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ARTICLE INFO ABSTRACT

Optical trapping of single particles or cells with the capability of in situ bio-sensing or genetic profiling opens the
possibility of rapid screening of biological specimens. However, common optical tweezers suffer from the lack of
long-range forces. Consequently, their application areas are predominantly limited to target manipulation in-
stead of biological diagnostics. To solve this problem, we herein report an all-in-one approach by combining
optical forces and convective drag forces generated through localized optothermal effect for long-range target
manipulation. The device consists of a 2D array of gold coated polydimethylsiloxane (PDMS) micro-wells, which
are immersed by colloidal particles or cell solution. Upon excitation of a 785-nm laser, the hydrodynamic
convective force and optical forces will drag the targets of interest into their designated micro-wells. Moreover,
the plasmonic thermal dissipation provides a constant temperature environment for following cell analysis
procedures of cell isolation, lysis and isothermal nucleic acid amplification for the detection of genetic markers.
With the merits of fabrication simplicity, short sample-to-answer cycle time and the compatibility with optical
microscopes, the reported technique offers an attractive and highly versatile approach for on-site single cell
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analysis systems.

1. Introduction

The optothermal effect, which converts photon energy into heat, is
now widely used in microfluidic systems for various applications. For
example, under laser illumination, a surface bubble can be generated at
the interface of the liquid and the laser-absorbing surface. By control-
ling the bubble size and position, various actuation effects have been
demonstrated, including manipulation of particles (Zheng et al., 2011;
Zhao et al., 2014), cells (Hu et al., 2013) and single DNA strands (Fujii
et al., 2010), switching of micro-valves and micro-pumps (Zhang et al.,
2011), deformation of nanowires (Huang et al., 2010), or fabrication of
plasmonic nanostructures (Karim et al., 2018). Laser-induced thermal
effects also result in convective flows in the fluidic sample. Marangoni
convection, which occurs at the interface between two fluids and is
caused by changes in surface tension as a result of localized laser
heating, has also been investigated theoretically and experimentally
(Chraibi and Delville, 2012; Near and Liquid, 2004). For solid surfaces,
natural convection arises from liquid dilatation in the laser heating
spot, together with thermophoresis, which is due to the presence of
temperature gradient, provide many application opportunities in mi-
crofluidic systems (Flores-Flores et al., 2015; Kang et al., 2015a; Braun
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and Libchaber, 2002; Duhr and Braun, 2005; Lin et al., 2017). For ex-
ample, we have previously reported the assembling of live cells on
large-scale random nano-island substrates with the assistance of con-
vective force and thermophoretic force (Kang et al., 2015a). Braun et al.
also demonstrated the trapping of DNA (Braun and Libchaber, 2002)
and the formation of two-dimensional colloidal crystals (Duhr and
Braun, 2005). Linhan et al. used thermophoretic tweezers to manipulate
biological cells and nanoparticles (Lin et al., 2017).

During manipulation, it is important to maintain fine control of the
target-of-interest. Optical tweezers, a powerful tool to manipulate small
particles and cells, have been integrated with a variety of biological
systems due to its high spatial resolution, non-contact and non-invasive
characteristics. However, current techniques based on optical tweezers
do not provide any trapping forces when the target is no longer in the
vicinity of the optical focal point. On the other hand, poly-
dimethylsiloxane (PDMS) micro-well arrays are widely used for gravity-
assisted cell confinement with diluted cell suspensions because the
trapped cells are not easily dislodged after falling into a micro-well.
Additionally, PDMS is a promising candidate for lab-on-a-chip (LOAC)
devices because of its biocompatibility, flexibility, and ease of proto-
typing. Combining optical tweezers with these PDMS micro-well arrays,
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an active manipulation in the three-dimensional level, including pull-
and-push of the target, in-and-out from a micro-well can be achieved.

