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Abstract

Light-based manipulation of colloidal particles holds great promise in fabrication of functional 

devices. Construction of complex colloidal superstructures using traditional optical tweezers is 

limited by high operation power and strong heating effect. Herein, we demonstrate low-power 

opto-thermophoretic manipulation and construction of colloidal superstructures in photocurable 

hydrogels. By introducing cationic surfactants into a hydrogel solution under a light-directed 

temperature field, we create both thermoelectric fields and depletion attraction forces to control 

the suspended colloidal particles. The particles of various sizes and compositions are thus trapped 

and organized into various superstructures. Furthermore, the colloidal superstructures are 

immobilized and patterned onto solid-state substrates through UV-induced photopolymerization of 

the hydrogel. Our opto-thermophoretic technique will open up avenues for bottom-up assembly of 

colloidal materials and devices.
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Precise patterning of micro- and nanostructures with complex geometries and configurations 

is essential for fabrication of functional materials and devices.1–3 Bottom-up assembly 

techniques through immobilization and patterning of colloidal particles with precise control 

of location, spacing, and orientation are particularly promising for the development of 

functional materials and devices.4–7 First, colloidal particles as building blocks exhibit 

precisely tailorable properties down to atomic scale.8 Second, high-quality crystallinity of 

colloidal particles from chemical synthesis is retained in the assembly process.9 Third, 

assembly of colloidal particles into colloidal matter with precise geometric control will 

induce collective behaviors beyond what occurs in individual particles.10,11

A wide range of techniques have been used to build colloidal superstructures and materials. 

As a widely applied technique, self-assembly autonomously builds colloidal particles into 

patterns, which is however often limited to thermodynamically stable colloidal structures.12 

DNA-guided assembly has also been extensively explored to construct programmable 

particle superlattices, periodic arrays, and asymmetric clusters.13–16 In particular, the DNA 

origami technique can create plasmonic nanostructures with precise geometry and position, 

which can be used for enhanced Raman spectroscopy17,18 and tunable chiral structures.19,20

Optical forces have been explored to pattern colloidal particles into arbitrary superstructures.
21–31 One strategy is to trap and assemble particles into superstructures with optical tweezers 

and to immobilize the assembled superstructures through van der Waals forces24,25 or 

chemical linkages such as photopolymerization.21,23 Conventional optical tweezers require 

high power, which may cause irreversible photodamage to the colloidal particles.32 Optical 

printing based on plasmon-enhanced optical radiation force is a low-power technique for 

precise patterning of plasmonic nanoparticles; however, plasmonic heating of already fixed 

nanoparticles prevents the assembly of particle dimers and clusters in near-field coupling 

regime.26,27,30 To overcome this heating obstacle, Stefani’s group proposed the use of laser 

beam that is off-resonance to the plasmon peak wavelength of the printed particles30 or the 

use of substrates with high thermal conductivity.31 Despite all the research efforts, the low-

power and versatile optical assembly of colloidal superstructures still remains elusive.

Thermophoresis, which is directed migration of suspended particles under external 

temperature gradients, has been extensively studied for manipulation of colloidal particles.
33–41 Light-controlled thermophoresis has been judiciously harnessed for low-power optical 

manipulation of dielectric particles,42,43 plasmonic nanoparticles,44 and biological cells.45 

However, most of opto-thermophoretic techniques have been limited to particle 

manipulation in aqueous solutions with relatively simple compositions. Immobilization of 

opto-thermophoretically assembled colloidal superstructures for device applications has 

remained challenging. Herein, we achieve low-power opto-thermophoretic manipulation of 

colloidal particles in complex hydrogels and further demonstrate the all-optical construction 

of colloidal superstructures. Specifically, we exploit the micelle-mediated thermoelectric 
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field and depletion attractive force in a light-controlled temperature field for versatile 

manipulation and assembly of colloidal particles in photocurable hydrogels. Furthermore, 

through UV-induced photopolymerization of the hydrogels, we successfully immobilize the 

assembled colloidal superstructures via the polymer joint. With the low operation power, 

versatile control, and in situ polymerization-based bonding, our optothermophoretic 

manipulation in hydrogels will find applications in colloidal devices and materials science.

