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Abstract

Objective: The aim of this paper is to describe the preparation of
a colloid solution of Au nanoparticles that are coated with silica
and simultaneously surface modified with carboxymethylcellulose
(CMC) (Au/SiO,/CMC) and to investigate the X-ray imaging of mice
using the colloid solution.

Methods: The reduction of Au ions (Ill) with sodium citrate produced
Au nanoparticles, and amino groups were introduced on the surface
of the Au nanoparticles by using (3-aminopropyl)-trimethoxysilane.
The Au nanoparticles with amino groups were silica coated by a
sol-gel process using tetraethylorthosilicate, (3-aminopropyl)-
triethoxysilane, water and sodium hydroxide in ethanol (Au/SiO,-
NH,). After concentrating the as-prepared Au/SiO,-NH, particle
colloid solution by centrifugation, CMC was immobilized on the Au/
SiO,-NH, particle surface with the addition of CMC to the Au/SiO,-
NH, particle colloid solution.

Results: The Au/SiO,/CMC particles, with a size of 67.4 £ 5.4 nm
containing a core of a single Au nanoparticle with a size of 17.9 +
1.3 nm, were produced using the preparation conditions adopted
in the present work. A computed tomography (CT) value that was
as high as 344 + 12 Hounsfield units (HU) was recorded for the
Au/SiO,/CMC particle colloid solution with an Au concentration of
0.043 M. lts converted value was calculated by dividing the Au
concentration into the recorded CT value and was 8.0x10° HU/M.
This value was larger than that of lopamiron 300, a commercial
X-ray contrast agent. The Au/SiO,/CMC particle colloid solution
was injected into the tail vein of a mouse and could be used to
image the tissues.

Conclusion: The Au/SiO,/CMC particle colloid solution obtained in
the present work was successfully used for X-ray imaging.
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Introduction

The imaging technique of using X-rays is one of the representative
techniques for medical diagnosis [1-3] and has become indispensable
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to modern medical diagnosis. The use of contrast agents in the
X-ray imaging process makes X-ray images clear [3]. Typically,
commercially available X-ray contrast agents are solutions of iodine
complexes. They have been used in the X-ray imaging process for
many years [4-8] because they function well as an X-ray contrast
agent. However, some problems have been identified with using
the iodine-based contrast agents. One problem is related to their
residence time in living bodies, which some researchers have noted
[9-11]. Because iodine compounds are present in solution at the
molecular size range, the viscous resistance of body fluid does not
act strongly on the iodine compounds in living bodies. As a result,
the iodine compounds move fast, and then cannot reside in the living
body for a long time. This makes it difficult to obtain clear and steady
X-ray images using commercial X-ray contrast agents. To increase
the residence time of contrast agents, the formation of nanometer-
sized particles containing contrast chemicals may be effective because
of the viscous resistance of a fluid acting on particles larger than the
contrast chemicals in the molecular size range. The other problem
concerns the adverse events derived from the iodine compounds
[12-14]. Some patients suffer from adverse events such as allergic
reactions to iodine compounds.

Apart from the iodine-based contrast agents, Au also has the
ability to increase the contrast of X-ray images because of its strong
absorption of X-rays. In addition, nanoparticles of metallic Au can
be easily produced by methods such as the reduction of Au ions
with a reducing reagent, such as citric acid or L-ascorbic acid. The
Au nanoparticles are expected to be acted upon strongly by viscous
resistance compared with the iodine compounds in the molecular
size range. Based on their absorption ability and particle formation,
nanoparticle colloid solutions of metallic Au have been examined
as X-ray contrast agents to image tissues in living bodies at the
nanometer scale [15-17]. The toxicity of ions released from metallic
gold has been noted by several researchers [18-20], although it is not
serious compared with that of the iodine compounds. The toxicity of
both contrast agent materials arises from their direct contact with
living bodies. A promising method to control direct contact is to coat
the Au nanoparticles with materials with a lower toxicity. A possible
example is particles with a core-shell structure composed of an Au-
particle core and a silica shell. The toxicity of the Au particles should
be reduced because the silica shell eliminates the contact between the
Au particles and the living body. Various techniques for the silica
coating of Au particles have been proposed in previous decades and
in recent years [21-26]. In most techniques, (1) the Au nanoparticle
colloid solution is prepared, (2) the affinity of the Au surface towards
a silica source, such as alkoxide groups, is increased by surface
modifying the Au nanoparticles, and (3) the silica shells are produced
on the surface-modified Au particles through a sol-gel reaction of the
silicon alkoxide. Our research group has also proposed a method to
fabricate silica-coated Au nanoparticles (Au/SiO,) [27-33]. Living
bodies recognize the hydrophobic material as foreign, which decreases
their blood circulation and residence in living bodies [34-36]. Thus,
the surface modification of the particle with hydrophilic materials is
a promising technique. Poly(ethylene glycol) (PEG) is often used as
an agent for surface modification because it has multiple hydrophilic
groups in its structure [34-38]. A PEG that has functional groups such
as silicone alkoxide and pyrrolidinyl groups can be used for efficient
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surface modification. However, such PEGs with functional groups are
costly compared with the functional group-free PEG. CMC is one of
the representative hydrophilic polymers. Because CMC has carboxyl
groups, it will be efficiently immobilized on a particle surface with
amino groups.

