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Abstract

Thermal gradients have emerged as a promising technique for manipulating and sorting biological material at the micro-
scale, holding considerable potential in lab-on-a-chip technology. Herein, we propose a non-invasive thermohydrodynamic
approach for fast cell manipulation using a microfluidic open-to-air device. Cell discrimination is achieved by simply chang-
ing the temperature gradient toward the control of the convective effect on their displacement. First, the size and morphol-
ogy/roughness-based motion capabilities were modeled using polystyrene (PS) microparticles with different sizes (5 and
20 pm) and polycaprolactone (PCL) microspheres, respectively. Computational fluid dynamics simulations of the generated
flow were also carried out to demonstrate the influence of both the thermohydrodynamic and Marangoni effects in the PS
particle displacement, where the thermally induced convective effect was not enough to move the microparticles inside the
channel, but the combination of thermally induced convection together with the Marangoni effect. Indeed, small particles
(5 pm) followed a full convective path, whereas the bigger ones (20 pm) exhibited a rolling motion on the substrate from the
cold side to the hot side. Also, the relationship between in-flow speed and PCL (~ 20 um) surface roughness confirmed the
driving force of this convection-based approach. Then, the microfluidic device was successfully used to separate Henrietta
Lacks cancer cells (HeLa) from red blood (RBCs) and fibroblast (HFF-1) cells. To this end, thermal gradients were tailored
to achieve the desired thermohydrodynamic effect, showing a highly versatile performance. Both cell models (HeLa-RBCs
and HeLa-HFF-1), due to rationale tweaking of the imposed temperature gradients (AT =10 K, 303-293 K, and AT=5 K,
303-298 K), were efficiently separated in less than 5 and 60 s, respectively; with excellent cell viabilities. The proposed
microfluidic approach holds considerable promise for thermohydrodynamic sorting and manipulation of biological material
by non-invasive methods using portable instrumentation. The potential parallelization of the thermal-convective approach
opens new avenues for early disease diagnosis (liquid biopsies) or the study of biological systems, even at physiological
temperatures with a potential impact in cell (organ)-on-a-chip technologies.
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and processes [1, 2]. To this end, different manipulation
approaches have been reported, including microfluidics
[3-5], optical [6], electrical [7, 8], thermal [9, 10], acoustic
[3, 4], magnetic [11, 12] or chemical forces [13]. A myriad
of applications including cell sorting [14], diagnosis, and
cell characterization [15] have been achieved. Among the
different methods for cell manipulation, the use of thermal
gradients is particularly attractive due to its non-destructive
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nature and the capabilities to keep the cells unaltered
[16-18]. Indeed, thermodiffusion and thermohydrodynamics
phenomena allow precise particle displacement, separation,
and manipulation in microchannels [19] or the separation of
toxic solvents from cryo-preserved cells [20].
Temperature gradients can be easily generated using
microfluidic devices; allowing for the separation of sus-
pended particles in fluids; which are driven selectively
into warm or cold regimes [21-23]. The degree of sepa-
ration is influenced by several variables such as tempera-
ture, particle size, roughness, hydrodynamical size, or salt
concentration in the media. Such parameters can be eas-
ily tailored to achieve the separation of biological cells for

Fig.1 A Schematic of the ther-
mal convection-based microflu-
idic device. The main compo-
nents are labeled as follows: a.1
thermoelectric heating/cooling
elements (Peltier modules),

a.2 heat-dissipating aluminum
blocks, a.3 heat-conducting
copper plates, b.4 transparent

further diagnosis applications [21, 22, 24]. For example, the
separation of DNA has been achieved in microchannels by
light-induced local heating of the liquids inside the chan-
nels [21]. A thermophoretic device consisting of a silicon
microchannel coupled with a heater has been used for the
separation of microparticles from the driving fluid. The
device generates a temperature gradient on both sides of the
microchannel, requiring a difference of 1.5 K between the
walls for efficient separation [25]. A polydimethylsiloxane
(PDMS) microfluidic device with an integrated cover glass
has been used for the thermophoretic separation of micro-
spheres in salt-rich media. In this case, the thermal control
was achieved by the circulation of water or by ohmic heating

glass substrate, b.5 thermal-
diffusive open air microfluidic
channel (sample container).

