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Abstract Open-outlet microfluidics is getting more and
more attention, thanks to the generation of capillarity-dri-
ven flows which simplify the connection with the macro-
world. It is known that convection flows are generated at
the interface with air, i.e., the meniscus. Several works
have investigated evaporation-induced convection, but its
effect on particle position control in open-outlet biodevices
is still not characterized. In this paper, we present the
results of 3D measurement of particle traces near the
meniscus in an open-outlet vertical 400 pm micro-channel
filled with a water-based saline solution. Using a standard
optical microscope and a system of mirrors, we observe the
3D position of individual micro-beads floating in the
solution, in a way akin to particle image velocimetry
technique. A single vortex is generated at the meniscus and
occupies the whole region under observation at a distance
of 1.5-2.7 mm from the meniscus. The generation of the
convection pattern and the vortex rotational speed are
described. The convection patterns disappear when evap-
oration is inhibited, while both the vortex generation and
the rotational speed are faster for highly saline solutions.
These results are relevant to the design of biochips which
require control of the particle position in a fluid since they
emphasize that in open-outlet microfluidic systems not
only the gravitational fall but also the convection drag must
be counteracted.
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1 Introduction

The use of microfluidic networks with open outlets is of
increasing interest in the biochip field. The main advantage
is the ability to induce flows through capillarity. This gets
round a complex external flow regulation system, which
usually requires accurate control of the infused flow or of
the inlet-outlet pressures. Furthermore, capillarity-driven
microfluidics simplifies the connection to the macro-world
because it eliminates external tubing, and enables mono-
lithic devices to be designed.

Systems composed of a multitude of micro-channels
with open outlets can be used for parallel assays and enable
high throughput microfluidics (Juncker et al. 2002; Park
et al. 2006; Zimmermann et al. 2007; Namasivayam et al.
2003). On the other hand, the use of open outlets is the
cause of side effects mostly related to evaporation and
contamination. In this paper, we focus on convection flows
generated by evaporation; we present a measurement setup
and experimental results obtained from a mixture com-
posed of a biocompatible fluid with eukaryotic cells in it,
with a view to deriving guidelines for control of cell
position inside a microwell. In (Zhang et al. 2007) a thin
film of an aqueous binary mixture in a large compartment
was examined by the shadow-graph method to show the
generation of convection patterns due to vertical tempera-
ture gradients. A vertical micro-channel is filled with water
at a low temperature, incompatible with cell function, and
the deflection of a cantilever is used to measure the ther-
mocapillary flow rate dependent on the vapor-phase
pressure (Ward and Duan 2004). Evaporation-induced
toroidal convection flows of non-biocompatible solutions
(ethanol, methanol, acetone, silicone oil, etc.) are charac-
terized by particle image velocimetry (PIV) in vertical
micro-channels (Braunsfurth and Homsy 1997; Buffone
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et al. 2004; Kamotani et al. 1994). A different flow pattern
is observed in horizontal channels (Wang et al. 2008;
Chamarthy et al. 2008) and the toroidal field is substituted
by a single vortex in a 400 um tube because buoyancy
breaks the circular symmetry of the experiment. A similar
single vortex phenomenon is observed in (Buffone et al.
2005).

One big challenge in the biochips field is to control the
position of cells within micro-channels. Several strategies
commonly used in research have been summarized in a
review by (Desai et al. 2007). They include the use of
electric fields and dielectrophoresis (Abonnenc et al. 2005;
Leu et al. 2005), optical trapping (Chiou et al. 2005;
Nahmias et al. 2005), mechanical control through MEMS-
based (Thielecke et al. 2005) or local pressure approaches
(Jeong and Konishi 2009), and the use of mixed methods
(Lettieri et al. 2003; Shackman et al. 2007). It is well
known that all common technologies have a strong impact
both on the particles and on the surrounding medium,
hence limiting the applicability of these techniques. As an
example, optical (Neuman et al. 1999; Leitz et al. 2002;
Rasmussen et al. 2008) and electromagnetic (Seger-Sauli
et al. 2005) trapping increase the local temperature through
light absorption or the Joule effect, making the trapping
environment uncomfortable for cells. This is particularly
problematic when the biological material is required to
maintain its natural function, and hence needs to be in a
condition as similar as possible to its biological environ-
ment (Yang et al. 2008). Microfluidic tools used for
position control are gentler because the cells are dragged
by the fluid flow, which is normally induced in a region far
from the cells position (Lettieri et al. 2003). We recently
proposed a microfluidic approach to reduce the intensity of
external forces required to maintain the position of a single
cell stable in a micro-channel (Gazzola et al. 2008).

