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Abstract

A new flow-through micromachined device for chemical reactions on beads has been designed, manufactured, and characterized. The
device has an uncomplicated planar design and microfabrication process. Both nonmagnetic and magnetic beads can be collected in the
reaction chamber without the use of external magnets. The sample flow-through volume of liquid or gas is adjustable and unlimited. The
device is sealed with Pyrex to allow real time optical detection of the chemical reactions. At a constant pressure of 3 kPa at the inlet the
flow rate for water is about 3.5 wl/min without beads in the filter chamber, for all the designs. The smallest reaction chamber has a
volume of 0.5 nl and can collect approximately 50 beads with a diameter of 5.50 wm. At a constant pressure of 3 kPa at the inlet, the
flow rate for water is about 2.0 .1 /min when the reaction chamber is completely packed with beads. Hence, the flow rate decreases with
about 40% when the reaction chamber is packed with beads. The flow-through microfluidic device is not sensitive to gas bubbles, and
clogging of the filter is rare and reversible. The beads are easy to remove from the reaction chamber making the micromachined
flow-through device reusable. A new and simple technique for fluid interconnection is developed. © 2000 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Microfluidic devices for manipulating microspheres
have, until today, mainly involved magnetic microspheres
and have primarily focused on magnetically activated sepa-
rations [1].

Microspheres, also known as beads, are routinely used
as the mobile solid phase in medical diagnostics, micro-
biology, cancer research, immunology and molecular biol-
ogy for separation, synthesis and detection of molecules.
The uniformity of the beads and their precisely defined
size ensure that each bead has identical chemical and
physical properties. Beads are available in several different
materials and sizes (a few nanometers to millimeters in
diameter). The surface chemistry of the beads can be
modified with various functional groups rendering the
beads hydrophaobic, hydrophilic, fluorescent, or active to-
wards special ligand binding proteins.
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In order to perform and detect chemical reactions on
beads, they must be confined to a limited volume. Param-
agnetic beads, i.e. beads with a magnetite (Fe;O,) core
sealed in a polymer shell, are extensively used today
because they can be conveniently separated by applying
external magnets [2]. However, magnetic principles are not
always advantageous in micro total analysis systems (.-
TAS) applications. External magnetic systems complicate
precision handling and result in a bulky system. Incorpora-
tion of magnetic components on wafer level is aso a very
complicated process [3].

To perform chemical reactions on nonmagnetic and
magnetic beads, a flow-through microfluidic device for
bead trapping has been designed, manufactured, and char-
acterized.

The device has an uncomplicated design and is batch
fabricated by deep reactive ion etching (DRIE). It is sealed
by anodically bonded Pyrex to enable real time optical
detection.

Although a wide range of different w-TAS has been
demonstrated [4], efficient standard interconnections be-
tween these devices and the macroscopic world are not yet
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available [5]. Therefore, a new and simple melt-on method
for conveniently fixing external tubes to the chip was
developed.

The great assortment of available beads and the charac-
teristics of the device presented in this paper open up the
possibility to miniaturize many experiments that are today
performed in test tubes or microtiter plates. In addition, the
flow-through microfluidic reaction chamber may have a
potential role in applications not involving beads, i.e.
cell—cell separations, cell deformability tests and particle
filtration [6,7].

2. Design

A simple design for a particle trapping component in a
flow-through device consists of a grid of small pillars. The
variable number of pillars, composing the filter, can have
different shapes and pitch. The geometrical placement of
the pillars is constrained by three demands. Firstly, the
flow resistance of the filter must remain within certain
limits. Secondly, the filter should not be sensitive to
clogging. Finally, the collected beads should be held within
a relatively small confined area to facilitate detection.
Some basic micro filter designs are presented in Fig. 1.

In Fig. 1(a) the filter is placed inside a flow channel.
The number of pillarsis limited by the channel width. For
a narrow channel (50 p.m) this means a small number of
pillars (20) resulting in a high sensitivity for clogging
(design 9 in this study). In Fig. 1(b) the channel is widened
at the entrapment location. This design diminishes the risk
for clogging and results in homogeneous flow character-

(a)

Fig. 1. Different micro filter designs. (&) The filter pillars are placed
inside the channel. (b) The channel is widened at the bead trapping
location. (c) The filter pillars define a square reaction chamber where the
beads are collected.
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Fig. 2. A schematic of the micromachined flow-through device.

istics over the filter. One drawback for the detection is that
the beads are confined to a long strip instead of a small
sguare or round area. The design in Fig. 1(c) does not
suffer from this restriction. The pillars define a square
reaction chamber in which the beads are trapped. A larger
number of pillars (70-790) congtitute the filter, which
resultsin a less clogging sensitive filter. The design in Fig.
1(c) fulfils the design criteria mentioned above and was
therefore chosen for fabrication and evaluation.

