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Size-Tunable Synthesis of Monodisperse Water-Soluble Gold Nanoparticles
with High X-ray Attenuation

Zhijiang Wang,”! Lina Wu,™ and Wei Cai+"*!

The use of functional gold nanoparticles in biology is one
of the fast-moving and exciting fields in nanotechnology.!'™
Methods that enable the synthesis of highly stable gold
nanoparticles with controlled size or shape has received a
widespread research effort because the properties, such as
optical, magnetic, electronic, and catalytic activities, are all
dimensionally sensitive.”'¥ To obtain high-quality gold
nanoparticles, previous studies have explored the utility of
citrate, thiolates, phosphanes, amines, carbonyls, dendrimers,
and surfactant ligands to stabilize gold nanoparticles in solu-
tion.™ Particularly, thiolate-capped gold nanoparticles are
of special interest because the organothiolate isolable mono-
layer-protected gold products exhibit superb stability to air
exposure, long-term storage, and concentration ex-
tremes.!'®!7!

Among the methods used to prepare thiolate-capped gold
nanoparticles, including ligand-exchange procedures and
direct synthesis, the Brust synthesis is believed to be the
simplest and provides a gram-scale approach.!'®”! This syn-
thesis proceeds in three steps, as shown in Equations (1)-
(3):[20—24]

Au" + 3SR — Au'SR + RSSR (1)
nAu'SR — (—Au'/SR-), (polymer) (2)
4(~Au'/SR-),+nBH,” — Au,(SR), + 2nH, (3)
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The first step [Eq. (1)] involves the reduction of Au™ salt

to Au' by thiols. Next, Au' forms a polymeric structure
([Au'SR],) in which Au'ions have a coordination number of
two and are bridged by the thiolate sulfur atom [Egq. (2)].
The third step [Eq. (3)] involves further reducing the Au'-
SR complexes to Au’ by NaBH,. Previous studies have
shown that the reaction behavior of gold formation by this
synthesis is consistent with a nucleation-growth process.”*!
The biphasic method is valued for obtaining high-quality
gold nanoparticles with a narrow size distribution because
of the function of the phase-transfer reagents (e.g., TOAB =
tetraoctylammonium bromide) and the reaction occurring
at the toluene/water interface. However, the gold nanoparti-
cles obtained are insoluble in water and have poor biocom-
patibility. The green single-phase method in which water-
soluble gold nanomaterials are produced has great prospec-
tive applications in biosciences, but often fails to yield prod-
ucts of equal merit due to the poor understanding of the for-
mation mechanism of monodisperse nanoparticles.'”! To
date, most modified procedures to synthesize water-soluble,
thiolate-capped gold nanoparticles still suffer from produc-
tion in broad size distributions, and the monodisperse nano-
particles have to be separated through a subsequent com-
plex size-selection process, such as chromatography,®!
chemical etching,” and diafiltration.*”! The difficulty in pre-
paring high-quality, water-soluble nanoparticles has become
a major obstacle to practical applications for gold nanoma-
terials.

Herein, we describe the synthesis of highly stable, mono-
disperse, water-soluble gold nanoparticles by controlling the
nucleation and growth of the gold nuclei. This is done
through the green single-phase method without going
through a laborious size-sorting process. This process can
produce high-quality gold nanoparticles with tunable core
sizes. The gold nanoparticles prepared exhibit a much
higher X-ray attenuation than commercial computed tomog-
raphy (CT) iodinated contrast agents.

The procedure to synthesize water-soluble gold nanoparti-
cles is illustrated in Scheme 1. An important discovery from
this work is that both forming homogeneous Au’ nuclei and
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Scheme 1. A schematic illustration of the formation of monodisperse
gold nanoparticles.

keeping a uniform growth rate for every nucleus are crucial
to producing monodisperse, thiolate-capped gold nanoparti-
cles, which can be fulfilled by controlling the reaction kinet-
ics.

