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Abstract

Optical tweezers have emerged as a powerful tool for multiparametric analysis of individual
nanoparticles with single-molecule sensitivity. However, its inherent low-throughput characterstic
remains a major obstacle for its applications within and beyond the laboratory. This limitation is
further exacerbated when working with low concentration nanoparticle samples. Here, we present
a microfluidic-based optical tweezers system that can ‘actively’ deliver nanoparticles to a
designated microfluidic region for optical trapping and analysis. The active microfluidic delivery
of nanoparticles results in significantly improved throughput and efficiency for optical trapping of
nanoparticles. We observed a more than tenfold increase of optical trapping throughput for
nanoparticles as compared to conventional systems at the same nanoparticle concentration. To
demonstrate the utility of this microfluidic-based optical tweezers system, we further used the
back-focal plane interferometry coupled with the trapping laser for precise quantitation of
nanoparticle size without prior knowledge of the refractive index of nanoparticles. The
development of this microfluidic-based active optical tweezers system thus opens the door to high-
throughput multiparametric analysis of nanoparticles using precision optical trap in the future.
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Engineering of a microfluidic-channel leads to a substantial increase in the throughput for the
optical trapping of nanoparticles.

1. Introduction

Multiparametric characterization of nanoparticles at the single particle level is of
tremendous demand for applications in nanomedicine:2, photovoltaics®, clinical diagnosis?,
environment®, and industrial® among many others. Detection of individual nanoparticles
with single-molecule sensitivity is important as they can directly reveal the heterogeneities
among particles that are otherwise hidden in ensemble characterization. Single-molecule
sensitivity is essential especially for biological particles, where the difference between
particles just by one or two molecules could impart a measurable effect on their biological
activity.” Furthermore, single-molecule sensitivity can offer an intrinsic reference based on
which the stoichiometry of a particular protein in a biological nanoparticle can be
estimated”:8. Such information is needed for better understanding and interpretation of
experimental results. Many well-established microscopy techniques can be used for
characterization of nanoparticles at single-particle level. These include confocal laser
scanning microscopy (CLSM)?, near-field scanning optical microscopy (NSOM)?, scanning
electron microscopy (SEM), transmission electron microscopy (TEM)12, atomic force
microscopy (AFM)12 and scanning tunneling microscopy (STM)14. New techniques such as
nanoparticle tracking analysis (NTA)1®, nanopore integrated with resistive pulse
techniques?®, electronic detection!”:18 and optical detection!®-20 have also been used for
characterization of size, concentration and other parameters of nanoparticles. Among these
techniques, optical tweezers have emerged as a highly versatile tool for characterizing
nanoparticles with unique advantages. First, optical tweezers allow detection of individual
biological nanoparticles in fluid close to physiological conditions?!. Second, optical
tweezers allow detection of nanoparticles on the basis of an optical gradient force acting on
the nanoparticle, which has a cubic dependence on the size of particles as compared to the
sixth power dependence of scattering, thus providing higher sensitivity for size
characterization comparing to scattering based techniques2. Third, optical tweezers allow
quantitation of nanoparticle size without prior knowledge of the refractive index of particles,
which is a parameter necessary for size analysis based on light scattering techniques. For
example, recently, optical tweezers were used to determine the size and refractive index of
individual HIV virions.21:23 Fourth, optical tweezers can be integrated easily with other
techniques such as fluorescence microscopy?4, Raman spectroscopy?°:26, atomic force
microscopy (AFM)?Z7 and electrical characterization techniques?®, which makes this
technique rather versatile for multiparametric analysis of nanoparticles on a single platform.
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For example, optical tweezers coupled with two-photon fluorescence excitation (TPFE) have
been used to determine the envelope protein density of HIV viruses”2! and quantitative
detection of carcinoembryonic antigen (CEA)29, a cancer marker in human whole serum.
Optical tweezers have also been used in combination with an external electric field to
measure the charge carried by individual microparticles and optical anisotropy.3? Another
category of optical tweezers popularly known as nanophotonic tweezers have also shown
nanoparticle characterization capabilities. For example, open microcavities were used for
calculating nanoparticle polarizability and coefficient of friction.3! Lastly, the ability to
manipulate individual trapped nanoparticles may permit sorting of individual particles based
on measurement characteristics, an important but underexplored area. In spite of these
unique features of optical tweezers, their low throughput characteristic3233 presents a major
challenge in its development as a multiparametric characterization tool for nanoparticles. A
high-throughput capability is practically necessary to improve the efficiency of data
collection when working with samples containing a low concentration of nanoparticles such
as HIV virions in human blood3# or trying to detect rare particles such as titanium oxide
(TiO,) in the tertiary effluent of waste water plant.3°

