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Abstract

We have developed a micromachined flow cell consisting of a flow channel integrated with micropipettes. The flow cell is
used in combination with an optical trap set-up (optical tweezers) to study mechanical and structural properties of 2-DNA
molecules. The flow cell was realised using silicon micromachming including the so-called buried channel technology to
fabricate the micropipettes, the wet etching of glass to create the flow channel, and the powder blasting of glass to create the
fluid connections. The volume of the flow cell is 2jt1. The pipettes have a length of 130j.tm, a width of 5-1Om, a round
opening of imicron and can be processed with different shapes. Using this flow cell we stretched single molecules (?-DNA)
showing typical force-extension curves also found with conventional techniques.

Keywords: micropipette, buried channel technology, powder blasting, silicon micromachining, single molecule, DNA,

Introduction

The traditional techniques of measuring molecule properties used in biochemistry are based on measuring a great number of
molecules at the same time, therefore only average features are determined. Recent advances in scanning probe and optical
techniques opened the way for single molecule detection and manipulation [1]. Scanning probe techniques allow the study
of single molecules on surfaces, and optical techniques characterise it in complex environments.

Improvement of these research methods (e.g. accuracy, easyness of operation) can be done, for example, by using
micromechanical technology [2-6]. Micromechanical structures can be developed not only aiming at applications (e.g.
sequencing) but also for new investigation equipment for fundamental research [7-10].

We have developed micromachined micropipettes that can be used in combination with optical tweezers to study
mechanical and structural properties of k-DNA molecules. In the DNA molecule stretch measurements, the ends of a single
DNA molecule are biochemically bound to two polystyrene beads (using streptavidin-biotin connection). The beads can be
manipulated using the pipette and the optical tweezers, which is used to apply and measure the stretching force on the DNA
molecule [11-13].

This paper describes the design, fabrication (using silicon technology) and testing of the micromachined flow cell. The flow
cell consists of a flow channel with integrated micropipettes. Buried Channel Technology [14] is used to make the
micropipettes, wet etching of glass to create the flow channel, and the powder blasting [15] of glass to make the fluid
connections. The common flow channel is made by hand by gluing two microscope cover glasses together using two
parafilm as spacer, in which a glass capillary pipette is integrated (see fig. la). It would be easier having a flow cell with the
pipettes already integrated (fig ib).

The microfabrication method has the advantages (i) to create a flow cell in which many pipettes are already
integrated into a flow channel, (ii) that various shapes of the micropipettes can be obtained by using different designs and
technological processes, and (iii) that reproducible dimensions of the pipettes and channel are obtainable. This makes it
possible to choose for each type of experiment the best pipette shape. Having many micropipettes in a flow channel, parallel
measurements on single molecules can be performed allowing rapid 'statistical' data acquisition.
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Experimental set-up

The current experimental set-up using an optical trap is a home-made microscope system and a flow cell unit that arc
described in more details in [13]. A laser diode (829nm. 200mW) is used for the optical trap {lO] a micrometer-sized
polystyrene bead can be captured just behind the focal point of a laser beam. 'l'he laser beam from the laser diode is tocused
using a 100x objective with a numerical aperture (NA) of 1.2. When external forces are exerted on the trapped bead, the
bead will move out of the centre of the laser beam and will cause the laser beam (transmitted through the bead) to deflect
from its original position [17]. The transmitted beam is projected onto a quadrant detector and its position is used to
detemine the force acting on the head in the optical trap. l'he exerted force on the head is up to 70 pN. the optical trap
stiffness is about 200 pN him. and the precision in determming the DNA molecule length is 5-10 nm [13].

The DNA used in experiments was bacteriophage .-DNA obtained from New England Biolabs (Beverly. MA). and the 2.5
gm polystyrene beads with streptavidin coating from Bangs Laboratories Inc. (Fishers, IN). The biochemical protocol is
described in [13].

Fabrication of the micromachined flow cell

Besides DNA measurements, these pipenes can be also used for drug delivery, for injection of small gas bubbles into
a liquid flow to monitor the streamlines, and for the mixing of two liquids to study diffusion effects.
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Fig. I. Sketch of(a) the common/v used flow c'lI unit und (h) the micromachined flow cell.

Design

The use of the optical trapping set-up resulted in several constraints on the micromachmed flow cell (see fig. 2).

(i) The flow channel has to be optically transparent for the used wavelengths. The flow channel is etched in silicon and
Pyrex is chosen as a cover glass material.

(ii) The cover glass must be matching the objective correction. The objective in the common set-up is corrected for a
standard glass coverslip thickness of l7Oum with a refractive index of 1.52. With this objective an optical trap is created at a
depth in the flow channel of maximum 80j.im. The refractive index of Pyrex is 1.47, thus its thickness is about l75um.

