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ABSTRACT
Optical tweezers that rely on laser irradiation to capture and manipulate nanoparticles have provided powerful tools for biological
and biochemistry studies. However, the existence of optical diffraction-limit and the thermal damage caused by high laser power
hinder  the  wider  application  of  optical  tweezers  in  the  biological  field.  For  the  past  decade,  the  emergence  of  optothermal
tweezers has solved the above problems to a certain extent,  while the auxiliary agents used in optothermal tweezers still  limit
their biocompatibility. Here, we report a kind of nanotweezers based on the sign transformation of the thermophoresis coefficient
of  colloidal  particles  in  low-temperature  environment.  Using  a  self-made  microfluidic  refrigerator  to  reduce  the  ambient
temperature  to  around  0  °C  in  the  microfluidic  cell,  we  can  control  a  single  nanoparticle  at  lower  laser  power  without  adding
additional  agent  solute  in  the solution.  This  novel  optical  tweezering scheme has provided a  new path  for  the manipulation of
inorganic nanoparticles as well as biological particles.
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 1    Introduction
Since the invention of optical tweezers by Ashkin [1], it  has been
widely used in biological [2, 3] and colloidal manipulations [4, 5].
However,  the  existence  of  diffraction  limit  hinders  the
development  of  optical  tweezers  for  single  nanoparticle
manipulation  [6].  In  order  to  obtain  a  stable  optical  trap,  higher
laser  power  is  usually  required,  which  inevitably  induces
optothermal  effect  or  even damage  [7, 8].  Fortunately,  plasmonic
nanotweezers  that  based  on  the  hot-spots  excited  at  the
nanostructure  have  achieved  the  trapping  of  nanoparticles  at  the
nanostructure  with  low  laser  power  [9–13],  thus,  reducing  the
thermal  damage.  However,  the  nanostructure  fixed  on  the
substrate limits the long-range manipulation of nanoparticles.

Since 2013, the invention of optothermal tweezers has enabled
us  to  manipulate  particles  and  cells  in  long-range  with  lower
optothermal  damage  than  traditional  optical  tweezers  [14–22].
They  normally  used  thermophoresis  which  is  a  generalized  force
that  can  drive  suspended  particles,  micelles,  or  droplets  moving
along  the  temperature  gradient  field  [23].  In  the  optothermal
induced temperature field, the key point for building optothermal
tweezers is to obtain a suitable thermophoresis coefficient, namely,
Soret  coefficient,  which  determines  the  particles  migrating
direction  and  velocity  magnitude.  In  2017,  novel  optothermal
nanotweezers  are  developed  [19, 21, 22, 24],  just  by  adding  some
surfactants  such  as  sodium  dodecyl  sulfate  (SDS)  or
cetyltrimethylammonium  chloride  (CTAC)  to  modify  the
nanoparticle surface and building an internal thermoelectric field,

they have achieved the trapping of gold nanoparticles under lower
laser  intensity.  Lately  in  2021,  opto-refrigeration  tweezers  are
developed  via  an  optical  induced  cold  source  [25, 26],  the  cold
source was generated by an upconversion anti-Stokes fluorescence
emission  of  ytterbium-doped  yttrium  lithium  fluoride  (Yb:YLF)
crystals [27, 28].

Therefore,  the  optical  thermal  tweezers  nowadays  usually  rely
on  the  auxiliary  agents  such  as  surfactants  or  upconversion
semiconductor  materials  which  in  direct  contact  with  target
particles  to  facilitate  an  effective  trap  towards  the  heating  center.
However,  these  schemes  have  intrinsically  brought  two  major
issues. Firstly, the temperature increment above room temperature
(25  °C)  of  the  optothermal  tweezers  may  still  induce  some  side
effects to trapped particles. Secondly, the auxiliary agents, such as
normal  cation  or  anion  surfactants,  are  normally  not
biocompatible.  These  two  issues  have  greatly  hindered  the
development of optothermal tweezers.

