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Opto-thermophoretic manipulation is emerging as an effective way for versatile trapping, guiding, and assembly
of biological nanoparticles and cells. Here we report a new opto-thermophoretic tweezer based on an all-dielectric
one-dimensional photonic crystal (1DPC) for reversible assembly of biological cells with a controllable center. To
reveal its ability of long-range optofluidic manipulation, we demonstrate the reversible assembly of many yeast
cells as well as E. coli cells that are dispersed in water solution. The 1DPC-based tweezer can also exert short-range
optical gradient forces associated with focused Bloch surface waves excited on the 1DPC, which can optically trap
single particles. By combining both the optical and thermophoretic manipulation, the optically trapped single
polystyrene particle can work as a controllable origin of the reversible cellular assembly. Numerical simulations
are performed to calculate the temperature distribution and convective flow velocity on the 1DPC, which are
consistent with the experimental observations and theoretically confirm the long-range manipulations on the all-
dielectric 1DPC platform. The opto-thermophoretic tweezers based on all-dielectric 1DPC endow the microma-
nipulation toolbox for potential applications in biomedical sciences. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.439288

1. INTRODUCTION

Manipulating biological cells and nanoparticles is of paramount
importance in biomedical studies such as cell interaction, cell
adhesion, cell rheology, metastasis of circulating tumor cells,
single cell transfection, and tissue engineering [1–4]. Optical
tweezers have proven to be a powerful tool for trapping and
manipulating biological particles [5–9]. However, conventional
optical tweezers trap tiny objects using optical gradient forces
near a tightly focused laser beam [10–12], which has a limita-
tion in long-range transportation and manipulation of target
objects and cannot manipulate many biological objects [13].
Various types of novel tweezers have been developed to address
this limitation of conventional optical tweezers [14,15]. For
example, a strategy of combining the advantages of optical and
plasmonic tweezers is proposed to achieve dynamic manipula-
tion and long-range delivery of target objects [16–19].
Electrothermoplasmonic tweezers can transport particles over
a long distance and trap them at the plasmonic structures
[13,20,21]. Recently, opto-thermophoretic tweezers have

emerged as powerful tools for long-range optical manipulation
[22–24]. Opto-thermophoretic manipulation exploits the ther-
mophoretic migration of particles and colloidal species under a
light-controlled temperature gradient field [25–27]. The ther-
mophoretic pumping forces of opto-thermophoretic tweezers
are beyond the action range of direct optical gradient forces,
allowing long-range manipulation. Thus, opto-thermophoretic
manipulation provides an effective strategy for assembly of
many cells. Active assembly of cells could help gain insights
in tissue development and diseases [28–30], which always in-
volves manipulation of many cells [31].

In this paper, we demonstrate a new opto-thermophoretic
tweezer based on an all-dielectric one-dimensional photonic
crystal (1DPC) platform for controllable assembly of many bio-
logical cells. Different from the metallic substrates adopted in
conventional thermophoretic tweezers, the all-dielectric 1DPC
can provide a stronger temperature gradient for thermophoretic
manipulation due to the excitation of the Bloch surface waves
(BSWs). BSWs are electromagnetic surface waves excited at the
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interface between a truncated periodic dielectric multilayer
with a photonic band gap (PBG) and its surrounding medium
[32,33]. Until now, BSWs have been applied in nanoscale op-
tical circuits [34,35], fluorescence emission enhancement or
sorting [36], enhanced Goos–Hanchen shift [37], and strong
polariton-polariton nonlinearities of 2D materials [38].
However, to the best of our knowledge, there is no report on
how to use the thermal and optical forces induced by the BSWs
of 1DPC to trap and assemble many biological cells. The pro-
posed opto-thermophoretic tweezer allows reversible assembly
of biological cells by the thermophoresis and long-ranged op-
tofluidic pumping force, due to the excitation of the BSWs on
the 1DPC. Focused BSWs also allow us to stably trap a single
particle by the short-ranged optical gradient force, which can
serve as the initial origin for the reversible cellular assembly.
Then the proposed thermophoretic tweezer can take the
advantages of both optical and thermophoretic manipulation
simultaneously.

