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Nanoshell Magnetic Resonance Imaging Contrast Agents
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Abstract: Nanocontrast agents have great potential in magnetic resonance (MR) molecular imaging
applications for clinical diagnosis. We synthesized AusCu; (gold and copper) nanoshells that showed a
promising MR contrast effect. For in vitro MR images, the large proton r; relaxivities brightened T;-weighted
images. As for the proton-dephasing effect in T, AusCu, lightened MR images at the low concentration of
0.125 mg mL™! (3.84 x 10~ mM), and then the signal continuously decreased as the concentration
increased. For in vivo MR imaging, AusCu; nanocontrast agents enhanced the contrast of blood vessels
and suggested their potential use in MR angiography as blood-pool agents. We propose that (1) the
cooperativity originating from the form of the nanoparticles and (2) the large surface area coordinated to
water from their porous hollow morphology are important for efficient relaxivity. In a cytotoxicity and animal
survival assay, AusCu; nanocontrast agents showed a dose-dependent toxic effect: the viability rate of
experimental mice reached 83% at a dose of 20 mg kg~* and as much as 100% at 2 mg kg™

Introduction

important technique in medical diagnosis since the discovery
of the X-ray. MRI measures the characteristics of the hydrogen
nuclei of water and shows the spatial distribution of the intensity
of water protons. The signal intensity depends on the amount
of water in the image area. Contrast agents accelerate the rate
'of relaxation of nearby water molecules, thereby greatly
increasing the contrast between the specific tissue or organ of
interest and its surrounding tissue. Effective magnetic resonance
(MR) contrast agents must have a strong effect to accelerate

Nanoparticle systems are promising new paradigms in phar-
macotherapy and are being used in gene therapy, drug deliv-
ery2imaging3* and novel drug discovery techniquesThe
aim of nanodiagnostics is to identify disease at its earliest stage
particularly at the molecular level. Nanoparticle-based molecular
imaging has set a unique platform for cellular tracking, targeted
diagnostic studies, and image-monitored theragy Magnetic

resonance imaging (MRI) has been recognized as the mOStspin—lattice relaxationT1), which produces bright or positive-
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contrast images, or to shorten spipin relaxationT»), which
produces dark or negative-contrast images. Currently, MR
contrast agents are categorized inftg-positive agents of
paramagnetic species amgnegative agents of superparamag-
netic particles. The paramagnelicagents include gadolinium
(GE")-, manganese (Mr)-, chromium (C#")-, lanthanide
(Ln%)-, and dysprosium (D¥)-based complexés'® and
gadolinium-encapsulated liposomé48 Because these para-
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Scheme 1. AuzCu; Nanocapsules Used as Contrast Agents in
Animal MR Imaging

mol of HAuUCI, (dehydrated) and was sonicated for 10 min to form
AuzCu hollow nanospheres. The colloidal color changed almost
immediately <1 min) from wine-red to grayish blue after it had been
added to the HAuGI We added 5 mL of 2-propanol to dilute the Au
Gons Cu, colloidal solution before coating polymers with the biocompatible
:‘%;,“. polyelectrolytes polyethylenimine (PEI) and poly(acrylic acid) (PAA).
T We used a layer-by-layer methé&do prepare the PEI/PAA/PEI-coated
AuzCu nanocapsules. ACu colloidal solution (9.5 mL) was mixed
with 100 uL of PEI (1 mM in 2-propanol, MW: 25 000) and stirred
for 4 h. PEI formed the innermost layer of the polymer shells that coated
the AuCu, nanoshells. The PEI-coated A, nanocapsules were
collected using centrifugation (11 000 rpm for 7 min) and then washed
twice with 2-propanol to remove residual PEI. The nanocapsules were
& then redispersed in 9.5 mL of 2-propanol. Next, 2000f PAA (10
ﬁ:ﬁ%ghells mM in 2-propanol, MW: 2000) was added, and the mixture was stirred
for another 16 h. PEI/PAA-coated ADw nanocapsules were then
. !3 obtained after centrifugation (11 000 rpm for 7 min) and washing. We
MR Imaging

Cu
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Au,Cu,
MNanocapsules

N AuCu,
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repeated the PEI-coating steps for the final PEI layer.

Preparing AusAgs Nanoshells.The templating Ag nanoparticles
and AuAgs nanoshells were prepared using a previously reported
. . ) ) L method?® To synthesize Ag nanopatrticles, 99.8% AgiN@.025 g)
rnagne'qc ions are mhergntly toxic and cann.ot.be directly injected 44 poly(vinylpyrrolidone) (PVP) (0.10 g, MW: 55 000) were dissolved
into or ingested by patients, they are administered as chelates, gg 594 ethylene glycol (10 mL). The mixture was heated in a 160
formed when they bind to ligands such as diethyltriamine °c oil bath for 1.5 h and constantly vigorously stirred. After the colloidal
pentaacetic acid (DTPA), 1,4,7,10-tetraazacyclododecane-Ag solution was cooled to room temperature, 1.25 mL of it was added
N,N',N",N""'-tetraacetic acid, and ethylenediamine tetraacetic to 25 mL of deionized water. The resulting agqueous suspension was
acid, to achieve the desired biodistribution and ensure patientrefluxed for 10 min, and then 3 mlfa 1 mM HAuUCI,-3H0 aqueous
safety. Recently, some Gd-based nanoparticle contrast agent§olution was added in drops. The reaction mixture was continuously
have also been reporté®:22 The superparamagnetic particles refluxed_ for'a_nother 15 min gntil the color became stabl_e. Vigorous
(T,-negative agents) are nanosized or submicrometer-sized and"29netic stiring was maintained throughout the synthesis. When the

