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ABSTRACT: In this study, an ambient-spark-produced-Au-nano-
particle-laden nitrogen gas was mixed with an atomized solution of
1-hexanethiol [CH;(CH,):SH] and ethanol (EtOH). The Au
nanoparticles reacted with 1-hexanethiol in the atomized droplets
to form capped gold nanoparticles, whose size distributions were
measured for varying volumetric fractions of 1-hexanethiol. By
increasing the thiol concentration from 0.1% to 1.0% (v/v), the size
distribution of merged particles (Au—thiol) was changed from
bimodal (showing a superposition of individual distributions of Au
and droplets) to unimodal (showing only a droplet-like
distribution, with the Au distribution eliminated) configuration.
The latter phenomenon is attributed to quantitative incorporation
of Au nanoparticles into atomized particles. Measurements of cell
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viability and transfection revealed that even though the merged particles had a higher cytotoxicity (~78% in cell viability > ~49%
for polyethyleneimine, PEI) than that did chitosan (~96%), the transfection (2.56 X 10° in RLU mg ') of gene was higher than

those for chitosan (7.63 X 10*) and PEI (6.84 x 10°).
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B INTRODUCTION

The Au nanoparticle system is one of the most extensively
studied nanoparticle systems and is built upon the well
understood interaction of organic functional groups with Au
surfaces.” Functionalized Au nanoparticles have been consid-
ered to be very promising components of nanoelectronic
devices,” and key elements of materials for biomedical
applications, due to their compatibility with these systems.®
Thiol-capped gold (Au—SR) nanoparticles can be used as
sensitive probes of gas and vapor concentration,” as magnetic
materials in data storage devices,® for selective drug delivery,’
and for biomedical imaging.” Because of the strong interaction
between sulfur and gold, gold nanoparticles capped by thiol
self-assembled layers are easily synthesized and are known to
exhibit remarkable stability and ease of functionalization
compared to other metal systems.”**® The presence of a
thiol capping layer has been shown to influence the kinetics of
growth and to confer advantages for size-controlled and
disperse nanoparticle syntheses.”

The usual route to functionalized gold nanoparticles is wet
chemistry. In contrast to classical wet chemical methods,
aerosol processing involves a much more limited number of
preparation steps.” It also produces materials continuously,
allowing for a straightforward collection of particles and
generating low waste. The combination of aerosol processing
and more conventional chemical routes has the potential to
bring a “wind of change” to the synthesis of advanced
nanomaterials.'® In this work, functionalized gold nanoparticles
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were synthesized “on the fly” in a serial aerosol reactor (Scheme
1). Spark generated Au nanoparticles'’* (3 L min~!, N, gas)
passed over a collison atomizer (1.00% (v/v) 1-hexanethiol
solution, EtOH based) orifice (0.3 mm diameter) where they
mixed with atomized particles to form hybrid droplets. The
droplets then passed through a heated tubular flow reactor
operating at a 90 °C wall temperature to drive ethanol from the
droplets, resulting in thiol-capped nanoparticle gold. This low-
temperature based serial aerosol reactor was recently described
and applied to the fabrication of biocompatible inorganic—
organic nanocomposites."> Conventional aerosol-based flame
reactor synthesis of functionalized Au nanoparticles typically
requires high temperatures (>2,000 K) and can only be used to
fabricate or deposit inorganic nanoparticles.'* Such high
temperatures can induce decomposition of organic components
(i.e., biocompatible nanomaterials). For this reason, the aerosol
equivalent of a one-pot approach is not a viable strategy for
synthesizing biocompatible nanomaterials without expensive
and time-consuming postfunctionalization steps.">