Two major approaches, time sharing of laser beam38 and holography37, have been developed
for improving the throughput of optical tweezers. Both approaches are based on the idea of
transforming optical trapping into a parallel process by creating multiple trapping points to
enable simultaneous capture of multiple particles, thereby effectively increasing the
throughput of optical tweezers. Although these techniques can increase the throughput of
optical trapping, their applications in trapping and detection of sub-micron particles may still
be limited. For example, for holographic tweezers, input laser power is shared among all
trapping points and therefore it would require a high laser power for creating multiple traps
to stably capture sub-micron particles. Using a relatively low laser power, plasmonic
tweezers made of circular gold disk38 and photonic waveguides39 have been used to create
multiple traps. However, simultaneous detection of multiple trapped particles is usually
through imaging using a charged coupled device (CCD) camera, which is only suitable for
sub-micron particles under special illumination conditions?0:41,

In this work, we maintain optical trapping as a serial process, /.e., trapping and analysing
particles one at a time, but aim to increase the throughput of the system by speeding up the
trapping process. This idea is based on the simple fact that an intrinsic bottleneck that limits
the throughput of optical trapping is the time required for diffusing nanoparticles to
encounter the diffraction-limited laser trap, which increases substantially for low
concentration samples. We refer to such optical tweezers system, where particles encounter
the laser trap only through normal diffusion without external influences of flow, electric or
magnetic field etc., as passive trapping systems. To ameliorate this bottleneck, here we
integrate the optical tweezers with a tapered microfluidic nanoparticle delivery system,
where microfluidic flow actively delivers target nanoparticles to the laser trap region. Thus,
we term this design as an active trapping system. Specifically, the trapping laser was
positioned in the smallest cross-section of the microfluidic channel to increase the
probability of encounter of target nanoparticles with the trap region and therefore maximize
nanoparticle trapping efficiency. We found that the throughput of the microfluidics-based
active trapping system is dependent on both flow rate and the particle trapping efficiency.
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Both the throughput and trapping efficiency can be significantly improved by optimizing the
flow rate. Moreover, the use of flow and small cross-section channel to realize high
throughput trapping does not impact the capability of the optical trap to characterize
different features of nanoparticles, such as particle size. Applications of the microfluidics-
based active trapping system can be extended for multiparametric measurements of
nanoparticles while maintaining its high throughput feature. Other approaches can be
combined with the presented technique with some modifications in the future to further
increase the throughput of the optical tweezers system.

