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ABSTRACT: We describe a simple and effective method to
obtain colloidal surface-functionalized Au nanoparticles. The
method is primarily based on irradiation of a gold solution with
high-flux X-rays from a synchrotron source in the presence of
11-mercaptoundecanoic acid (MUA). Extensive tests of the
products demonstrated high colloidal density as well as excel-
lent stability, shelf life, and biocompatibility. Specific tests with
X-ray diffraction, UV—visible spectrometry, visible microscopy,
Fourier transform infrared spectroscopy, dark-field visible-light
scattering microscopy, and transmission electron microscopy
demonstrated that MUA, being an effective surfactant, not only allows tunable size control of the nanoparticles, but also facilitates
functionalization. The nanoparticle sizes were 6.45 &= 1.58, 1.83 & 1.21, 1.52 = 0.37 and 1.18 & 0.26 nm with no MUA and with
MUA-to-Au ratios of 1:2, 1:1, and 3:1. The MUA additionally enabled functionalization with L-glycine. We thus demonstrated
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flexibility in controlling the nanoparticle size over a large range with narrow size distribution.

Gold nanoscaled structures have very high scientific and tech-
nological interest in diverse fields." In biomedical applica-
tions, the role of nanoparticles (NPs) does not merely depend
on chemistry, composition, or their functionalization. There are
fundamental size effects that alter cellular interactions and influence
response and expression.” The importance of size-control and
size confinement is increasingly taken into consideration for the
possible biomedical use of NPs. Significant changes in cytotoxi-
city were observed even for small changes in NP size,” therefore
effective control is required for optimizing the desired effects.
The general conclusion is that accurate size control is an important
prerequisite for the full exploitation of Au NP properties.” "
Here we demonstrate a one-pot Au NP synthesis approach
utilizing intense X-ray irradiation in the presence of 11-mercap-
toundecanoic acid (MUA) to produce NPs with sizes from tens
of atoms up to much larger values. This approach offers control
over parameters such as the evolution time and rate of nucleation,
which can be manipulated to tailor the Au NP size while
maintaining a small size distribution. Additionally, the diameters
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surpass the Au cluster sizes reported for other methods, for
example, 1.4 nm for AuS$ clusters.* Near spontaneous, homo-
geneous reaction induction occurs with high reaction rates and
ensures uniformity within the reaction vessel.

Highly functional Au NPs have been synthesized by several
means, often utilizing a templating a%proach or via chemical
reduction within a different solution.'” >' These approaches,
however, imply the added complexity of template removal or
have inherent limitations due to reaction rate kinetics. Particu-
larly interesting work by Shields et al. demonstrated the necessity
in acquiring control over the nucleation, specifically to control
the nucleation rate and the nucleation time window (At) to
optimize the NP mean sizes and their size distributions.”*

Bogush and Zukoski demonstrated that nucleated clusters
aggregate in time scales faster than typical growth processes.””
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Agglomerated particles are tygically undesirable because of their
nonuniform shapes and sizes.**** Our approach however, com-
pletes synthesis in subsecond time and can reduce the aggrega-
tive growth of particles. The presence of a controlled number of
nuclei confirms the ability to control the NP size.>® Additionally,
we hypothesize that significant electrostatic stabilization facil-
itates the achievement of monodispersive character (due to the
ionizing radiation) and reduces aggregation of nanocrystallites.
This can prevent the formation of larger particulates by a classical
LaMer-like approach, with separate nucleation and growth phases.

Our technique reaches size control via a single synthesis
method rather than using different methods for different size
ranges, and has no need for strong reducing agents or thermal
acceleration.>*”*® The chemically simplified environment (i.e.,
no reducing agents) enhances biocompatibility, and the absence
of purification procedures can facilitate up-scaling the synthesis
to large volumes.