B EXPERIMENTAL PROCEDURE

The size distributions of the aerosol particles are measured using a
scanning mobility particle sizer (SMPS), consisting of an electrostatic
classifier (3085, TSI, US), condensation particle counter (3776, TSI,
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Scheme 1. Aerosol Based Fabrication of Thiol-Capped Au Nanoparticles
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US), and an aerosol charge neutralizer (4530, HCT, Korea). The
SMPS system, which measures the mobility equivalent diameter, is
operated at a sample flow of 0.3 L min™’, a sheath flow of 3.0 L min™/,
and a scan time of 135 s (measurement range: 4.61—156.8 nm). The
SMPS measurements were performed after particles had exited the
furnace region. TEM (CM-100, FEI/Philips, US) images were
obtained at an accelerating voltage of 19—180 kV. Specimens were
prepared for examination in the TEM by direct electrostatic aerosol
sampling at a sampling flow of 0.3 L min~' and an operating voltage of
5 kV using a Nano Particle Collector (NPC-10, HCT, Korea). For
FTIR analysis (Figure 1), samples were prepared using polytetra-
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Figure 1. Photographs of sampled substrates for Au, 1-hexanethiol/
EtOH, and merged particles.

fluoroethylene (PTFE) media substrate (0.2 ym pore size, 47 mm
diameter, 11807-47-N, Sartorius, Germany) by physical filtration (i.e.,
mechanical filtration mainly by diffusion, of particles on the surfaces of
the substrate), and the spectra were recorded on a Nicolet 6700 FTIR
spectrometer (Thermo Electron, US). The spectra were taken of
samples in the range of 4000—400 cm ™" in absorbance mode. The zeta
potential of sample/pDNA complexes was determined using a zeta
potential analyzer (Nano ZS-90, Malvern Instruments, UK). The
samples were mixed with pDNA and incubated at room temperature
for 30 min. The complexes were then diluted with double deionized
water to an appropriate concentration. Measurements of the zeta
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potential were carried out at 25 °C and calculated using the
manufacturer’s supplied software.

Before in vitro measurements, the sampled particles on a PTFE
substrate were detached in an ultrasound bath for 10 s. 1 X 10° HEK
293 cells preincubation in a 24-well culture plate for 24 h were
replaced separately with the merged particle and control samples. After
being challenged with the different samples, cells were replaced with 2
mL of culture medium containing MTT assay reagent (4 mg mL™")
and incubated for additional 4 h. The resulting purple crystals were
dissolved in 2 mL of dimethyl sulfoxide (DMSO). 250 uL of the
DMSO solutions from the culture wells were loaded into a 96-well
plate. Absorbances were measured at 570 nm by an ELISA plate reader
(Thermo Multiskan Spectrum, US). The percentage cell viability was
related to untreated control cells.

HEK 293 cells were seeded at a density of 1 X 10° cells well ™" in 24-
well plate. The cells were treated with polyplex solution containing 2
mg of pDNA at various weight ratios for 4 h at 37 °C. Luciferase
activity was measured with a luminometer (TD-20/20, Promega, US).
The final luciferase activity was expressed as RLU mg™" of protein. An
inverted fluorescent microscope (DMI 4000 B, Leica, Germany) was
used to observe the EGFP expression of the polyplexes in the 293
cells.

B RESULT AND DISCUSSION

Figure 2 summarizes results of the size distributions of Au, the
atomized hexanethiol/EtOH solution, and the merged particles.
The total number concentration (TNC), geometric mean
diameter (GMD), and geometric standard deviation (GSD) of
the merged particles are 2.35 X 10° particles cm™, 25.3 nm,
and 1.93, respectively, as shown in Figure 2a. The same data for
pure Au nanoparticles are 6.50 X 10° particles cm™, 19.4 nm,
and 1.46, respectively, and for the atomized hexanethiol/EtOH
droplets are 1.17 X 10° particles cm™, 30.7 nm, and 1.71,
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gure 2. Size distributions of the spark generated Au, collison atomized hexanethiol/EtOH, and merged particles. The fabrication was applied using

(a) 0.1% (v/v), (b) 0.5% (v/v), and (c) 1.0% (v/v) thiol concentrations (in EtOH). The spark generated Au, hexanethiol/EtOH, and merged
particles are gray (unfilled), black (unfilled), and black (gray filled) circles, respectively.
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Figure 3. TEM images of spark generated Au and collison atomized hexanethiol/EtOH (left) and merged (center, before passing through the tube

furnace; right, after passing through the tube furnace) particles.

