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Abstract

In this paper, the performance of the flow-through amperometric sensor based on semi-permeable dialysis tubing implemented in silicon is

presented. The sensor is designed in the form to be an integral component of a lab-on-a-chip systems and it has been successfully incorporated

into an integrated microdialysis system. Results concerning glucose sensors based on a flow-through sensor implemented in silicon operating

as part of the integrated microdialysis system are presented. Moreover, comparison of the performances of the glucose sensor implemented in

Perspex in the earlier work and the sensor implemented in silicon are discussed.

# 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Continuous monitoring, or near continuous intermittent

monitoring of substances of clinical interest can improve

medical diagnosis, therapy and post-treatment care. In

general it can be stated that in order to provide a continuous

monitoring system, a number of requirements can be

defined—small overall size, short response time, high sen-

sitivity and selectivity to one species in a sample matrix. To

satisfy the above requirements chemical sensors and bio-

sensors have been used for decades. In the last decade,

adaptation of silicon micromachining technology gives the

possibility for miniaturisation of components of (bio)chem-

ical analytical systems and building up micro-analytical

systems (mTAS) or lab-on-a-chip with integrated sensors

[1]. In general, all these components are connected via a

system of microchannels. One component that is required

for instance for the on-line monitoring is a set of minia-

turised flow-through sensors.

A number of micro glucose sensors have been described.

The majority of the sensors is based on amperometric detec-

tion so that the classification of the sensors is based on the

methods of enzyme immobilization, such as (1) entrapment

within polymeric membrane or behind dialysis membrane

[2–12], or (2) covalent attachment to the sensor or micro-

reactors surface [13–18]. Some of the sensors are designed in

the form of microreactors fabricated using micromachining

or containment technology [2,4,11,13,15–19]. Although they

can be operated in FIA or microsystems, the integration of

these type of sensors impose some problems if they have to be

closely integrated within microfluidic channels, mainly due to

their geometry (actual planar final structure).

A generic flow-through amperometric microenzyme sen-

sor has been previously described by Böhm et al. [20]. The

flow-through sensor was designed for integration in a micro-

analytical system and/or sensor array. In this concept, the

microchannel itself is an integral part of the sensor geometry

and is formed by a length tubular semi-permeable mem-

brane. The initial construction of the sensor was made in a

Perspex block in the form of a microreaction cell filled with

an enzyme solution separated from the analyte by a tubular

semi-permeable membrane. The sensor based on this con-

cept has now been successfully implemented in silicon as

well as incorporated into an integrated microdialysis system.

As a proof of principle glucose measurement was chosen.

This paper presents the results of the flow-through glucose

sensor implemented in silicon, operating as a part of the

integrated microdialysis system. Moreover, the perfor-

mances of the previous glucose sensors implemented in

Perspex and the new system in silicon are compared.

1.1. Principle of the flow-through glucose amperometric

sensor operation

In general, the principle of operation of the above-men-

tioned glucose sensor is based on electrochemical detection

of hydrogen peroxide being a product of an enzymatic
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reaction. In the case of a flow-through glucose amperometric

sensor, the glucose particles transported by the carrier

solution from the sample region diffuse through a semi-

permeable membrane to the reaction cell of the sensor. The

reaction cell is filled with a solution containing glucose

oxidase (GOx). Here the glucose is oxidised in a reaction

catalysed by the GOx in the presence of a natural mediator,

i.e. oxygen, according to the following reaction:

glucose þ O2 þ H2O!GOx
gluconolactone þ H2O2 (1)

The hydrogen peroxide generated in reaction (1) is electro-

chemically oxidised at an anode:

H2O2 ! O2 þ 2Hþ þ 2e� (2)

The current resulting from the reaction is a measurand as it is

proportional to the glucose concentration in the sample.

2. Experimental

2.1. Materials

Dialysis tube from regenerated cellulose of MWCO

20 kDa was adapted from an artificial kidney Filtral1 6,

AN69 HF, Hospal, France.

A conducting silver–silver chloride paste Electrodag1

6088 SS was obtained from Acheson Colloiden B.V., The

Netherlands.

Enzyme. Glucose oxidase (GOx) type II of activity

15 500 U/g solid was purchased from Sigma. For hydrogen

peroxide standards preparation, 35% H2O2 stock solution

from Merck was used. Glucose standards were prepared

with use of 45 mM phosphate buffer containing 10 mM KCl

(pH 7.3) for at least 24 h before use. Other reagents were of

analytical grade.

