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Abstract: Reproducible and controllable growth of nano-
structures with well-defined physical and chemical properties is
a longstanding problem in nanoscience. A key step to address
this issue is to understand their underlying growth mechanism,
which is often entangled in the complexity of growth environ-
ments and obscured by rapid reaction speeds. Herein, we
demonstrate that the evolution of size, surface morphology,
and the optical properties of gold plasmonic nanostructures
could be quantitatively intercepted by dynamic and stoichio-
metric control of the DNA-mediated growth. By combining
synchrotron-based small-angle X-ray scattering (SAXS) with
transmission electron microscopy (TEM), we reliably obtained
quantitative structural parameters for these fine nanostructures
that correlate well with their optical properties as identified by
UV/Vis absorption and dark-field scattering spectroscopy.
Through this comprehensive study, we report a growth mech-
anism for gold plasmonic nanostructures, and the first semi-
quantitative revelation of the remarkable interplay between
their morphology and unique plasmonic properties.

Gold nanoparticles (AuNPs) have received considerable
interest during the last several decades because of their
fascinating optical, electronic, and catalytic properties. The
properties of AuNPs can be easily tuned by tailoring their size
and shape.!!' A variety of AuNPs with different sizes and
shapes have been synthesized, including spheres” cubes,
rods, and prisms.”! The optical properties of AuNPs with
fixed shapes often have limited tunability as a result of the
difficulty to control their size distribution and colloid stability.
To address this issue, many unique gold nanostructures have
been synthesized, for example, gold-coated silicon spheres
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with different shell thicknesses,® and spherical nanoparticles
with various surface structures.” The nanoparticles with
surface structure are termed multibranched nanoparticles and
are usually called nanoflowers,”® nanostars,”] or urchin-like
gold nanoparticles.'” By controlling the petal number and
shape of the nanoflowers, for instance, the optical properties
of these nanostructures can be finely tuned with only a slight
change to their sizes. Compared with spheres of similar size,
gold nanostructures have highly tunable optical absorption
bands that can extend to the near-red region.!!

Highly branched gold nanostructures have shown attrac-
tive plasmonic properties because of the strong enhancement
of the electromagnetic field surrounding their petals."? For
instance, surface-enhanced Raman scattering (SERS) proper-
ties of gold nanostructures have been extensively explored
because of their potential application in single-molecule
detection.!¥ In addition, gold nanostructures are used as drug
transporters for gene therapy because of their large surface-
to-volume ratiol™ and are also studied as catalysts.'”) How-
ever, because of their complex morphology, the synthesis of
gold nanostructures is confronted with low reproducibility,
which significantly restricts many of their potentially wide-
spread applications. The quantitative elucidation of the
underlying growth mechanism is key to addressing this
problem. While there have been many studies in this context,
the exact growth dynamics remain unknown. For example,
aggregation-based nanocrystal growth is a potential mecha-
nism which is still under debate."'® This is mainly because of
the limitation of the popularly employed transmission elec-
tron microscopy (TEM) technique, which requires pretreat-
ment of samples and is prone to artifacts. Moreover, it is often
difficult to obtain quantitative 3D structural parameters of
fine nanostructures with TEM. To gain a more precise
understanding of the nanostructure growth, we reasoned
that synchrotron-based small angle X-ray scattering (SAXS)
could be applied in addition to TEM. Samples for SAXS
measurements can been investigated in situ, positioned in
capillaries, or in levitated droplets without further prepara-
tion.

Recently, the genetic material, DNA, has been exploited
to control the assembly!'”! and growth of gold plasmonic
nanostructures.'®! Herein, we developed a novel approach to
dynamically and quantitatively control the DNA-mediated
growth of a well-defined nanostructure with a uniform and
hollow gap between its core and shell that can yield highly
stable and reproducible SERS signals. By keeping the
reducing agent in excess while controlling the concentration
of gold ions added to the reaction solution, it was possible to
halt the reaction at five successive stages and obtain five
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different kinds of nanostructures varying in size and mor-
phology. Given that the only changing parameter in each
reaction was the quantity of the gold precursors added, the
products can be considered as five intermediates in the
formation of a fully grown nanostructure. Quantitative
structural and optical measurements were carried out with
SAXS, TEM, UV/Vis absorption spectroscopy, and dark-field
microscopy. Through these comprehensive studies, a tenable
growth mechanism was determined. The effect of the size and
surface morphology of nanostructures on their overall
(absorbance) and local (SERS) optical performance was
systematically studied. Both experimental and theoretical
results provided semiquantitative evidence that surface
morphology played the key role in regulating the plasmonic
properties of gold nanostructures.