A schematic of the complete flow-through microfluidic
device is shown in Fig. 2. The beads are applied at the
inlet and collected in the reaction chamber. The waste
chamber is surrounding the reaction chamber and con-
nected to the outlet.

The sampl e flow-through does not displace the beads or
their surface functional groups and multi-step reactions can
be implemented at one location in the microfabricated
device. Severa different designs were included in the
study to evaluate the bead capture efficiency, mechanical
strength of the pillars, and fluid dynamics of the reaction
chamber. In addition, a comparison was made between a
micromachined filter in a channel (Fig. 1(a)) and the
designs presented here (Fig. 1(c)).

3. Fabrication

The flow-through device was manufactured using stan-
dard photolithographic procedures and bulk micromachin-
ing of slicon. The two-level-mask fabrication process
involves a limited number of techniques, i.e. DRIE and
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anodic bonding. Hundred millimeter in diameter 525 pum
thick p-doped silicon (100)-wafers were used as starting
material. Photoresist (1.5 wm thick) constitutes both etch
masks. First, the front side was patterned and etched using
DRIE (Surface Technology Systems, UK) defining the
inlet channel, reaction chamber, filter, waste chamber and
outlet channel. To seal the device, a 170, 300 or 500 wm
thick Pyrex glass wafer was anodically bonded to the front
side. The backside was then patterned and a second DRIE
step creates fluid connections. The silicon—glass stack was
sawed into 9 X 5 mm chips.

roughened surface

1. DRIE silicon surface
roughening around the fluid
openings.

PE tube

guide wir:%

2. A guide wire ensures proper
alignment of PE tube and fluid
openings

3. A brief melting of the PE tub
ensures perfect attachment.

4. Epoxy gives additional strength to
the assembly.

Fig. 3. Attachment of the fluid connectors by using a new melt-on
method.

External polyethylene (PE) tubes were used as fluid
connectors and were fixed to the chip in a multi-step
procedure as schematically shown in Fig. 3. A mask-de-
fined silicon surface roughening was performed around the
fluid openings by the second DRIE to ensure good adhe-
sion of the PE tubes. A guide wire was used to align the
PE tube with the fluid openings on the chip during the tube
fixing process. The silicon—glass stack was shortly heated
to generate alocal melting of the PE tube onto the chip. To
give additional strength to the assembly, the interface
between the chip and the PE tubes was covered with epoxy
glue.

4. Experimental

The dimensions of the micromachined structures were
measured using a scanning electron microscope and com-
pared with the original specifications. The consistency of
the filter pillar dimensions within a reaction chamber and
between different reaction chambers was measured.

The fluid behaviour of the flow-through micromachined
device was first investigated for water without beads. A
constant pressure of 3 kPa was applied at the inlet and the
flow rate was determined by measuring the speed of the
liquid column. To test the ability of the reaction chamber
to collect beads and concurrently enable unlimited flow-
through, streptavidin coated beads of two different materi-
als and sizes were used, i.e. polystyrene beads with a
diameter of 5.50 wm (Bangs Laboratories, IN, USA) and
magnetic Dynabeads with a diameter of 2.8 pm (Dynal,
Norway). The bead solutions were applied manually with a
pipette under a standard light microscope with 40 X objec-
tive. To enable detailed observations of individual beads in
the microfluidic device, the beads were applied at a low
concentration (10000 beads/ml). Samples at the outlet
were collected and controlled under the microscope to
confirm that beads do not pass through the filter.

5. Results

Table 1 presents the different design parameters of the
filter-chamber for chemical reactions on beads. Design 9 is
a channel with a filter inside (see Fig. 1(a)), which is used
for comparison with the new designs (see Fig. 1(c)).

