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APPLIED SCIENCES AND ENGINEERING

Opto-refrigerative tweezers

Jingang Li', Zhihan Chen’, Yaoran Liu?, Pavana Siddhartha KoIIiparas, Yichao Feng4,

Zhenglong Zhang®, Yuebing Zheng'>3*

Optical tweezers offer revolutionary opportunities for both fundamental and applied research in materials science,
biology, and medical engineering. However, the requirement of a strongly focused and high-intensity laser beam
results in potential photon-induced and thermal damages to target objects, including nanoparticles, cells, and
biomolecules. Here, we report a new type of light-based tweezers, termed opto-refrigerative tweezers, which exploit
solid-state optical refrigeration and thermophoresis to trap particles and molecules at the laser-generated cold

Copyright © 2021

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

region. While laser refrigeration can avoid photothermal heating, the use of a weakly focused laser beam can
further reduce the photodamages to the target object. This novel and noninvasive optical tweezing technique
will bring new possibilities in the optical control of nanomaterials and biomolecules for essential applications in

nanotechnology, photonics, and life science.

INTRODUCTION

Optical tweezers were extensively applied to trap and manipulate
colloidal particles and biological objects (1, 2). The invention of
optical tweezers has stimulated notable advances in nanotechnology
(3, 4), physics (5-7), and biological science (8, 9). Despite this far-
reaching progress, the diffraction limit makes it challenging to trap
nanoscale objects using optical tweezers (10). Thus, a tightly focused
laser beam with high optical intensity is usually required, which may
cause photodamages and photothermal degradation to nanoparticles
and biological samples (11-13).

A variety of strategies and techniques were proposed to overcome
these limitations. Near-field optical nanotweezers exploit strong
plasmon-enhanced optical forces to accurately trap nanoparticles and
molecules at metallic nanoantennas (14, 15) or plasmonic nano-
apertures (16) with reduced optical power. However, the localized
near-field enhancement may lead to strong plasmonic heating and
limit the capability for dynamic manipulation. Alternatively, indirect
optomechanical coupling under a light-controlled electric field or
temperature field has been harnessed to manipulate particles and cells
with low optical intensity and increased flexibility (17-19). However,
the potential photothermal damages still exist, which may hinder
their implementation in the research that involves fragile nano-
materials and thermosensitive biological specimens. Lately, Ndukaife
and coworkers (20) reported opto-thermo-electrohydrodynamic
tweezers to trap and manipulate sub-10-nm objects away from the
laser beam to avoid phototoxicity and thermal stress.

RESULTS

Here, we develop opto-refrigerative tweezers (ORTs) to dynamically
manipulate objects at a laser-generated cold spot enabled by optical
refrigeration and thermophoresis synergy. The localized laser cool-
ing of the substrate generates a nonuniform temperature gradient
field in the solution, in which colloidal particles and molecules can
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be trapped at the low-temperature region (i.e., the laser spot) via
thermophoresis (Fig. 1A). A low temperature at the trapping loca-
tion eliminates photothermal damages. In addition, the general
thermophobic nature permits the trapping of various colloids and
biomolecules in liquid media by ORT. Localized laser cooling in liquid
media was realized with ytterbium-doped yttrium lithium fluoride
(Yb:YLF) crystals and a 1020-nm laser (see figs. S1 and S2 and the
Supplementary Materials) (21, 22). The optical refrigeration of Yb-
doped crystals is realized by anti-Stokes fluorescence (23-25). Briefly,
the excitation at 1020 nm is matched with the E4-E5 transition in
Yb®* and results in photon emission at shorter wavelengths, which
leads to the internal cooling of the nanocrystals (fig. S3).

