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Abstract. Miniaturization and silicon integration of micro enzyme reactors for
applications in micro total analysis systems (µTASs) require new methods to
achieve structures with a large surface area onto which the enzyme can be
coupled. This paper describes a method to accomplish a highly efficient silicon
microstructured enzyme reactor utilizing porous silicon as the carrier matrix. The
enzyme activity of microreactors with a porous layer was recorded and compared
with a microreactor without the porous layer.

The microreactors were fabricated as flow-through cells comprising 32
channels, 50 µm wide, spaced 50 µm apart and 250 µm deep micromachined in
〈110〉 oriented silicon, p type (20–70 � cm), by anisotropic wet etching. The overall
dimension of the microreactors was 13.1× 3.15 mm. To make the porous silicon
layer, the reactor structures were anodized in a solution of hydrofluoric acid and
ethanol. In order to evaluate the surface enlarging effect of different pore
morphologies, the anodization was performed at three different current densities,
10, 50 and 100 mA cm−2.

Glucose oxidase was immobilized onto the three porous microreactors and a
non-porous reference reactor. The enzyme activity of the reactors was monitored
following a colorimetric assay.

To evaluate the glucose monitoring capabilities, the reactor anodized at
50 mA cm−2 was connected to an FIA system for glucose monitoring. The system
displayed a linear response of glucose up to 15 mM using an injection volume of
0.5 µl.

The result from the studies of glucose turn-over rate clearly demonstrates the
potential of porous silicon as a surface enlarging matrix for micro enzyme reactors.
An increase in enzyme activity by a factor of 100, compared to the non-porous
reference, was achieved for the reactor anodized at 50 mA cm−2.

1. Introduction

In the development of micro total analysis systems,µTASs,
new components and concepts are reported frequently [1, 2].
An overall trend in this progress is towards materials
more dedicated to the application, such as in [3] and [4].
Today, microsensors for low-molecular-weight compounds,
such as pO2, pH and pCO2, are commonly integrated in
these microsystems [5]. However, for the recording of
more complex compounds, e.g. glucose, lactate, glutamate
or acetylcholine, enzymatic detection is a prerequisite.
For long-term stability and continuous monitoring of
biomolecules the use of enzyme reactors in a flow-through
system has become a standard technique.

A key issue in the design of enzyme reactors is the
surface enlarging properties of the carrier matrix in the
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reactor. This becomes even more pronounced when enzyme
reactors are being miniaturized and integrated with other
µTAS components. Our earlier work on microreactors has
utilized anisotropic wet etching of〈110〉 oriented silicon
to micromachine a surface enlarging structure comprising
channels with vertical walls [6]. Other groups have
investigated microreactor designs having either a long
single v-groove [7] or several parallel v-grooves [8]. The
most efficient design of these micro enzyme reactors, in
terms of achieved reactor area versus occupied wafer area,
is the parallel trench structure comprising vertical trenches.
However, all these microreactors still suffer from lack of
long-term stability due to the relatively low surface area
of the coupling matrix: planar silicon surfaces. A porous
surface of the flow channels would increase the surface area
for enzyme coupling.

Porous silicon as a material for chemical sensor
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Figure 1. The reactor design having 32 trenches; 50 µm
wide and spaced 50 µm apart. The length of the trenches
was 11 mm on the original mask. The overall dimensions
of the reactors on the mask were 13.1 mm× 3.15 mm.

applications has previously been reported [9], where a
porous silicon frit provides the electrochemical bridge
contact for the reference electrode. Work utilizing porous
silicon as a biosensor substrate material has also been
reported [10]. Our group has recently reported the
application of porous silicon as a carrier matrix for
immobilized enzymes [11], and also demonstrated its
potential use in micro enzyme reactors.

To accomplish the long-sought goal of continuous
glucose measurements, utilizing a biosensor based on
enzymatic detection with micro enzyme reactors, several
problems must be surmounted. A most important issue
is to be able to couple such large amounts of enzyme to
the microreactor that long-term viability is accomplished.
Our previously reported reactor designs [6] have shown that
efforts in increasing the surface area available for enzyme
coupling in the microreactor yield a proportional increase
in enzyme activity. However, for long-term stability of the
monitoring, new methods to further increase the surface
area of the microreactors must be investigated.