Fig. 4 shows a scanning electron microscope (SEM)
photo of the new microfluidic device (design 1) for bead
trapping defining inlet channel, reaction chamber, filter
pillars, waste chamber and outlet channel. The respective
scale bar appears at the bottom of all the SEM figures. A
higher magnification of the reaction chamber is shown in
Fig. 5in atop (a) and side (b) view, while Fig. 6 shows
the filter pillars in detail. The scalloped pattern is a result
of the gas switching in the DRIE process.
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Table 1

A summary of the different designs of the flow-through micromachined device where V is the filter chamber volume, W the pillar width, L the pillar

length, and H the pillar height

Design Reaction chamber Pillar W, Pillar spacing Number Inlet channel Outlet channel
V (nl) L, H (um) (m) of pillars W, L, H (unm) W, L, H (um)
1 0.5 3,10, 50 2 70 50, 2450, 50 100, 2250, 50
2 20 3,10, 50 2 152 50, 2450, 50 100, 2000, 50
3 125 3,10, 50 2 392 50, 2250, 50 100, 1785, 50
4 50.0 3,10, 50 2 792 50, 1300, 50 100, 1480, 50
5 0.5 3,5,50 2 70 50, 2450, 50 100, 2250, 50
6 0.5 3, 20, 50 2 70 50, 2450, 50 100, 2250, 50
7 125 3,10, 50 3 320 50, 1300, 50 100, 1785, 50
8 125 5, 10, 50 4 220 50, 1300, 50 100, 1785, 50
9 10 3,10, 50 2 20 50, 2285, 50 100, 2225, 50

ges1 26KV X200 180vm WD19

Fig. 4. A SEM overview of the flow-through micromachined device
(design 1).

The dimensions of the measured structures are in good
agreement with the original specifications. The microma
chined structures are found to have high uniformity indi-
cating a uniform and reproducible fabrication process.

The melt-on method for fixing the external PE tubes to
the chip was found to be very convenient and reliable. It
results in robust, precisely positioned interconnections to
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the macroscopic world with low dead volumes. It is mainly
the epoxy glue which gives the assembly the robustness.

To investigate the fluid behaviour of the microfluidic
device, water without beads was first applied. The flow
rate for water was about 3.5 wl/min for al the designs
presented in Table 1 when a constant pressure of 3.0 kPa
was applied at the inlet. The different filter dimensions and
number of pillars proved to have no significant influence
on the pressure drop for water.

The reaction chamber was easily packed with beads
while observed through the microscope. The beads pass
freely through the inlet channel and pack the reaction
chamber from bottom to top. All designs successfully
capture beads with a diameter of 5.50 wm. No beads were
observed to pass through the filter, hence no beads were
found in the filtered liquid at the outlet when controlled
under the microscope.

The smallest reaction chamber (design 1, 5, 6) has a
volume of 0.5 nl and can hold about 50 beads with a
diameter of 5.50 p.m. There is no upper limitation of the
flow-through volume of liquid or gas, which is important
when working with very low sample concentrations. The
smallest volume required to fill the device is 3.0 nl (the
volume of the inlet channel and reaction chamber).

T
! |
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Fig. 5. SEM images of the reaction chamber (design 1) in top () and side (b) view.
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Fig. 6. A high magnification of the pillars constituting the filter in the

reaction chamber (design 1). The scalloped pattern is a result of the gas
switching in the DRIE process.
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The flow rate for water was about 2.2 .l /min (when a
constant pressure of 3.0 kPa was applied at the inlet) for
al the designs when the reaction chamber is completely
packed with beads. Hence, the flow rate decreases with
about 40% when the reaction chamber is packed with
beads. The different dimensions of the reaction chamber
and number of pillars did not affect the flow rate signifi-
cantly.

Analytical calculations were performed to verify the
pressure drop over the different components, i.e. the inlet
and outlet channel, and the filter in the reaction chamber
without beads. Poiseille’'s law was used for calculating
the pressure drop over the channels [8]. The pressure drop
over the filter was calculated as for a number of paralléel
short channels using

AP=Q,Cp/2AD} (1)

where AP is the pressure drop, Q, the volumetric flow, C
the friction coefficient (96 for rectangular cross-section
w>> h), u the fluid dynamic viscosity, A the cross-sec-
tional area of flow path and D,, the hydraulic diameter [9].
Eg. (1 is valid when 2<L/D, <50 where L is the
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length of the channel [8]. In Table 2 the calculated pressure
drop for the in- and outlet channel and the filter at a flow
rate of 3.5 wl/min is presented. For comparison, the
applied pressure to achieve the same flow rate (3.5 | /min)
is included in Table 2. The theoretic and experimental
results are in very good agreement. It can be seen that the
main pressure drop is across the inlet and outlet channels
even for the smallest filter design.

