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Direct Integration of Micromachined Pipettes in a
Flow Channel for Single DNA Molecule Study by
Optical Tweezers

Cristina Rusu, Ronny van’'t Oever, Meint J. de Boer, Henri V. Jansen, J. W. (Erwin) Berenschot, Martin L. Bennink,
Johannes S. Kanger, Bart G. de Grooth, Miko Elwenspoek, Jan Greve, Jirgen Brugger, and Albert van den Berg

Abstract—We have developed a micromachined flow cell [Flowdirccion
consisting of a flow channel integrated with micropipettes. The
flow cell is used in combination with an optical trap setup (optical | pipette
tweezers) to study mechanical and structural properties oA-DNA
molecules. The flow cell was realized using silicon micromachining
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 make the fluid connections.
The volume of the flow cell is 24:1. The pipettes have a length of
130 um, a width of 5-10.m, a round opening of 1m and can be
processed with different shapes. Using this flow cell we stretched
single molecules A-DNA) showing typical force-extension curves
also found with conventional techniques. These pipettes can be
also used for drug delivery, for injection of small gas bubbles into Fig. 1. Sketch of the attachment of a single DNA between two polystyrene
a liquid flow to monitor the streamlines, and for the mixing of beads, one gripped with a glass pipette and one with the optical tweezers.
liquids to study diffusion effects. The paper describes the design,
the fabrication and testing of the flow cell. [615]

[+]

Improvement of these research methods (e.g., accuracy, easy-
Index Terms—Buried channel technology, KOH, micropipettes, ness of operation) can be done, for example, by using microme-
optical tweezers, powder blasting, Pyrex wafer, reactive ion etching ¢papjcal technology [2]-[6]. Micromechanical structures can be
(RIE), silicon micromachining, silicon nitride, single DNA mole- s L .
cule. developed not only aiming at applications (e.g., sequencing) but
also for new investigation equipment for fundamental research
[71-{10].
. INTRODUCTION There are various ways to study mechanical and structural
HE traditional techniques of studying molecule propeRroperties of single DNA molecules [1], [2]. One of these
T ties used in biochemistry are based on measuring a grEthods uses an optical trap in conjunction with two polysty-
number of molecules at the same time, therefore only averd§8€ beads to apply a stretching force on a DNA molecule. Each
features are determined. Recent advances in scanning probe®tfiof the single DNA molecule is biochemically bound to a
optical techniques opened the way for single molecule detecti®@d using streptavidin-biotin. One bead is held by a capillary
and manipulation; scanning probe techniques allow the stug{ss pipette and the other bead by an optical trap, which is
of single molecules on surfaces, and optical techniques chardged t0 apply and measure the stretching force on the DNA

terize it in complex environments [1]. molecule at a certain elongation [11]}-[13].
The assemble of the bead-DNA-bead system before the

. . . . stretching experiment can start is, briefly, as follows. Through
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Fig. 3. Sketch of the optical trap setup with flow cell.

Besides DNA measurements, these pipettes 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 liquids to
study diffusion effects.

Il. SETUP FORDNA HANDLING

The current optical trap setup (Fig. 3) is a homemade micro-
scope system and a flow cell unit that are described in more de-
tailsin [13]. A laser diode is used for the optical tweezers [16], in
which micrometer-sized polystyrene beads can be trapped just
behind the focal point of a 100 objective (water immersion,
NA = 1.2). When external forces are exerted on the trapped
bead, the bead will move out of the centre of the laser beam.
The transparent bead acts as a small lens and causes a deflec-
tion of the beam proportional to the force [17]. This is measured
by a quadrant detector. A maximum force of 70 pN can be ex-
erted on the bead, the optical trap stiffness is about 20Q.mIN/
and the precision in determining the DNA molecule length is
5-10 nm [13].

Ill. DESIGNRULES FOR THEFLOW CELL

Fig. 2. Sketch of (a) the commonly used flow cell unit and (b) the The constraints resulting from the optical trap setup give the

micromachined flow cell.

design rules for the flow cell.
1) The flow cell has to be optically transparent. The channel

This paper describes a way, i.e., silicon micromachining, to
integrate many pipettes in the same flow channel to allow for
the just mentioned simultaneous measurements. The flow cell2)
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 3)
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 space#)
in which a glass capillary pipette is integrated [see Fig. 2(a)].

It would be easier having a flow cell with the pipettes already
integrated [Fig. 2(b)].

The microfabrication method has the advantages 1) to create
a flow cell in which many pipettes are already integrated into a
flow channel, 2) that various shapes of the micropipettes can be
obtained by using different designs and technological processes,
and 3) that reproducible dimensions of the pipettes and channeb)
are obtainable. This makes it possible to choose for each type of
experiment the best pipette shape.

is etched in silicon, and Pyrex is chosen as a cover glass
material to allow the light to pass.

