
CGO. The resulting CGO solution was purified by repeated
rinsing and centrifugation until the product was totally
dispersed in deionised water. As control, GO was treated
through the same procedure mentioned above but with the
absence of CICH,COOH, and the product was named as rGO.

2.3. Preparation of Gd**@CGO

Hexahydrate gadolinium chloride (GdCl;-6H,0) was dissolved
in deionised water to make a solution with a concentration of
Img mL™. Then the GdCl;-6H,0 solution of 4 mL was added
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dropwise into 50mL of CGO dispersion (Img mL™") with
stirring. After reaction duration of 12 h at a temperature
approximately of 35 °C and a pH value of 6.5, the reaction
mixture was precipitated with saturated NaCl aqueous solution.
The supernatant was collected for following testing, and the
precipitate was repeatedly centrifugated and washed with
deionised water for three times, which was finally dried in
vacuum oven at 50 °C to produce pure Gd*'@CGO. As a
comparison, GdCl;-6H,0 aqueous solution of the same volume
ratio was added to GO and rGO solution, respectively,
experiencing the same reaction process as above.

A uniform powder mixture (Mx) containing Gd*" of 2.8 wt%
was prepared by well grinding CGO and GdCl;-6H,0 together
in an agate mortar.

2.4. Characterization methods

Two kinds of tests were performed to monitor whether Gd**
ions from GdCl;-6H,0 were all anchored on CGO stably after
reaction. On the one hand, the collected supernatant was tested
by xylenol orange and inductively coupled plasma optical
emission spectrometer (ICP-OES, Varian 715). On the other
hand, the reaction mixture of CGO with GdCl;-6H,O (after
reaction of 12 h) was dialyzed against deionised water through
a 500 D dialysis bag for 1 h, 5 h, 12 h and 24 h, respectively,
and the Gd** concentration in these dialysates were tested by
ICP-OES.

The interaction between Gd*' and CGO was studied
according to Zeta potential, Fourier transform infrared (FT-IR)
spectra, X-ray diffraction (XRD) patterns and X-ray
photoelectron spectroscopy (XPS). The mass content of Gd** in
Gd>**@CGO was determined by ICP-OES. In order to perform
the ICP-OES test, Gd**@CGO was dispersed into deionised
water to form a uniform stable dispersion with a concentration
of 0.1 mg mL™'. The lateral sizes and the morphologies of the
GO, CGO and Gd*@CGO were undertook by a high-
resolution transmission electron microscope (HRTEM, 200 kV,
JEOL JEM-2100). Zeta potentials of GO, CGO and
Gd** @CGO aqueous dispersion (Img mL™, pH=7) were
measured with a Nano-ZS90 Nanosizer (Malvern). FT-IR
spectra with a resolution of 4cm™ were recorded by a Bruker
TENSOR 27  FT-IR  spectrometer. XRD  patterns
were scanned in the range of 10-50 ° at a scan rate of 1 ®/min by
a D8Advance X-ray diffractometer (Bruker axs Company,
Germany) with Cu Ka radiation (40 kV, 20 mA, A=1.54051 A).
XPS (K-Alpha, Thermo Scientific Company, UK) was
performed using a focused monochromatic Al Ko X-ray
(1486.7 eV), which was also used to identify the element
composition of Gd**@CGO.

2.5. Relaxometric Measurement

The T;-weighted image and relaxation rate r; of G&**@CGO
were measured, and made a comparison with clinical
Magnevist MRI contrast agent with the same concentration of
Gd*" (0.05 mM). To measure the ; of the G&** @CGO, the
relaxation time (7)) was measured using a 3.0 T MRI scanner
(GE Medical Systems). 7Tj-weighted images were obtained with
a SE sequence (TR/TE= 300 ms/20 ms, Matrix 256x256 pixel,
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FOV 24 cmx24 cm, NEX 1, slice thickness of 5 mm, gap 1.5
mm). In order to acquire the 7, values, inversion recovery
sequence was used, applying three different TI (TI=100,
TI=300, TI=600, TR/TE 4000 ms/9.2 ms). The r; is estimated
based on Equation (1):*'

(1/T 1) opsa=(1/T1) giatr < [M]. @))

Where (1/T )4 1s the observed relaxation rate of water proton in the
presence of paramagnetic species, (1/T})4, is the relaxation rate in
the absence of the paramagnetic species and /M] is the molar
concentration of the paramagnetic species.

