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Femtosecond laser-drilled capillary integrated into a microfluidic device
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Recent growth in microfluidic technology is, to a large extent, driven by soft lithography, a
high-throughput fabrication technique where polymer materials, such a&dpogthy) siloxane
(PDMY9), are molded to form microscopic channel networks. Nevertheless, the channel architectures
that can be obtained by molding are limited. We address this limitation by using femtosecond laser
micromachining to add unmoldable features to the microfluidic devices. We apply laser ablation to
drill microcapillaries, with diameters as small as @& and aspect ratios as high as 800:1, in the
walls of molded PDMS channels. Finally, we use a laser-drilled microcapillary to trap a polystyrene
bead by suction and hold it against a shear flon2@®5 American Institute of Physics
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The use of microfluidic devices has grown rapidly in of both soft lithography and femtosecond laser micromachin-
recent years, due, in large part, to the introduction ofing by molding channel networks with high throughput and
soft-lithography: In this method, a microfluidic device is using laser drilling to add small, high precision elements
cast from a polymer material using a photolithographicallythat, because of their location, cannot be obtained by mold-
produced master mold of the desired channel network. Oning.
of the most commonly used polymers is palymethy) si- The first part of our fabrication process for microfluidic
loxane(PDMS), a chemically inert, optically transparent sili- devices follows common soft-lithography proto¢dlA pho-
con elastomet.Because soft lithography is based on mold-tomask with multiple copies of a desired channel network is
ing, the channel networks are inherently limited to two- Printed with 4000 dot-per-inch resolution. A master mold is
dimensional arrangements. This limitation has been partialljnade by spin coating a 46m thick layer of photocurable
addressed by using master molds with multilevel rélefd ~ €Poxy(SU8-2050, MicroChem, Newton, Monto a silicon
by stacking multiple two-dimensional PDMS sldb§.The ~ wafer, exposing the wafer to UV light through the photo-
former method, however, is not truly three-dimensics®), ~ Mask, and developing the epoxy. A 5-mm thick cast of
and the latter method is tedious and cannot achieve microm&DPMS (Sylgard 184, Dow Corning, Midland, Miis made

ter precision. In addition, several commonly used devicest/SiNg the wafer as a mold, and the cast is cut into individual

such as a tapered glass microcapillary, are difficult to emudevices. Next, holes to feed liquids into the channels are

late using soft-lithography. Overcoming the limitation to punched in the devices with a luer stub, and the devices are

two-dimensional networks and enabling the fabrication of asoaked fo1hin0.01-M HCl at 80 °C to make their surface

broader range of devices will significantly enhance microflu-"°r€ h?{drqphtilic.d F(ijn:;tlly,thto closefthe c?annehls(,j a_glazs
idic technology, opening the door to new applications. cover sip 1S bonded 1o he open face of each device by

Femtosecond laser pulses provide a unique micromac—)vem'gk.'t b.a"'”g at 80 C.' . . .
Capillaries are machined in a molded device using a

g o 1l o e e o bl f o arsarn e " o L oprion
o .7 train of pulses that is attenuated using neutral density filters

focused femtosecon_d laser pulse can deposit energy N0 & is shutter controlled. The pulses are focused into the
transpa_rer;ts mate_rlal through h|gh-prder _nonl_'nearmicroﬂuidic device using a high numerical apertuf¢A)
absorptiorl,”producing 3D-localized material ablation either jcoscope objective and the device is translated relative to
on the surfacé,or in the bulk.™" By translating the laser o |aqer focus using computer-controlled translation stages.
focus from a surface into the bulk of the sample, a capillaryrye focys s first located in a molded channel filled with
can be drilled using this laser .ablation. Rgcently,_this teChéthanol[Fig. 1(a)] and then moved through the channel walls
nique was used to create,2n diameter capillaries in fused jntg the bulk of the PDMS, drilling a microcapillarFig.
silica.”™” One of the key issues in drilling high aspect-ratio 1(b)]. This procedure allows for the formation of 3D micro-
cgpillaries is 'the efficient rempval of debris to prevent C|09'capillaries that are not adjacent to the face of the PDMS
ging. In previous vv_ork_, debrl_s was femol\zed by water thatjevice and cannot be created by molding. During drilling,
wicked into the capillaries during drillingf**Although this  there is a flow of ethanol in the molded channels that carries
direct laser writing has high precision and 3D capability, it isaway the debris formed by laser ablation of the PDMS. Eth-
inherently low throughput and is impractical for machining anol is chosen because it wicks rapidly in PDMS, has a re-
entire networks that may only require high precision and 3Dfractive index of 1.37 close to that of PDM&.41), and
elements in small selected areas. induces relatively little swelling in PDM& Note that in the