The thickness of the cover glass must match the objective
to create a good optical trap inside the flow channel. In
our case, 17%m.

The position of the micropipettes in the flow channel is
determined by the maximum depth of the optical trap to
the cover glass. In our case at about80.

There is a minimum width for the transparent flow
channel. The maximum angle of incidence is about 65
for a beam coming from an objective withA = 1.2,

in water. When the optical trap is at the maximum (80
wm) underneath the cover glass, the cover glass must be
optically flat and transparent over a distance of at least
80 um/sin(65) = 340 pm. The flat cover glass area is
chosen to b&00 xm x 30 mm.

The micropipette opening is defined by the bead diameter,
about 2u:m; for the experiments described here we are
using 2.5pm.



240 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 10, NO. 2, JUNE 2001

— Pipie paisas i balk Pyt opeming
Fipsiie connestion plonee | i Flow chisni ceassclion
o
¥ i J
i ' Fyrmex glam
i 1
F
i
! ™, ooy glan
-\.
) Sliaa
'
“Faw clasad
Popemigi

Fig. 4. Cross section of a flow cell consisting of integrated micropipette in a flow channel.

E

Fig. 5. Process outline of a micropipette using BCT (cross section).

6) Small sample volume, ca.;4. = & v _Ir"f‘-
| d 3 j.;z
IV. MICROMACHINING THE FLOwW CELL ; 2 K dl
In Fig. 4, the general design of a micromachined flow cell 1 2 3 A

is given. The fabrication of the flow channel in both Pyrex and

silicon is based on bulk micromachining. The micropipettes argy. 6. Four different shapes for pipettes in silicon possible with BCT.

made of silicon nitride based on the buried channel technology

(BCT) [14]. A powder blasting process [15] of Pyrex is used e« Shape 1 can be made by an isotropic under etch of a slit
to enable the fluid connection for the flow channel and the mi-  etched in a silicon oxide mask [Fig. 6(1)]. A disadvantage
cropipettes. The two wafers will be anodically bonded. The fluid  of this shape is that when a bead with a DNA molecule is
interconnection between the flow cell and the setup holder uses hold on top of the hole, the DNA may stick to the flat top

a packing material made from a dry film resist layer. of the pipette [Fig. 7(a), (b)]. A larger distance between
the pipette opening, where the bead is captured, and the
A. Pipette Fabrication pipette surface would be preferable.

Shape 2 can be achieved by an isotropic under etch of the
trench done by RIE [Figs. 5(d), 6(2), 7(c), (d)] or by a
wet etching. A problems with a wet etching process can
be the wetting of the trench. Advantage of the isotropic
etch is that the etched result is independent of the crystal
orientation of the silicon with respect to the mask layout.
When KOH etch solution is used [Fig. 6(3)], the walls of
the channel will be very smooth (silicon [111] planes).
Disadvantage is that the obtained result depends on the
crystal orientation of the silicon.

Shape 4 also makes use of KOH [Figs. 6(4), 7(e), (f), (i)]
has the advantage that the size of the channel easily can
be regulated by the trench depth, and there is no need for

The outline of the basic steps of the buried channel tech- ’
nology is given in Fig. 5. A Jzm-wide trench, that is made in
silicon by reactive ion etching (RIE) (step a) is coated with a pro-
tection layer (thermal oxide) (step b). The layer is removed from
the bottom of the trench by RIE (step c), and the buried structure
is made by an isotropic etch of the trench (step d). Then the pro- |
tection layer is removed and the structure is made by growing
in the trench a layer of LPCVD silicon nitride (step e€). Next the
surrounding silicon is etched away in KOH resulting in a mi-
cropipette (step f). Due to the BCT process, the opening of the |
pipette will be on the top side of the pipette by making the etch
trench partly more wider.

The directintegration of the micropipettes in the flow channel ' . ) )
is possible due to the fact that BCT is a single-wafer process, is bottom etching of the trench. Disadvantage is again that

. . ) . the obtained result depends on crystal orientation.
self-aligned and uses one-sided processing without the neecﬂ ofh 2 and sh 3 the depth of the struct d thih
complicated assembling techniques. nshape = and shape s, the depth ot the structure undernea €

surface can be tuned by the deth of the trench [Fig. 5(c)].

The trench depth is limited by the widtlw) of the trench and

by the maximum aspect ratio that can be achieved during RIE
Based on the principle of BCT four different shaped pipettegching [18]. The other limit to the trench depth is the easiness

have been processed (Fig. 6). in removing the trench bottom.