A quasi-continuous Yb:YLF layer was prepared as the substrate
for the laser refrigeration and opto-refrigerative trapping experiments
(fig. S4). Figure 1B shows the temperature distribution at the
substrate-liquid interface under laser cooling in situ measured by a
thermal camera. A localized decrease of ~7.5 K in temperature was
instantly observed at the laser beam center with an irradiation in-
tensity of 25.8 mW um . The simulated out-of-plane temperature
distribution also revealed a confined colder region at the laser spot
(Fig. 1C), indicating that a temperature gradient pointing outward
from the laser beam was built in a three-dimensional way. The
corresponding temperature gradient mapping is shown in Fig. 1D,
where a high gradient of >1 x 10" K m™" was obtained at the periphery
of the laser beam center. The optical refrigeration was further con-
firmed by measuring the upconversion emission from Yb/Er codoped
YLF nanocrystals (fig. S5) (26). The power-dependent laser cooling
of the substrate is shown in Fig. 1E. With an increasing incident
intensity from 20 to 41 mW um 2 a temperature decrease of ~6 to
10 K was observed, and the temperature gradient increased from 0.6
to 1.4 x 10" K m™" (figs. S6 to S8). Under such a strong temperature
gradient field VT, colloidal particles or molecules experience a
thermodiffusive drift velocity vy = -DStVT (27, 28), where D and
St are the diffusion coefficient and Soret coefficient, respectively. In
general, most particles and molecules exhibit a thermophobic be-
havior with a positive St, which will migrate toward the colder
region in a temperature gradient (29, 30). In our case, thermophoresis
drives particles and molecules to the laser-generated cold spot and
traps them at the laser beam center. The effective thermophoretic
trapping force in a solution can be written as Fy = yvr = —kgTStV T,
where vy is the friction coefficient and related to the Boltzmann
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Fig. 1. Working principle of ORT. (A) Schematic of the localized laser cooling of Yb:YLF substrate and the thermophoretic trapping of particles at the cold spot. (B) Measured
in-plane temperature distribution at the solution-substrate interface under a laser intensity of 25.8 mW um™2. (C) Simulated out-of-plane temperature distribution based
on the temperature profile crossing the laser beam center in (B). (D) In-plane temperature gradient mapping corresponding to (B). (E) Power-dependent laser cooling. The
average temperature drops at the laser beam center, and the peripheral temperature gradient values were plotted. (F) The effective thermophoretic trapping force and
the trapping potential along the white dashed line in (D). A Soret coefficient of 4 K™ was used. The position of the laser beam center was set to be 0. Scale bars, 10 um.

constant kg by Stokes-Einstein relation yD = kgT (31). For a typical
Soret coefficient of ~4 K™! for colloidal nanoparticles (30, 32), a
maximum trapping force of ~200 fN and a trapping potential of
~45 kgT were obtained (Fig. 1F), indicating that stable trapping of
nanoparticles can be achieved.

We used 200-nm fluorescent polystyrene (PS) nanoparticles to
demonstrate the capability of ORT for single-particle trapping and
manipulation. Heavy water (D,0) was used as the liquid medium
for ORT due to its low light absorption at 1020 nm (21). In addition,
laser refrigeration of Yb:YLF can be extended to other media, such
as H,O (fig. S9). Figure 2A shows the attraction, trapping, and sub-
sequent release of a PS nanoparticle. Compared with optical tweezers
and plasmonic tweezers, trapping in a temperature gradient field has
the advantage of a long working range (Fig. 1B) to effectively trap
nanoparticles at a distance of more than 10 pm away from the laser
beam. Figure 2B shows the dynamic transport of a trapped particle
on the Yb:YLF substrate (see movie S1 for the trapping and manip-
ulation). Note that optical force is much smaller than thermophoretic
force in our trapping experiments (fig. S10). In addition, when the
laser was moved away from the Yb:YLF substrate to the glass, the
trapped nanoparticle was immediately released (movie S2 and
fig. S11), indicating that thermophoretic force enabled by optical
refrigeration is the main driving force in ORT.

To assess the trapping stability of ORT, we measured the trap-
ping stiffness by tracking the trajectories of a trapped 200-nm PS
nanoparticle (Fig. 2C). With the increase of optical intensity, the
trapped nanoparticle became more confined to the laser beam center
(fig. S12). We fitted the histograms of the particle displacement
(Fig. 2D) with a Gaussian function to obtain the variance ¢ and
extracted the trapping stiffness k Zk—BzT (33). A high trapping stiff-
ness of 0.5 to 4 pN um™' was obtained, corresponding to a laser
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intensity of 20 to 41 mW pm™>, which is consistent with the values
calculated from temperature mapping (Fig. 2E). Our trapping stiffness
is comparable with near-field trapping of a 200-nm PS nanoparticle
on plasmonic nanodimers (10), while our optical intensity is one
order of magnitude lower. We note that the theoretical trapping
stiffness based on the temperature gradient profiles is slightly smaller
than the experimental results extracted from the particle tracking;
this discrepancy is probably caused by the limited spatial resolution
in the temperature measurement.

