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Highly-Adaptable Optothermal Nanotweezers for Trapping,
Sorting, and Assembling across Diverse Nanoparticles

Jiajie Chen,* Jianxing Zhou, Yuhang Peng, Xiaogi Dai, Yan Tan, Yili Zhong, Tianzhong Li,
Yanhua Zou, Rui Hu, Ximin Cui, Ho-Pui Ho, Bruce Zhi Gao, Han Zhang, Yu Chen,
Meiting Wang, Xueji Zhang, Junle Qu,* and Yonghong Shao*

Optical manipulation of various kinds of nanoparticles is vital in biomedical
engineering. However, classical optical approaches demand higher laser
power and are constrained by diffraction limits, necessitating tailored trapping
schemes for specific nanoparticles. They lack a universal and biocompatible
tool to manipulate nanoparticles of diverse sizes, charges, and materials.
Through precise modulation of diffusiophoresis and thermo-osmotic flows in
the boundary layer of an optothermal-responsive gold film, highly adaptable
optothermal nanotweezers (HAONTSs) capable of manipulating a single
nanoparticle as small as sub-10 nm are designed. Additionally, a novel
optothermal doughnut-shaped vortex (DSV) trapping strategy is introduced,
enabling a new mode of physical interaction between cells and nanoparticles.
Furthermore, this versatile approach allows for the manipulation of
nanoparticles in organic, inorganic, and biological forms. It also offers

of optical tweezers have significantly con-
tributed to the advancements in biopho-
tonic applications.[>*] Traditional optical
tweezers depend on optical momentum
transfer to produce gradient forces,®! en-
abling 3D manipulation. Pioneering efforts
have significantly extended the scope of
trapping diverse nanoparticles, including
biological and metallic particles, into the
nanoscale realm.[>11) However, traditional
optical tweezers require high laser power
density and the spatial resolution is limited
by diffraction. In the past decade, different
approaches that cooperate with other fields
such as plasmonics,'?l metamaterials,[*3!
electrophoresis,!'*'8] optofluidics,['*%! or

versatile function modes such as trapping, sorting, and assembling of
nanoparticles. It is believed that this approach holds the potential to be a
valuable tool in fields such as synthetic biology, optofluidics, nanophotonics,

and colloidal science.

1. Introduction

Optical tweezers have made outstanding contributions to the re-
search of single particle analysis and deepened human under-
standing of the nano-world since its invention by Arthur Ashkin,
and it was awarded the Nobel Prize in Physics in 2018.1"%] Par-
ticularly, the precise and non-contact manipulation capabilities

thermophoresis?*?’] have redeemed the
disadvantages of traditional optical tweez-
ers and expanded the range of physical
properties of the trappable nanoparticles.
For example, researchers have devel-
oped various types of plasmonic tweez-
ers that can trap bio-nanoparticles near
a nanostructure beyond the diffraction limit.'>?8] However,
achieving large-scale nanoparticle transportation and manipula-
tion through plasmonic tweezers remains challenging. Neverthe-
less, optothermal tweezers, in which optical-induced thermody-
namic forces are adopted, have been developed to manipulate
nanoparticles on a large scale at subwavelength precision.[?9-#0]
The power density required for optothermal tweezers is three
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orders of magnitude lower than that of the traditional optical
tweezers.3133343839 However, these methods were limited to
specific nanoparticles with negative surface charges.[*!! Recently,
alternative methods were introduced involving the use of ionic
surfactants to induce thermophoresis in particles, allowing their
trapping at the laser heating center.323742] While the use of ionic
surfactants can alter and modify the surface charge of the tar-
get particles, limiting its broader applications in manipulating
bio-nanoparticles. The diffusiophoresis!***4l induced by nonionic
surfactant (PEG) has also proven instrumental in facilitating ag-
gregations of DNA and proteins,***! manipulation of micro-
sized particles (0.3-10 um) or cells.’52] However, the precise
manipulation of nanoparticles (5-200 nm) across different ma-
terials for micrometer scale transportation range has remained
unattainable. A universal optothermal trapping, sorting, and as-
sembling approach that accommodates diverse particles in vary-
ing materials, surface charges, sizes, and shapes is lacking. Cur-
rently, one typically needs to design specific trapping strategies
tailored for different types of particles, such as biological or metal
nanoparticles.[22:3453-56]

In addressing these challenges, by incorporating diffusio-
phoresis with the thermo-osmotic flow, that is, a slip flow paral-
lel to the solid-liquid interface induced by the excess enthalpy in
the boundary layer,’’) we developed highly-adaptable optother-
mal nanotweezers (HAONT), enabling nanoparticle manipula-
tion with sub-10 nm trapping accuracy without surface mod-
ification. This technique operates effectively on a wide range
of nanoparticles, encompassing organic, inorganic, and biolog-
ical entities, such as polystyrene spheres (PSs), mesoporous sil-
ica nanoparticles (MSNs), quantum dots (QD), metal nanopar-
ticles (ranging from 5 to 200 nm), exosomes, viruses (includ-
ing COVID-19), and bacteria (Escherichia coli cell. HAONT
scheme also offers versatile capabilities for nanoparticle trap-
ping, sorting, and assembling. Furthermore, we also systemat-
ically studied the size dependency of the metal nanoparticle-
induced VT homogenization effect, serving as a valuable ref-
erence for other researchers engaged in optothermal tweezers.
Additionally, by simply increasing the laser power, we’ve estab-
lished a novel optothermal doughnut-shaped vortex (DSV) trap-
ping strategy, facilitating a new physical interaction mode be-
tween cells and nanoparticles. Therefore, this nanotweezers sys-
tem represents a highly versatile solution, boasting exceptional
biocompatibility, precise trapping capabilities, and an extensive
transportation range. These attributes make it well-suited for a
wide range of applications in the field of nanotechnology and
biophotonics.