2.2. A flow-through amperometric microenzyme sensor

As it was mentioned, the initial construction of a flow-

through amperometric sensor with microreaction cell (7 ml

volume) was made in Perspex [20]. Based on this principle,

an amperometric microsensor has now been implemented in

a silicon glass sandwich construction (Fig. 1). The tubing

(200 mm i.d.) is led through a cavity etched in silicon. The

cavity of 5 ml volume contains an electrochemical cell with

a working, counter (CE) and reference (RE) electrodes,

forming a standard three-electrode amperometric detection

system. The platinum electrodes were patterned on the Pyrex

wafer. Both wafers, silicon and Pyrex, were anodically

bonded. Next, to form a reference electrode, the silver–

silver chloride paste was deposited on top of the Pt electrode.

The paste was annealed at 80 8C for 3 h. Then, the cavity

around the dialysis tubing was closed with a cover glass

fixed with UV curable glue (Loctite 350) and filled with

an appropriate enzyme solution, which ends the fabrication

procedure.

In the sensor realised in Perspex, the working electrode

(WE) was a Pt wire coiled around the dialysis tube resulting

in a large coaxially located electrochemically active surface

(2.6 mm2), whereas in the silicon sensor, the working elec-

trode is a planar Pt layer of 1.7 mm2 surface area evaporated

onto the Pyrex wafer.

2.3. An integrated microdialysis system

The integrated microdialysis system consisting of sensor

array, microdialysis probe and calibration facilities, was

fabricated with use of a monolithic technology [21]. The

system was constructed of two wafers: (i) a Pyrex glass

wafer with patterned platinum electrodes and (ii) a silicon

wafer with the system of channels and sensors cells etched

with a reactive plasma. The two wafers were anodically

bonded and then diced into chips. To improve adhesion of

the platinum electrodes to the glass, an intermediate titanium

layer was applied.

A cannula type microdialysis probe was made in the form

of coaxially fixed tubes. As the internal tube, providing

perfusate to the microdialysis probe, a fused silica tube

(o:d: ¼ 150 mm, i:d: ¼ 100 mm from Alltech Nederland

B.V., Breda, The Netherlands) was used, whereas the exter-

nal one was a semi-permeable (dialysis) capillary. The tubes

were fixed with epoxy resin (Hysol1, Dexter, USA). The

total length of the microdialysis probe was 22 mm, while the

effective length of the dialysis membrane was 20 mm.

2.4. Measurements

2.4.1. Sensors characterisation

Two amperometric sensors, made in Perspex and in

silicon, respectively, were both operated as a three-electrode

system. The potential of the working electrode was held

constant at þ650 mV versus the Ag/AgCl reference elec-

trode. The oxidation current at the working electrode was

measured. The platinum counter electrode was placed down-

stream. The measurements were performed with the use

of a potentiostat Model 263A, EG&G. The sensors were

tested in a closed loop flow-through system, where the flow

was driven by a peristaltic pump (Pharmacia, P-1, Sweden)

at a flow rate of 10 ml/h. The concentration of hydrogenFig. 1. Layout of a flow-through sensor.
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peroxide and glucose in the sample solution was changed by

a standard addition method.

Tests were performed for two different glucose oxidase

concentrations in the reaction cell: 22 and 132 U/ml. The

enzyme was dissolved in a phosphate buffer solution at pH

7.3. In the case of the sensor tests for sensitivity to hydrogen

peroxide, the reaction cell was filled with the phosphate

buffer solution without the enzyme.

2.4.2. Tests of the sensors in an integrated microdialysis

system—sampling via microdialysis probe

The glucose amperometric sensor was tested as a part of

an integrated microdialysis system. The sensor was operat-

ing in a three-electrode system as described above. The

carrier solution (perfusate — 45 mM phosphate buffer at

pH 7.3) was driven with a constant flow rate of 2 ml/min

by a microdialysis pump (CMA 102, CMA Microdialysis

AB, Sweden). The reaction cell was filled with glucose

oxidase solution (31 U/ml of GOx in the phosphate buffer

solution).

The sample solutions containing different concentrations

of glucose were prepared in 45 mM phosphate buffer. Sam-

pling was performed under flow of perfusate via a micro-

dialysis probe which was inserted into sample solutions

containing glucose of different concentrations: 1.25, 3,

6.25, 12.5 and 25 mM for time intervals of 25 s. Between

the consecutive samplings, the microdialysis probe was

immersed in a phosphate buffer and perfused with the carrier

solution.

To estimate the influence of sampling time on the sensor

response, the microdialysis probe was immersed in a sample

solution at constant concentration of glucose (12.5 mM) for

different time intervals of 20, 25, 30, 40, 50, 80 and 200 s.

After sampling the probe was inserted into the phosphate

buffer solution.