For a description of a typical experiment, see the Experi-
mental Section. Figure 1 shows that the 6.6 nm-sized gold
nanoparticles have been successfully prepared. Due to their

Figure 1. TEM images of a nanocrystal superlattice of 6.6 nm-sized Au
nanoparticles. The insets show the magnified image (A) with scale bar of
40 nm and the low-magnification image (B).

high monodispersity, they predominantly organize to form
well-ordered superlattices on an amorphous carbon-coated
Cu TEM grid. The gold nanoparticles isolated as powder
(45 mg, ~90% yield based on gold atom) can be easily dis-
persed in water (~60 mgmL™', at pH 7.0) and stored for
months because of the w-carboxylic acid functionalized al-
kanethiolate as the protecting ligands (Figures S1-S5 in the
Supporting Information).

The homogeneous Au’ nuclei are achieved by controlling
the size distribution of Au' intermediates in a narrow range.
The 6.6 nm-sized gold nanoparticles are prepared by nar-
rowing the size of Au' intermediates in the range of 1-
21 pm, which are reached by adjusting the stirring speed at
low speeds. If the Au' intermediates are extended to 0.1—
150 um, the polydisperse gold nanoparticles with the core
sizes 2-15 nm are produced. The UV/Vis absorption spec-
trum is characterized by a broad plasmon absorption band,
and the maximum shifts to a longer wavelength (Figure 2
and Figure S6 in the Supporting Information). Analyzing
the Au” nuclei formed by electrospray ionization mass spec-
trometry, we observed that the gold nanoclusters composed
of 12-14 atoms are dominantly yielded from the Au' inter-
mediates 1-21 um in size. In contrast, the Au' intermediates
0.1-150 pm in size produce Au’ nuclei of a mixture of differ-
ent cluster sizes from 12 to 55 atoms (see Figure 3; details of
the mass assignments are depicted in the Supporting Infor-
mation). The number of gold atoms contained in the nuclei
is dependent on the amount of Au ions in close proximity.?*!
The narrow-sized Au' intermediates have a similar polymer-
ic structure. In this case, the homogeneous nuclei can be
synthesized. At the same time, as the core size of a particle
decreases, the ratio of the surface atoms to the bulk atoms
dramatically increases. There is a strong driving force to
minimize the surface free energy by changing the particle
structure or reconstructing the surface structure. The strong
force results in the formation of “magic number” metal
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Figure 2. The size distributions of the Au' intermediates (A), and UV/Vis absorption spectra of the Au nanoparticles formed (B), as well as the TEM
image of nanoparticles produced from Au', (scale bar =100 nm; C). The subscript “n” and “b” designate the Au' intermediates in the narrow size of 1-

21 pm and in the broad size of 0.1-150 pum.
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Figure 3. Mass spectra of gold nuclei produced from Au' intermediates in
the sizes of 1-21 pm (A) and in the sizes of 0.1-150 um (B). The mass
peaks are assigned as [Au,(SCH,CH,COOH),,—pH*}’", which are denot-
ed as [n, m]’".

nuclei, which are composed of discrete numbers of metal
atoms. This is also beneficial to form homogeneous gold
nuclei. Furthermore, low temperature is employed in the re-
action, which can lead to the formation of less polydisperse
gold nanoclusters.?*=

The activation energy for the nucleation process is much
higher than that for the particle growth,* therefore, Au' in-
termediates in solution are preferentially reduced on the
surface of existing Au’ nuclei rather than independently
forming new particles. This can be evidenced by the seed-
mediated growth. In our experiment, to prevent additional
nucleation and ensure every nucleus had a uniform growth
rate, the stirring speed in the growth stage was changed to a
high speed (~1300 rpm). This is done to ensure the Au' in-
termediates have sufficient contact with the formed gold
nuclei, and that the flux of the intermediates is equally sup-
plied to every nucleus. If the stirring rate is decreased to
~700 rpm, there is a difference in the flux of Au' intermedi-
ates supplied to the nuclei. In this case, the dispersity of
gold nanoparticles produced (core sizes in the range of 3.6—
9.6 nm; shown in Figure S8 in the Supporting Information)
is worse than that prepared at a higher speed, but is still
better than that synthesized
from the Au' intermediates in a
broad size distribution.

