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ABSTRACT: Macromolecular magnetic resonance imaging (MRI) contrast
agent Gd-DTPA-HSA (DTPA, diethylene triamine pentacetate acid; HSA,
human serum albumin) as a model has been successfully conjugated with
trimalonic acid modified Cg, for contrast enhancement at clinically used
magnetic field strength. The Gd-DTPA-HSA-Cg, conjugate exhibit maximal
relaxivity (r; = 86 mM ™' s7! at 0.5 T, 300 K) reported so far, which is much
superior to that of the control Gd-DTPA-HSA (r; = 38 mM™'s™") under the
same condition and comparable to the theoretical maximum (r1 = 80—120

mM™' 57!, at 20 MHz and 298 K), indicating the synergistic effect of HSA  (Gd-DTPA),-HSA-{CslC(COOH),,},

and carboxylfullerene on the increased contrast enhancement. TEM
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characterization reveals that both Gd-DTPA-HSA-C¢, and Gd-DTPA-HSA can penetrate the cells via endocytosis and trans-
membrane, respectively, suggesting the potential to sensitively image the events at the cellular and subcellular levels. In addition,
the fusion of fullerene with Gd-DTPA-HSA will further endow the resulting complex with photodynamic therapy (PDT)
property and thus combine the modalities of therapy (PDT) and diagnostic imaging (MRI) into one entity. More importantly,
the payloaded Gd-DTPA may substitute for other more stable Gd-DOTA and HSA as a theranostic package can further work as
a drug delivery carrier and effectively control drug release through proteolysis.

KEYWORDS: macromolecular MRI contrast agents, contrast enhancement, carboxylfullerene, theranostics, photosensitizer,

intracellular imaging

B INTRODUCTION

Molecular magnetic resonance imaging (MRI) emerging as a
noninvasive and nonradiative technique with superb spatial and
temporal resolution offers the potential to visualize molecular
events related with diseases and abnormalities at the cellular
and subcellular level.'™® To increase the sensitivity of the
interested pathological processes and diagnostic confidence,
researchers frequently administer paramagnetic substances as
contrast agents (CAs) to increase the contrast between normal
tissues and pathological tissues and delineate the boundary of
tumor clearly for surgery.””® Currently used MRI contrast
agents are mainly small molecular gadolinium poly(amino
carboxylate) chelates since the first approval of [Gd(DTPA)-
(H,0)]* in 1987 by FDA. However, there are still many
deficiencies for the small molecular MRI CAs like Gd-DTPA,
such as extracellular distribution, low sensitivity, and non-
specificity. According to the classic relaxivity theory, the
Solomon—Bloembergen—Morgan (SBM) theory, great effort
has been addressed to the modification of ligands to optimize
the pivotal parameters that determine the relaxivity,'*™"* such
as the hydration number of water molecules (g) in the
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coordination shell, the exchange rate of the coordinated water
with the bulk water,14 'S the rotational correlation time, 75 "¢™*®
and so on. Up to date, lots of work has been carried out on Gd-
based macromolecular MRI CAs by field-cycling MRI scanners
since the relaxivities of obtained macromolecular MRI CAs are
usually field strength dependent,' much different from those of
small molecular MRI contrast agents,zo‘21 and the results
usually display a maximal relaxivity at low fields (20—40
MHz),>>** which may ascribe to the proximity of the proton
Larmor frequency at the applied magnetic field strength.

To increase 7y, one effective strategy is to attach the ligand
with macromolecules, leading to corresponding increase of
relaxivities.">'**~>% HSA as one of the most used macro-
molecular carriers in biomedicine has been successfully
conjugated with Gd-DTPA*’ or MS-325 to enhance the
blood pool contrast, as it is biocompatible, easily multifunc-
tional, and competent for a carrier of drug delivery.28 For
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example, albumin-Gd-DTPA with larger molecular weight and
longer blood retention times has been used as blood pool MRI
contrast agent.29 MS-325 (Vasovist/AngioMARK, Bayer
HealthCare, Mallinckrodt) itself as small molecular MRI
contrast agent can slightly improve the blood pool MRI
contrast via intermolecular interaction with protein.'” However,
the efficacy of Gd-complex to relax water proton is still far from
the predicted by theory.

