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ABSTRACT: This study addresses the challenge of trapping
nanoscale biological particles using optical tweezers without the
photothermal heating e�ect and the limitation presented by the
di�raction limit. Optical tweezers are e�ective for trapping
microscopic biological objects but not for nanoscale specimens
due to the di�raction limit. To overcome this, we present an
approach that uses optical anapole states in all-dielectric nano-
antenna systems on distributed Bragg reflector substrates to
generate strong optical gradient force and potential on nanoscale
biological objects with negligible temperature rise below 1 K. The
anapole antenna condenses the accessible electromagnetic energy
to scales as small as 30 nm. Using this approach, we successfully trapped nanosized extracellular vesicles and supermeres
(approximately 25 nm in size) using low laser power of only 10.8 mW. This nanoscale optical trapping platform has great potential
for single molecule analysis while precluding photothermal degradation.
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T o generate strong optical gradient forces in an optical
tweezer, the trapping laser must be focused to tight focal

spots. Unfortunately, the di�raction limit of light precludes
focusing light to nanoscale volumes below the di�raction limit.
This poses a major challenge in addressing nanoscale biological
particles using optical tweezers. In the quasi-static limit, when
the size of the particle is much smaller than the wavelength of
light, the optical gradient force scales as the volume of the
particle, making it necessary to use high optical powers to trap
nanoscale objects. For example, the stable trapping of
nanoscale extracellular vesicles (EVs) in an optical trap
requires more than 100 mW of input optical power, which
often predisposes them to photothermal damage.1−3 Of
interest is to develop novel optical nanotweezers that can
confine light to nanoscale volumes well below the di�raction
limit to enable low laser power trapping while utilizing laser
sources in the near-infrared biological transparency window,
which range from 800 to 1200 nm. Addressing this challenge is
key to developing new optical trapping technologies for the
stable trapping and study of nanoscale EVs and nonvesicular
extracellular nanoparticle (NVEP) in solution, which are
generating substantial scientific interest. Extracelluar vesicles
and particles (EVPs), which are nanoscale particles that
include EVs and NVEPs, are secreted by virtually all cells and
have been identified as an important means for cells to
communicate with neighboring or distant cells.4 Small EVs

contain molecular cargos such as nucleic acids, proteins, and
lipids and serve as a means for cells to communicate with
neighboring or distant cells.4,5 In addition, newly discovered
NVEPs known as exomeres6 and supermeres7 that are only
∼35 nm and ∼25 nm in size, respectively, have also been
reported. Supermeres are found to be replete with disease
biomarkers and possess a marked ability to cross the blood−
brain barrier. Their small sizes, which are substantially smaller
than the wavelength of light at optical frequencies, make them
even more challenging to be trapped with the conventional
optical tweezers.
Over the years, several light-based tools known as optical

nanotweezers have been investigated for confining light to
nanoscale spots toward the optical trapping of nanoscale
objects. These tools include plasmonic nanotweezers8−14

where plasmonic nanostructures usually made of gold are
used to confine light to the deeply subwavelength scales to
enhance the optical gradient force. Though plasmonic
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nanoantennas can enhance the local light intensity by 2−3
orders of magnitude relative to the incident light intensity, they
have intrinsic optical loss that results in photothermal heating
e�ects15−17 which must be managed. To circumvent the issue
of loss in plasmonic systems, all-dielectric optical nanoantenna
supporting Mie resonances have also been investigated but
they produce modest electromagnetic field enhancement
factors of approximately 5 times (i.e., intensity enhancement
of 25 times),18 an order of magnitude lower than their
plasmonic counterparts. It is noteworthy that Jiang et al.
demonstrated that the thermal e�ect in plasmonic system can
rather enhance the sti�ness of the trapped particles in
surfactant-containing medium, exhibiting thermophilic behav-
ior.19 However, in the absence of surfactants, the thermopho-
retic force is repulsive and works to preclude trapping.20

Nanoscale optical trapping based on quasi-BIC has also been
proposed but it provided multiple hot spots that are better
suited for multiple particle trapping.21

