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Abstract

Optical manipulation of plasmonic nanoparticles provides opportunities for fundamental and
technical innovation in nanophotonics. Optical heating arising from the photon-to-phonon
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conversion is considered as an intrinsic loss in metal nanoparticles, which limits their applications.
We show here that this drawback can be turned into an advantage, by developing an extremely
low-power optical tweezing technique, termed opto-thermoelectric nanotweezers (OTENT).
Through optically heating a thermoplasmonic substrate, alight-directed thermoelectric field can be
generated due to spatial separation of dissolved ions within the heating laser spot, which allows us
to manipulate metal nanoparticles of a wide range of materials, sizes and shapes with single-
particle resolution. In combination with dark-field optical imaging, nanoparticles can be
selectively trapped and their spectroscopic response can be resolved /in-situ. With its simple optics,
versatile low-power operation, applicability to diverse nanoparticles, and tuneable working
wavelength, OTENT will become a powerful tool in colloid science and nanotechnology.

Optical manipulation of plasmonic nanoparticles offers the possibility of dynamic control of
light-matter interactions at the nanoscale, which is of interest for various applications in
nanophotonics, materials science and life sciences. Optical tweezers have been shown to trap
metal nanoparticles in diffraction-limited laser beams with high light intensity, since they
provide a sufficient optical gradient forcel. Although the use of optical tweezers succeeded
in trapping Au and Ag nanoparticles with different sizes and shapes?8, it typically encounter
technical obstacles. First of all, upon excitation of localized surface plasmons (LSPs) at
metal nanoparticles by the trapping laser beam, enhanced light absorption and scattering
result in optical heating of the particles and strong optical radiation forces, thereby
significantly reducing the trapping stability::2-10. As a result, optical trapping is limited to
near-infrared lasers with wavelengths far away from the LSP resonance of the metal
nanoparticles®#°. Second, optical tweezers can only trap metal nanoparticles with sizes
significantly smaller than the laser wavelength (/.e., in the Rayleigh regime), where the
nanoparticle can be treated as a dipole. Optical trapping of metal particles with sizes
comparable to, or larger than the laser wavelength, is challenging because the enhanced
light-scattering cross-section increases the optical scattering forcel-11, Finally, high laser
power (tens to hundreds of milliwatts) is required to trap subwavelength metal nanoparticles.
Such a high optical power can potentially damage the functional materials, surface
molecules, or even the trapped metal nanoparticles!2.

Optical trapping of metal nanoparticles with LSPs excited at a low optical power is expected
to facilitate /n-situ optical spectroscopy, leading to insights into plasmon coupling and its
applications in sensing, imaging and photothermal therapy. The photothermal effect, or Joule
loss, is often recognized as an intrinsic limitation for the use of metal plasmonic
nanoparticles in nanophotonic devices!314. But the Joule loss can also be turned into an
advantage. It has been demonstrated that the heat generated can benefit optical trapping by
creating an electrothermoplasmonic flow that delivers nanoparticles to the trapping sitel®.
Optical confinement of single nanoparticles or macromolecules has been achieved viaa
dynamic temperature field16-17. However, the particles or molecules in the dynamic
temperature field undergo frequent and broad position fluctuations. Thermal convective flow
and thermophoresis were also employed to trap dielectric microparticles in the hot
regions!819, However, a tweezing platform based on photothermal effects with both low
operation power and general applicability is still elusive. More recently, we have proposed a
strategy that implements a thermoelectric field to reversibly assemble metal nanoparticles
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into clusters20. Herein, by exploring nanoparticle migration along a light-controlled
thermoelectric field, we developed opto-thermoelectric nanotweezers (OTENT) that allow us
to capture and manipulate metal nanoparticles at single-particle resolution.

Working Principle

To enable OTENT, we added a cationic surfactant, cetyltrimethylammonium chloride
(CTAC), to the nanoparticle colloid. CTAC molecules adsorb on the particle surface and
form a positively charged molecular double layer (Fig. 1a and Supplementary Fig. 1)21:22,
Simultaneously, CTAC molecules self-assemble into micelles when above the critical
micelle concentration (cmc, 0.13-0.16 mM). With high charge density and nanoscale size,
CTAC micelles act as macro cations (known as micellar ions, Fig. 1b), which, together with
the CI- counter-ions (Fig. 1c), provide the thermoelectric field in OTENT.