2. METHODS AND EXPERIMENTS

A. Structure of 1DPC and Its Property
The opto-thermophoretic tweezer is constructed based on an
all-dielectric 1DPC. The sketch of the 1DPC geometry is illus-
trated in Fig. 1(a), which is a dielectric multilayer nanostructure
with a well-designed PBG. The dielectric multilayer is com-
posed of Si3N4 with high refractive index (n � 2.14�
i × 10−3) and SiO2 with low refractive index (n � 1.47�
i × 10−5) alternately. The thickness of Si3N4 layer is 132 nm,
the SiO2 layer is 145 nm, the top Si3N4 layer is 37 nm, and
there are seven layers in total. The calculated reflectance spec-
trum for such a 1DPC at a wavelength of 671 nm is shown in
Fig. 1(b). The dip for transverse-electric (TE)-polarized

radiation at θ � 65.87° corresponds to the BSWs’ excitation,
which has a narrow resonance width. Besides, at larger incident
angles, the incident beam is almost totally reflected
(reflectivity ≈ 1), so the intensity of incident beam is negligible
compared to the BSWs. To achieve a high excitation efficiency
with an oil-immersed objective, a ring-shaped laser beam with
an azimuthal polarization at the wavelength of 671 nm is fo-
cused above the 1DPC–water interface, the defocused height is
set to be 5 μm, and the incident angle of the laser beam is tuned
to the excitation angle of the BSW mode. The excited BSW is
localized near the 1DPC–water interface, which exponentially
decays into water and propagates horizontally toward the center
from all azimuthal directions. The interference field of excited
BSWs forms a virtual optical probe at the center of the surface
as shown in Fig. 1(c). This process is similar to the excitation of
highly focused plasmonic field on a flat metal film [39,40].

Due to the absorption characteristics and low thermal con-
ductivity of the dielectric multilayer, the virtual optical probe
will induce a localized spot heat source at the water–1DPC in-
terface. A stable-state temperature distribution can be obtained
when the heat diffusion between the heated 1DPC and the
water environment achieves a balance. Quantitatively, we simu-
lated the temperature distribution of the region near the inter-
face by using the finite element method (FEM) [41]. The
thickness of the water film is set to be 200 μm, and the initial
temperature of the surrounding environment is set to be
293.15 K. The laser power is 60 mW, and the defocused height
is set to be 5 μm above the 1DPC–water interface. All these
parameters are consistent with the experimental ones that will
be detailed below. Figure 1(d) presents the calculated temper-
ature profiles on the incident x−z plane, where z � 0 nm in-
dicates the 1DPC–water interface. The Au film substrate is
commonly adopted in traditional thermophoretic tweezers
[22,42]. Compared with it, the 1DPC substrate can achieve
lower temperatures but comparable temperature gradients
due to the low thermal conductivity of the all-dielectric
1DPC. It should be noted that the thermophoretic force is de-
pendent on the temperature gradient rather than the absolute
temperature value.

B. Principle of Optofluidic Assembly of Biological
Cells
Opto-thermophoretic tweezers manipulate particles by a laser-
generated temperature gradient field in the fluids. The thermal
gradient drives the particles to move toward the cold or the hot
regions. This phenomenon is termed as thermophoresis or the
Soret effect, and the driving force is thus called as the thermo-
phoretic force [42,43]. Theoretically, the drift velocity of ob-
jects is linear with the temperature gradient ∇T , which reads

v � −DT∇T , (1)

where DT is the thermophoretic mobility. DT � STD, where
ST is the Soret coefficient and D is the diffusion coefficient.
Generally, the ST decides the direction of the thermal diffusion:
when ST > 0, particles move to cold regions; while ST < 0,
particles move toward hot regions [24]. In practice, the thermal
gradient induced particle motion is related to many factors,
such as interfacial properties, temperature, salinity, particle-par-
ticle interaction, and solvent compositions. Here we are trying