To tackle the issues, herein, by tailing the expansion coefficient
and  hydration  entropy  of  the  solution  [23, 29],  so  as  to  obtain  a
negative  Soret  coefficient  of  the  trapped  particle,  we  have
developed  low-temperature  optothermal  nanotweezers  (LONT)
microfluidic  platform  without  adding  any  additional  auxiliary
agent. In the LONT scheme, the synergy effect of thermophoresis
and  thermo-osmotic  flows  generated  around  the  laser  heating
center  traps  the  nanoparticles.  With  the  operation  temperature
range  of  0–4  °C,  the  trapping  and  manipulating  of  polystyrene
particles and gold nanoparticles are achieved. The operation laser
power of LONT is in the range of 0.03–0.23 mW, corresponding
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to  a  minimum  optical  power  intensity  of  42.5  μW/μm2.  In
comparison, a classic optical tweezer used a 2 mW 1064 nm laser,
resulting  in  a  trapping  stiffness  (TS)  of  approximately  20  fN/μm
for a single 100 nm gold particle [30]. However, LONT is capable
of trapping 160 nm gold particles with a similar trapping stiffness
while the laser power intensity is 1–2 orders of magnitude lower.
The  low  operating  temperature  and  power  intensity  have  made
this strategy a great candidate for handling biological samples. We
believe that  with further  development,  the LONT scheme can be
potentially  used  in  more  applications  in  the  field  of
nanotechnology and biochemistry.

 2    Results and discussion
u

u=−DT∇T

c= c0exp(−STT) ST = DT/D

In  general,  the  thermophoresis  velocity  of  particles  can  be
described by  [31], where DT is the thermal diffusion
coefficient.  In  the  case  of  steady  state,  the  thermal  diffusion  of
particles in the solvent is balanced by the ordinary diffusion. The
concentration  of  particles  in  the  microfluidic  cell  is  expressed  as

 ( , ST is  the  same  sign  as DT)  [32],
which  depends  on  the  temperature  difference  between  the  laser
focused  region  and  the  ambient  region  and  its  own  Soret
coefficient ST.  Soret  coefficient  is  susceptible  to  quite  a  lot  of
ambient  parameters  such  as  pH  value,  ambient  temperature,
particle surface charge, and size [23, 33]. A positive ST means that
the  particles  will  be  driven  towards  the  cooler  region,  while  a
negative one means that the particles will be attracted to the hotter
region, i.e., thermophilic. Generally, colloidal nanoparticles have a
positive ST [14, 25],  i.e.,  they  are  normally  thermophobic.
Therefore,  the  traditional  optothermal  tweezers  usually  use
additional  surfactants,  such  as  CTAC  and  SDS,  to  modify  the
surface  of  the  target  nanoparticles  towards  a  thermophilic
behavior  [19, 22, 24],  i.e.,  forming  a  negative ST,  which  would

drive the particle towards the hotter center. Others also used an up-
conversion material  via  optical  refrigeration to build temperature
field  with  a  cooler  center  [25, 26].  Therefore,  nanoparticles  with
positive ST can be trapped at the laser focusing center.

To  build  an  optothermal  tweezering  scheme  with  better
biocompatibility that is free from these auxiliary agents, we started
to find other ways to turn the targeted nanoparticle thermophilic.
Fortunately, we noticed that a decreasing ambient temperature of
the flow cell can reverse the sign of ST or DT, so that particles can
be  trapped  at  the  heat  source  center  via  laser  irradiation.
Furthermore, for uncharged or weakly charged particles, the non-
uniform  solvent  caused  by  the  temperature  gradient  field  will
make  the  particles  obtain  the  following  thermal  diffusion
coefficient [23]

DT =
2βH
9πηd0

(1)

where β is the expansion coefficient of solvent, H is the Hamaker
coefficient  [34], η is  the  viscosity  of  solvent,  and d0 is  the  cut-off
parameter.  It  can  be  seen  from  Eq.  (1)  that  the  positive  and
negative  sign  of ST depend  on  the  expansion  coefficient  (β)  of
solvent.

In  general,  a  solvent  is  expanded  upon  heated,  therefore,
particles  normally  experience  a  positive ST that  keeps  them away
from  the  hotter  side.  However,  water  below  4  °C  has  a  negative
expansion coefficient β, which means that at this low-temperature
environment  condition,  the DT will  become  negative  and  it  can
drive the nanoparticles towards the laser heating center.