2. Material and methods

Microfluidic channel design

The schematic of the microfluidic channel used for trapping of nanoparticles is shown in
figure 1a. The channel consists of three sections: input section, middle section and output
section. The trapping laser propagates along z direction. The input and output sections are of
width (w) 200 pm along the y direction. The middle section consists of a symmetrical
tapered structure with varying channel widths. The widths of the channel are 80, 40, 20 and
10 um in the middle section as shown in figure 1a. The height (h) of the channel along the Z
direction is kept constant at 10 um as shown in figure 1d. Figure 1b shows the microscope
image of the fabricated polydimethylsiloxane (PDMS) microfluidic channel taken using a
10x objective lens. The minimum cross-sectional size of the channel in the middle section is
thus 10 um x 10 um (width(w) x height (h)), which is sufficiently small compared to our
previous design (3000 um x 100 um in width(w) x height (h)) to potentially ‘focus’
nanoparticle to the trapping region and yet large enough to reduce the interference of the
laser beam from the channel boundaries. The width of the input and output sections was
fixed to 200 um because larger width easily led to channel collapse during fabrication as a
results of large aspect ratio (width to height ratio). PDMS based channels with aspect ratio
of greater than 20:1 tend to collapse during fabrication and therefore require additional
supporting mechanisms which increases the complexity in the fabrication process.? Smaller
channel widths for the input and output sections is also not recommended in our case. This is
due to the long length (25.4 mm) of the input and output section of the channel, which result
in a high fluidic resistance and therefore would require high input pressure for the fluid flow.
Such high pressure might damage the PDMS-glass bonding. The use of other material like
glass, for the microfluidic channel fabrication could reduce some of these restrictions, but
again they have a complex fabrication procedure as compared to the well-established
fabrication procedure for PDMS based microfluidic devices. A total of seven identical
channel were fabricated on a single microfluidic device. This gives the microfluidic chip the
flexibility of using different nanoparticle suspensions on the same device and the
redundancy in case of a channel failure due to clogging or other issues.

Chip fabrication

The microfluidic chamber was prepared using the standard soft-lithography technique*3 as
shown in figure 2. The spacing between the objective and the condenser lens in the
experimental setup (fopjective + foondenser = 540 pm) requires the total microfluidic device
thickness to be within ~ 440 um (leaving 50 um +50 pum for the DI water as water immersion

Lab Chip. Author manuscript; available in PMC 2018 June 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kotnala et al.

Page 5

objective lens are used for optical trapping, see Supplementary Fig. S1 for illustration).
Since No.1 glass coverslip (130-170 um) was used for bonding with the PDMS, the PDMS
film containing the channels was fabricated to have a thickness of approximately 250 um.
The small thickness of the PDMS film requires a small modification in the standard
fabrication procedure for common microfluidic devices. The mould used for fabricating the
microfluidic channels was made on the silicon wafer using deep reactive ion etch (DRIE).
This method allows to have straight walls of the channel, in addition to a robust structure. A
10:1 mixture of PDMS base and curing agent was spun coated on the silicon wafer with the
channels at a speed of 300 rpm for 45 seconds. This results in a thickness of around 250 pm
for the PDMS film. The PDMS was baked at 100 °C for 30 min. Due to the thin PDMS film,
it is not possible to punch holes directly to the PDMS film, which is to be bonded to the
glass coverslip. To overcome this problem, we used two PDMS pads of size 24x12 mm, and
bonded them near the inlet and the outlet of the channels using oxygen plasma. Though this
increases the thickness of the microfluidic device at the inlet and outlet of the channel, it
maintains the thickness of 250 um near the centre of the channels. This additional step was
done prior to the peeling off the PDMS film from the silicon wafer. The whole assembly of
the PDMS film and the PDMS pads was then peeled off from the silicon wafer and now
holes could be easily punched at the input and output ports for connecting the tubing’s.
Finally, the PDMS film was bonded to the glass coverslip using oxygen plasma and baked at
60 °C for 15-30 min.