Fig. 1. Schematic of the 1DPC and its property. (a) Schematic dia-
gram of the 1DPC. z � 0 is the 1DPC–water interface, and the point
(0,0) represents the center of the focused beam. The laser beam is fo-
cused above the 1DPC–water interface at distance of h. (b) Calculated
angular reflectance spectra of the 1DPC for TE- (blue) and TM-
(black) polarized incident beams. (c) The electric field distribution
of the focused BSWs in the x−z plane normalized by the maximum.
(d) Simulated temperature distribution in the x−z plane. The horizon-
tal line at z � 0 indicates the 1DPC–water interface.
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to trap and assemble biological cells, and the interfacial inter-
action between the cell membrane and the water molecules
plays a critical role in this situation. Most of the biological cells
have negative surface charge because of the phospholipid bi-
layer in cell membrane. Then orientated water molecules form
on the electric double layers of the cell membrane under the
electric field as shown in Fig. 2(a). This structure results in
a negative Soret coefficient, and thus cells migrate from cold
to hot regions. That means the direction of drift velocity is con-
sistent with the temperature gradient. However, it is difficult to
get the exact value of the Soret coefficient, so calculation of the
thermophoretic force on biological cells is a challenging
problem.

Considering the thermophilic nature of biological cells, we
further analyze the optofluidic force for cells under the temper-
ature field. For this purpose, the temperature gradient is calcu-
lated based on the temperature field of the 1DPC in Fig. 1(d).
Figure 2(b) shows the calculated temperature gradient distribu-
tions along radial (∇T r ) and vertical (∇T z) directions in
the x−y plane for our 1DPC substrate. The maximum temper-
ature gradients of ∇T z � −3.2 × 107 K∕m and ∇T r �
−1.3 × 106 K∕m were created. The negative sign indicates that
the temperature gradient points toward the coordinate origin.
Under such a thermal field, the biological cells with negative
Soret coefficients will move to the hot regions and finally be

trapped at the hot spot. In fact, apart from the thermophoresis,
the temperature field also generates a fluidic flow. Figure 2(c)
depicts the simulated flow streamlines above the interface by
the FEM [41], where the arrows indicate the flow direction
of the water. The hydrodynamic counterflow in the fluid moves
radially inward along the surface, but then flows upward nor-
mal to the interface. The color map is the amplitude of the
speed of flow in the water phase. The long-ranged and attrac-
tive character of the flow entrains suspended cells and draws
them toward the focus. Under the action of both the thermo-
phoresis and flow-induced pumping force, cells can finally
closely aggregate.

Furthermore, the all-dielectric 1DPC substrate can be
adopted to generate focused BSWs, which can stably trap a sin-
gle particle due to the short-ranged optical gradient force [18].
In this manner, our proposed scheme allows combining the ad-
vantages of optical and thermophoretic manipulation. For in-
stance, the optical force of focused BSWs could capture a
single particle to serve as a controllable origin of the assembly.
Thus, the 1DPC-based tweezers enable versatile trapping and
manipulation by long-ranged and short-ranged forces simulta-
neously. For the cellular assembly, a schematic diagram that il-
lustrates the main actions in the optofluidic manipulation is
presented in Fig. 2(d), including the flow-induced force (arrows
in yellow), the optical force associated with the focused BSWs
(illustrated by a focused beam), and thermophoresis (arrows in
red) caused by temperature gradient.

C. Experimental Setup of the Opto-Thermophoretic
Tweezer
The opto-thermophoretic tweezer is constructed based on an
inverted microscope, which contains a BSW excitation scheme
and the 1DPC sample as shown in Fig. 3. A laser with an emis-
sion power of 60 mW working at the wavelength of 671 nm
serves as the excitation source. The polarization of BSW is TE
for our 1DPC structure. To improve the excitation efficiency, a
ring-shaped laser beam generated by a pair of axicons is
adopted. The shaped laser beam passes through a linear polar-
izer and a vortex retarder to generate an azimuthally polarized
beam. An oil immersion objective (numerical aperture,

Fig. 2. Working principle of cell assembly with the optofluidic
manipulation. (a) Thermophoretic trapping of biological cells in flu-
idics. Water molecules form an electric double layer on the surface of
the negatively charged cells. Under the action of thermophoresis, the
biological cells with negative Soret coefficients will move to the hot
regions and finally be trapped at the hot spot. The red arrow indicates
the movement direction of cells. (b) Simulated maps of temperature
gradient along the radial (∇T r , black solid line) and vertical directions
(∇T z , red dotted line) in the x−y plane, where the plane is located at
100 nm above the 1DPC–water interface. The inset shows the direc-
tion of temperature gradient. (c) The simulated convective velocity
distribution inside the water. The color map shows the magnitude
of the flow speed, and the streamlines represent the directions of
the flow. (d) Main actions in the optofluidic assembly of biological
cells: the flow-induced force (arrows in yellow), the thermophoresis
(arrows in red) caused by temperature gradient, and the optical force
(illustrated by a focused laser beam) associated with the focused BSWs.