RESULTS AND DISCUSSION

Figure 1a,b illustrates the working principle of optothermophoretic trapping and patterning 

of a colloidal particle in a photocurable hydrogel. The colloidal particle is suspended in a 

mixture of cetyltrimethylammonium chloride (CTAC) molecules and photocurable hydrogel, 

which is sandwiched between a thermoplasmonic substrate and a glass cover slide (see the 

Materials and Methods section for the details on materials and sample preparation). Above 

its critical micelle concentration (ccmc: 0.13–0.16 mM), the cationic CTAC surfactant 

molecules self-assemble into positively charged micelles with a mean radius of 3 nm. CTAC 

molecules also adsorb on the colloidal particle surface through electrostatic and hydrophobic 

interactions, leading to a positively charged particle. The hydrogel consists of 10% 

poly(ethylene glycol) diacrylate (PEGD) 3400 polymers as the cross-linking reagent and 

0.05% Irgacure 2959 as the photoinitiator. A temperature gradient is created by irradiating a 

laser beam onto the thermoplasmonic substrate consisting of a high density of Au 

nanoparticles, where the excitation of surface plasmons leads to high light-to-heat 

conversion efficiency. The difference in Soret coefficients between CTAC micelles (also 

known as macroions) and Cl− counterions causes the ionic separation. Thus, a localized 

thermoelectric field ET is built to trap the positive particle, as shown in Figure 1a. Once the 

particle is trapped and delivered to a target location, ultraviolet (UV) light is applied to 

trigger the cross-linking reaction among dispersed PEGD chains and lock the particle onto 

the substrate, leading to the patterned or immobilized particle (Figure 1b). A real-time 

process of trapping and patterning a 1 μm polystyrene (PS) bead is shown in Figure 1c and 

the Supporting Information, Video S1. We have also achieved parallel trapping and 

patterning of arrays of 1 μm PS beads using a digital micromirror device (DMD) (Figure 

S1). The optical intensity for the opto-thermophoretic trapping ranges from 0.1 to 0.5 mW/

μm2, which is about 3 orders of magnitude lower than that of optical tweezers.23,46 With a 

typical power intensity of 0.2 mW/μm2, particles can be effectively delivered to the trapping 

center within a surrounding region of 10 μm in radius.44

CTAC surfactant is critical to the low-power opto-thermophoretic manipulation. Meanwhile, 

the PEGD polymers, the main constituents of the hydrogels, also undergo thermophoresis, 

which may affect the migration behaviors of colloidal particles in the hydrogel solution. It 

has been reported that depletion of polymers can lead to accumulation of colloidal particles 

at the thermal hot spot in colloid−polymer mixtures.47 To evaluate the contributions of the 

PEGD polymers and CTAC micelles to the trapping of colloidal particles, we studied the 

trapping kinetics of a single 500 nm PS sphere under a light-controlled temperature field in a 

pure hydrogel solution (Figure 2a,b) and a hydrogel solution of 10 mM CTAC (Figure 2c,d), 

respectively. Both solutions were confined in a 20 μm thin chamber to suppress the thermal 

convection and to rule out the thermofluidic effect on the colloidal dynamics.48 The real-
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time trajectories of colloidal particles under the temperature field were recorded with a fast 

CCD camera. Under a temperature gradient ∇T with a magnitude of ~10 K/μm,44 the 500 

nm PS bead in the pure hydrogel solution underwent Brownian motion without significant 

confinement by the laser spot, as shown in Figure 2b (also see the Supporting Information, 

Video S2). It implies the depletion force arising from the 10% PEGD polymers was too 

weak to overcome the Brownian motion of the particle for its stable trapping.

In contrast, the PS bead was stably trapped in the hydrogel solution with 10 mM CTAC, as 

shown in Figure 2d (also see the Supporting Information, Video S2). It should be noted that 

the temperature gradient ∇T is barely changed when introducing the CTAC into the hydrogel 

solution, for ∇T is determined by the heat transfer between the Au substrate and the 

hydrogel solution. Under the temperature gradient ∇T (~10 K/μm), both the CTAC micelles 

and Cl− ions migrate from the hot to cold region with a drift velocity given by u = DT∇T, 

where DT is the thermophoretic mobility. When it comes to steady state, a concentration 

gradient forms in the temperature field, i.e., ∇c = −STc∇T, where c is the micelle or ion 

concentration, and ST = DT/D (D is the diffusion coefficient) is the corresponding Soret 

coefficient. Due to a much larger Soret coefficient of the CTAC micelles (~10−2 K−1) than 

that of the Cl− ions (~7.18 × 10−4 K−1), the spatially redistributed CTAC micelles and Cl− 