(iii) There is a minimum width for the transparent flow channel. The maximum angle of incidence is about 650 for a beam
coming from an objective with NA-l.2. in water. When the trap is at the maximum of 80im underneath the cover glass. the
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cover glass must be optically flat and transparent over a distance of at least 8OunJsin(65) =34Otm. The flat cover glass area
is chosen to be 5OOimx3Omm.

(iv) The distance between the pipette and the cover glass has to be less than the maximum depth of the trap to the cover
glass.

(v) A pipette tip opening of 0.5 to 1.O.tm diameter is chosen to grip a bead of 2.tm. With this size the bead will be on top of
the opening and not 'inside' the opening. A round opening would be preferable to avoid leakage along the bead.

(vi) The flow cell should have a small volume. The flow channel is chosen to be 500tm wide, 100tm high, and 40mm long
of which 30mm is transparent. The total volume will be not bigger than 2jtl.

Micropipettes

In figure 2 the general design of a micromachined flow cell with integrated micropipettes is shown. The fabrication of the
flow channel in both Pyrex and silicon is based on bulk wafer processing. The micropipettes are made of silicon nitride
based on the buried channel technology (BCT) {l4. A powder blasting process of Pyrex is used to make the connection
holes to the "macro world" for the flow channel and the micropipettes. The two wafers are anodically bonded together.

connection hole

jFlow channel connection

The outline of the basic steps to create the free standing micropipettes using buried channel technology is given in fig. 3. A
ltm wide trench, that is made in silicon by Reactive Ion Etching (PIE) (step a) is coated with a protection layer (thermal
oxide) (step b). The layer is removed from the bottom of the trench by PIE (step c), and the buried structure is made by an
isotropic etch ofthe trench (step d). Then the protection layer is removed and the structure is made by growing in the trench
a layer of LPCVD silicon nitride (step e), followed by etching away in KOH the surrounding silicon resulting in a free
standing micropipette. (step f). Due to BCT process, the opening of the pipette will be on the top side of the pipette.

The BCT is a single-wafer process, is self-aligned and uses one-sided processing without the need of complicated
assembling techniques. Thus, the pipette definition needs a single mask and a single wafer.
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Fig. 3. Schematic principle of the free standing micropipettes using buried channel technology (BCT).
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Fig. 2. Cross section sketch ofa integrated micropipette in aflow channel.
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Based on the principle of BCT four different shaped pipenes can be designed (fig. 4).

Fig. 4 Four thff'renr shapes for pipettes in silicon possible with BCT

• Shape I can be made by an isotropic under etch of a slit etched in a silicon oxide mask. This is the easiest wayto
make a micropipette. An mconvenience with this type is that when a bead with a DNA molecule is hold on top of the hole.
the DNA may stick to the flat top of the pipette (fig. 4-I and fig. 5). A larger distance between the pipette opening, where
the bead is captured. and the pipette surface would be preferable.
• Shape 2 can be achieved by an isotropic under etch of the trench done by RIE (fig. 4-2 and fig. 6) or by a wet
etching. A problem with a wet etching process can be the wetting of the trench.
• Shape 3 can be achieved by an anisotropic under etch of the trench done by RIE (fig. 4-3). When a KOH etch
solution is used, the walls of the channel will be smooth because of the low etch rate of the [111] planes of the silicon.
Disadvantage is that the obtamed result depends on the crystal orientation of the silicon.
• Shape 4 uses also a KOH etch solution (fig. 4-4 and fig. 7) and has the advantage that the size of the channel easily
can be regulated by the trench depth (d), and there is no need for bottom etching of the trench. Disadvantage is again that
the obtained result depends on crystal orientation.

I

e 9>T'.i 4$4
(a) ____________________________________________ (b)
Fig. 5. (a) Free standing micropiperte of shape 1. (b) Detail of the pipette tip showing the hole with a diameter of l,iiin.

(a) (h
Fig. 6. (a) Free standing micropipette of shape 2. (h) Detail ofthepipette tip (top view).
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Fig 9 .SEi1 picture of several micropipettes and their silicon support.
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Fig 7 Micropipette of shape 4.

(a) (b)
Fig.3 Micropipette of shape 2 to achieve a more circular-like opening. (a) side view, and (b) top vzeii'.

As can be seen in fig. 6 and fig. 7. the circular opening of the pipene is deformed due to the influence of the trench For a
better opening definition a different shape was designed. fig. 8 [18].

In shape 2 and 3 the depth of the structure underneath the surface can be tuned by the depth(d) of the trench (fig. 3a). The
trench depth is limited by the width(W) of the trench and by the maximum aspect ratio that can be achieved during RIE
etching [19]. The other limit to the trench depth is the easiness in removing the trench bottom [14].
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Many micropipettes are simultaneously mtegrated in a flow channel of 100 im height. 500 im wide and 3 cm long (fig. 9).
This small channel volume. 2 1.11. requires only very small sample volume. The micropipettes shown have a length of 13()
tim. width of 5-10 tim. and a circular shape opening of 1.tm.