In recent years, great interest has been addressed on carbon-
based nanomaterials such as fullerenes for biological
applications (photodynamic therapy, drug delivery) because
of their unique physical, chemical, and biological proper-
ties.’* > Photodynamic therapy (PDT) has emerged as an
important technique in cancer treatment since it is less invasive,
leaving the surrounding healthy tissues and cells undamaged.
Fullerene (Cg) with a long-lived triplet excited state can
produce 'O, by energy transfer with extremely high quantum
yield (@, = 0.96, A, = 532 nm) and therefore exhibit superior
photosensitization performance in comparison with commonly
used porphyrins. The HSA-fullerene conjugate has been
reported and studied for its photodynamic property.>®*”
Herein, we used Gd-DTPA-HSA as a useful precursor to
conjugate with carboxylfullerene to further enhance the
contrast at clinically used magnetic field strength. The resulting
macromolecular complex, Gd-DTPA-HSA-Cg, therefore suc-
cessfully combines highly efficient diagnostic imaging (MRI)
and PDT property into one entity.

B MATERIALS AND METHODS

Material. All chemicals, unless otherwise stated, were purchased
from commercial sources and used without further purification. HSA
was bought from XinJingKe Biotechnology Co., Ltd. Beijing; DTPA
anhydride, GdCl;-6H,0, EDC and NHS (EDC, 1-Ethyl-3-(3-
dimethylaminopropyl) Carbodiimide Hydrochloide; NHS, N-Hydrox-
ysulfosuccinimide) were purchased from Alfa Aesar. The culture media
DMEM (Hyclone, U.S.A) and fetal bovine serum (FBS, Hyclone,
USA) were purchased from Biodee Co. Ltd. Beijing. All other
supplements/chemicals were from Sigma Aldrich and Alfa Aesar.
Trimalonic acid modified C4 was synthesized according to the
literature.>®

The molecular weight of HSA, Gd-DTPA-HSA, and Gd-DTPA-
HSA-Cg4, were measured by matrix assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS, AXIMA Shimad-
zu) with sinapic acid (SA) as the matrix. The Ultraviolet—visible
(UV—vis) absorption features were taken by UV—vis spectroscopy
(UV-4802H, UNIC). The Gd*" concentrations were measured by
inductively coupled plasma atomic emission spectroscopy (ICP-AES,
ICPE-9000 Shimadzu). The cell internalization of macromolecular
MRI contrast agents was confirmed by H-7650 transmission electron
microscopy (TEM, Hitachi Ltd. Co, Japan).