Without optical heating, both the ions and the metal particles are randomly dispersed in the
solution, without a preferred migration direction (Fig. 1d). To generate an optically
controllable temperature gradient field, we directed a laser beam to a thermoplasmonic
substrate, i.e., a porous Au film which was fabricated by simple deposition of an Au layer
followed by thermal annealing (see Supplementary Fig. 2 for substrate geometry and
Methods for fabrication procedure). A cross-sectional view of the simulated temperature
distribution (embedded in the scheme) at the substrate-solution interface is shown in Fig. le.
We can see that a temperature difference of ~12 K was obtained when the porous Au film
was irradiated by a 532 nm laser beam at an optical power of 0.216 mW and a beam
diameter of 2 um. It should be noted that the CTAC micelles are thermally stable over a wide
temperature range, which is broader than the working temperature range in this work?3. Both
the micellar ions and CI- ions undergo thermophoresis, migrating from a hot to a cold region
(see Supplementary Note 1). At the steady state, the spatial redistribution of both CTAC
micelles and CI" ions generates an electric field, which is given by24

_ kgTVT X,Zn;Sy,
T= 2
¢ Xz,

@)

findicates the ionic species, i.e. CTAC micellar ions or Cl" ions, g is the Boltzmann
constant, 7is the environmental temperature, V 7'is the temperature gradient, eis the
elemental charge, while Zj, nj, and St/are the charge number, the concentration, and the
Soret coefficient of 7species, respectively. Since the CTAC micelle has a higher molecular
mass and a larger Soret coefficient than the CI- ions, i.e. St (micelle) ~102 K1 > St (CI)
~7.18x10"4 K1, we obtain an electric field £ pointing towards the laser beam arising from
the spatial redistribution of both the CTAC micelles and the CI- ions2%:25 which can trap the
positively charged metal nanoparticle at the laser spot, as shown in Fig. 1f. Under a
temperature gradient of 0.5-3x107 K m1, we estimate the trapping electric field to be
50-300 V m-L. The corresponding in-plane and out-of-plane temperature gradients and
trapping forces Ar=gEt are schematically presented in Figs. 1g and h, where gis the charge
of the metal nanoparticles. This trapping electric field is balanced by the repulsive electric
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field, &, arising from the positive charge of the thermoplasmonic substrate, which is also
coated by the CTAC double layers. Different from optical tweezers, where the particles are
trapped by the optical gradient force from a highly focused laser beam, the trapping electric
field in OTENT arises from optical heating, which can relax the rigorous optical
requirements of optical tweezers.

Single-Nanoparticle Trapping and Manipulation

We first demonstrate the use of OTENT for trapping and manipulating single Au
nanospheres (AuNSs) and Ag nanospheres (AgNSs). Due to their strong light scattering at
the LSP resonance wavelengths, AuNSs and AgNSs were tracked with /n-situ dark-field
optical imaging. Fig. 2a shows the trapping process of a single 100 nm AgNS using a low-
power 532 nm laser beam. The optical intensity we used was 0.05-0.4 mW pm2, which is
2-3 orders lower than the typical optical intensity in optical tweezers (10-100 mW pm2).
Different from the plasmon-enhanced optical force on plasmonic nanoantennas, which is
limited by the decay length of LSPs1®26, the temperature gradient field has a much larger
working range (Figs. 1g and h). Thus, OTENT can effectively deliver the metal
nanoparticles to the trapping centre within a surrounding region of 5-10 pm in radius and
dynamically transport the trapped particle at will by directing the laser beam. As shown in
Fig. 2b, we delivered a trapped AgNS over a distance of ~110 pum in 9 s. Interestingly, the
trapped particle was released as soon as the heating laser was turned off and the temperature
gradient field disappeared (Fig. 2c, also see Supplementary Movie 1 for real-time trapping,
dynamic transport and release process).

To evaluate the trapping stability, we measured the trapping stiffness of OTENT by tracking
the Brownian motion of the trapped nanoparticles using a quadrant photodiode (see Methods
for details). A low-power laser beam (671 nm, 0.4 mW) was used to trap single metal
nanoparticles, including 100 nm AgNSs and 100 nm AuNSs. The measured trapping
stiffness ranges from 80 to 2600 fN pm™L. The trapping stiffness is comparable to that of a
single 200 nm polystyrene bead trapped by plasmonic Au nanodimers. However, the optical
power used in OTENT is 3 orders of magnitude lower than that in the plasmonic tweezers?’.
We also compared the trapping stiffness of OTENT with that of traditional optical tweezers
in the trapping of metal nanoparticles. Specifically, for traditional optical tweezers at an
optical power of 0.4 mW, optical trapping of a single 100 nm AuNS using a highly focused
1064 nm laser beam has a stiffness of ~2.5 fN um-1, indicating that the trapping stiffness of
OTENT is 2-3 orders of magnitude higher than that of optical tweezers®.