B Schematic of the generated
mass transfer inside the open-to-
air microfluidic channel due to
the applied temperature gradient

Air
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Fig.2 A Time-lapse images (see Video S1) of standard 20 pm PS
particles in water solution a without applying any temperature gradi-
ent and b under a 303 K (right wall) to 293 K (left wall) temperature
gradient (AT =10 K). B Schematic depiction of the different behavior

of a channel adjacent to the test channel. The hot and cold
thermal sources are placed on both sides of the microchip
[26]. All the above-mentioned strategies have been applied
for the separation of inert particles, as the operational tem-
perature can denature cells. In this context, only early reports

5 ym particles 20 pm particles

of heavy 20 pm PS particles compared to that of lighter 5 pm parti-
cles (not to scale) a without applying any temperature gradient and b
after applying a temperature gradient

demonstrated the utility of thermal field-flow fractionation
and temperature gradients for the separation of bacteria
cells, where the shape of similar-sized bacteria plays a criti-
cal role in the separation [27, 28]. Numerical simulations
have illustrated the utility of a thermal convective-based
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microfluidic chip with a non-continuous heat source for the
separation of white blood cells from circulating tumor cells
(CTCs). The principle of separation is based on the migra-
tion of white blood cells to the cold side of the microfluidic
channel and the CTCs remain in the solution. While promis-
ing, the practical applicability has not been proven yet [29].

Herein, we will describe a thermohydrodynamic convec-
tion non-invasive approach based on an open-air microflu-
idic device for the discrimination of single cells that can be
easily operated by non-specialized personnel. The device
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Fig.3 Averaged stationary state velocities at the given conditions
being the water—air interface. A Adiabatic wall, and B Water—air
interface in the top part considering the interface surface tension
in the function of the applied temperature gradient (— 0.0002 N
m~! K71). C This image represents the movement capacity of parti-
cles of different sizes. Once the Marangoni convection is generated,
all the 5 pm particles (represented in red) continue to move follow-
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consisted of two Peltier cells connected by two heat-con-
ducting 500 pm copper plates separated 1 mm from each
other. These copper plates will act as the walls of the ther-
mohydrodynamic microchannel. As the microfluidic channel
is open to the air, surface tension in the water—air interface
needs to be taken into consideration. This creates a combi-
nation of thermohydrodynamic convection with the Maran-
goni effect when a temperature gradient is established. By
tuning the applied voltage and the direction of the current,
the generated gradient can be modulated to the desired
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ing the convection current (as can be seen in the zoom). However, the
20 pm particles (represented in blue) move only towards the hot zone
and remain there at the bottom of the channel. The left scale bar rep-
resents the fluid velocity magnitude and the ones that are in the right
part represent the 5 pm particle velocity and 20 pm particle velocity
are represented, respectively
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temperatures. We will characterize first the movement of
microparticles with different sizes to establish the princi-
ples behind this phenomenon using PS particles as a model.
We will also study the influence of surface roughness on
particle separation using PCL microspheres with different
surface modifications. Once all these parameters are prop-
erly characterized, we will compare the motion character-
istics of different cell types such as HeLa (cancerous cells),
RBC (red blood cells), and HFF-1 (normal cells). We will
illustrate the non-invasive label-free discrimination of HeL.a
directly from RBC due to their hydrodynamic characteris-
tics. Additionally, the identification of similarly sized cell
lines such as HeLLa and HFF-1 cells will be also explored.
The combination of thermal convection with the Marangoni
effect based on an open-air microfluidic chip allows for a
fairly easy operation and manipulation, as it only needs a
fixed low voltage to establish the desired thermal gradient.
To avoid hyperthermia-triggered cell death in the microflu-
idic channel, the applied temperature was limited to 303 K.
The findings obtained with the proposed microfluidic sys-
tem and the related numerical studies are relevant for future
applications such as routine cell screening or pave the way
for novel low-cost protocols for single-cell thermohydrody-
namic characterization.