Besides providing a general platform to trap nanoparticles and
molecules with thermophobic nature based on thermophoresis, ORT
stands out for research in colloidal sciences and biology due to the
capability to trap and manipulate objects with low damages. Compared
to optical tweezers, ORT relies on a temperature gradient field to trap
the target objects. Therefore, a weakly focused laser beam [numerical
aperture (NA) = 0.5 to 0.7] with lower intensity was used to remark-
ably reduce the photodamages. Meanwhile, the intrinsic feature of
trapping objects at the cold region avoids the common photothermal
heating and the resultant thermal degradation in other optical tweez-
ing platforms. As a demonstration, we compared the quenching of
a 200-nm fluorescent PS nanoparticle trapped by ORT and optical
tweezers (Fig. 3A). The same 1020-nm laser was used in both ORT
and optical tweezers for the trapping experiments. For conventional
optical tweezers, the PS particle exhibited a marked drop in the fluo-
rescence intensity, while the PS particle trapped by ORT only showed
a slight decrease (Fig. 3B). The fluorescence intensity decreased to
~65% for optical tweezers and remained at >90% for ORT (Fig. 3C).
This enhanced stability of trapped objects is attributed to the sup-
pression of both photobleaching and thermal bleaching in ORT (34).

In addition to dye-doped nanoparticles, most biomolecules are
sensitive to environmental temperature. For example, many proteins
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Fig. 2. Trapping and manipulating single nanoparticles with ORT. (A) Trapping and releasing a 200-nm PS nanoparticle. (B) Dynamic manipulation of a 200-nm PS

nanoparticle. The white arrows indicate the position and the trajectory of the particle, respectively. Laser intensity of ~25 mW um™

2, (C) A typical position distribution of

a 200-nm PS nanoparticle trapped by ORT with an optical intensity of 20 mW pm™2 (D) Histogram of particle displacement (x direction) corresponding to (C). (E) Power-
dependent trapping stiffness of a 200-nm PS nanoparticle trapped by ORT. Both experimental trapping stiffness from particle tracking and theoretical trapping stiffness

from temperature mapping are plotted. Scale bars, 5 um.

and RNA molecules are subject to thermal degradation at high or
even ambient temperature (35, 36). Therefore, ORT offers the new
possibility to trap these biomolecules and simultaneously cool down
their environmental temperature (AT > 10 K), which substantially
enhances the stability of thermosensitive molecules. A proof-of-
concept demonstration is presented in Fig. 3 (D and E), where fluorescein
isothiocyanate (FITC)-conjugated protein A/G was trapped and
concentrated at the laser-generated cold spot via ORT. This non-
invasive optical concentration of biomolecules is promising in studying
molecular interactions for disease diagnosis and drug development
(37, 38).

DISCUSSION

In summary, we developed ORT's through the innovative coordina-
tion of optical refrigeration and thermophoresis. It presents a new
type of optical tweezing tool that enables the trapping of objects
in the low-temperature region to avoid photothermal damages.
Since it is based on a temperature gradient field, ORT allows the

Lietal, Sci. Adv. 2021; 7 : eabh1101 25 June 2021

long-range trapping with a low-intensity and weakly focused laser
beam, which can reduce the photon degradation of target objects.

The common thermophobic nature and positive Soret coefficients
make ORT a general manipulation tool for nanoparticles and mol-
ecules of a broad range of compositions. However, note that negative
Soret coefficients can be observed in certain circumstances, where
ORT is not applicable. For instance, the presence of surfactants in
the solution can alter the thermophoretic response of colloidal par-
ticles (39). Currently, the substrate, i.e., Yb:YLF nanoparticle layer,
is prepared by a simple drop-cast method. Alternative approaches
such as doctor blade coating (40) can be applied to improve the sur-
face uniformity of the substrate. In addition, the large width of trap-
ping potential may lead to the trapping of multiple particles when
the particle concentration is high. One possible way to ensure the
capability to trap single objects is to design a narrow trapping
potential that is comparable to the size of the target particle by using
a single Yb:YLF nanocrystal as the cooling substrate.

As a newly developed technique, ORT still has several limitations
and future efforts that can be made to further enhance its strengths.
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Fig. 3. Noninvasive trapping of nanoparticles and biomolecules with ORT. (A) Optical images of a single 200-nm PS nanoparticle before and after being trapped by
optical tweezers (top) and ORT (bottom) for 1 min. (B) Time-resolved fluorescence intensity of the PS particle trapped by optical tweezers and ORT. (C) Normalized fluo-
rescence intensity changes after the PS particle was trapped for 1 min. (D) Successive optical images showing the trapping and concentration of FITC-conjugated protein
A/G. (E) Time resolve intensity at the laser spot during the concentration of FITC-conjugated protein A/G. Scale bars, 5 um.