Furthermore, we can optimize the trapping capability of OTENT by tuning the CTAC
concentration that influences the micelle thermophoresis. We have measured the trapping
stiffness of 100 nm AgNSs and 100 nm AuNSs at different CTAC concentrations, as
summarized in Figs. 2d and e. An increase of surfactant concentration reduces the Soret
coefficient of the micelles?82% and in turn the electric field intensity, according to equation
1. In Figs. 2d and e, we observe that the trapping stiffness decreases when the CTAC
concentration is increased from 0.2 mM to 2 mM, for both 100 nm AgNSs and 100 nm
AUNSs. Interestingly, the trapping stability is dramatically improved when the CTAC
concentration is further increased. We attribute the improved trapping stability to the
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increased substrate-particle interaction driven by depletion of CTAC micelles. The
thermophoresis of CTAC micelles, i.e., migration from the hot to the cold regions, causes the
depletion of CTAC micelles at the particle-substrate gap. The micelle depletion generates an
osmotic pressure exerted on the particle to improve its trapping stability. In addition, the
depletion attraction significantly reduces the particle-substrate distance, which increases
logarithmically the Soret coefficient of the particle3C. In OTENT, the opto-thermoelectric
field is proportional to the Soret coefficient of the particle, indicating an increased trapping
force due to the reduction of the particle-substrate gap. At a CTAC concentration of 20 mM,
the trapping stiffness of OTENT for both 100 nm AgNSs and 100 nm AuNSs reaches 1 pN
um-1 and even higher despite a low optical power of 0.4 mW. Since the temperature gradient
is almost linear at the beam centre, the trapping potential there can be treated as harmonic
and the whole trapping potential can be further calculated according to the temperature
distribution. Fig. 2f shows the trapping potential of a single 100 nm AgNS in 20 mM CTAC
solution, with a trapping depth of 48 Ag 7. The maximum trapping force reaches 350 fN (Fig.
29), indicating that a stable trapping of nanoparticles can be achieved at a low optical power.
It should be noted that, although the depletion attraction force is not the main driving force
to initialize the trapping in OTENT (Supplementary Note 2), it is critically important to
improve the trapping stability at high CTAC concentration. At 20 mM, the particle-substrate
interaction (including depletion attraction, van der Waals interaction, and electrostatic
interaction) becomes dominant, yielding a trapping potential of 24 AgT for a single 100 nm
AUNS (Supplementary Note 3) and reasonably agrees with the measured trapping potential
(22.8 AgT).