2 Materials and Methods
2.1 Reagents

PS microparticles (5 and 20 pm, cat. 79,633 and 74,491,
respectively), bovine serum albumin (B8667), PCL (cat.
440,752), and sodium dodecyl sulfate (SDS, cat. 71,727)
were obtained from Merck (Madrid, Spain). Hela and HFF-1
cells were harvested at a confluency of 80%, using 10,000
cells in 24-well plates with 500 pL of culture media. PCL
microparticles were synthesized by vigorous mixing, during
10 min, of 9 mL of 1% (w/v) of SDS with 1 mL of a chloro-
form solution containing 100 mg of PCL. The solution was
dropped in a Petri dish overnight to promote particle genera-
tion. For surface modification with BSA, 10 pL of the PCL
microsphere solution were incubated with 100 pL of a BSA
solution (w/v) (0.01%, 0.1%, and 1%) for 90 min at 980 rpm
and 298 K. All experiments involving cells were performed
in Centro de Apoyo a la Investigacion en Medicina/Biologia,
Unidad de Cultivos Celulares by authorized personnel and
followed the University of Alcala regulations. Rabbit blood
samples treated with heparin were freshly obtained from
Centro de Experimentacion Animal of the University of
Alcala, following the official regulations. For RBC isola-
tion, 2 mL of blood samples were centrifugated at 3000 rpm
for 10 min. Then RBCs were washed five times with PBS
solution for 10 min at 3000 rpm.

2.2 Instrumentation

The thermal convection-based device was designed at Mon-
dragon University labs and assembled using a glass slide
where two copper 500 pm thick plates were mounted. These
plates were separated by a 1 mm distance and equipped with
two Peltier elements (see Fig. 1) connected to an external
power supply. By adjusting the magnitude and direction of
the applied voltage, different temperatures can be obtained to
generate the desired gradient. The temperature in the micro-
fluidic device was determined, verified, and controlled by
using a thermocouple during the experimental tests. Two
aluminum cubes were used as a heat-dissipating element to
minimize Joule heating. The sample can be placed directly in
the open channel between the copper plates. Due to this open
design, the glass slide can be easily washed between experi-
ments. A thermocouple is used to determine and verify the
temperatures on each side during experimental tests. To
visualize the movement of the particles or cells, the device
is placed directly on the sample holder of a Nikon Eclipse
Instrument Inc. TiS/L100, coupled with 20X and 40X objec-
tives, and a Zyla cMOS digital camera and NIS Elements
AR 3.2 software. In normal operation conditions, the sample
was introduced into the microfluidic chamber and allowed to
settle. Thereafter, once all the cells or particles are settled at
the bottom the predefined temperature gradient was estab-
lished. Movies are captured at 25 frames per second and
the movement (in terms of speed) of particles and cells is
tracked using a NIS Elements tracking module. To ascertain
the cleanliness of the microfluidic channel, the device was
thoroughly cleaned with MilliQ water and ethanol. Once the
device was properly cleaned and dried, the cleanliness of the
microfluidic channel was checked in the optical microscope
before the introduction of the samples.

An ASAP 24204 (Micromeritics) volumetric adsorption
analyzer was used to determine BET surface areas and BJH
pore size distributions of PCL nanoparticles, using nitrogen
for adsorption and desorption at 77 K. The surface areas
were calculated in the relative pressure range (P/P°) from
0.05 to 0.20.