The present work proposes a method to produce Au/SiO,
particles with their surface modified by CMC (Au/SiO,/CMC). To
perform an efficient modification of the silica surface of the Au/SiO,
particles with CMC, amino groups were immobilized on the Au/SiO,
particles by the simultaneous formation of the silica shell and surface
amination, which has been developed in our previous work [31]. The
surface modification with CMC was performed by simply adding the
CMCto theaminated Au/SiO, particle colloid solution. The suitability
for X-ray imaging of the Au/SiO,/CMC particle colloid solution was
also investigated in the present work: the X-ray absorption of the Au/
Si0,/CMC particle colloid solution was measured, and the tissues of
a mouse, into which the particle colloid solution was injected, were
imaged.

Experimental Materials and Methods
Materials

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl,-3H,0)
(Kanto Chemical, 98%) and trisodium citrate dihydrate (Na-cit)
(Kanto Chemical, 99%) were used as an Au source and a reducing
reagent to fabricate Au nanoparticles, respectively. The silane coupling
agent used to increase the affinity between the Au particle surface
and the silica shell was (3-aminopropyl)trimethoxysilane (APMS)
(Sigma-Aldrich, 97%). For the silica coating, tetraethylorthosilicate
(TEOS) (Kanto Chemical, 95%), a NaOH aqueous solution (Kanto
Chemical, 1 M), APMS and ethanol (Kanto Chemical, 99.5%) were
used as a silica source, a catalyst for the sol-gel reaction of TEOS, a
silica source with an amino group and a solvent, respectively. CMC
was used to modify the particle surface. All of the chemicals were used
as received. Water was ion-exchanged and distilled using a Yamato
WG-250 for use in the preparation.

Preparation

A colloid solution of Au nanoparticles was prepared by adding
an Na-cit aqueous solution to an HAuCl, aqueous solution under
vigorous stirring at 80°C. Our previous work showed that the colloid
solution prepared with initial concentrations of 2.4x10* M Au and
1.6x10*M Na-cit had a surface plasmon resonance peak at 520.5 nm,
and the average Au nanoparticle size was 17.9 + 1.3 nm [31].

The silica coating and the introduction of amino groups onto the
surface of the silica-coated particles were sequentially performed with
a sol-gel process using TEOS and APMS, according to our previous
work [31]. The obtained Au nanoparticle colloid solution and an APMS/
ethanol solution were sequentially added to H,O/ethanol. After 15 min, a
TEOS/ethanol solution was added to the colloid solution. After another
15 min, an NaOH aqueous solution was rapidly injected into the Au/
TEOS/H,O/ethanol colloid solution to initiate the sol-gel reaction of
TEOS. After another 15 min, an APMS/ethanol solution was added to
the mixture to initiate the sol-gel reaction of the newly added APMS,
which gave the aminated Au/SiO, particles (as-prepared Au/SiO,-NH,).
The reaction temperature and time were 35°C and 24 h, respectively.
The initial concentrations of Au, APMS (for the first addition), APMS
(for the second addition), NaOH, H,0, and TEOS in the as-prepared
Au/SiO,-NH, particle colloid solution were adjusted to 4.3x107, 2x107,
1.0x10%, 5.0x10*, 10.7, and 5.0x10* M, respectively. The as-prepared
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Au/SiO,-NH, particles were washed and concentrated by repeating
the following process three times: centrifugation of the Au/SiO,-NH,
particle colloid solution at ca. 18000 rev/min for ca. 30 min, removal of
the supernatant with decantation, addition of the solvent and shaking
of the colloid solution with a vortex mixer (concentrated Au/SiO,-
NH, particles). Ethanol was used as the solvent in the first process,
and water was used as the solvent in the second and third processes.
Finally, the as-prepared Au/SiO,-NH, particle colloid solution was
concentrated to 1/2000 by decreasing the amounts of added solvent.

