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ABSTRACT: Reversible assembly of plasmonic nanoparticles can be used
to modulate their structural, electrical, and optical properties. Common and
versatile tools in nanoparticle manipulation and assembly are optical
tweezers, but these require tightly focused and high-power (10−100 mW/
μm2) laser beams with precise optical alignment, which signiﬁcantly hinders
their applications. Here we present light-directed reversible assembly of
plasmonic nanoparticles with a power intensity below 0.1 mW/μm2. Our
experiments and simulations reveal that such a low-power assembly is
enabled by thermophoretic migration of nanoparticles due to the plasmonenhanced photothermal eﬀect and the associated enhanced local electric
ﬁeld over a plasmonic substrate. With software-controlled laser beams, we demonstrate parallel and dynamic manipulation
of multiple nanoparticle assemblies. Interestingly, the assemblies formed over plasmonic substrates can be subsequently
transported to nonplasmonic substrates. As an example application, we selected surface-enhanced Raman scattering
spectroscopy, with tunable sensitivity. The advantages provided by plasmonic assembly of nanoparticles are the following:
(1) low-power, reversible nanoparticle assembly, (2) applicability to nanoparticles with arbitrary morphology, and (3) use
of simple optics. Our plasmon-enhanced thermophoretic technique will facilitate further development and application of
dynamic nanoparticle assemblies, including biomolecular analyses in their native environment and smart drug delivery.
KEYWORDS: thermophoresis, photothermal eﬀect, surface-enhanced Raman scattering, surface plasmons, nanoparticle trapping,
reversible nanoparticle assembly
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coupling for advanced applications. Reversible assembly has
been demonstrated for functionalized metal nanoparticles,
driven by external stimuli such as solution pH,15,16 local
temperature,17,18 metal-ion coordination,19 voltage,20 and
light.21,22
The optical manipulation of plasmonic nanoparticles has
advantages for applications such as nanofabrication,23−28 drug
delivery,29,30 and biosensing.31,32 Optical tweezers provide
remote, real-time, and versatile manipulation of colloidal
particles in solution, rendering them highly eﬀective in the

ssociated with the excitation of surface plasmons,
metallic nanoparticles can manipulate light at the
subwavelength scale where the intense localized
electromagnetic ﬁeld strongly couples with nanoscale objects,
leading to various light−matter interactions and applications.1−6 The optical and electronic properties of plasmonic
nanoparticles depend on the particle composition, size, and
shape, as well as interparticle interactions.7−11 Plasmonic
nanoparticle assemblies that feature high particle density and
small interparticle distance are important for many applications,
mainly those based on the multiple electromagnetic “hot spots”
that form within the assemblies.12−15 In particular, the
capability of reversibly controlling nanoparticle assemblies
with external stimuli enables dynamically tunable plasmon
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Figure 1. Light-directed reversible assembly of plasmonic nanoparticles based on plasmon-enhanced thermophoresis. (a) Schematic
representation of the light-directed reversible assembly of positively charged AuNTs functionalized with CTAC. (b) Scanning electron
micrograph of a single AuNT on the AuNI substrate. (c) Successive optical images during light-directed assembly of AuNTs. (d) Successive
optical images showing the disassembly of an AuNT aggregate after the laser is turned oﬀ. The red and blue dotted circles indicate that the
laser is oﬀ and on, respectively. Scale bars: 10 μm.

reversible assembly of plasmonic nanoparticles.31−35 In optical
tweezers, the optical gradient forces are responsible for the
assembly of nanoparticles into aggregates. When the working
light is turned oﬀ, the assemblies can redisperse into solution
due to repulsive electrostatic interactions among the nanoparticles carrying surface charges of the same sign. However,
due to the strong light scattering from plasmonic nanoparticles,
optical tweezers require tightly focused laser beams of high
intensity (10−100 mW/μm2)31−35 to generate a suﬃciently
strong optical gradient force for the assembly of the
nanoparticles. Therefore, unexpected photochemical or thermal
reactions (or damage) can occur to molecular analytes under
high-power laser illumination.36,37 Due to their enhanced local
electromagnetic ﬁeld and strong optical force, surface plasmon
polaritons (SPPs) on metallic thin ﬁlms have been harnessed to
reduce the power requirement for optical assembly of
nanoparticles over the ﬁlm.12 However, there are remaining
limitations in exploiting plasmon-enhanced optical forces for
the assembly of plasmonic nanoparticles. One limitation is that
the high sensitivity of optical forces to plasmon resonances
requires a strict overlap between the plasmon resonance
wavelength of the nanoparticles and the working wavelength of
the laser beam. This implies that a certain type of laser beam
can work properly only for a limited range of nanoparticles with
speciﬁc plasmon resonances. Another drawback is that, despite
the rapid and even ultrafast optical response, it takes a relatively
long time (∼10 min) to achieve the assembly of nanoparticles