With the capability of stable trapping, dynamic manipulation, and
noninvasive operation, ORT will serve as a powerful nanotool to open
new opportunities for many fields, including materials science,
physical chemistry, and biological science.

MATERIALS AND METHODS

Chemicals

Y(NOs3)3, Yb(NO3);, and Er(NO3); (all in 99.9%) and deuterium oxide
(D305 99.9 atom % D) were purchased from Sigma-Aldrich. Lithium
fluoride (LiF; 98.0%), ammonium fluoride (NH4F; 98.0%), and
EDTA (99.0%) were supplied by Sinopharm Chemical Reagent Co.
Ltd. Fluorescent dye-doped PS nanoparticles (with suncoast yellow
and dragon green) were purchased from Bangs Laboratories Inc.
FITC-conjugated protein A/G (FITC-protein A/G) was bought
from BioVision.

Synthesis of Yb:YLF crystals

Yb’*-doped LiYF, crystals were synthesized by a previously reported
hydrothermal method (41). In this work, 10% Yb**:LiYF, was used.
First, 0.1 ml of Yb(NO3)3 (0.5 M), 0.9 ml of Y(NO3); (0.5 M), and
0.93 g of EDTA were added in a 20.0 ml of deionized (DI) water and
stirred for 30 min to form a chelate complex solution. Then, 0.17 g
of NH4F and 0.48 g of LiF were added, and the solution was stirred
for ~20 min until it became a white liquid completely. Next, this
white liquid was transferred into a 40-ml Teflon-lined autoclave
and heated at 220°C for 48 hours. The obtained white powders were
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centrifuged and washed with DI water and ethanol three times. The
collected powders were lastly dried at 60°C for 12 hours. To synthesize
the Yb’*and Er’* codoped LiYF, crystals, Y(NO3); was replaced with
a precursor mixture containing 2% of Er(NOj3); under the same
reaction conditions.

Sample preparation

The as-synthesized Yb:YLF crystals with a length of 10 to 15 um
were transferred into a mortar and ground to fine crystals with a
size of ~1 to 2 um. The fine crystals were stored in ethanol, and the
size was check with scanning electron microscopy (SEM). Quasi-
continuous Yb:YLF substrates were prepared by drop-casting 5 ul
of Yb:YLF crystal solution on the glass, drying it under room tem-
perature, and washing it with DI water and ethanol several times.
Quasi-continuous Yb:YLF substrate with a typical size larger than
100 um was easy to be obtained for the trapping and manipulation
experiments. Reproducible quasi-continuous particle layers were
obtained by controlling the particle concentration and droplet size.
All trapping and manipulation experiments with ORT were performed
in heavy water (D,0); control experiments with conventional opti-
cal tweezers were conducted in DI water with the same setup, except
that a high NA of 1 to 1.3 was used to create enough trapping forces
for the nanoparticles.

Characterizations
The crystal structure was characterized by a D/Max2550VB+/PC
x-ray diffraction meter. The morphology, size, and composition were
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measured with an SEM (FEI Quanta FEG 650 SEM). The photo-
luminescence spectra from the nanocrystals were measured with a
spectrometer from Andor Technology. The integrated emission in
fig. S5 was obtained by calculating the integration area of the photo-
luminescence spectra by an Origin software.

Temperature measurement

The in situ and real-time microscale temperature profiles were mea-
sured with a thermal camera (SID4-HR, Phasics) and a temperature
imaging by quadriwave shearing interferometry technique. A refer-
ence temperature mapping was first recorded when the laser is off.
Then, the temperature mapping data were measured immediately
after the laser is turned on. Twenty images were taken to obtain the
average temperature mapping profile in one measurement to reduce
the noise. SIDFTHERMO software (Phasics) was used to record and
analyze the temperature profiles. A MATLAB code was further
applied to smooth the temperature mapping to remove the noise.

Numerical simulations

The temperature profiles were simulated using COMSOL based on
the measured temperature profiles and the thermal conductivity of
heavy water. The outer boundary was set at the room temperature.
Optical forces were simulated using the finite-difference time-
domain method (Lumerical). The mesh size was set to 2 nm for
nanoparticles.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/26/eabh1101/DC1
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