Based on the above analysis, we designed a microfluidic device
composed  of  an  optical  tweezering  system  and  a  microfluidic
refrigerator  above  the  microfluidic  cell  shown  in Figs.  1(a) and
1(b). By filling the ice-water mixture into the refrigerant chamber
on  the  top  of  the  microfluidic  chamber  together  with  a  copper

 

Figure 1    Schematic of the low-temperature optothermal nanotweezers. (a) The device is composed of the optical heating generating part and the refrigerant chamber
above the microfluidic cell. The 785 nm laser is expanded and reflected by short wavelength pass BS before focusing at the Au film. And a bright-field microscopy and
CMOS device are used for the observation. (b) The refrigerant chamber above the microfluidic cell consists of a copper refrigeration plate and a plastic support frame.
The copper refrigeration plate is connected with a low-temperature controller and a peristaltic pump is adopted for the cycling of the RF inside the copper refrigeration
plate, and they are attached on the top of a glass slide (76 mm × 26 mm). (c) The simulated in-plane temperature distributions around the laser center (0.0) at the laser
power of 0.067 mW. (d) Maximum temperature around the laser center versus the incident laser power.
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made refrigeration plate with refrigerant fluid (RF) circling inside,
the ambient solution temperature in the microfluidic cell is kept at
around 0 °C (see Fig. 1(c)). Therefore, we can obtain a negative DT

for the target particles. The microfluidic cell is composed of a glass
slide on the top and a gold film coated cover glass seals up by thin
parafilm at  bottom.  The thickness  of  the  gold  film is  10  nm and
the  height  of  the  microfluidic  cell  is  30  μm.  The laser  irradiation
on  the  gold  film  produces  heating  source  and  together  with  the
low ambient temperature maintained by the refrigerant chamber,
one  can  achieve  the  target  particles  manipulation  inside  the
microfluidic chamber.

Moreover, in order to evaluate the contribution of this reversed
expansion  coefficient  of  water  induced  negative DT in  the
manipulation,  we  simulated  the  thermophoresis  force  of  500  nm
polystyrene  (PS)  particles  near  the  heat  source  via  finite  element
simulation.  At laser  power of  0.067 mW, where H = 6.3 × 10−20 J
[23], d0 = 0.2 nm, and ambient temperature T0 = 0.5 °C (the setting
of  simulation  is  shown  in  Note  S1  in  the  Electronic
Supplementary Material (ESM)).

In addition, the thermo-osmotic flows on the substrate will also
contribute  to  the  trapping  of  particles.  It  is  corresponding  to  the
temperature  gradient  induced  excess  specific  enthalpy  at  the
solid–liquid interface, which leads to a flow parallel to the surface
along  the  boundary  layer  [35].  The  flow  velocity  of  thermo-
osmotic flow can be described as [36]

v= χ∇T
T

(2)

∇T

where χ is the thermal permeability coefficient, which contains all
information  about  the  interface  interaction  between  liquid  and
solid.  When χ,  the  flow  direction  is  in  the  same  direction  as  the
temperature  gradient  parallel  to  the  substrate.  The  thermal
permeation flow at  the solid–liquid interface of  the substrate  will
drive the particle flow near the substrate,  and the contribution of
the thermo-osmotic coefficient χ can be divided into the following
two parts [21]

χE =
εξ2

8η
(3)

χvdW =
AHβT
3πηd0

(4)

ε = 80ε0 ζ =−30where  is the dielectric constant of water;  mV is
the zeta potential of the substrate;  AH = 1 × 10−20 J is the Hamker
coefficient for the PS/water/Au system; and d0 = 0.2 nm is the cut-
off  parameter  [21].  The  setting  of  simulation  of  thermo-osmotic
flow is  shown in Note S3 in the ESM. The simulation results  are
shown  in Fig. 2,  the  thermophoretic  together  with  the  thermo-
osmotic  flows  on  the  substrate  boundary  compose  the  net  force
(Fnet),  they  can  drive  the  nanoparticles  in  a  range  of  ±  2  μm
travelling towards the laser heating spot center. We also calculated
the corresponding trapping potential wells in terms of KBT (shown
in Fig. 2(e)), in which KB is the Boltzmann constant. As expected,
the  potential  well  changes  from  a “V” to  a “W” shape  as  laser
power  increases.  This  is  because  when  the  temperature  of  the
trapping center exceeds 4 °C at higher laser powers, it can lead to a
positive ST.  Consequently,  it  will  generate  an  outward  pushing
force  on  the  particles  near  the  center  region  where  the
temperature surpasses 4 °C. In addition, the optothermal-induced
nature convective flow can be ignored here, because of the shallow
height of the microfluidic chamber [26, 37]. And the optical force
is  also  negligible  due  to  the  loosely  focused  laser  and  low
operational power.

