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Abstract

An optofluidic chip is demonstrated in experiments for the high-resolution and multi-range particle
separation through the optically-induced microscopic vibration effect, where nanoparticles are trapped in
loosely overdamped optical potential wells created with combined optical and fluidic constraints. It is the
first demonstration of separating single nanoparticles with diameters ranging from 60 to 100 nm with a
resolution of 10 nm. Nanoparticles vibrate with amplitude of 3-7 um in the loosely overdamped potential
wells in the microchannel. The proposed optofluidic device is capable of high-resolution particle
separation at both nanoscale and microscale without reconfiguring the device. The separation of bacteria
from other larger cells is accomplished using the same chip and operation condition. The unique trapping
mechanism and the superb performance in high-resolution and multi-range particle separation of proposed

optofluidic chip promise a great potential for a diverse range of biomedical applications.



Introduction

The ability to separate particles based on their different chemical and physical properties empowers a wide
range of biomedical applications [1-3]. These particles could either be synthetic or natural. Synthetic
particles, such as polystyrene microspheres, gold nanoparticles or quantum dots, are widely used to tag
biomolecules for the sensing and sample processing [4, 5]. Naturally existing particles refer to cells,
viruses or macromolecules such as large proteins. Separating pathogenic bacterial cells from human blood
cells in clinical samples reduces the burden of background human genomic DNA hence increases the
sensitivity of molecular diagnostics [6, 7]. Separating exosomes and other extracellular vesicles from
cellular components allows for subsequent biomarker profiling and functional studies [8, 9]. For more
integrated analysis, the particle separation process is often incorporated onto a microfluidic chip that
utilizes various techniques, including immunoseparation [10], filtration [11], dielectrophoresis [12] and
optical force [13], to distinguish and sort particles based on their different physical and chemical properties.
One such important property for particle separation is the particle size. The particle separation device is
usually configured to handle particles within a certain size range [14]. If a device is designed to separate
nanoparticles from microparticles, it is unable to separate nanoparticles with small size difference from
each other, and vice versa. Therefore, it is unfeasible to separate particles in different size ranges without

reconfiguring the device.

One mechanism that has been widely used for particle separation is the non-invasive optical force
[15]. However, the optical scattering and gradient forces increase with the 6™ and 3™ powers of size,

respectively [16]. When the size of a dielectric nanoparticle reduces to 200 nm, the optical scattering and
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gradient forces become negligible. In the scenario of gold nanoparticles, an additional absorption force
would act on the particles as a result of surface plasma resonance (SPR)-induced absorption of the light.
The combined effect of the optical absorption force and the scattering force results in an optical extinction
force, which could be enhanced by thousands of times when the light is under resonance. This enhanced
force has been widely used to separate gold nanoparticles ranging from 100 to 200 nm [17-19]. Current
methods for gold nanoparticle separation use the optical extinction force at a certain laser wavelength to
push away the big particles (> 100 nm) while leaving the small particles unaffected. The separation
resolution of this mechanism is limited to 30 nm for gold nanoparticles, which means particles with a size
difference smaller than 30 nm cannot be distinguished using this approach. To separate even smaller
nanoparticles (< 100 nm) using the optical extinction force requires a laser beam with a long propagating
distance and a tight focus. If these conditions are not met, the optical force would be too small to
manipulate nanoparticles as the intensity of the beam decays too quickly. Therefore, the separation of sub-

100 nm gold nanoparticles with a high separation resolution remains a big challenge.

Optical chromatography, which utilizes the synergy of the optical scattering force and the fluidic drag
force, has shown a great potential in nanoparticles separation [20]. Previous researches on optical
chromatography demonstrated the sorting of microparticles with diameters of 1 to 3 um [21, 22] and
bacteria spores of ~ 1 um in the longest dimension [23]. Optical chromatography can be developed into a
chip scale device with the assistance of photonic crystal fibre [24]. The combination of hydrodynamic
focusing and optical chromatography enables the sorting of sub-micron particles [25]. In order to separate

sub-100 nm gold nanoparticles using optical chromatography, the light beam must have a tight focus (< 2



jam) so that the nanoparticles can be trapped in the potential well. If the focus is too big, the nanoparticles
would escape easily [26—30]. Meanwhile, a small numerical aperture (NA) (< 0.05) is also necessary to
separate gold nanoparticles with a small size difference (e.g. 10 nm). The tight focus and the small NA
usually counteract each other for most beams such as the Gaussian beam. Therefore, designing light beams
with a low NA (< 0.05) and a small beam spot (< 2 pm) is crucial for the separation of sub-100 nm gold

nanoparticles with a high separation resolution (< 10 nm).