In-Situ Optical Spectroscopy

To carry out /n-situ dark-field optical spectroscopy of the trapped metal nanoparticles, we
incorporated a high-performance spectrometer into OTENT, as shown in Fig. 3a. It should
be noted that particle-substrate plasmonic coupling can occur when the particles are trapped
in the vicinity of the substrate. However, in OTENT, the backward scattering from the
porous Au film is very weak and the particle-substrate plasmonic coupling can be ignored,
which provides the possibility to detect the intrinsic scattering spectra from the trapped
particles. In Fig. 3b, we selectively trapped individual AgNSs according to their scattered
colour and recorded the scattering spectra3!. By matching the experimental spectra with
simulated spectra, we verified the sizes of the AgNSs. The colour of AgNSs changes from
violet to blue when the diameter increases from 70 nm to 100 nm, with an improved
polarizability, a reduced electric field enhancement factor, and a LSP peak red-shift from
440 to 495 nm. The /n-situ scattering imaging and spectroscopy of single AuNSs of 80-100
nm in diameter are summarized in Fig. 3c. Optical trapping of metal nanoparticles imposes
critical requirements on the laser wavelength. For example, it would be challenging to trap
AUNSs with a 532 nm laser using optical tweezers, due to the enhanced repulsive optical
scattering force by excitation of the LSPs. However, with OTENT we can achieve trapping
using lasers with working wavelengths either close to, or far away from the resonance
wavelength of the metal nanoparticles (see Supplementary Fig. 3 for the trapping with a 532
nm laser).
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The versatility of OTENT was explored by trapping nanoparticles with different
morphologies. Shown in Fig. 3d is the trapping of single anisotropic Au nanotriangles
(AuNTSs) with different side lengths of 140 nm and 60 nm, respectively. It should be noted
that the trapped 60 nm AuNT shows a yellow colour, which arises from a mixture of the red
light scattered by the AUNT (646 nm) and the fluorescence and scattering light from the
thermoplasmonic substrate (Supplementary Fig. 4). We have also achieved stable trapping of
single small Au nanorods (AuNRs) without increasing the incident optical power (Fig. 3e).
The fluorescence light from the thermoplasmonic substrate dominated over the weak
scattered light from the single AuNR, due to its small size. As a result, an overall green
colour was observed from the trapped AuNR (Supplementary Fig. 5). Non-luminescent or
non-plasmonic substrates with a high absorption coefficient and low thermal conductivity
can be used to improve the /in-situ characterization capability for smaller particles. To further
verify that single metal nanoparticles were trapped, we printed the particles on the substrates
and checked the samples using scanning electron microscopy (Supplementary Fig. 6). The
smallest particles we trapped using low optical power in the current experimental setup were
20 nm AuNSs (Supplementary Fig. 7). It should be noted, while low-power trapping of
smaller particles with OTENT is possible, the experimental demonstration of trapping such
particles was limited by our capability for /n-situ spectroscopic analysis of the trapped
particles over the thermoplasmonic substrate. With a suitable detection method, we could
experimentally push the size limit of trapped particles down to sub-10 nm through substrate
optimization or the use of an ultrafast laser. We have also utilized OTENT to trap large metal
nanoparticles (e.g., 400 nm AuNSs), however, the upper size limit remains to be tested
(Supplementary Note 4). In addition, we also demonstrated that OTENT can be used to
manipulate one-dimensional metal nanowires with precise location and orientation control
(Supplementary Note 5).

Parallel and Multiple Trapping

The arbitrary light manipulation by means of a digital micromirror device (DMD) allows us
to trap and manipulate multiple metal nanoparticles in parallel using OTENT. As shown in
Fig. 4a, we created six laser beams with the DMD to capture six 100 nm AgNSs, with one
nanosphere in each beam. The successive dark-field optical images show the six AgNSs
trapped into a circle pattern (see Supplementary Movie 2 for a real-time movie). As another
example, we created and arranged six laser beams into a triangular pattern, where each beam
trapped a single 140 nm AuNT (Fig. 4b). It should be noted that the metal nanoparticles
trapped in parallel can interact with each other through optical binding32. However,
considering the low optical power used in OTENT, the optical binding force was limited and
did not significantly affect the trapping behaviour. Such a parallel nanoparticle manipulation
represents an opportunity for dynamic lithography with single-particle resolution.

We further explored OTENT to trap multiple metal nanoparticles using a single laser beam
and to control the particle-particle interactions within the trap. Fig. 4c shows three
interaction forces between two trapped particles, including the depletion attractive force Ay,
van der Waals force £,q, and electrostatic repulsive force f. Assuming that optical heating
leads to complete depletion of the CTAC micelles, we calculated the total interaction
potential Uigta) = Uy + Uygw + Ue, Where Uy, Uygw, and Up are the depletion attraction
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potential, van der Waals potential and electrostatic potential, respectively (Fig. 4d). The
electrostatic interaction between CTAC micelles and AuNSs was also taken into
consideration by treating the CTAC micelles as highly charged depletants (see
Supplementary Note 3 for the full derivation of the theoretical model)33. We can see that an
increase in CTAC concentration leads to a deeper attractive potential with a reduced inter-
particle gap, which arises from the increased osmotic imbalance and reduced electrostatic
repulsion.