Fig. 3. Schematic diagram of the experimental setup. The pair of
axicons can generate a ring-shaped laser beam; besides, the polarizer
and vertex retarder are used to generate an annular azimuthally polar-
ized beam. The inset graph shows the BFP image of the laser beam
reflected from the 1DPC shot by CCD1, in which the dark ring (la-
beled θBSW � 65.37°) verifies that the BSW has been efficiently ex-
cited in all directions by the ring-shaped azimuthally polarized beam.
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NA � 1.49, 100×) tightly focuses the beam onto the 1DPC
substrate to excite BSWs. The defocus height is set to be
5 μm over the water–1DPC interface, which is controlled
by a piezoelectric stage with nanometer accuracy. An imaging
configuration consisting of Lens3 and CCD1 is used to observe
the profile of the laser beam at the back focal plane (BFP). As
shown in the inset, the sharp dark ring verifies that the BSWs
have been efficiently excited in all directions by the ring-shaped
azimuthally polarized beam with the diameter of ∼22 μm on
the sample. According to the NA, the angle of the BSW can be
derived to be θBSW � 65.37°, which is consistent with theoreti-
cal calculation [Fig. 1(b)]. Above the 1DPC substrate, the sus-
pended cells in the fluids can be trapped and assembled with
the tweezer. CCD2 together with Lens4 and a short-pass filter
is adopted to record the manipulation process under the illu-
mination of an LED.

3. RESULTS AND DISCUSSIONS

A. Optical and Thermophoretic Manipulation
To prove the ability of our 1DPC-based opto-thermophoretic
tweezer, we performed a set of experiments to demonstrate the
optical and thermophoretic manipulation. We first demon-
strate the long-ranged and attractive character of the flow-
induced pumping force. For this purpose, 5 μm polystyrene
(PS) beads are dispersed in water, and their movements are re-
corded after the laser is turned on. Figure 4(a) shows some
frames of their behavior, and Visualization 1 presents the whole
process. The PS particles in the whole field of view move along
the surface toward the focus (t � 10 s), but then they are
pushed away from the surface (t � 15 s and 20 s). It is obvious
that the optical force cannot play a role at such a long distance.

This phenomenon is consistent with the counterflow pattern in
Fig. 2(c).

In addition, we investigated the role of the thermophoresis
using a mixed solution of PS particles and yeast cells. The result
is shown in Fig. 4(b). As expected, both the PS beads and the
yeast cells are pumped toward the center by thermal convection
flow, but then they show totally different behaviors near the
focus. The PS beads (yellow circle) are pushed away from
the surface, while the yeast cells are trapped (t � 25 s), and
more and more cells aggregate and finally form a self-assembly
(t � 120 s). More details can be seen in Visualization 2. In
fact, the different behaviors are attributed to two reasons:
(1) the larger scattering force attributed to the refractive index
mismatch for the colloid; (2) the different thermophoresis re-
sponses of the colloids and cells. The Soret coefficient is pos-
itive for the colloids when they do not have surface ligands and
the solvent is deionized water, but it is negative for the cells due
to the negative surface charge. To verify it, we measured the
surface charge of the yeast cells and got a zeta potential of
−28.2 mV. Besides, the thermophoresis forces on the yeast cells
overcome the pushing-away force of the convection flow. As a
result, the PS particles were guided upward, while the yeast cells
were not pushed upward but remained at the interface as we
observed in Fig. 4(b).