in solution because near-ﬁeld optical trapping on a plasmonic
substrate relies on diﬀusion to bring the nanoparticles into the
desired conﬁguration.
On the basis of the temperature-gradient ﬁeld in solution,
thermophoresis has proven eﬀective for low-energy, noninvasive trapping of particles38−40 and biomolecules (e.g.,
DNA).41−43 Herein, we present a versatile optical technique
that uses plasmon-enhanced thermophoresis for the eﬃcient
assembly of plasmonic nanoparticles with dynamic control over
assembly size and pattern formation, at low optical power. By
introducing a nonphotoresponsive cationic surfactant, namely,
cetyltrimethylammonium chloride (CTAC), into the plasmonic
nanoparticle suspension, we can direct the positively charged
nanoparticles toward the laser spot at the interface between a
plasmonic substrate and the nanoparticle dispersion. Our
experiments and simulations reveal that the plasmon-enhanced
temperature-gradient ﬁeld and the thermally induced local
electric ﬁeld give rise to the delivery and assembly of plasmonic
nanoparticles. By employing a holographic optical system to
control the laser beam, we further achieved parallel and
dynamic manipulation of multiple nanoparticle assemblies.
Finally, we employed the nanoparticle assemblies with
dynamically controlled electromagnetic “hot spots” for surface-enhanced Raman scattering (SERS) analysis of molecules
in their native liquid environments. Using rhodamine 6G and
methyl orange as model molecules, we investigated the eﬀects
of nanoparticle composition and geometry on SERS performB
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Figure 2. Working principle of light-directed reversible assembly of plasmonic nanoparticles (using AuNTs as an illustrative example). (a)
Schematic illustration of the migration of a CTA+-modiﬁed AuNT from cold to hot region in the light-induced temperature-gradient ﬁeld,
which is known as thermophoresis. (b) Schematic illustration of the release or redispersion of an AuNT assembly due to electrostatic
repulsive interaction when the laser is oﬀ and the temperature-gradient ﬁeld disappears. Simulated temperature distribution at the interface
between plasmonic substrate and particle solution in a cross-sectional view: (c) before the formation of an AuNT assembly; (d) after the
formation of an AuNT assembly. (e) Simulated temperature distribution at the interface between a glass substrate and nanoparticle solution in
a cross-sectional view, in the presence of an AuNT assembly, indicating that the light-directed AuNT assembly can be transported from the
plasmonic substrate to the glass substrate. (f) Time-evolved optical images illustrate that we can transport the AuNT assembly from a
plasmonic substrate to a glass substrate by simply translating the sample stage. Scale bar: 10 μm.

power to create an appropriate temperature-gradient ﬁeld for
the thermophoretic assembly of nanoparticles. It should be
noted that the AuNIs substrate can be easily fabricated by
deposition of an Au thin ﬁlm followed by postannealing (see
Methods for details). When the plasmonic substrate is
illuminated with a low power laser beam, the plasmonic
heating of the AuNIs on the substrate increases the temperature
of the surrounding environment. Thermophoresis then arises
from the temperature gradient and enables the rapid formation
of AuNT assemblies at the laser spot, in the vicinity of the
substrate−solution interface (Figure 1c). Successive optical
images of the light-directed assembly process are shown in
Figure 1c, revealing the formation of a stable AuNT assembly at
t4 = 10 s. Importantly, the AuNTs can redisperse into the
solution once the laser is turned oﬀ (Figure 1d). The reversible
assembly process is also shown in Supporting Movies 1 and 2.
The assembly of AuNTs is caused by particle migration in
the thermally induced local electric ﬁeld, i.e. thermoelectric
eﬀect.42,48 As illustrated in Figure 2a, a light-induced local
temperature gradient imposes a nonuniform concentration of
CTAC micelles, due to the thermal response of the positively
charged micelles. The positive surface of CTAC micelles is
surrounded by Cl− ions, giving rise to an electric double layer.
Treating these positive micelles as macroions, we obtain the
Debye screening length λDH:

ance. By taking advantage of the parallel manipulation of
multiple nanoparticle assemblies, we demonstrate SERS with
enhanced sensitivity.

