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Surface-acoustic-wave driven lab-on-chip technologies
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has stimulated the development of advanced micro-totakanalysis systems (uTAS). The
miniaturization of these devices led to better performance with respect to traditional

analytical methods, since it involved smaller quantities of samples and reagents, allowing | Collaborators

more reactions to occur in parallel on the same chip, more quickly and effectively, and with | F. Beliram

. . e . . R. Cingolani

reduced manual intervention[1]. For a full exploitation of the advantages of microfluidics S Girardo

one needs highly controlled liquid flows into biochips. In the common case of hydrophobic | L. Masini

. . . . . . D. Pisignano

capillaries, polar fluids must be forced into microchannels by means of active pumping | | sanzari

elements, overcoming the large resistance to flow due to small microchannel sections. The
existing pumping systems typically rely on external pressurized lines, which severely limit
the portability of microfluidic systems. In the last years, the inferaction between surface
acoustic waves (SAWs) and liquids began to be studied as a pumping approach, relying
on the streaming effect that drives the fluid flow in the direction of SAW propagation|[2].

SAW methods have been mainly limited to mixing, localization or transport of droplets

deposited on planar substrates, preferably patterned by regions of different wettability. The

main issues of such open digitalized microfluidic architectures are the liquid evaporation
and a remarkable sensitivity to surface contamination.

Lab-on-a-Chip research activity at NEST lab aims to the design and realization of handheld,

battery-operated biochips based on SAW-driven micropumps and closed microchannel

networks suitable for automated, high-throughput, cost-effective diagnostics.
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T he increasing demand for low-cost and portable devices for biomedical applications

Acoustic  counterflow in  hydrophobic 10 and 50 um were transferred onto
microchannels PDMS replicas. Final devices were
During 2007/2009 we investigated  straightforwardly assembled by conformal
the application of SAW based pumping ~ bonding of the two layers (Fig. 1): the
methods to microchannel environments  hybrid microchannels were thus defined

fully compatible with UTAS applications,
studying the flow of water and protein
solutions in prototypical devices made by
a piezoelectric lithium niobate (LINbO;)
substrate and elastomeric polymer patterns
defining the capillary circuits.

We employed a combination of photo-
and soft lithography to fabricate devices
with different fluidic geometries. The
basic layout consisted of two layers. The
bottom layer was a LiNbOs piezoelectric
substrate, with two microfabricated
interdigital transducers (IDTs) for SAW
excitation and defection. The IDTs were
composed by 20 pairs of 500-um-long Al
fingers with 24 um periodicity (~160 MHz
resonance frequency on LiNbO;), placed
at a distance of 3.4 mm. The upper layer
was a patterned polydimethylsiloxane
(PDMS) film. Channel geometries with
lateral dimensions between 120 and
520 um and relative heights between

by the LiNbO; bottom wall and the PDMS
lateral and top walls.

PDMS ]

FIG. 1

detection; (c) DD and (d) ID experimental arrangements.

Scheme for the assembling of microfluidic devices and the activation of the liquid motion
into microchannels: (a) and (b) final devices were fabricated by the superposition of a
PDMS textured element and a LiNbO; substrate layer with IDTs for SAW excitation and
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FIG. 2

Photographs  of the  water
withdrawing micropumping at
different times (). From (a) to (I):
=0.00, 0.05, 0.06, 0.08, 0.09,
0.13, 0.53, 1.51, 2.46, 3.48,
4.49, and 5.49 s, respectively.
Marker = 100 pm.

The liquid reservoirs consisted in de-ionized
water drops of about 2 ul released at the
entrance of the microchannels. Continuous
SAWs were excited, and the position of the
water-air interface within the channel was
monitored as a function of time and power
of the signal applied to the IDT (Psaw).
We analyzed two different experimental
arrangements. First, SAWs were excited
from one IDT to the channel entrance and,
hence, along the channel toward its outlet
[direct drive (DD)] [Fig. 1(c)]. Second,
the SAWs were launched in the opposite
direction, i.e., from the other IDT, so that
SAWs propagated from the channel outlet
toward its inlet [inverted drive (ID)] [Fig.
1(d)]. In case of conventional DD, with
increasing Psaw, we observed droplet
deformation caused by acoustic streaming
and, finally, a rather slow movement
of the liquid into the channel (Psaw = 20
dBm). At these power values, however,
significant droplet atomization occurred
that strongly affected the droplet outside
the channel, where incoming SAW power
was maximum. This led to fast evaporation
of the water reservoir and prevented the
filling of the microchannel.