3. Results and Discussion

3.1. The formation of CGO

After treatment with chloroacetic acid under strongly alkaline
conditions, GO underwent fast deoxygenations, and the w-m
conjugated structure in GO was recovered. GO with a lateral size of
approximately 200 nm (Fig.1a) showed a high degree of oxidation
(the atom ratio of O/C is 0.43, determined by XPS, Fig.1d), which
was then treated by chloroacetic acid under a strongly alkaline
conditions to obtain CGO. In this case, hydroxyl groups including
those derived from hydrolyzed epoxy groups and the inherent
hydroxyl groups on the GO sheet were partially eliminated under the
strongly alkaline conditions. Consequently, the atom ratio of O/C
was reduced to 0.32 (determined by XPS, Fig.1e) in CGO, and the 7t-
7 conjugated structure was partially recovered.”? As shown in the
Cls core-level spectrum of of GO (curve 1, Fig.2a), the peaks at
approximately 284.7 eV, 287 eV and 289 eV are attributed to the C-
C (C=C), C-0O and C=0 (coming from ketone and carboxyl groups)
bond, respectively. After GO was converted to CGO, the area of C-O
peak was reduced, while the area of C-C (C=C) peak was increased
obviously. This was in consistence with the Raman spectra, where
the i(D)/i(G) belonging to CGO was lower than that of GO
(Fig.S1).?
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Fig.1 TEM images and corresponding wide-scan XPS spectra
of GO (a, d), CGO (b, ) and G&** @CGO (c, f).

After GO was converted to CGO, the layer distance
decreased due to the restoration of the n-m conjugated structure,
and the lateral size showed a little increase. The peak in the
XRD pattern of GO at 20 of 12° corresponds to a layer-to-layer
distance (d-spacing) of approximately 0.73 nm,** while a wide
diffraction peak at 20 of 24° (corresponding to d-spacing 0.37
nm) superimposed on a broad scattering background is
observed in the XRD curve of CGO (Fig.2b). The lateral size of
CGO is approximately 220 nm which is slightly higher than
that of GO (200 nm) (Fig.1).
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Though a portion of epoxy groups were hydrolyzed to
hydroxyl groups and further eliminated from GO sheets, quite a
few epoxy and hydroxyl groups did convert into carboxyl
groups during the carboxylation process of GO. In order to
certify that GO was carboxyl-functionalized successfully, a
control test was carried out as follows: GO was treated through
the same procedure under an alkaline condition as mentioned
for preparation of CGO except for adding CICH,COOH, the
resulting product was named as rGO. The molar ratio of C=0 to
C-O bonds in CGO was determined to be approximatively
0.96:1, which was larger than that in rGO (0.48:1) or in GO
(0.46:1), as demonstrated in the Cls core-level spectra (Fig.2a,
Table S1). The Zeta potential of CGO aqueous solution was -
50.6 mV, which was more negative in comparison with -48.2
mV of GO aqueous solution at the same concentration and pH
value. This further confirmed the carboxylation of GO and
implied the good dispersibility of CGO. Since it is well known
that an absolute value of Zeta potential higher than 30 mV
demonstrates sufficient charge repulsion to ensure a stable
dispersion.

3.2. The formation of Gd**@CGO

Rather than GO and rGO, CGO with smaller interlayer spacing
and more carboxyl groups can anchor many free Gd** ions
stably for at least 1 year. It is noticed that CGO, GO as well as
rGO dispersions still remained uniform and stable after addition
of GdCl;.6H,O solution, which had to be precipitated with
saturated NaCl aqueous solution. The supernatant of each
solution was collected for xylenol orange test, respectively.
With one drop of xylenol orange solution added to
approximately 10 mL of each supernatant, the supernatant of
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the CGO solution appeared yellow, whereas the supernatant of
either GO or rGO solution turned to purple. An ICP-OES test
showed a particularly low concentration of Gd** (0.14 ppm) in
the supernatant of CGO dispersion, which may contain a few
Gd*" ions that anchored on the smaller CGO sheets. So, in order
to further demonstrate that few free Gd** ions existed in the
CGO solution, the dialysate of the CGO dispersion was tested
by ICP-OES, too. There was no Gd*" ions can be detected in
the dialysate until CGO dispersion was dialyzed for 24 h (0.023
ppm). Thus, we can say that the CGO can serve as a nanocarrier
to anchor Gd**, whereas the GO and rGO can not! The Gd**
ions were anchored extremely stably by CGO, which remained
unchanged even after 1 year as demonstrated by the xylenol
orange testing results (Fig. 3). Moreover, there was no free
Gd*" detected in the dialysate even when the CGO dispersion
(after reacted with GdCl;.6H,O for 12 h) was dialyzed against
deionised water in an ultrasonic system (300W) for 1 h.