Understanding the interaction potential allows us to tune particle-particle plasmon coupling
within the trap34-36. As a demonstration, we selected two different CTAC concentrations, 1
mM and 20 mM, to tune the inter-particle gaps between 65 nm and 25 nm (Fig. 4d). We then
selectively trapped a single 100 nm AuNS and two 100 nm AuNSs in the 1 mM CTAC
solution for /n-situ optical spectroscopy. As shown in the top and bottom panels of Fig. 4e,
increased scattering intensity was observed with no spectral shift when the number of the
trapped particles changed from one to two at a single thermal hot spot, revealing that no
near-field coupling was achieved between the two 100 nm AuNSs. In contrast, we observed
that the single scattering peak for a single trapped AuNS split into two peaks when two
AUNSs were trapped in the 20 mM CTAC solution. A yellow spot in the dark-field optical
image (mixture of the two scattering peaks) with increased scattering intensity also reveals
optical coupling between both AuNSs. To further verify the LSP coupling observed in Fig.
4f, we simulated the scattering spectra and electric field enhancement profiles of a single
100 nm AuNS and a 100 nm AuNS dimer with a gap of 25 nm (Fig. 4g). We can see that the
AUNS dimer with near-field coupling exhibits a longitudinal mode at 638 nm and a
transverse mode at 568 nm, which are red shifted and blue-shifted, respectively, with respect
to the dipole mode at 580 nm for the single 100 nm AuNS. The simulations match well with
the experimental spectra in Fig. 4f. This controllable near-field coupling allows us to
precisely tune the optical properties of designer colloidal metamaterials.

We further demonstrated /n7-situ monitoring of the trapping dynamics by recording the time-
dependent scattering intensity at a specific wavelength. A CTAC concentration of 1 mM was
selected to avoid near-field coupling between the trapped particles, and the background from
the thermoplasmonic substrate was removed. From Fig. 4h, we can see that, once a single
100 nm AuNS was captured by the thermoelectric field, the scattering intensity at 580 nm
increased immediately. The scattering intensity fell back to zero once the particle was
released. Without significant near-field coupling between the trapped particles, we can also
estimate the number of trapped particles according to the recorded photon counts. As shown
in Fig. 4i, the photon counts increased linearly with the number of AuNSs in the trap, which
also verifies that no obvious near-field plasmonic coupling occurs between the multiple
trapped AuNSs in 1 mM CTAC solution. It should be noted that the trapped particles can
further absorb the incident laser power and increase the temperature around the trapping spot
(see Supplementary Fig. 8) for improved trapping efficiency.

Conclusions

Through an innovative management of light, heat, and electric field in opto-
thermoplasmonic fluidics, we developed OTENT for optical trapping and versatile
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manipulation of metal nanoparticles with single-particle resolution, using /n-situ optical
spectroscopy. In addition to their conventional role in surface modification of metal
nanoparticles, ionic surfactants were further exploited to act as micellar ions that create
light-controlled thermoelectric fields, and as charged depletants to manipulate the interaction
between trapped particles. As a general tweezing technique, OTENT is applicable to a wide
range of metal, semiconductor, polymer and dielectric nanostructures with charged or
hydrophobic surfaces. So far, we have succeeded in trapping silicon nanospheres, silica
beads, polystyrene beads, silicon nanowires, germanium nanowires, and metal
nanostructures. However, OTENT relies on ionic surfactants in the nanoparticle suspensions
to create a thermoelectric field. This requires a solvent environment replacement for
nanoparticles that are not dispersed in the ionic surfactants. Challenges may arise for
colloidal nanoparticles that cannot be easily modified by surfactants. Additionally, OTENT
is primarily a two-dimensional operation platform. 3D manipulation can be realized by using
optical fibres coated with photothermal layers. Nevertheless, we propose that, with its low-
power and non-invasive operation, diverse options in the trapping wavelength, and generality
in size, shape, and composition of the trapped nanoparticles, OTENT will become a
powerful tool in colloid science, life sciences and nanotechnology.

Materials preparation

The thermoplasmonic substrates were prepared by depositing Au thin films on glass slides
(Denton thermal evaporator, base pressure: 9x1076 Torr), followed by thermal annealing at
550 °C in air for 2 hours. Two different thicknesses of Au films were deposited, 4.5 nm and
6.5 nm, which were used for excitation with the 532 nm laser and 660 nm laser, respectively.
The 200 nm AuNSs, 100 nm AuNSs (in PBS, 0.1 mM) and AuNRs with nominal absorption
peak at 700 nm were purchased from Sigma—Aldrich. The 100 nm AgNSs with citrate-
functionalized surfaces were purchased from nhanoComposix. The nanoparticle suspension
was centrifuged for 5 min (4500 rpm) and re-dispersed in CTAC solutions with the desired
concentration. AUNTs in 10 mM CTAC solution were prepared using previously reported
synthesis protocols3’. Silver nanowires were synthesized using the polyol method, according
to a procedure reported elsewhere38. At the end of the synthesis, silver nanowires were
purified through multiple centrifugation steps in acetone and ethanol. Following purification,
the final product was dispersed in ethanol for storage. The nanowire suspensions were
diluted with CTAC solution to the targeted concentration for trapping experiments.