2.3 Cellular viability assay

The cell viability of HeLa and HFF-1 cells at the differ-
ent experimentally tested temperatures was determined by
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide) assay (Cell Proliferation Kit I, MTT, Roche, Ger-
many). Cells were harvested at 80% confluency and plated
in 24-well plates at 8,000 cells per well in 500 pL of media,
using one plate for each experimental temperature condi-
tion. Next, the plates were incubated for 15 min, at 293 K,
298 K, 303 K, and 310 K as a control. After this time, 50 pl
(5 mg mL™") MTT labeling reagents were added. Next,
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the plate was incubated for 4 h in a humidified atmosphere
(310 K (37 °C), 5% CO,), and subsequently, 500 pl of the
solubilization solution (DMSO) was added. The conversion
of MTT into formazan by metabolically active cells indi-
cated cell viability. The absorbance was measured at 570/
630 nm using a microplate reader (Biotech Instrument) for
the quantification of cell viability.

3 Results and Discussion

3.1 The Thermohydrodynamic Phenomena:
PS Microparticle Size-Based Motion
on a Microfluidic Device and Its Numerical
Simulations

Figure 1A illustrates the schematic of the thermal con-
vection-based microfluidic device (for more details see
experimental section). The device is a miniaturized set-up,
adopting a simple system configuration that can be easily
operated. The main components are two Peltier cells physi-
cally connected to two heat-conducting 500 pm thick cop-
per plates separated 1 mm from each other. These copper
plates will act here as the walls of the thermal convective
microfluidic channel. By tuning the applied voltage and the
direction of the current, the generated gradient can be modu-
lated to the desired temperatures. One of the Peltier cells is
oriented with the hot side towards the copper plate, heating
the copper plate to 303 + 1 K while the other Peltier cell’s
orientation is inverted, cooling the second copper plate to
293 +4 K. This temperature gradient inside the open to air
microfluidic channel forms a thermally induced convective
current within the fluid body together with a Marangoni
effect by having the upper part open to air as can be seen
in Fig. 1B. This approach allows the control of the particle
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Fig.4 Mean speeds of unmodified and modified with different con-
centrations of BSA PCL microparticles (see Video S2)
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separation-discrimination efficiency by simply changing
the temperature gradient. That is, in a channel of a certain
length, a higher temperature gradient causes a greater con-
vective effect, increasing the displacement of particles. By
applying smaller gradients (less convective effect), the aver-
age velocity is smaller, maximizing the particle—substrate
interactions to discriminate between the particles.

The motion capabilities were explored using different
micro-sized objects with different sizes, geometry, and sur-
face properties, previously to cell assay (see scheme 1). As
can be seen, a logical conceptual route was followed, from
synthetic-based (PS-PCL microspheres) to biological sys-
tems (cells).

3.1.1 PS Microparticle Size-Based Experimental Assays

First, commercial 20 pm smooth PS particles in water
were used. Yet, in the absence of a temperature gradient,
no apparent particle separation is observed during gradi-
ent application (Fig. 2A, a) while as it is seen in Fig. 2A,
b, (see also video S1) the 20 pm PS particles showcased
a clear mean displacement to the hot side within a lapse
of 120 s (particle enrichment), illustrating the crucial role
of the thermally induced convective effect in the motion of
microsized PS particles.

Then to evaluate the influence of particle size on the
convective motion, smooth PS particles of 5 pm were also
studied and then compared with the 20 pm microparticle
motion. As can also be seen in Video S1, the differentiated
motion recorded reveals the influence of the size on micro-
particle separation. Figure 2B shows the schematic depic-
tion of the different microparticle size behavior observed.
While, the 5 pm particles were small enough to be lifted by
the hot upward stream and travel back to the cold side in a
higher plane (see left scheme on Fig. 2B, a) by the convec-
tion generated inside the channel, the bigger 20 pm particles,
result in a directed movement from the cold side to the hot
side followed by accumulation on the hot wall (see right
scheme on Fig. 2B, b). Stoke numbers of both particles are
smaller than 1, therefore they follow the streamlines of the
convection current. However, we can observe that the small
particles can follow the full convective path, whereas the
bigger particles are only able to exhibit a rolling motion on
the substrate from the cold side to the hot side. Indeed, this
differentiated behavior may be due to the weight of bigger
particles that compared to the small ones the gravitational
field overlaps the convective regime. Thus, in the case of
20 pm particles a downward net force is established, not
allowing bigger particles to travel upwards and backward in
the upper backflow.
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3.1.2 Numerical Simulations