Here, we experimentally demonstrate a new approach for
optical trapping at the nanoscale by harnessing the anapole
states of light in all-dielectric nanoantenna systems for the first
time. Optical anapole states result from the interference
between electric and toroidal dipole resonance22−25 and
provide a new means to confine and enhance the light field
in all-dielectric nanostructures. Our proposed anapole nano-
tweezer (ANT) harnesses the optical anapole states to confine
light to the nanoscale and generate an enhanced optical
gradient force on nanoscale NVEPs. We note that optical
anapoles are actively investigated for optoelectronic applica-
tions such as anapole lasers26 and for second-harmonic
generation27 due to their highly enhanced fields. While near-
field optical trapping using anapole states have been
theoretically proposed by us and others, no experimental
demonstration has been reported to date.28−31 The electro-
magnetic energy inside the anapole disk is not accessible
because most of the light field is trapped within the dielectric
nanodisk antenna supporting the anapole states. To make the
field accessible to nearby biological molecules for near-field
trapping, we introduced a double-nanohole slot at the center of
the anapole disk. In addition to making the enhanced
electromagnetic field accessible, the double nanohole enhances
the optical field due to the slot e�ect provided by the
continuity of the normal component of the displacement field
and enables the spatial confinement of the enhanced field in
the x−y plane. The mode volume within the double-nanohole
is comparable to the physical size of the nanoscale particle,
providing a significant advantage in the trapping and analysis of
single nanoscale particles.
The anapole antenna comprises a silicon disk on a substrate.

To increase the electromagnetic field enhancement factor, the
anapole antenna is placed on a distributed Bragg reflector
(DBR) with a designed spacer layer to support second order
anapole state near the 973 nm wavelength. The result in Figure
S1 shows that the DBR with three pairs of Si and SiO2 layers
was suAcient to reflect about 95% of incident photons near
973 nm wavelength. To optimize the field enhancement of the
anapole antenna, a layer of SiO2 with 250 nm thickness was
deposited onto the DBR. This additional space layer was
chosen to optimize the interaction of the anapole nanoantenna
with the incident light and double the amplitude of the
background electric field when compared to the amplitude of
the incident electric field, as illustrated in Figure S2. This
spacer layer thickness ensures that the position of the anapole

antenna is at the center of the peak of the background electric
field as shown in Figure S2A.
The optimized radius and height of the designed anapole

disk are selected to be 455 nm and 130 nm, respectively, as
shown in Figure S3. The gap size of the DNH is ∼30 nm along
the x direction, as shown in Figure 1B. The laser to excite the

anapole has a 973 nm wavelength with the polarization along
the x direction. All the materials for the trapping system,
including DI water, SiO2, and Si, have a negligible loss at 973
nm wavelength.
The electromagnetic near-field profiles of the anapole state

are displayed in Figure 2A,B. The maximum electric field
enhancement (|E|/|E0|) is as high as ∼41 times (which
corresponds to an intensity enhancement of about 1600
times), located in the DNH slot, as shown in Figure 2A. The
field is tightly confined along the x and y directions by
optimizing the center-to-center distance of the DNH as
described in Figure S5. This field enhancement is an order of
magnitude higher than in Mie-resonant dielectric nano-
antenna.32 The high intensity enhancement and spatial field
confinement of this optical anapole antenna system are crucial
to generating strong optical force on nanoscale biological
objects with low laser power. Figure 2B shows the field profile
on the xz cross-section plane along the middle of the silicon
disk. The field penetrates inside the adjoining fluid medium
and is accessible to the particles in the medium. Figure 2C
indicates that the field enhancement on a glass substrate
without the use of the designed DBR reflector is only enhanced
by a factor of 16 times. The field distributions in Figure 2A
(anapole on DBR) and Figure 2C (anapole on glass substrate)
are similar, and it is noteworthy that the excited anapole can
support a much higher field enhancement by employing the
DBR layer relative to the glass substrate. The calculated
scattering cross-section with the electric field enhancement is
plotted in Figure 2D. The scattering is suppressed at the
anapole state, where the electric field enhancement is
maximized. We measured the scattering spectrum of the
fabricated anapole antenna using a homemade dark-field setup,
and we observed the dip in the spectrum as expected. Figure
2E shows the simulated and measured scattering spectra, which
depict a good match between simulation and experimental
data. The supercontinuum source with a condenser was used
to collect only the scattered light from the anapole antenna, as
described in Figure S6. Thermal simulation was performed to
verify the negligible temperature rise from the anapole antenna
on a DBR system. The thermal simulation was performed by
coupling the wave-optics module with the heat transfer module