B. Different Micropipette Shapes
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Fig. 7. (a) Free standing micropipette of shape 1; (b) detail of the pipette tip showing the hole with a diameter. ¢€)LFree standing micropipette of shape 2,
using mask layout | (opening;Am); (d) detail of this pipette tip (top view). (e) Free standing micropipette of shape 4, using mask layout | (opemijdf) detail

of this pipette tip (top view). (g) Micropipette of shape 2, using mask layout Il to achieve a more circular-like opening; side view; (h) top vieswofipktite

of shape 4 (KOH shape), usng mask layout II.

C. Integration of Micropipette Opening Fig. 7(g)-(i), the mask layout type Il gives better results for

The mask layouts shown in Fig. 8(a) are used to integrattée pipette opening definition since the opening is separated

an opening for the pipette. All the process steps from Fig.[§?m the trench.

step (a) until step (e) are done with this mask. Cross sections'he connection of the pipette opening to the pipette tube with
in direction of B, C, D, and A, are shown in Fig. 8(b) andnasktype |is automatically done when the trench is etched (step
(c), respectively. The circular opening in the mask layout ¢&) in Fig. 5). For the mask type Il, until step (c), the two parts
type | is deformed by the influence of the trench as can lod the pipette are still separated. Due to the under etching of
seen in Fig. 7(c), (d). Due to this artefact, a second mate trench in step (d) the two parts will connect [Figs. 8(c) and
layout, type I, has been integrated. As can be observed7(g)-(i)].
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Fig. 8. (a) Two different mask layouts (top view) to integrate an opening in the pipettes made by BCT. (b) Cross section in the B, C, and D plane df the burie
channel. (c) Integration of the micropipette opening: cross section of the pipette in direction of A using the two mask layouts.

Many micropipettes are simultaneously integrated in a flow
channel of 10Q:m height, 50Q.m wide and 3 cm long (Fig. 9).
This small channel volume, 2l, requires only very small
sample volume. The micropipettes shown have a length of ca.
130 m, width of 5-10xm, and a circular-like opening of 1

pm. f' y

D. Flow Channel

s
-

From Fig. 4 it can be seen that the micropipettes connections i
and the upper part of the flow channel are made in Pyrex glass. |
The Pyrex wafer is patterned and etched in 50% HF solution by
using a lum sputtered silicon layer as mask. The next step is the
powder blasting through the Pyrex wafer creating the 800 Fig. 9. several micropipettes on their silicon support above the surface.
diameter connection holes [15]. For this, a layer of dry film resist
(Ordyl BF405) is deposited on the other side of the Pyrex wafer
(not the structured side) and patterned with photolithograp
and developed in 0.2% N&0Os solution. Then, the Pyrex wafer el S
is diced, the sputtered Si mask is removed by KOH and the flc ;
channel side is anodically bonded to the silicon wafer in ord
to assemble the flow cell.

E. Holder and Device Connection

The fluidic connections between the flow cell and a holde
uses a new packing material instead of a macroscopic conn
tion (like a Viton O-ring causing a large dead volume). Thi
packing material is, again, the dry film resist (Ordyl BF405
The dry film is patterned with photolithography. After drying,
the film is applied onto the flow cell and heated to $1QCfor a
good adhesion. When the flow cell is mounted into the holder
simultaneously clamping and heating of the Ordyl is done for
tight connection. A schematic representation of the connection
between the flow cell and holder is shown in Fig. 10. Fig. 10. Overview of the holder with details of connections.
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Fig. 11. Making
channel.

Fig. 12. Sticking of polystyrene beads on a silicon nitride micropipette.

V. RESULTS AND DISCUSSIONS

Tests, performed with shape 2 micropipettes, have shown
that the pipettes are open (Fig. 11). As can be seen the mi-

cropipettes can be used to locally inject small air bubbles into
a fluid flow.

From the first experiments with the polystyrene beads
and micropipettes in a flow channel it could be seen that
the beads were sticking to the silicon nitride. Fig.12 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{0 pN). The beads on
the pipette could easily be removed when the flow cell was
washed with 1% SDS (sodium dodecyl sulfate) solution or
with BSA (bovine serum albumin).

Fig.13(a) shows a micropipette and a bead that is gripped by
the optical tweezers. Then, the bead is transferred to the pipette

opening and gripped, Fig. 13(b).
In Fig. 14(a), 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 (2 nm). By moving the
pipette away from the optical trap the DNA molecule is
stretched, Fig. 14(b).

Fig. 13.

243

(b)

(a) A 2um polystyrene bead hold by the optical tweezers next to the
micropipette. (b) The bead is gripped by the micropipette.

(b)

The force-extension curve obtained with the micromachin

Fig. 14. Two beads gripped on a micromachined pipette and by the optical
ezers having a DNA molecule (not observable) hold in between: (a) no force

flow cell and micropipettes, Fig. 15(a), shows a similar behaviapplied and (b) 30 pN force applied.
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VI. CONCLUSION
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