To further understand the processes involved in the ther-
mohydrodynamic motion of the microparticles, a series of
numerical simulations were performed. To this end, the
Ansys fluent2021 R1 software was employed. For all the
numerical studies, a rectangular 0.5 mm X 1 mm cavity was
simulated, using water as a model fluid, and considering
laminar flow only. For all the simulations the temperature
gradient was set at 10 K, from 293.15 to 303.15 K. The
substrate was simulated as an adiabatic wall in all cases,
whereas the water—air boundary was simulated differently to
validate the model before analyzing particle migration inside
the channel: as an adiabatic wall (Fig. 3A) and considering
the boundary condition for the water—air surface tension in
the function of the temperature with a value equal -0.0002
N m~! K~! (Fig. 3B) [30].

The mathematical model formulation of mass, momen-
tum, and energy conservation laws were defined as Eq. (1),
(2) and (3) respectively,

V-i=0 (D)
(ﬁ-V)ﬁz—%Vp+V~ (vVii) 2)
V. (t@c,T) =V - (%VT) 3)

where p is the liquid’s density, # is the velocity, v represents
the kinematic viscosity, ¢, correspond to the specific heat
and k the thermal conductivity. P and T refer to the liquid’s
pressure and temperature, respectively.

All the simulations we have carried out with a quadri-
lateral 2D mesh with an element size of 2 x 10~° m, aver-
age skewness of 1.44 x 1072, average element quality of
0.97, and applying and inflation of 4 layers near bounda-
ries to improve the accuracy.

From the results, we can assume that the mass trans-
port process within the microfluidic channel in Fig. 3B is
driven by the combination of the thermally induced con-
vection together with the Marangoni effect. Specifically,
the convection generated due to the Marangoni effect has
the dominant contribution as can be seen in the velocity
magnitude which is 1000 times bigger compared to the
case of Fig. 3A. In these working conditions, the Maran-
goni number is 1.54 x 10* according to the Eq. (4),

oo L.AT
oT pua

a =

“

where, 3_6 is the surface tension variation in function of tem-
perature (N/mK), L, is the characteristic length (m), AT is

the temperature difference (K), u is the fluid dynamic viscos-
ity (Pa - 5) considering 9 x 107 for water at 25°C and « is
the thermal diffusivity of the liquid (m?/s) considering 1.44
x 107 for water at 25°C.

Once the base fluid model was validated, the particle
track inside the channel was analyzed considering the fluid
condition as in Fig. 3B, which is the case of the experi-
mental device. For the particle tracking the Discrete Phase
Model (DPM) was used by selecting Thermophoretic
Force as a physical model as can be seen in the Eq. (5),

o o §(pparticle - ,0) f—
(Ll - upurticle) + + FT
p particle
(5)

Considering (((18;4CDR€) / ( ppd§24) ) (= Tt )
as the spherical particles drag force per unit mass, where
Cp, is the drag coefficient and (Re = pdp|ﬁ[, - _u'|/,u> is the

dﬁparticle _ ISﬂCDRe
dr ppd224

relative Reynolds number. (I?T ), is the additional accelera-

tion (force per unit mass) due to the thermophoretic effect
and was defined as Eq. (6).

= 1 dT
F.=-D _
T T fluent p,[T ox (6)

where, m,, ; is the corresponding mass of the particle i, and
D1 fluens 18 the thermophoresis coefficient. This coefficient
is defined in Ansys Fluent by Tablot’s expression for gases,
but for liquids, we have based on [31] works with the fol-

lowing Eq. (7).
D/T,ﬂuem = 6”MRparticle,iTD/T,i (7)

where u(Pa - s) is the dynamic viscosity of the base fluid,
R, iicie; 18 the radius of the particle, T is the temperature
of the base fluid and D7 ;(m?/s - K) is the thermodiffusion
coefficient of the PS particles [32].