To address the aforementioned challenges, we demonstrate a quasi-Bessel be am with a low NA
(~0.04) and a tight focus (< 0.5 jm) propagating against the flow stream in an optofluidic chip for the
high-resolution and multi-range particle separation. Potential wells are created by building optical and
fluidic constraints so that a single equilibrium position is defined for each particle of a unique size along
the microchannel. The low divergence of the beam induces microscopic vibration (i.e. 3 to 7 um) of
nanoparticles inside the potential well. The microscopic vibration triggered by the Brownian force has not
been observed in conventional optical trapping because such a stiffness (~1071° N/m) is far lower than the
safe trapping stiffness (>10° N/m). In our optofluidic chip, nanoparticles are trapped in the area of low
stiffness because of optical and fluidic constraints. The microscopic vibration keeps each nanoparticle in
its corresponding potential well and prevents nanoparticles in the closely positioned potential wells from
aggregating. Using this approach, we are the first to demonstrate the separation of single gold
nanoparticles ranging from 60 to 100 nm with a separation resolution of 10 nm in an optofluidic chip. This
optofluidic chip is also capable of separating microscale particles without the need to change the device

configuration. We demonstrate successful separation of bacteria from other larger cells using the same



operation conditions as those with gold nanoparticles on the same optofluidic chip. The ability of the
proposed device to separate particles with high resolution and different size range promises great

potentials for a diverse range of biomedical applications.

Design of the optofluidic chip

The optofluidic chip with hydrodynamic focusing and a quasi-Bessel beam is illustrated in Fig. 1(a). Gold
nanoparticles were injected and confined to the central flow stream by hydrodynamic focusing. The quasi-
Bessel beam was coupled into the flow stream in the microchannel by irradiating a fibre laser (NA = 0.12)
through the micro-quadrangular lens built inside the optofluidic chip [31-33]. The micro-quadrangular
lens can be regarded as the combination of two prisms with two open angles as shown in Fig. 1(b) and (c).
The quasi-Bessel beam had a tightly focused main lobe (minimum 0.5 pm) and diverged slowly with an
equivalent NA of 0.04. It also had a long propagating length over 140 pm as shown in Fig. 2(a). The
nanoparticle in the microchannel experienced a dominant optical extinction force (Fext) and a weak optical
gradient force (Fgraa) along the light propagation direction. Meanwhile, the nanoparticle was affected by
the drag force (Fdrag) along the flow stream direction. The powerful heating effect of the laser raised the
temperature of the nanoparticle. As a result, the Brownian force (Foro) plays an important role in the
vibration of the nanoparticles [34]. Due to the combined effect of the heat absorption from the laser and
the heat dissipation to the flow stream, the temperature distribution along the microchannel was non-

uniform, resulting in a temperature gradient force (Frg).



At the equilibrium of these forces, the nanoparticle got trapped in the microchannel as shown in Fig.
2(b). The optical extinction force on the nanoparticle increased exponentially with the particle size while
the drag force increased only linearly. Therefore, bigger nanoparticles were trapped in positions further
away from the lens (z = 0) where the intensity was lower. Laser heating raised the temperature of the
nanoparticles, whereas the flow streams facilitated the heat dissipation and cooled down the nanoparticles.
The flow stream also absorbed the heat from the laser. The combined effect resulted in the temperature
inhomogeneities along the microchannel as shown in Fig. 2(c). The influence of the Brownian force and
the temperature gradient force (photophoretic force) were analysed based on the temperature distribution

surrounding the nanoparticles.