The relaxation times were measured at three different magnetic
fields: 0.5 T with NMI20 Analyst (Shanghai Niumag Corporation,
Shanghai, China), 1.5 T Siemens Magnetom Sonata MRI Scanner
(Siemens AG Erlangen, Germany) and 3 T clinical MR systems
(Magnetom Trio, Siemens Medical Solutions, Erlangen, Germany).
The inversion—recovery method was introduced to measure T, of the
samples (300 yL) with different concentrations. The relaxivities r; in
pure water and in saline were obtained from the slopes of the
relaxation time (T;) vs the Gd* concentration, respectively. T}-
weighted images at different concentrations in pure water and in saline
were acquired on 1.5 and 3 T clinical MRI scanners, respectively. The
parameters were Ty = 500 ms, T; = 8 ms for 1.5 T and 8.9 ms for 3.0
T, slice thickness 2.0 mm, flip angle 90°, matrix 256 X 180, FOV 200
X 150, and for 0.5 T NMI20 analyst, using a spin—echo pulse
sequence with pulse repetition time Dy = 300 ms.
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Preparation of Gd-DTPA-HSA Conjugate. A protocol for the
direct reaction of DTPA-dianhydride with HSA and subsequent
labeling with Gd** was applied. Briefly, 50 mg of HSA was dissolved in
S mL of PBS (pH 7.4, 0.01 M); 50 mg of DTPA anhydride powder
(the mole ratio of HSA:DTPA = 1:200) was added into the above
solution directly and NaOH solution (0.1 M) was used to maintain the
pH at 7.0. The resulting reaction mixture was stirred at 4 °C for 2 h.
Afterward, the reaction solution was purified using the Sephadex G-25
with 0.5 M of HAc/NaAc buffer (pH 5.5) as elution. The content of
HSA was evaluated by UV—vis spectroscopy. Subsequently, S0 mg of
GdCl;:6H,0 in 10 mL of HAc/NaAc buffer (pH 5.5) was added in
the above purified DTPA-HSA conjugate, which was stirred gently at
room temperature for 4 h. The resulting solution was dialyzed to
remove the small molecules. The concentrated Gd-DTPA-HSA was
further purified by ultrafiltration (10000 MWCO, Millipore
Corporation) to remove the residue impurities, and finally went
through a Chelex-100 column to remove the redundant Gd** weakly
complexed with HSA. Arsenazo III is used as an indicator to make sure
the absence of free Gd**. Finally, the pure Gd-DTPA-HSA powder was
obtained by lyophilizing the above purified solution for the following
study.

Preparation of Gd-DTPA-HSA-C4, Conjugate. The trimalonic
acid modified Cq, was synthesized from the traditional Bingel-Hirsh
reaction and then hydrolyzed by NaH to produce water-soluble
fullerene derivatives.*®

Briefly, 253 mg of Cg4 (0.35 mmol) and 200 uL of diethyl
bromomalonate (1 mmol) were dissolved in 100 mL of toluene, then
173 uL of DBU (1,8-diazabicyclo[S,4,0]Jundec-7ene) (1 mmol) was
dropped slowly into the above solution under argon atmosphere. The
resulting solution was stirred continuously for 2 h at room
temperature. The expected product (trimalonic ester modified Cg)
in solution was separated by silica gel chromatography.

The obtained trimalonic ester modified C4, was dissolved in 50 mL
of dried toluene and NaH (60% w/w suspension in mineral oil, 10
times excessive to the trimalonic ester modified Cg,) was added in five
batches. The resulting solution was stirred overnight under argon
atmosphere at 70 °C. Afterward, 30 mL of MeOH was added and the
solution was cooled to room temperature. Then, 10 mL of 25% HCI
solution was added slowly to precipitate the product, which was
further washed with Milli-Q water and dried under vacuum for 24 h to
obtain the expected product Cg[ C(COOH),]s.

Ten milligrams of C¢[ C(COOH),]; was dissolved in S mL of MES
buffer solution (pH 6.0), 3-fold EDC/NHS was added into the above
solution and stirred for 0.5 h at room temperature to give Cg,
carboxylate active ester intermediate. Afterward, 10 mg of Gd-
DTPA-HSA was added and stirred for another 2 h to fulfill the
conjugating reaction completely. Unreacted Cg, derivatives were
removed from the conjugates by the Millipore (10000 MWCO) to
give the desired product, Gd-DTPA-HSA-Cg. (Scheme 1)

DLS and Zeta Potential Measurement. Dynamic light scattering
(DLS) measurements were performed on a commercial LS
spectrometer (ALV/DLS/SLS-5022F) at 25 °C, which was equipped
with a multi-7 digital time correlator (ALVS5000) and a cylindrical 22
mW UNIPHASE He—Ne laser (1 = 632.8 nm). The scattering angle
was fixed at 90°. Samples were filtered through a 0.22 ym pore size
membrane before DLS measurement. The Zeta potentials were
measured three times per sample by dynamic light scattering (NanoZ$
ZEN3600, Malvern) in Milli-Q water at pH about 6.8.