2. Results and Discussion

2.1. Working Principle

As shown in Figure 1a, HAONT operates within a microflu-
idic chamber containing a thin layer of gold (Au) film on the
glass bottom. To facilitate HAONT, a water-soluble, nonionic,
biocompatible polymer of polyethylene glycol (PEG, molecu-
lar weight M,, = 10000) is introduced into the aqueous solu-
tion. PEG is a widely used biological surfactant known for its
good biocompatibility.’®>°! Tt retains its thermal stability be-
low 100 °C.[%1 Following laser heating of the Au film, as de-
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picted in Figure 1b,c, temperature fields are generated (mea-
surement method detailed in Note S1, Supporting Information).
This temperature gradient gives rise to two major thermody-
namic forces: Diffusiophoretic force (Fp) and thermo-osmotic
force (Frp). When the resulting net forces (Fy,) acting on the
nanoparticles are directed toward the center of the laser spot
on the Au film, trapping is initiated. Diffusiophoresis is an in-
terfacial force that can induce motions in colloidal nanoparti-
cles due to osmotic stress in the vicinity of the nanoparticle
surface.[***] In our scheme, under the optically induced thermal
gradient (VT), the PEG molecules undergo thermophoresis, mi-
grating from a hot to a cold region, and the thermophoresis of
the PEG molecule causes the diffusiophoresis of the nanoparticle
towards the hot region due to particle-polymer boundary interac-
tion. Therefore, the total transport velocity of the particle is (see
Note S2, Supporting Information).[*>61]

k
v=— DT—ﬁRchA(TS";—l) VT =-[Dy+ D] VT (1)

where D is thermophoretic mobility of the particle in water, k;
is Boltzmann constant, N, is Avogadro constant, and # is solution
viscosity. The parameters concerning the PEG molecule, denoted
asc, S, and R,, represent the concentration in mol L1, the Soret
coefficient, and the gyration radius, respectively. For example, in
the case of PEG-10000 (molecular weight M,, = 10000 g mol™'),
at a mass fraction of 5%, viscosity 5 is 2.57 X 1073 Pa s,l%!
R, = 0.02M2*® (~4.2nm),[**] and S7' is 0.064 1/K.I%*] We can find
—1.7 pm? K~ s~ for the diffusiophoresis term D" whose ab-
solute value is larger than the of nanoparticle’s thermophoretic
mobility (Dy~ 0.1 pm? K~! §71).35] Therefore, the PEG-assisted
overall thermophoretic mobility (D; + DF*“) is negative, that
is, the nanoparticle can be driven to the heating center via
the dominant force from diffusiophoresis. Note that the above
discussion is conducted without considering the influence of
thermoelectrical field generation from water molecules, 4]
which is a negligible factor in the HAONT scheme. Never-
theless, contributions from thermophoresis of charged parti-
cles and water molecules are discussed in Note S3, Supporting
Information.

In the vicinity of the solid-liquid interface, a micrometer-scale
toroidal slip flow (indicated by the gray arrows in Figure 1b,c),
known as thermo-osmotic flow, also contributes to the trap-
ping of nanoparticles.[®! It originates from the excess enthalpy
h in the solid-liquid interface due to the temperature gra-
dient. The thermo-osmotic flow velocity vy, is described as
follows.7]

X vT .,
Vrot= gyt )

where 1 is a unit vector tangential to the Au-liquid interface and
x is the thermo-osmotic coefficient. When y is positive, lig-
uid flows towards the hot side at the interface. In our case, the
thermo-osmotic coefficients of AuNS and PS are y,, = 3.9 X
1071 m2-s7! and ypg = 1.6 x 1071° m?-s7! respectively (see Note
S4, Supporting Information for details). Note that natural con-
vective flow is suppressed due to the shallower chamber height
(30 pm).[“"(’”
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Figure 1. The working principle of HAONT. a) The microfluidic channel consists of two cover glass slides, and the bottom one is coated with 10 nm Au
film and a 5 nm chromium adhesion layer. The height of the chamber is 30 um. The Fy,, is the net force for nanoparticle manipulation. b) Polystyrene
sphere (PS) trapping in dilute PEG solution. c) Gold nanosphere (AuNS) trapping in semidilute PEG solution. The gray and blue arrows indicate the
thermo-osmotic force (Fro) and diffusiophoretic force (Fp) respectively. The incident 785 nm laser spot diameter is 1 um, and the incident optical
power is 0.3 mW. d) Trapping diagram for PS and AuNS particles of varying sizes in different PEG concentrations, all exhibiting neutral surface charges.

e) Material modalities when an AuNS (radius = R) is present in a PEG network with different correlation lengths &.