e . . reaction was completed, the nanoshells were collected using centrifuga-
are classified as superparamagnetic iron oxide (SPIO), ultrasmall

SPIO line i id 83 S tion at 10 000 rpm for 15 min and then washed with a saturated solution
» O monocrystalline iron oxide nanoparti - SUper- of 99.9% NaCl to remove the AgCl solid byproduct. These purification

paramagnetic particles consist of many magnetic ions with geng were repeated more than three times. Finally, thgthollow
significant, large, unpaired spins; they are superparamagnetiCspheres were rinsed with water several times and deposited on the
when the magnetic ions are mutually aligned. In the present silicon substrates for scanning electron microscopy (SEM) analysis
study, we present a new class of bimetallic MR contrast agent: without coated platinum (Pt).
AuzCuy; hollow nanospheres (Scheme 1). X-ray Absorption Near-Edge Spectroscopy (XANES) Measure-
ments. X-ray absorption spectra of AGu; and AyAgs at the Cu K
edge and Au |y edges were measured at BL17C1 and BLO1C,

Preparing Cu Nanoparticles.We generated Cu nanoparticles using _respe'ctively, at the National Synchrotron_ Radiatioh Research Center
a laser to irradiate CuO powder in 2-propanol. Pyrex vials were used IN Taiwan. The spectra were recorded in transmission mode using
as containers to prepare the colloidal solutions. An unfocused Nd:YAG Monochromatic radiation obtained from double-crystal (Si(111)) mono-
laser (Quantel Brilliant) operated at 10 Hz (5-ns pulse width) with a chromators and a high-harmonic-rejecting mirror. Measurements were
wavelength of 1064 nm was inserted into the vials containing 0.015 g Made on powdered samples at room temperature.
of CuO powder and 5 mL of 2-propanol. The Cu colloidal solutions ~ Evaluating the Biocompatibility of AusCu; Nanocapsules and
were prepared as follows: the mixture was irradiated at a laser intensity Nanoshells Coated with PEI/PAA/PEI PolymersWe used a WST-1
of 100 mJ/pulse for 5 min. The irradiated mixture was then centrifuged assay’ on a Vero cell line to measure mitochondrial dehydrogenase
to remove the remaining CuO powder_ The prepared solutions were aCtiVity known to be associated with cell Vlablllty This assay is based
irradiated for an additional 5 min. The resulting Cu colloidal solutions ©n the formation of dark-red formazan by the metabolically active cells
had a deep wine-red color. The ablated solutions were routinely stirred after their exposure to WST-1 (tetrazolium salt). The amount of
every 1 min during irradiation. formazan is related directly to the number of metabolically active cells

Preparing AusCu; Nanoshells and Polyelectrolyte-Coated ACu; in the medium and can be quantified by measuring its absorbance using
NanocapsulesCu colloidal solution (4.5 mL) was added tox110°6 an ELISA reader. The absorbance of formazan dye solution is in direct
proportion to the number of viable cells. Two methods were used to
(19) Evanics, F.; Diamente, P. R.; van Veggel, F. C. J. M.; Stanisz, G. J.; Prosser, €valuate the cytotoxicity of the synthesizeds8u, nanocapsules and

R. S.Chem. Mater2006 18, 2499-2505. ) nanoshells in vitro. Method I: The Vero cells were cultured in a 96-
€0 I\?!nj.YF;hSYS;.HéJr?ghYE!()S(;JA; ibﬁ'lé%%@figecffng' C.itin, M. L Mou, €. g microplate with modified Eagle’s medium containing 10% fetal
(21) Reynolds, C. H.; Annan, N.; Beshah, K.; Huber, J. H.; Shaber, S. H.; bovine serum, 1%-glutamine, 1% pyruvate, 1% nonessential amino
'égzg'”'s"" R. E;; Wortman, J. AJ. Am. Chem. So@00Q 122, 8940~ acid, and 1% penicillin/streptomycin/neomycin in an initial density of
y 4 x 10 cells/well and were maintained at 3T in a humidified

(22) Rieter, W. J.; Taylor, K. M.; An, H.; Lin, W.; Lin, WJ. Am. Chem. Soc.
2006 128 9024-9025. atmosphere of 95% air and 5% @@fter 24 h, serial dilutions of the
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S.; van de Kaa, C. H.; de la Rosette, J.; WeissledeN.REngl. J. Med.
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AusCu nanocapsules or nanoshells with particle concentrations of
0.001, 0.01, 0.1, 1.0, 10.0, 50.0, 100.0, and 2@ ®nL~* were added
to the culture wells to replace the original culture medium with a final
volume of 10QuL. Method II: AusCu hanocapsules or nanoshells with
particle concentrations of 50.0, 100.0, and 2Q@0nL~* were coated
on the 96-well microplate. Cells (# 10° cells/well) were then added
to the culture wells to replace the original culture medium with a final
volume of 100uL.