RESULTS AND DISCUSSION
Light-Directed Reversible Assembly of Plasmonic
Nanoparticles. Figure 1a illustrates the basic concept of the
light-directed reversible assembly of plasmonic nanoparticles
based on plasmon-enhanced thermophoresis. We selected Au
nanotriangles (AuNTs) as an illustrative example, but other
nanoparticles such as Au nanospheres (AuNSs) and Ag
nanospheres (AgNSs) have also been used to demonstrate
the generality of our technique (Figure S1). Our AuNTs feature
an average side length of ∼150 nm (Figure 1b, also see Figure
S2) and a main localized surface plasmon resonance wavelength
of 720 nm, which exhibits signiﬁcantly enhanced electromagnetic ﬁelds at the AuNT tips.44,45 The AuNTs were
dispersed in an aqueous CTAC solution (10 mM). As displayed
in the inset of Figure 1a, above the critical micelle
concentration (cmc, 0.13−0.16 mM),46 CTAC forms a
bilayer,47 leading to a positive and hydrophilic surface of the
nanoparticle, which is surrounded by Cl− ions in an electric
double layer.
A plasmonic substrate comprising Au nanoislands (AuNIs)
was employed to induce the plasmon-enhanced photothermal
eﬀect (see Figure S3), which allows us to use a low optical
C
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due to the electrostatic repulsive force (Figure 2b), leading to
the redispersion of the nanoparticles and thus the disassembly
of the aggregates.
To estimate the plasmon-enhanced photothermal eﬀect and
its role in the assembly of the plasmonic nanoparticles, we
simulated the temperature-gradient proﬁles at the substrate−
solution interface upon illumination with a laser beam, as
displayed in Figure 2c−e. When a 532 nm laser beam (power:
0.1 mW, diameter: 2 μm) is incident on the plasmonic
substrate, a moderate temperature gradient of ∼0.6 K/μm is
obtained on top of the substrate. The rapid migration of the
AuNTs to the hot region at the interface between the substrate
and solution leads to growth of the aggregate. It should be
noted that the AuNTs assembled on top of the plasmonic
substrate absorb light that would otherwise be transmitted
through the substrate, which further increases the photothermal
eﬀect and the temperature gradient. As displayed in Figure 2d,
when an AuNT assembly with a diameter of 2 μm forms on top
of the plasmonic substrate, the transmitted light through the
substrate is completely absorbed by the AuNT assembly,
leading to a temperature gradient of ∼0.7 K/μm.
The optical power density used herein (∼0.03 mW/μm2) is
at least 3 orders of magnitude lower than that used in optical
tweezers for nanoparticle assembly.31,32,35 We ﬁnd that an
optimal optical power is required to create the stable assembly
of nanoparticles with plasmon-enhanced thermophoresis. A too
low optical power (<0.01 mW/μm2) cannot create a suﬃciently
strong local electric ﬁeld to trap the nanoparticles as required
for the assembly process. However, a too high optical power
(>0.15 mW/μm2) will induce strong thermal convection and
Brownian motion of the plasmonic nanoparticles, causing
instability of the particle assembly (Figure S4).
Further, we ﬁnd that, while the AuNIs-based plasmonic
substrate is required to initiate the light-directed assembly of
nanoparticles via the plasmon-enhanced photothermal eﬀect, it
is not essential to maintain and to dynamically manipulate the
assemblies once formed. The nanoparticle assembly itself
becomes a heating source to maintain the force balance. As
shown in Figure 2e, the light absorption by an AuNT assembly
on a glass substrate can generate a temperature gradient of ∼0.8
K/μm, which is even higher than that on the plasmonic
substrate. Unlike the plasmonic substrate where the incident
light is partially reﬂected at the interface between AuNIs and a
glass substrate, the glass substrate exhibits a signiﬁcantly
reduced reﬂection loss. The self-sustainability of the heating
source sets the foundation for delivering a stable nanoparticle
assembly over a nonplasmonic substrate. As experimentally
demonstrated in Figure 2f (also see Supporting Movie 3), a
stable AuNT assembly with a diameter of 4 μm was generated
over the plasmonic substrate at t1 and transported across the
AuNI/glass boundary at t2−t4 and over the glass substrate at t5
(6 s). The transport was achieved by simply translating the
sample stage.
We exclude the contribution of optical tweezing eﬀect to our
light-directed assembly of nanoparticles. Our experiments
reveal that light-directed assembly occurred only on top of
the plasmonic substrate. Focusing the same laser beam at the
interface of a glass substrate and the nanoparticle dispersion
could not initiate nanoparticle assembly, indicating that the
optical force from the focused laser beam cannot trap and
assemble the nanoparticles in this case. In fact, the transmitted
laser beam through the substrate exerts a scattering force on the
nanoparticle, pushing it away from the substrate and thus