Moreover, as shown in Fig. 3, we used the 500 nm PS particles
(Bangs  Laboratories,  Inc.)  in  the  water  to  demonstrate  the
manipulation  ability  of  LONT.  At  room  temperature  of  25  °C,
after  we  switched  on  the  laser,  PS  particles  cannot  be  trapped.
When we started the operation of the microfluidic refrigerator and
filled the refrigerant chamber with ice-water mixture, as shown in
Fig. 1(c),  the  ambient  temperature  in  the  microfluidic  cell  is
gradually  decreased  to  ~  0  °C  in  about  30  s.  And  as Fig. 3(a)
shows,  two PS  particles  are  captured  at  the  laser  focusing  center.
When  we  stopped  the  operation  of  the  microfluidic  refrigerator
and  removed  the  ice-water  mixture,  the  ambient  temperature  in

 

Figure 2    Force analysis in the LONT scheme. ((a)–(c)) The force distribution of the thermophoretic force, the thermo-osmotic force, and the net force (Fnet) exerted
on  the  500  nm  PS  particles  near  the  spot  center,  respectively.  (d)  The  distribution  of  various  forces  in  horizontal  direction  (x-axis)  along  the  white  dotted  line
(z = 10 nm) in ((a)–(c)), the positive value means pointing towards the laser spot center (0, 0), the laser power is 0.067 mW and the beam radius is 500 nm. (e) The
trapping potential well represented by KBT obtained in different laser powers. The force calculation detail and temperature gradient profile is shown in Notes S1–S3 in
the ESM.
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the  microfluidic  cell  started  to  rise,  and  the  trapped  PS  particles
will  be  pushed  away  and  re-dispersed  into  the  solution  via
Brownian motion. Thus, the trapping is indeed caused by the sign
inversion  of  the  Soret  coefficient ST of  particles  in  the  low
temperature environment. And as Fig. 3(b) shows, the LONT can
also achieve the translation manipulation of a single PS particle.

In order to further evaluate the trapping stability of LONT, we
measured the TS by tracking the position of the trapped 500 nm
PS  particles  via  a  motion  blur  correction  method  (the  trapping
stiffness  measurement  method is  shown in  Note  S4  in  the  ESM)
[38].  As  shown  in Figs.  4(c)–4(e),  the  trapping  stiffnesses  under
different  laser  powers  are  presented.  And  we  also  measured  the
minimum  laser  power  for  supporting  an  effective  trapping  is  at
0.03  mW.  In  addition,  as Fig. 1(d) indicates,  higher  laser  power
will  induce  a  higher  temperature.  While  it  is  worth  noticing  that
the trapping stiffness does not always increase with a higher laser
power.  When the  laser  power  exceeds  0.23  mW, the  PS particles
will  be pushed out of the trap and circled around in the thermo-
osmotic  flow.  This  is  because  a  higher  temperature  (> 5  °C)  in  a
certain  area  near  the  laser  center  will  reverse  the  negative  Soret
coefficient  to  a  positive  one,  in  which  the  thermophoresis  would
push the particles away from the hotter center.

Moreover, as one can infer from the net force illustrated in Fig.
2,  under  0.067  mW  laser  power,  by  taking  the  abnormal
expansion  of  water  and  thermo-osmotic  flows  on  the  substrate
boundary  into  account,  the  trapping  stiffness  in  the  horizontal
direction  is  about  26  fN/μm.  Contrary  to  our  expectations,  this
theoretical one is less than the measured trapping stiffness, which
is  in  the  order  of  100  fN/μm (see Fig. 4(e)).  It  means  that  in  the
actual  PS  nanoparticle  trapping  experiment,  apart  from  water
abnormal  expansion  and  thermo-osmotic  flow  contributions,
there  are  other  factors  that  contribute  to  enhancing  the  negative
Soret coefficient.