Optical setup

A 532 nm diode-pumped solid-state laser was expanded with a 5x beam expander and
projected onto a DMD. The optical images were created by the DMD and focused onto the
thermoplasmonic substrate for optical heating. The size of the beam was reduced by 200
times after being relayed by a 1000 mm doublet lens, a 200 mm doublet lens, an infinity-
corrected tube lens and a 40x objective (Nikon, NA 0.75) in a Nikon inverted microscope.
For /in-situ spectroscopy in Fig. 3, the DMD was removed from the optics and a 100x oil
objective (Nikon, NA 0.5-1.3) was used to focus the laser beam and to record the scattering
signal. An oil condenser (NA 1.43-1.20) was used to focus the incident white light onto the
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sample from the top. Trapping and spectroscopy of AuNTs and AuNRs in Figs. 3d and e
were achieved with the 532 nm laser. For the single-particle scattering spectra of both
AgNSs and AuNSs (Figs. 3b and c), the particles were trapped by a 660 nm laser (without
DMD), with a 650 nm shortpass filter inserted between the objective and the spectrometer to
block the laser beam. For the imaging of parallel trapping of both AgNSs and AuNTSs in Fig.
4, an air condenser (NA 0.95-0.8) was used to focus the white light. A linear visible
polarizer (Thorlabs) was inserted between the white light source and the condenser to
control the incident light polarization for the dark-field imaging of AgNWs.

In-situ spectroscopy

The scattering signal from the trapped metal nanoparticles was directed to a two-
dimensional detector in a spectrometer (Andor). Either the 500 nm grating or 860 nm grating
was used for detection, depending on the spectral location of the trapped particles. Reference
spectra were recorded when the trapped particles were released from the laser spots and the
laser was on. The reference spectra were subtracted to get the scattering signal of the trapped
particles. The spectra were finally normalized with the light source spectra.

Computational fluid dynamic simulations

The finite elements method (COMSOL Multiphysics) was used to simulate both the
temperature gradient distribution and temperature distribution around the laser beam focused
at the substrate-solution interface. A two-dimensional axisymmetric model comprised of a
glass substrate, an Au thin film, and solvent was built. Both the pre-defined conjugate heat
transfer and laminar flow models were used to include the heat transfer in solids and fluids.
A Gaussian-distributed heating source was placed at the substrate-solution interface to
model the optical heating from the laser beam. Room temperature was set at all other
boundaries.

Finite-difference time-domain (FDTD) simulations

We simulated the electromagnetic field enhancement distribution and the scattering spectra
of plasmonic nanoparticles using FDTD methods (Lumerical FDTD). A refractive index of
1.33 was set for the water environment. A mesh size of 1 nm was applied to define the metal
nanoparticles. The electric field distribution was recorded by excitation at the resonant
wavelength of the LSPs.

Quantifying trapping stiffness

Measurements to quantify the trapping stiffness of trapped AuNSs and AgNSs at varying
CTAC concentrations were performed on a previously described custom-built photonic force
microscope3®. In brief, the beam of a 1064 nm laser (Mephisto 500 mW, Coherent, CA,
USA) at very low power was expanded and focused through a water immersion objective
lens (UPlanSApo 60xW, Olympus, Tokyo, Japan) into the sample chamber. An additional
671 nm laser (Laserglow, Toronto, ON, Canada) was also expanded and coupled into the
sample via steering mirrors (Cambridge Technology, Bedford, MA, USA) and the same
objective lens. The latter was used to achieve trapping at a power of 0.4 mW, while the near-
infrared laser with a low power of 25 puW was used to track the confined Brownian motion of
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the particle, via back-focal plane interferometry. Briefly, forward scattered light from the
nanosphere, together with unscattered light of the tracking beam was collected by a
condenser lens and projected onto a quadrant photodiode (G6849, Hamamatsu Corporation,
NJ, USA), where the two waves interfered. The voltage outputs of the diode's quadrants
were amplified by custom-built low noise differential amplifiers (SA500, Oeffner MSR,
Plankstadt, Germany) and recorded at 1 MHz bandwidth and 100 kHz sampling frequency.
To find the trapping stiffness, we calculated the autocorrelation time z for 2-5 second time
traces, which together with the drag coefficient y, given by the viscosity of the CTAC
solution, and an estimate of the bead's distance to the lower substrate, is related to the

trapping stiffness k= -1-40,
>y Tx,y

Data availability

The data that support the plots within this paper and other findings of this study are available
from the corresponding author upon reasonable request.
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Figure 1. Working principle of OTENT
a, Surface charge modification of a metal nanoparticle by CTAC adsorption. b, Formation of