A portion of carboxyl groups in CGO were consumed
through forming electrostatic interaction with Gd**, leading to
intermolecular aggregation of CGO. After CGO dispersion
interacted with GdCl;'6H,O for 12 h, pure products were
collected as described in Sec 2.3. The pure products displayed
Zeta potential of -40.6 mV which was higher than -50.6 mV of
CGO when dispersed in deionised water forming a dispersion
of 1 mg mL", indicating that a portion of the carboxyl groups
are consumed by electrostatic adsorption of Gd**.'” This kind
of electrostatic interaction between Gd*" and CGO was further
proved by the appearance of the absorption peaks belonging to
the carboxylate at 1614 cm™ and 1373 cm™ in the FT-IR
spectrum of the pure product (detailed analysis was put in the
part 3 of SI, Fig.S3). In addition, the lateral size of the CGO
sheet was increased from 220 nm to 260 nm after encapsulating
Gd*" (Fig.1b, ¢). The TEM image of the pure products also
suggested that, Gd*>" ion clusters were internally-loaded in the
confined space of CGO (Fig.1c).

As described above, CGO can be directly used as a
nanocarrier for Gd** ion clusters without any further
functionalization. The wide scan XPS spectra confirm the
existence of Gd*" in the pure products (Fig. 1f). And the mass
concentration of Gd*" in Gd*'@CGO was 2.8 wt% determined
by ICP-OES, which was very close to the theoretical value (3.1
wt%). This result consisting with the outcome of xylenol
orange test showed that Gd** ions from GdCly-6H,0 were all
anchored stably on CGO after they reacted with each other for
12 h. The pure products derived from CGO and GdCl;-6H,0
were name as Gd**@CGO.

4| J. Name., 2012, 00, 1-3

RSC Advances

Fig.3 (a, b) Snapshots of Gd**@CGO dispersion with a
concentration of 1mg mL™; (¢) outcomes of xylenol orange
tests (1, 2: GO, rGO solution reacted with GdCl;.6H,O for 12
h, respectively ; 3, 4: the freshly prepared Gd**@CGO
dispersion, and Gd**@CGO dispersion stored for 1 year,
respectively).

3.3. Relaxation properties of G&**@CGO

The T relative signal intensity of Gd**@CGO was significantly
higher than that of clinical Magnovist containing the same
amount of Gd*". The imaging performance of the Gd&** @CGO
was tested using 3.0 T MR (GE Medical Systems). It can be
seen in Fig.4 that Gd>*@CGO shows much brighter contrast
than Magnovist, while the pristine GO and CGO do not show
any bright but a little dark contrast. This indicates that the Gd**
ions are anchored on CGO and show bright contrast. The dark
contrast of GO and CGO is caused by the trace amounts of
Mn®>* ions confined between their sheets.®> The r; of
Gd**@CGO is 63.8 mM™' S which is approximately 14 times
higher compared with ; ~4.6 mM™" S of Magnovist in water
with the same Gd** concentration ([Gd*]=0.05mM).
Furthermore, both the brightness of T,-weighted image and the
r; value of G&*@CGO do not show significant decrease after
the Gd**@CGO is dialyzed against deionised water through a
500D dialysis bag with ultrasonic treatment (300W) for 1 h.
The r; of Gd**@CGO dialyzed against deionised water is 54.1
mM™' S™'. This further demonstrated that the Gd*' ions are
encapsulated in CGO sheets stably. Herein, the slightly reduced
r; value of 54.1 mM™' S may be caused by a small decrease of
Gd*" concentration after dialysis. During the dialysis of
Gd**@CGO solution, impurities (e.g. MnO,, NaOH) originated
from GO and CGO preparation procedures penetrate into the
dialysate, while the water molecular pass into the Gd** @CGO
solution, which finally leading to Gd*" content in the dialyzed
Gd** @CGO solution is little lower than 0.05 mM.

This journal is © The Royal Society of Chemistry 2012
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Fig.4 T,W; reference images (1: H,0; 2: Magnovist; 3: Gd**@CGO;
4: GO; 5: CGO; 6: G&>* @CGO after dialysis against deionised water
for 1h with assistance of ultrasonic vibration).

The significantly enhanced longitudinal relaxivity of
Gd**@CGO can be attributed to its aggregation behavior and
the efficient access of Gd** ion cluster to water molecules. It
has been reported that either the accessibility of Gd*" centers to
water molecules or the intermolecular aggregation of MRI
contrast agents plays an important role in the ; enhancement of
gadonanotube or gadofullerene MRI contrasts.'"™ '*  As
demonstrated by TEM images, Gd**@CGO did undergo
slightly aggregation in comparison with the original CGO.
Furthermore, the rich hydrophilic groups (-COOH, -OH) on the
CGO surface are expected to improve the proton conductivity,
thus promotes access of Gd*'-ion clusters centers in
Gd**@CGO to water molecules.?