ions generate the thermoelectric field ET that directs the positively charged PS beads along 

the temperature gradient, i.e., from the cold to hot region. Trapping of the beads is achieved 

at the laser spot with the balanced thermoelectric force and repulsive electro-static force 

from the substrate. The substrate is also positively charged due to the coating of CTAC 

double layers.49 To estimate the trapping stability, we conducted Gaussian fitting for the 

histogram of the particle displacements, which gives a variance σ of ~15 nm in both the x 

and y directions, corresponding to a trapping stiffness κ of ~37 pN/μm κ =
2kBT

σ2 . To 

generate the same trapping stiffness for a 500 nm PS sphere, optical tweezers typically 

require a power of ~100 mW,23,46 which is 3 orders of magnitude higher than the working 

power (0.23 mW) of our opto-thermophoretic tweezers.

Besides the opto-thermoelectric field from the thermophoretic migration of CTAC micelles 

and Cl− ions, the interaction between the CTAC surfactant and the PEGD polymers should 

also be considered for the trapping behaviors of colloidal particles. Specifically, the 

association or binding of the CTAC micelles to the PEGD polymers, which scales linearly 

with the polymer concentration,50 can significantly screen the thermo-electric field and 

increase the critical CTAC concentration for efficient opto-thermophoretic trapping. In the 

10% PEGD polymer solution, which is typically the lowest concentration for UV cross-

linking, we obtained a minimum CTAC concentration of 2 mM for trapping, which is 1 

order of magnitude higher than that in aqueous solutions without hydrogels (Figure S2). 

When the CTAC concentration increases from 2 to 20 mM, the association effect becomes 

saturated, and the amount of free-form CTAC micelles increases linearly. It should be noted 

that the thermophoresis of CTAC micelles also introduces a depletion force between the 

particle and the substrate, which improves the trapping stiffness at high CTAC concentration. 

To verify our hypothesis, we measured the trapping stiffness of single 500 nm PS beads as a 

function of CTAC concentration from 2 to 20 mM (Figure 2e). The trapping stiffness 
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increases rapidly with the CTAC concentration in the range 2−10 mM because of the 

enhanced particle−substrate depletion attraction and becomes relatively constant in the range 

10−20 mM. The trapping stiffness at 20 mM CTAC is improved by 1 order of magnitude 

because of the dominant depletion force.44

It is essential for a fabrication technique to pattern colloidal particles of various sizes and 

compositions while retaining their intrinsic physical properties. We have further integrated a 

high-performance spectrometer into our tweezers to carry out in situ dark-field optical 

spectroscopy of the patterned particles, which include high-refractive-index silicon 

nanospheres (SiNSs) and plasmonic gold nanospheres (AuNSs). Figure 3a shows the 

scattering spectra of a single 300 nm SiNS trapped in the hydrogel near the substrate (blue 

curve) and patterned onto the substrate after UV-induced cross-linking of the hydrogel (red 

curve). Two scattering peaks emerge at 675 and 765 nm, which correspond to the electric 

quadrupole and magnetic quadrupole due to Mie resonance of the SiNS, respectively.51 No 

obvious change in the spectra of a 300 nm SiNS (Figure 3a) and a 500 nm SiNS (Figure S3) 

after the patterning indicates the cross-linking process does not change the surroundings’ 

refractive index or the particles themselves. We have further demonstrated the patterning of 

100 nm AuNS dimers that support the near-field coupling. As shown in Figure 3b, the 

scattering peak (580 ± 10 nm) of a single AuNS splits into two peaks when two AuNSs are 

trapped and patterned in a hydrogel solution of 20 mM CTAC. Our finite-difference time-

domain (FDTD) simulation reveals that the two peaks correspond to a longitudinal mode 

(636 nm) and a transverse mode (570 nm) of the coupled AuNS dimer with a gap of ~30 nm 

(see Figure S4a). Repeated measurements of various AuNS dimers show that the 

longitudinal mode spans the range 636 ± 10 nm, which represents a gap distance of 25−50 

nm (see Figure S4b). The capability of patterning nanoparticles at the near-field coupling 

distance enables the construction of complex architectures with emerging properties.