(1)

where ε is the dielectric constant of the liquid, kB is
Boltzmann’s constant, T is the absolute temperature, e is the
electron charge, and I is the ionic strength. In the absence of
added salt in the solvent, the ionic strength I is dominated by
the total surfactant concentration, c, and the cmc. In the
presence of the temperature-gradient ﬁeld, the asymmetric ion
distribution in the electric double layer exerts a pressure and
causes slip ﬂow of the liquid, which can be described with the
excess enthalpy h within an interaction length λ:49
vs = DTmic∇T = −

1
η
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where Dmic
T denotes the thermal diﬀusion coeﬃcient of the
micelles. Considering the Debye−Hückel approximation h =
−1/2ε(ζ/λ)2e−2z/λ, where ζ is the surface potential, the thermal
diﬀusion coeﬃcient is
DTmic =

εζ 2
8ηT

(3)

where η is the viscosity of the liquid. A positive Dmic
T indicates
that the liquid ﬂow moves from a cold to a hot region, while in
the laboratory frame, the micelles move in the opposite
direction, i.e., from a hot to a cold region, which is independent
of the sign of ζ. The highly charged micelles give rise to the
−11 2
surface potential, and it is estimated that Dmic
m /(K s)
T ≈ 10
for CTAC micelles at a concentration of 10 mM. Even though
Cl− ions have a higher mass diﬀusion coeﬃcient (2 × 10−9 m2/
s)42 than the micelles (6 × 10−10 m2/s),50 the extremely low
Soret coeﬃcient of Cl− ions (7 × 10−4 1/K) leads to a lower
−
−12
DCl
m2/(K s).
T ≈ 10
The higher Dmic
T drives the positive CTAC micelles toward
the cold region quickly and leads to the separation between
negative and positive ions, thereby generating a temperaturedependent local electrostatic potential

( ∇TT )ψ0, as illustrated in

Figure 2a. This exerts an electric force on the positive AuNTs
and drives migration of the particles toward the hot region (i.e.,
the laser beam spot) to form the assembly. According to the
Helmholtz−Smoluchowski electrophoretic mobility εξ/η, the
thermal diﬀusion coeﬃcient of the AuNTs can be calculated
using51

DTNP =

εζ NPψ0
ηT

(4)
−12

We can estimate
≈ 10 m /(K s), which agrees with
the order of magnitude of the measured trapping velocity of the
AuNTs (several micrometers per second).
When the nanoparticles are in close contact within the
assembly, the van der Waals attraction becomes strong enough
to stabilize the assembly. However, the electrostatic repulsive
force between the positive CTA+ molecules on the nanoparticle
surfaces has a negative eﬀect on the assembly stability, which
can lead to the disassembly process. Therefore, a balance
among the thermally induced electric force, van der Waals
attraction, and electrostatic repulsive force enables the
reversible assembly of the nanoparticles. When the laser is
turned oﬀ, the temperature-gradient ﬁeld disappears and the
nanoparticles in the aggregate are separated from each other
DNP
T