Subsequently, we synthesized
the gold nanoparticles by
adding NaBH, solution at the
rate of 0.07, 0.05, and
0.02mLs™" in the growth step.
As shown in Figure 4, the core
sizes of gold nanoparticles can
be tuned from 8 to 12nm by
varying the rate of addition of
borohydride reductant without
losing the narrow dispersity
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characteristic. In general, the average core diameters of
nanoparticles prepared by the Brust synthesis are in the
range of 0.8-8 nm.['" Through the synthetic route described
herein, the 12 nm monodisperse gold nanoparticles can be
prepared.

The X-ray attenuation of the water-soluble gold nanopar-
ticles prepared is examined on a CT scanner and compared
with a commercial iodinated contrast agent, Ousu. Figure 5
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Figure 5. X-ray attenuation and concentration relation of gold nanoparti-
cles 6.6 (m), 8 (@), 10 (A), and 12 nm (¥) in size, and the Ousu iodinated
contrast agent ().

shows that the gold nanoparticles exhibit a much higher X-
ray attenuation than the Ousu agent at the same concentra-
tions. This could be attributed to the higher theoretical X-
ray absorption coefficient of gold compared with iodine
(5.16 and 1.94 cm*g~", respectively, at 100 keV).’*! Mean-
while, it can be observed that the X-ray attenuation in-
creased when the core sizes of the gold nanoparticles de-
creased from 12 to 6.6 nm, which is ascribed to small gold
nanoparticles having a larger gold surface area. The X-ray
attenuation is dependent on the target area, therefore, the
smaller gold nanoparticles exhibit a more striking X-ray at-
tenuation. As is well known, reliable application perfor-
mance requires consistent properties. Even though the pre-

Figure 4. TEM images of different-sized gold nanoparticles produced by varying the adding rate of NaBH,
A)at 0.07mLs™! with core sizes of (8.040.7) nm, B) at 0.05mLs™' with core sizes of (10.040.9) nm, and
C) at 0.02 mLs ™! with core sizes of (12.041.0) nm. All scale bars are 100 nm.
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pared gold nanoparticles are stored in the powder state for
as long as 14 months, there is still no obvious difference ob-
served in their X-ray attenuation (Figure S9 in the Support-
ing Information). The performance of the gold nanoparticles
prepared and the inherent biocompatibility of the water-
soluble gold nanoparticles®™ mean that they have great po-
tential for applications as robust contrast agents for CT
scanning. Furthermore, the w-carboxylic acid functionalized
gold nanoparticles can be easily linked with targeting mole-
cules and drug molecules, which may have the dual function
of not only increasing the efficiency of CT imaging, but also
curing the disease in situ.

In summary, a facile, green method has been developed to
synthesize highly stable, monodisperse, water-soluble gold
nanoparticles with high X-ray attenuation by controlling the
reaction kinetics to form homogeneous Au’ nuclei and
ensure that every nucleus keeps a uniform growth rate. This
reported strategy paves the way to preparing high-quality
gold nanoparticles with various functionalities, and can ac-
celerate the practical applications of gold nanomaterials in
biology.

Experimental Section

Chemicals: MPA (>99%) and NaBH, (99%) from Aldrich, and
HAuCl;3H,0 (99.99 %, ACS reagent grade) from Alfa were used as re-
ceived. Tohexol-300 (Ousu 300 mgmL~") was purchased from Yangtze
River Pharmacy Group Co., China. HPLC-grade methanol was used as
received. Deionized water of high resistivity (18.2 MQcm) was obtained
through a TKA GenPure ultrapure water system. All glassware was thor-
oughly cleaned with aqua regia (HCI/HNO;=3:1 vol %), rinsed with ul-
trapure water, and then dried in an oven prior to use.

