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Abstract: Flow effects on the thermal loading in different optofluidic
systems (optical trap and various microfluidic channels) have been
systematically explored by using dye-based ratiometric luminescence
thermometry. Thermal images obtained by fluorescence microscopy
demonstrate that the flow rate plays a key role in determining both the
magnitude of the laser-induced temperature increment and its spatial
distribution. Numerical simulations were performed in the case of the
optical trap. A good agreement between the experimental results and those
predicted by mathematical modelling was observed. It has also been found
that the dynamics of thermal loading is strongly influenced by the presence
of fluid flow.
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1. Introduction

The combination of microfluidic and optical elements in a single platform, and the subsequent
development of so-called optofluidic devices has become an emergent research field in the
last few years [1-3]. Optofluidic devices are compact platforms that allow for the optical
manipulation and study of microsized elements in a fully controlled environment (fluid).
Optofluidic devices have already been demonstrated to be effective tools for the study and
manipulation of inert (microspheres, nanoparticles) and living (cells and small organisms)
objects [4-8]. In most cases, manipulation is achieved by taking advantage of the optical
forces that appear in the vicinity of tightly or weakly focused laser beams. These forces could
be related either to the presence of thermal gradients or to photon-particle momentum
exchange and light induced particle polarizability [9-11]. In general, laser radiation is
partially absorbed by the liquid in which the manipulated particles are suspended and, as a
consequence of this absorption, the creation of the optical gradient is accompanied by the
creation of a thermal gradient. The spatial extension and magnitude of the laser-induced
temperature distribution in the optofluidic device is of great importance. First, the existence
of such thermal gradients would lead to the creation of convection currents and this, in turn,
could prevent particles from being appropriately trapped and manipulated. Temperature is

#216646 - $15.00 USD Received 8 Jul 2014; revised 12 Sep 2014; accepted 14 Sep 2014; published 24 Sep 2014
(C) 2014 OSA 6 October 2014 | Vol. 22, No. 20 | DOI:10.1364/OE.22.023938 | OPTICS EXPRESS 23939



even more critical when dealing with biological samples, such as single cells, as their
biochemical properties would be strongly affected by any laser-induced heating [12]. For
instance, a temperature increment beyond the cytotoxic level (>42 °C) can result in
irreversible cell damage. In most of the experiments dealing with optical trapping of
microparticles, only tens of milliwats are required for efficient trapping. Nevertheless, when
dealing with optical trapping of living cells, the required powers are larger. For instance, the
creation of an optical force close to 20 pN in a living lymphocyte requires a pump power
close to 100 mW and for such a laser power, laser-induced heating could be as large as 5 °C
[13]. This means that, if experiments are carried out at 37 °C, trapping laser could heat the
living cell up to 42 °C and, as mentioned, induce irreversible damage during trapping.
Temperature control is critical for a great number of applications of optofluidic devices [14],
which would benefit from an exact knowledge of the internal temperature distribution. Some
previous works have already reported on the acquisition of thermal images of microfluidic
devices but, in most cases, they were obtained only in static conditions (that is, under no
applied fluid flow), and in the cases where a flow was applied, its effect on the temperature
distribution was not analyzed [15-17]. Nevertheless, most optofluidic systems require the
establishment of a controlled fluid flow for particle control and manipulation. In the presence
of a heating source, such as partially absorbed laser beams, fluid flow is expected to induce
heat dissipation so that the magnitude and stabilization time of thermal loading in the
presence of fluid flow could be significantly different to that produced under static conditions.
Furthermore, the presence of fluid flow could also affect the shape of the temperature
distributions inside optofluidic devices, making them become highly asymmetric. Despite its
relevance, the role played by fluid flow in the thermal distributions created in optofluidic
devices has not yet been studied.