Flow channel

From fig. 2 it can be seen that the micropipettes connections and the upper part of the flow channel are made in a Pyrex
glass wafer. The Pyrex wafer is patterned and etched in 50% HF solution using a ltim sputtered silicon layer as mask.

The next step is the powder blasting through the Pyrex wafer creating a 300 tim in diameter connection holes [151. For this,
a layer of dry film resist (Ordyl BF405) is applied on the other side of the Pyrex wafer (not the structured side) and
patterned with photolithography. Then, the Ordyl is removed, the Pyrex wafer is diced, the sputtered Si mask is removed by
KOH and the flow channel side is anodically bonded to the silicon wafer in order to assemble the flow cell.

I'he fluidic connections between the flow cell and a holder uses a new packing material instead of a macroscopic connection
(like a Viton O-rmg causmg a large dead volume). This packing material is, again, the dry film resist (Ordyl BF405). which
prevents leakage and simplifies the interfacing with the "macro world" [18].

Results and Discussions

Tests, performed with shape 2 micropipettes, have shown that the pipettes are open (Fig.l0). As can be seen the
micropipettes can be used to locally inject small air bubbles into a fluid flow.

Fig. 10. Making air bubbles with a nitride pipette in ajluid channel.

From the first experiments with the polystyrene beads and micropipenes in a flow channel it could be seen that the beads
were sticking to the silicon nitride. Fig. 11 shows a lot of beads sticking to the micropipette. The strength of the sticking
force is such that the beads could not be released with the optical tweezers (-"7OpN).

Fig. 11. Sticking ofpoh'stvrene heads on a silicon nitride micropipette.
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The beads on the pipene could easily be removed when the flow cell was washed with 1% SDS (sodium dodecyl sulfate)
solution or with BSA (bovine serum albumin). Figure 12a shows a micropipene and a bead that is gripped by the optical
tweezers. Then, the bead is transferred to the pipette opening and gripped, fig. 12b.

In fig. I 3a. the DNA molecule is held in between the beads, and the force sensor marker shows zero force. Of course, the
DNA itself can not be seen using optical wavelength due to its extreme small diameter (2nm). By moving the pipette away
from the optical trap the DNA molecule is stretched, fig. 13b.

The force-extension curve obtained with the micromachined flow cell and micropipenes. fig. 14. shows a similar behaviour
as the typical one (not shown) [131. In the graph there are two curves. The diamond points represent the stretching of the
DNA. and the square points are measured during the relaxation of the same molecule.

H
Fig. /2. (a) .4 2pn polystyrene bead hold by the optical tweezers next to the rnlcropzpette. (h) the same bead gripped hr the
in ecropipette

50z
40 -

w
300
20

10 .0. .
- —-—.- . ----.-- -- -..--__________

0.6 0.8 1 12 1.4 1.6 1.8

Relative extension

Fig. / 4. Experimental stretch measurements with the micro machined flow cell and the rnicropipertes.
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Fig. /3. Two beads gripped on a micromachined pipette and by the optical rveezers having a DVA molecule (not
observable) hold in between; (a) noJrce applied;(h) 3OpN force applied.
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The behaviour of the single molecule up to a few pN is the eniropic elasticity as described by [1 1]. As soon the contour
length of DNA is reached (relative extension L/L0 =1) the force increases very fast up to about 6OpN. For L/L0between 1

and 1.1 the DNA shows a spring-like behaviour. Above this level the DNA molecule is stretching out within a force of only
a few pN.

An effect was observed when the optical trap was brought within 5im from the pipette: the light from the laser was
deflected by the pipette. The light of the laser beam diverges rapidly below the bead given an incorrect force measurement.

The present micropipettes (ca. 12im high, 5-lOtm width) are suitable for the study of the mechanical properties of long
DNA molecules (> 1Orm).

For chemical study of DNA, shorter DNA molecule (5pm) has to be used. For this investigation, the micropipettes have to
be downscaled. A smaller pipette (outer diameter 2-3 .tm) can be constructed by etching a less deep trench with a smaller
width (<1tm) and reducing the etch time of the isotropic etch (fig. 3d).

Conclusions

We have demonstrated the possibility to integrate micropipettes into a flow channel to study mechanical and structural
properties of DNA molecules. Moreover, various shapes of the micropipettes have been fabricated having the convenience
of choosing for each type of experiment the best pipette shape and size. The conventional flow cell with glass capillary
pipettes have been replaced successfully by this micromachmed flow cell. Force-extension curves from both the
conventional and micromachined technology were found to be in excellent agreement. For chemical study of DNA, the
micropipette should be downscaled.
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