2

D
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Figure 3. Parallel and dynamic manipulation of multiple nanoparticle assemblies. (a) Schematics of the optical setup for nanoparticle
assembly manipulation and “multiplex” in situ SERS. (b) Optical image of 25 AuNT assemblies in a 5 × 5 square array. (c) Dark-ﬁeld optical
image of 17 AuNT assemblies in an “Au” pattern. (d) Time-evolved optical images of dynamic manipulation of selected AuNT assemblies to
transform the pattern. Scale bars: 10 μm. The total power of the 532 nm working laser beam is 7.9, 3.6, and 3.6 mW for parallel manipulation
in (b), (c), and (d), respectively. The diameter of individual laser beams for single assemblies is 2 μm.

implemented to transform the pattern, as shown from t1 to t6
in Figure 3d.
Since the formation of nanoparticle assemblies relies only on
the photothermal eﬀect from the plasmonic substrate and the
CTAC surfactant, we expect that our technique is applicable to
metallic nanoparticles with diﬀerent materials, sizes, and shapes.
Along this line, we demonstrate the light-directed assembly of
metal nanoparticles of diﬀerent compositions, sizes, and shapes
(Figure S5), as discussed below. This versatile manipulation of
the nanoparticle assemblies can be harnessed as dynamic
lithography to form arbitrary patterns of dispersed nanoparticles at solid−liquid interfaces. With their reversible
characteristics, the lithographic patterns can be “erased” and
“rewritten” repeatedly. The minimum size of a single
nanoparticle assembly can reach ∼1 μm with our current
optical setup, which is determined by the size of the laser spot.
The light-directed dynamic manipulation of multiple nanoparticle assemblies also allows us to develop an in situ SERS
platform with enhanced sensitivity, as discussed below.
In Situ SERS. Exploiting the plasmon-enhanced electromagnetic ﬁeld at plasmonic nanostructures, SERS is an
advanced analytical technique that can detect molecules with
a sensitivity down to the single-molecule level.53−56 A number
of approaches have been implemented to enhance the localized
electromagnetic ﬁeld and improve the SERS sensitivity,
including tailoring the particle shape44,57,58 and inducing
near-ﬁeld coupling.14,59−63 The integration of optical tweezers
with SERS (also known as SERS tweezers) is applied for
analyzing biomolecules in their native environments and
developing optoﬂuidics-based lab-on-a-chip systems.31−34
However, the high optical power required for nanoparticle
manipulation in optical tweezers can potentially damage the
biomolecules,13 which limits the applications of SERS tweezers.
With low-power operation and reversible assembly of
plasmonic nanoparticles, our plasmon-enhanced thermopho-

preventing trapping and assembly. One may argue that the
plasmon-enhanced optical force on the plasmonic substrate can
improve the trapping and assembling capability of nanoparticles. However, the AuNI plasmonic substrate exhibits weak
electromagnetic ﬁeld enhancement under laser illumination,
which is far from the condition for the maximum optical
gradient force that is strong enough for particle assembly.52 To
further verify our hypothesis, we irradiated the same laser beam
at the interface of AuNI substrate and nanoparticle suspensions
without CTAC surfactant (AuNSs stabilized in PBS solution).
As expected, no assembly of the nanoparticles occurred due to
the absence of the thermoelectric eﬀect.
Parallel and Dynamic Manipulation of Nanoparticle
Assemblies. Taking advantage of versatile light management
via holographic optics, we achieved eﬃcient manipulation of
multiple nanoparticle assemblies. The optical setup is displayed
schematically in Figure 3a. A spatial light modulator (SLM) was
used to dynamically control the laser beam in an arbitrary
manner. Desired optical patterns on the plasmonic substrate
were obtained by focusing an expanded laser beam that is
modulated by the SLM onto the substrate.
Through engineering the optical patterns on the plasmonic
substrate, we demonstrate the simultaneous generation of 25
AuNT assemblies in a 5 × 5 square array (Figure 3b). Another
example is 17 AuNT assemblies in an “Au” pattern (Figure 3c).
Despite an optical power variation of ∼20% among the
diﬀerent laser beams generated by the SLM, which is caused by
the design algorithm, we can still generate multiple AuNT
assemblies with high uniformity and stability. Furthermore, we
demonstrate the dynamic manipulation of the AuNT
assemblies, as shown in Figure 3d (see Supporting Movie 4
for real-time manipulation). In the demonstration, we
generated 13 AuNT assemblies in a “UT” pattern at t1. A
series of transport processes of selected assemblies is
E
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Figure 4. Parametric study of SERS of rhodamine 6G on plasmonic nanoparticle assemblies. (a) SERS intensities of 614 and 1510 cm−1 modes
as a function of CTAC concentration in the AuNS solution. The size of AuNS assemblies over the plasmonic substrate was maintained at 4.0
± 0.2 μm. (b) Assembly size-dependent SERS intensities of the modes at 614 and 1510 cm−1, based on AuNT assemblies over a plasmonic
substrate. (c) Assembly size-dependent SERS intensities of the modes at 614 and 1510 cm−1, based on AuNT assemblies over a glass substrate.
(d) Assembly size-dependent SERS intensities of the modes at 614 and 1510 cm−1, based on AgNS assemblies over a plasmonic substrate. A
660 nm laser beam with a power of 0.27 mW and a diameter of 2 μm was used for both nanoparticle assembly and SERS measurements. The
rhodamine 6G concentration was 1 mM. Acquisition times were 10 s in (a) and 1 s in (b)−(d).