Measuring temperature in microfluidic devices under real operating conditions is quite a
challenging task. Conventional techniques are not useful in such systems, as their reduced
dimensions make it impossible to accurately determine the temperature inside the
microchannels without producing a significant disturbance in the properties of the setup. One
of the easiest ways to overcome this problem is luminescence thermometry, demonstrated to
be useful in the study of a great number of fluorescent systems [18]. This technique is based
on the incorporation in the microfluidic device of luminescent probes, whose emission
properties are strongly temperature-dependent [19]. Remote thermal sensing can be achieved
through analysis of the intra-channel luminescence signal, as has already been demonstrated
in a number of works in the literature [16, 20-24]. Different luminescent probes, such as
quantum dots, polymers and dyes have been used. The approach used in this work, where a
solution of two fluorescent dyes is used as a thermal probe, has proven to be particularly
effective for the thermal characterization of microfluidic systems [15, 25]. The luminescence
of Rhodamine B, which suffers a strong thermal quenching, allows for thermal sensing from a
simple intensity analysis. However, any local fluctuations in dye concentration or in the
optical excitation intensity would result in emission intensity changes not related to
temperature, thus reducing the accuracy of the approach. Fortunately, it is possible to
overcome this obstacle in different ways, for instance, by using fluorescence lifetime
measurements [17], instead of fluorescence intensity or by incorporating a reference dye with
a temperature-independent luminescence (as is the case of Rhodamine 110) to the
temperature-sensitive dye solution. This makes it possible to calculate the temperature as a
function of the ratio of the emissions of both dyes, thus avoiding any possible undesired
effects due to local variations in the dye densities (such as fluid compression) as these effects
would affect equally both dyes [26]. In addition, a continuous flow of the dye solution can be
easily established through a microfluidic channel, thus making it a suitable thermal probe to
study the dynamics of thermal loading in microfluidics as the temperature measurement is not
limited to static situations. Moreover, high-resolution temperature distribution maps in
microfluidic systems can be obtained with this method when a fluorescence microscope
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capable of a spatial analysis of the luminescence is used. In this work, a thermosensitive dye
solution has been used in order to perform a systematic investigation of both the magnitude
and spatial distribution of laser-induced thermal loading in a variety of optofluidic systems,
exploring the effect of the applied flow. As an optical trap constitutes the simplest case of
interaction between a light source and a fluid, the effects of flow on the thermal loading in
this system have been extensively studied and compared to those predicted by mathematical
modelling. Once the validity of the experimental procedure has been demonstrated through
the good agreement between simulations and experimental results, other optofluidic devices
including those designed for optical sorting, trapping and stretching have been studied in the
same way.

2. Experimental
2.1 Device fabrication

Laser-induced thermal loading was studied in four different optofluidic systems that are
schematically represented in Fig. 1. The microchannel used for the vertical optical trapping
experiments (100 um in depth), shown in Fig. 1(a), was provided by Ibidi, Inc. (u-Slide 0.1
Luer). In this case, optical trapping was achieved in a “standard” geometry by focusing a 980
nm laser beam in the middle of the channel, as is schematically depicted in the figure. We
have also investigated the laser-induced temperature distributions in optofluidic devices
designed for optical trapping in a lateral configuration (Fig. 1(b)). Laser radiation (980 or
1480 nm) delivered by a multimode fiber was focused into the channel by using a built-in lens
(see curved sections fabricated in the PDMS on Figs. 1(b) and 1(c)). Figure 1(c) shows the
schematic representation of an optofluidic device designed for laser sorting of microparticles.
It consists of two identical and parallel channels with a common section interconnecting
them. A laser beam focused in the middle of this area is used to modify the trajectories of the
microparticles by using radiation related scattering forces. The particle sorting was
experimentally achieved by using a single-mode fiber coupled 980 nm laser focused by a
built-in microlens. The devices schematically represented in Figs. 1(b) and 1(c) were both
fabricated on PDMS using a standard soft lithography method. Briefly, photomasks were
fabricated on 3 in. silicon wafers based on microscale patterns designed with computer-aided
design software (AutoCAD). A 5-mm-thick layer of prepolymer mixture was poured onto the
master and then cured in an oven for at least 6 hours at 65 °C. The baked PDMS replicas were
then peeled from the master, punched for inlet and outlet holes, oxidized by plasma treatment
and bonded to a pre-cleaned and oxidized glass slide. The size of the microchannels was the
same in both chips and set to 50 um in width and 70 um in depth.
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Fig. 1. Schematic representation of the four devices used in this work: (a) 100 um deep
microchannel for particle trapping; (b) 50x70 pm channel illuminated from one side by a
multimode optical fiber; (c) 70 um deep microchannel for particle sorting; (d) monolithic
device with an integrated waveguide.
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Finally, we have also investigated the thermal loading in monolithic optofluidic devices
(see Fig. 1(d)). They were fabricated on fused silica by ultrafast laser inscription followed by
selective chemical etching, which has proven to be a useful microfabrication technique in
optofluidics [27, 28]. The fabrication procedure of the chips used here is described in detail in
previous works [24]. Briefly, the optical waveguide and microchannels were simultaneously
fabricated by applying 460 fs laser pulses at 1047 nm with a repetition rate set at 500 kHz.
After inscription, the devices were etched for 12 hours in a hydrofluoric acid solution (10%
dilution in deionised water). The waveguide was polished to reveal the facet, which was then
bonded to a single-channel fiber array (Opteron Co.) using conventional UV curing (i.e. an
UV curable epoxy). Two chips with different widths (25 pm and 35 pm) and heights (37 um
and 47 um) were fabricated.