Optical tweezers experiment

A home-made optical tweezer instrument using a tapered amplifier diode laser operating at
an air wavelength of 830 nm (SYS-420-830-1000, Sacher LaserTechnik LLC) was used for
optical trapping of polystyrene nanoparticles.** In brief, the trapping laser was focused to a
diffraction limited spot using a 60x water-immersion objective lens with numerical aperture
1.2. The back-focal-plane interferometry (BFPI)#° signal from the trapped particle was
detected using a position sensitive detector (PSD) and recorded at 62.5 KHz for 10 seconds
for the calculation of the diameter of nanoparticles. 46 The trap laser power was monitored
using the PSD and kept constant at 130.8 mW with 1% variation at the focus for all the
experiments. In case of experiments using fluorescent polystyrene particles, a solid-state
laser of wavelength 488 nm was used for their excitation and the epi-fluorescence was
detected using an electron-multiplying charge-coupled device (EMCCD) camera. To
measure the diameter of nanoparticles using a reference signal, a closed loop nano-
positioning stage (3D200, Mad City Labs) was used to oscillate the microfluidic chamber
along X axis at a defined frequency and amplitude.4” We notice that channel boundaries had
no influence on the BFPI signal when the chamber was oscillated along X axis, as compared
to the oscillation along the Y axis, which would introduce unwanted noise to the BFPI signal
due to the periodic change in the refractive index experienced by the laser beam due to
moving channel boundaries. Thus, all particle sizing was done by oscillation of the chamber
along X axis. All the trapping experiments were conducted at a constant temperature of 20.0
+ 2 °C. The polystyrene nanoparticles were diluted in milli-Q water to specified
concentrations and sonicated before injection into the microfluidic channel. A pressure
driven flow system was used for the flow of the nanoparticles in the microfluidic channel.
We recommend the use of pressure driven flow as compared to the mechanical flow using
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the syringe pump as the latter showed a very large relaxation time and lacked precise control
of the flow rate during the experiments. The precise control of flow rate is crucial for high
throughput optical trapping as will be explained in the later section.

Measurement of trapping throughput

In this work, we quantify the throughput of optical trapping using trapping frequency, which
is the number of particles trapped per second. The experiments were conducted using
polystyrene nanoparticles of two different sizes: one with an average diameter of 190 nm
which is non-fluorescent and has been used extensively in the past for various calibration
purposes?!, and the other with an average diameter of 410 nm which is fluorescent and can
be visualized using epi-fluorescence for measurement of trapping efficiency. The working
concentrations for the 190-nm particles were kept constant at 4x107 particles/ml in all
experiments. This concentration was calculated based on manufactural specified stock
concentrations of the particle. The working concentrations for the 410-nm particles were
kept constant at 2x107 particles/ml in all experiments. This range of concentrations was
chosen to be close to the concentration of nanoparticles that we have studied previously,
which represents a physiologically relevant concentration for virus particles. The
concentration of the 410-nm fluorescent polystyrene particles was verified by direct
counting of particles under the microscope as described in the supplementary information. In
the active trapping system, a flow velocity was maintained to deliver particles and the flow
velocity never exceeded the escape velocity of the trapped particle, which corresponds to the
maximum flow velocity beyond which the particles cannot be trapped by the laser beam for
a given laser power. The escape velocity of the trap, in our experiment were found to be
1820+50 pm/s for the 410 nm and 25810 um/s for the 190 nm nanoparticles with the
specified laser power. In contrast for the passive trapping system, no flow was applied while
the particles were trapped. For both systems, multiple particles were consecutively trapped
and then released immediately in less than a second and the time stamp of each trapping
event was recorded, either from the captured video in case of the fluorescent nanoparticles or
from the time series of the BFPI signal, where a change in the BFPI signal indicates trapping
of a particle?3. The time interval between the two consecutive trapping events gives the
inter-particle trapping time and its inverse yields the trapping frequency. Throughout, the
flow velocity in each section of the channel was measured from the flow videos of the 410-
nm fluorescent particles passing through each section in the channel.

3. Results and discussion

High throughput optical trapping
We measured the trapping frequency in the active delivery system and compared it with that
in a passive trapping system, as described in Materials and Methods. Figure 3a and 3b show
a side-by-side comparison of the trapping frequency for both the active and passive trapping
systems, for both 190 nm and 410 nm polystyrene particles, respectively. The trapping
frequency reported for the active trapping system was measured in the channel section with
the smallest width (10 um). At a flow rate of 190£10 um/s, the trapping frequency for the
190-nm particle was 0.04+0.007 particle/s, which was slightly more than tenfold higher than
that in the passive trapping system. The frequency of trapping varies with flow rate (more
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details see the dedicated section below). Throughout, the errors we reported for flow
velocity and trapping frequency are standard error of the mean, or SEM unless otherwise
noted. Similarly, the trapping frequency for the 410-nm particle was 0.4+0.02 particle/s at a
chosen flow rate of 1411+35 um/s, which was 30x higher than that in the passive trapping
system. These results show that the throughput for optical trapping of nanoparticles can be
improved substantially by using the tapered microfluidic nanoparticle delivery system. Two
major factors likely contribute to the higher throughput: (1) the increase in the probability of
particle trapping, due to the use of microfluidic channel with small cross-sections, and (2)
the use of fluid flow for the delivery of nanoparticles rather than relying on normal diffusion.
To quantify the influence of these two factors on the throughput of optical trapping, we have
thus studied the trapping frequency as a function of the size of the channel cross-sections
and the flow rate.