respectively. For merged particles (at thiol 0.1%), although a
large proportion of the Au nanoparticles were incorporated into
larger hexanethiol/EtOH droplets, some of the Au nano-
particles remain in the initial state. This implies that the
number concentration of hexanethiol/EtOH droplets was not
sufficient to collect all the Au nanoparticles at the orifice outlet.
The size distributions after the merging of the Au particles and
atomized hexanethiol/EtOH droplets changed when the thiol
concentration was increased to 1.0%, as shown in Figure
2b—2c. In Figure 2c, the Au nanoparticles are shown to be
nearly quantitatively incorporated into atomized hexanethiol/
EtOH droplets. The production rate of the merged particles for
the 1.0% thiol solution was 6.7 X 10~ g min~". Scale-up would
depend on the rate of spark nanoparticle Au generation. The
development of high Au number output systems may enhance
production rate for the functionalized particle fabrication. The
size distribution of the merged particles (for the 1.0% solution)
is similar to the atomized droplets. This implies that nearly
quantitative incorporation of the Au nanoparticles into the
hexanethiol/EtOH droplets may be possible at ~1.0% thiol
concentration. The apparently enhanced incorporation higher
hexanethiol/EtOH droplet concentration may originate from
an increased collision frequency,'® dC/dt

dc,  2kTd,,

— x —C,C
dt 3pdy, prbp (1)
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where C,, and C,, are the number concentrations of Au
particles and hexanethiol/EtOH droplets, respectively; d,,, and
dy, are the respective diameters of Au particles and
hexanethiol/EtOH droplets, respectively; kT is the Boltzmann
factor; and yu is the gas viscosity.

In a previous study of a similar system, the sizes of ~60 nm
metal nanoparticle agglomerates decreased when the particles
passed over the atomizer. This was attributed to a shattering
effect caused by rapid changes in pressure, density, and velocity
across an orifice. For the present case, an analogous shattering
phenomenon is not evident. This suggests that the shattering
effect may be suppressed for smaller Au agglomerates, as
implied by the following formula

D= o | e
P 2
6 APO®

where D, is the size of a restructured agglomerate, a is the
proportionality constant, H is the Hamaker constant, AP is the
pressure difference between the front and the rear of an orifice,
and © is the parameter controlling the maximum cohesive
strength between constituting particles in an agglomerate. From
eq 2, the rate of shattering for 20 nm sized agglomerates is
estimated to be about 3.4 times smaller than that of the 60 nm
agglomerates studied previously.'® Therefore, a decrease in the
size distribution for the merged particles from the droplet could
not be observed. UV—vis spectra (Supporting Information)

)
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Figure 4. IR spectra of atomized 1-hexanethiol/EtOH and merged particles.

were consistent with the size distributions of the Au and
merged (for the 1.0% solution) particles.

Figure 3 shows representative low and high magnification
TEM images of collected Au particles, hexanethiol/EtOH
droplets, and merged particles. Merged particles were collected
both before and after passing through the tube furnace. The
mean mode diameters of Au and the droplet particles are 16 +
4.1 nm and 52 + 11.2 nm, respectively. The center image
shows that Au nanoparticles collected at the orifice outlet were
entirely incorporated into atomized droplets. After thermal
treatment in the tube reactor, the size of the embedded Au
nanoparticles increased from ~16 to ~28 nm, whereas the
overall sizes of the merged particles shrank due to evaporation
of volatile material. The condition for complete evaporation can
be estimated by considering the time required for the
evaporation of the droplets and comparing it with the
appropriate residence time in a tube furnace. The characteristic
time to saturate gas with vapor from evaporating droplets, 7, is
given via the equation

1

T=—>-

22D,8,C(D;) ()
where Dy is the diameter of the droplet, d, is the diffusivity of
the vapor, and C(Dy) is the droplet number concentration. The
estimated and applied residence times were 16.8 and 17.6 s,
respectively, which implies that experimental conditions were
sufficient to drive off all of the solvent completely. The increase
of the Au nanoparticle size may have originated in part from
coalescence between the incorporated Au nanoparticles in a
droplet during heat treatment. The morphologies of the Au
nanoparticles also changed. Specifically, the spherical shapes of
primary particles evolved to more irregular shapes, and the
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particle surfaces became more corrugated (see an inset of the
right image in Figure 3). This may originate from the
adsorption of thiol molecules, resulting in an interaction
between S and Au.'” The morphologies of the merged particles
is consistent with thiol-capped Au nanoparticles reported in
previous reports.'® The production yield of thiol-capped Au
nanoparticles is approximately 90%.