Transmetalation Stability Measurement. Briefly, 300 L of as-
prepared product in phosphate buffer (2.5 mM) was mixed with 10 uL
of ZnCl, aqueous solution (2.5 mM), the resulting solution was
surveyed by relaxation rate as a function of time for 2—4 days. The
relative value of R, (t) at any time t, R,(t )/R,(0), was evaluated as a
good indicator of the extent of transmetalation.

Preparation of Sample for Cell TEM Characterization. Two
hundred microliters of Gd-DTPA-HSA (0.5 mM) and 200 uL of Gd-
DTPA-HSA-Cg, (0.5 mM) were incubated with ca. 1 X 10° HeLa cell
for 3 h, respectively. After complete lysis by trypsin, cells were washed
by Hank’s balanced salt solution (HBSS) to remove the non-
internalized samples and then fixed overnight in 4% glutaraldehyde or
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Scheme 1. Schematic Synthesis of Gd-DTPA-HSA and Gd-
DTPA-HSA-C,

3+

DTPA anhydride :
DTPA-HSA — ™ Gd-DTPA-HSA

HSA

DTPABA in PBS(pH 7.4)

GdCl; 6H,0 in CHJCOOM(FHZ% r\(/gu‘\
R

Cgo[C(COOH),]5

Gd-DTPA-HSA. Gd-DTPA-HSA-Cgo[C(COOH), 5

# Cg, derivative

4% paraformaldehyde at 4 °C. Then cells were centrifugated under
1000 rpm for S min, and washed with 0.1 M of phosphate-buffered
saline (PBS) for three times. All the cells were fixed in 3%
glutaraldehyde containing blood plasma in small amount overnight
at 4 °C for coagulating. Afterward the cells were postfixed with 1%
osmium tetraoxide for 2 h at room temperature in 1 mm?® masses. The
cells were then dehydrated in a graded series of ethanol and acetone,
and embedded in Epon812. Ultrathin section was cut by ultra-
microtome (UC6, Leica Ltd. Co, Germany), and transferred onto 200-
mesh copper grids, stained with uranyl acetate and lead nitrate and
observed with a H-7650 TEM (Hitachi Ltd. Co, Japan).

In vitro Cellular MR Imaging. HeLa cells (10°) were cultured in a
culture dish, Gd-DTPA, Gd-DTPA-HSA or Gd-DTPA-HSA-Cy at the
same gadolinium concentrations (0.03 mM) was added into the dish.
After incubation for 8 h, the treated cells were washed with PBS for 3
times, and then suspended in PBS buffer to test MR imaging,
untreated cells were used as a control. The T,-weighted cellular MR
imaging was taken at 0.5 T, 37 °C, using a spin—echo pulse sequence
with pulse repetition time D, = 500 ms.

B RESULT AND DISCUSSION

Structural Characterization. MALDI-TOF-MS results
reveal that the molecular weight of Gd-DTPA-HSA-Cy, locates
at ca. 73,048 Da, which is ca. 7,076 Da larger than that of Gd-
DTPA-HSA (65,972 Da), indicating that Cg, derivatives (1026
Da) have been successfully modified on Gd-DTPA-HSA and
the stoichiometry for Gd-DTPA-HSA: C¢,[C(COOH),]; can
be estimated as ca. 1:7 (see Figure S1 in the Supporting
Information). Through Braford protein assay (see Figure S2 in
the Supporting Information) and ICP-AES study, about 18 Gd-
DTPA molecules were pay-loaded on each HSA.

For unraveling the size distribution of as-synthesized Gd-
DTPA-HSA-Cy, as well as Gd-DTPA-HSA, DLS measurements
were performed. Figure 1 exhibits the hydrodynamic radius
distributions of as-synthesized Gd-DTPA-HSA and Gd-DTPA-
HSA-Cy, in aqueous solution. Both Gd-DTPA-HSA and Gd-
DTPA-HSA-Cq, span a relatively wide size distribution and
possess bimodal features, which is consistent with that of
pristine HSA in water and saline (see Figure S3 in the
Supporting Information). The peak values of Gd-DTPA-HSA
in water and saline are 75 and 100 nm, respectively (Figure 1a),
whereas those of Gd-DTPA-HSA-Cg, show a relatively smaller
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Figure 1. Hydrodynamic radius distributions of (a) Gd-DTPA-HSA
and (b) Gd-DTPA-HSA-Cg, in water and saline, respectively,
measured by DLS.