X-ray measurements were carried out at the SAXS
beamline (BL16B1) of the Shanghai Synchrotron Radiation
Facility, with the incident X-ray photon energy at 10 keV and
a MARI165 area detector. Experimental data and scattering
background data were taken with and without gold nano-
structures in solution. The procedure for sample preparation
is shown in Figure 1 a. From stages one to five, hydroxylamine
hydrochloride (10 pL of a 10 mm solution) was added to each
of five solutions with DNA-coated AuNP seeds. Subse-
quently, 2 pL, 4 uL, 6 pL, 8 uL, and 10 pL, respectively, of
chloroauric acid solutions (2% w/v) were added separately
into the solutions (more details in the Experimental Section in
the Supporting Information). As shown in Figure 1b (SAXS
image labeled “Au seeds”), there is no apparent scattering
pattern for the DNA-coated AuNP solution within the
detection region of our setup; with the addition of chloroauric
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Figure 1. SAXS measurements and the structure model. a) Procedure for sample prepara-
tion. b) SAXS images of Au nanostructure samples at five successive growth stages
prepared under stoichiometric control. c) One-dimensional SAXS data obtained by
integrating the scattering patterns along equal wavevector transferring rings and their
corresponding model fittings. d) Schematic view of the cross-section of the Au plasmonic

nanostructure.
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acid solution, two scattering rings, a visible inner ring and
a dim outer ring, emerge in the SAXS images. Both rings
shrink in size and the outer ring is becomes clearer as the
reaction progresses with increasing amounts of added
chloroauric acid, indicating that the nanostructures have
grown larger and smoother. By carefully subtracting scatter-
ing background data from the raw data and integrating along
the equal wavevector transferring rings, one-dimensional
scattering data is obtained (Figure 1c).

The cross-section of our gold plasmonic nanostructure
model is displayed in Figure 1d. Applying the core-shell
model calculation,” we find the X-ray scattering amplitude
from the nanostructure can be written as [Eq. (1)]
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where r,, r,, and r; are the radii of the inner core and the inner
and outer radii of the shell; N, a, and b are the number of
ellipsoidal petals on the surface and the length of their semi-
axes; r, is the Thomson scattering length; o, and p, are the
effective electron densities of the nanostructure and its gap,
and in this case they are the difference between the electron
densities of gold and DNA with water. The @(x) function in
Equation (1) is given by [Eq. (2)]
_ ,sinx —xcosx

The detectable X-ray scattering inten-
sity, I(q), is the total summation of the
modulus square of F(q) multiplied by their
corresponding statistical probability result-
ing from the size distribution of nanostruc-
tures [Eq. (3)]

1a) = [ @ PGinar ()

where G(r) is the Gaussian distribution,
G(r) = (1/0\/2_7:)6’%, of the outer shell
radius r, with two variables, the mean value
u and the standard deviation 0. A global
optimization algorithm called covariance
matrix adaptation evolution strategy
(CMAES)® is used to optimize the
model parameters. As shown in Figure 1c,
the experimental data and the correspond-
ing model fits are in good agreement with
the structural parameters listed in Table 1.

From stages one to three, the nano-
structures continuously grow in size with
the mean value u of the outer shells
increasing from 11.8 to 16.5 nm, while
their size distribution becomes broader as
indicated by the increasing of the standard
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Table 1: The gold nanostructure model parameters at five successive
growth stages [nm].

Parameter Stage one Stage two Stage three Stage four Stage five

a 6.8 8.8 9.9 12.0 -
b 4.5 4.5 5.0 1.7 -
N 18.4 19.3 18.9 19.0 -
r, 8.2 8.6 8.9 8.4 8.4
u 11.8 14.3 16.5 20.2 22.6
o 2.2 2.8 3.2 3.0 26

deviation ¢ (Table 1). Meanwhile, the base of the petals, a,
expands from 6.8 to 9.9 nm while their length, b, does not
change much and stays between 4.5 and 5.0 nm. Stage four is
the turning point for both the nanostructure surface morphol-
ogy and size distribution. At this stage, the petals become
dramatically shorter (from 5.0 to 1.7 nm), hence the surface of
the nanostructures become effectively smoother. The statisti-
cally averaged petal number, N, remains around 19 during the
first four stages of growth. These results suggest that gold
atoms are first deposited on the AuNP seeds where there is
alow concentration of DNA and petals are produced from the
surface. With increasing amounts of gold ion precursor, the
petals grow larger and become blunter while their numbers do
not change. Finally, the neighboring petals merge into one to
form a smooth shell. At stage five, there are no obvious petals
on the surface, which has a smooth shell with an averaging
radius, i, of 22.6 nm. During the model fitting process, the gap
between the core and shell is set at 1 nm, which is consistent
with the previous report?"! and confirmed in our samples by
TEM measurements. This well-defined gap is formed as
a result of the DNA coverage on AuNP seeds that prevents
Au ion deposition; therefore its size is only determined by the
natural width of the DNA chain.