To devise guidelines for the design of biochips requiring
control of particle position, in this paper we show an
investigation of what actually happens in the micro-chan-
nel once an evaporation-induced flow is generated. In
particular, we focus on the position of particles affected by
convection patterns generated at the meniscus when the
channel is filled with a typical solution for cell biology
[phosphate buffer saline (PBS)]. To this end, Sect. 2 pre-
sents the measurement concept, the optical resolution,
the experimental setup and the operating conditions for
the observation of particle traces. In Sect. 3, we show the
experimental results using eukaryotic cells in PBS. To
verify that the observed flow is dependent on both evapo-
ration and solution salinity, we show in Sect. 3.4 that
inhibited evaporation prevents vortex formation, and in
Sect. 3.5 that a solution with higher salinity induces vortex
formation by faster dynamics. Finally, Sect. 4 presents and
discusses a possible interpretation of the results based on
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the dependence of the surface tension on temperature and
salt concentration, and gives guidelines for the control of
the cell position inside open-outlet micro-wells.

2 Materials and methods
2.1 Two-sided PIV

Experiments to investigate particle position within con-
vection flows inside a micro-channel are conducted on a
custom-built device. A system of three mirrors is designed
to get 3D information on the channel content, and in par-
ticular to track single particles floating in the solution.
Processing the traces permits one to reconstruct particle
trajectories. The idea is to observe the channel from two
different directions simultaneously. The two images can be
used as two projections of the channel content and can be
processed to reconstruct a whole 3D image.

Particle image velocimetry (PIV) (Kamotani et al. 1994;
Buffone et al. 2004) and particle tracking velocimetry
(PTV) (Braunsfurth and Homsy 1997) are common tech-
niques to image the flow field by tracking particles with
laser microscopy. While PIV and PTV use microscopes
with thin focal plane optics that image slices of the chan-
nel, we use a large focal plane, small magnification
stereomicroscope. Herein lies the novelty of our approach:
we are able to observe the whole 3D content of the channel
by standard brightfield microscopy, and to obtain a com-
plete image of single particle trajectories in time.

The three mirrors are positioned to simplify the optical
access: only one microscope and one optical acquisition
system are required. A first mirror (M1 in Fig. 1a) is placed
at 45° with the vertical axis, so that the optical path of the
microscope is turned from vertical to horizontal. Two
projecting mirrors (mirrors M2 and M3) are glued sym-
metrically at 67.5° (90°-22.5°) with respect to the
reflection mirror M1 as shown in Fig. 1b. The relative
arrangement of mirrors and channel is designed to permit
the two optical paths to reach the channel from two per-
pendicular directions, thus allowing for simultaneous X-Z
and Y-Z imaging. From the two 2D images a 3D image can
be reconstructed, as described in Sect. 3.1. The arrange-
ment of the projecting mirrors with respect to the
microfluidic channel is shown in Fig. 2, which also shows
that the region of the micro-channel under investigation has
a square section to minimize lens effects, while the rest of
the channel is cylindrical.

During experiments, a movie containing the two pro-
jections is recorded. The optical data are then processed to
get complete 4D information about space and time, which
can be elaborated to give both the position and the velocity
of the particles.
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Fig. 1 Sketch of the micro-channel with 3D optical access: a side
view, b top view. The values of the angles are o = 67.5°, and
p = 45°
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Fig. 2 The micro-channel and projecting mitrors in perspective

A typical image viewed from the microscope is shown
in Fig. 3a. Recalling Figs. 2 and 3b, three views of the
micro-channel are simultaneously present: at the center
(zone B out of focus in Fig. 3) the channel is observed right
after reflection from mirror M 1; on either side it is possible

to observe the Zy (A) and Zy (C) projections. The image
shown in Fig. 3a is one frame of the movie processed so as
to get the 3D tracks shown in Fig. 5.