The cells were incubated with the nanoparticles for 6 or 24 h in

humane treatment of experimental animals established by NCKU
Medical College. The mice were divided into groups of three,
anesthetized using intraperitoneally injected acepromazine maleate (2
mL kg™1) (Tech America, Elwood, KS), and injected with the 3@u
nanocapsules with 2, 20, and 40 mgkgia the tail vein, respectively.

Results and Discussion

Recently, we fabricated porous &y hollow nanostructures
with an average diameter of 488 19.1 nm and a shell

both methods. Then, the culture medium was removed and replacedthjckness of 5.8+ 1.8 nm28 Once the Cu nanoparticles were

by 100uL of the new culture medium containing 10% WST-1 reagent.
The cells were then incubated for 1.5 h to allow formation of formazan
dye at 37°C. Next, the culture medium in each well was centrifuged,
to preclude potential interference of nanoparticles with the spectro-

photometric measurement, and then transferred to an ELISA plate. The

guantification determining cell viability was done using optical absor-
bance (450/690 nm) and an ELISA plate reader.

In Vitro MR Imaging. The experiments were done using a
spectroscope (3T MRI Biospec; Bruker, Ettlingen, Germany). A
gradient system mounted on the table of the 3T magnet with an inner
diameter of 6 cm and a maximal gradient strength of 1000 mt m
was used to yield high-resolution images. A quadrature coil with an
inner diameter of 3.5 cm was used for RF transmission and reception.
For in vitro MR images and both; and T, measurements, all nanoshells

and nanocapsules were dispersed in 5% agarose gel of various

concentrations (0.125, 0.25, 1.25, 2.5, and 5 mg HlThe array was
embedded in a phantom consisting of a tank of water to allow
appropriate image acquisition. Acquired images had a matrix size of
256 x 192, a field of view of 60x 60 mn?, and a slice thickness of

6 mm yielding an in-plane resolution of 234 mm after image smoothing.
Both T;- and T,-weighted images were acquired using a multislice
multiecho [;-weighted) and fast spin echb,weighted) sequence with

a repetition time/echo time (TR/TE) of 472/9.4 ms and a number of
averages (NEX) of 8 and TR/TE of 4500/65 ms and a NEX of 6,
respectively.T; value measurements were done using a multislice
multiecho sequence with a TR of 6000 ms, a TE of 8.7 ms, and 45
inversion recovery points (Tl from 13.3 to 6000 ms). The field of view
was 60x 60 mn¥, the slice thickness was 6 mm, and the image matrix
was 128x 128. This allowed for simultaneous imaging of 26 vials
with 0.3 mL of contrast agent for each vial. An average signal of 50
voxels was evaluated for all Tl value§; value measurements were
performed with a spin echo sequence of TR/TE of 4000/10.1 ms, 60
echo points of 60, and a NEX of 5. The field of view was 060
mn?, the slice thickness was 6 mm, and the imaging plane was<256
192.

In Vivo MR Imaging in Mice. In vivo MR images of the AsCuy
nanocapsules were evaluated in a BALB/c mice model. The mice were
anesthetized using isoflurane and then givesQGuw nanocapsules (20
mg kg), dispersed in normal saline, via the tail vein. The images
were acquired instantly and persisted for 2 h. Images of the axial view
had a field of view of 40x 40 mn¥, a slice thickness of 1.5 mm, a
matrix size of 256x 192, and a NEX of 3. Images of coronal view
had a field of view of 80x 40 mn¥, a slice thickness of 1.5 mm, a
matrix size of 256x 128, and a NEX of 5T;-weighted MR images
had the following parameters: multislice multiecho with a TR/TE of
747.2/9.1 ms in the axial view and 500/8.6 ms in the coronal view.
Tweighted MR images had the following parameters: fast spin echo
with a TR/TE of 4682.2/ 62.0 ms in the axial view and 4500/62.0 ms
in the coronal view.