Therefore,  we  measured  the  zeta  potential  of  the  trapped
500 nm PS particle via the electrophoretic light scattering method
(Malvern Panalytical Ltd., Zetasizer Pro), which is about −20 mV.
And it  has  already  experimentally  proved that  water  polarization
along  the  temperature  gradient  can  help  to  trap  the  negative
charged  PS  particles  with  a  larger  surface  zeta  potential  around
−50 mV at room temperature (25 °C), while a positive one cannot
be  trapped  [39].  Therefore,  here  the  lesser  surface  charge  of
−20 mV cannot support an effective at room temperature, only if
the  temperature  is  decreased  to  about  0  °C,  the  water  abnormal
expansion  induced  negative  Soret  coefficient  component  can
further enhance a stable trap towards the hotter center.

To  further  verify  our  speculation,  under  the  same  cooling

conditions,  we  also  conducted  a  trapping  experiment  of  160  nm
gold  nanosphere  (AuNS)  (160  nm-AuNS,  purchased  from
Nanoseedz,  lnc.).  And  the  zeta  potential  of  160  nm  AuNS  is
positive  (52  mV),  which  means  there  will  be  opposite  the  water
polarization  contributions  that  tend  to  push  nanoparticles  away
from the  hotter  center.  Interestingly,  as  shown in Fig. 4,  we  have
also  achieved  the  trapping  and  manipulation  of  160  nm-AuNS
(see Figs.  4(a) and 4(b))  in  the  LONT  scheme,  while  the  AuNS
cannot  be  trapped  at  normal  room  temperature.  Therefore,  the
fact  that  a  positive  charged  particle  can  only  be  trapped  at  low-
temperature  condition  indicates  that  the  water  abnormal
expansion  contributes  to  the  trapping  event.  As  expected,  the
results in Figs. 4(c)–4(e) have shown that the trapping stiffness of
AuNS is quite small (10–100 fN/μm), which is in the same order
of  magnitude  compared  with  our  simulations.  The  maximum
laser power to support a stable trapping of AuNS is 0.1 mW, and a
higher laser power will push the AuNS away from the trap.

c= c0exp(−STT)
c= c0exp[−G(T)−G(T0)/kBT]

Nevertheless,  there  still  exists  other  possible  factors  that
contribute  to  the  negative  Soret  coefficent  in  our  LONT scheme.
At  a  lower  temperature  gradient,  the  particle  concentration

 can  also  be  described  as
 [32],  where G is  the  Gibbs-free

enthalpy  of  the  single  particle-solvent  system,  and T0 is  the
ambient  temperature.  The  particle  Soret  coefficient  can  also  be
described as [29]

ST =
∂G/∂T
kBT

(5)

dG=−SdT+Vdp+ μdN (6)

after combining the above two equations, the ST can be expressed
by  the  entropy S: ST =  −s/kBT,  and S consists  of  two  parts:  the
entropy of ionic shielding and the hydration entropy. The entropy
of hydration will increase linearly with the decrease of temperature
[40, 41],  so  that  the  sign  of ST for  the  particles  such  as  proteins,
DNA, and PS particles will reverse when the ambient temperature
drops  to  a  certain  degree  (generally  5–25  °C)  [42, 43].  In  fact,
Duhr and coworkers have confirmed that the sign reversal of Soret
coefficient  occurs  in  both  DNA  and  PS  particles  [29].  This
hydration  entropy  correlated  negative  Soret  coefficient  may  be
another  factor  that  assisted  the  trapping  of  nanoparticles  in  our
LONT scheme.