2.2 Optical resolution

Optical investigation plays a central part in this work. The
micro-channel is observed through an upright extra long
working distance stereomicroscope (Zeiss Stemi DV4)
coupled to a commercial camcorder (Hitachi DZ-MV270 E
PAL) recording at 15 fps. Two external optical fibers
illuminate the device. The overall resolution of the setup
depends on the frame size regulation of the camcorder, on
the resolving power of the microscope and on aberrations
due to imperfections along the optical path. The theoretical
resolving power of the microscope at the magnification
used of 32x (NA = 0.053) is about 3 um. However, the
actual resolution of the imaging setup is made worse by
the optical imperfections in the PDMS device, mostly on
the mirror surfaces. The cells and beads used for the
experiments are resolved when they are about 16 pm apart,
which should be considered the overall resolving power of
the device, sufficient to observe significant movements
of particles with respect to the characteristic dimensions of
the observable section of the channel (Fig. 3a). The cam-
corder resolution (576 x 704 pixel) is chosen so that each
pixel corresponds to 6.36 pm, lower than the optical res-
olution. In this way there is no loss of resolution due to the
camera.

The low numerical aperture of the stereomicroscope
allows for a depth of field of about 200 um, hence the
whole channel section (400 pm x 400 pm) is close
enough to the focal plane, and all particles far from the
channel walls are visible in both projections. The PDMS
surface and mirror M1 are very far from the channel, so
imperfections on them are not recorded. Mirrors M2 and
M3 are only 1 mm away from the channel, and imperfec-
tions are thus visible as out of focus shadows, and do not
spoil data elaboration. Obviously, a few evident defects
and trapped dirt on the PDMS channel walls mask parts of
the region under investigation.

2.3 Device fabrication

The device is composed of a micro-channel fabricated in
polydimethylsyloxane (PDMS) which is contained in a
glass box, and three mirrors used for optical inspection
(Fig. 4). The mirrors are embedded in PDMS and are ori-
ented at the angles described in Sect. 2.1. The fabrication
steps used to build the device are described in the following
list:

1. ahole is drilled on the bottom glass slide as an inlet;
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Fig. 3 a Microscope view of
the micro-well. b Schematic ()
view of the channel projections
onto mirrors M2 and M3. On the
left and right sides of both
images, the two projections

(A and B) of the channel are
visible. The region of interest
(ROI) corresponds to the square
section of the channel and is
between the two dashed lines

microfluidic

ontlet mirror M1

mirrors M2

microfluidic
inlet

Fig. 4 Photograph of the device used for 3D optical imaging of
convection flows

2. the side glass walls and mirror M1 are glued onto the
bottom glass slide. Mirror M1 is glued at 45° to the
vertical axis, as shown in Fig. la;

3. the mould for the micro-channel is composed of three
sections: a 400 um-sided square manually polished
metal pin is glued between a 500 pm diameter glass
capillary and a 1 mm external diameter PTFE tube
(Borland);

4. the two mirrors M2 and M3 and the micro-channel
mould are glued onto the top glass slide using a very
small amount of epoxy glue, so as to be able to remove
the top glass slide after polymerization. The micro-
channel is oriented at 45° to the reflection mirror, as
shown in Fig. 1b. In this way, the two optical paths
reach the channel from two perpendicular directions;

5. PDMS (Sylgard 184, Dow Corning, Midland, MI) is
prepared at the usual 1:10 proportions, mixed thor-
oughly, centrifuged at 2,000 rpm for 2 min to remove
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gas bubbles, poured into the mould and degassed for
30 min. Polymerization is conducted at 60° overnight;
6. the glass lid and micro-channel mould are removed.