2.2. Nanoparticle Trapping and Assembling

Trapping behaviors are affected by PEG concentration, as PEG
molecules disperse in the solvent in a concentration-dependent
manner, falling into three distinct regimes. If the PEG volume
fraction ¢ is below its critical volume fraction ¢* (¢ < ¢*), that
is, dilute regime (see Figure 1b), the polymer molecules can
be regarded as coiled spheres with gyration radius of R,. If ¢
is larger than its critical volume fraction ¢* (dp* < < ¢,, ¢,
is the entanglement volume fraction), as depicted in Figure 1c,
the PEG polymer is in a semidilute regime,/%®! where the PEG
molecule coils start to merge and the polymer chains are grad-
ually entangled with each other. And we can calculate that ¢p*=
4.7% and ¢, = 29.9% for PEG (10K), and our experiments are
within the regime of dilute and semidilute (see Note S5, Sup-
porting Information for details). As the trapping status diagram
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in Figure 1d shows, in our experiments, at a dilute regime (<
5%), a fraction of PS can be trapped and AuNS can be hardly
trapped. We attribute this to the temperature field homogeniza-
tion induced by the larger thermal conductivity of metal nanopar-
ticles (see Note S6, Supporting Information for details).l®] In the
case of a semidilute solution regime (Figure 1c), where the poly-
mer concentration is above the critical volume fraction (¢*), both
PS and AuNS can be easily trapped. In this regime, the PEG
molecules form a 2D network of overlapping polymer chains (or
polymer blobs). It can be characterized by an average mesh size
called the correlation length &, which is a decreasing function of
polymer volume fraction ¢ (£ ~ R,($*/$)*”°).”"! Therefore. For
PEG mass fractions at 5%, 10%, and 20%, the calculated correla-
tion lengths £ are about 4.2, 2.6, and 1.4 nm respectively. Here,
we can treat the PEG molecules as smaller polymer network
fragments in the length scale of &, and diffusiophoresis can act
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Figure 2. Schematic figures and successive microscope frames showing nanoparticles trapping and assembling. a) Dynamic trapping and releasing of
200 nm PS, the laser is turned off at 3.1s, and the video is recorded by dark-field microscopy. b) Single 2019-nCoV pseudovirus trapping, after the laser
is switched on at 34.90 s, the virus is trapped towards the laser spot center. c) Trapping and manipulation of an E. coli cell through a “PS gate”, where
two printed PSs (1 um in diameter) are located on the Au film as reference. d) Fabricating a nano PS-star by combining a larger PS (1 pum) and a smaller
PS (500 nm) with opposite surface charges. e) The transport and immobilization of AuNS-50 nm onto the target E. coli cell. The PEG mass fraction in
(a,c,d) and (b) is 5% and 10%, respectively. The red dashed circles and arrows indicate that the laser spot and the manipulation trajectory. The video
frames in (a,b,e) and (c,d) were recorded by dark-field and bright-field microscopy, respectively. The optical power of 785 nm laser is 0.3 mW.

directly on the AuNS via particle-polymer boundary interaction to
drive the particle.[***4] In our experiments, 3.3 nm AuNSs cannot
be firmly trapped in a PEG-5% solution, but they can be trapped
effectively in a PEG-10% solution. We attribute this phenomenon
to the PEG chain’s mesh size & (depicted in Figure le). When
the AuNS diameter is smaller than &, effective trapping becomes
challenging. Conversely, if the diameter exceeds &, the AuNS be-
comes more prone to be trapped due to increased interaction be-
tween PEG chains and the AuNS boundary.

The HAONT scheme is suitable for trapping and manip-
ulating a wide range of nanoparticles composed of organics
and inorganics. First, the trapping of polystyrene spheres (PSs)
is tested. As the video frames in Figure 2a indicate, we have
achieved the dynamic trapping and releasing of multiple PSs
of 200 nm in diameter (see Video S1, Supporting Informa-
tion). In addition, the trapping and manipulation of PSs of
sizes ranging from 100 to 1000 nm is also achieved. Note
that the operation laser spot is loosely focused to a radius (R)
of about 500 nm. The optical power (measured after the ob-
jective) required for trapping PS is in the range of 5 pW-
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1 mW, which corresponds to a minimum power density of about
6.4 uW um=2.

HAONT is also good for bio-nanoparticle trapping. For exam-
ple, as shown in Figure 2c,d, we have successfully trapped a single
inactivated pseudovirus of 2019-nCoV (Zoonbio Biotechnology
Inc.). A video of the full event is shown in Video S2, Supporting
Information. Moreover, an E. coli cell can also be readily trapped
and manipulated for traveling through a “PS gate” (see Video
S3, Supporting Information). In addition, the trapping ability of
HAONT for exosomes-HEK is also verified. It is worth noting
that the effective trapping conditions for bio-nanoparticles are
size-dependent, much like their non-metal counterparts, such
as polystyrene (PS) as depicted in Figure 1d. Micro-sized parti-
cles, such as E. coli cells, can be trapped at PEG mass fractions
above 1%. In contrast, nano-sized particles like pseudovirus or
exosomes (~100 nm) require a PEG mass fraction greater than
5% for effective trapping.