Mouse Survival Analysis.Male BALB/c mice (age range: -812
weeks old; weight: 2830 g) were purchased from the laboratory
animal center of National Cheng Kung University (NCKU), Tainan,
Taiwan. The animals were housed together in temperature- and
humidity-controlled quarters (25C; 50% humidity) with a 12/12 h
(light/dark) cycle and free access to food and water. Acquisition, care,
use, and disposition of these mice conformed to the guidelines for the

synthesized in 2-propanol by laser ablation, HALQGlehy-
drated) was added to Cu colloidal solution to yield ;8w
nanoshells at room temperature. The particle peripheries ap-
peared darker than their central portions, and the nanoshells were
made of discrete particle domains, which indicated porous
morphology. The porous nanoshells were composed @f Au
Cu; structures, determined by selected-area electron diffraction
and XRD measurements, with low crystallinf§The &-potential
measurements indicated that these@uy hollow nanoparticles
had a negative surface charge 618 mV, which could be
further engineered to assemble with multilayer polyelectrolytes
on their surfaces as nanocapsules. We conducted XANES
measurements by taking advantage of the broadband nature of
synchrotron radiation and tuning the excitation energy through
an absorption threshold of interest. XANES reflects the energy
dependence of the number of unoccupied states of the local
electronic structure of the material. The oxidation state and local
chemical environment at the site of the absorbing atom defined
the shape and energy position of XANES spectra. This technique
is well suited for studying systems with or without long-range
order as well as for studying a dilute sample. The spectra also
provide information about the oxidation state and local sym-
metry of the absorbing atomic center, and the edge positions
(Eo) are sensitive to the oxidation state of the metals. Faor Au
Cu. nanoshells, the edge energy of :8u, relative to the Au

foil, shifted slightly to lower energy-0.23 eV) at the Au I

edge and increased significanth§.88 eV) at the Cu K edge
(Figure 1). The smalEy change at the Au |, edge might
correlate to the inner chemical property of Au, while the large
Eo change at the Cu edge reflected its high oxidation state; here,
Cu in AwsCuy; can be assigned up t63. The oxidation states

of copper normally exhibit as-1 and+2, although some-3
complexes are known. Gtihas an electronic configuration of

d® with two unpaired electrons. Compared with &Gdseven
unpaired electrons), Ee (five unpaired electrons), and Mh

(five unpaired electrons), paramagnetic®Cions do not have
large magnetic moment. It is known that the relaxivity of an
ion is related to the square of its electronic moment as well as
to the square of its electronic spiCooperatiity can be
established by building up the individual spins to form
significant magnetic moment. In a AQu; hollow nanostructure
with an average diameter of 48.9 nm and shell thickness of 5.8
nm, the number of copper atoms is roughly 498 #4Therefore,
AuzCu, nanoshells are made of significant numbers of para-
magnetic C&" ions, resulting in an effectively superparamag-

(28) Hsiao, M. T.; Chen, S. F.; Shieh, D. B.; Yeh, CJSPhys. Chem. B0O0§
110 205-210.

(29) The diameter and thickness of thes&u, hollow nanoparticles were 48.9
and 5.8 nm, respectively. From X-ray powder diffraction analysisCAu
had a cubic phase in which = 4.088 A. Therefore, we calculated the
volume of the shell for AsCu; as 3.40x 107 A3, giving the number of
ﬁu;Cul copper atoms to be 498 440.65 following 3.40107 A%(4.088

)3,
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energy (eV) and a capsule-type targeting moiety will also permit porous Au
Cu;. nanoshell systems to serve as multifunctional biological

Figure 1. XANES spectra of AgCu; nanoshells. All XANES were used . . - )
to measure the (a) Aujk edge of AuCu; nanoshells (red) and Au foil imaging probes. Because of its porous structure, an appropriate
S?]ISc(lj(ijlzf%;(élla?:lk?ff\—/)B%nYthZ\e/)(b‘l)' ri}uirléeetdgﬁos\l;ségm# ;nasr:]?iségills gggt)mn shit_eld covering the nanoshells surface i§ required for safe
microscopy (TEM) image ofA;!CLil hollow nanostructures. Additional Au delivery. The pores of AgCul nanoshells ar(.a wregulquy Shaped.
Cu nanoshells with a larger TEM view can also be seen in the Supporting and, based on calculating the smallest diameter in each void,
Information, Figure S1. have a range of between 1 and 2 nm. Biocompatible polyelec-
trolyte materials, PEI and PAA, are used on the particle surfaces
that form polyelectrolyte multilayer nanocapsules. The layer-
by-layer templating of AgCu; nanoshells to prepare AQw
nanocapsules was carried out by sequentially depositing PEI
and PAA as building blocks on the AQw nanoshell surfaces.
The PEI provided a positively charged layer while the PAA
formed the wrapping around the negatively charged layer over
the first coating of the PEI using a layer-by-layer strategy. The
| three-layer polyelectrolytes (PEI/PAA/PEI) (shown in Figure
2 and Supporting Information, Figure S2), with PEI as the
outermost layer in the polyelectrolyte shells, were deposited on

netic effect. On the basis of the SolomeBloembergen
Morgan equations developed for solvent nuclear relaxation in
the presence of paramagnetic speéfase found that the inner-
sphere proton relaxivity increases with an increase in the number
of water molecules coordinated to the paramagnetic metal ion.
That is, the longitudinal inner-sphere relaxation raté{)lis
linearly proportional to the number of bound water molecules
per metal ion. The tumbling rate (&) of the intact paramag-
netic substance also strongly affects the relaxivity. The rotational
correlation time {g) determines the effective correlation time
of proton relaxation and generally increases with increasing
molecular weight. The maximum relaxivity is attained when 1€ AtCty nanoshell surfaces; the polymer shell was &.1
the effective correlation time of proton relaxation equals the 1-2-M thick. The formation of A«Cu nanocapsules relies on