magnetic ﬁeld and more intense SERS signals. On the other
hand, the increased concentration of CTAC hinders the
adsorption of the targeted molecules on the plasmonic
nanoparticles, leading to weaker Raman enhancement.
We can further exploit the near-ﬁeld coupling between the
plasmonic substrates and the plasmonic nanoparticle assemblies
to improve the SERS performance. Figure 4b and c summarize
the dependence of the SERS intensities (of modes at 614 and
1510 cm−1) on the size of AuNT assemblies over a plasmonic
substrate and a glass substrate, respectively. In both cases, the
SERS intensity increases with the size of the aggregate, which
can be attributed to the increased number of plasmonic “hot
spots” and targeted molecules in the larger assemblies. A
signiﬁcant improvement of SERS performance is observed for
assemblies over the plasmonic substrate due to assembly
substrate plasmon coupling. In addition, we notice that the
SERS sensitivity of AuNT assemblies is almost an order of
magnitude higher than that of AuNS assemblies because the
AuNTs exhibit signiﬁcantly enhanced electromagnetic ﬁelds at
their tips. It should be noted that exposure time in Figure 4a
was 10-fold longer than that in Figure 4b and c.
We extended our technique to reversibly assemble AgNSs
(Figure S5) and then applied the AgNS assemblies for SERS
detection of rhodamine 6G. Figure 4d shows the dependence
on assembly size of the SERS intensities for two modes (614

retic technique has advantages for use in SERS tweezers, as
demonstrated herein by in situ molecular sensing. SERS
measurements can also be applied to monitor the dynamics
of light-directed nanoparticle assembly. Considering the critical
role of CTAC in the assembly of nanoparticles, we investigated
the eﬀects of CTAC concentration on the performance of
SERS based on our nanoparticle assemblies. For this study, we
used AuNS assemblies (see Figure S5) as the SERS substrates
and rhodamine 6G as the targeted molecules. A single laser
beam was used for both inducing nanoparticle assembly and
Raman excitation. A typical SERS spectrum of rhodamine 6G
recorded from a single AuNS assembly (CTAC concentration:
10 mM) is shown in Figure S6. However, as we show in Figure
4a, SERS intensities at 614 cm−1 (C−C−C ring in-plane
bending mode) and 1510 cm−1 (aromatic C−C stretching
mode) 64 are highly sensitive to CTAC concentration.
Speciﬁcally, both modes experience an increase and then a
decrease in intensity when CTAC concentration was increased
from 2.5 mM to 75 mM. An optimal CTAC concentration of
10−25 mM was identiﬁed for the highest SERS intensities,
which is likely due to the opposite trend of two diﬀerent
parameters with the concentration of CTAC molecules. On one
hand, the increased concentration of CTAC molecules leads to
an enhanced thermally induced electric ﬁeld, which generates
stable nanoparticle assemblies with stronger localized electroF
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Figure 5. (a) SERS spectra recorded from single AgNS assemblies over a plasmonic substrate, for diﬀerent concentrations of rhodamine 6G.
The assembly size is 5.0 ± 0.2 μm. (b) Time-resolved SERS spectra of rhodamine 6G (10 μM) based on a single AgNS assembly during the
solvent evaporation. At 0 s, the assembly is immersed in the solvent. At 135 s, the assembly is 100% dry. A 660 nm laser beam with a diameter
of 2 μm and a power of 0.27 mW (a) and 0.32 mW (b) was used for both nanoparticle assembly and SERS measurements. Acquisition times
were 10 s (a) and 15 s (b).