We have applied the opto-thermophoretic manipulation and patterning to build diverse 

colloidal superstructures with colloidal particles of various sizes, dimensions and 

compositions. The interparticle depletion attraction interaction acts as the major “bonding” 

force to assemble the superstructures in hydrogels,42 which are further immobilized via 

photopolymerization. Figure 4a–c shows two-dimensional (2D) close-packed colloidal 

superstructures of 1, 2, and 5 μm PS spheres, respectively. It is worth noting that the as-built 

superstructures remained intact even after the samples were rinsed and dried. The scanning 

electron micrograph in Figure 4c shows the superstructure was joined by photocured 

hydrogels. Figure 4d shows a one-dimensional (1D) chain of 2 μm PS spheres. Figure 4e 

shows a 2D Saturn-ring structure consisting of a 5 μm PS sphere surrounded by eight 2 μm 

PS spheres. By further incorporating optical scattering force into the opto-thermophoretic 

system, we achieve out-of-plane manipulations to build three-dimensional (3D) 

superstructures. As an example, we show a 3D tetrahedron superstructure with four 2 μm PS 

spheres (Figure 4f). To demonstrate the capability of building hybrid colloidal 

superstructures with particles of different compositions and sizes, we manage to arrange two 

5 μm PS spheres and two 2 μm silica particles into two types of configurations (Figure 4g,h). 

Figure 4i,j shows that three PS spheres with different sizes are arranged into left-handed or 

right-handed chiral configurations.
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CONCLUSIONS

Exploiting micelle-mediated opto-thermoelectric fields for colloidal manipulation in 

hydrogels and UV-induced photo-polymerization of the hydrogels, we have developed an 

optothermophoretic patterning technique for versatile assembly of colloidal particles onto 

solid-state substrates. It is revealed that thermophoresis of the CTAC micelles, particle

−substrate and particle−particle depletion attraction, and the micelle− polymer bonding 

contribute to the opto-thermophoretic trapping. The trapping efficiency can be optimized by 

tuning the CTAC concentration, and a trapping stiffness of tens of pN/μm can be achieved 

for submicron colloidal particles. Using colloidal particles in a wide range of sizes and 

compositions as the building blocks, we demonstrate the assembly of complex colloidal 

superstructures with diverse configurations. Integrating in situ spectroscopic analysis into 

the opto-thermophoretic system, we can study the responses of colloidal superstructures to 

light fields. With its versatile, low-power, and noninvasive operation, the opto-

thermophoretic patterning strategy will find applications in studies of light−matter 

interactions and nanofabrication of colloidal devices.

MATERIALS AND METHODS

Materials and Sample Preparation.

Thermoplasmonic substrates were prepared by depositing Au thin films on glass coverslips 

with thermal deposition (Denton thermal evaporator; base pressure, 1 × 10−5 Torr) followed 

by thermal annealing at 550 °C for 2 h. The thermal annealing leads to the formation of 

quasicontinuous Au nanoislands. Au films of 4.5 and 6.5 nm were deposited and annealed to 

match with a 532 and 660 nm laser wavelength, respectively. PS spheres and silica spheres 

were purchased from Bangs Laboratories Inc. AuNSs were purchased from Nano Composix. 

SiNSs were synthesized with a previously reported method.51 CTAC, poly-(ethylene glycol) 

diacrylate (PEGD) 3400 polymers, and Irgacure 2959 photoinitiator were purchased from 

Chem-Impex, Alfa Aesar, and Sigma-Aldrich, respectively. The colloidal particles were 

diluted to from 5 × 105 to 5 × 106 particles/mL and then added to hydrogel solutions 

containing 10% PEGD 3400 polymers as the cross-linking reagent, 0.05% Irgacure 2959 as 

the photoinitiator, and 2−20 mM CTAC for trapping and assembly experiments. The 

scanning electron micrographs were taken using an FEI Quanta 650 ESEM instrument.

Optical Setup.

A 532 nm diode-pumped solid-state laser (Genesis MX STM-1 W; Coherent) was expanded 

with a 5× beam expander (Thorlabs, GBE05-A) and projected onto a digital micromirror 

device (DMD). Optical patterns reflected from the DMD were focused onto the substrates by 

a 40× objective (Nikon, NA 0.75) in an inverted microscope (Nikon Ti-E). For trapping 

stiffness measurement, the DMD and related setup were removed, and a 100× oil objective 

(Nikon, NA 0.5–1.3) was used. A color CCD camera (Nikon) and a fast monochromic CCD 

camera (Andor) were used to record optical images and to measure the trapping stiffness, 

respectively. A 533 nm notch filter was inserted between the objective and the cameras to 

block the laser beam. For the trapping stiffness measurement in Figure 2, a 660 nm diode-

pumped solid-state laser (Opus 660 1.5W; Laser quantum) was expanded with a 10× beam 
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expander and focused by the 100× oil objective. A 658 nm notch filter was inserted between 

the objective and the cameras to block the laser beam.