Synthesis of gold nanoparticles: For a typical preparation of 6.6 nm-sized
gold nanoparticles, HAuCl,-3H,O (0.0985 g, 0.25 mmol) dissolved in de-
oxygenated methanol (10 mL) was introduced into a 100 mL three-neck
round-bottom flask. The solution was cooled to 0°C and purged with N,.
Then, MPA (0.2 mL, 3 equiv versus the moles of gold) dissolved in de-
oxygenated water (10 mL) was added with mechanical stirring at a low
speed (=100 rpm). The deep yellow solution turned to cloudy white, in-
dicating the formation of Au'-thiol intermediates. After being stirred for
over 2 h, the stirring speed was changed to a higher speed (~1300 rpm),
and an aqueous solution of NaBH, (0.0946 g, 10 equiv versus the moles
of gold, freshly prepared in 4 mL ice-cold deoxygenated water) was
added. First, 0.05 mL of the aqueous solution of NaBH, (~0.125 mole
versus that of gold) was quickly added all at once. After 10 s, the rest of
the aqueous solution of NaBH, was added at a set rate of 0.08 mLs™".
The pH value of the solution gradually increased with the addition of
NaBH,. The final pH value of the reaction solution was 8.3; this was
owing to the hydrolysis of NaBH,.”” The reaction was allowed to pro-
ceed for 1h. The crude products were precipitated with methanol and
washed twice with 30 % (v/v) water/methanol as well as three times with
methanol to remove the inorganic (Na, Cl, B), unbound MPA and organ-
ic impurities. Finally, the products were dried in the vacuum oven (less
than 5x 107 Torr) without exceeding 25°C for a further 12 h, giving
45 mg of powder.

Separation of gold nuclei: Au'-MPA complexes and unreacted MPA mol-
ecules were removed through centrifugal filtration (15000 g) of the mix-
ture by using a filter with a molecular weight cutoff value of 10000 Da.
Then, the solution was precipitated with methanol and washed twice with
20% (v/v) water/methanol as well as three times with methanol. The
complete removal of MPA molecules was confirmed by mass spectrome-
try, and complete removal of residual Au' ions was verified when the
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color of the sample solution did not change to black after treatment with
a solution of NaBH,.

Characterization: TEM images of gold nanoparticle samples were ob-
tained on Philips CM12 and CM20 electron microscopes operated at 120
and 200 keV, respectively. TEM samples were prepared by dropping the
diluted solution (pH 7.0) onto amorphous carbon-coated copper grids
and drying in the air for 4 h. XPS data were obtained by using a Thermo
Scientific K-Alpha Spectrometer equipped with a monochromatic Alg,
X-ray source. SEM images were taken on an FEI Quanta 200F scanning
electron microscope. An energy-dispersive X-ray (EDX) spectrometer at-
tached to the FEI Quanta 200F provided in situ determinations of the
compositions of the as-synthesized solids. The samples were not sputtered
with platinum or gold to reduce charging effects. Mass spectra were ac-
quired on a Bruker micrOTOFQ mass spectrometer, which was accurate-
ly calibrated and equipped with an electrospray ionization source. The
mass analysis was performed in the negative ion mode. Samples were in-
fused at a flow rate of 180 uLh~". The ion transfer time was set to 160 ps.
HPLC-grade methanol was the solvent and was used as received. The
size distribution of Au' intermediates was determined by laser diffraction
(Malvern Mastersizer S, Malvern Instruments, UK). UV/Vis absorption
spectra were performed on a calibrated spectrophotometer (Cary 4000,
Varian) at room temperature. FTIR spectra were recorded on a Perkin—
Elmer Spectrum One spectrometer. CT measurement was carried out by
employing a Toshiba Aquilion 64 CT Scanner with 400 mA and 120 kVp.
Scanning was performed in the transverse axial plane using a slice thick-
ness 0.5 mm. A uniform region of interest was carefully placed over the
center of each vial containing the gold nanoparticles dispersion and iodi-
nated contrast agent to measure attenuation values.
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