inverse proton Larmor frequency. Consequently, the rotational the intéraction between oppositely charged polymers and is
motion has to be slowed down to improve the efficiency of the reproducible using the layer-by-layer strategy. The.resultlng
contrast agents with increasing relaxivity. Given these properties, POlVelectrolyte-coated ACu nanocapsules can be dispersed
because of their higher surface area relative to their solid " 2-Propanol, HO, and phosphate buffer.
counterparticles, porous AQw nanoshells with hollow interiors We ther_1 evaluated in \_/|U0_ sp+r1att|c_e rel_axatlon t|r_ne'l(1)
provide a greater number of inner-sphere water molecules Weighted images and spirspin relaxation time';) weighted
subject to high accessibility and interaction between the water Ma9€s n 0.5% agarose gel for Ay nanocapsules (A
molecules and the ACuw. The high degree of cooperativity cqated with PEI/PAA/_PED and A naposhells (not coated
resulting in significant magnetic moment, as well as the heavier With Polymers) with different concentrations: 0 (0.5% agarose
weight of AlCu; nanoshells compared to that of paramagnetic 98! ©nly), 0.125, 0.25, 1.25, 2.50, and 5.00 mg ThiFigure

complexes, also possibly contributed enhanced bulk water 3). . .
relaxation, which gave rise to our first example of a bimetallic  Adding AsCtn nanocapsules to the agarose gel brightened
relaxation agent. the T, image and enhanced tfg! of water protons. Th&;-

Currently, porous AsCt nanoshells can be used as nano- weighted MR signal intensity continuously increased\808%

capsules to carry biomolecules for cell targeting and controlled With increasing AgCu, nanocapsule concentrations from 0 to
5.00 mg mLY; however, using A¢Cw, nanoshells resulted in

(30) Lauffer, R. B.Chem. Re. 1987, 87, 901-927. only ~26% increases i image intensity (Figure 4a). The

2142 J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007
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Nanocapsules 50,00 4 —a— Au,Cu,
Naneoshells
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Figure 3. MR in vitro assays of AgCu; nanocapsules and nanoshells. (a) Concentration (mg mL-)
Multislice multiecho T;-weighted images of ACw; nanocapsules and b
nanoshells in water containing 0.5% agarose gel at 125.3 MHz (3T MR .
system) (TR/TE= 472 ms/9.4 ms). (b) Fast spin ecligweighted images 140.00
of AuzCu; nanocapsules and nanoshells in water containing 0.5% agarose
gel at 125.3 MHz (3T MR system) (TR/TE 4500 ms/65 ms). The images _ 1w
were taken using the designed sequences with a matrix size of 2%, £ 10000
a field of view of 60x 60 mn?, and a slice thickness of 6 mm. 2z
2  s0.00
concentration-dependent proton longitudinal relaxivitiesof £ 60.00
AuzCuy; nanocapsules and AQu; nanoshells were determined 3
at 125.3 MHz (3T MR system). The relaxivities were estimated 2 oy e ccipsules
in terms of molar relaxivity (mMv?! s71) based on the number 2000] -= Aucy,
of nanoparticles per mM. For example, 0.25 mg thicorre- 50 Nenoshells . ) )
sponds to 7.6% 107 mM, where the number of AZu; units 0080 4000 2000 3008 4000 5080

in a nanoshell particle is calculated relative to nanoshell
dimension®! The proton relaxivities were as significantly large ) ) ) ) ]
as 3.0x 10 mM—1s1 (AusCu;, nanocapsules) and 2:3 10 Figure 4. In vitro MRI intensity plots of (a)T:- and (b)T>-weighted signals
mM’.l sl (AusCuy nanoshells), possibly because of a high in H,0/0.5% agarose gel containing increasing concentrations eCéu

3Ll N P y _ 9N nhanocapsules (blue) and nanoshells (red).
degree of cooperativity but the nanocapsules had slightly larger . ) ) )
r; relaxivity values than the nanoshells did. This level of IS Proportional to the third power of the hydrodynamic radius
relaxivity has also been observed in Gd-based nanopartitles. (Tet) and thereq® is proportional to the molecular weights of
Interestingly, in theT,-weighted imaging sequences for both the contrast agent8Hence, the of the contrast agents would
the nanocapsules and the nanoshells, the intensity of the MRINCréase as the molecular we_lghtlncreased. Polymer-coatged Au
images was increased at the low concentration of 0.125 mg €t Nanocapsules are heavier thans8u nanoshells and are
mL-! (3.84 x 107 mM), and then the signal continuously expected to have a slower tumbling rate, which might have a
decreased with increasing concentration, particularly in the 9reater effect oy relaxation efficacy. However, a shortex
nanoshells, which showed a marked darkening of MR images. leads to a higher; as well asra relaxivity for Au_3Cu1
The MR signal intensities increased b8 and~11% at 0.125 nanoshells. Thus, the strofig-lowering effect observed in A
mg mL~! and then dropped by-6 and ~76% at the high Cu; nanoshells might have caused, to a certain degree, the signal
concentration of 5.0 mg mt! (1.53 x 10°5 mM) for nano- increase from th&;-lowering effect to be overcome. However,
capsules and nanoshells, respectively (Figure 4b). The imagethe |ncrea_sed intensity leading to bright _contrast_ at lower
intensities all refer to kD (0.5% agarose gel without adding  concentrations (e.g., 0.125 and 0.25 mglin T-weighted