Finally, we analyzed the function of the optical gradient
forces in the manipulation. In the above experiments, we find
that once a particle migrates toward the focus, the short-ranged
optical gradient force associated with the focused BSWs can
trap it. Different from the thermophoresis force, the optical
gradient force could trap both the yeast cell and the PS bead.
Even if we moved the substrate quickly, the particle could be
stably trapped. As shown in Fig. 4(c), the trapped particle (red
circle) does not move with the substrate, but the uncaptured
yeast cells (labelled by yellow circles) do. Once the substrate
stops, the yeast cells assemble around the trapped particle
immediately under the action of the thermal convection flow
and thermophoresis. The whole manipulation process is shown
in Visualization 3. In this process, the optical gradient force
enables trapping a single particle as the hot spot of the active
cellular assembly and moving it to any position on the surface
of 1DPC.

B. Reversible Assembly of Yeast Cells
By exploiting the ability of optical and thermophoretic manipu-
lation, we achieve controllable assembly of many yeast cells.
Figure 5(a) shows the crystallization process of the trapped yeast
cells. Without the laser illumination (t � 0 s), the cells dif-
fused freely. Once the laser was switched on, a single yeast cell
was trapped by the optical force immediately, and the sur-
rounding diffused cells were pumped toward the trapped
one, leading to a rapid assembly within a few seconds
(∼5 s). As time went, more and more cells aggregated and
formed a tightly packed assembly around the beam center
(Visualization 4). Note that the cells were driven from positions
out of the range of the laser beam or even outside the field of
view, suggesting a long-ranged delivery. Further, once the laser
was turned off, the crystallization returned to a state of free
diffusion (t � 180 s), which proves that the assembly was
induced by the optofluidic effect. During the process, we

Fig. 4. Optical and thermophoretic manipulation of colloid par-
ticles and yeast cells. (a) The uncaptured particles (yellow circle)
are convected away from the interface by the optofluidic flow.
(b) In contrast to the colloid particles (yellow circle), yeast cells are
trapped (t � 25 s) and finally form an assembly on the surface.
(c) A single colloid particle (shown in red circle) is trapped by the
short-ranged optical force and transported to any position, where
the white arrow indicates the movement direction and the uncaptured
yeast cell was labeled with a yellow circle. When the substrate stops,
the cells gather around the trapped particle under the action of the
thermal convection flow and thermophoresis. Scale bar: 10 μm.
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observed that the yeast cells packed quickly near the focus but
slowly at the periphery. Quantitatively, we measured the aver-
aged migration velocity at different radial distances. The veloc-
ity versus distance curve is shown in Fig. 5(b), where each point
was calculated by averaging velocities in randomly selected di-
rections. The migration velocity of the cells out of the range of
20 μm is about 0.4 μm/s, basically consistent with the simu-
lated convection velocity in Fig. 2(c). The velocities increase
significantly as the cells get closer to the center, up to
3 μm/s. Clearly, the convection flow is not able to transport
cells up to such a high velocity. It is the thermophoresis force
and short-ranged optical force that play the role.

To further characterize the cellular assembly, we analyzed
the number of trapped cells as a function of illumination time.
As depicted in Fig. 5(c), the number of trapped cells increases
exponentially at the beginning and becomes saturated finally. If
the illumination time is long enough, the yeast cells throughout
the entire field of view can form a crystallization as shown in
Fig. 6(a). Due to the yeast cells being deformable and not uni-
form in size, at the central region, the soft cells are deformed in
response to the surrounding stresses, distinguished from the
point to point contact among rigid spheres [44]. The mechani-
cal forces were transmitted among individual cells via cell–cell
contact, and thus the cells were squeezed into polygon crystal-
lization. Besides, this shape deformation might be involved in
cell–cell adhesions. Figure 6(b) shows the outlines of the de-
formed cells. It is noted that the edge number of the polygon

varies with the size of the cell, ranging from 4 to 8. This kind of
cell crystallization is similar to the real morphology of tissues,
such as epithelial tissue [29,30]. Thus, our method provides a
way to mimic the structure in tissues.

To verify that the optothermal assembly relies on the exci-
tation of the BSWs, we tested the assembly using excited laser
beam with different angles of incidence. Figure 7(a) illustrates
the setup with a single-direction illumination [45], where the
BSWs were excited by a laser beam with TE polarization on the
1DPC at a given angle of incidence. First, we set the angle of
incidence fixed at θBSW . The yeast cells aggregated quickly and
formed a tightly packed assembly in several minutes as demon-
strated in Fig. 7(b). By contrast, if the incidence angle was de-
creased or increased, the yeast cells could not assemble any
more as shown in Figs. 7(c) and 7(d). The results directly dem-
onstrate that the BSWs play a critical role in the assembly
of cells.