The channel mould is composed of three sections, as
described above. The lower one, made from circular PTFE
tubing, is designed to host the microfluidic inlet. Sealing at
the inlet is assured because the mould used for this part of
the channel is the same tubing as used for the inlet con-
nection. The middle part corresponds to the region of
interest (ROI), with a square section of approximately
400 um. The top circular section is made of a glass cap-
illary pulled by hand from a Pasteur pipette. Its function is
to end the channel with a circular opening, minimizing
non-symmetric evaporative effects. The dimensions of the
three parts of the micro-channel are chosen in order to keep
the section area as constant as possible: 500 um inner
diameter of the inlet connection tubing, 400 pum for the
sides of the square section, and 500 pum again for the outlet
section. A sketch of the micro-channel regions is shown in
Fig. 2.

The fabrication steps could be adapted for tube diame-
ters ranging from 100 pum to a few millimeters, and
designed to observe either an inner part of the micro-
channel or a region near the outlet.

2.4 Meniscus height control

The solution is fed via the principle of communicating
vessels: a 50 cm long silicone tube with a 500 um inner
diameter receives solution from a 2 ml Eppendorf tube
hanging from a vertical column so that the user can adjust
its height. Particular attention must be paid to avoiding air
bubbles while filling the tube. Once the desired height of
the meniscus is reached, the reservoir is held stable to
ensure constant inlet pressure. In all the experiments
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Fig. 5 a, b The traces of two
micro-beads are superposed on
the actual X—Z, and Y-Z,
images of the channel, where
the dashed lines represent the
channel walls; ¢ the two traces
are combined to form a
reconstruction in time and space
of the trajectory of the
micro-beads

Bead position, Zx-coord [um]
Bead position, Zy-coord [um]

Bead position
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presented here, the height of the reservoir was chosen such
that the meniscus was held convex at about 150 pm height.

2.5 Solutions and tracers

The experimental conditions are chosen so that the gravi-
tational fall of the particles is minimized with respect to
flow velocity. Under the action of gravity and viscosity
alone, the dynamics of a particle in a flow are regulated by
the equation (Morgan and Green 2003):

MpartV = —kV + Faray (1)

where m is the particle mass, v is the relative velocity of the
particle compared to the fluid flow, and k the friction factor.
For an approximately spherical particle with radius rp,q,
k = 6THso17pare can be assumed. The viscosity of the solu-
tion 7, is approximately equal to 107> Pa s for all the
solutions used in the experiments.

Equation 1 resolves to an exponential with time
constant:

2
- Mpart 2ppartr part

~107%s 2
k 977s01 ( )

where ppar is the mass density of the particle. For water-
based solutions and cells or polystyrene micro-particles of
about 10 um diameter, the value of 7 is in the order of a
few microseconds. We can hence consider that particles
always travel at the terminal velocity, which can be
calculated as:
2
vterm = Gsol + g% (3)
9’7sol
where the second term on the right hand side (Fg;,,/k) is the
gravitational term, proportional to Ap = (pso1 — Ppar) and
to rﬁan. These two parameters are used to minimize the
gravitational term so that the gravitational fall is smaller
than the convection flows that we aim to characterize (vy)).

-
N
o
=]

Bead position (©
Y-coord [um] o

Various experiments were performed at room tempera-
ture and humidity: one set uses a PBS solution with
eukaryotic cell line K562 (rpare ~ 5 pm, ppare ~ 1,060 kg/
m®). The PBS solution is an aqueous solution of 137 mM
NaCl, 10 mM Phosphate, 2.7 mM KCI, at pH 7.4. The
second set uses a solution with an increased salt concen-
tration KCI 0.8 M (pxcr = 1,047 kg/m®) with polystyrene-
colored micro-beads (fpeaq ~ 5 UM, Ppeaq = 1,050 kg/m3).
The measured gravitational fall is vgr,, ~ 1.8 um/s for cells
in PBS (Sect. 3.4), and vgry ~ 1 um/s for micro-beads in
KC1 0.8 M solution (data not shown), and needs to be taken
into consideration during data interpretation.

3 Experiments
3.1 Three-dimensional particle tracking

A custom application in LabView analyzes the movies
recorded during experiments. The horizontal and vertical
coordinates are called X and Z, for the left side and Y
and Z, for the right side. The X-Z, and Y-Z, tracks are
recorded for different particles of interest. In Fig. 5a, b,
we show the tracks of two 10 pm diameter micro-beads in
KCl 0.8 M solution. For greater clarity the tracks are
superimposed on a corresponding channel image taken
from the movie.