nanomaterials). Th&,-weighted images show that intensity images is interesting and rer_nains_ to be explained. Re(_:ently,
increased at low concentration and that Thdowering effect Cheon et al. reported the particle size effect on the MR signals

and signal decreases dominated at high concentration. ThefOF iron oxide nanocrystals, where tfig-weighted MR signal
transverse; relaxivities derived were 2.39 1CF for nanocap- intensity continuously decreased as the particle size increased
sules and 1.82< 10 mM-* s! for nanoshells. The strong from 4 to 12 nme3 Although the laser ablation employed here

proton dephasing effecly, was surprising in the nanoshells. ¢&" readily generate spherical nanoparticles, the particles formed

Compared to AsCu, nanocapsules, perhaps i nanoshells in this way usually syffer from .inhomogeneous particle sizes
not coated with polymers provide a substantial water exchange (48-9 = 19.1 nm). Size exclusion was then conducted by a
between interior and exterior spheres that results in a shorterSiMPI€ centrifugation process (3000 rpm, 3 min). The particles
residence lifetimem, of coordinated water and, therefore, give °Pt@ined from the supernatant of the colloidal solution displayed
a largerr, relaxivity. On the other hand, the molecular weights smaller average diameter size but still exhibited a broad size

of contrast agents would affect the relaxivity. According to distribution (42.1+ 17.4 nm). However, it .is interesting that
the Debye-Stokes equation, the rotational correlation time) ( we were able to collect the fragments resulting from the collapse
of the AwCu, nanoshells by addition of more HAuQ(1.3 x

Concentration (mg mL-)

(31) The particle concentration of AQu; can be obtained as follows: the
molecular weight of a A¢Cw molecule is 654.45 g motl and each (32) Toth, E.; Helm, L.; Merbach, A. EContrast Agents 2002 221, 61-101.

nanocapsule has 4.98 10° AusCu, particles. Taking 0.25 mg mi! of (33) Jun, Y.-W.; Huh, Y.-M.; Choi, J.-S.; Lee, J.-H.; Song, H.-T.; Kim, S.; Yoon,
AuzCu; nanocapsules as an example, the corresponding particle concentra- S.; Kim, K.-S.; Shin, J.-S.; Suh, J.-S.; CheonJJAm. Chem. So2005
tion is 7.67x 107 mM from the calculation of (0.25/654.45)/4.98 1(P. 127, 5732-5733.
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10-% mol) into Cu colloidal solution. The fragmentation of Au a. 120, O Au,Cu, nanoshells
Cuw nanoshells into nanoparticles retainings&uy identity had

particle size of 8.3+ 1.2 nm and exhibited some degree of 100 1 B Au,Cu, Nanocapsules
aggregation (Supporting Information, Figure S3). Thesg-Au g o0 |

Cu, fragments had; andr, relaxivities of 1.0x 10* and 1.8x 2>

10* mM~1 s71, respectively, showing less relaxivity than those 5 oo

of nanoshells and nanocapsules. Such a nanoshell collapse has g

been observed in the replacement reaction of Ag nanostructures 3 404

with HAuCl,, accompanied with a dealloying process by the g

conversion of Au-Ag alloy into Au3* Herein, the fragments 201

remained as alloy composition (i.e., &Ly). Notably, a parallel o

experiment was performed to study MR in vitig- and T,- 0 50 100 200
weighted images for Au nanoparticles (13 nm) and showed no concentration (pg mL-)

effect on relaxivity.

AuszCuy nanocapsules and nanoshells show promising MR
signal enhancement as contrast agents. It is necessary to evalua!é- 120
whether these nanomaterials have any deleterious biological
properties. Cell viability experiments were conducted on a Vero
cell line (monkey kidney cell line) using a WST-1 (tetrazolium
salt) assad/ (Roche Diagnostics, Mannheim, Germany), a well-

established method. This assay is based on measuring the dark- 60
red formazan formed by metabolically active cells; the quantity ) @
of formazan is in direct proportion to the number of viable cells
after their exposure to WST-1. Both AQuw nanocapsules and 20
nanoshells were delivered over a range of dosage2@0 «g .
50 100 200

mL~1). The assay showed that the level of cell damage was o
dose-dependent. Both the nanocapsules and the nanoshells were concentration (ug mL")
biocompatible in vitro at all dosages between 0.1 ng"frnd Figure 5. Biocompatibility of the AuCu; nanoshells and AICw nano-

1 . . . .
.10 ng mL (Supportlng Information, Figure S4a). TQX'C'ty capsules using Method Il. The biocompatibility was analyzed using a WST-1
increased and cell survival decreased as the dosage increasedssay. First, various dosages (50, 100, 2§0nL-2) of nanoshells (white

At 200 ug mL™1, viability dropped to about 15% after 24 h of ~ column) or nanocapsules (black column) were coated on the microplate.
treatment (Supporting Information, Figure S4b) using Method 'V&Xt Vero cells were added and incubated fgrézh and (b) 24 h.