Theoretical analysis

Due to its importance in force analysis, the temperature of the nanoparticles was calculated as a function

of their diameters, laser intensities and flow rates. Rigorous simulations of enerqgy transfer from the laser

to the nanoparticles and further to the flow-stream were implemented in COMSOL. The spherical gold

nanoparticle is placed in the de-ionized water with different flow rates under the illumination of different

laser powers. The initial temperature of water and the environment is set to 293.15 K. The dimensions of

the simulation region were 1 pm <1 pm %<1 pm, and the maximum grid sizes for the surrounding medium

and the gold nanoparticles were 10 nm and 1 nm, respectively. The temperature of the nanoparticles as a

function of the diameter under the illumination with various laser intensities between 0.5 and 3 mW/pm?

is shown in Fig. 3(a). The temperature increased with both the diameter and the laser intensity. At the laser
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intensity of 2 mW/m?, an increase in diameter from 60 to 100 nm corresponded to a temperature increase
from 364 to 387 K. When the laser intensity was 3 mW/pm?, the temperature of all nanoparticles exceeded

397 K. In the experiments of sorting gold nanoparticles, the laser intensity is below 3 mW/um?. It causes

the temperature of gold nanoparticles to increase by less than 100 kelvin, without evaporating the

surrounding liquid. Evaporation happens only when the temperature is above the ultra-heat temperature,

which is much higher than water boiling point of 373 K [35]. More importantly, the laser intensity is

relatively low comparing to that used in previously reported tightly focused optical trapping experiments.

The optimized laser power can effectively trap gold nanoparticles without damaging other

microorganisms such as bacteria and protozoa in water [36]. In our optofluidic system, the temperature of

the nanoparticles also decreased as the flow velocity increases as shown in Fig. 3(b). The temperature

variation among nanoparticles with diameters ranging from 60 to 100 nm was smaller than 5 K when the

flow velocity was relatively slow (i.e. < 2 <101 m/s). The laser intensity used in the simulation was 1
mW/pm?. And the flow velocity used in the experiments was in the order of 10~* m/s. Therefore, the
cooling effect caused by the flow-stream was ignored.

All forces acting on the nanoparticles with diameters ranging from 60 to 100 nm are shown in Fig.
3(c) when the laser intensity is 1 mW/pm? and the flow velocity is 10™* m/s. The simulations were
performed using the commercial software Lumerical. All forces acting on the nanoparticles increase with
the nanoparticle diameter. Dipole resonance caused a distinct enhancement of the electric field on the
nanoparticles and thus increased the optical extinction force, which was calculated using the Maxwell

stress tensor method. The material parameters (dielectric function, ) were obtained from Johnson and



Christy [37]. The optical extinction forces acting on the nanoparticles with a diameter of 60 nm and 100
nm were 0.043 pN and 0.099 pN, respectively. The drag force was expressed as Farag = 67rnv, where r
was the radius of the nanoparticle, # was the viscosity of the liquid and v was the relative velocity of the
nanoparticle and the flow stream. The drag force on the nanoparticle increased from 0.034 to 0.044 pN
when the diameter increased from 60 to 100 nm, and v was 100 pm/s. The Brownian force on the
nanoparticle was expressed as Foro = (2ks Ty7)Y2((t), where kg, T, yrand ((t) were the Boltzmann constant,
the temperature of the nanoparticle, the drag coefficient and the normalised white noise, respectively. The
expression (2ks Tyr)*2 increased from 3.41 to 4.40 fN when the diameter of the nanoparticle increased from
60 to 100 nm, as plotted in Fig. 3(c). The optical gradient force was proportional to the gradient of the
light intensity. Because of the slow divergence of the quasi-Bessel beam, the gradient of the light intensity
in the light propagation direction was small, which lead to a relatively small optical gradient force. The
maximum optical gradient forces on nanoparticles with diameters between 60 and 100 nm ranged from
0.012 to 0.29 fN which were almost 100-fold smaller than the optical extinction force, drag force and
Brownian force. Therefore, the gradient force along the light propagating direction was ignored. The
temperature gradient drove the nanoparticles to the low-temperature region, in which the force was
expressed as Frq = —9man?HATI2pT, where H, AT and pr were the conductivity ratio between the gold
(317 W/(m'K)) and the water (0.54 W/(mK)), the temperature gradient and the density of the water,
respectively [38]. Even when the temperature gradient was as large as 100 K, the temperature gradient
force was in the order of 10 fN which was negligible. Therefore, the trapping of the nanoparticles was

dominated by the optical extinction force, drag force and Brownian force. The three forces played different



roles in the manipulation of nanoparticles in the microchannel. The optical extinction force balanced with
drag force to keep the nanoparticle trapped, while Brownian force triggered a microscopic vibration
surround the equilibrium position due to the low divergence of the quasi-Bessel beam. The linear decay
of the optical extinction force and constant fluidic drag force created optical and fluidic springs along the
light propagating direction, which induced microscopic vibration. Given a constant laser power and flow
rate, there was only a single position for the nanoparticle of each size where all forces reached equilibrium.
The distance between the equilibrium position of a potential well and the micro-quadrangular lens was
denoted as the trapping distance.