Normally more than one particle is present in the region
under observation at the same time. To reconstruct the
3D trajectory of a single particle, we need to associate
each X-Z, track with the corresponding Y-Z, track. When
plotting the Z, versus the Z, data, the right combination is
the one that shows a linear plot with an angular coefficient
equal to 1. Each point of a track is then defined by the
space-time coordinates (X, Y, 2(Z, + Z,), t), where ¢ is the
time of the movie. Figure 5c shows a perspective of the 3D
reconstruction of the tracks of Fig. 5a, b.
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Fig. 6 Traces of the vortex flow field (arrows). The recorded images
have been elaborated with a blur filter to help the reader understand
the concept of vortex frontline. The frontline (dashed line) is defined
as the lowest position of the traces that close in on themselves in a
circular manner. The frontline moves down with time. The continuous
line denotes the top of the region under observation (about 1,500 um
from the outlet). The whole ROI is about 1,200 pm long

3.2 Dynamics of the vortex frontline

Visualization of three-dimensional particle tracks is used to
identify the effects of convection patterns induced by
evaporation from the open outlet on particle position.
Recording is started when the channel is filled with a
solution. In all measurements, a single vortex is observed,
which generates from the meniscus (outside the region
under observation) and extends to the inner part of the
channel until it occupies the whole observed region. While
the vortex formation is reproducible, its orientation varies
between different experiments, but stays constant during
the course of a single observation. The vortex frontline is
measured directly on the row movies without any image
processing by tracking single beads. When each bead
reaches its minimum vertical position, the z-coordinate and
its corresponding timestamp are recorded. Figure 6 is
added for clarity’s sake, so as to graphically visualize the
vortex frontline as the lowest vertical position of particle
traces closing in on themselves in a circular manner (the
tracks above the dashed line). Figure 6 is an elaboration of
a set of images from one of the two projections, applying a
motion blur filter (18 frames distant 32 frames from each
other) after a lever filter to increase contrast, so that the
particle traces can be observed in a single picture.
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Fig. 7 Dynamics of vortex generation in PBS. The vertical position
of the vortex frontline (dashed line in Fig. 6) with respect to the top of
the region under observation (continuous line in Fig. 6) is plotted
versus time

The graph in Fig. 7 shows typical vortex frontline
dynamics in PBS, traced through eukaryotic cells.

The whole ROI is about 1,200 um long. Unexpectedly,
the frontline descends at an approximately constant speed.
The lack of asymptotic behavior suggests that the vortex
reaches much deeper regions, probably in the order of a
few centimeters.

Linear regression is performed on the linear part of the
curve. The formula of the linear fit is shown on the graph in
Fig. 7. The parameter of interest is the angular coefficient,
as this characterizes the speed of vortex generation in the
channel. The velocity of vortex generation (v,) is hence:

vepas ~ 1.07um/s (4)

3.3 Characteristic vortex velocities

As observed above, after a micro-channel fills up with
solution, a single vortex spreads from the meniscus region
into the channel. After several minutes, the vortex occupies
the whole region under observation (i.e., 2.7 mm from the
meniscus), so that the flow in one part of the channel is
ascending, while in the other one it is descending. In
laminar conditions, the profile of both the ascending and
descending flows is parabolic. The velocity is maximum at
the center of each flow and is almost zero at the channel
walls and at the interface between the ascending and
descending flows. Each particle is dragged by the local
flow, so its velocity depends on its position in the channel.
To compare the ascending and descending vortex velocities
in different conditions, we track only the particles in the
central portion of each flow region. This is the region of
major interest for the purpose of this paper because we aim
to calculate the additional force such as dielectrophoresis
required to control the position of cells where the con-
vective drag is maximum.
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Particle speed is measured by processing the recorded
movie with the custom-designed software described in
Sect. 3.1. Measurement of the velocities was performed for
more than 30 min during which time the whole ROI was
completely occupied by the vortex. During observation of a
single particle the velocity value showed no significant
drift. A superposition of the histograms for v, and v4oun in
PBS, the particle velocities measured in the central portion
of the ascending and descending flow regions, respectively,
is shown in Fig. 8.