Clearly, with more experimental trials, we are highly opti-
mistic that the reported HAONT scheme has a high poten-
tial for more versatile bio-nanoparticle manipulation operations.
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Figure 3. Single inorganic nanoparticle trapping of different materials, surface charges, sizes, and shapes. a) Trapping of gold nanospheres (AuNSs)
with diameters ranging from 5 to 200 nm. b) Trapping of Hexagonal Au nanoplate (H-AuNPL), two kinds of gold nanorods (AuNR-1/2). c) Trapping of
silver nanosphere (AgNS) with diameters of 20 and 50 nm. d) Trapping of a quantum dot with 525 nm emission wavelength (QD-525 nm). The detail
of the nanoparticle’s preparation is shown in the Experimental Section. The optical power of 785 nm laser is 0.5 mW, and the images were recorded by
dark-field microscopy. e) The relationship between the velocity ratio (u,,/ug) and the metal particle radius ratio (R,/R). Two curves of gold (Au) and silver
(Ag) material are presented. The inset indicates the case for larger metal particles. The thermal conductivity of Au and Ag is 318 and 429 W m~! K7,
respectively, and the solution is water (k,= 0.6 W m~! K'). Di indicates dielectric particles such as PS and bio-nanoparticles.

Furthermore, metal nanoparticles are relatively un-susceptible
to the temperature gradient because of their temperature field
homogenization effect. As shown in Figure 3, we success-
fully trapped individual gold nanospheres (AuNSs) and silver
nanospheres (AgNSs) spanning sizes of 5 to 200 nm. Addi-
tionally, we tested the trapping of gold nanoparticles in various
shapes, including gold nanorods (AuNRs) and hexagonal gold
nanoplate (H-AuNPL). In our experiments, a water-based so-
lution with relatively low salinity was employed. Consequently,
based on DLVO theory, the direct trapping and printing of tar-
get particles on the substrate was rarely observed.**) However,
during extended trapping durations (e.g., 20 min), nanoparticles
would occasionally settle and adhere to the substrate. To further
verify the trapping event, we did the in situ SEM imaging of
these trapped and printed nanoparticles (see Note S8, Supporting
Information). Moreover, semiconductor materials such as quan-
tum dots (QDs) and mesoporous silica nanoparticles (MSNs) can
also be trapped. Details of nanoparticle preparation procedures
are presented in Note S9, Supporting Information. In addition,
because of temperature homogenization induced by the metal
nanoparticles, the minimum optical power required for metal
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nanoparticle trapping is much larger, which is about 80 pW, that
is, 102 pW pm~2 in power density. Nevertheless, the overall trap-
ping power density required of HAONT is quite low, which is
about a third order of magnitude smaller than the classic optical
tweezers (10-100 mW pm~2). And the heating effect of the metal
nanoparticle itself is negligible at such low power intensities ac-
cording to previous comprehensive studies of plasmonic heating
in nanoparticles.l”!72]

Furthermore, the HAONT can also trap particles with vary-
ing surface charges. The aforementioned metal nanoparticles
and PSs exhibit distinct surface charges in both positive and
negative ranges. Notably, the surface charges of different
nanoparticles remain nearly constant across different PEG
mass fractions (refer to Note S3, Supporting Information).
This has made HAONT a good candidate for adopting a wider
range of nano-fabrication and biological applications. As shown
in Figure 2d, we successfully assembled a PS-star structure
using PS particles of different surface functionalizations. By
mixing amino-functionalized larger PS particles (1 ym) and
carboxyl-functionalized smaller PS particles (500 nm) in the
microfluidic chamber, larger particles deposit onto the Au film.
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Subsequently, we captured multiple smaller PS particles and
transported them to the surface of the larger PS, resulting in
instantaneous binding through dehydration condensation. This
process leads to the formation of a “nano PS-star” structure
(refer to Video S4, Supporting Information). Moreover, the plas-
monic gold nanoparticle-based nano-probes have contributed
a lot to biological study.”>7°] However, achieving precise si-
multaneous manipulation across microscale bioparticles and
nanoparticles remains challenging. HAONT can also promote
the interactions between cells and AuNS and gather them
into a biocompatible assembly. As depicted in Figure 2e, we
perform AuNS-50 nm cluster trapping and transport towards
the target E. coli cell (see Video S5, Supporting Information),
allowing for the immobilization of AuNS onto the target cell via
bacteria surface sorption. This further enhances HAONT’s
versatility for various biocompatible nano-manipulation
tasks.

