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Microfluidic detection and analysis by integration of thermocapillary
actuation with a thin-film optical waveguide
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We demonstrate a nonintrusive optical method for microfluidic detection and analysis based on
evanescent wave sensing. The device consists of a planar thin-film waveguide integrated with a
microfluidic chip for directed surface flow. Microliter droplets are electronically transported and
positioned over the waveguide surface by thermocapillary actuation. The attenuated intensity of
propagating modes is used to detect droplet location, to monitor dye concentration in aqueous
solutions, and to measure reaction rates with increasing surface temperature for a chromogenic
biochemical assay. This study illustrates a few of the capabilities possible by direct integration of
optical sensing with surface-directed fluidic devices2@5 American Institute of Physics
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Microfluidic devices offer tremendous potential for elec- onstrate detection and analysisdi$écretedroplets or rivulets
trical, optical, and spectroscopic interrogation of nanoliterthat are in direct contact with only a fraction of the wave-
liquid samples. Devices based on directed surface flow inguide surface. The thin-film waveguide is directly integrated
duced by electrowettintj;* dielectrophoresig’,6 or ther- with a planar fluidic device based on thermocapillary actua-
mocapillary actuation® permit reconfigurable instruction tion. This system registers droplet position, sample concen-
sets for liquid positioning and mixing sequences on glass otration, and thermal dependence of kinetic rate constants us-
silicon substrates. What requires further development aréng a miniaturized low power pIatforﬁ\? The design also
in situ sensor arrays for autonomous manipulation of sampl@ffers high sensitivity with few additional fabrication steps
location, volume, temperature, speed, and composition. Diand is especially well suited to any fluidic device based on
rect integration of miniaturized sensors enables applicatiodroplet manipulation by capillary forces.
of the feedback control necessary for automated use of lab- Conventional thin-film waveguidés?® are based on
on-a-chip technologies. light propagation by total internal reflection in an optically

Our laboratory has previously demonstrated twodense film of refractive inder, and thicknessl situated in
method$’** for droplet detection and sensing that make usebetween a supporting substrate;) and a uniform super-
of the coplanar microelectrode arrays used for thermocapilstrate(ny), wheren,>n; andng, as in Fig. 1a). Light propa-
lary actuation’ ° The first metho monitors the rise time of gation is restricted to specific internal angtesatisfying the
embedded microheaters, from which can be extracted dropleigenvalue conditict  K,d—tam(K,/K,) —tan %(Ks/K.,)
location, volume, or composition due to changes in thermatm, wherem=0,1,3,... is thenode order. For TM modes
conductivity. The second method records the capacitancef wavelength, KiTM:(277/>\ni2)w/|(nz sin 9)2_ni2|_ Reflec-
change induced by an overlying droplet. The rapid responsgons at the interfaces generate exponentially decaying eva-
for electrode widths comparable to the liquid film thicknessnescent waves with a penetration distance for UV and visible
allows detection of droplet position, volume, composition,light less than 100 nm. The integrated absorbance per unit
and evaporative loss for nanoliter samples. These sensinfstance D of adsorbing medium at the waveguide-
techniques, which probe samples by thermal or electriguperstrate interface is given byA/D=l0g(lin/lirand
fields, are not suitable for all applications. Integrated opticak ¢c(N/D)L, wherel is the incident or transmitted light in-
and spectroscopic probes, such as evanescent wave sensigfsity, e the molar absorptivity of the liquid sample,the
(EWS), offer a number of advantages in this respect. Previjiquid molarity, N the number of reflections at the interface
ous studies of EWS have used external pumps to generateag determined from ray optics, andthe evanescent path
continuous stream of liquid through flow ceéfls®that con-  |ength within the liquic?® In the present work, the presence
tact and cover the entire beam path. However, hermeticallyf a droplet in the optical beam path leads to a non-uniform
sealed channef$'’ placed against a waveguide surface pro-superstrate refractive inde, and Nig), Which causes de-
duce large coupling losses and small signal-to-noise ratiogectable intensity modulation by reflective losses and attenu-
Interferometric analysis and measurement of coupling anglestion of higher-order modéz.
also increases device complexify:® In this paper we dem- As shown in Fig. 1a), the substrate consists of a 0.7 mm

thick Corning 1737 glass slide patterned by e-beam evapo-
9Als0 at: California Institute of Technology, Pasadena, CA; electronic mail:"ation with an array of titanium heatefS0 nm thicknessof
stroian@princeton.edu length 3 mm, width 0.8 mm, and spacing @én. A 2 um
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FIG. 1. (a) Cross section of device layouth) Plan view of microheater 8.5
array (black stripeg with droplet positioned within optical beam. ; =~ )
| | 3 (b)
thick polymer film (Cyclotene™ BCB,n;=1.561 at \ & 8.0} .
=632.8 nm is spun coated onto the surface and cured at’g