Figure 1. Designed and fabricated anapole nanoantenna on a
distributed Bragg reflector. (A) Illustration of the designed anapole
with an estimated potential well showing ∼4.6kBT for a 50 nm
extracellular vesicle (EV) under 19 mW. (B) SEM image of fabricated
anapole with double nanohole aperture.
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in the COMSOL Multiphysics software package as detailed in
section S4. The measured optical properties of the silicon from
ellipsometry measurements were utilized for the simulation
model as described in Figure S7 and the extinction coeAcient
(κ) of water at 973 nm wavelength was taken as 0.000 003 4.33

When the power of the laser is set as 19 mW with a 1.33 μm
spot size in diameter, the maximum temperature rise was found
to be approximately 0.75 K at 973 nm wavelength, as shown in

Figure 2F. The negligible increase in temperature implies that
the anapole excitation does not result in increased Brownian
motion, thermophoretic particle movement, or buoyancy-
driven thermal convection while boosting the electric field
enhancement. Thus, the nanoscale optical trapping force is
primarily due to the anapole-enhanced near-field optical
gradient force. We calculated the optical force by employing
the Maxwell’s stress tensor (MST) formalism.34

Figure 2. Excitation of anapole state with electric field distribution at a wavelength of 973 nm. (A) Distribution of electric field enhancement along
the XY plane, at 65 nm above the DBR reflector. (B) Distribution of electric field enhancement along the XZ plane, at middle of the anapole disk
on the DBR system. (C) Distribution of field enhancement along the XY plane for anapole disk on glass substrate. (D) Scattering cross-section with
electric field enhancement when the radius and height of anapole nanoantenna are 455 and 130 nm, respectively. (E) Measured dark-field
scattering matches well with the simulation result. (F) The results of the thermal simulation show that the maximum temperature rise is only ∼0.75
K along the XY plane.

Figure 3. Calculation of optical trapping force and potential for 50 and 30 nm EV. (A) Particle trajectories during the MST calculation along the x,
y, or z direction. (B, E) Calculated optical force (Fx) on a particle with the corresponding potential energy. (C, F) Calculated optical force (Fy) on
a particle with the corresponding potential energy. (D, G) Calculated optical force (Fz) with the corresponding potential energy (Uz).
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In the MST formalism, the optical force on a particle is
determined by integrating the stress tensor over an arbitrary
surface enclosing the particle, as described in section S8. We
calculate the optical force and trapping potential along the x, y,
and z directions by assuming vesicles with sizes of 50 and 30
nm, which is within the lower range of size corresponding to
small EVs. According to the guidelines of the International
Society of Extracellular Vesicles (ISEV), small EVs are
categorized as EVs that are less than 200 nm in size.35 Prior
reports show that the refractive index of EVs are heteroge-

neous and range from 1.37 to 1.39.36 For the purpose of the
numerical simulations, we set the refractive index of the
particle as 1.39. The laser power and spot size of the laser were
set as 19 mW and 1.33 μm2, respectively. Figure 3B shows the
calculated x-component of the optical force along the x-axis
when an EV is positioned along the x-axis. For the optical force
simulations, the position of the lowest point on the EV surface
is assumed to be 5 nm above the anapole disk. The optical
force is always pointing toward the center of a slot. Figure 3E
depicts the trapping potential along the x directions, showing a