2.2 Temperature measurement

In order to achieve thermal sensing and time-resolved imaging in the different optofluidic
devices, we used an aqueous solution of two fluorescent dyes: Rhodamine B (RhB), whose
emission is strongly quenched with increasing temperature; and Rhodamine 110 (Rh110),
which acts as a reference dye (it shows a negligible thermal fluorescence quenching). Both
dyes were provided by SigmaTech Inc. and the concentrations in the solution were set to 0.25
mM and 0.05 mM for RhB and Rh110, respectively. At this point, it should be noted that
these concentrations were selected to ensure a similar emitted intensity for both dyes so that
thermal measurements were easier. A continuous flow of the fluorescent dye solution was
established through the different devices by connecting them to a syringe pump (NE-1002X
Programmable Microfluidics Syringe Pump from New Era Pump Systems Inc.) via PFA
plastic tubing.

#216646 - $15.00 USD Received 8 Jul 2014; revised 12 Sep 2014; accepted 14 Sep 2014; published 24 Sep 2014
(C) 2014 OSA 6 October 2014 | Vol. 22, No. 20 | DOI:10.1364/0OE.22.023938 | OPTICS EXPRESS 23942



" RhB+Rh110
(a) e+ (b)
oo
c €
EEME
o] =)
'._‘E 2 X Optical fiber
980 — 1450 nm 10 X
50 X 0.2 NA
o RhB+Rh110 [0-5N
| _
A SRR
Syringe luorescence
pump ~
= (c)
10 X E' 20}
o
02NA &
é 1.8}
°
§ 16}
>
£ 1
luorescence | T 4 . . . . . .
£ 10 20 30 40 50 60
Temperature (C

Fig. 2. Experimental setup and thermal calibration. (a) and (b) Schematic representation of the
two experimental setups used for thermal imaging of the different optofluidic systems. (a)
Optical trapping setup; (b) Setup for optofluidic devices with an on-chip fiber input for laser
illumination. (c) Temperature dependence of the emitted intensity ratio of the two luminescent
dyes (RhB and Rh110) used in this work.

As can be seen in Fig. 2(c), thermal quenching results in a decrease in the ratio between
the emission intensities of both dyes, thus allowing us to determine the solution temperature
with an accuracy of 1 °C in our experimental conditions. It should be noted that this estimated
thermal accuracy has been found to be at least two times larger than the time-fluctuations in
the measured temperature. As a consequence we concluded that the uncertainty in our thermal
measurements is that estimated from the uncertainty associated to the calibration curve.
Single point temperature measurements were carried out in a double-beam home-made
confocal microscope. A continuous wave diode laser at 488 nm was used as an excitation
source for the fluorescent dye solution. The laser radiation was focused into the microchannel
by a 50X objective with a 0.55 numerical aperture, which led to a spot size of about 1 um in
diameter. This same objective was used to collect the luminescence from the dyes, which,
after passing through appropriate filters, was spectrally analysed by a CCD camera attached
to an iHR320 Horiba Jobin Yvon spectrometer.

To obtain two-dimensional thermal images of optofluidic devices, a commercial epi-
fluorescence microscope was used. In this case, a high-voltage UV lamp acted as an
excitation source for the fluorescent dyes, whose luminescence was separately recorded by
using two different sets of fluorescence filters. These two fluorescence images were used to
determine the spatial variation of the intensity ratio. In order to study the time evolution of the
temperature distribution, two separate videos were recorded in order to obtain the signal from
each dye; and the combined to obtain the final thermal images. Although this experimental
setup provided us with the possibility of obtaining thermal images with reduced acquisition
times, the thermal accuracy was estimated to be 2 °C, i.e. lower than that obtained when using
the fluorescence confocal microscope described above. Therefore, the epi-fluorescence
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microscope was used for obtaining two-dimensional thermal images, while the magnitude of
the thermal loading was more accurately measured with the confocal microscope.

In all cases, the device holder was kept to a 20 °C temperature using a Peltier-cooled
Linkam PE-120 temperature control stage.