The truth that Gd** ions are anchored stably on CGO
showing few toxicity against HeLa cells, suggests low
cytotoxicity of Gd** @CGO. According to the CCK-8 assay, we
found out that CGO had few negative impacts on the viability
of HeLa cells though GO did produce a few negative impacts.
We attributed this phenomenon to better water dispersibility of
CGO than GO. The viability of HeLa cells are reduced to lower
than 80 % when incubated with a concentration of GO higher
than 80 pg mL'ly while remain more than 80 % when incubated
in such a high concentration of CGO of 200 pug mL™ for 24 h
(Fig.S3, testing method is shown in the part 4 of SI). Since in
Gd**@CGO, Gd*" ions are stably anchored on CGO, we think
that Gd>*@CGO will not have significant negative impacts on
cell viability. The cytotoxicity study of Gd**@CGO has been in
progressing. All in all, Gd**@CGO easily prepared in our work,
which exhibit particularly high »; value and possess potential
biocompatibility, is attractive candidate for high-
performance MRI imaging agents.

an

3.4. Possible mechanism for the interaction between Gd>* and
CGO

The present analysis results do not show direct evidence for
the formation of coordination bonds between Gd** and carboxyl
groups of CGO. XPS has been widely used to detect the
formation of complexes according to the fact that the binding
energy will increase for the ligand atom and decrease for the
central atom after forming a complex.”” The XPS analysis of
Gd**@CGO indicates that there is no detectable coordination
bond between the carboxyl groups in CGO and the Gd**. For
instance, the gadolinium in Gd**@CGO appears to play a role
of central atom, whose binding energies reduce slightly to
143.0 eV, 148.7 ¢V and 1187.4 eV from 143.2 eV, 149.1 eV
and 1187.7 eV (corresponding to Gd4ds,, Gd4d;, and Gd3d,
respectively 2*) in Mx. However, the oxygen atoms belonging to
Gd**@CGO do not perform as ligand atoms, whose binding
energies do not increase compared with that in CGO (Fig.5). It
is reported in Ref.18 that Gd** can be chelated by the carboxyl
groups in GO functionalized with p-carboxyphenyldiazonium
salt, but the coordination interaction was illustrated without any
direct experimental evidence (spectral data). In addition,
although there are several kinds of metal ions (e.g. Ca®*, Mg”",
Eu®") have been shown to be chelated by oxygen-containing
functional groups on the GO sheets,'®? it is a well known fact
that Gd** is difficult to be chelated due to its large radius. Thus,
the question of whether Gd** can be chelated by the carboxyl
groups in CGO still remains.

As for our point of view, since no apparent coordination
bonds are detected, besides the electrostatic adsorption effect,
the encapsulation effects may play a key role in stably
anchoring Gd** on CGO for up to 1 year, similar to the case
that Gd*' is encapsulated in carbon nanotubes and fullerenes.
The TEM image of Gd**@CGO has shown the internally-
loaded of Gd*" in CGO hereinbefore. The XRD pattern of
Gd** @CGO also gives us a suggestion from another hand.
There are no obvious diffraction peaks attributed to
GdCl;-6H,0 in the XRD pattern of Gd>* @CGO. According to
Ref. 12, the absence of XRD diffraction patterns belonging to
GdCly-6H,0 in gadonanotubes was attributed to the low Gd*>*
content. However, we found that rather than the low Gd*'
content, the encapsulation effect of CGO may be the main
cause for the absence of the XRD diffraction pattern of
GdCl;3-6H,0 in Gd3+@CGO, because obvious diffraction peaks
assigned to GdCl;'6H,0O appeared in XRD curve of Mx
containing the same mass content of Gd*" as those in
Gd** @CGO.
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Fig.5 (a) Gd4d and (b) Gd3d core-level XPS spectra (1: Mx; 2: G&**@CGO), as well as (c) Ols core-level XPS spectra (2:

Gd** @CGO; 3: CGO)

In summary, though it has been shown that a certain amount
of Gd*" can be stably anchored on the CGO, the mechanism
still need further investigation. Several questions needed to be
answered in our future work. For instance, do the oxygen
containing groups (especially carboxyl groups) in CGO form
coordination complexes with Gd**? Is there any other
interaction besides the electrostatic and encapsulation effects
which contributes to anchoring the Gd**?

4. Conclusions

An easy synthetic strategy which leads to a high performance
MRI contrast agent, named Gd**@CGO, is developed using
CGO as a nanocarrier. Differing from the conventional carriers
which must rely on polydentate ligands, CGO can anchor Gd**
directly and stably. In addition, CGO with intrinsic high
hydrophilic property guarantees the accessibility of Gd**
centers to water molecules and high r; value of Gd>**@CGO.
The Gd**@CGO possesses the capability of casting a bright T-
weighted image with », ~63.8 mM™" S, which is nearly 14
times as the present clinically used Magnevist. In addition, the
few cytotoxicity of CGO indicates the potential
biocompatibility of Gd** @CGO. Although the load mechanism
is not yet clear, it is exciting to find that Gd** ion clusters
encapsulated in CGO remained stable at least 1 year, implying
that CGO has the ability to absorb other metals.
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