Impact of channel width on the trapping throughput at set pressure

The channel section with the smallest width of 10 pm was used in the above experiments to
measure the throughput of optical trapping, as its small size likely increases the chance to
trap particles flowing across the channel. To further test this, we positioned the trapping
laser in different sections of the microchannel and measured the trapping frequency in
channel sections of different widths. In these experiments, a single setting of pneumatic
pressure was applied to drive the flow in the microchannel. Although the linear flow velocity
in each section varies with the width of the channel (Table 1), the input pressure was low
enough such that the maximum flow velocity obtained in the channel (highest in the 10 um
channel for a given input pressure) remained less than the escape velocity of the particle.
Figure 4a and 4b shows the trapping frequency as a function of the channel width for both
190-nm and 410-nm particles. The results show clearly that the trapping frequency decreases
considerably as the width of the channel is increased. This trend is true for both 190 and
410-nm particles. As a result, the channel section with the smallest width (or smallest cross-
section) has the highest trapping frequency among all and therefore provides the highest
throughput observed. For both 190- and 410-nm particles, the trapping frequencies became
comparable to those in the passive trapping system when the channel section with the largest
width of 200 um was used for trapping. These results are consistent with the idea that a
smaller cross-section can effectively ‘focus’ nanoparticles to the trapping region, which
increases the probability of particle encountering with the optical trap and thereby the
throughput of optical trapping. However, it is worth noting that a higher flow rate in thinner
channels may also contribute to the increase in trapping frequency (see Section on “Impact
of flow velocity on particle trapping efficiency and throughput”). From these results, one can
also predict that the throughput of optical trapping at a set pressure can be further improved
by decreasing the cross-section of the channel, provided that the small channel can be
fabricated and nonspecific interactions are minimal between the particles and the channel
walls.

Impact of channel width on the particle trapping efficiency at set pressure

A corollary of the above results is that the efficiency to trap particles would be increased
with decreasing channel cross-sections. The rationale is that decreasing channel cross-
sections will effectively increase the fraction of fluid volumes that carry particles crossing
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the trapping region of the laser beam, such that a larger fraction of particles will be under the
influence of the optical trap, which increases the probability of trapping. In this section, we
demonstrate this effect by measuring the trapping efficiency, which is a direct measure of
this increase in the probability of trapping leading to higher throughput of the optical
trapping system. Trapping efficiency is defined as the percentage of particles trapped versus
total number of particles passing through the channel.

Trap efficiency="272 x 100
'flow

Ngow- total number of particles flown
Myrap: NUMber of particles trapped

To obtain a reliable measure of the total number of particles traversing through the
microfluidic channel, we used the epi-fluorescence to directly visualize and count the 410-
nm particles. Particle trapping efficiency was then measured by trapping fluorescent
polystyrene particles in different sections of the microfluidic channel. The total number of
particles trapped and flown across the channel were counted from the flow video of the
fluorescent particles in the channel captured by an EMCCD. Figure 5 shows the particles
trapping efficiency in the 10, 20, 40, 80 and 200 pum sections of the microfluidic channel
obtained from the 410 nm fluorescent particles. From the results, we observe a significant
decrease in particle trapping efficiency from 33 % to 3.1 % when the width of the channel is
increased from 10 um to 200 um. The result clearly demonstrates that a small cross-section
of the channel results in an increased probability of trapping of particles flowing across it
and hence a higher particle trapping efficiency. Though, the direct measurement of the
particle trapping efficiency for the 190 nm nanoparticles was not possible, as being non-
fluorescent, we cannot count the total number of particles flown across the channel, but
based on the channel dimension, flow velocity measurement (obtained by mixing 410 nm
fluorescent particles in the 190 nm nanoparticle solution) and the given concentration of the
190 nm nanoparticles, we could estimate the total number of particles flown across the
channel section in a given time frame. Thus, based on the number of particles trapped and
the estimated number of particles flown across the channel in a particular time frame, we
found the particle trapping efficiency of 2.8 % at flow velocity of 190+10 pm/s and 4.3 % at
147+11 pm/s in the 10 um section.