To trap a nanoparticle, the depth of the potential well should be at least 10 times greater than the
kinetic energy of the Brownian motion [39, 40]. This criterion was expressed asS =UT /k, >10 , where
S was the stability number, U was the depth of the potential well, ks was the Boltzmann constant and T
was the temperature of the surroundings. Stability numbers of nanoparticles in an optical field with a laser
power of 400 mW were calculated and plotted in Fig. 3(d). Nanoparticles with diameters smaller than 50
nm cannot be stably trapped in the microchannel due to their small stability numbers (S < 10). For
nanoparticles with diameters larger than 80 nm, their stability numbers are always above 10, with a
trapping distance of 140 pm from the micro-quadrangular lens. A nanoparticle with a diameter of 60 nm
can only be stably trapped at a distance of 40 m (S = 10.12). Determination of the stable trapping range

is critical to the experimental trapping of different gold nanoparticles along the microchannel.
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Experimental results and discussions

The optofluidic chip was fabricated using the soft-lithography processes. First, photoresist-on-silicon
masters of the chips were prepared by photolithography (Micro-Chem, SU-8) using transparent glass
masks (CAD/Art Services Inc., Poway, CA, USA). Then, the microchannels and the micro-quadrangular
lens were moulded using PDMS and sealed against flat PDMS slabs after the oxygen plasma treatment.
The microchannel had a refractive index of n = 1.405 and dimensions of L = 1000 pm, W = 70 pm and H
= 50 pm. The microlens was made of PDMS and was placed at the edge of the microchannel. An argon
ion laser (532 nm, Laser Quantum, mpc 6000) was coupled to a single mode optical fibre and inserted into
the fibre groove near the microlens. Images were captured using an inverted optical microscope (TS 100
Eclipse, Nikon) through a charge-coupled device camera (Photron Fastcam SA3). The gold nanoparticles
were dispersed in the water and injected into the microchannel using syringe pumps (Genie, Kent
Scientific Corporation, CT, USA). For confocal imaging of the beam, the dye rhodamine 6G with a
concentration of 1 <10~ mol/L (excitation: 532 nm, emission: 550-590 nm) was added to visualise the

ray trajectories in the microchannel [41-43].
Separation of gold nanoparticles

The light-intensity profile of the quasi-Bessel beam used in the experiment is shown in Fig. 4(a). When
the nanoparticles flowed into this optical field, nanoparticles of different sizes were trapped at different
positions along the microchannel as shown in Fig. 4(b). The power used in this experiment was 400 mW
and the flow rate was 300 pm/s. Nanoparticles with diameters of 60, 70, 80, 90 and 100 nm were trapped

at different positions along the microchannel, i.e. at z = 32.5, 74.7, 104.6, 113.1 and 132 pm, respectively.
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In Fig. 4(b), a single trapped nanoparticle with a diameter of 60 nm on the left in each frame served as a
reference for the positions of larger nanoparticles to ensure that the trapping environment (e.g. laser power
and flow rate) remains constant for each particle size. The trapping positions of the different particle sizes
were also indicated by the white dashed lines in Fig. 4(a). Analysis of the various forces revealed that the
optical extinction force and the drag force played the dominant roles in the trapping. Larger nanoparticles
were trapped further from the lens (at which z = 0) because of the larger optical extinction forces. The
results of this experiment showed that the nanoparticles were well separated based on their diameters
without interference due to the self-healing property of the quasi-Bessel beam. In addition, the trapping
positions of the nanoparticles in the microchannel were accurately predicted using the calculated optical

extinction forces.

We calculated the trapping positions of the nanoparticles of variable sizes using the forces given
by different stress tensors, and compared them with the measured positions (Detailed methods can be
found in ESI+t). The calculation of optical extinction forces on 60 — 100 nm gold nanoparticles with a laser
intensity of 1 mW/um? was shown in Fig. 5(a). The force calculated with the Minkooowski stress tensor
was the biggest on each particle, while the smallest was the ones calculated using the Maxwell stress
tensor. We calculated the trapping positions of nanoparticles using the forces given by different stress
tensors, and compared them with the measured positions in the microchannel. As shown in Fig. 5(b), the
measured results matched reasonably well with the results calculated using the Maxwell stress tensor for
sizes of 60, 80, 90 and 100 nm. These experimental data were used to calibrate the functions relating the

trapping positions of the nanoparticles to their diameters.