This paper reports porous silicon on a structure of
several parallel vertical channels resulting in a superior
increase (100 times) in enzyme activity when compared to
an identical microreactor without the porous silicon layer.
The concept is novel and the results clearly demonstrate the
potential of porous silicon as a coupling matrix in silicon
micro enzyme reactors.

2. Materials and methods

2.1. Reactor fabrication

The design of the microreactor comprised two basins for
the flow inlet and outlet interconnected via an 11 mm
long trench structure having 32 channels; 50µm wide and
spaced 50µm apart (figure 1). The total occupied wafer
area of the reactor was 41.3 mm2 (3.15 mm× 13.1 mm).

For the fabrication 380µm thick 〈110〉 oriented silicon
wafers were used. The wafers were of p type with a
resistivity of 20–70� cm. To make good p+ back contact,
for the subsequent electrochemical anodization procedure,
the back sides of the wafers were ion implanted with boron
(100 keV, 5× 1015 atoms cm−2). After the implantation,
a 1.1µm thick mask oxide was thermally grown in wet
oxygen, at a temperature of 1050◦C. This step consumed
0.5 µm of the ion implanted silicon. However, the
remaining doping of the underlying silicon sufficed for a
good electric contact.

Figure 2. The in-house designed anodization cell.

Standard lithography methods were applied to pattern
the silicon dioxide masking layer. The structures were
etched in KOH (70 g/100 ml H2O) for 2 h at 80◦C.
Ultrasonic agitation (Sonorex Super Digital 10 P, Bandelin,
Germany) was used during the anisotropic etching. After
the etching, the silicon dioxide etch mask was removed in
HF.

2.2. Porous silicon fabrication

A porous silicon layer on the front side (channel side) of
each microreactor structure was achieved by anodizing the
structures in a solution containing HF (48%) and ethanol
(96%), mixing ratio (1:1). For the anodization an in-
house fabricated sample holder was used (figure 2). The
anodization was performed at constant current densities of
10, 50 or 100 mA cm−2. A magnetic stirrer in the HF
solution removed gas bubbles from the reactor surface.

After anodization the porous microreactors obtained
were thoroughly rinsed in H2O and stored for several days
in H2O at 8◦C, prior to the enzyme coupling.

2.3. Enzyme coupling

Glucose oxidase was coupled to the porous microreactor
surfaces, following a standard procedure for immobilizing
enzyme to silica [6]. As a reference, a microreactor
without a porous layer was also subjected to the enzyme
immobilization procedure. The enzyme was immobilized
on the non-porous and the three porous microreactors
simultaneously. The immobilization was performed in
beaker solutions, thus enzyme was coupled to the entire
chip. After the immobilization the microreactors were
stored in phosphate buffer solution, PBS (pH 7), at 8◦C.

2.4. Enzyme activity monitoring—steady state

The enzyme activity of the micro enzyme reactors was
monitored following a colorimetric assay, previously
reported in [6]. To achieve a flow-through cell where only
the enzyme activity of the surface within the reactor was
monitored, the reactor under evaluation was mounted in an
in-house designed fixture (figure 3(a)) fabricated in Perspex.
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(a)

(b)

Figure 3. (a) The Perspex fixture for the micro enzyme reactor. (b) The system set-up for the enzyme activity determination.

As a seal between the top surface of the reactor and the
Perspex lid, a sheet of latex was used (figure 3(a)). A
colorimetric hydrogen peroxide reagent, i.e. Trinder reagent
[12], containing peroxidase and glucose, was pumped
through the reactors (figure 3(b)). The resulting colour
shift due to the conversion of hydrogen peroxide, produced
by the GOD catalysed glucose turn-over, was monitored
by a Waters 486 tunable absorbance detector (Millipore,
Millford, MA, USA). The reactors were exposed to glucose
concentrations from 0.1 to 5 mM. The measurements were
performed for each glucose concentration at increasing
flow rates until enzyme kinetic conditions prevailed. The
enzyme activity of the different reactors was calculated
from the monitored absorbance shift [6].

2.5. Glucose measurements—flow injection mode with
O2 recording

In order to study a porous micro enzyme reactor
in a measuring situation the microreactor anodized at
50 mA cm−2 was connected to an FIA system (figure 4).
The reactor was perfused with PBS and samples containing
glucose in PBS were injected into the flow using an
electrically controlled injection valve, C24Z (VICI, Valco
Instruments, Houston, TX, USA). The injection volume
used was 0.5µl. The conversion of glucose was recorded
by monitoring the oxygen consumption with an in-house
fabricated Clark type electrode, previously described in
[13]. The electrode current was recorded with a Keithley
428 current amplifier (Keithley, Cleveland, OH, USA). To
set the flow rate, 25µl min−1, of the mobile phase (PBS)
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Figure 4. The flow injection set-up.