Impact of flow velocity on particle trapping efficiency and throughput

The application of flow, in principle, can ‘speed up’ the delivery of particles to the trap
region and thus increase the throughput of the system. On the other hand, a flow velocity
above a certain threshold may create a stokes force that is large enough to simply compete
with the trapping potential and thus decrease both the throughput and efficiency of trapping.
Given the importance of flow velocity in this active trapping system, it is necessary to study
its impact on the particle trapping frequency and efficiency. To this end, we used the
pneumatic pressure system to drive fluid at different velocities in the channel. The trapping
frequency and efficiency were both measured in the 10 um section at different flow
velocities using the 410-nm fluorescent polystyrene particles. As shown in Figure 6, the
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particle trapping efficiency was reduced from 40 % at 208 pum/s to 5 % for a flow velocity of
1580 um/s. All these flow velocities were lower than the escape velocity of the particle, and
yet the trapping efficiency decreases with the increase in the flow velocity. This is because at
high flow velocity, only particles that encounter the centre of the trap’s potential well (the
focus of the laser beam) are trapped, whereas the particles that travel slightly away from the
centre of the potential well escape the trap. The reason for this is that a high flow velocity
yields a very short lifetime of the particle under the influence of the trap potential. In
contrast, with lower velocities at which the particles flow across the trap region, they spend a
longer time in the trap region which increases the probability of the particle being pulled
into the trap. Thus, more particles passing through the trap region are trapped. This explains
the decrease in the particle trapping efficiency with the increase in flow velocity. However,
the trapping frequency does not follow the same behaviour as the particle trapping efficiency
(Fig. 6), which displays a pronounced peak dependence on the flow velocity. The increase in
flow velocity increases the rate of delivery of nanoparticles to the trapping region for a given
concentration of particles and thereby is meant to increase the throughput, however this
increase is counteracted by the decrease in particle trapping efficiency with the increase in
flow velocity as described earlier. This result is important and shows that an optimal flow
velocity exists in order to maximize the trapping throughput. This optimal flow velocity
would not exceed the escape velocity of the particle, which corresponds to the maximum
flow velocity beyond which the particle will be no longer trapped for a given laser power
(see Material and Methods for measured escape velocities).*8

Application of high throughput optical tweezers for determination of nanoparticle size