Separating of E. coli and Cryptosporidium

The optofluidic chip with a quasi-Bessel beam does not only have a high separation resolution for
nanoparticles, but also separates microscale particles such as bacteria and protozoa efficiently under the
same operation conditions. Fig. 6 shows the separation of E. coli and Cryptosporidium oocysts in the
microchannel. E. coli (0.8-1.2 um) and Cryptosporidium oocysts (4—6 um) were trapped in the left and
right clusters, respectively. The distance between the two groups of cells was approximately 160 um. A
single E. coli was observed moving to the left on the right side of Cryptosporidium oocysts cluster (t = 0).
It was eventually trapped on the left of the microchannel at t = 6 s. In the meanwhile, another E. coli was
moving towards left. And more E. coli was continuously trapped on the left and generates a cluster (t =
12 s). The separation of these microscale particles was performed under the same operation conditions as
the experiment with gold nanoparticles. This optofluidic chip is capable of separating micro- and nano

particles of different size ranges in the microchannel without device reconfiguration.

Vibration of trapped gold nanoparticles

The effect of the optical field on the nanoparticle is approximated by a harmonic potential well [44—47].
Experiments involving optical trapping are often conducted in liquids with viscosities of approximately
1073 Pa s, in which the system is overdamped [48-50]. The combination of the low divergence of the
quasi-Bessel beam and the microfluidic flow creates loosely overdamped potential wells (o, <<1/27 )

with an optical trapping stiffness of ~ 1071 N/m inside the microchannel. In a typical tightly overdamped



system (stiffness k = 107°-10"* N/m) [42, 43], the Brownian motion of the nanoparticles is confined to a
displacement of 100 nm. The loosely overdamped system (k = 1071°-107° N/m) generated by the quasi-
Bessel beam makes the nanoparticle vibrate within a displacement in the micron scale. This displacement
magnitude is explained by the Langevin equation for the kinetics of Brownian particles, i.e.
mx (t)+ 7 4o X (1) + Kx(t) = F, (t)+ F,,, Where Fi and Fext are the thermal and external forces on the
nanoparticle, respectively. The mean square displacement (MSD) of the nanoparticle in an overdamped

potential well is expressed as [51]
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where o, = Ja)j - (1/2z,) is the corner frequency, and @ = 2- /(1x 27 |o,|). In the experiments, the

trapping stiffness for the nanoparticles with a diameter of 60 nm was —2.45 x 10722 N/m, and the resultant
mean displacement of the nanoparticles was approximately 7.1 um which was consistent with the
calculated square root of the MSD, 7.31 pm. More calculation of nanoparticle vibration can be found in
ESl+.

The experimental observation of microscopic vibration is shown in Fig. 7. The extremely small
trapping stiffness of the potential wells is created by two constraints, one on each side of the well. The
optical constraint on one side is created by the dominating extinction force, and the fluidic constraint on
the other side is created by the drag force. With the two constraints, even a trapping stiffness as low as
1071 N/m is able to confine the nanoparticle within the two constraints. When the nanoparticle is on the

left side of the equilibrium position of optical and drag forces, the constraint of the optical force pushes



the nanoparticle back to the equilibrium position. When the nanoparticle is on the right side of the
equilibrium position, the constraint of the drag force becomes the dominating factor and again pushes the
nanoparticle back to the equilibrium position. The particle vibrates due to the Brownian motion, while
Stokes viscous drag acts on the particle throughout the process. However, once a nanoparticle is trapped
inside a potential well, it can only vibrate within a certain distance because of the constraints. The potential
well for the larger particle is positioned at a location with a larger optical extinction force, resulting in a
higher trapping stiffness. Therefore, the vibration of the nanoparticle is confined to a shorter displacement
(right side of the beam in Fig. 7). More analysis can be found in ESIt. In the experiment, a 100-nm
nanoparticle was trapped on the right of a 60-nm nanoparticle. The 100-nm nanoparticle vibrated due to
the Brownian force, with a displacement of 6.3 um during an average period of 6 s. The 60-nm
nanoparticle vibrated with a displacement of approximately 7.1 um, and appeared brighter than the 100-
nm particle, because the optical intensity was much stronger near the lens and the resonance peak of the

60-nm particle (544 nm) was closer to the laser wavelength (532 nm) compared with that of the 100-nm

particle (574 nm). When the resonance peak of gold nanoparticles is close to the laser wavelength, strong

localized surface plasma resonance (LSPR) is induced, which enhances the optical extinction force by

hundreds fold comparing to that on non-metallic nanoparticles. The LSPR enhanced optical extinction

force acting on a 60-nm gold nanoparticle can balance the drag force under the flow velocity of 300 pm/s.