Figure 5. An SEM view of a microreactor without the porous layer. Note the loss in trench length at the beginning of the
trenches.

an in-house built syringe pump (stepping motor controlled)
was used. The whole system was computer controlled using
LabVIEW software from National Instruments, Austin, TX,
USA.

3. Experiments and results

3.1. Reactor fabrication

Anisotropic wet etching to achieve a trench structure with
several parallel trenches, using the vertical{111} etch stop
planes in (110) silicon, inherently results in a loss of
trench length due to the exposed convex corners at the wall
endings. This reduced the achieved length of the trenches
compared to the original design of the microreactor, in
this case a total loss of trench length of 1 mm/trench was
noted. Thus, the resulting geometry of the microreactor
was a 10 mm long parallel trench structure comprising 32

trenches, 50µm wide and 250µm deep (figure 5). The
reactor dead volume was 6.3µl.

The total surface area in the microreactor available for
enzyme coupling, including the two basins at each end of
the trench structure and the surface of the channels (walls
and bottoms), was 189.5 mm2. The gain in surface area
available for enzyme coupling can be expressed in terms of
a normalized reactor area (NRA).

NRA = total reactor surface area

occupied wafer area
.

The fabricated trench type microreactor had an NRA factor
of 4.6, since the totally occupied wafer area of each reactor
was 41.3 mm2.
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(a)

(b)

(c)

Figure 6. SEM view cross sections of the three porous reactors, anodized at (a) 10 mA cm−2 (10 min), (b) 50 mA cm−2

(5 min) and (c) 100 mA cm−2 (5 min).
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(a)

(b)

(c)

Figure 7. Side views of the porous channel walls: (a) 10 mA cm−2; (b) 50 mA cm−2; (c) 100 mA cm−2.
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3.2. Porous silicon fabrication

Porous silicon of three different morphologies was obtained
on the microreactors by anodizing the reactor structures
at 10, 50 or 100 mA cm−2. The 10 mA cm−2 reactor
was anodized for 10 min and the 50 and 100 mA cm−2

reactors were anodized for 5 min. The difference in
anodization time was to compensate to some extent for the
increasing pore propagation rate at higher current densities.
In spite of the shortened anodization time, the enzyme
reactors anodized at higher current densities displayed a
much thicker porous layer, as can be seen in the cross-
section SEM views in figure 6.

The average depth of the porous layer on the standing
trench walls (table 1) was estimated from figure 6.

The surface morphologies achieved at different current
densities are revealed in figure 7. The ‘dried lake’ texture
of the trench wall surface is particularly pronounced at
increasing current density and at the lower part of the
walls. Higher current density favours the formation of
larger pores [14] which results in the ‘dried lake’ texture.
This can also be an explanation of the larger pores at the
bottom of the trenches, since the current density increases
at these locations due to the sharp edges. At these locations
minority charge carriers (holes), which are essential for the
pore formation process, are attracted [15] and larger pores
are formed.

3.3. Enzyme activity monitoring

The enzyme activity of the non-porous reference and the
porous enzyme reactors was recorded by perfusing the
reactor with glucose in Trinder reagent. A measurement
of the colour shift, recorded by the absorbance detector,
was achieved by switching the flow path to either perfuse
the reactor or bypass it (figure 3(b)). The enzyme activity
is calculated from the recorded absorbance shift,1 Abs.

The absorbance response was recorded for the
microreactors at increasing flow rates. By increasing the
flow rate the subversion of glucose reached the conditions
where the reaction was limited by the enzyme kinetics, and
thus not substrate diffusion limited. A typical absorbance
recording of 0.5 mM glucose for the microreactor anodized
at 50 mA cm−2 is presented in figure 8. The sharp peak
appearing each time the reagent was passed through the
reactor was due to the progress of the enzymatic reaction
in the stagnant reactor volume during bypass.

The enzyme activity and thus the glucose turn-over rate
(the number of catalysed glucose molecules per time unit)
was calculated from the absorbance shift and the molar
absorption coefficient of the colour compound [6]. The
turn-over rate versus flow rate recorded at 0.5 mM glucose
for the microreactors is presented in figure 9.