Clogging of thefiltersis rare and can easily be removed
by applying back-pressure. It was concluded that designs
1-8 are much less sensitive to clogging than design 9. This
is probably due to the larger filter area present in designs
1-8. Design 9 is a channel with only 20 pillars constituting
the filter compared to 70—790 pillars for design 1-8.

Selectivity tests were performed on design 7 and 8
using a mixture of 2.8 wm and 5.50 pm beads. The larger
beads were efficiently captured in the reaction chamber
while the smaller beads easily passed through the filter.

Gas bubbles present in the samples did not affect the
device performance. The beads can easily be removed out
of the reaction chamber by applying back-pressure. After
removing the beads and carefully cleaning of the microma:
chined flow-through device, it can be reused.

6. Discussion

The flow-through micromachined reaction chamber pre-
sented here collects both nonmagnetic and magnetic beads.
Nonmagnetic beads have lower density resulting in im-
proved fluid dynamic behaviour in w-TAS compared to
magnetic beads.

The batch fabrication process of the flow-through mi-
crofluidic device is simple and reproducible, involving
only two masks and two different processing techniques.
These are important factors in terms of parallellization and
producing cost effective economical w-TAS. The chip
dimensions (9 X 5 mm) were chosen to simplify practical
handling and can be further reduced if required. The
smallest reaction chamber of 0.5 nl, collecting approximate
50 beads, can also be further miniaturized if a reduced
number of beads or flow-through volume are of interest.

Table 2

Calculated and applied pressure drop (at the inlet) for a constant flow rate of 3.5 wl/min

Design  Calculated pressure  Calculated pressure  Calculated pressure  Calculated total Applied pressure Calculated vs.
drop across the drop across the drop across the pressure drop (kPa) to obtain aflow  applied pressure
inlet (kPa) outlet (kPa) filter (kPa) (inlet, outlet and filter) (kPa)  rate of 3.5 wl/min drop (%)

1 17 0.5 0.3 25 3 83

2 17 04 0.1 22 3 73

3 16 0.4 0.04 2.0 3 67

4 0.9 0.3 0.02 12 3 40

5 17 0.5 0.1 23 3 7

6 17 0.5 0.5 2.7 3 90

7 16 0.4 0.02 2.0 3 67

8 1.6 04 0.01 2.0 3 67

9 16 0.5 0.9 3.0 3 100
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To seal the device, different thicknesses (170-500 pm)
of Pyrex were used to enable real time optical detection of
the chemical reactions on the beads in the reaction cham-
ber. The thinnest Pyrex wafer will be used for detection of
chemical reaction generating only a few photons. Since the
sample flow-through does not displace the beads or their
surface functional groups multi-step reactions can be im-
plemented at one location in the microfabricated device,
facilitating optical detection.

The sample flow-through rate is adjustable, which is
important when performing chemical reactions on beads
[10]. Unlimited flow-through volumes of gas and liquid are
realized allowing detection of rare molecules or biological
species (at or below 100 copies/ml) [11]. The flow-through
microfluidic reaction chamber reduces the accumulation of
by-products resulting in increased reaction and detection
sensitivity compared to a closed system (i.e. microtiter
plates).

The different designs of the reaction chamber included
in the study do not significantly affect the device perfor-
mance (i.e., bead capture, air bubble sensitivity, pressure
drop) for bead assays as long as the pillars congtitute a
mechnaical barrier. Analytical calculations showed that the
largest pressure drop is located across the inlet and outlet
channels. The reaction chamber and filter dimensions can
therefore be optimized for bead size and chemical reaction
parameters. For cell-based assays, the filter dimensions are
important. For example, when filtering cells it is important
that the cells pass through the filter as quickly as possible
to reduce cell activation, stiction and cell rupture [12].

For performing chemical reactions on the beads in the
microfluidic device, it is important that the flow resistance
remains low when the reaction chamber is packed with
beads. Otherwise, it is difficult to pump the reactants
through the reaction chamber. For the devices presented
here, the flow rate decreases with 40% when the reaction
chamber is packed with beads. This corresponds to a flow
of about 2 .l /min, which is still well within the margins
for p-TAS.

Future devel opments include solid-phase DNA sequenc-
ing, automatic introduction of beads by using micropumps,
parallellization and device fabrication using plastic replica
tion techniques.
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