CTAC micelles. ¢, Schematic view of a Cl- ion. d, Dispersion of a single metal particle and
multiple ions in the solution without optical heating. e, Thermophoretic migration of the ions
under optical heating. f, Steady ionic distribution under optical heating generates a
thermoelectric field £ for trapping the metal nanoparticle. The repulsive electric field &
arises from the positive charge of the thermoplasmoic substrate and balances £t. g,
Simulated in-plane temperature gradient and direction of the corresponding trapping force.
h, Simulated out-of-plane temperature gradient and direction of the corresponding trapping
force. The incident laser beam in (e-h) has a diameter of 2 um and an optical power of 0.216
mW. The green arrows in (g, h) show the direction of the trapping force.
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Figure 2. Single-nanoparticle trapping and manipulation
Schematic illustration and successive optical images showing a, trapping b, dynamic

manipulation, and c, release of a single 100 nm AgNS. The grey disks and the red disks
mean that the laser is turned on or turned off, respectively. The grey lines show the
manipulation trajectory of the trapped AgNS. Measured trapping stiffness of single d, 100
nm AgNSs and e, 100 nm AuNSs as a function of CTAC concentration. xyand x, are the
trapping stiffness along x and yaxis, respectively. The error bars show the deviation in
multiple measurements with different particles. f, Trapping potential and g, trapping force of
a single 100 nm AgNS at CTAC concentration of 20 mM. The laser has a wavelength of 671
nm and an optical power of 0.4 mW in d-g. Scale bars: 10 um (a, ¢) and 20um (b).
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Figure 3. In-situ optical spectroscopy of different metal nanoparticlestrapped via OTENT
a, Optical setup of OTENT with /n-situ dark-field optical imaging and spectroscopy. Dark-

field optical images, experimental and simulated scattering spectra, and electric field profiles
of single AgNSs b, with diameters of 70, 90 and 100 nm; single AuNSs c, with diameters of
80, 90 and 100 nm; single AuNTSs d, with side lengths of 60 and 140 nm; single AuNRs ¢,
with lengths of 50-60 and diameters of 19-25 nm and corresponding absorption peaks at
around 650 nm (top panel); with lengths of 63-73 nm and diameters of 19-25 nm and
corresponding absorption peaks at around 700 nm (bottom panel). The solid and dashed
curves represent experimental and simulated scattering spectra, respectively. The grey
rectangles represent the peak distributions recorded in multiple experiments. Scale bars: 2

gm.
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Figure 4. Parallel and multipletrapping via OTENT
Parallel trapping of &, six 100 nm AgNSs into a circular pattern, and b, six 140 nm AuNTSs

into a triangular pattern. c, Interaction forces between two trapped nanoparticles. d,
Calculated interaction potential between two AuNSs at different CTAC concentrations.
Scattering spectra of a single AuNS (top) and two AuNSs (bottom) in e, 1 mM and f, 20 mM
CTAC solution. g, Simulated scattering spectra of a single AuNS (top) and two AuNSs
(bottom) in 20 mM CTAC solution. The red and green dashed curve represent the
longitudinal and transverse plasmon mode, respectively (f and g). Trapping dynamics of h, a
single AUNS and i, multiple AuNSs in 1 mM CTAC solution. The grey rectangles represent
the peak distributions recorded in multiple experiments. The particle diameter is 100 nm in
d-i. Scale bars: 5um (a, b) and 2 pm (f).

Nat Photonics. Author manuscript; available in PMC 2018 September 26.



	Abstract
	Working Principle
	Single-Nanoparticle Trapping and Manipulation
	In-Situ Optical Spectroscopy
	Parallel and Multiple Trapping
	Conclusions
	Methods
	Materials preparation
	Optical setup
	In-situ spectroscopy
	Computational fluid dynamic simulations
	Finite-difference time-domain (FDTD) simulations
	Quantifying trapping stiffness
	Data availability

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