ID showed a very different behavior[3]. For
Psaw >14 dBm, a fast liquid transfer from
the reservoir droplet into the microchannel

(Fig. 2) was observed. We stress that the
liquid was driven in the opposite direction
with respect to the SAW propagation
direction. In view of the known SAW-fluid
interaction properties[2] so far leading
to liquid drag only along the SAW
direction, this phenomenon was quite
unexpected. Figure 2 displays a typical
filling process, where water nebulization
was visible at the meniscus position. 1D
pumping is surprising in light of the fact
that any momentum transfer to the liquid
must be in the opposite direction with
respect to actual fluid flow. Conventional
acousticstreaming  physics,  therefore,
does not apply. In order to understand
this dramatic difference between the 1D
and DD behaviors we must consider the
different positions where the SAW-liquid
interaction occurs. In the ID configuration,
the interaction is maximum within the
capillary and leads to a drastically
enhanced water nebulization rate at the
meniscus position. This atomization leads
to the formation and growth of water
particles sprayed off the main fluid drop
within the channel (Fig. 2). The evolution
of these droplets and their interaction with
the liquid meniscus determine the observed
pumping phenomenon: small droplet
generation is followed by coalescence
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and final merging with the meniscus. The
latter phenomenon changes the position of
the liquid-air interface, resulting in a net
fluid movement in the opposite direction
with respect to SAW propagation. The
filling velocity (vii) could be controlled up

to a maximum value of 1.24 mm/s (i.e.,
about 0.3 ml /min for the present channel
geometry) by varying Psaw up to 20 dBm,
yielding rapid filling (t=0.9 s) of the whole
channel, without significant evaporation of
the droplet reservoir.
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Fig. 3

E1GFP emission spectra at the
entrance of SAW microchannels
(open dots), within
microchannels during SAW
withdrawing (solid line), and
at the exit of the microchannels
(full dots). No significant
intensity or spectral differences
were observed during and
after the filling process. For

all the spectra, Aeicre = 524

nm and Adeicre = 29 nm.

Inset: fluorescence images of
E1GFP solution withdrawing
micropumping at different times
(). From top to bottom: #=0.00,
10.15,19.45 5.
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Fig. 4

Schematization of a microfluidic

chip based on a PDMS

microchannel network and IDTs
——— as infegrated micropumps.

We also tested the compatibility of
this pumping method with biological
solutions[4]. Efficient microchannel filling
was easily obtained also for solutions of
fluorescent proteins (Fig. 3). For sake of
example, in case of a channel with section
200 x 20 um? coupled to an IDT working
at a resonance frequency of 151 MHz,
a filling velocity of about 50 um s™' was
measured (for W= 21.5 dBm). Important,

the protein fluorescence intensity and
spectral characteristics (peak wavelength,
Aeierr, and emission full width at half
maximum, AAeicr) were not significontly
affected by the interaction with the SAW
and with the hybrid channel during the
entire filling process (Fig. 9). The unaltered
protein fluorescence confirms the suitability
of SAW withdrawing in microchannels for
biological applications.
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ID appears to be very promising for the
fabrication of integrated micropumps
for microfluidic chips and UTAS. Indeed,
the present approach requires only
an external signal generator set at the

IDT resonance frequency. Importantly,
impedance matching and device geometry
optimization (i.e., channel shape, IDT
periodicity/aperture, IDT position, efc.)
will enable battery-operated systems.

Fig. 5
Micropumping cycle exploiting 7 different SAW micropumps acting along a network of 7 microchannels, containing é cross areas for a total fluidic
volume of 500 nl. The final liquid pattern (ts) was achieved by inducing 6 direction changes (from , to t;) and one fluid split {(ts).

N: JWMMM
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t7= 6m04s N2off ,N4on
te= 6m17s N4osf

Work is in progress to extend this
approach to more complex microfluidic
networks by integrating several IDTs
on the same chip to drive fluids along
specific diagnostic paths (Fig. 4). SAW-
based counterflows were successfully
exploited fo control liquids in hydrophobic
microchannel arrays. The devices were
formed by a 5 x 5 orthogonal array of
hybrid LiNbO;/PDMS microchannels (20
input/output ports, 25 crossing areas) and
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