The enzyme activity of the microreactors was calculated
from absorbance measurements performed at 0.1, 0.5, 1,
2 and 5 mM glucose. The enzyme activity at each
glucose concentration was estimated at the maximum
flow rate employed, which ensured that enzyme kinetics
prevailed. The recorded turn-over rate versus the glucose
concentration for the three porous micro enzyme reactors
is presented in figure 10.

Figure 8. The absorbance at 0.5 mM glucose for the
50 mA cm−2 reactor recorded at increasing flow rates.

From figure 10 it is evident that the maximum turn-
over rate (Vmax) was not reached for any of the porous
microreactors since it was impossible to apply high enough
flow rates to the system at higher glucose concentrations.

To be able to evaluate the surface enlarging effect
of the porous layer, althoughVmax was not reached,
the highest recorded turn-over rate (V̂ ) was used to
estimate the enzyme activity amplification of the porous
reactors as compared to the non-porous reference reactor.
The amplification factor of the enzyme activity was
calculated for the different microreactors for three glucose
concentrations, 1, 2 and 5 mM (table 2).

3.4. Glucose measurements—flow injection mode with
O2 recording

Measurements were performed on samples of glucose (0.5–
25 mM) using a 0.5µl injection volume. Three samples of
each glucose concentration were injected with an interval
of 240 s in the mobile phase, PBS (pH 7), at a flow rate
of 25 µl min−1. A flow injection sequence (0.5–9 mM)
recorded by a Clark electrode is seen in figure 11.

The peak area average at each glucose concentration
(0.5–25 mM) is seen in the calibration plot in figure 12.

4. Discussion

The achieved results demonstrate the potential in combining
porous silicon and standard methods of microstructuring
to achieve highly efficient micro enzyme reactors. As
indicated in the cross section SEM views (figure 6),
the current density during the anodization determines the
thickness of the porous layer. Also, at higher current
density a more pronounced piping of pores perpendicular
to the surface is noted. For the reactors anodized at
higher current density, the surface of the trench walls
displays a ‘dried lake’ texture (figure 7). In the case of
the 50 mA cm−2 reactor the ‘dried lake’ texture was only
visible at the lower part of the trench walls. This is due
to the process of pore formation, earlier demonstrated by
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Table 1. The depth of the porous layer.

Current density

10 mA cm−2 50 mA cm−2 100 mA cm−2

Anodization time (min) 10 5 5
Porous depth (µm) 1 7 12

Table 2. The amplification of the enzyme activity for the three porous microreactors versus the non-porous reference reactor.

Enzyme activity amplification

Glucose conc.
(mM) 10 mA cm−2 50 mA cm−2 100 mA cm−2

1.0 48 85 56
2.0 57 116 70
5.0 51 95 41
Mean±std. 52± 5 99± 16 56± 15

Table 3. The IF factor for different reactor designs. It should be noted that for the non-porous reference the highest recorded
turn-over rate (V̂ ) was used as Vmax .

Total reactor area Vmax IF
Structure (mm2) (nmol min−1) (nmol min−1 mm−2)

20 µm reactor [6] 515.0 33.0 6.4× 10−2

Non-porous reference [11] 47.8 0.4 8.4× 10−3

Non-porous referencea 189.5 0.7 3.7× 10−3

a Reference reactor in this work.

Figure 9. The enzyme activity at 0.5 mM glucose
measured at different flow rates for the micro enzyme
reactors.

Smith and Collins [14]. At the bottom of the trenches
the sharp edges focus the electrostatic field, which attracts
the minority charge carriers. This in turn increases the
current density at the trench bottom which gives rise to
the formation of larger pores. The surface properties
of the coupling matrix can be tailored by proper control
of the electrochemical process during the porous silicon
formation.

Figure 10. Recorded enzyme activity versus glucose
concentration for the microreactors.

As can be seen in the amplification table (table 2),
a maximum increase in enzyme activity of a factor of
approximately 100 was recorded, for the microreactor
anodized at 50 mA cm−2, compared to the non-porous
reference reactor. This indicates that the pore size
achieved at 50 mA cm−2 was most favourable although the
10 mA cm−2 reactor provides a higher surface enlargement
with its finer pore structure, which implies that not only the
pore size is determining the matrix property.
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Figure 11. Glucose (0.5–9 mM) measured by the FIA
system with the 50 mA cm−2 reactor.