2.3. Trapping Stiffness-Based Nanoparticles Sorting

In the HAONT scheme, the dominant thermodynamic forces ex-
erted on the target particles can be calculated via Stokes’ law F =
67 Ru, where R is the radius of the trapped particles and u the
relative velocity between the particle and the fluid. In the case of
common dielectric particles that have a similar or smaller ther-
mal conductivity (x,) compared to the surrounding solution (x),
the nanoparticle will not homogenize the temperature gradient
VT around it. Therefore, the trapping stiffness increases linearly
with R and u. However, metal nanoparticles normally have larger
thermal conductivity, which will in turn decrease the VT around
them, and lead to a lower trapping stiffness because of this tem-
perature field homogenization effect.

To explore the size-dependency nature of this metal-
nanoparticle-induced VT homogenization effect, we compared
the optothermal-driven velocity of a metal particle (u,,), which
possesses higher thermal conductivity than the surrounding
solution, to its dielectric counterpart of the same size (u,), which
exhibits thermal conductivity similar to that of the solution.
As shown in Figure 3e, we plot the curve of the velocity ratio
(#,,/u;) corresponding to the metal particle radius (see Note
S6, Supporting Information for details). It indicates that for
larger-sized metal nanoparticles (e.g., AuNS of 200-100 nm),
the VT homogenization effect is much more remarkable (u,,/u,
<« 1) than the smaller-sized metal nanoparticles (e.g., AuNS
of 5-20 nm). And the difference between Au and Ag is non-
significant.

Subsequently, we measured the trapping stiffness of AuNS and
PS and the experimental results were consistent with our theo-
retical analysis. As shown in Figure 4a—f, the trapping stiffness
of nanoparticles is affected by size, material, and PEG concentra-
tion. A higher PEG mass fraction or larger particle size results in
increased trapping stiffness. This occurs because larger particles
with greater surface area are more influenced by diffusiophore-
sis forces from surrounding PEG molecules. As the correlation
length & decreases, a denser PEG network forms around the par-
ticle, leading to stronger diffusiophoresis forces (see Figure le).
Thus, when the ratio of particle radius (R) to correlation length
(&), that is, R/¢, increases, diffusiophoretic forces become more
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significant.***4] Additionally, due to the temperature homoge-
nization effect, the trapping stiffness of AuNS-200 and 100 nm
becomes comparable, while the trapping stiffness of PS-200 nm
is 2.5 times greater than that of AuNS-200 nm.

Counterintuitively, we observed a tendency for the trapping
stiffness to plateau as the laser power gradually increases. Further
increments in laser power result in higher local temperatures,
which results in a reduction in trapping stiffness (also demon-
strated by the relative trapping stiffness normalized by power in
Figure S13, Supporting Information). This is because, with an in-
crease in temperature, the absolute value of D + D¢ decreases,
while the thermo-osmotic flow (y) concurrently intensifies (de-
tails explained in Note S7, Supporting Information). Further-
more, at higher laser power levels (> 0.6 mW), this phenomenon
also leads to an intriguing doughnut-shaped vortex (DSV) trap-
ping behavior, as elaborated in the following sections (Figure 5).

Additionally, by driving particles through the solution at vary-
ing velocities, sorting can be achieved between larger and smaller
particles based on the disparities in their trapping stiffness. Re-
markably, sorting can also be achieved between different mate-
rials, for instance, by isolating PS particles from a mixed solu-
tion of AuNS-200 and PS-200 nm, which demonstrates the ca-
pacity to selectively trap and sort specific particles even within
a nanoparticle mixture of the same size. As shown in Video S6,
Supporting Information and Figure 4g, when the heating laser
captures two distinct nanospheres and brings them close, mov-
ing them at a higher speed results in the release and separation
of AuNS-200 nm while retaining and sorting out the PS-200 nm
within the trapping potential well. Hence, the HAONT approach
demonstrates a versatile capability for nanoparticle sorting based
on both size and material.

To get a quantitative view of the particle confinement ability
of HAONT, as depicted in Figure 6, we conducted a numerical
simulation on the thermodynamic force distribution based on
Stokes’ law along with the consideration of temperature field ho-
mogenization. Figure 6a—c shows that the diffusiophoretic force
(Fp) facilitates the trapping of the nanoparticle along VT, direct-
ing it towards the hotter center. Meanwhile, the role of thermo-
osmotic force (Frp) in trapping is mainly to assist particles in
being trapped along the x/y directions parallel to the substrate.
While its upward component (positive z-direction) of thermo-
osmotic flow at the center of capture near the substrate is un-
favorable for particle trapping. Nevertheless, the diffusiophoretic
force in the negative z-direction compensates for this repelling
contribution, ultimately leading to successful trapping. We also
calculated the optical forces using dipole approximation by con-
sidering the complex polarizability correction term.””78] It indi-
cates that the optical force (F,) is about one order of magnitude
smaller than the dominated thermodynamic forces (Fp,, Fy) in
this trapping scheme (Figure 6g). We also conducted controlled
trapping experiments for nanoparticles without the gold film de-
position and observed that it was challenging to trap the particles
under such lower laser power conditions(< 0.62 mW). The sim-
ulation shows that particles of the same material exhibit larger
trapping forces with increasing size. Moreover, when comparing
net trapping forces for AuNS and PS particles of the same size
(200 nm), due to gold nanoparticles” higher thermal conductiv-
ity, PS exhibits significantly higher net force and deeper trapping
potential than AuNS (Figure 6d—f). This observation aligns with
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Figure 4. Trapping stiffness measurements of different PEG mass fractions and nanoparticle sizes. a,b) Trapping stiffness values of single PS at different
laser power levels at a PEG mass fraction of 10%, and the PS diameters are a) 500 and b) 200 nm. c) Trapping stiffness values of single PS-500 nm in
different PEG mass fractions, optical power is 0.13 mW. d,e) Trapping stiffness values of single AuNS in different laser powers at PEG mass fraction of
10%, the AuNS diameters are d) 200 and e) 100 nm. Each data point in (a—c) is an average of three independent measurements. f) Trapping stiffness
values of single AuNS in different sizes, each data point is an average value of the trapping stiffness measured at different laser powers. More trapping
stiffness measurement data are presented in Note S10, Supporting Information. g) The AuNS-200 and PS-200 nm move together at a low heating