Not only for cell isolation, PDMS micro-well arrays are also attrac-
tive for bio-related applications including single-cell trapping and
imaging (Rettig and Folch, 2005; Wood et al., 2010), stem cell culturing
(Moeller et al., 2008), agarose droplet generation (Li et al., 2018) and
digital PCR analysis (White et al., 2013; Schneider et al., 2013). Here
we deposited a layer of gold thin film on a PDMS micro-well array.
After cell confinement inside a micro-well, we further show the cellular
responses under various ambient conditions, which includes cell killing
in a constant high temperature generated by laser-induced optothermal
effect.

Nucleic acid is well-known as the "fingerprint" to reveal the identity
and property of a cell. Due to the low concentration of the nucleic acid
marker from a single cell, the detection is commonly assisted by DNA
amplification such as polymerase chain reaction (PCR) that targets on a
particular DNA marker sequence (Hahn et al., 2000). Despite of its high
sensitivity, PCR has a strict requirement for thermal cyclers, which
increases the detection complexity and cost. As a result, recombinase
polymerase amplification (RPA) is frequently used for rapid amplifi-
cation and detection of nucleic acids in isothermal environment since
no thermal cycles are needed and the reaction time can be greatly re-
duced. In our case, this high temperature generated form laser heating
can be employed for RPA reaction of nucleic acid markers within the
same setup. This approach is favorable for biomedical applications, as
the cell-of-interest within the same reaction chamber can be observed
and manipulated simultaneously under an optical microscope with low
laser power. The turnaround time of the whole procedure is less than
one hour.

2. Material and methods

A standard photolithography process was used to make a mold for
the fabrication of PDMS micro-well replicas. Briefly, a silicon substrate,
after ultrasonic cleaning by acetone, isopropanol, and deionized water,
was placed in a plasma cleaner (Oxford Plasma Lab) to ensure that the
surface was free from contaminants. Photoresist SU-8 was coated on the
substrate, followed by soft baking, mask alignment, UV exposure, post-
exposure baking, and photoresist development. The completed SU-8
mold comprised of 10 x 10 cuboids, each having a side length of 80 pm
and a height of 60 um. 1 mL of PDMS was poured into the SU-8 mold.
After putting the PDMS-filled mold into a vacuum chamber in about
20 min to degas the bubbles and on a hot plate for 60 min to allow
solidification, the cured PDMS replica was removed from the mold and
placed upside down on a glass slide. A coating of nominally 30-nm thick
Au was deposited on the PDMS replica using plasma sputtering process
by Anatech Magnetron Sputtering Machine. As depicted in Fig. 1(a), the
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final device had a gold coating deposited at the bottom of each micro-
well. The 2D array and a PDMS open-top microfluidic channel plate
(prefabricated from another PMMA mold curved by a Computer Nu-
meric Control (CNC) machine) were glued to the glass slide by placing
them on a layer of partially-cured spin-on PDMS film on the glass slide.
A schematic of the completed device is shown in Fig. 1(b). To make the
micro-well-array hydrophilic, we treated the surface of the entire de-
vice with oxygen plasma (Oxford Plasma Lab).

As is shown in Fig. 1(c), the experiments were conducted under
continuous monitoring with a Nikon inverted microscope (TE2000-U).
A peristaltic pump was used for fluidic sample circulation and device
cleaning. To introduce heating inside each well, a linearly polarized
laser (. = 785 nm, DeltaNu ExamineR 785) was chosen to illuminate
the plasmonic gold film. The diameter of the laser spot was 12 um and
the output power was adjustable in five levels, i.e. P1 to P5: 1.1, 4.4,
9.2, 16.0 and 40.0 mW. A 488 nm laser was used for confocal imaging
and a 532 nm-laser (Changchun New Industries Optoelectronics Tech
Co., Ltd.) was for temperature detection, as will be discussed later.