I, where the nanoshells or nanocapsules covered the cells. The ) ) . )
excess amount of the hollow nanoparticles coverage at highPased superparamagnetic agents. We monitored their progressive
dosage may not be tolerated by the cells. We hypothesized that'1- @nd T-weighted imaging events at the 3T magnetic field,
the nanoshells and nanocapsules reduced cell viability becausé@nd all the images were referred to fish oil for the imaging
they occupied the space for cell growth in the culture wells. To Process. Pre- and post-contrast images showed thaCuu
confirm whether cell viability was affected by the intrinsic nature Nanocapsules increased signal intensity in the cardiac area
of the hollow nanomaterials and not their weight or the space (Figure 6a). InTi-weighted images, immediately after the
they occupied, we conducted an alternative examination by first Injéction (post 0 h), the region of the cardiac chamber was

coating the culture plate with nanoshells or nanocapsules andPrighter in axial and coronal views. Afte€ h of circulation,
then adding cells over nanoparticles for incubation (Method I1). the heart area appeared brighter. Color mapping of the identical

Cell viability was higher using Method I (Figure 5). ADu, MR images also_ provided e_videnc_e of MR signal changes: the
nanocapsules were more biocompatible than nanoshells: 6104'9ht blue color in the cardiac region expauda h after the
for nanocapsules versus 43% for nanoshellsragieh of injection. We also took anatomit,-weighted images of mice
incubation (Figure 5a) and 61% for nanocapsules versus 50%(Figure 6b). Interestingly, th&-weighted imaging shows that
for nanoshells after 24 h of incubation at 209 mL~* (Figure the AusCu; nanocapsules brightly lit the cardiac region and the
5b). Our findings indicate that cell viability was affected by blood vessels of the liver and that the signal level increased for
dose-dependent toxicity and, at least at the highest dosage, whicif h after the injection. AlCw nanocapsules enhanced the heart
assay method was used. chamber images immediately and increasingly enhanced the
We next examined the potential of 40w, nanocapsules images of the cardiac region for 2 h. In the liver region, the

(coated with PEI/PAA/PEI) as contrast agents in a series of MR images of the vessels were significgntly enhanced, and the vessel
imaging studies using BALB/c mice. We injected into the tall branches appeared clead h postinjection. The coronal views

vein of each mouse (average body weight, 28 gkQ@w also shqwed that ACu n_anocapsules provided _positive
nanocapsules (106L, 5.0 mg mL2) corresponding to 20 mg ~ contrast images. Once again, color maps of Taeveighted
kg~ In general, the favorable dosages were 50 mgtKgr images <_1I|splgy the imaging dn‘fere_nce: the S|gnal_|nten5|f[y and
G®+ paramagnetic agents, such as*GBTPA (Magnevist), vessel wsualllzatlon increased @®h in thethc.)rax. region (Whlte
Gd*+-DOPA (Dotarem), G&#-DTPA-BMA (OmniScan), and arrow) and liver area (red arrow). The in vivo experiments

[ AuyCu, nanoshells

100 B Au,Cu, nanocapsules

cell viability (%)

GB+-HP-DO; (ProHance), and-530 mg kg for iron oxide- indicated that AgCuw, nanocapsules not only have potential as
' positive-contrast agents, but also are quite effective for use in
(34) Sun, Y.; Xia, Y.J. Am. Chem. So@004 126, 3892-3901. MR angiography as blood-pool agents. We found thaiG\u
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injection oh 2h was inversely related to the dose.
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the mice when using 2 or 20 mg kg We also collected urine
from mice 3 h postinjection and, using inductively coupled
plasma analysis, determined the levels of both Cu and Au. The
results suggested that 4Cu; nanocapsules were not retained
in the body. Efficient excretion is an important safety consid-
eration, especially if repeat use is contemplated. In fact, the MR
imaging signal vanistte4 h postinjection. For the copper-related
nanoparticles, it is worth mentioning that the toxicological
studies of the copper particles in vivo indicated the nanocopper
with size of 23.5 nm as moderately toxic (toxicity class®3).
Based on animal experiments, thedgor copper nanoparticles
(23.5 nm) used in experiments on mice is 413 mg'kd Dso,
used to measure the acute toxicity of a material, is defined as
< 'ra?l:mn the amount of a material, given all at once, resulting in the death
ety of 50% of a group of test animals.