laser translocation speed of 1.2 um
AuNS-200 nm.

experimental trapping stiffness data displayed in Figure 4b,d.
Additionally, we analyze the in plane force distribution (Figure
S11, Supporting Information) and its z-component (Fy,(z))
(Figure 6i) for AuNSs of varying sizes. Due to the positive Fy,(2),
larger trapped particles (2R > 50 nm) exhibit a tendency to be
captured from the radial direction. Furthermore, relying on force
simulations in Figure 6f, we computed corresponding trapping
stiffness values, which exhibit good agreement with measure-
ments across various nanoparticles (see Note S10, and Table S1,
Supporting Information). Therefore, our theoretical and experi-
mental studies have given a comprehensive understanding of the
HAONT’s versatile and highly adaptable particle manipulation
ability.

2.4. Doughnut-Shaped Vortex Trapping and Biological
Applications

Remarkably, due to the amplified thermo-osmotic flow and the
diminished diffusiophoresis coefficient at elevated temperatures
under higher laser powers (also refers to Note S7, Supporting In-
formation), as depicted in Figure 5a, increasing the laser power
to 0.6 mW results in the creation of an intriguing trapping con-
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~Ts, PS-200 nm remained in the trap and was sorted out from the

figuration: a doughnut-shaped vortex (DSV) trapping scheme in
which particles are trapped and circulate around the laser spot.
The diameter of the DSV trapping region for AuNS-50 nm ex-
pands as the laser power increases (see Figure 5b and Video
S7, Supporting Information). Moreover, in conventional MSN-
based drug delivery, nanoparticles typically approach cell surfaces
through passive Brownian motion, resulting in limited cell tar-
geting precision.l””) However, HAONT offers an opportunity to
enhance drug delivery accuracy and efficiency, transforming pas-
sive diffusion into an active process. As depicted in Figure 5¢, at
a laser power of 0.62 mW, the MSNs with diameters of 100 nm
(for preparation details, please refer to Note S9, Supporting Infor-
mation) can also be induced into a DSV trapping mode, allowing
them to follow the movement of the laser spot (see Video S8, Sup-
porting Information). Additionally, unlike smaller nanoparticles
trapped within the doughnut-shaped vortex zone influenced by
thermo-osmotic flow, larger cells with greater gravity force tend
to be captured at the center under the same laser power. As shown
in Figure 5d, we can guide the target E. coli cell to the center of
the DSV trap (see Video S9, Supporting Information). This not
only significantly enhances interaction probability and accuracy,
but also introduces a novel physical interaction mode between
the cell and the MSN.

© 2023 Wiley-VCH GmbH

85U80|7 SUOWIWIOD aAIeR.D 3ol |dde ayy Aq peusenoh ae sspe YO ‘8sn Jo sejn. 1oy AreiqiauljuO A3|IM UO (SUORIPUOD-PUB-SWBIW0D A8 |IMAleIq Ul [UO//:SANY) SUORIPUOD Pue SWs 18U} 88S " [7202/.0/¢T] uo AriqiTauliuo A8 ‘AiseAIUN Uayzuaus Ad EYTE0EZ0Z BWIPe/Z00T OT/I0P/UW00" A3 | 1M AReid 1 puluoy/Sany Wwoly pepeojumod ‘6 ‘#7202 ‘S605T2ZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a DSV trapping
_____________________ ~_ e Y e artortten
: - ~\

: @ MSN L) PO
g s E. colicell /‘///‘ -.r,,.\g--- &

; AuNS-50nm |  \

: ; D

1 =8> Net force : AuNS-50nm

0.62mwW

www.advmat.de
() .
35 (K)
1315
25 1
31
15 307
5 303
299
12
= # Outer Diameter
£ @ Inner Diameter .
=28
5 d
@ &
g 4 @ - x
[a) -
0 K )
0 4 8 12 16

Laser power (10 'mW)

c
i
\ /
— \“Q ? {9—~
e <9
AN
R e
® o
MSN
d
= | ,
\\ ? //
—Q) I (9~
-4 ( 0
B/ 1% e
TN ,
// \\
o o ‘
MSN & E. coli 3 !