We attribute the shape change in gold to a chemical reaction
with 1-hexanethiol (Scheme 1). The interaction between Au
nanoparticles and 1-hexanethiol was investigated by FTIR
spectroscopy. Figure 4 shows FTIR spectra of merged particles
and of atomized hexanethiol/EtOH droplets. For the atomized
droplet samples, the most prominent spectral features are at
~2,920 and ~2,850 cm ™}, corresponding to the symmetric and
antisymmetric methylene stretching vibrations, respectively.'®
These peaks were also presented in the spectra in merged
particles. However, there is a pronounced difference between
the merged particle and atomized droplet samples in the
methylene stretching (3,000—2,800 cm™) and S—H stretching
(~2,700 cm™') regions.”® In fact, no S—H stretching band is
observed for the merged particles, which we attribute to a
reaction of S—H in 1-hexanethiol with the gold surface.'”® Also,
a peak at 1,720 cm™' was clearly observed in the merged
particles but not for the atomized droplets. The intensity of the
1,720 cm™! is more intense for particles that were synthesized
with the more concentrated 1-hexanethiol solution. This
suggests that the S—H bond reacts with the Au surface to
form a product we assign as an adsorbed thiocarboxylate—Au
(Scheme 2), formed by oxidative chemisorption.'*® Thio-
carboxylate formation is anticipated on thiophilic metals such as
Au.

We tested the cytotoxicity and gene transfection properties
of merged particles as a potential material for biomedical
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Scheme 2. Thiol-Capped Au Formation during Aerosol
Processing
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applications. Human embryonic kidney (HEK) 293 cells were
incubated with merged particles (at thiol 1.0%) for 24 h, and
cell viability was determined through a standard MTT [3-(4,5-
dimethylthiazol-2-yl)-diphenyltetrazolium bromide] assay (Fig-
ure Sa). The particles were detached from the PTFE substrate
by immersing the samples in water and subjecting them to
ultrasound treatment for 10 s. The results show that cell
viability was ~78% for the merged particles (cf. ~86% for the
spark generated Au nanoparticles), while the measured
viabilities of the PEI and chitosan control systems were
~49% and ~96%, respectively. This implies that the merged
particles have a biocompatibility that may be suitable in a
clinical context. PEI and chitosan have been widely applied in
biomedical applications because of their excellent properties
such as biocompatibility, nontoxicity, or biodegradability.>" We
next examined the ability of the merged particles to transfect
HEK 293 cells using plasmid DNA (pDNA) that contain the
luciferase and enhanced green fluorescent protein (EGFP)
gene. The transfection efficiencies of sample/pDNA complexes
in the HEK 293 cell line were higher than that of naked DNA
(Figure Sb). The efficiency for the merged particles was the
highest, even higher than those of chitosan and PEL The inset
of Figure Sb shows fluorescence of HEK 293 cells for the
merged particles derived from EGFP expression, which further
comfirmed the transfection. The higher efficiency of the
merged particles could relate to the zeta potentials (19.7 +
4.85: Au—thiol >13.3 & 1.91: PEI > —1.59 + 0.60: chitosan) of
sample/pDNA complexes and might also ascribe to the
combination of high affinity between the luciferase and merged
particles and relatively small size (~60 nm) of the merged
particles (cf. ~120 nm for PEI and ~165 nm for chitosan,
Supporting Information).

B CONCLUSIONS

For the first time, an aerosol-based method has been used to
construct thiol-capped Au nanoparticles. These results further
establish aerosol processing as an efficient, scalable, and
generalizable method for designing and fabricating an
extraordinary broad range of functionalized nanobiomaterials.

B ASSOCIATED CONTENT

© Supporting Information

The UV—vis spectra of spark generated Au and thiol-capped Au
nanoparticles and size distributions of aerosol PEI and chitosan
particles. This material is available free of charge via the
Internet at http://pubs.acs.org.
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