To demonstrate single-cell manipulation and analysis, suspended
living human leukemia cancer cells obtained from ATCC were used. The
cells were prepared under standard culture conditions, i.e. RPMI 1640
medium at pH 7.4 as nutrient with incubation at 37 °C and 5% CO, until
log phase growth for the downstream assay. The RPMI 1640 medium
was removed by centrifugation and the cell was washed with distilled
water prior to the experiment to remove the inhibitory factor on
downstream DNA amplification. The cell was injected to the micro-well
array and guided to the target micro-well with the use of laser illumi-
nation at P4 (16.0 mW) from O to 1 min in 20-second time intervals at
the region next to the cell. The single cell fell to the bottom of the
micro-well by gravity when it entered the micro-well. Afterwards, ex-
cess cells were washed away and the laser was focused at the trapped
cell for 60s, which resulted in cell lysis that could be monitored by
observing cell swelling and membrane disruption. For the DNA marker
detection, isothermal recombinase polymerase DNA amplification was
employed. The RPA mixture used in our experiment contains re-
combinase, polymerase, a buffer sparked with magnesium as a co-factor
to activate the enzymes and fluorescence reporter SYTO-9. The DNA
marker to be detected was a multidrug-resistant gene marker related to
an ATP-binding cassette transporter that exhibits the function of a
membrane-bound protein to efflux the anti-cancer drug out of the cell.
The operation temperature was set at 40-42°C, which provided an
optimal enzyme activity on DNA amplification speed, for a total of
30 min. The fluorescence signal was recorded and analyzed, where the
net fluorescence signal on the amplified DNA was obtained by sub-
tracting the fluorescence signal between 0 and 30 min.
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Fig. 1. (a) Schematic of micro-well array coated with a gold film. Each well has a side length of 80 um and a height of 60 um. (b) Schematic of a typical device with
the 2D micro-well array placed inside a fluidic channel. (c) Optical measurement setup, with a 785-nm laser for heat generation, a 488-nm laser for confocal imaging

and a 532-nm laser for temperature detection.
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3. Results and discussion
3.1. Characterization of optothermal effect in micro-well arrays

When a focused infrared laser impinges at the gold film in the
bottom of the micro-well, the temperature around the beam spot in-
creases due to plasmonic absorption, which results in fluidic convection
inside the micro-well. We show herein that convective flow generated
this way can be used for manipulating micro-sized particles or cells.
More importantly, the convective flow will bring the liquid from far
away to the center continuously in order to reach a temperature equi-
librium. In our case, each micro-well works as a heating chamber for
biological reactions including isothermal recombinase polymerase
amplification.

To measure the temperature inside the micro-well, we used
Rhodamine B as a thermally sensitive indicator due to its dynamic
quenching under different temperatures. Before monitoring the tem-
perature of laser heating, a calibration test was conducted with a
temperature-controlled stage. A device filled with Rhodamine B
(10 mM) was put on the stage and the temperature was gradually in-
creased from 20 to 60 °C, in steps of 5 °C. For each temperature, it took
approximately 10 min to reach steady state. Then we captured the
images of Rhodamine B under the excitation of a 532 nm green laser.
The relationship between temperature T and intensity was fitted to a
second order polynomial: T(°C) = a + bx + cx?, where a, b, ¢ are con-
stants and x is the intensity ratio for a real-time temperature compared
with a reference value measured at room temperature (Paviolo et al.,
2013). From our experiments, it was found that a = 216.6725,
b = —253.2768, and ¢ = 58.3739. The coefficient of determination R?
for this equation is 0.9862. We then removed the temperature-con-
trolled stage and used a focused 785nm laser beam as the heating
source. The intensity ratios measured at different power levels were
analyzed to obtain the temperature distribution, according to the
temperature-intensity equation above. Intensity of Rhodamine B at the
same laser power was detected repeatedly when the aqueous solution
was absolutely cooled down. It turns out the difference of stable in-
tensities after same-powered plasmonic heating is negligible, suggesting
photobleaching could be excluded, which is consistent with Paviolo's
work (Paviolo et al., 2013).