Laser off Laser off ——

s CERRR RN RN NNy

AR l"‘"'""'}rw"""‘_’

Figure 5. Doughnut-shaped vortex (DSV) nanoparticle manipulation and interactions with E. coli cells. a) The DSV trapping mode of an AuNS-50 nm
cluster with insets displaying net force distribution in the x-z plane and temperature distribution in the x—y plane, the laser power is 0.6 mW. b) The
DSV trapping mode of an AuNS-50 nm cluster at different laser powers, and the relationship between the inner/outer diameter of the doughnut-shaped
trapping region and the laser power. c) The DSV trapping mode and the movement of a mesoporous silica nanoparticle (MSN) cluster. d) The DSV
trapping process of an MSN cluster around an E. coli cell. The length of the scale bars in (b—e) is 5 um.

Therefore, the versatile manipulation capabilities of HAONT,
spanning nanoscale to microscale and across different biologi-
cal species, make it a valuable tool for diverse applications. For
instance, the precise interaction between MSNs and cells holds
the potential for accurate single-cell drug delivery. Immobilizing
metal nanoparticles on bacterial surfaces, such as E. coli cells, en-
ables in situ surface-enhanced Raman scattering (SERS) applica-
tions for detecting biological differences at a sub-cellular level, 2!
inter-bacteria communications,”®! or antibacterial applications.
Moreover, HAONT facilitates the manipulation of DNA or RNA
molecules through diffusiophoresis,[*! allowing for simultane-
ous trapping and bioreactions. The optothermal effect also pro-
vides favorable temperature conditions for various biochemical
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reactions, including polymerase chain reaction (PCR), DNA hy-
bridization, or enzymatic reactions.

3. Conclusion

In this study, through innovatively incorporating the diffusio-
phoresis and thermo-osmotic flows in the boundary layer of an
optothermal responsive Au film, we have demonstrated a novel
nano-manipulation technique entitled HAONT. It is a universal
manipulation tool with low operating power, single-particle res-
olution, and biocompatible character. It also introduced a novel
physical tweezering mode of DSV trapping, which facilitates new
interactions between nanoparticles and cells. HAONT is highly
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Figure 6. Forces in the HAONT. a—c) In plane spatial distribution of the diffusiophoretic force (Fp), thermo-osmotic force (Frp), and net force (Fy,;)
respectively for an AuNS-50 nm. d—f) Radial force variation of Fp, Fyo, and Fy,, respectively. g) Radial force variation of the optical force (Fp). h) The
trapping potential of different particles. i) In plane force distribution of the z-component of the net force (Fy,;(z)) of different AuNSs, negative means
the force is in the z-direction. The analyzing particles are AuNSs of different sizes and PS (200 nm). The heating laser spot center is located at (0, 0),
and the radial force variation is measured at 100 nm above the Au film substrate. The optical power of the 785 nm laser is 0.3 mW and the PEG mass

fraction is 10%.

customizable for the manipulation of a wide range of nanopar-
ticles of different sizes, shapes, materials, and biological forms
without surface modification. By tuning suitable optical power
and PEG concentration, one can perform as-demand and pre-
cise nanostructure trapping and assembling tasks. Traditionally,
metal nanoparticles pose a challenge for traditional optothermal
tweezers due to two factors. Firstly, their enhanced optical scat-
tering force hinders stable trapping when their sizes are similar
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to the laser wavelength.l®182) Secondly, metal nanoparticles with
high thermal conductivity are less affected by temperature gradi-
ents due to their temperature homogenization effect. Nonethe-
less, HAONT has demonstrated successful trapping of metal
nanoparticles including gold and silver, spanning diameters from
5 to 200 nm. Moreover, we conducted a comprehensive study of
the optical and thermodynamic forces in the HAONT scheme,
alongside an examination of its trapping stiffness. The outcomes
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affirm the scheme’s capability for sorting nanoparticles based on
their material and size. Additionally, the HAONT can operate ef-
fectively in common biomedical buffer solutions like TRIS hy-
drochloride.

However, HAONT also has limitations. Firstly, unlike conven-
tional optical tweezers that allow accurate measurement of exter-
nal forces,[®33] HAONT requires Stokes’ drag force for potential
measurement. Moreover, the changing viscosity due to the con-
centration gradient of polymers impacts its accuracy. Secondly,
HAONT intrinsically relies on particle-solution boundary inter-
actions, the trapping stiffness is relatively low, and it is challeng-
ing to trap single non-rigid nanoparticles with soft morpholo-
gies like short single-strand nucleic acid or proteins. Thirdly,
accomplishing 3D manipulation is unfeasible due to the trap-
ping scheme’s reliance on a planar thermal-responsive substrate.
Moreover, in terms of thermal impact on biological samples, we
recommend that researchers first determine the maximum tem-
perature tolerance of the specific samples they are working with.
Subsequently, to maintain the viability, they can refer to Figure
S1 and Note S1, Supporting Information and select an appro-
priate laser power that ensures the temperature remains below
this threshold, for example, less than 0.3 mW(< 35 °C), which
aligns well with the conditions for a wide range of biological
samples such as virus, cells, or exosomes, as most of them are
cultured at 37 °C incubator.#*35] While HAONT works well for
some thermoresistant cells like E. coli, capable of surviving tem-
peratures as high as 50 °C.[8#7] This implies that they can also
survive under the conditions of DSV mode, which reaches a max-
imum temperature of 42 °C (0.6 mW). Despite its current lim-
itations, we believe that with further refinements, such as in-
tegrating temperature control techniquel*® or introducing elec-
tronic fields,['* %l the inherent biocompatibility and adaptabil-
ity of the HAONT scheme will enable it to become a versatile
nano-manipulation tool suitable for various applications in syn-
thetic biology, colloidal science, nanotechnology, and biomedical
research.