The mean value of the measured single particle veloci-
ties, which can be considered the characteristic upward
stream velocity (vyp), is 9.8 um/s, similar to the downward
one (Vgown) Which is 9.0 um/s. As described in Eq. 3 of
Sect. 2.5, these values are a combination of solution
velocity and particle gravitational fall. The latter is in the
order of 2 pum/s for cells in PBS (Sect. 3.4), lower than but
comparable to the measured particle velocities. This
implies that the values shown in the histogram are only to
be interpreted as a qualitative description of the flow field.
Nevertheless, from the experimental results an average net
ascending flow velocity in the order of one micrometer per
second can be estimated. This value is comparable with the
average velocity of evaporative flow in a micro-channel, as
measured by (Gazzola et al. 2008).

3.4 Inhibited evaporation

The experiments show a clear effect, but a negative
experiment needs to be devised if one is to assert that the
vortex is triggered by evaporation at the interface. In this
section, we show how the inhibition of evaporation elim-
inates vortex generation. The experiment is performed in
PBS, and evaporation is inhibited by positioning a cap at
the exit to the micro-channel so that it creates a closed
region above the meniscus. Once vapor saturation is
reached in the cap, evaporation stops.

14
12+ 2 PBS
o
10+ §
3
8+ 2 B PBS up
o
6 B PBSdown |
4 |1
2
4-6 6-8 8-10 10-12 12-14 14-16

Particle flow velocity [um/s]

Fig. 8 Histogram of particle velocities in PBS measured in the
central portion of the ascending and descending flow regions. The red
tiles represent particles moving upward, and the blue ones represent
particles moving downward
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Fig. 9 Histogram of falling particle velocity in PBS once evaporation
is inhibited

The cap is a circular well of 2 mm diameter and 1 mm
height realized in PDMS. The small dimension of the well,
chosen to minimize the volume, forces evaporation to be
inhibited by vapor saturation a short time after the exper-
iment begins (<1 min). In this situation, the flow is
observed to be very stable for as long as 30 min. No vortex
is observed, and a homogeneous downward motion of the
cells is recorded (Fig. 9).

The mean value of the measured velocities Vi, is
1.8 pm/s downwards. This value is compatible with the
expected gravitational fall of cells in PBS (Eq. 3).

3.5 Increase in salt concentration

To verify that the observed phenomena are dependent on
salt concentration, the experiments were repeated with an
increased salt concentration. These extreme conditions are
not suitable for eukaryotic cells, so we used polystyrene
micro-beads (pPpeaq = 1,050 kg/m3 , Thead = 5 pm) and
adjusted the salt concentration to 0.8 M (pxc; = 1,047 kg/
m?) so as to be in the working conditions discussed in
Sect. 2.5.

Even in these conditions a single vortex is observed in
all the measurements, while its orientation is different in
different experiments. The typical dynamics of the vortex
frontline in KCI 0.8 M are shown in Fig. 10. The frontline
descends at an approximately constant speed, much as in
Fig. 7, which supports the interpretation that the vortex
reaches deeper regions.

The velocity of vortex generation (vy) is calculated by
linear regression as in Sect. 3.2:

vekcl ~ 7.1 um/s (5)

The distribution of the velocities vy, and vgown Of the
two opposite flow regions once the vortex is fully
developed is calculated as in Sect. 3.3 and is shown in
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Fig. 10 Dynamics of vortex generation in KC1 0.8 M

Fig. 11. The mean value of the measured ascending stream
velocities in the central portion of the flow region (v;) is
50.0 um/s, while the mean value of the descending ones
(Vdown) 18 40.5 pm/s.

As described in Sect. 2.5, what we measure is a com-
bination of the flows in the solution with the gravitational
fall of the particles. The gravitational fall of polystyrene
micro-beads in 0.8 M KCI (~1 um/s) is negligible with
respect to the measured flow velocities, which are in the
order of several tens of micrometers per second. In a stable
condition, i.e., when the vortex is formed, the difference
between vy, and Vgown Of the particles can be explained by a
net ascending flow due to evaporation.