FDTD Simulations.

Scattering spectra of metal nanoparticles were simulated using FDTD methods (Lumerical 

FDTD solutions). A refractive index of 1.52 was set for the glass substrate. A mesh size of 1 

nm was applied to define the metal nanoparticles. Frequency domain field profile monitors 

were applied to calculate the E-field distributions and the scattering spectra of particles 

embedded in water medium (n = 1.33).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Opto-thermophoretic trapping and patterning of a colloidal particle in a hydrogel solution. 

(a) Schematic illustration of trapping of a colloidal particle in a thermoelectric field induced 

by the thermophoretic separation of dispersed CTAC micelles and Cl− ions. (b) Schematic 

illustration of immobilization and patterning of the trapped colloidal particle through UV 

cross-linking. (c) Sequential optical images of trapping and patterning of a 1 μm PS sphere 

in a hydrogel solution with 20 mM CTAC. The thermoplasmonic substrate in parts a and b 

represents a quasicontinuous film consisting of a high density of Au nanoparticles. A 532 

nm laser beam with a diameter of 2 μm and an optical intensity of 0.3 mW/μm2 was used for 

opto-thermophoretic trapping. The laser beam is indicated by dashed circles in part c. Scale 

bar in part c: 2 μm.
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Figure 2. 
Effect of CTAC concentration on opto-thermophoretic trapping of colloidal particles. (a) 

Schematic illustration and (b) time trace of a 500 nm PS sphere under an optically controlled 

temperature field in a pure hydrogel solution. (c) Schematic illustration and (d) time trace of 

a 500 nm PS sphere under an optically controlled temperature field in a hydrogel solution 

with 10 mM CTAC. (e) Trapping stiffness for 500 nm PS spheres as a function of CTAC 

concentration. κx and κy are the trapping stiffness in the x and y directions, respectively. The 

error bars represent the deviation in five measurements with different particles. A (a–d) 20 

μm and (e) 120 μm thick spacer were used to confine the solutions between a Au substrate 

and a coverslip, respectively. A 660 nm laser beam with a diameter of 943 nm and an optical 

power of 0.23 mW was irradiated onto the Au substrate.
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Figure 3. 
Optical spectroscopy of trapped and patterned nanoparticles in hydrogel solutions. (a) Dark-

field scattering spectra of a 300 nm SiNS before and after cross-linking. (b) Dark-field 

scattering spectra of a single AuNS (bottom) and two AuNSs as a dimer (top) after cross-

linking. The insets show the schematic illustrations and dark-field optical images for each 

curve after cross-linking. A 532 nm laser beam with a diameter of ~520 nm and a power 

intensity of 0.2 mW/μm2 was used to trap the particles in a hydrogel solution of 20 mM 

CTAC. Scale bars in the insets of parts a and b: 1 μm.
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Figure 4. 
Opto-thermophoretic assembly and immobilization of various colloidal superstructures in 

hydrogel solutions. Assembly of (a) 1, (b) 2, and (c) 5 μm PS spheres into 2D close-packed 

superstructures. (d) 1D assembly of 2 μm PS spheres. (e) 2D hybrid assembly of a Saturn-

ring superstructure with a 5 μm PS sphere and eight 2 μm PS spheres. (f) 3D assembly of a 

close-packed tetrahedron superstructure with four 2 μm PS spheres. (g) 2D hybrid assembly 

of a 5 μm PS sphere surrounded with four 2 μm silica spheres. (h) 2D hybrid assembly of 

two 5 μm PS spheres and two 2 μm silica spheres. (i, j) 2D hybrid assembly of a 1, 2, and 5 

μm PS sphere into two close-packed superstructures with an opposite chirality. The pink 

images are the corresponding optical microscopy images. The inset in part c shows the 

scanning electron micrograph of the corresponding superstructure after cross-linking of the 

hydrogel. All the colloidal superstructures were assembled in hydrogel solutions of 20 mM 

CTAC and patterned via UV-induced cross-linking. For assembly, 20 mM is an optimized 

concentration for strong depletion attraction between the assembled particles. A 532 nm 

laser beam with a diameter of 2 μm was used for assembly. Scale bars: 5 μm.
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