On the contrary, non-metallic nanoparticles (< 100 nm) can hardly be trapped due to the extremely small

optical force when the flow velocity is higher than 10 pm/s. Since the optical extinction force increases




as the sixth power of the size of the nanoparticle, this approach could be used to separate 200 and 300 nm

polystyrene nanoparticles with a flow velocity of 50—100 um/s.

Conclusions

In conclusion, for the first time, gold nanoparticles with diameters from 60 to 100 nm were separated with
a separation resolution of 10 nm using isolated optical potential wells in an optofluidic chip. The potential
wells were created along the microchannel by combining optical and fluidic forces to trap nanoparticles
at specific positions. The nanoparticles vibrated with large displacements (3—7 pm) in the loosely
overdamped optical potential wells which had a trapping stiffness of 107°-10° N/m. The optical trapping
force and the microscopic vibration of gold nanoparticles were modelled, and the modelling results were
consistent with the experimental results. The observed microscopic vibration facilitated the separation of
nanoparticles with similar sizes by preventing them from aggregating. In addition, the optofluidic chip
separated particles of different size ranges in the microchannel under the same operation condition. It was
used to separate bacteria from larger cells. The high-resolution and multi-range particle separation
represents a promising technology for various biomedical applications that require an accurate size-

selective control of multi-scale particles.
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(b)

(c)

Fig. 1 Design of the system for the high-resolution and multi-scale particle and
separation in an optofluidic chip. (a) Schematic illustration of the optofluidic chip. (b)
The optofluidic chip was fabricated from PDMS using standard soft-lithography
processes. The micro-quadrangular lens is illuminated by the Gaussian beam from the
optical fibre. Scale bar equals 100 pm. (c) The micro-quadrangular lens is equivalent to

the combination of two prisms with open angles of 81 and 6.. Scale bar equals 20 pm.
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Fig. 2 Analysis of the trapping environment of nanoparticles in an optofluidic chip. (a)
Analysis of forces on the gold nanoparticle and (b) the corresponding force contour in

the microchannel. (c) Normalised temperature profile around the trapped nanoparticle.
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Fig. 3 Simulated temperature, forces and trapping stability of a nanoparticle in the
optofluidic chip. (a) Temperatures of the nanoparticle under illumination at different
laser intensities. (b) Temperatures of nanoparticles with diameters of 60, 80 and 100 nm
under different flow rates. Insets show the temperature profiles surrounding the 80-nm
nanoparticle with flow rates of 200 pm/s and 2 m/s. The laser intensity used in the
simulation was 1 mW/pm?. (c) Simulated forces exerted on the nanoparticles in the
optofluidic chip. The laser intensity and the temperature used in the calculation are 1

mW/pm? and 373 K, respectively. (d) Stability numbers of the nanoparticles at different
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Fig. 4 Trapping of multiple nanoparticles in the microchannel. (a) Light-intensity profile
of the quasi-Bessel beam and the trapping positions of different nanoparticles. (b) Trapped

nanoparticles with different diameters in the microchannel. The laser power is 400 mW
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Fig. 5 Comparison of calculated and measured trapping positions of gold
nanoparticles (a) Calculated optical extinction forces on different gold
nanoparticles. (b) Trapping positions obtained from different Stress tensors and

experimental measurement.
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Fig. 6 Separation of E. coli and Cryptosporidium oocysts in the microchannel. (a) At t
= 0, a single E. coli moves to the left with the flow. The cluster of Cryptosporidium
oocysts is trapped on the right side of the microchannel. (b) Att =7 s, the E. coli is
trapped on the left side of the microchannel. And another E. coli is moving to the left.

(c) Att=12s, the cluster of E. coli is stably trapped. Scale bar equals 40 pm.
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Fig. 7 Experimental observation of microscopic vibration of nanoparticles. Nanoparticles
with diameters of 60 and 100 nm vibrate on the left and right sides of the microchannel,

respectively. Scale bar equals 15 pm.