A key factor in our technique was the use of very intense X-ray
irradiation. This makes the reaction easy to control, specifically
triggered and terminated with high precision and very rapidly.
X-rays lead to ion reduction by radiolysis of the solvent, in our
case water, producing free radicals like He and free electrons that
act as reducing agents. With very intense X-rays, the resulting
reduction is very fast, and the NP nucleation starts uniformly.
These favorable characteristics allow us to successfully synthesize
very small Au NPs, ~1 nm with narrow size distribution and
excellent colloidal stability, without access to physical templates
such as dendrimers and micelle. The process therefore not only
simplifies the synthesis and increase the control on the reaction,
but reduces the possible negative effects of more complicated
purification process.

NP synthesis by X-ray irradiation was already used, either
without surface coating® or in the presence of polyethylene
glycol (PEG).>**! The new element here is irradiation in the
presence of MUA, a more effective surfactant than PEG since the
thiol group directly binds to the Au in the growing NPs. This
prevents further aggregation immediately after the nucleation.
We showed that the resulting MUA-coated Au NP is biocompa-
tible and can be used as a linker to conjugate other molecules,
such as L-glycine.

B EXPERIMENTAL SECTION

Materials. HAuCl,-3H,0, MUA, dicyclohexylcarbodiimide (DCC),
L-glycine, and sodium hydroxide were purchased from Sigma-Aldrich.
Dimethyl sulfoxide (DMSO) and N-hydroxysuccinimide (NHS) were
purchased from J.T. Baker and Alfa Aesar. Dulbecco's modified Eagle
medium and F12 (DMEM/F12) and phosphate-buffered saline (PBS)
were purchased from Gibco and UniRegion Biotech, respectively. All
chemicals were reagent grade. Distilled deionized (d.d.) water was
purified with a Millipore Milli-Q water system.

X-ray synthesis. The synthesis followed a one-pot procedure.
Solutions were prepared with 0.5 mL of 20 mM HAuCl,-3H,0,
adjusted to pH ~10 with 0.1 M NaOH. MUA was added in 0.2 mL in
anhydrous ethanol with molar concentrations (relative to Au) of 1:2, 1:1,
and 3:1, and increasing the volume to 10 mL with water. Each solution
was diluted to half concentration up to 300 uL with water (to ensure a
sufficiently transparent solution for real time UV—visible monitoring) in
a cuvette and irradiated with hard X-rays from the BLO1A beamline of
the National Synchrotron Radiation Research Center (NSRRC),
Hsinchu, Taiwan, running at a constant electron current of 300 mA
by a top-up injection every minute. The X-ray photon energy ranged

\ — After irradiation
\ --- Before irradiation
MUA

Absorbance (arb. unit)

240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 1. UV—visible spectral analysis of precursors and MUA-coated
NPs: A precursor solution with a 3:1 molar MUA:Au ratio before and
after irradiation by X-rays for 1 s; and for comparison, a pure 1.5 mM
MUA solution.

from 8 to 15 keV and was centered at ~12 keV with a dose rate of
~4.7 x 10° Gy s~ .3* The irradiation were performed on small volume
(0.3 mL), and the X-ray beam illuminated the complete volume. The
irradiation time for each synthesis was 1 s, determined by the opening
time of an X-ray shutter. Considering the mean photon energy (12 keV)
and the average energy required to reduce a Au ion (~25 eV), ~1.§ X
10" of Au ions can be reduced with less than 1 s of irradiation. With
1.8 x 10"7 Auions present in the initial solution, we can indeed estimate
that the reduction is completed within a much shorter time.

UV—Visible Absorption. Spectra were acquired over 200—800 nm
using a USB4000 Fiber Optic spectrometer from Ocean Optics
(Dunedin, USA) with 1 cm path length quartz cuvette (Evergreen
Scientific, USA).

Transmission Electron Microscopy (TEM). Sample were pre-
pared by placing a drop of solution on a carbon-coated copper grid and
dried at 40 °C. TEM measurements were performed in a JEOL JEM-2100F
system with a 4096 X 4096 CCD imaging system (Gatan, UltraScan 4000)
operated with an accelerating voltage of 200 kV. At high magnification
imaging mode used for this study, the pixel size is as small as ~0.057 nm.
High-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) was performed on MUA-AuNPs with size <2 nm.