and 1510 cm−1). AgNSs with a diameter of ∼100 nm exhibit a
plasmon resonance wavelength of 480 nm (Figure S1), which is
much shorter than the wavelength of our working laser beam
(660 nm). Compared with AuNTs, AgNSs exhibit smaller
maximum assembly size because of the faster Brownian motion
of the smaller AgNSs and the weaker photothermal eﬀect at the
AgNS assembly. Still, AgNS assemblies exhibit signiﬁcantly
higher SERS eﬃciency than AuNT assemblies, with an
enhancement factor 1 order of magnitude higher. Our
observation is consistent with previous studies regarding the
superior SERS performance of Ag nanoparticles.65
We additionally evaluated the ultimate SERS sensitivity by
studying the dependence of SERS signals on the concentration
of rhodamine 6G, using a single AgNS assembly as SERS
substrate. As shown in Figure 5a, we obtained a detection limit
of ∼1 μM for an acquisition time of 10 s. We subsequently
developed two strategies to further enhance the SERS
sensitivity. The ﬁrst strategy comprised drying the nanoparticle
assemblies. The hydrophobic interactions between the CTA+
tails maintain the CTA+ double layers, which exert the
electrostatic repulsive force on the nanoparticles to maintain
a certain interparticle distance. Solvent removal would eliminate
the hydrophobic interaction and damage the CTA+ double
layers, thereby reducing the repulsive force. Therefore, we
expected that a dried nanoparticle assembly would become
more compact, with smaller interparticle distances due to
stronger van der Waals interactions and weaker electrostatic
repulsive forces. The more compact assemblies can thus
enhance the local electromagnetic ﬁeld at “hot spots”, and the
Raman signals of the molecules would be further ampliﬁed.
Figure 5b shows the time-resolved SERS spectra of rhodamine
6G recorded from a single AgNS assembly during solvent
evaporation, indeed showing an increase of the signal. The
second strategy was based on using multiple nanoparticle
assemblies for SERS. To demonstrate this concept, we
generated one, two, and three nanoparticle assemblies for the
SERS detection of rhodamine 6G. As shown in Figure S7, the
SERS signals increase with the number of assemblies. Finally,
we have extended assembly-based SERS for detection of methyl
orange, with a detection limit of 5 μM using a single AgNS
assembly (see Figure S8).