For the purpose of optical excitation, two different laser sources were used, both being
single-mode fiber coupled diodes operating at 980 and 1480 nm with maximum output
powers of 500 and 200 mW, respectively. As is depicted in Fig. 2(a), for the purpose of
optical trapping, an additional microscope objective (50X IR, 0.55 numerical aperture) was
used for the optical trapping experiments (Fig. 1(a)). The 980 nm trapping beam was thus
focused inside the microchannel, making sure that there was a match between the focal planes
of the two microscope objectives represented in Fig. 2(a). The experimental setup used in the
case of the three optofluidic chips (Figs. 1(b)-(d)) is schematically depicted in Fig. 2(b). The
output of the diode laser (both the 980 nm and the 1480 nm) was coupled either to a
multimode fiber (Thorlabs M42L01) inserted into the PDMS chips depicted in Figs. 1(b) and
(c); or directly to the attached waveguide in the case of the device depicted in Fig. 1(d).

2.3 Mathematical modeling

COMSOL Multiphysics 4.3 was used to mathematically quantify the temperature increase
within the optical trapping system at different flow rates. A 3D steady-state model was used
to simulate the laser-induced temperature profile within the optical trap. Conjugated Heat
Transfer (nitf) module was used here, considering the Gaussian beam optics as the heating
source. The Navier—Stokes equation, the continuity equation and the heat transfer equation
were coupled in COMSOL to solve the problem. Material properties were assumed to be
constant over the temperature range. We set specific values as inlet velocities and also
assumed no slip at the walls and incompressible fluid. Mathematical modelling was not
performed on the side-pumped devices as, although possible, many experimental parameters
(such as accurate fiber height in respect to micro-channel, optical losses at the fiber-device
interface, and so on) are not accurately known so that results from modelling could not be
fully reliable.

2.4 Lymphocyte preparation

For single-cell optical trapping experiments we used Jurkat cells (clone E6.1), a commercially
available human T lymphocyte cell line from the American Type Culture Collection (ATCC),
kindly provided by Drs V. Calvo and M. lzquierdo. Freshly cultured suspensions of these
cells were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS),
1% (v/v) penicillin/streptomycin (10 000 1U/mL/10 000 g/mL), and 2 mM L-glutamine
(complete medium) in an incubator with humidified 95% air, 5% CO 2 atmosphere at 37 ° C.
All reagents were purchased from Fisher Scientific (Massachusetts, USA). For experiments,
an aliquot of 100 p I of fresh, exponentially growing lymphocytes (cell density of 1 x 10 6
cells/mL) were taken and subsequently diluted 1/5 with complete medium. Immediately
afterwards 50 p L of this diluted suspension was placed on a microscopy chamber (Ibidi,
Germany).

3. Results and discussion
3.1 Flow effects in the thermal loading of an optical trap

After properly calibrating our fluorescent thermal probe, determining the laser-induced
thermal increment at the optical trap and its surroundings is a straightforward procedure.
According to the simple model proposed by Mao et al., the thermal loading in an optical trap
in the absence of fluid flow depends on the trapping beam parameters (laser power, P,, and
spot radius, Rj), on the thermal properties of the liquid medium (such as thermal diffusivity,
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K) as well as on the absorption of the medium at the trapping wavelength oaps(Atap) and the
chamber thickness, D, as given by expression (1) [29].

a ‘R
AT"ap — abs (ﬂtrap) | . In E (1)
27K R

In these experiments, the 980 nm diode laser was used. The water absorption coefficient at
this wavelength is close to 0.5 cm™, so that a significant temperature increase is expected to
occur. The experiments described in this section were all carried out under real trapping
conditions, as supported by the image sequence included in Fig. 3(a), which corresponds to
the optical trapping of a living cell (human lymphocyte) under these experimental conditions.
In this case, the laser power was set to 300 mW, which corresponds to a power density of 340
mW/um?. Optical images included in Fig. 3(a) were only provided with the aim of
demonstrating the optical trapping ability of our experimental setup. Nevertheless, during the
recording of thermal images in presence of flow, the channel was only filled with the
temperature-sensitive dye solution so that no particles were present either at the laser spot or
in its surroundings.