Figure 4. EV and supermere trapping experiments. (A) The EV trapping experiment shows that the di�using EV is trapped on the anapole
nanoantenna, and then the EV is released when the 973 nm laser is turned o�. (B) The scatter plot shows the EV’s trajectory when the EV is
trapped on the anapole nanoantenna. The highest estimated sti�ness along the x- and y-axis is 0.347 fN/nm and 0.329 fN/nm under 10.8 mW
incident laser power, respectively. (C) The frame sequence of supermere trapping experiment shows how the di�using supermere is trapped near
the anapole nanoantenna until the laser is o�. (D) The scatter plot shows the supermere’s trajectory when the supermere is trapped at the anapole
structure. The estimated sti�ness for the trapped supermere under 19 mW incidence along the x- and y-axis are 0.215 fN/nm and 0.205 fN/nm,
respectively. (E, F) Histogram of the trapped supermere particle’s position under 19 mW incident laser power along x and y directions, respectively.
The red curve is the Gaussian fitting to estimate the trap sti�ness.
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potential of ∼4.6 kBT and 1.4 kBT for a 50 and 30 nm EV,
respectively. Figure 3C and Figure 3F show the results of the
optical force and corresponding potential energy along the y-
axis when the particle is 5 nm above the anapole antenna. The
maximum potential energy (Uy) of the 50 nm EV is higher
than that of the 30 nm EV by a factor of ∼3.2. The simulation
results also predict a slightly lower trapping stability along the
y-direction in comparison to the result along the x direction,
which is in agreement with the experimental results discussed
in the next section. Figure 3D and Figure 3G show the
calculated optical force and trapping potential energy along the
z-axis. The particle is swept from 5 nm above the anapole
antenna to 250 nm from the anapole antenna surface. Fz
decays as the particle moves away from the hotspot, and both
Fz and Uz become negligible when the z position of the EV is
larger than 100 nm, which means that the trapped particle
should be confined within a close distance to the surface of the
anapole disk.
We performed trapping experiments to demonstrate ana-

pole-assisted optical trapping using fluorescently labeled
nanoscale EVs and supermere nanoparticle samples, as
shown in Supporting Information Videos 1 and 2. The
procedure for sample and particle preparation of EVs and
supermeres is provided in the Supporting Information, sections
S10 and S12. Figure 4A shows the sequence of frames
describing the EV di�using, trapping, and releasing. The
linearly polarized laser is focused on the anapole disk, the EV
di�uses to the vicinity of the anapole antenna, and it finally
gets loaded onto the trap by the near-field optical force
generated by the anapole antenna. It is worth mentioning that

across a wide range of incident angles, a focused light is
capable of exciting the anapole mode.37 After the EV is
trapped, we tune the laser power to investigate the trapping
stability as a function of the laser power. The particle tracking
analysis is described in the Supporting Information, section
S11. The scatter plot of the EV’s position is shown in Figure
4B, indicating tighter trapping stability under higher laser
power of 10.8 mW in comparison to a laser power of 6.8 mW.
The EVs are mostly confined at the center under the 10.8 mW
laser illumination, and the confinement becomes looser when
the laser power is reduced from 10.8 to 6.8 mW. The extracted
sti�ness at 10.8 mW laser power along the x and y directions
are 0.347 fN/nm and 0.329 fN/nm, respectively, after
correcting for motion blur. To acquire trapping sti�ness, we
used the equipartition theorem approach while correcting for
motion blur.38,39 We first perform Gaussian fitting to estimate
the variances ⟨x2⟩ and ⟨y2⟩ from the extracted particle
displacements, and the sti�ness in the x-direction (κx) is

calculated using =k T x .
x

1

2 B

1

2

2 To take into account the

e�ect of motion blur, we employ a correction function as
described in ref 39 and section S9 in the Supporting
Information. Experiments were also performed to trap
fluorescently labeled supermere samples as shown in Figure
4C. The same operations are performed during supermere
trapping, as for EVs, and we also examine the trapping stability
versus laser power. Figure 4D shows a scatter plot depicting
the distribution of a trapped supermere’s position in the
anapole trap. The x and y positions of trapped supermere are
expressed in histograms as shown in Figure 4E,F. The full