According to numerical simulation results (Fig. 3C), the
thermally induced convective effect is not enough to move
the microparticles inside the channel, as already demon-
strated in previous works [31]. Otherwise, the combination
of thermally induced convection together with the Maran-
goni effect, which is the case of the experimental device,
shows that both 5 pm and 20 pm particles migrate to the hot
zone (Fig. 3C). According to transient numerical simulations
and experimental tests, it is possible to appreciate that parti-
cles of 5 pm migrate to the hot zone and after being lifted to
the top part, they are dragged to the cold side again generat-
ing a convective-like path (Fig. 3C, red particles). On the
contrary, in the case of 20 pm particles, it is noticeable that
particles migrate to the hot side, but the flow is not able to
lift them (Fig. 3C, blue particles). In other words, at the ini-
tial state (Fig. 3C top) all particles are distributed across the
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«Fig.5 A HelLa cell discrimination from RBCs in the blood, and B
HeLa cell discrimination from the HFF-1 cell line, using the ther-
mal convection-based device. Images of cell mixtures prior (left) and
after a 60-s treatment (right) (see Video S3): a Bright-field images of
RBC-HeLa mixture (A) and superimposed HeLa and HFF-1 (B), b,
¢ RBC (red), HeLa (green), and HFF-1 (blue) cell population maps.
d Cell position differentials along the x-axis and statistical deviation
of 20 red blood cells (red), 20 HeLa cells (green), and 20 HFF-1 cells
(blue). Note that the vertical black solid lines indicate visual cellu-
lar separation, and the red solid lines indicate statistically significant
separation. e Time-dependent p-values for each cell line pair: HeLa &
RBC (green), HFF-1 & RBCs (blue), and HelL.a & HFF-1 (orange);
and cut-off value for a 95% confidence level. Note that in A), the ther-
mal gradient was set at AT=10 K (303-293K), whereas in B), the
thermal gradient was set at AT =5 K (303-298K)

width of the channel. In equilibrium state (Fig. 3C bottom)
5 pm particles continue moving in the x direction (toward
the hot zone) and lifting in the channel (following the con-
vection current). In contrast, 20 pm particles move in the x
direction (toward the hot zone); however, when they reach
the hot wall, they start decelerating and are not able to lift.

3.2 The Thermohydrodynamic Phenomena:
Influence of Roughness on Microparticle
Separation

While the study discussed above demonstrates the movement
ability of microparticles with different sizes, conceptually
following Scheme 1, the influence of the shape and surface
roughness as a hydrodynamic variable was also evaluated
using 20 pm unmodified PCL microparticles, a mesoporous
material with a large specific surface area and porosity
[33, 34]. The PCL microparticles were synthesized using
an emulsion technique (see experimental section). Subse-
quently, to decrease the surface roughness, and study the
effect on surface modification, the PCL microparticles were
modified by incubation with different concentrations of
bovine serum albumin (BSA) [35]. The roughness decreased
upon the increase in the BSA concentration, as illustrated by
BET studies. Indeed, the mean surface of unmodified PCL
particles is 25% larger than that of 1% BSA-modified PCL
microparticles (1.74 m?/g compared to 1.31 m?/g, respec-
tively). The particles were introduced in the open channel to
analyze the transport mechanism under the 303 K to 293 K
temperature gradient (same gradient AT =10 K, see Video
S2). Videos were recorded as specified in the experimental
section and the overall root mean square speed was calcu-
lated (see Fig. 4). The PCL microparticles eventually reach
their maximum velocity at a BSA concentration near 1%,
whereas unmodified particles show negligible motion. This
fact demonstrates the relationship between in-flow speed and
surface roughness and shows the discrimination based on the

thermohydrodynamic and Marangoni convection movement
of microparticles with different surface modifications.