In our earlier works, passive trapping of nanoparticles using a regular microfluidic chamber
has been used to determine parameters such as size (diameter) and refractive index (n) of
polystyrene nanoparticles and HIV virions.2123 In this section, we show that our high
throughput optical tweezer system can still perform nanoparticle characterization, even
though it operates in a flow-based environment and uses small cross-section microfluidic
channel, in contrast to the passive trapping. We demonstrate this by using the present
trapping system to determine the diameter of the nanoparticles, but it can be extended to
study other parameters also, as done previously using the passive trapping system.
Polystyrene particles with average diameter of 190 nm and 410 nm, respectively, were
optically trapped using the ‘active’ trapping system. The power spectrum calibrated using
chamber oscillation was then used to determine the size of the nanoparticles as described
previously.2! Figure 7a shows a representative BFPI signal of the trapped 190-nm
polystyrene nanoparticle in this microfluidic channel. Figure 7b shows the power spectrum
obtained from the BFPI data and was calculated as described?1. The power spectrum of the
Brownian motion of the nanoparticles in an optical trap is best interpreted using the
Einstein-Ornstein-Uhlenbeck theory of Brownian motion, which predicts a Lorentzian
spectrum?®. Hence, the power spectrum was fitted to a Lorentzian following the procedure
as we described previously?!, which gives the diffusion constant (D,) in volts%/s and the
corner frequency (f;) in Hz. Oscillation of the chamber was used to determine the calibration
factor () to convert D, from units of volts?/s to um?2/s. The values obtained from the
Lorentzian fit and the chamber oscillation were then used to determine the size of the
trapped particle. Figure 8a and 8b shows the histograms of the diameter values obtained
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from the power spectrum analysis of the BFPI signal of the trapped 190-nm (N=108) and
410-nm (N=52) polystyrene particles. The diameters obtained are 200+48 nm and 409+64
nm (mean + standard deviation), respectively, which agree well with the diameter values of
184+12 and 40316 (mean * standard deviation) measured using transmission electron
microscopy, as shown in ref.21 and in figure 8b inset respectively for the 190-nm and 410-
nm particles. The active trapping system can thus accurately determine the size of trapped
nanoparticles, and has the capability to do multiparametric analysis of nanoparticles with
high throughput.

Impact of fluid flow velocity on the power spectrum analysis

The trapping of the nanoparticles and the collection of the BFPI signal obtained from the
trapped particle was done in a fluid flow environment as opposed to the no-flow based
passive trapping system. This makes it necessary to study the impact of fluid flow on the
BFPI signal and the corresponding power spectrum of the trapped particle. Any deviation in
the power spectrum with the change in the fluid flow velocity would influence the accurate
calculation of the size of the trapped particle. The influence of fluid flow was studied
experimentally by trapping a single 410 nm polystyrene nanoparticle and subsequently
recording the BFPI signal while incrementing the fluid flow velocity from low value of 10
um/s to 345 um/s (less than the escape velocity of the trap). Figure 9a shows the BFPI
signals obtained from the trapped particle at different flow velocities. We do not observe any
significant change in the BFPI signal, except a small change in the mean level of the BFPI
signal. The change in the mean level of the BFPI signal with the increase in the fluid
velocity corresponds to an increase in the displacement of the particle from the centre of the
trap. The increase in the flow velocity increases the drag force proportional to the fluid
velocity which changes the equilibrium position of the trapped particle, resulting in the
change in the mean level of the BFPI signal. The power spectrum obtained from the
corresponding BFPI signal at different fluid velocities are plotted in figure 9b. We find again
that the change in flow velocity resulted in little change in the power spectrum as the fluid
velocity was increased. The diffusion coefficient D,, and the corner frequency f; obtained
from the fitting of the power spectrum showed only a 6.3 % and 4.1 % variation even though
the change in the fluid velocity was more than 30-fold. The diameter of the trapped particle
that we derived from the power spectrum analysis showed a coefficient of variation of only
6 %, which shows no significant influence of flow velocity on the measurement of particle
size. The flow only adds a constant force, called the drag force F= 6 nrvwith no time
dependence and hence makes no contribution to the power spectrum. The power spectrum is
a result of random Brownian motion of the particle in the trap due to thermal forces and
hence independent of the flow. The results as shown in Fig. 9 suggest the harmonic nature of
the optical trap?4. When the flow velocity approaches the escape velocity of the trapped
particle, the BFPI signal may show deviations from the expected behavior. How to extract
particle size information from these unstable trapping conditions will be a subject of future
research.
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Conclusions