Figure 5. Supermere trapping experiments under varying polarization of incident laser. (A) The supermere trapping experiment shows that the
di�using supermere is trapped on the anapole nanoantenna, and then the polarization is changed from 0° to 40°. (B) Scatter plot showing the
trajectory of the supermere when the incident laser polarization is changed. (C) Intensity enhancement distribution when the polarization of the
incident laser is at an angle of 40° from the x-axis. Note that there is a larger gradient along the direction represented as minor axis than along the
major axis shown in the figure. (D) The XY-plane schematic shows the particle’s position for the MST calculations used to compare the trapping
potential well along with a major and minor axis, indicated as blue and red arrows, respectively. Two green circles indicate a bioparticle. (E)
Calculated optical potential shows a di�erent level of potential depth.
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width at half-maximum (fwhm) obtained from the Gaussian
fitted curve of the histogram was used to calculate the sti�ness,
and the correction function was applied to correct for the e�ect
of motion blur. The sti�ness under 19 mW laser power along
the x and y directions are estimated as 0.215 fN/nm and 0.205
fN/nm, respectively. In order to confirm that the trapping of
supermere is facilitated by the near field generated by the
anapole resonator, we conducted experiments in which we
rotated the polarization of the laser. Specifically, we defined the
polarization along the x-axis as an angle of 0° and this angle
would provide the best trapping stability under near-field
trapping conditions. We predicted that at any other polar-
ization angle, the trapping stability would degrade from this
optimum angle. By contrast, laser trapping without the
influence of the anapole state was expected to provide constant
trapping stability regardless of the polarization angle.
To test these predictions, we changed the polarization angle

from 0° to 20° and then to 40° from the x-axis, as shown in
Figure 5A and Supporting Information Video 3. We observed
that the trapping stability decreased as the polarization angle
deviated from 0°, confirming the near-field trapping enabled by
the anapole state. Specifically, when the polarization angle was
set to 40°, the trapped particle showed a looser confinement
and the displacements of the trapped particle appear to have an
elliptical distribution that can be represented by a major and
minor axis as depicted by the blue and red dotted arrows in
Figure 5B. We performed numerical calculations to clarify this
observation. Our findings indicate that as the laser’s polar-
ization shifts from 0°, the electric field enhancement in the
DNH decreases. The decreased electric field enhancement
results in a weakened trapping force acting on the particle,
thereby leading to a reduced confinement of the particle’s
trajectory. The intensity distribution at 5 nm above the
structure shown in Figure 5C indicates a distorted field with an
intensity enhancement of approximately 260 times.
Based on our observations and calculations, we plotted the

calculated trapping potentials along the minor axis and major
axis, as indicated by the red and blue arrows in Figure 5C,D,E.
These lines suggest that the potential along the major axis was
lower than that along the minor axis, which is consistent with
our observation in Figure 5B. In summary, our experimental
results confirm that the observed stable trapping of supermeres
and EVs is enabled by the enhanced near field generated by the
anapole antenna rather than by the laser light itself.
In this study, we have demonstrated the ability to trap

nanoscale EVs and the newly discovered supermeres using the
nanoscale confined light fields enabled by optical anapole
states for the first time. We achieved the stable trapping of
supermeres with 2 orders of magnitude lower power relative to
the trapping powers used in optical tweezers. The use of a
Bragg reflector to control the reflection phase of the incident
light and optimize field enhancement in the anapole structure
instead of metallic films ensures that there is no loss-induced
heating. Since the proposed trapping system is low-loss, it
precludes local temperature rises and thus ensures that
important biological particles and molecules remain intact.
The absence of loss-induced heating also ensures that our
system achieves low-power trapping of nanosized EVPs with
high stability, without external thermohydrodynamic phenom-
ena such as convection or thermophoresis that could interfere
with trapping. Beyond optical trapping, this all-dielectric
approach for optimizing and enhancing electromagnetic fields
in all-dielectric systems may find applications in other areas

including low-threshold lasing and the enhancement of
nonlinearities where high field enhancement with low loss is
beneficial. In conclusion, our findings depict that the proposed
anapole-assisted optical trapping is a promising approach for
trapping and analyzing nanoscale biological particles and could
have a wide range of applications in the future.
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