Cell Viability. 1.5 x 10° EMT-6 murine breast carcinoma cells per
well were seeded in a DMEM/F12 (Gibco, Basel, Switzerland) nutrient
mixture containing 10% fetal bovine serum (FBS), 1% antibiotics
(penicillin at 100 U mL™" and streptomycin at 100 ug mL ") and
L-glutamine, in a 24-well plate at 37 °C in a humidified 5% CO, atmosphere.
After 24 h, the MUA-coated Au NPs were added and cocultured for 24 h,
followed by the addition of 100 4L methylthiazoletetrazolium solution
(MTT; Sigma, St Louis, MO; 5 mg mL ™) for another 2 h culture. After
incubation, the medium was removed, 100 4L of DMSO was added, and
the samples were incubated at 37 °C for 30 min with constant shaking.
Optical absorbance was measured at 570 nm using a microplate reader
(Elx 800, Biotek), and the cell viability so evaluated was expressed as
percent relative to untreated control cells (n = 3).

B RESULTS AND DISCUSSION

The numerical estimates presented above of the rapidity of
the reaction were confirmed by the experimental results. The
spectra of Figure 1 show for example that the reaction was
completed before 1 s. Indeed, gold ions produce a distinctive
peak at ~300 nm, which disappeared after 1 s of irradiation of the
solution.

In addition to facilitating the surface functionalization, a second
likely effect of MUA is to reduce the time frame over which
growth occurs, by binding to the Au on the NP surface and
capping it. As an active ingredient to terminate the nucleation
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Figure 2. XRD patterns of Au NP colloidal solutions obtained with and
without MUA. The black curve was produced after irradiation of a
precursor solution with a 1:1 molar ratio of MUA to HAuCl,-3H,0.
The red curve was obtained with no MUA. The three peaks correspond
to the (111), (200), and (220) planes of metallic gold and are visibly
narrower when MUA was absent from the precursor solution. This
indicates the formation of larger particles than those obtained in the
presence of MUA.

and growth of Au NP, MUA is particular advantageous for its
high affinity with Au. Even with the lowest concentration of
MUA, reactions are completed on a subsecond time scale.
For high MUA concentrations, we can expect nucleation times
At < 1 s. The X-ray source used here delivers a dose of 2—S$
orders of magnitude larger than previously reported.”>>* The
lower photon energies, in the kiloelectron volt range as opposed
to the megaeelectron volt produced by y-sources, allow stronger
interaction with the solvents and Au precursors and NPs. Finally,
we note that the high synthesis efficiency made possible by
intense X-rays is important for scaled-up production as required
by many possible applications.

The suspension produced by irradiation exhibits a high degree
of stability that can be attributed to the MUA (Figure S1 in the
Supporting Information). Without MUA, the UV—visible spectrum
continues to evolve with time, suggesting further Ostwald and/or
aggregative growth. The excellent dispersion of the MUA-capped
particles was confirmed with dark-field visible-light scattering
microscopy and UV—visible spectroscopy in DMEM/F12, 1X
PBS, and d.d. water (Figure S2 in the Supporting Information).
No aggregation was indeed observed in these tests.

The fact that the presence of MUA leads to small-size particles
was corroborated by X-ray diffraction (XRD) analysis. The black
curve was produced after irradiation of a precursor solution with
a 1:1 molar ratio of MUA to HAuCl, - 3H,0. The red curve was
obtained with no MUA present. XRD peaks in Figure 2 corre-
sponding to (111), (200), and (220) planes of metallic gold are
clearly narrower in the absence of MUA. This reveals the
formation of larger particles than those obtained in the presence
of MUA.