Finally, we synthesized and analyzed a porous bimetallic Au/
Im Ag nanoshell with the same hollow nanostructure and large
(Dark) surface area as the AQuw nanoshells. Porous Au/Ag nanoshells
Figure 6. In vivo progressive MRI events and color maps. Taweighted were synthesized using a galvanic replacement reaction method
and (b)T--weighted images of male BALB/c mice at the indicated temporal \with Ag nanoparticles and HAuglsolution, as previously
points (pre-injection, immediately postinjection,da h postinjection) in described® The Au/Ag hollow spheres had an average diameter

this experiment with AgCu; nanocapsules. The arrows in (b) indicate the .
increase in signal intensity and show visualized vessels for the thorax and Of 53.23+ 14.66 nm, and the shell was 7.353.50 nm thick.

Axial
View
(Cardiac region)

Axial
View
(Liver region)

Coronal
View

liver regions inT,-weighted images (coronal view). EDX analysis of these nanoshells showed that the atomic ratio
o o _ _ _ of Au/Ag = 7/3 (Supporting Information, Figure S5). XANES
agents resulted in brighter in viviy MR imaging. In vitroTx- measurements indicated that the edge energies of Au i Au

weighted imaging demonstrated that phantom images lightenedags, relative to Au foil, shifted slightly 0.2 eV) at the Au
up at lower concentrations (0.125 and 0.25 mgH)land then Ly edge and decreased a little 1.5 eV) at the Ag K edge
consistently decayed as the concentration increased. The blooqdSupporting Information, Figure S6). The sm&l change at
volume of a 28-g mouse is approximately 2.0 mL. Hence, each the Au Ly, edge might correlate with the chemical inner property
mouse’s blood diluted a dose of 20 mgkdo 0.25 mg m™. of Au, and the slightly largeE, change at the AK edge
As the mice were injected with the AQu nanocapsules, the indicated that its oxidation state did not change significantly.
nanocapsules would be perfused into the organs with the XANES results suggested that gz nanoshells likely con-
circulation, and the concentration of the targeting area would tribute no comparable magnetic moment and are not suitable
be lower than 0.25 mg mt%. candidates for MR imaging. In vitrd;- and T.-weighted
Because the full application of these nanoshell materials measurements provided image evidence thaMygnanoshells
requires careful attention to their toxicological impact, we further had no effect on relaxivity or image intensity when compared
evaluated their in vivo dose-dependent acute toxic effects. Male to the effect of pure kD (Figure 8).
BALB/c mice (weight range: 2830 g) were divided into three
groups of six mice that were given different doses: 2, 20, an
40 mg kg! of AusCu nanocapsules, respectively. Thirty days Because of the anomalously high oxidation state of copper,
postinjection, the viability rates for the groups were 100% for AusCu; hollow nanostructures are believed to be the first
the 2 mg kg? group, 83% for the 20 mg kg group, and 67% . :
for the 40 mg kg? group (Figure 7). The_se res_ults suggested (3% ﬁ?i"éyzc';_;'v%ehl%,'ﬁ)éﬂgi,%;; (zjﬂsnccpiﬂgox\(lvféaBGv\\;\;?\nT%leco\l(uan
that AwsCu; nanocapsules were not an immediate danger for Lett. 2006 163 109-120.

d Conclusion
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H,0O 0425 025 125 250 5.00 (mg mL-) water, because of porous hollow morphology of the nanoparticle,
are primarily involved. Furthermore, the amine groups on the
outermost PEI polymer shell of the nanocapsules, which further
provide surface modification for the attachment of biological
signals, suggest great potential for use in multifunctional
composite capsules as functional carriers and imaging agents.
Overall, these results might lead to the creation of other non-
Gd- and non-iron oxide-based bimetallic contrast agents.

T,-WI

T,-Wi

Figure 8. MR in vitro assays of AgAgs nanoshells. Multislice multiecho
Ti-weighted images with a TR/TE of 472 ms/9.4 ms and fast spin echo

T, weighted images with a TRITE of 4500 ms/65 ms forAgs nanoshells Acknowledgment. We thank Professor Ching-Po Lin for
in water containing 0.5% agarose gel operated at 125.3 MHz. The images Valuable discussions. This study was supported by the National
were taken using the designed sequences with a matrix size of 252, Science Council of Taiwan.

a field of view of 60x 60 mn?, and a slice thickness of 6 mm.

bimetallic MR contrast agents. AGu; nanocapsules enhanced naigzg}z:r;n%:]n;oggat:ggrﬁg?'lgg i:tialnglll |218a%(:sﬂ?;AAl§gu1
signal contrast not only ifi;-weighted imaging, but also i nanoshells consecgtivel l(?oated Wi'[hu olyelectrol tel;l the
weighted imaging at lower doses. The increased brightness of, . L y POy yes,
) - . . biocompatibility of the A4Cu; nanoshells and nanocapsules,

T,-weighted MR images has resulted in the potential develop- . .

. . SEM image and EDS analysis of fAgs;, and XANES
ment of this agent for MR angiography. Although the mecha- i 0 .

. . measurements of A#Bgs. This material is available free of

nism of the contrast effect of this agent has yet to be fully charge via the Internet at htto://oubs. acs. or
understood, we believe that the cooperativity originating from 9 P-//pubs.acs.org.
the form of the nanoparticles and the large surface area of theJA0672066
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