The experimentally obtained thermal images of a 980 nm, 300 mW optical trap are
presented in Fig. 3(b) as obtained at three different applied flows. Two main conclusions can
be immediately extracted from these thermal images. First, the magnitude of the temperature
increment is strongly dependent on the flow rate: the higher the flow rate, the lower the laser-
induced heating. This is further evidenced in Fig. 3(c), where the maximum temperature
increment is plotted as a function of the flow rate. The maximum heating corresponds to the
static case, where the fluid at the focus of the optical trap experiences a temperature increase
of about 21 °C. This result is similar to that obtained in a previous work, where the heating
rate in an optical trap under equivalent experimental conditions was found to be close to 99
°C/W [13]. The fact that the presence of a fluid flow reduces the thermal loading can be
understood by taking into account that the effective heating time (time during which a fluid
particle is in the laser focus) is reduced when the solution is flowing, consequently
diminishing the magnitude of the temperature increment. It can be observed in Fig. 3(c) that
the flow-induced reduction in the thermal loading follows a pseudo linear relation up to high
flow rates close to 200 pL-min™". For even higher flows, the temperature increment remains
constant at about 6 °C. This was unexpected, since it was assumed that high enough flow
rates would cause the effective heating time to approach zero, consequently causing the
induced temperature increment to be negligible. We attribute this discrepancy to the fact that,
due to fluid viscosity, flow rate at the microchannel walls is zero and at those locations
effective heating for any flow rate is produced, thus preventing complete heat dissipation.
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Fig. 3. (a) Image sequence recorded during the optical trapping of a human lymphocyte under
a 980 nm trapping beam, with a set trapping power of 300 mW (b) Thermal loading in an
optical trap at different flow rates. The trapping parameters were equal to those in Fig. 3(a). (c)
and (d) Temperature increment and displacement of the maximum position at different flow
rates for a 980 nm trapping power of 300 mW. Experimental results are indicated by dots,
while empty circles represent the values predicted by numerical simulations. (e) Thermal
images of an optical trap at different flow rates obtained from COMSOL modelling. The
simulation conditions were set to match those of Fig. 3(b).

Applying a fluid flow does not only reduce the magnitude of the laser-induced thermal
loading of an optical trap, but it also modifies the temperature distribution around the laser
focus. As a matter of fact, an increase in the flow rate produces an elongation of the heat-
affected area in the direction of the flow as can be observed in Fig. 3(b). This implies not only
a change in the shape of the temperature distribution, but also a displacement in the position
of the temperature maximum. As can be seen in Fig. 3(d), the location of temperature
maximum overlaps the laser focus only in the static case, as even at low flow rates a shift in
the maximum position is observed. As the flow rate increases, the distance between the
warmest point and the trapping beam focus experiences a linear increase. A displacement as
large as 30 um is observed for the highest applied flow rates, corresponding to average linear
speeds of about 0.5 cm/s. The fact that heat can be produced at a different location than that
of the heating source (focused laser in our case) was an unreported phenomenon in locally
heated microfluidics where a laser is acting as the heat source that could have relevant
implications in the understanding of thermal dynamics of locally heated microfluidics.

Our experimental results are strongly supported by those yielded by COMSOL modeling.
The thermal images predicted by the numerical simulation are shown in Fig. 3(e). It can be
clearly seen that both the decrease in the thermal loading and the extension of the heat-
affected zone, together with the maximum position displacement are predicted by the
theoretical modelling of the optical trapping system. Furthermore, simulations do not only
reproduce qualitatively the experimental data but they have also provided an excellent
quantitative agreement. The numerical values predicted by the simulation for the temperature
increment and the maximum displacement at four different flow rates (0, 100, 200 and 300
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pLemin') have been included in Figs. 3(c) and (d), together with the experimental data. An
excellent agreement is found in both cases. It should be noted that greater discrepancies
between modelling and experimental data have been observed at high flow rates. We attribute
this to the presence of fluid turbulences and instabilities at such large flow rates due to
microchannel inhomogeneities. In addition we also think that such discrepancies are also due
to the fact that for such high flow rates the magnitude of temperature increments is reduced
and the modelling results become more critical on boundary conditions that are not fully
controlled during experiments. Confirming the validity of our thermal imaging procedure, this
encouraged us to apply the same method to perform time-resolved thermal imaging in an
optical trap. Thermal images included in Fig. 3 were obtained 20 seconds after switching on
the laser, thus making sure that a steady state, i.e. a stable temperature distribution, had been
reached. Nevertheless, that temperature distribution around the laser focus is not expected to
be achieved in an instantaneous manner. Indeed, the characteristic time of a thermal process,
ty, can be roughly estimated by applying dimensional analysis to the heat transport equation,
and can be demonstrated to be given by:
2
t =L )

where L is characteristic size of the system and K is the thermal diffusivity of the medium
(0.143 x 10-6 m2/s for water) [30]. Note that ty is defined as the time required for the
temperature to rise up to 63% of the steady state increment (i.e. defined on the basis of the 1/e
criteria). For rectangular channels, it can be assumed that the characteristic length is equal to
the channel height, h, so that expression (2) predicts a faster thermal stabilization for thinner
microchannels. Figure 4 shows the time evolution of the normalized on-focus temperature as
obtained when the 980 nm laser beam was focused inside 100 and 200 um high channels in
absence of fluid flow.
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Fig. 4. Thermal loading in an optical trap generated by a 980 nm laser beam as obtained for
two different channel heights (100 and 200 um). Dots are experimental data and solid lines are
the best fits to a double exponential function. Inset includes the heating curve obtained in the
200 pum showing the two exponential curves resulting from the fitting procedure.