These experiments, performed at a higher salt concen-
tration, prove that an increase in salinity has a significant
impact on the generation of convection flows. The vortex
frontline velocity increases from 1 (PBS) to 7 um/s (0.8 M
KCl), and the characteristic vortex speeds increase as well
by a factor approximately equal to five.

7

61 g KCI10.8M
o | I

54 S —

4 § B KCI0.8M up

34 ° B KClo8Mdown |

2

1

6 | H N

20-30 30-40 40-50 50-60 60-70

Particle flow velocity [um/s]

70-80

Fig. 11 Histogram of particle velocities in KCI 0.8 M measured in
the central portion of the ascending and descending flow regions. The
red tiles represent particles moving upward, and the blue ones
represent particles moving downward
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4 Discussion
4.1 Interpretation of the experimental results

The object of the experiments is to observe the influence
that evaporation at the outlet exerts on a particle inside a
vertical micro-channel. In all the experiments the genera-
tion of a single vortex is observed. Although a
comprehensive explanation of the cause of the vortex is
outside the scope of this paper, in this section, we describe
some rationales that may contribute to the explanation of
this phenomenon.

As mentioned in Sect. 1, convection flows have been
described for different pure fluids, which result in charac-
teristic toroidal fields (Buffone et al. 2004. An exception to
this is the study of horizontal channels, where gravity can
break the symmetry and cause asymmetric flows (Buffone
et al. 2005). Very low and unwanted temperature asym-
metry around the outlet may also induce a significant
asymmetry in the Marangoni flow field (Wang et al. 2008).
In such cases, the toroidal field is substituted by a single
vortex (Wang et al. 2008; Braunsfurth and Homsy 1997).

Our experiments are performed in vertical channels,
without any evident asymmetry, and unexpectedly show a
behavior similar to horizontal capillaries filled with a pure
fluid: a single vortex develops from the meniscus region.
Moreover, the vortex is inhibited with inhibited evapora-
tion, and its dynamics closely depend on the salinity of the
solution. Possible interpretations of this phenomenon are
correlated with density currents and surface tension gra-
dients at the meniscus.

Density currents can be induced by temperature/concen-
tration gradients due to evaporation or by a small external
temperature gradient around the channel. In the first case,
evaporation increases the local salt concentration and
decreases the local temperature close to the meniscus with
respect to the bulk. The mass density of the solution in the
upper region is therefore higher than that of the lower region.
Density currents can be induced to level this unbalance. In
the latter case, a small undesired horizontal temperature
gradient in the PDMS device can be present. In principle, this
would cause a mass density gradient and the resulting density
currents. However, we believe that this phenomenon is not a
candidate as the driving force for the vortex development:
the vortex is absent when evaporation is inhibited, and its
dynamics strongly depend on salt concentration. An external
temperature gradient could still be the cause of asymmetry,
and could decide the direction the vortex forms in.

Another possible interpretation is that a Marangoni
convection is present and is intensified by the presence of
inorganic solutes. Solutes do indeed have a higher local
concentration where evaporation is higher, and contribute
to the surface tension gradient, as shown below. This
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effect, approximately proportional to salt concentration,
could make the symmetric toroidal field unstable, and is a
good candidate as the driving force for vortex dynamics.
It is well known that convective flows are generated by
the Marangoni effect, where a gradient in surface tension at
the meniscus is caused by a gradient in temperature
(Eq. 6), produced by non-homogeneous evaporation:
_do _ dgdT 6
V=T g Tarer ©)
where r is the interfacial tangential coordinate, 7, is the
tangential force, and ¢ is the surface tension, which in pure
solutions depends only on 7, the local temperature at the
meniscus. In the case of saline solutions, surface tension also
depends on the local salt concentration and can be
approximated to a linear function of temperature and solute
concentration (Eq. 7) (Zhang et al. 2007; Tuckermann 2007):

o(T,c) = 09— ar(T —Ty) + a.(c — cp) (7)

where co and T, are the reference concentration and the
temperature at which o is measured, and the values for o7
and o, are in the order of 0.1 dyne cm™' K™' and
1 dyne L cm™" mol ™", respectively, for water-based inor-
ganic solutions. Close to the meniscus edges the
temperature reaches its minimum, and the local solute
concentration reaches its maximum. Hence, the minus and
plus signs in front of the temperature and concentration
terms in Eq. 7 indicate that the two effects add up.