3.3 The Thermohydrodynamic Phenomena: Cell
Discrimination

The main advantage of the thermal convection-based device
described here is the ability to propel objects in the micro-
scale in a controlled and non-invasive way. Indeed, proper-
ties such as size and roughness had a significant influence
on the microparticles’ motion. Also, since the performance
was evaluated under mild thermal conditions, it is feasible
to apply this concept to cell systems.

To this end, we tested the displacement of different cells
such as an adenocarcinoma cell line (HeLa cells, ~ 25 pm,
rounded shape) and RBC (~8 pm, rounded shape like a
biconcave disc, with a central depression) under mild condi-
tions taking in advantage the morphological and size differ-
ences. The results are shown in Fig. 5. Optical microscopy
images of a HeLa and diluted blood cell mixtures were taken
before (t=0 s) applying the specified temperature gradient
(303-293 K, AT =10 K), and after 60 s of thermal treatment
(see, Fig. 5Sa—c, Video S3). These images were transformed
into binary black and white maps and the images were ana-
lyzed using the ImageJ software automatic particle count-
ing and particle analysis module. Hence, 20 cells of each
type were tracked, and the mean displacement and statistical
deviation were plotted. As can be seen in Fig. 5A, d, the
mean displacement of RBC and HeLa cells were visually
rapidly different in just 5 s (see black solid line in Fig. 5A,
d), demonstrating the differentiated thermohydrodynamic
features of both cell types. According to the mean displace-
ment results, bigger rounder HeLa cells show higher speeds
when compared to flatter RBCs. This observation might be
due to the different morphologies, as round cells can “roll”
along the surface of the substrate (Eq. 5). On the other hand,
RBC:s present stronger cell-substrate interactions due to their
higher surface/volume ratio and the lack of available rotation
symmetry operations parallel to the substrate.

The thermohydrodynamic capabilities of adenocarci-
noma cells (HeLa, ~25 pm), and human fibroblasts (HFF-
1, ~15 pm) were further explored taking in advance the
superficial differences in the outer membrane (roughness),
and mechanical properties (stiffness) of differentiated cells.
However, as seen in Fig. 5A, e, the separation of HeL.a and
HFF-1 cells was unsuccessful when applying a temperature
gradient of 10 K. This lack of separation was attributed
to the short gradient time applied due to the fast convec-
tion in the channel. To allow the identification of both cell
lines, the temperature was set to 298 K and 303 K in the
cold and hot sides, respectively. So, the applied gradient
was modified from 10 to 5 K to minimize the mean speed,
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Fig.6 Cellular viability MTT assay of HeLa and HFF-1 cells
exposed at different temperatures after 15 min of incubation

thus maximizing the cell-substrate interaction and investing
sufficient thermal gradient application time to discriminate
the cell lines by exploiting the differentiated cell-substrate
interaction strength due to their different morphologies. As
can be seen in Fig. 5B, d, with a shorter temperature gradi-
ent, cells show lower mean velocities (Video S4) which exert
an influence on the final displacement resulting in a total
visual discrimination of both cellular systems once a thermal
gradient application time has elapsed to 60 s (see black solid
line in Fig. 5B, d). This confirms the thermohydrodynamic
discriminatory capabilities on HeL.a and HFF-1 cell lines
within the purposed microfluidic system.

This claim is further supported by the results depicted in
Fig. 5B, e. Here, a time-dependent #-test was performed for
each data point (n=20) obtaining the corresponding 7-value
for each cell line pair at each time. The #-value for a signifi-
cance level a=0.05 was represented in the corresponding
graph. As can be observed, at AT=10 K a statistical dif-
ference between both HFF-1 and HeLLa and RBC is noted
from the beginning of the thermohydrodynamic opera-
tion (a>0.05, t=0 s, see also red solid line in Fig. 5A, d).
However, HFF-1 and HeLa (at AT =10 K) showed similar
behavior and cell separation was not achieved (see orange
graph line in Fig. SA, e). On the other hand, at AT=5 K
a statistical difference between HeLLa and HFF-1 is noted
after applying the thermal gradient for approximately 10 s
(see red solid line in Fig. 5B, d). Please note the presence of
immotile particles, both in HeLa and HFF-1 culture samples.
To the statistical determination of the hydrodynamic features
of such cell types, both non-hydrodynamic cells and cell
clusters were not considered for further calculations.