250 °C for 2 h. This film helps passivate and planarize the=>
microheater surface to reduce scattering effects. The wave 7.5¢
guide is formed by plasma-enhanced chemical vapor deposi z ?2)
tion of an 800 nm layer of SiNand the surface pattern7ed 0 ==
with a monolayer of perfluoro-octyltrichlorosilane to create ' 0 50 100 150 200 250
2 mm wide wettable stripes oriented normal to the beam .

path. The wettable stripes laterally confine the liquid during Time (s)

motion. A pair of small ling prismgSFL57 gl
ot 0_1 8 parr-of s ad tCOLtJE gl\ﬁ)s Sf ¢S b5 Dgl as%’ FIG. 2. (a) Voltage response during traversal of 500 nl droplet over the
Nprism= 1 4 are secured to the SiNsurface by Delrin optical beam path(b) Voltage response for liquid splitting and advance of

tipped spring plungers and the substrate attached to an X-Ndividual segments away from optical beam. Sequence in bottom panels
microscope translation stage. The waveguide refractive inshows corresponding droplet position controlled by activation of embedded

dex, number of propagating modé&® and coupling angles electrodes(gray stripeg Dashed arrow designates direction of the optical
were determined via the prism coupling meﬂ%dTM- beam.
polarized light from a He-Ne laséh=632.8 nm,5 mW is

coupled into a single mode polarization-preserving opticalyere programmed t6l) approach at a speed 250n/s, (2)
fiber, whose orientation is controlled by a goniometer to eNyemain in position for 3 min, an(ﬂ?,) advance away at a
sure coupling to them=1 mode. Scattering and reflective speed 25Qum/s. Calculations based on a configuration as in
losses caused some propagation of tire0 and 2 modes. Fig. 2(a) using BeamProp® indicate that scattering effects
The transmitted intensity is measured by a photodetectagaused by the droplet edges are primarily responsible for
placed flush against the outgoing prism surface and a lock-igjgnal attenuation. Figure(9) represents the voltage output
amplifier displays the output voltage. for the scission of an elongated droplet into two identical
Liquid droplets are transported across the beam path byolumes. The elongated sample was first positioned over the
thermocapillary actuatiohAn array of embedded address- heam path. Heater activation beneath the midsection caused
able thin-film heaters generates the requisite surface temhinning and splitting by thermocapillary forces. The two
peratureT(x),>° which in turn regulates the liquid surface segments were then moved away from the beam path at a
tension y(x). The thermocapillary stress(x) is therefore constant speed. These sequences are sketched in the bottom
modulated electronically to position and transport dropletganels of Fig. a) and (b).
(toward cooler regions with an approximate speedy Figure 3 illustrates the voltage response for 400 nl water
~h(x)7/ u, whereh(x) is the droplet thickness profile in the droplets of different concentrations oDF& C Blue 1 dye
direction of flow, w(T) is the viscosity andr=(dy/dT)  (e=1.38xX10° M~*cml). HereV andV, represent the out-
X (dT/dx) is the surface shear stress. Similar modulation igput voltage for droplets with and without adsorbing dye, re-
possible in two dimensions. In this study, the aspect ratio fospectively. The excellent correspondence with the Lambert-
droplet height to length was approximately 0.05 aid  Beer law, for which the absorbance is linearly proportional to
~7 °C/min. Figure 1b) illustrates the positioning of a drop- X c, yields an estimate df=20 um (TM1 mode.?? Recov-
let over the beam path by sequential activation of the microery of the baseline value after droplet traversal confirms that
heater electrodes. no dye absorbed to the waveguide surface. The limit of de-
Figure Za) shows the voltage output for a 500 nl droplet tection for this prototype was 3,8M, as computed from

of dodecane and water crossing the beam path. The dropletisree times the root mean square of signal noise.
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sensing with thermocapillary actuation. This device can be
05¢ further miniaturized by substitution of diffraction grating
couplers and the sensitivity improved by investigating the
< 04r attenuation of each separate mode. These refinements are
ED underway along with a theoretical analysis to assess the ef-
\>’ 03 fect of droplet shape and nonuniform superstrate refractive
D 02 index on mode propagation and scattering.
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