As can be observed, thermal stabilization on the 100 pm high channel happened much
faster than on the 200 um high one. Indeed the stabilization times (estimated following the
1/e criterion) were found to be 180 and 790 ms for the 100 and 200 pum high channels,
respectively. This experimental observation is in qualitative agreement with expression (2).
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Nevertheless, the thermal transients were found not to follow a single exponential as was
expected. Instead, they can be well described by a double exponential function. This is
evidenced in the inset of Fig. 4, where the thermal transient obtained for a 200 um height
channel is represented together with the two exponential growth curves which best fit our
experimental data. The characteristic times of these exponentials are close to 100 ms and 1 s.
These times can be compared to those given by expression (2), which for a 200 um high
channel predicts a characteristic time of 270 ms. Note that expression (2) has been derived
from the heat transport equation, considering that convection currents do not occur in the
fluid and that contour conditions/temperatures are fixed. We state at this point that the
experimentally observed fast component of the thermal transient corresponds to the time
required for the thermalization of the fluid itself, whereas the slow component arises from
both the appearance of convection currents and the modification of contour conditions /
temperatures (i.e. corresponds to the time required for contour thermalization). This tentative
assignment is in good agreement with the fact that the relative weight of the slow component
clearly decreases when the channel height is reduced down to 100 um (see Fig. 4).

Data included in Fig. 4 correspond to static conditions, i.e. in the absence of fluid flow.
Nevertheless, it has been observed that the presence of a fluid flow leads to a drastic
modification in the thermal transients. This is evidenced in Fig. 5, which includes the time
evolution of the maximum trap temperature as obtained in a 100 pum height channel at three
different flow rates. Note that, as the flow rate increases, the relative contribution to the
thermal transient of the slow component decreases. This decrease has been found to be
monotonic with the applied flow rate, as can be observed in the inset of Fig. 5, where the ratio
between the amplitudes of the slow and fast components of the thermal transients (Agow and
Assi, Tespectively) is represented. Indeed, for flow rates close to 150 puL-min~* (corresponding
to an average linear speed of 0.5 cm/s), the thermal transient is well described by a single
exponential with a characteristic time close to 80 ms. This is, in fact, very similar to the
characteristic time given by Eq. (2) for a 100 um high channel; t;y 70 ms. We state that, for
such high flow rates, the appearance of convection currents is prevented. In addition, the
presence of fluid flow reduces the magnitude of intrachannel heating (see Fig. 3(c)) and,
consequently, minimizes possible changes in contour conditions/temperature. Experimental
data included in Fig. 5 demonstrate the critical role played by the flow rate in the time
evolution of thermal processes in optofluidic devices. Such a critical role has not been
discussed before and would be of importance for the proper understanding of transient
phenomena. In addition, the transient thermal curves here reported could open the possibility
of novel approaches (such as modulation of laser/heating sources) for full control and
minimization of thermal effects in optofluidic devices.
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Fig. 5. Time evolution of the temperature of an optical trap generated by a 980 nm laser beam
focused in a 100 pm high channel as obtained for three different flow rates. Dots are
experimental data and solid lines are the best fits to a double or single exponential function.
The fast and slow components are also plotted in each case. Inset shows the relative
contribution of the slow component for different flow rates. Dots are experimental data and the
dashed line is added for clarity.