Additionally, cell viability studies at the different applied
temperatures (293 K, 298 K, 303 K, and 310 K as control)
were performed using the HeLLa and HFF-1 cell lines with
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a colorimetric assay employing 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT). As shown in
Fig. 6, the temperatures applied in the microfluidic device
are soft and non-invasive, obtaining cell viabilities close to
100% in all cases during 15 min of exposure (please, note
that cell separation experiments were carried out for 60 s,
much smaller times). Note that the objective of the ther-
mal and Marangoni convection-based microfluidic device
applied to biological material is a preliminary in vitro test
that demonstrates the separation between cells with mor-
phological differences with potential for (routine)-analysis
in laboratories. In a real clinical scenario, the method illus-
trated here holds considerable promise for cell discrimina-
tion in a myriad of clinical and biological applications, espe-
cially in liquid biopsies. Our method is a versatile approach
that allows the separation efficiency to be modulated by
simply changing the temperature gradient to minimize the
average velocity, thus maximizing the cell-substrate interac-
tion to discriminate cell lines such as cancerous and normal
cells or CTCs by exploiting the strength of differentiated
cell-substrate interaction due to their different morphologies.
The method is very cheap and can be easily implemented,
even in a doctor’s office, for fast shorting and classification
of samples, avoiding the use of expensive flow cytometers
or other devices. This is particularly attractive as well in
low-resource countries.

4 Conclusions

A thermal and Marangoni convection-based microflu-
idic device has been successfully designed, modeled, and
employed for ultra-fast cell visual separation and enrich-
ment under mild conditions (low operational temperature
gradient) to ensure high cell viability. Experimental studies
and related simulations indicate the critical role of particle
size and roughness for successful discrimination. The big-
ger and smoother particles experience an effective migration
from the cold to the hot side of the device, smaller particles
are dragged inside the convection flux, which is dominated
by the Marangoni effect, whereas bigger ones result in a
directed movement from the cold side to the hot side fol-
lowed by accumulation on the hot wall and rougher par-
ticles are not able to overcome the drag forces, remaining
unaltered.

More importantly, such tailored manipulation was suc-
cessfully exploited to discriminate HeLa from RBCs and
HFF-1 cells in less than 5 and 60 s visually, respectively;
under-designed and controlled thermohydrodynamics using
tailored thermal gradients showing a high versatility per-
formance. Furthermore, cell viability tests showed that the
applied thermal gradients in the microfluidic device are
non-invasive and biologically safe in the given conditions.
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Regardless, physiological temperatures could be used if
needed, obtaining similar separation results by applying the
same temperature gradients.

Key advantages of the themohydrodynamic approach,
compared to existing cell manipulation methods, are its low
cost and ease of operation. Furthermore, the approach offers
high separation efficiency and versatility. In addition, the
visualization can be performed in situ without the need for
cell-imaging reagents or sophisticated equipment toward a
label-free approach. The operation of single-channel separa-
tion is demonstrated here as a proof of concept. However,
more microchannels could be integrated to perform simulta-
neous and/or multiplexed cellular analysis, in addition to the
incorporation of device input and output channels that allow
flow analysis of samples and obtaining separate cellular frac-
tions, owing to the inherent parallelization, and coupling to
other characterization techniques.

All in all, the thermohydrodynamic-based microfluidic
approach illustrated here holds considerable promise for cell
manipulation (discrimination and isolation) in a myriad of
clinical and biological applications, with special potential in
cell (organ)-on-a-chip technology and in liquid biopsies to
detect tumor cells (even detection of CTCs which remains
a challenge to this date) in relevant samples allowing a fast
cancer diagnosis and timely treatments to increase the sur-
vival rate of patients.
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