CONCLUSIONS
We have developed a general method for light-directed
reversible assembly of plasmonic nanoparticles based on
plasmon-enhanced thermophoresis. The non-photoresponsive
CTAC surfactant forms a double layer to create a hydrophilic
and positive nanoparticle surface. Such surface-functionalized
nanoparticles can be driven into the hot region on top of a
plasmonic substrate, under the plasmon-enhanced temperaturegradient ﬁeld. The coordinated action from thermophoresisinduced electric force, electrostatic repulsive force, and van der
Waals attraction enables the reversible assembly of plasmonic
nanoparticles regardless of their composition, size, and shape.
Using a holographic optical system, we achieved parallel
manipulation of multiple particle assemblies. Compared with
optical tweezers, our thermophoretic method features lower
optical power and higher assembly eﬃciency, with simpler
optics. Furthermore, we demonstrate that these plasmonic
nanoparticle assemblies can be applied for SERS with enhanced
sensitivity. With low power and parallel operation, reversible
nanoparticle assembly, and general applicability to arbitrary
nanoparticles, our technique will ﬁnd applications in particle
trapping, manipulation, patterning, and biosensing.
METHODS
Preparation of AuNIs as Plasmonic Substrates. A 4.5 nm Au
thin ﬁlm was deposited on a glass coverslip by thermal evaporation
(Denton thermal evaporator) at a base pressure of 9 × 10−6 Torr. The
Au thin ﬁlm was annealed in air at 550 °C for 2 h to obtain the AuNIs
on the coverslip.
Preparation of Plasmonic Nanoparticle Dispersions. AuNTs
in a CTAC solution (10 mM in DI water) was prepared by previously
reported synthesis protocols.20 A 60 μL as-prepared AuNT solution
was centrifuged for 10 min (4500 rpm), and the AuNTs were
redispersed in 20 μL of CTAC solution (10 mM) by sonication for 10
min. The 100 nm AuNSs in PBS (0.1 mM) were purchased from
Sigma−Aldrich. A 60 μL amount of as-purchased AuNS solution
(0.0389 mg/mL) was centrifuged for 10 min (4500 rpm), and the
AuNSs were redispersed in 20 μL of CTAC solutions with
concentrations of 5, 10, 20, 50, 75, 100, and 150 mM, respectively.
The 100 nm AgNSs (0.02 mg/mL) with citrate-functionalized surfaces
were purchased from nanoComposix. A 200 μL amount of aspurchased AgNS solution was centrifuged for 10 min (4500 rpm), and
G
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the AgNSs were redispersed in 20 μL of CTAC solution (20 mM) by
sonication for 10 min.
Preparation of Solutions for SERS. As-prepared rhodamine 6G
solutions (2 mM) were diluted to a series of concentrations of 200, 20,
and 2 μM. As-prepared methyl orange solutions (10 mM) were diluted
to a series of concentrations of 1 mM, 100 μM, and 10 μM. The
diﬀerent solutions of molecular analytes were mixed with plasmonic
nanoparticle solutions of various concentrations in a 1:1 ratio. The
mixtures were sonicated for 5 min. Mixed solutions of 10 μL were
sandwiched between the AuNIs (as a plasmonic substrate) and a
coverslip with a 120 μm spacer for SERS measurements.
Light-Directed Assembly of Plasmonic Nanoparticles. To
optically assemble plasmonic nanoparticles, a 532 nm diode-pumped
solid-state (DPSS) laser (Coherent, Genesis MX STM-1 W) was
expanded with a 5× beam expander and focused onto the plasmonic
substrate through a 60× objective (Newport, NA 0.85). The in situ
optical imaging was achieved through a customized upright Nikon
microscope with 10× (NA: 0.30) and 100× (NA: 0.90) objectives. A
Fourier transform hologram setup was used to create multiple laser
spots. Multiple nanoparticle assemblies were achieved using an SLM
(Boulder Nonlinear Systems, model P512), two relay lenses (both of
focal length 20 cm), and a 50× long working distance objective
(Mitutoyo, NA: 0.55).
Optical Characterization. Optical transmission spectra of
plasmonic substrates and plasmonic nanoparticle solutions were
taken using an Ocean Optics spectrometer (HR4000CG-UV-NIR).
Raman spectra were recorded with an Andor Shamrock 303i
spectrograph (grating: 1199 l/mm and slit width: 45 μm) and a
Newton EMCCD integrated with an inverted Nikon microscope. The
background of the Raman spectra was removed by subtracting a ﬁveorder polynomial. For in situ SERS from a single nanoparticle
assembly, a 660 nm DPSS laser (Laser Quantum, OPS 1500−1.5 W)
was expanded with a 5× beam expander and focused onto the
plasmonic substrate with a 40× objective (Nikon, NA 0.75) in the
inverted microscope. In situ SERS was conducted on multiple
nanoparticle assemblies by adding an SLM (Hamamatsu, X1313801) and two relay lenses (focal lengths of 100 and 30 cm, respectively)
in the original optical path.
Computational Fluid Dynamics Simulations. Finite element
method numerical simulations (COMSOL Multiphysics) were
employed to analyze the temperature distribution around the laser
beam focused at the substrate−water interface. For simplicity, a 2D
axisymmetric model composed of a glass substrate, AuNT assembly,
and water was established. Since the physics involved heat transfer in
solids (glass substrate and AuNT assembly) and ﬂuids, the predeﬁned
model conjugate heat transfer was used. A Gaussian distribution heat
source was placed at the substrate−ﬂuid interface to model the heating
from the laser beam. For cases with AuNTs sandwiched between the
substrate and the ﬂuid layer, a highly conductive layer was used to
model heat transfer in the AuNT layer. Room temperature was set at
all other boundaries.

Movie 3: Delivery of a stable nanoparticle assembly from
AuNIs to a glass substrate (AVI)
Movie 4: Dynamic manipulation of multiple AuNT
assemblies (AVI)
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