To gain a better understanding of the temperature environment
inside the micro-well, we calculated the temperature distribution using
COMSOL Multiphysics Software. To simplify the simulation, we chose a
cylindrical model to represent the micro-well structure in light of its
rotational symmetry. The flow was assumed to be incompressible and
treated with Boussinesq approximation. As one can see from Fig. 2(a), a
focused 9.2 mW (P3) Gaussian beam impinging at the center of the gold
film results in a peak temperature of around 311 K, which gradually
decays to 301 K. The simulated temperature decay plots along the ra-
dius for different laser levels are plotted in Fig. 2(b). As the laser power
increases, the peak temperature rises from 295.5 K (P1) to 356.4 K (P5).
Data shown in Fig. 2(c) confirms that simulated results are in good
agreement with those obtained from experiments. Most of our experi-
ments were conducted with laser power at P3 or below, i.e. maximum
peak temperature of 312.8 K from Rhodamine B experiments or 311.4 K
from simulation.

3.2. Particle manipulation in three-dimensional level

Laser-induced plasmonic heating, consisting of a metallic thin film
on top of a glass substrate, has been previously reported to manipulate
colloidal particles and biological cells (Lin et al., 2018; Chen et al.,
2015). However, these reports are focused on target manipulation at a
two-dimensional level. Rather than limiting particle motion on a planer
surface, we herein showed the manipulation of a single particle in and
out of a micro-well by controlling the laser beam.

Laser manipulation of target is illustrated in Fig. 3(g), where the
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particle of interest has gone through a sequence of steps, from (a) to (f),
which have been clearly shown in the images of Fig. 3(a) to (f) re-
spectively, can be divided into four stages: (1) Particle rises from the
bottom to the top surface of the micro-well due to optical scattering
force, i.e. steps (a) to (b). (2) Particle is dragged to the outside surface
by optical gradient force, together with a radial convective force, i.e.
steps (b) to (c). (3) Optical gradient force exerted on the particle guides
the particle into the micro-well again, i.e. steps (c) to (d). (4) Particle
returns to the bottom under the influence of gravity, i.e. steps (e) to (f).
In support of the illustration, the experiment on three-dimensional
particle trapping and manipulation was conducted, as shown in
Fig. 3(a)-(f). In the actual experiment, three 10-um polystyrene parti-
cles were distributed randomly at the bottom of a micro-well. When the
laser was switched on at P3 and the beam was moved to the left one
particle in Fig. 3(b), the particle would float out of the focal plane.
When the particle reached the top of the micro-well, the laser spot was
moved to one point on the outside surface, close to the micro-well edge.
The particle, guided by the laser beam, migrated out of the micro-well.
Once we moved the laser beam back into the micro-well, the particle
also returned to the position of the laser spot in the x-y plane. After the
laser was switched off, the single particle would drop down to the
bottom due to gravity force.

To investigate the forces that contributed to the movement of the
particle, we performed the same experiment using a PDMS micro-well
array without any Au deposition as the negative control. As soon as the
laser power was increased to P3 and the laser was focused on a particle
lying at the bottom of the micro-well, the particle immediately rose up
along the vertical direction. Similar to the process shown in Fig. 3, we
successfully guided a particle from one micro-well into the adjacent
one, thus illustrating that optical force played a major role in the par-
ticle manipulation process (Supplementary Fig. S1).

For fine-control of particle position inside a micro-well, we de-
monstrate that stable trapping of 1-um polystyrene particles (1.82 x 10®
particle/mL) inside a gold-coated PDMS micro-well. As shown in
Fig. 4(a), the 785 nm laser was focused at the bottom surface of one
micro-well (highlighted by a box in white dash line). The power was set
at P2 (4.4 mW). Particles were dragged and moved by the laser spot so
that a cluster was formed gradually. Because of the presence of laser-
heating induced dragging forces, it was possible to move the cluster by
deflecting the laser spot. As soon as we switched off the laser, the
cluster of particles would disperse and return to a randomly distributed
situation within a few minutes. Fig. 4(b) shows the cut-plane of flow
velocity streamline at x = 0. As one can see, the convective flow has a
typical toroidal shape with the fluid being pushed into and out of the
hot zone. It is the radial flow that dominates the gathering of particles
at the center of the laser-illuminated region. However, we also found
that at higher power levels (P3, P4 or P5), the 1-um particles were
carried by the convective flow to the laser-illuminated region from a
distance but did not stay trapped as the upward convective flow became
too strong.