The TEM images (Figure S1, Supporting Information) are
gold nanostructures obtained at five stoichiometrically con-
trolled growth stages with different quantities of gold-ion
precursors added to the reaction solution. Figure S1 provides
a clear view of the size and surface morphology transforma-
tion which occurs during nanostructure growth. The diame-
ters of gold nanostructures shown in Figures Sla—e (Support-
ing Information) are 33.1+4,38.4+5,43.445,44.2+5, and
46.5+5nm, respectively. From the model shown in
Figure 1d, the nanostructure diameter is equal to 2(r,+Db)
and its statistical mean value is 2 (u +b). From Table 1, the
diameters at growth stages one to five are equal to 32.6, 37.6,
43.0, 43.8, and 45.2 nm, respectively. The values obtained
from TEM measurements are in good agreement with those
obtained from SAXS measurements. The statistical size
distributions are shown in the top insets of FigureS1 with
the curves from SAXS model fittings drawn on top of the
histograms obtained from TEM images. In these images,
every particle has a uniform and hollow gap (1 nm) surround-
ing the inner core. This gap is visible when the shell is thin but
becomes difficult to find when the shell thickness increases.
To obtain a clear view of the gap, the scanning transmission
electron microscopy (STEM) image in Figure S1 f is taken for
the same sample as that in Figure Sle.
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Figure 2. TEM measurements of Au nanostructures at five successive
growth stages. a—e) High-resolution TEM images of the petals at
growth stage one to five. f) Three-dimensional schematic representa-
tion of the size and morphological evolution of gold nanostructures
during their growth. The final model shows the cross-section of the
inner core, the gap, and the outer shell.

The high-resolution TEM images in Figures 2 a—e indicate
that the single petals protruding from the surface of the gold
nanostructures are monocrystalline while the entire nano-
structure is polycrystalline. The 0.236 nm spacing highlighted
in these images between the fringes belongs to the interplanar
distance of gold (111) crystal planes. This further supports our
conjecture that the petals grow independently and later
merge to form a smooth shell. Summarizing the results from
the SAXS and TEM measurements, the size and morpho-
logical evolution of gold plasmonic nanostructures can be
schematically illustrated (Figure 2f). Initially, small round
petals grow from the surface of the DNA-covered AuNP seed
to form a thin and rough shell. The shell continues to grow
and eventually becomes smooth and uniform once the petals
have gone through the growth and decay process. The petals
broaden in the first three stages without much change to their
length, but they become significantly shorter at stage four;
meanwhile the petal number does not change noticeably in
the first four stages.

The UV/Vis absorption spectra of five successively grown
gold nanostructures are shown in Figure 3a. As the amount of
gold ion precursors added to the reaction solution increases,
the absorption peak shifts to longer wavelengths (red shift),
but at stage four, where 8 uLL of gold precursor is added, it
starts to shift to shorter wavelengths (blue shift). It is
established that the absorption peak of AuNPs undergoes
a red shift with increasing particle size.”® In our case, the fully
grown nanostructures (stage five) have a UV/Vis absorption
peak (blue line in Figure 3a) at higher energy than the
absorption peak for the stage one nanostructures (yellow
line). From SAXS and TEM measurements, we know the
diameters of the nanostructures in the corresponding solu-
tions are approximately 33 and 45 nm, respectively. Since the
solution environment is the same, the cause of the blue shift is
attributed to the modification of surface morphology. Pre-
vious studies have reported that surface textures favor the red
shift of the nanoparticle absorption band.'®®! Therefore, in
our system there are two competing factors, particle size and
surface texture, which affect the optical properties of the
nanostructures. On the one hand, increasing the nanostruc-
ture size will cause the absorption maximum to red shift; on

Angew. Chem. 2014, 126, 8478 -8482


http://www.angewandte.de

a stageTivel
oy

— ¥
stage foul ,ﬁu
N

A stage threg/—l‘;

stage two

stage ond 7

400

Simulation

b Experiment c
100 stage fiv,

S~ |
0 :