4. Experimental Section

Optical Setup: The optical setup was based on a Nikon inverted mi-
croscope (Ti2-E), with a 785 nm solid-state laser that was expanded (5%)
and reflected by a non-polarizing plate beam splitter (R: T = 90:10, 700—
1100 nm, Thorlabs). A 100x oil dark-field objective (Nikon, NA = 1.3) was
used to focus the laser onto the optothermal substrate. The beam expan-
sion system was adjusted to achieve a loosely focused laser spot, with a
diameter of 1 um, to ensure compatibility with the image recording op-
tical setup. Optical images were captured using a colored sCMOS cam-
era (Dhyana 400DC, Tucsen Ltd.). To block the reflected 785 nm laser, a
short pass filter (OD = 4, cut-off wavelength = 675 nm, Edmund) was uti-
lized. Dark-field oil condenser (Nikon, NA = 1.43-1.20) and bright-field
condenser were employed for sample illumination.

Material Preparation: The optothermal substrate (Au film) was pre-
pared by depositing an Au thin layer (10 nm) on a coverglass slide (20 x
20 mm). An adhesion layer of chromium (5 nm) was deposited prior to the
gold film deposition. The deposition procedures were provided by Suzhou
Hengxin Microelectronics CO., Ltd. The microfluidic chip was composed
of a glass slide (76 x 26 mm) and Au film deposited the coverglass slide, in
which they were sealed and separated by a thin layer of parafilm. The height
of the microfluidic chip was 30 um. The procedures for synthesizing the
Au nanoparticles (3.3 and 5-20 nm), MSN, and procedures of exosome ex-
traction are shown in Note S8, Supporting Information. The gold nanorods
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(AuNR-1,20 x 40 nm, absorption peak: 610 + 10 nm; AuNR-2, 25 x 80 nm,
absorption peak: 720 + 10 nm) and silver nanospheres (AgNSs) were pur-
chased from Zhongke Leiming Technology CO., Ltd. The 15 nm AuNS was
purchased from Nanoeast Biotech CO., Ltd. The AuNSs (40-200 nm) and
Au nanoplate (AuNPL) were purchased from NanoSeedz CO., Ltd. The
polystyrene beads were purchased from Bangs Laboratories CO., Ltd. Flu-
orescent QDs (emission wavelength: 525 nm) were purchased from Al-
addin CO., Ltd.

Trapping Stiffness Measurement: Trapping stiffness was determined
through the equipartition method!(®] and analyzed using a high-speed
grayscale CMOS camera (Imaging Source Ltd.) at an imaging speed of
500 fps. An optical trap calibration method was adopted to obtain accu-
rate results.[3%] The centroid method was employed to identify particle cen-
ter positions, enabling the extraction of particle position distribution from
grayscale images. The optical setup used was consistent with the HAONT
experiments. In addition, due to the extended integration time required for
microscopic observation of smaller AuNS-5 nm, as well as its inherently
weaker trapping stiffness, employing the equipartition method, which was
used for most larger particles, became challenging. Instead, the trapping
stiffness of AUNS-5 nm was determined using the drag force method.l"-%]

Finite Elements Method Simulations: A commercialized simulation
software of COMSOL Multiphysics was used to calculate the tempera-
ture distribution and force distribution around the optothermal substrate.
A 2D-axisymmetric geometry model composed of a gold film, glass sub-
strate, and solvent was built. An optothermal heat source with a Gaus-
sian profile was set at the interface of the gold film and the solvent. Heat
transfer and laminar flow models in fluids were used to calculate the ther-
mophoresis and thermos-osmotic flow field. Room temperature was set
as 25 °C at all other boundaries except for the optothermal heat source.
Moreover, accounting for the depletion of PEG molecules from the trap-
ping center (PEG concentration ¢(r) = coe_S'T"AT(')), the viscosity of the
solution (10% PEG) was established within the simulated region as 2.57
x 1073 Pa's, aligning with the viscosity of 5% PEG solution.[52] This viscos-
ity approximation remained reasonable in proximity to the trapping center.
In addition, to calculate the optical force, the electromagnetic wave model
was used in the frequency domain, dipole approximation was adopted for
obtaining optical gradient force, and scattering force was exerted on the
nanoparticles.l’’]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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