The contribution of the solute effect to surface-tension
fluctuations, compared to that of the thermal effect (ratio of
the contributions of the thermal and concentration terms to
the surface-tension gradient), is given by the product of the
Soret number X (Eq. 8) and the inverse Lewis number Lt
(Eq. 9), defined as:

SCOO,
X = th (8)
L =2 9)

where s (~ 1073 K_l) is the Soret coefficient, x
(~107% cm? s7")is the thermal diffusivity of the fluid and D
(~107% cm? s7') is the mass diffusivity of the solute. The
Soret number is ~ 10~ for PBS and ~ 102 for KC1 0.8 M
and represents the ratio of the concentration-induced sur-
face-tension gradient to the temperature-induced surface-
tension gradient. The inverse Lewis number is ~ 107 for both
solutions and represents the heat versus mass transfer.

In the case of PBS the product X L~ 'is ~107", while it
increases to ~ 1 in the case of KCl 0.8 M. This supports
the interpretation that the increase in the measured vortex
velocities with saline concentration depends on the grow-
ing contribution of the concentration term which adds to
the thermal term in inducing convection flows.

4.2 Guidelines for control of cell position inside
micro-wells

The experimental results described in the previous sections
are relevant to the design of biochips that require the cell
position to be maintained stable. In open-outlet microflu-
idic systems a net upward flow due to evaporation is
observed, but this cannot be used to counteract the gravi-
tational fall of cells, since a convection pattern formed by
an ascending and a descending flow is generated in the
micro-channel. Hence the external trapping forces must be
strong enough to counteract not only the gravitational
force, but also the convection drag. The alternative is to
avoid evaporation, which eliminates convection patterns
throughout the channel.

As an example, the external force required in our system
with PBS solution to keep eukaryotic cells stable
(Sects. 3.3, 3.4) increases from kvg,,,, when only the cell’s
gravitational fall velocity is considered (vgray ~ 1.8 pum/s),
t0 k(Vgray + Vsol, down) = kVaown» When the downward
velocity (Vgown ~ 9 pm/s) due to both the vortex velocity
and the gravitational fall is considered. Therefore, the
presence of convection patterns increases the required
force by a factor approximately equal to five. Nevertheless,
successful trapping of single cells close to the meniscus of
micro-wells is possible. Dielectrophoretic forces can be
used for this purpose, as demonstrated for example in
(Bocchi et al. 2009). Applying an AC electric field, the
time-averaged dielectrophoretic force (DEP) (Morgan and
Green 2003) must counteract not only gravitational force,
but also convection drag:
ggart - 8:01 V|E|2
ggart + 2‘q:ol (10)
4nrd Ap

(Fpep) = nesolrganRe

part

> (67“7501"part> Vsol + & 3

where &g, is the solution permittivity, tayy and sgart the
complex permittivity of solution and particle, respectively,
and E the electric field.

The convective term is proportional to 7p,y, While Fpgp
and gravity are proportional to rgm, so that the relative
contribution of convection is more significant for smaller
particles and the minimum required intensity of the electric
field increases as the cell radius decreases.

5 Conclusions
This article presents an investigation of the convection
flows induced by evaporation inside open outlet vertical

microfluidic channels filled by saline solutions. With a
custom-built device based on three mirrors and a single
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microscope, it is possible to reconstruct the 3D position in
time of particles floating in a micro-channel.

Once the channel is filled, a single vortex is generated
and invades the whole channel several millimeters below
the meniscus. Both the vortex generation and its charac-
teristic speeds are measured. This phenomenon disappears
when evaporation is inhibited, which demonstrates that
evaporation is a direct cause. An increase in dissolved
inorganic salts increases both the speed at which the vortex
invades the channel and the pattern speed, suggesting that
solute concentration plays a role, which can be qualita-
tively explained by the Marangoni theory and by density
currents.

This paper contributes to understanding the effects that
evaporation exerts on the particle position inside a vertical
micro-channel filled with a saline solution and it provides
useful information for the design of biochips that require
the position of biological material to be controlled.
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