C. Trapping and Assembly of E. coli Cells
Apart from the yeast cells, we tried to trap and assemble the
Escherichia coli (E. coli) cells, demonstrating the universality of
the proposed approach in manipulating live cells. Compared
with yeast cells, E. coli cells have a relatively low refractive index
and small size, ∼700 nm in width and 2 μm in length. E. coli
cells are peritrichously flagellated bacteria and are active par-
ticles. They swim in a random and disorder pattern, making it
difficult to trap and assemble E. coli. Here we show that our

Fig. 5. Reversible assembly of yeast cells. (a) Time-sequenced set of
the cell assembly under the irradiation of 60 mW laser power at
671 nm. At t � 5 s, the laser is switched on, and a single yeast cell
is trapped (red dot). Other yeast cells move to the center and form a
tightly packed assembly under the action of the thermophoresis and
long-ranged thermal convection. The yeast cells labeled with yellow
circles gather from different directions. Once the laser is switched
off (t � 180 s), the cells return to a state of free diffusion. The red
dotted circle indicates the illumination area of the laser beam.
(b) The migration velocity of cells as a function of the distance from
the center, where the solid blue line fitted by polynomials is drawn as a
visual guide. (c) The number of trapped cells as a function of the il-
lumination time. The scale bar is 10 μm.

Fig. 6. Crystallization of yeast cells. (a) Image of the optofluidic
crystallization of yeast cells. The cells are squeezed into polygons
due to their deformability. The scale bar is 10 μm. (b) Outlines of
the deformed cells. The edge numbers of the polygons are labeled.

Fig. 7. Angular dependence of the cell assembly. (a) Schematic of
the incident angle. (b) Assembly process of yeast cells at θBSW (65.37°).
(c), (d) No accumulation of yeast cells forms after 4 min when the
incidence angle mismatches θBSW . The dashed circles indicate the il-
lumination region of the laser beam. Scale bar: 20 μm.
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1DPC-based opto-thermophoretic tweezer can achieve the
manipulation. As demonstrated in Fig. 8(a), the E. coli could
be stably trapped even under the pulling of the flow. In addi-
tion, under the action of the thermal convection and thermo-
phoresis, the free-swimming E. coli cells aggregated and finally
formed an assembly. Visualization 5 and Fig. 8(b) show the
process of the assembly, where the concentration of the bacteria
at the central region is significantly higher than that at the sur-
rounding area.

4. CONCLUSIONS

We have proposed a new opto-thermophoretic tweezer based
on an all-dielectric 1DPC and applied it for controllable
assembly of biological cells. Different from the metallic sub-
strates used in conventional opto-thermophoretic tweezers,
the all-dielectric 1DPC provides lower temperatures but higher
temperature gradients in the fluids, which is beneficial for low-
power optofluidic manipulation. This all-dielectric 1DPC is
much more stable than the metallic thin film and can be used
for many times in experiments. It is well known in cell biology
that the techniques used to culture cells on dielectric substrates
are more mature and generally applicable than those for growth
on metal films. The 1DPC-based tweezer enables the combi-
nation of the long-ranged flow-induced force, local thermopho-
resis force and short-ranged optical force that is associated with
focused BSWs. By exploiting the capacity of both optical and
thermophoretic manipulation, we demonstrated controllable
assembly of many yeast cells as well as E. coli cells. In addition,
numerical simulations were performed to calculate the temper-
ature distribution and convective flow velocity, which are con-
sistent with the experimental observations and then further
justify the feasibility of the proposed method. The optofluidic
manipulation with the all-dielectric 1DPC platform opens a
new way for long-range transportation, sorting, and self-
assembly of biological cells, promoting potential applications
in biomedical sciences, such as biofilm development, quorum
sensing, and antimicrobial resistance [46]. Besides, the high
sensitivity of the BSWs to their environments will benefit
real-time monitoring of the physical or chemical changes of
the trapped and assembled biological cells [47–49].
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