 3    Conclusions
In summary, we have developed a LONT by incorporating a self-

 

Figure 3    Nanoparticles trapping and manipulation in LONT scheme. (a) Image frames of two 500 nm-PS particles being trapped to the center of the laser spot. The
laser spot is indicated by red dotted circle, and the blue arrow shows the position of PS particles moving into the trap, the laser power is 0.1 mW. The corresponding
movie is shown in Movie ESM1. (b) The translation manipulation of single 500 nm-PS particle near a reference (Ref.) particle, the laser power is 0.167 mW. The scale
bar is 1 μm. The room temperature is 25 °C.
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made  microfluidic  refrigerator.  And  our  results  indicate  that  the
abnormal  expansion  of  low-temperature  water  and  hydration
entropy have contributed to thermophoresis and thermo-osmotic
force  in  our  trapping  scheme.  Without  adding  any  additional
auxiliary  surfactant  in  the  solvent,  LONT  can  reverse  the  Soret
coefficient  sign  of  the  target  particles  by  simply  decreasing  the
microfluidic  cell  temperature,  so  that  nanoparticles  such  as  gold
nanoparticles  and  polystyrene  nanoparticles  can  be  trapped.
Therefore,  LONT  has  avoided  the  possible  auxiliary  agents
induced  biochemical  side  effect  on  the  trapped  particles.  In
addition,  the  operational  temperature  range  of  LONT  is  0–5  °C,
which  also  further  enhances  its  biocompatibility,  and  greatly
reduces  the  optothermal  damage  to  the  target  particles.
Interestingly,  most  biological  samples  are  usually  stored  in
commercial  refrigerators  with  an  ambient  temperature  of  about
4 °C.

Furthermore,  it  is  also  worth  noticing  that  a  series  of  micro-
nanoparticles  and  biomacromolecules,  including  PS  particles,
proteins,  and  DNAs  can  turn  into  negative  Soret  coefficients
under  certain  temperature  conditions  [42, 43],  which  makes  this
LONT scheme expected  to  be  further  applied  in  more  biological
experiments. In addition, we also investigated the effect of particle
size and type of solution on LONT. The experimental results show
that  LONT can manipulate  nanoparticles  (100 nm PS bead)  and
large particles  in micron size  (10 μm TiO2 bead)  (see  Note S5 in
the ESM). According to Eq. S3 in the ESM: F = 6πηRu, the larger
the radius of a particle, the larger the trapping force. Additionally,
the  Brownian  motion  of  particles  with  smaller  sizes  is  more
intense that it is not conducive to their trapping. Therefore, there
exists  a  limitation  for  LONT  to  trap  smaller  size  (<  100  nm)
nanoparticles.

We also tested its performance in a commonly used biological
buffer of phosphate buffer solution (PBS). Particles are more likely
to  be  trapped  and  printed  on  the  Au  substrate  in  PBS  solution
because  of  the  ion  effect  presented  in  PBS  (discussion  can  be
found  in  Note  S6  in  the  ESM).  Further  development  mainly

focuses  on  the  improvement  of  existing  microfluidic  refrigerator
device.  For  example,  it  can  be  replaced  by  a  more  exquisite  and
stable  temperature  control  device  such  as  a  temperature  control
console, which can further realize stable and dynamic temperature
control  of  the  flow  cell.  And  a  microfluidic  refrigerator  that  is
compatible  with  dark-field  microscopy  is  highly  preferred,  it
would  enable  more  clear  observation  of  the  manipulation  of
various  kinds  of  particles.  Nevertheless,  with  its  advantages  of
stable  manipulation,  good  biocompatibility,  and  trivial
optothermal  influence,  this  novel  low-temperature  optothermal
nanotweezers  is  expected  to  become  a  useful  tool  in  the  field  of
biochemistry,  synthetic  biology,  colloidal  science,  and
nanotechnology.

 4    Method

 Experimental setup
The optical setup of LONT was based on a Nikon Ti2-E inverted
microscope. The 785 nm laser used in the experiments was OBIS
785 LX model from Coherent. The objective model was CFI Super
Flour  100×,  NA  =  1.3  (Nikon).  The  beam  splitter  (BS)  was
purchased  from  Thorlabs  (DMSP750B),  with  a  785  nm  laser
transmission to reflection ratio of 1:90. The refrigeration plate was
made  of  copper  with  the  customized  size  that  matches  the
microfluidic  chamber.  The  complementary  metal-oxide-
semiconductor  (CMOS)  used  in  the  experiments  was  a  colored
camera (Dhyana 400DC, Tucsen) and the CMOS used to measure
trapping stiffness was a monochrome camera (DMK 37AUX287).
The  short-pass  filter  (<  670  nm,  OD =  4.0)  was  purchased  from
Edmund.
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