In this article, we demonstrate the machining of micro-absence of ethanol, the opening of a laser-drilled microcap-
capillaries in the walls of molded PDMS channels by femto-jllary becomes clogged with debris after drilling only a few
second laser ablation. We take advantage of the best qualitiesicrometers. After the laser-drilled microcapillary is com-

plete, it is flushed with a solution of 0.5@&t/vol) HF in

aAuthor to whom correspondence should be addressed; electronic mai€thanol for five minutes and then washed with pure ethanol
cschaffer@ucsd.edu [Fig. 1(c)]. The HF treatment stabilizes even the smallest
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FIG. 1. Femtosecond laser drilling of microcapillaries in PDMS. .
laser: |

translation: Q)
microcapillaries, allowing long-term flow of ethanol or water

(>24 h) and dry storagé>1 week. Without HF treatment, (d)
laser-drilled capillaries with a diameter smaller thap.i® v' 'R laser: |
are observed to clog within an hour. The HF treatment did translation: Q)
not cause any visible change in the size or shape of the 10 pm —
capillaries.
laser:

translation: T

drilling in situ, we fill the device with a solution of 10-mM
fluorescein in ethanol and use two-photon laser scanning mi-
croscopy(TPLSM).16 Two-photon imaging is carried out on
a home-built microscogé utilizing a 100-fs duration, [V JTT)  p—
800-nm vyave_length, .76_MHZ repetition rate train of IaserFIG. 2. TPLSM images of microcapillaries drilled in PDMS. The incident
DU|SeS' Pixel Integration times are abouﬂz and the laser direction of the laser and the direction of device translation relative to the
pulse energy is 10 pJ. Capillaries are drilled either by altertaser focus are indicated for each imaga). Top and(b) cross-sectional
nately translating the sample and firing a group of pulsegsiews of capillaries drilled 25m beneath the cover slip with 1.0-NA fo-
(move and firpor by imadiating with a 1-kHz pulse train 08, reres erclaten S i ke dalon, o e
while c_ontlnuoqsly movmg(s_mooth translation Sample Capiﬁaries drilled using the sa?ne parar‘neterg aéainbfjt W}th 33 nJ(d)
translation is either perpendicular teransversgor along  capillaries drilled 20um beneath the cover slip using 1.4-NA focusing,
(axial) the incident direction of the laser beam. We usetransverse translation in Am steps between bursts of 10 laser pulses
1.0-NA water-immersion and 1.4-NA oil-immersion focusing é%-ulfgoﬁggs L%f |§(\;V85t (‘j—i‘nl%rgy C?illarwgi energies Oﬁ!eft tlo righ: f
optics and find the threshold energy for capillry formation’%, 110 50,50, %0, e 1o Top () eosctona v o

to be 15_ and 10 n‘] at the Ias_er fOCUS_, reSpeCt'Vely' The_CIealﬂfolded channel using 1.0-NA focusing, axial translation in @2 steps

est capillary profiles are achieved with smooth translation abetween bursts of 10 pulses, and energieglait to right) 790, 550, 360,
around 100um/s over a wide range of laser energidata 230, 180, 160, 140, 110, 90, and 70 nJ. The dashed linég) iand (€)

not shown. For transverse drilling at 1.0 NA with smooth indicate the location of the cross sectionglim and (f), respectively.
translation, the capillary profile is oval when using near-

threshold laser energies, consistent with the shape of the fave create spiral-shaped, 3D microcapillariédata not

cal volume, and becomes V shaped for higher energies, coshowr). We note that the walls of the laser-drilled capillaries
sistent with previously reported damage profiles in glljass retain the optical transparency of PDMS.