The mechanism behind the trapping phenomenon has been in-
vestigated in our preliminary work (Kang et al., 2015b). The high
temperature first leads to a natural convection flow driven by buoy-
ancy. In this case, particles close to the film surface can be dragged
towards the center of the hot zone by convective force. On the other
hand, because of the inhomogeneity at the particle-solvent interface
induced by a temperature gradient, another force named as thermo-
phoretic force, drives the particle towards the hot or cold side, de-
pending on various parameters such as particle size, temperature and
electrolyte composition (Cong et al., 2018). With our experiment per-
formed at laser power P2, the thermophoretic force pointing towards
the hot region, together with the optical near-field force, resulted in a
net trapping force and immobilized the particles at the beam spot. If we
increased the power level beyond P2, the particle cluster began to
disperse as convective forces exceeded the trapping force due to ther-
mophoresis and optical localization. As long as the laser beam at power
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Fig. 2. Temperature distribution inside a micro-well. (a) Temperature distribution when the laser power was set at P3. (b) Temperature along y-axis at x = 0 and

z = 0, from P1 to P5. (c) Comparison between simulated and experimental results.

level P2 was present, the particles remained in trapped state inside the
micro-well. For particles in other micro-wells, apart from localized vi-
bration due to Brownian motions, they did not exhibit any changes even
for a long period. Therefore, each micro-well in the 2D array may
function as an individual reaction chamber.

3.3. Manipulation and analysis of single cells

Single cell analysis is meaningful for in-depth study of cell-to-cell
variation and intracellular process. Many techniques have been re-
ported for the isolation of single cells from a dense cell suspension
without integrity damage, including fluorescence-activated cell sorting
(FACS) (Hahn et al., 2000), limiting dilution (Quintana et al., 2008),
micromanipulation (Ishgy et al., 2006), manual picking (Citri et al.,
2012)and microfluidics (Oakey et al., 2002). Taking the advantage of
optical tweezer for cell manipulation and PDMS micro-wells for cell
confinement, our setup is also capable of precisely isolating cells, which
is an essential step in single cell detection. To demonstrate the practical
application potential of the reported approach, we have used the setup

\
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to perform cell analysis on suspended living human leukemia cancer
cells. Indeed, the mean diameter of the cell is close to the 10-um par-
ticles so that we could observe a similar trapping pattern compared to
that with particles. As shown in Fig. 5(a), to induce movement of the
individual cell, an optical beam at P3 is focused adjacent to the cell to
create a convective flow that drags the cell to the center of the optical
beam. After the cell was tightly confined by the focused laser, it was
guided into a targeted micro-well from the top region by sequentially
controlling the laser power and location, similar to the characterization
on step (c)-(f) using a particle shown in Fig. 3.

The optothermal effect which yields a localized high temperature on
the gold surface could also cause swelling of the cell when a living cell
is exposed directly to the focused optical beam. Fig. 5(b) shows the
process of membrane swelling in a single cancer cell during 60 s of laser
heating at P4. After the single cell fell to the bottom surface for a while,
the adhesion between cell and gold surface would keep it immobilized
even at a high laser power like P4. But the high temperature denatured
the membrane-bound proteins and reduced the fluidity of the cell lipid
membrane. As a result, the intracellular contents including the nucleic

Fig. 3. Guiding of a single-particle in-and-out of a gold-coated micro-well by controlling the power and illumination location of the laser spot. (a) Three particles
distributed randomly at the bottom. (b) Guiding a particle out of micro-well by moving the laser spot. (c) The particle is placed at the top edge of micro-well. (d)
Particle re-entered micro-well under the manipulation by laser spot. (e-f) Particle fell to the bottom of micro-well under the influence of gravity. (g) Schematic

summarizing the steps shown in (a) to (f).
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Fig. 5. Manipulation of a single cancer cell. (a) Optical guiding of a free-flowing living single cancer cell into a micro-well. (b) Time-lapse images showing cell lysis

during the first 60 s of laser illumination directed at the cell membrane.