sizes of ca.15 and SO nm correspondingly (Figure 1b). The size
decrease of Gd-DTPA-HSA-Cy, aggregates relative to those
Gd-DTPA-HSA may ascribe to the structural change of HSA
induced by fullerene derivative, which has been revealed to
effectively change the percentage of the HSA a-helix and f-
sheet structure.” The size increase of Gd-DTPA-HSA-Cg, (ca.
50 nm) and Gd-DTPA-HSA (ca. 100 nm) aggregates in saline
relative to those in water may benefit from the protein salting
out effect in saline as a result of increase between
intermolecular interactions. In addition, the Zeta potentials of
Gd-DTPA-HSA and Gd-DTPA-HSA-C4, were measured in
Milli-Q water (pH 6.8) and saline (pH 7), respectively. As
shown in Table 1, the increased Zeta potential of Gd-DTPA-

Table 1. Intensity Peak Values of Size Distribution Measured
by DLS and Zeta Potentials for Gd-DTPA-HSA and Gd-
DTPA-HSA-C, in Water and Saline

hydrodynamic radius zeta potential
compoundds (nm) mV)
Gd-DTPA-HSA (in water) 75 -17.3
Gd-DTPA-HSA (in saline) 100 —-11.8
Gd-DTPA-HSA-Cg, (in water) 15 —24.6
Gd DTPA-HSA-Cy, (in saline) 50 -11.0

HSA-Cg, in water (—24.6 mV) relative to that of Gd-DTPA-
HSA (—17.3 mV) should favor the resulting stable, relatively
small and well dispersible aggregates. Notably, the Zeta
potentials of Gd-DTPA-HSA-Cg, and Gd-DTPA-HSA in saline
dramatically decrease to —11.0 and —11.8 mV, respectively,
because of the salting out effect induced structural change of
macromolecular Gd-complex, which may contribute a little to
the size increase of the obtained aggregates.

In vitro MRI Study. To evaluate the contrast enhancement
of obtained macromolecular Gd-complex, we measured the
relaxivity r, at three different magnetic fields, 3, 1.5, and 0.5 T,
using commercial [Gd-DTPA (H,0)]*” (Magnevist) and its
precursor Gd-DTPA-HSA as control. From the results shown
in Table 2, we can see clearly that the relaxivities of
macromolecular Gd-complex, Gd-DTPA-HSA and Gd-DTPA-
HSA-Cy, are field strength dependent and increase with the
decrease of field strength in both water and saline, for example,
19.4/25.0 mM ™ s7'at 3 T, 26.4/38.0 mM ™" s7! at 1.5 T (see
Figures S4 and SS in the Supporting Information), and 37.8/
86.0 mM ' s7! at 0.5 T (Figure 3a, b) in water, for Gd-DTPA-
HSA/Gd-DTPA-HSA-Cy,, respectively. In contrast, the
relaxivities of small molecular MRI contrast agent, [Gd-
DTPA (H,0)]*(Magnevist), are almost constant (3.9, 4.7,
and 4.5 mM ™' s7! at 3, 1.5, and 0.5 T, respectively) at different
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Table 2. Comparison of Relaxivities (in units of mM's™" per
mM of gadolinium ion)

relaxivity r; (mM ™" s™") (at 300 K)

compounds 3T 15T 05T
Gd-DTPA 3.9 4.7 4.5
Gd-DTPA-HSA (in water) 19.4 264 37.8
Gd-DTPA-HSA (in saline) 144 23.5 315 (310 K)
Gd-DTPA-HSA-Cy, (in water) 25.0 38.0 86.0
Gd-DTPA-HSA-Cy, (in saline) 19.0 329 584 (310 K)