[Figs. 2@ and 2b)]. For near-threshold energies, the capil-  We use scanning electron microscqi@EM) to view the
laries maintain a constant profile at entrance and exit holesnicrocapillary morphology in greater detail. The entrance
i.e., there is no flaring of the profile at the er{d&g. 2(a)]. hole of the laser-drilled microcapillary is exposed by slicing
The capillary shape is highly reproducible as long as thea PDMS device along a molded channel. We coat the sample
same laser, focusing, and translation parameters are usedth a thin layer of gold before imaging. Capillaries drilled
[Fig. 2(c)]. Capillaries like those in Fig.(8) were produced transversely with smooth translation, 1.0-NA focusing, and
with a length of up to 2 mm, corresponding to an aspect ratimear-threshold laser energies have a size and shape compa-
of ~800:1 (data not shown The capillary profiles for rable to that of the laser focal voluniEig. 3@)]. The inter-
1.4-NA focusing with transverse move and fire drilling are nal surface of channels drilled with about twice the threshold
similar to those observed with 1.0-NA focusifig. 2(d)]. energy show 100-nm scale roughnésiy. 3(b)].

Capillaries drilled axially, using the move and fire method  As a demonstration of the utility of our technique, we
with 1.0-NA focusing, have round profiles and diameters asonnect two molded channels with a laser-drilled microcap-
small as 0.5um for near-threshold laser energigsgs. 2e) illary, enabling applications that cannot be realized using

and 2f)]. Finally, by combining transverse and axial drilling, only molded networks. Using soft lithography, we mold a
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We optimized the machining parameters in PDMS by )
drilling capillaries with different laser energies, sample trans-
lation rates, and focusing conditiofiBig. 2]. To image the
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FIG. 3. SEM images of the entrance hole of microcapillaries drilled in
PDMS using a 1-kHz, 800-nm, 100-fs pulse train@f 17 nJ andb) 27 nJ
energy, 1.0-NA focusing, and transverse translation at A®ds. The
speckled appearance of the surfacdanis a result of a coating artifact.

FIG. 4. Molded microfluidic device with an integrated, laser-drilled micro-

microfluidic device with two channels, one U shaped andcspli"ary- r(]a) Delvicgloaler\_/tiﬁvglshswirllgf u shatpe(abo¥?3 fsn& T shapefd
; elow) channels, filled wi ack ink for contra image o
On.e T shaped,_ separgted by a (3 FhICk wall of PDMS glow ;\?fluorescent solution through the microcapsi(}?a)lry that conne?:ts the U
[Flg. 4a)]. A microcapillary is then d_“"ed through this wall and T channels. The white arrows indicate the direction of flow in the T
about halfway between the cover slip and the bottom of thehannel.(c) and (d) Wide-field fluorescence images of a 481 diameter
40-um deep channels using the same parameters as in Fijorescent bead trapped by suction at the opening of the microcapillary.
2(c). During drilling there is a flow of ethanol in the U chan- Streaks in the T channel are formed by other beads that follow the flow. The
nel, facilitating debris removal. After the device is complete, ®POsUre times ific) and(d) is 4 and 1 ms, respectively.
the pressures applied to the inlet and outlet of the U channel
are set to the same value and the difference between thistegrated microcapillary shown in Fig. 4 could be used to
value and the pressure at the T junction controls flow throughrap individual living cells and expose them to different
the microcapillary. physical and chemical environments by controlling flow
When the pressure in the U channel is higher than that ahrough the molded channels.

the T junction, there is flow through the microcapillary into ) )
the T channe[Fig. 4(b)]. This flow is visualized by using a The authors thank H.-C. Kim and S. Fainman for help
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