The immobilization of CMC on the particle surface was performed
by utilizing the electrostatic interaction between the cationic surface
of the amino groups on the Au/SiO,-NH, particles and the carboxyl
groups (anions) of CMC. Equal volume portions of a 2 g/ CMC
aqueous solution and the concentrated Au/SiO,-NH, particle colloid
solution were combined to immobilize CMC on the particle surface
(Au/SiO,/CMC), which diluted the initial Au nanoparticle colloid
solution to 1/1000 in the Au/SiO,/CMC particle colloid solution by
volume. Consequently, the Au concentration in the final Au/SiO,/
CMC particle colloid solution was expected to be 0.043 M, if the
entire HAuCl, was reduced to form Au nanoparticles and no particles
were lost during the washing process.

Characterization

The samples were characterized using visible (VIS) spectroscopy,
dynamic light scattering (DLS) and transmittance electron
microscopy (TEM). The VIS extinction of the particle colloid solution
was measured using a Shimadzu UV-3101PC spectrophotometer.
The distribution of particle size was measured using DLS. The
DLS was performed using a Malvern ZS90 particle size and zeta
potential analyzer. The TEM was performed using a JEOL JEM-
2100 microscope that operated at 200 kV. The TEM samples were
prepared by dropping and evaporating the nanoparticle suspensions
on a colloid-coated copper grid. Dozens of particle diameters were
measured to determine the volume averaged particle size.

CT images and CT values of samples were obtained using an
Aloka La theta LCT-200 CT system, which was also used in our
previous works [29,30]. The samples were the Au/SiO,/CMC particle
colloid solution and an imprinting control region mouse with an age
of 5-6 weeks. The colloid solution was injected into the tail vein of
the mouse under anesthesia. The sample was placed in a tube with a
diameter of 3.7 cm and a length of 29.5 cm. The images were taken
as if the samples were cut into round slices. The CT values were
estimated based on the CT values of -1000 and 0 Hounsfield units
(HU) for air and water, respectively.

Results and Discussion
Specifications of Au/SiO,/CMC particles

Figure 1 (a) showsa photograph of the concentrated Au/SiO,/CMC
particle colloid solution. The concentrated colloid solution is dark
red in color. Although the particle colloid solution was concentrated
to 1/1000 of the volume of the as-prepared Au nanoparticle colloid
solution during the preparation, it was confirmed by the naked
eye that the dark red colloid solution contained no sediment. This
confirmation indicated that the Au/SiO,/CMC particle colloid
solution was colloidally stable at the micrometer-meter order, even
at a high concentration.

An inset of Figure 2 shows a photograph of the Au/SiO,/
CMC particle colloid solution, which was prepared by diluting the
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Figure 1: Images of Au/SiO,/CMC particles. Images (a), (b) and (c) are a
photograph of concentrated Au/SiO,/CMC colloid solution, a TEM image of
Au/SiO,/CMC particles in the concentrated colloid solution, and a CT image
of the concentrated colloid solution, respectively.
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Figure 2: UV-VIS extinction spectrum of Au/SiO,/CMC particle colloid
solution. Inset shows its photograph.

concentrated Au/SiO,/CMC particle colloid solution for measuring
its VIS extinction spectrum. The colloid solution had a color of
purple. This color appeared to be derived from the surface plasmon
resonance absorption of the metallic Au nanoparticles. Figure
2 shows a VIS extinction spectrum of the colloid solution. The
surface plasmon band was observed at 534.0 nm. The surface
plasmon band red-shifted slightly with respect to the uncoated
Au nanoparticles. The red shift of the plasmon band is due to a
local increase of the refractive index around the Au particles [39].
A similar mechanism was also considered in the present work.
Accordingly, this result implied that the Au nanoparticles were
coated with silica, and the core-shell structure was maintained even
after the processes of immobilizing the CMC and concentrating
the Au/SiO,/CMC particle colloid solution. In addition to the
surface plasmon band, no surface plasmon band was observed at a
wavelength longer than ca. 600 nm. This result indicated that the
Au nanoparticles did not aggregate because the aggregation of Au
nanoparticles causes their surface plasmon band to be detected at
longer wavelengths. The maintenance of the core-shell structure
prevented the Au nanoparticles from aggregating because of the
physical barrier of the silica shells.

Figure 1 (b) shows a TEM image of the Au/SiO,/CMC particles.
Most of the particles observed in the image contained a single core of
consisting of a Au nanoparticle. Accordingly, this observation also
supported the maintenance of core-shell structure. Their particle size
(TEM particle size) was 67.4 + 5.4 nm. Figure 3 shows the particle
size distribution of the Au/SiO,/CMC particles. The particle sizes
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were in the range of 30-200 nm, and the particle size that gave the
largest distribution (DLS particle size) was 61.2 nm. This DLS particle
size corresponded with the TEM particle size. This correspondence
reconfirmed that most of the produced particles had the core-shell
structure observed in Figure 1 (b).