3.2 Thermal loading in optofluidic chips for particle manipulation

Flow-related effects analogous to those reported in the previous section for single beam
optical traps are also expected to occur in the optofluidic devices depicted in Figs. 1(b)-(d). In
order to corroborate this, we have obtained thermal images for all the devices under real
operating conditions using 980 nm and 1480 nm fiber coupled laser diodes. Laser radiation at
1480 nm was used to obtain intense and easy to record thermal effects even at high flow rates
as at this particular wavelength water absorption coefficient is as large as 28 cm™, i.e.; more
than 50 times the water absorption coefficient at 980 nm (0.5 cm™).Evidence of the higher
thermal loading when replacing the 980 nm diode with the 1480 nm one is provided in Fig.
6(a), which shows thermal images of the temperature increment in a straight microchannel
side-pumped by an optical fiber as is schematically depicted in Fig. 1(b). All images in Fig.
(6) were recorded 2 seconds after the laser had been turned on, so that a stable temperature
distribution had been reached.
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Fig. 6. Effect of flow rate and irradiation wavelength on the thermal loading in the
microchannel depicted in Fig. 1(b). (a) Thermal images obtained under 130 mW trapping beam
power at two different wavelengths: 1480 nm and 980 nm. (b) Maximum temperature
increment in the microchannel as a function of the laser power for 1480 nm trapping beam
power at two different flow rates. (c) Thermal images obtained under 1480 nm irradiation (130
mW laser power) at four different flow rates.

As can be observed, pumping at 980 mm resulted in a temperature increment of few
degrees Celsius, thus complicating flow-dependent temperature measurements. When
pumping at 1480 nm, a very high contrast temperature pattern is obtained. Note that, under
static conditions, temperature increments above 70 °C occur at 1480 nm laser powers of 130
mW. It is important to note that, in all cases, we are referring to launched laser powers, as the
actual power reaching the microchannel is difficult to estimate due to the fact that the actual
coupling losses are not known. However, due to the low absorption coefficient of PDMS at
these wavelengths [31], most of the launched laser power is expected to reach the
microchannel. The temperatures increments observed in absence of any flow can be
compared to those reported for side-pumped microfluidic devices filled with an aqueous
solution containing carbon nanotubes. In those cases a 150 mW, 980 nm laser beam induced a
local increment close to 25 °C [24]. For such large thermal gradients, convection currents are
expected to occur. We state that the presence of such convection currents results in the
temperature increment no longer being linearly proportional to the laser power (see Fig. 6(b)).
The initially expected linear relation was only observed when flow rates were higher than 10
pL-min~*. The establishment of such high flow rates does not only lead to a thermal loading
proportional to the laser power but also to the creation of highly asymmetric thermal patterns
as can be observed in Fig. 6(c). Note that, for a flow rate of 10 pL-min?, the intrachannel
temperature follows a step-like evolution. The 1480 nm laser beam creates two spatial regions
with very well defined temperatures. These particular thermal patterns could be useful for
controlled photothermal studies or for the creation of unidirectional thermal forces at the
position of the laser beam. From Fig. 6(b), it is also clear that, for a given laser power, the
magnitude of thermal loading decreases with the applied flow rate, as it was also observed in
the experiments regarding the thermal loading of a single laser beam optical trap. Again, flow
rate is evidenced as a heat dissipation source.
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Experiments similar to those included in Fig. 6 were also performed on the side-pumped
microchannel fabricated by ultrafast inscription in fused silica (device depicted in Fig. 1(d)).
We found, qualitatively, the same behaviour as was observed in the PDMS-based device.

The time evolution of the thermal patterns created by the 1480 nm laser beam in the
optofluidic device depicted in Fig. 1(b) has also been investigated and results are summarized
in Figure 7. Figure 7 (a) shows the thermal images at different times after switching the laser
on, as obtained in the presence and absence of fluid flow. The time evolution of the maximum
temperature increment is shown in the absence of fluid flow (Fig. 7(b)) and with a flow rate
of 1 puL-min™* (Fig. 7(c)).
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Fig. 7. (a) Time evolution of the temperature distribution created in the channel depicted in
Fig. 1(b). Thermal images are represented for different times after the 130 mW laser power at
1480 nm was turned on. Scale bar is 100 um. (b) Time evolution of the normalized
temperature increment in the microchannel in the static case and (c) under an applied flow of 1
pL-min,
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On a first inspection, a much faster thermal stabilization than that experimentally
observed for the optical trap (see Figs. 4 and 5) is observed. This was indeed expected, as the
reduced dimensions of the device lead, according to expression (1), to shorter stabilization
times. Again, following the 1/e criterion, we estimated a thermal stabilization time in the
static case equal to 31 ms, significantly smaller than that obtained for the optical trap (180
ms). As in the case of the thermal loading in an optical trap, the thermal transient in static
conditions is well described by a double exponential growth function (see solid lines in Fig.
7(b)). Also, the fast component is once again related to the thermal stabilization of the fluid,
while the slow component is associated with the time required for the stabilization of flow
currents and of contour conditions. In this case the amplitude of the slow component is ten
times lower than that of the fast component, in contrast to the experimental results obtained
for the optical trap (Fig. 5) in which, under static conditions, both components contributed
with the same amplitude to the net transient. We state that the reduced dimensions of the
channel minimize the presence of convection currents, therefore decreasing their contribution
to the thermal transient. Figure 7(c) shows that, when a flow rate is applied, the time required
for the temperature distribution to stabilize becomes shorter, as was already observed in the
case of the optical trap. Indeed, as can be observed in Fig. 7(c), even with an applied flow rate
of 1 pL-min?, the thermal transient can be well described with a single exponential.
According to our previous discussion, this implies that the presence of such flows minimizes
the contribution of convection currents to the thermal stabilization. Indeed, from the single
exponential fit, we have obtained a characteristic thermal stabilization time of 10 ms. If we
assume 50 pum as the characteristic length of these devices, the value predicted by expression
(1) is 17 ms, which is quite close to the experimentally determined value.