field strengths, which is well-consistent with the literature.2°
Notably, although the hydrodynamic radius of formed
aggregates increases in saline (100 nm vs 75 nm for Gd-
DTPA-HSA and 50 nm vs 15 nm for Gd-DTPA-HSA-C, in
saline and water, respectively), the relaxivities of macro-
molecular Gd-complex under this condition slightly decrease
relative to those in water at the same field strength, such as 31.5
mM™" s vs 37.8 mM™' s7' for Gd-DTPA-HSA and 584
mM ™' s7! vs 86.0 mM ™! 57! for Gd-DTPA-HSA-Cg, at 0.5 T.
This result is much different from those gadofullerene MRI
contrast agents since the relaxivities of latter dramatically
decrease in saline due to the disaggregation of nanoparticles.*’
This abnormal phenomenon should ascribe to the salting out
effect, which can induce structural reconstruction of Gd-DTPA-
HSA and Gd-DTPA-HSA-Cg, and reduce the restraint to pay-
loaded Gd-DTPA and thus weaken the effect of macromolecule
on rotational correlation time of Gd-DTPA. The T)-weight
imaging in vitro displayed in Figures 2 and 3c was well in
agreement with the relaxivity results.

2#

0.3

3# a# S5# 6#
0 00
0.03 0.03 0.03

water 0.03 mM

b
15T

water

1# 2# 3# a# S5# 6#

0.3 0.03 0.03 0.03 0.03 mM

Figure 2. T-weighted images with Dy = 500 ms, at (a) 3.0 T and (b)
1.5 T at 298 K. From 1# to 6#: water (1#), Gd-DTPA (2#), Gd-
DTPA-HSA in water (3#), Gd-DTPA-HSA in saline (4#); Gd-DTPA-
HSA-Cy, in water (5#), and Gd-DTPA-HSA-Cq, in saline (6#).

As we know, the rotational correlation time 7y as one of the
pivotal parameters that determine the relaxivity, is defined by
eq 1, in which g, 7, k, and T represent the radius, the viscosity
of agent, Boltzmann constant, and Kelvin temperature,
respectively.

Ty = 4ma’n/3kT (1)

From the equation, we know that the size of molecule is closely
related with 7. Herein, when small molecular Gd-DTPA is
attached to HSA, the size of the conjugate Gd-DTPA-HSA
increases compared to Gd-DTPA, leading to the decrease of
rotation of the whole molecule, and as a consequence, the
relaxivity increases. Proton relaxation will be optimum when
the fluctuating magnetic field is in resonance close to the
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Figure 3. Linear relationship between T relaxation rates (1/T;) and
Gd>* ion concentrations for (a) Gd-DTPA-HSA, (b) Gd-DTPA-HSA-
Cgo in water at 0.5 T and 300 K, and (c) T;-weighted images with D, =
300 ms, at 0.5 T and 310 K. From 1# to 6#: water (1#), Gd-DTPA
(2#), Gd-DTPA-HSA in water (3#), Gd-DTPA-HSA in saline (4#);
Gd-DTPA-HSA-Cy, in water (5#), and Gd-DTPA-HSA-Cg, in saline
(6#).

proton Larmor frequency. Through 'H-NMRD studying of the
proton relaxivity at different magnetic field, the maximum
mainly appears at ca. 20 MHz. Brasch has studied the relaxivity
of Albumin-Gd-DTPA con}'ugate and the measured relaxivity is
20 mM™' s at 10 MHz.*" MS-325 is a blood-pool CA, which
could noncovalently bind to albumin, exhibiting a relaxivity of
40—-50 mM™! s7' at 20 MHz." In this work, the covalent
interaction between HSA and Gd-DTPA leads to relaxivity of
378 mM™' s7' at 20 MHz, which is comparable to the
literature. However, once the Gd-DTPA-HSA complex was
further conjugated with fullerene derivatives to give Gd-DTPA-
HSA-Cg, (18:1:7), the resulting relaxivity dramatically increases
to 86.0 mM ™' s7' at 0.5 T, comparable to the predicted by
theory (80—120 mM™' s™', under the same condition). This
phenomenon may ascribe to the novel fullerene induced
reconstruction of macromolecular structure, leading to an
optimized self-assembling, and the resulting aggregate possesses
Larmor procession frequency in close proximity to the low
magnetic fleld strength. In addition, the involved fullerene is
also an effective photosensitizer suitable for PDT>*>* and thus
endows the assembling complex with the modalities of therapy
(PDT) and diagnostic imaging (MRI).