X-ray imaging

Figure 1 (c) shows a CT image of the Au/SiO,/CMC particle colloid
solution. The image was clear with a light contrast, and its CT value
was as high as 344 + 12 HU. This value was converted to a value with
respect to the molar concentration of subject materials such as Auand I
(converted CT value) to compare with the CT value of the commercial
contrast agent. The converted CT value was 8.0x10° HU/M because
of the Au concentration of 0.043 M. According to our previous work,
a converted CT value of Topamiron 300 with respect to the iodine
concentration is 4.76x10°* HU/M [30]. The converted CT value of the
Au/SiO,/CMC particle colloid solution was 1.7 times larger than that
of Iopamiron 300. Gold absorbs X-rays more strongly than iodine per
atom because of its large atomic number. Accordingly, the Au/SiO,/
PEG particle colloid solution had a large converted CT value. Thus,
this result indicated that the Au/SiO,/CMC particle colloid solution
could function as an X-ray contrast agent for sensitivity.

Figure 4 shows the X-ray images of the mouse before and after it
was injected with the Au/SiO,/CMC particle colloid solution. Figure
5 shows the CT values of the various tissues as a function of time after
the injection, where a value at 0 min indicated that it was prior
to the injection. For a kidney, the contrast was not remarkably
changed, and its CT value was nearly constant at approximately
60 HU. After the injection, the contrast of the liver and the spleen
appeared to be slightly lighter than prior to the injection. Their CT
values were 84.5 and 83.0 HU prior to the injection, respectively.
The values jumped to 118.0 HU at 5 min after the injection and
then almost leveled off. The Au/SiO,/PEG particles were trapped
and accumulated in the liver and the spleen immediately after the
injection. As a result, the jump and the level-off were observed
for the CT values of the liver and the spleen. For the heart, the
injection also provided no remarkable change in contrast, which
indicated that the Au/SiO,/CMC particles had been trapped
and had subsequently accumulated, and the particles were not
circulated in the mouse. A similar result was also obtained in our
previous studies on Au/SiO, particle colloid solutions [30,33]. The
effect of CMC immobilization on the particles with regard to the
circulation did not appear contrary to our expectation, which meant
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Figure 3: Particle size distribution of Au/SiO,/CMC particles.
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Figure 4: CT images of the heart (red arrows), liver (green arrows), spleen (blue arrows) and kidney (yellow arrows) of the mouse after injecting concentrated
Au/SiO,/CMC colloid solution. The images were taken (a) before injection and at (b) 5, (c) 60, (d) 180, (e) 360, and (f) 720 min after injection.
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Figure 5: CT values of the heart (closed circles), liver (open circles), spleen (closed triangles) and kidney (open triangles) of a mouse after the injection of

concentrated Au/SiO,/CMC colloid solution.

that the CMC could not increase the circulation time. Another reason
was considered as follows. The carboxyl group of CMC was expected
to react with the amino group on particles to form a peptide bond,
which immobilizes CMC on the particle surface. However, the CMC
immobilization did not take place efficiently in the present work,
although the reason remains unclear. Thus, only a small amount of
CMC was immobilized on the particle surface. Consequently, the
CMC could not increase the overall circulation time because of the
small amount that was immobilized.

Conclusions

Au/SiO,-NH, particles that contained Au cores with a size
of 17.9 + 1.3 nm were fabricated by the simultaneous synthesis
of silica-coated Au nanoparticles and the introduction of amino
groups to the Au/SiO, particles during silica coating. The particles
of the colloid solution of Au/SiO,/CMC were produced with a size
of67.4+5.4nmbyallowing the CMC to react with the amino groups
on the Au/SiO,-NH, particles. The Au/SiO,/CMC particle colloid
solution could absorb X-rays better than the commercial X-ray
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contrast agent: the Au/SiO,/CMC particle colloid solution had a
CT value of 8.0x10° HU/M (with respect to the Au concentration),
which is higher than that of the commercial X-ray contrast agent.
The injection of the Au/SiO,/CMC particle colloid solution into a
mouse lightened the contrast of its internal organs, i.e., increased
their CT values. Accordingly, the Au/SiO,/CMC particle colloid
solution was applicable as an X-ray contrast agent. Because this
paper focused on the time dependence of the CT values of various
tissues in the mouse, other parameters, such as the toxicity of the
particle colloid solution and the precise mechanisms of amination
and CMC immobilization, were not investigated. Further studies
on the parameters such as the toxicity of the particle colloid
solutions, the precise mechanisms of CMC immobilization and
the efficient immobilization of CMC are required in the next steps
toward practical use.
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