Effects of the MUA concentration in the precursor solution are
revealed by the UV—visible spectra of Figure 3. The surface
plasmon peak varies based on precursor concentrations. It is clear
that the peak intensity is reduced and finally eliminated as the
MUA concentration increases. This indicates that the MUA
progressively decreases the NP size until the plasmon peak disappears.
The spectral shift of the peak (from ~493 to ~522 nm) supports
the same conclusion. Note that when the MUA-to-HAuCl, -3H,0O
ratio increases from 1:1 to 3:1, the peak disappears, indicating
an average particle size of <2 nm.>* The most direct evidence of
the effects of MUA on the synthesis is provided by the results of
high-resolution field emission gun TEM (FEG-TEM) like those
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Figure 3. UV—visible spectra of colloidal Au NPs obtained by varying
the relative MUA: Au molar concentrations.

shown in Figure 4. However, the low contrast of very small
particles could result in an underestimate of the particle size.
Dark-field STEM (HAADF-TEM in Figure S) was therefore
used to provide more accurate size measurement for the 1:1 ratio
and 3:1 ratio specimens. These tests yielded sizes significantly
larger than bright-field TEM: 1.2 nm versus 1.5 nm for the 1:1
specimen and 0.8 nm versus 1.2 nm for the 3:1 specimen; this
confirms the negative impact of low contrast. However, dark-field
imaging confirmed that the particle size of both specimens was
<2 nm with good size uniformity, and that a higher MUA
concentration reduces the size.

The ability to increase the particle functionalization was
confirmed by subjecting the nanosols to sequential concentration
steps with centrifugation and redilution to remove unbound
MUA, followed by conjugation with L-glycine and Fourier trans-
form infrared (FTIR) analysis (Figure S3 in the Supporting
Information). Absorbance bands due to amide bond formation
were observed at 1624 and 1536 cm™ ' corresponding to the
C=0 stretching band (Amide I) and to the —NH bending
vibration band (Amide IT) and the peak at 3322 cm ™' due to the
N—H band between amides.***’

Finally, preliminary cell viability tests demonstrated that the
MUA-coated gold NPs obtained here have good biocompatibility.
The results are similar to those previously obtained, for example,
with PEG-coated gold NPs also produced by X-ray irradiation.*>”

Cell viability for all MUA:Au ratios demonstrates high bio-
compatibility (Figure 6). Only when the Au concentration
reached 1 mM did the viability decrease to near 80%. We did
not observe variations as a function of the particle size. However,
we cannot exclude the occurrence of other effects on the cellular
expression.

We previously found that with attenuated X-ray intensity, the
reaction rates can be slowed down.*® Therefore, the nucleation
rate can be also controlled with our synthesis approach. Further
experiments are underway to test the feasibility of control and
characterization in the milli- to microsecond range, to produce even
smaller gold atomic clusters and NPs with narrow distributions.

The combination of analytical characterization provides good
evidence that MUA can be used in combination with X-ray
irradiation to control the size of colloidal Au NPs. Specifically,
MUA in the precursor solution (1) prevents aggregation of NPs,
(2) results in smaller NPs, and (3) results in a narrower size
distribution. Such conclusions were coherently supported by all
of the tests performed. They additionally provided evidence for
the phenomena underlying these findings. Basically, the synthesis
is sufficiently fast and capped by MUA to prevent aggregative or
Ostwald growth.
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Figure 4. TEM micrographs of Au NPs synthesized in the absence of MUA and increasing MUA concentrations and corresponding size histograms
(n>500). Large, nonspherical NPs result with no MUA present (a). With an increasing ratio of MUA:Au of 1:2 (b), 1:1 (c), and 3:1 (d), the resulting NP

dimensions and standard deviation decrease. Inset: A magnified TEM image for a small Au NP.
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Figure S. Dark-field STEM micrographs of Au NPs synthesized in the absence of MUA and increasing MUA concentrations and corresponding size
histograms (n > 500). With a ratio of MUA:Au of 1:1 (a) and 3:1 (b), the resulting NP dimensions and standard deviation decrease.
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Figure 6. Cell viability of EMT-6 cells cocultured with different molar
ratios of MUA:Au at different Au concentrations for 24 h.

This approach could be extended to other colloidal NP
systems and to different surfactants. Therefore, it could provide
a general class of solutions for the critical issue of controlling
colloidal NP sizes, with a broad range of potential applications.
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gold NP solutions synthesised with and without MUA; UV—
visible spectra and colloidal stability test of AuNPs-MUA by
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