Transmetalation Stability. Different from the small
molecular MRI contrast agents, macromolecular conjugates
favor longer resident lifetime in the body and incomplete
elimination, which increase the risk of potential release of toxic
free gadolinium(III) and ligands. The transmetalation experi-
ments were therefore explored according to the Muller’s
method® to investigate the stability of Gd-DTPA-HSA and
Gd-DTPA-HSA-Cg,. The results revealed that the stability of
Gd-DTPA-HSA-Cy, negligibly decreases relative to that of its
precursor Gd-DTPA-HSA (Figure 4), both of which are stable
enough for further in vivo study.**

Transmission Electron Microscopy. To make sure there
is the possibility of cellular uptake for the obtained macro-
molecular conjugates, cell TEM is performed as below. The
results shown in Figure 5 confirm unambiguously that both Gd-
DTPA-HSA and Gd-DTPA-HSA-C, can be internalized into

dx.doi.org/10.1021/am300817z | ACS Appl. Mater. Interfaces 2012, 4, 3724—3729
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Figure 4. Evolution R,(t)/R,(t = 0) as a function of time for Gd-
DTPA-HSA (M) and Gd-DTPA-HSA-Cq, (O).

Figure S. Transmission electron microscopy images of (a) Gd-DTPA-
HSA internalized into cell via transmembrane, (b) Gd-DTPA-HSA
located in the cytoplasm and autophagosome, (c) Gd-DTPA-HSA-Cq,
internalized into cells through endocytosis, and (d) Gd-DTPA-HSA-
Cyo located within the cytoplasm.

Hela cells (Figure Sb,d) via trans-membrane (Figure Sa) or
through endocytosis (Figure Sc), indicating the great potential
of this kind of molecular MRI contrast agent to report
molecular events at the cellular and subcellular levels.
Importantly, the highly efficient macromolecular MRI contrast
agent once is targeting modified and pay-loaded with drug,* it
will make theranostic function integrative.

In vitro Cellular MR Imaging. To further evaluate the
macromolecular contrast agents at the cellular level, MR
imaging experiments were performed on HeLa cells incubated
with Gd-DTPA-HSA or Gd-DTPA-HSA-C4, Gd-DTPA and
untreated cells were used as control. As Figure 6 reveals that
the sequence for contrast enhancement is Gd-DTPA-HSA-Cy,
> Gd-DTPA-HSA > Gd-DTPA > control at the same
gadolinium concentration (0.03 mM), suggesting that the two
kinds of macromolecular contrast agents could be used as the
potential MRI CAs to sensitively image the events at the
cellular and subcellular levels.
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Figure 6. Cellular MR imaging at gadolinium concentration of 0.03
mM, 0.5 T, and D, = 500 ms.

B CONCLUSION

We have successfully used Gd-DTPA-HSA as a model to
conjugate with fullerene derivative to obtain a highly efficient
MRI contrast agent, Gd-DTPA-HSA-C4,. The optimized
structure of conjugates leads to the relaxivity as high as 86
mM ™" 57! at 0.5 T and 300 K, which is the maximal reported so
far and comparable to the theoretical maximum (r, = 80—120
mM™ s7', at 20 MHz and 298 K). The effectively cellular
uptake indicates its potential application in report of the events
at the cellular and subcellular levels. Because the incorporation
of fullerene in Gd-DTPA-HSA will further endow the resulting
complex with PDT property, the highly efficient MRI contrast
agent may simultaneously address the optimized therapeutical
time range of this hybrid system for tumor treatment. The
investigation of in vivo distribution and pharmacokinetics
behavior is ongoing.
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