acid were released. The "bubble" generated at the right bottom of the
cell in Fig. 5(b) indicated the cell disruption under laser-induced
thermal effect. In this case, this is the temperature-induced membrane
disruption and cell damage instead of apoptosis, as the same phenom-
enon was appeared in seconds rather than minutes. Indeed, DNA frag-
mentation degrades the target DNA marker during apoptosis, and it will
cause false negative signal in our detection method. Since we did not
observe such interference, it suggested the cell necrosis was the major
mechanism for this laser-induced cell death. The increasing size of the
"bubble" with time suggested that the intracellular content was con-
tinuously leaking from the cell, where the released DNA enabled the
downstream cell biomarker detection. Worth to notice, the laser focus
region was at the edge of the cell, i.e. the cell membrane region, it
minimized the effect of laser-induced heating to the intracellular con-
tent. Indeed, heating could denature the enzyme which degraded the
DNA. This cell lysis procedure was believed not to generate undesirable
products which affected the downstream DNA amplification. In all, this
laser-induced heating effect in our study provides an alternative
method for rapid cell disruption, which is supported by other reported
laser-induced cell lysis methods (Brown and Audet, 2008; Quinto-Su
et al., 2008).

Optothermal effect also works as an ideal method for amplification
of DNA in bio-systems, like real-time PCR in nanodroplets (Kim et al.,
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2009) or ultrafast PCR in poly(dimethylsiloxane) (PMMA) wells (Son
et al.,, 2015). In this study, Recombinase Polymerase amplification
(RPA), an isothermal alternative to PCR that is optimized at 25-45 °C,
was used here to detect multidrug-resistant gene marker, which has led
to a high failure in current leukemia cancer treatment with first-line
arsenic-based anti-cancer drug (Loo et al., 2013; Xu et al., 2013). Also,
since the released DNA could be double-strand or single-strand in
nature in the experiment, the RPA reaction containing the enzyme that
displaced the compliment strand from the target strand that was bound
to the primer could enable the reaction to occur at a relatively low
temperature (37 °C) compared to normal DNA amplification (PCR)
which required a high temperature (95 °C) for DNA denaturation step,
in order to turn double-strand DNA into single-strand for enzyme
binding.

We first demonstrated the capacity of optically-guide DNA ampli-
fication in a particular micro-well. After DNA, premixed with RPA re-
action mixture, was loaded to fill the micro-well, the excess mixture
was removed with a layer of mineral oil to isolate each micro-well, as
shown in Fig. 6(a), so that the amplified DNA would not leak to other
micro-wells. Localized heating was applied on a particular micro-well
and an increase in green fluorescence (0.81 + 0.09A.U.) suggested
there was target DNA amplification inside the micro-well (Fig. 6(b)).
Relative fluorescence intensity of different wells is calculated (Fig.
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S2(a) in Supplementary materials) and it is worth noting that the in-
tensity of green fluorescence also slightly increased in the adjacent
wells (0.26 + 0.09 A.U.) during plasmonic heating. Since the distance
between wells is closer in this design, the laser spot was found to have
scattered to the adjacent wells. Although the power is not high enough
for plasmonic trapping, it increases the temperature in the nearby well,
causing DNA amplification. The experiment was repeated with loading
the micro-well array with dye-stained particles. Fluorescence intensities
inside and outside a micro-well with and without the use of mineral oil
were measured (Fig. S2(b) in Supplemental materials). The low fluor-
escence intensity (0.10 = 0.04 A.U.), which is close to background
fluorescence, observed in the peripheral region surrounding the micro-
well suggests the use of mineral oil is an effective way to prevent
contamination of the material such as particles and DNA flowing from
the target micro-well to peripheral environment. To provide a multiplex
particle and cell manipulation, i.e. trapping and cell lysis, in multiple
wells at the same time, digital micromirror device (DMD) can be used to
generate a spatially modulated laser beam in an accurate and precise
manner.