Finally, thermal loading in the optofluidic device fabricated for particle sorting
schematically drawn in Fig. 1(c) has also been investigated. In this device, the particles to be
manipulated are injected through one of the input channels. When particles reach the junction
area they are subjected to 980 nm laser radiation and, due to scattering forces, controlled
sorting is produced. Figure 8(a) shows an optical transmission picture of the sorting device.
The trajectories followed by polystyrene beads 7 um in diameter injected through one of the
input channels in the presence of a 980 nm laser beam focused into the junction area are
drawn. As can be observed, particle sorting with an efficiency close to 75% has been
observed.

Data included in Fig. 8(top) were obtained under illumination at 980 nm (laser power of
450 mW) at an applied flow rate of 0.02 pL-min™, corresponding to an average linear speed
of 100 pm/s. It was found that the sorting efficiency decreases dramatically if the laser power
was decreased or the input flow rate was increased. The thermal images of the sorting device
as obtained for different flow rates and at different times after switching on the laser are
included in Fig. 8. In all the cases, thermal images were obtained at 450 mW laser power.
From the thermal images, it is clear that the maximum temperature increment induced in the
sorting device was 5 °C under operating conditions. Once again, the increase of the fluid flow
rate results in a dramatic reduction of this heating. Note that even at the low flow rates
required for effective microparticle sorting (flow rates well below 0.1 pL-min™Y) the
temperature increment produced at the junction area is no higher than 5°C. This is a critical
number for bioapplications since if the device is operating at 37 °C then 5 °C laser induced
heating would lead the fluid to the limit of the biophysical temperature range (42 °C).
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Fig. 8. Top. Trajectories of microparticles circulating through the sorting channel depicted in
Fig. 1(c) at a laser power of 450 mW. Bottom. Thermal loading in the sorting device at three
different times (50 s, 500 ms and 5 s) after the 980 nm laser beam has been turned on at three
different flow rates (static, 0.1 and 1 pL-min?).

As was observed for the previously described optofluidic systems, the time required for
the temperature to stabilize is shorter for higher flow rates. Nevertheless, we have found the
thermal stabilization time in the sorting device under real operating conditions to be shorter
than 500 ms. Finally, it should be noted that higher flow rates also result in a great asymmetry
in the temperature distribution, so that the temperature at the output channels is higher than
that at the input channels.

6. Conclusions

Thermal loading of optofluidic devices is a known and sometimes unavoidable effect due to
the presence of water absorption bands at certain laser wavelengths. Several works have
reported on laser-induced intrachannel temperature changes, but little was known about the
effect that the presence of fluid flow has on the magnitude, spatial extension and stabilization
time of the laser induced thermal patterns. In this work, we have provided experimental
evidence on how the establishment of a fluid flow dramatically changes the spatial
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distribution and dynamics of intrachannel heating. We have systematically investigated the
case of single beam optical traps. It has been found that the fluid flow behaves as an
additional dissipation source reducing the magnitude of thermal loading. In addition, it causes
a drastic distortion of the temperature pattern, leading, for example, to a spatial displacement
between the laser focus and the hottest point in an optical trap. Flow rate has also been found
to be crucial in determining the time required for thermal stabilization. When a flow rate is
applied, the time required to reach a stable temperature distribution becomes shorter due to
the elimination of convection currents by laminar flow rates.

By measuring thermal images of different optofluidic devices we have found that the main
features observed in single beam optical traps are reproduced in more complex optofluidic
devices based on PDMS and fused silica.

Results included in this work put in context the importance of flow rate in the thermal
dynamics of optofluidic devices and would be of great importance in their understanding,
design and use.
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