Figure 12. The calibration plot for glucose using FIA and
the 50 mA cm−2 reactor.

The difference in enzyme activity between the three
porous enzyme reactors is defined by the depth of the
porous regions and by the average pore size. A significant
difference in porous depth between the microreactor
anodized at 10 mA cm−2 and the microreactors anodized at
higher current densities was noted (table 1). This difference
in pore depth is a possible explanation for the lower enzyme
activity recorded for the 10 mA cm−2 reactor, compared to
the reactor anodized at 50 mA cm−2. The porous layer
was shallower for the 50 mA cm−2 reactor, compared to
the 100 mA cm−2 reactor, yet the 50 mA cm−2-reactor
displayed a significantly higher enzyme activity. Thus, the
difference in activity between the 50 mA cm−2 and the
100 mA cm−2 reactors in this case must be determined by
the pore size and the surface enlargement of the porous
layer.

To describe how efficiently the wafer area has been
utilized for the micro enzyme reactor and to be able to
compare it to other micro enzyme reactors the efficiency

factor (EF) can be used. EF is determined by

EF= V̂

occupied wafer area

(
nmol

min mm2

)
where V̂ is the highest recorded enzyme activity
(nmol min−1). In the case of the microreactor
anodized at 50 mA cm−2 the corresponding EF was
1.8 nmol min−1 mm−2. Compared to the non-porous
reference micro enzyme reactor an increase in EF by a
factor of 100 was achieved.

Our work on micro enzyme reactors has been focused
on increasing the efficiency of the carrier matrix. Therefore,
the yield of the immobilization procedure from one batch
to another must be accounted for. To be able to evaluate
the immobilization procedure, an immobilization factor, IF,
is defined as

IF = V̂

total reactor area

(
nmol

min mm2

)
.

Earlier work on silicon integrated parallel trench enzyme
reactors and planar silicon surfaces [6] has studied the
enzyme activity of non-porous reactors with channel widths
of 20µm, denoted the 20µm reactor, and a planar silicon
surface was used in [11] as a reference. The performance of
these reactors with respect toV̂ and IF is compared with the
reference reactor investigated in this paper (table 3). The
difference in IF between the different reactors in table 3
was due to ageing of the enzyme batch. All reactors in
table 3 were immobilized with enzyme from the same lot
and the work was done over a period of 3 years.

The IF can be used to compensate for the ageing of
the enzyme between the different micro enzyme reactor
generations. The earlier experiments on the 20µm reactor
have an IF that is 17 times higher than in the recent
studies, on porous silicon microreactors. In case of the
50 mA cm−2 reactor an EF of 31 nmol min−1 mm−2 could
thus be expected (1.8 nmol min−1 mm−2 recorded). When
compared to the best previous reported reactor, the 20µm
reactor [6], having an EF of 0.7 nmol min−1 mm−2, the
reactor anodized at 50 mA cm−2 can be expected to display
an increase in EF of 44-fold when fresh enzymes are used.

The FIA system (figure 4), displayed a linear glucose
response to 15 mM, using the 50 mA cm−2 reactor
(figure 11). At higher glucose concentrations the subversion
of glucose was restricted by oxygen depletion. If a longer
linear response range is desired a smaller injection volume
is required, which due to the system dispersion inherently
will dilute the sample.

In the perspective ofµTAS comprising enzyme reactors
as a versatile tool for biomolecule monitoring, a major
problem has been the low surface area available. Attempts
to overcome this have been presented by introducing flow-
through columns that are packed with microbeads serving as
the carrier matrix [16]. The introduction of porous silicon
in silicon integrated enzyme reactors avoids all problems
encountered with the microbead handling and the packing
of the columns. Furthermore, porous silicon is process
compatible with other microstructuring techniques which
to a great extent facilitates the integration of porous silicon
reactors in aµTAS.
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5. Conclusions

Our previous studies of porous silicon have shown that it
is a material well suited as a coupling matrix for enzymes.
For creating highly efficient micro enzyme reactors porous
silicon combined with standard methods of microstructuring
silicon is a most promising method. This paper shows that
porous silicon can be fabricated on high-aspect-ratio silicon
enzyme reactors. An ongoing and more thorough study on
the effect of pore depth and pore size will yield further
optimized porous layers and thus silicon integrated micro
enzyme reactors with improved performance.
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