As optical tweezers continue to grow as a multiparametric characterization tool for
nanoparticles, there is a strong need to address its low throughput characteristic. In this
paper, we have shown that an optical trapping system, based on the active delivery of
nanoparticles, results in a significant increase in the throughput of the optical tweezer. The
throughput is increased more than ten-fold as compared to a passive trapping system. The
impact of two important parameters of this trapping system, the flow velocity and
microfluidic channel dimensions on the throughput were also studied, showing that the use
of smallest cross-section channel for trapping along with an optimized flow velocity results
in maximum trapping throughput. Despite the application of flow in a spatially-confined
channel cross-section, the tweezer system maintains the same functionality as the passive
trapping system. We demonstrated this by using the trapping system to measure the size of
polystyrene nanoparticles. The mean size obtained were found to match very well with the
measured diameter values using TEM. The technique has the potential to develop into a
versatile multiparametric tool for characterization of biological nanoparticles.
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Figure 1.
(a) Schematic of the microfluidic channel used for flow of nanoparticles. (b) Microscope

image of the fabricated PDMS based channel using a 10x objective lens. (c) Schematic of
the top view of the 10 um section of the microfluidic channel showing the laser spots at two
axial planes along the Z (height) direction. (d) Cross-sectional view of the 10 um section of
the channel showing the trap laser beam position with respect to the channel boundaries in
the Y and Z directions.
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Figure 2.

Fabrication procedure of the microfluidic device using soft lithography
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Comparison of trapping frequency between active and passive trapping system (a) for 190-
nm polystyrene nanoparticles (b) for 410-nm fluorescent polystyrene nanoparticles. The
error bar represents the SEM with sample size of N=60 (active trapping) and N=46 (passive
trapping) for 190-nm polystyrene nanoparticles and N= 127 (active trapping) and N=200
(passive trapping) for 410-nm polystyrene nanoparticles. The flow velocity, measured in
case of active trapping is 190 + 10 pm/s for 190 nm polystyrene nanoparticles and 1411+35
um/s for the 410 nm polystyrene nanoparticles.
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Figure 4.

20

Diameter: 410 nm

.
40 80 200
Width (zm)

Trapping frequency as a function of the width of the channel used for optical trapping of (a)
190-nm polystyrene particles, and (b) 410-nm polystyrene particles. The error bars
represents the SEM with sample size of N=60 (W=10 um), N=41 (W=20 um), N=33 (W=40
um), N=30 (W=80 pm), N=27 (W=200 um) for 190 nm polystyrene nanoparticles and N=36
(W=10 um), N=49 (W=20 pm), N=34 (W=40 pm), N=41 (W=80 um), N=13 (W=200 pm)

for 410 nm polystyrene nanoparticles
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Figure 5.
Particle trapping efficiency variation with change in the width of the microfluidic channel.

The flow velocity for each section is given in Table 1.
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Figure 6.
Particle trapping efficiency (blue, left) and trapping frequency (red, right) in the 10 um width

channel section at different flow velocities. The error bars in X and Y represent the SEM
with sample size of N=68 (v=208+14pum/s), N=84 (v=315+17 um/s), N=61(v=512+48
um/s), N=69 (v=736+50um/s), N=56 (v=1249+49 um/s), N=127 (v=1411£35 pm/s ), N=69
(v=1580+54 pm/s ) for trapping frequency measurement and N=10 for flow velocity
measurement.
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Figure 7.
(a) Representative BFPI signal with no particle and the 190-nm polystyrene particle in the

optical trap. (b) Power spectrum of the BFPI data obtained from the trapped particle from (a)
with a Lorentzian fit
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0 500 &

Diameter (nm)

50

Diameter values of trapped polystyrene nanoparticles calculated using the power spectrum
analysis of the BFPI data obtained from trapping of (a) 190 nm polystyrene particles (b) 410
nm polystyrene particles. (Inset) TEM image of 410 nm polystyrene particles, scale bar: 800

nm.
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(a) BFPI signal obtained from the trapped 410 nm polystyrene particle at different flow
velocities. (b) Power spectrum obtained from the BFPI data obtained from (a) at different

flow velocities.
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Table 1

Linear flow velocity as measured from the travel speed of particles in different sections of the channel during
the trapping frequency measurements using the 190 and 410 nm polystyrene particles

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Width (um) | Flow velocity for 190 nm particles (um/s) | Flow velocity for 410 nm particles (um/s)
10 190+10 485+33
20 75£5 240+13
40 32+2 109+6
80 16+1 54+2
200 6+0.5 26x1
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