7 100 stage three [ - stage three 1
e R

0
o AN A
500 600 700 4

0 L R ]
400 00 500 600 700
Alnm

Alnm

Figure 3. Optical measurements and FDTD simulations. a) The UV/Vis
absorption spectra of Au nanostructure solutions taken at five succes-
sive growth stages. The yellow, green, and blue lines represent the
peak positions of the UV/Vis absorption spectra of the Au nano-
structures at stages one, three, and five, respectively. The red-dotted
line is the trajectory of the maxima of the UV/Vis absorption spectra at
different growth stages. b) The experimental and (c) theoretical dark-
field scattering spectra of single Au nanostructures. The insets in (a)
and (b) are the images of the solution samples and the dark-field
microscopic view of single Au nanostructures, respectively. The spectra
from bottom to top correspond to the growth stage one to five,
respectively.

the other hand, smoothing their surface will lead to a blue
shift. Based on these results, we find that the plasmon
absorption bands of gold nanostructures are more sensitive to
the length and sharpness of petals but less to the overall
nanostructure size. It is also observed that the gold nano-
structure solutions change their color at different stages as
shown in the insets of Figure 3a. The solution color is
complementary to the wavelength of the UV/Vis absorption
band. The measurements presented in Figure 3b were carried
out with dark-field microscopy. They show the same trend as
that observed in the UV/Vis spectra, that is the peaks in the
dark-field scattering spectra undergo a blue shift, following
a series of red shifts, as the growth proceeds. To better
understand the measured optical features in Figure 3a and b,
theoretical simulations were carried out using the finite-
difference time-domain (FDTD) method, which has
proven particularly useful for describing isolated nanoparti-
cles of arbitrary shape in any defined surrounding environ-
ment. The parameters for the simulation were collected from
the SAXS and TEM measurements. The overall profiles of
the simulated spectra in Figure 3¢ are in good agreement with
the experimental data in Figures 3a and b. Note, the small
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shoulders in the spectra of Figure 3 can be attributed to the
weak dipole resonance of the inner core.['>!6]

Previous studies have shown that plasmonic coupling
between the inner core and the outer shell could cause
a strong enhancement of the electromagnetic fields within the
gap.”!! In spite of that, the influence of the size and
morphology of the outer shell on the plasmonic behavior of
nanostructures remains unexplored. It is established that the
SERS signal is proportional to the fourth power of the
electromagnetic field surrounding the nanostructure sur-
face.™ To measure SERS signals from gold nanostructures,
the Raman reporter molecule, 4,4-dipyridyl, is loaded into the
gap (details in the Experimental Section in the Supporting
Information) and the solution is illuminated by incident light
with a wavelength of A =638 nm. The Raman spectra for the
nanostructures at five growth stages are recorded in
Figure S2a. The integrated scattering peak intensities at
1612cm™ are plotted as a function of growth stage
(Figure S2b). The near-field electromagnetic field distribu-
tion of the nanostructure is calculated using the FDTD
method with the acquired structural parameters (Figure S2¢).
The fourth power of the electromagnetic field inside the
nanostructure gap shows the same trend as that of the SERS
signals (Figure S2b). As the shell thickness increases, the
SERS signal from the Raman reporters inside the nano-
structure gap increases steadily, but it decreases dramatically
at stage five where the shell becomes smooth. These results
clearly indicate that surface morphology, as compared to size,
plays a dominating role in regulating the plasmonic effect of
gold nanostructures.

The advance of nanoscience has seen the development of
numerous functional nanostructures with fascinating physical
and chemical properties. Nevertheless, current approaches for
the preparation of nanostructures rely largely on empirical,
time-consuming, and labor-intensive trial-and-error methods.
To achieve dynamic and quantitative control of nanostructure
preparation, we herein explored the DNA-mediated growth
mechanism of gold plasmonic nanostructures, a process
usually difficult to study because of their fast growth rate.
By regulation of the stoichiometry in the reaction, we were
able to break the nanostructure growth process into five
consecutive stages, allowing a set of detailed structural and
optical characterization techniques to be carried out. While
TEM provides a powerful way to characterize nanostructures
at the atomic level, it is a demanding task to retrieve
quantitative 3D morphological information using the cryo-
TEM and 3D reconstruction. In this study, we combined TEM
with synchrotron-based SAXS to provide a simple and
reliable way to attain quantitative structural information,
for example the number of petals and particle-size distribu-
tions. By obtaining such structural parameters, a semiquanti-
tative correlation between the morphology and plasmonic
properties of these gold nanostructures could be established,
which would otherwise be difficult with TEM characteriza-
tion alone. In view of their broad practical applications and
recent implementation in single-molecule detection, the
ability to grow nanostructures with a specific morphology
with specific optical and electronic properties has become
increasingly important. DNA-mediated synthesis provides
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a route to finely control the growth of these functional
nanostructures. Our studies provide a novel approach to
uncover the underlying growth mechanism and potentially to
control the growth of gold plasmonic nanostructures and
other functional nanostructures alike.
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