After a successful demonstration of optically-guided DNA amplifi-
cation in a single micro-well, we further conducted a complete sample-
to-answer experiment for single cell manipulation and genetic marker
detection. As shown in Fig. 6(c), after the targeted cell was guided into
a micro-well of interest and disrupted using high-power laser heating
for single cell lysis, RPA mixture was loaded and the optically-guided
DNA amplification was performed using laser power at P3 to result in a
temperature of around 40 °C, for RPA of the target DNA marker inside
the micro-well. In Fig. 6(d), the relative fluorescence intensity was in-
creased from 0.2 to 1.0 after 30-min laser-induced heating, suggesting
there was an increase in number of amplified DNA belonged to the
target cancer cell after the RPA reaction. The amplification is indeed
specific to the multidrug-resistant gene of the cancer cell, and the cell-
of-interest showing the fluorescence suggested the presence of its gene.
RPA is the reason for the signal increase since the fluorescence reporter
only produces fluorescence upon binding to the amplicon DNA. Al-
though it cannot replace the sequencing technique to valid the detail of
the multidrug-resistant gene, it provides a rapid mean to screen if the
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Fig. 6. Selective DNA amplification in a single
micro-well. (a) Schematic diagram showing the
procedures of DNA amplification in a parti-
cular micro-well. (b) Fluorescence image of the
0 and 30-min RPA reaction. (¢) Schematic
diagram showing the procedures for DNA am-
plification of a targeted cancer cell. (d)
Fluorescence image showing amplified DNA of
a single cell inside the micro-well at 0 and 30-
min RPA reaction.
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cancer cell contains multidrug-resistant marker. The optothermal effect
providing a steady high temperature at 40-42 °C enables an isothermal
amplification, not only provides an optimal temperature for the am-
plification reaction, but also increases the specificity of primer binding
for target gene detection.

This method has achieved single cell detection in a reaction volume
of 0.38 nL inside a micro-well within a 30-min reaction. The detection
limit of this single cell DNA analysis could not be analyzed currently
since we did not study the copy number of the target DNA in one cell.
The copy number of the target DNA in genomic DNA should be single,
but we could not exclude the duplication of chromosome in cell-divi-
sion cycle, and the target DNA could also present in other locations of
the cell. Other studies employing RPA in miniaturized microfluidic
analysis systems for sensitive DNA detection have achieved detection
limits of as low as 10 copies, or 1fg of the target DNA in various re-
action volumes, from 9 nL to 20 uL, and the reaction could be com-
pleted in less than 20 min (Lutz et al., 2010; Shen et al., 2011; Law
et al., 2018). Nevertheless, this experiment successfully demonstrated
the presence of amplified DNA at a microscopic level within the same
micro-well, immediately following lysing the cell using the same laser
source.

4. Conclusion

We have developed a strategy to (i) manipulate the movement of
micro-sized objects in and out of individual micro-wells based on lo-
calized plasmonic heating and optical trapping, (ii) perform analysis of
cells through localized cell lysis and at-the-spot microscopic nucleic
acid amplification of target DNA markers within the same platform. In
our system, the laser beam serves as an optical tweezer as well as a heat
source, which significantly simplifies the procedures for single cell
manipulation-and-analysis. Through adjusting the laser power and il-
lumination location, one can optimize the balance between the long-
range optothermal effect generated at the gold surface and short-range
optical forces for a 3D control of micro-sized objects to the target lo-
cation. After capturing a single cell in a micro-well, one can perform
cell lysis by increasing the laser power. Through isothermal DNA
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amplification within a stable temperature profile generated by the
steady-state laser beam, we have successfully demonstrated cell iden-
tification by detecting their DNA fingerprint. Here we only carried out
single cell analysis in one micro-well. In order to increase the efficiency
and productivity of this design, future work would be focused on de-
flecting the laser beam into multiple wells for a series of laser heating
and DNA detection simultaneously. Overall, the reported technique
makes the best use of an optical platform and a gold-coated micro-well
array for setting up a workflow that covers all single cell analysis
procedures including single cell confinement, cell disruption and DNA
amplification, which may bring new insights on the future design of
bio-chips and integration of sample-to-answer instruments.
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