The device was fastened in a holder system with vertically

movable sample vial holder. By moving the sample vial

holder, the microdialysis probe was easily positioned in the

vial not to touch the sides of the vial. All measurements were

performed at room temperature.

3. Results and discussion

The sensors were tested to estimate the sensitivity to

hydrogen peroxide and to glucose for different glucose

oxidase activity in the reaction cell (22 and 132 U/ml).

An example of the sensor response to glucose is shown in

Fig. 2. It can be seen that the response time is in the order

of 60 s, whereas the background current is in the range

10–16 nA.

The calibration curve (Fig. 2b) indicates that the linear

range expands up to 20 mM, which covers the whole tested

range of glucose concentration. The sensitivity of the glu-

cose sensor depends on the enzyme activity in the reaction

cell. The higher sensitivity (16 nA/mM) was obtained for the

higher glucose oxidase concentration (132 U/ml) in the

reaction cell (see Fig. 2b and Table 1).

As mentioned before, the construction of the silicon

sensor was based on the previous construction of a flow-

through amperometric sensor in Perspex. To compare para-

meters of both sensors (made in silicon and in Perspex),

a sensitivity rate (SR) was defined as the ratio between the

sensitivity to hydrogen peroxide and the sensitivity to glu-

cose referred to the surface area of a working electrode — A,

(SR ¼ SH2O2
=Sglucose=A). The sensitivity rate expresses the

efficiency of hydrogen peroxide conversion on a working

electrode.

A comparison of the parameters for both glucose sensors

during continuous flow is shown in Table 1. The sensitivity

rate for the amperometric sensor made in a Perspex block

(SR ¼ 2:4) is lower than the sensitivity rate for the sensor

made in silicon (SR ¼ 4:9). This means that the electro-

chemical conversion of hydrogen peroxide (a product of

glucose oxidation) was less effective for the silicon sensor

than for the sensor made in Perspex. Another difference is

much higher sensitivity for glucose of the sensor made in

Perspex (179 nA/mM) than the silicon sensor (16 nA/mM)

for both operating with the same enzyme concentration in

the reaction cell (132 U/ml). This difference results from

the design of the working electrodes for both sensors.

The sensor realised in Perspex was equipped with the

working electrode coiled around the dialysis tube resulting

in a large coaxial sensing surface (2.6 mm2), whereas the

working electrode of the silicon sensor was planar and

smaller (1.7 mm2). In the later case, the sensor structure

Fig. 2. Time response of a silicon sensor in continuous flow mode of

operation (flow rate of 10 ml/h) (a), and calibration curves for the different

enzyme activity: 22 and 132 U/ml (b). The upper calibration curve in

figure (b) corresponds to the dynamic response in figure (a).
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was asymmetrical with respect to the dialysis tube. There-

fore, the hydrogen peroxide produced in the enzymatic

reaction can diffuse from some regions of the reaction cell

through the dialysis tubing and then be transported down-

stream with the carrier solution, before reaching the working

electrode located on the opposite side of the dialysis capil-

lary. In the sensors made in Perspex, the working electrode

surrounds the dialysis capillary. This highly symmetrical

configuration reduced loss of the hydrogen peroxide parti-

cles from the reaction cell. Summarising, performances of

both sensors are very good, nevertheless the spiral-like

working electrode based sensor exhibits better parameters

(in particular a very high sensitivity) than the silicon sensor

with the planar electrode. On the other hand the later one can

be easily fabricated using a standard photolithographic

process, which is an important aspect of sensor evaluation

for integration in micro-analytical systems.

Finally, the glucose microsensor was tested in an inte-

grated microdialysis system consisting of a sensor array, a

microdialysis probe and calibration facilities. The glucose

sensor response as function of the sampling time for a glucose

concentration of 12.5 mM and a flow rate of 2 ml/min is

shown in Fig. 3.

As can be seen, the output signal from the glucose sensor

depends on the sampling time. The current peaks increase in

amplitude with a longer sampling time (0.85 nA/s). The

sampling was performed at a very low flow rate, low enough

to assume that the concentration of glucose in the plug

formed via the microdialysis probe is homogenous in its

entire volume. This is a result of comparable values for a

diffusion time for glucose molecules (diffusion coefficient

for glucose 6:7 � 10�6 cm2/s) for the diffusion path through

the dialysis membrane and the perfusate layer in the micro-

dialysis probe (50 and 25 mm, respectively), yielding of ca.

8.4 s and a residence time of the plug in the microdialysis

probe, which is of about 8.8 s for the effective probe length

20 mm. On the other hand, for the longer sampling time, the

volume of the plug formed via the microdialysis probe is

larger so that, according to the FIA theory [22], the travel

time of the plug through the sensor area was longer, resulting

in the higher output signal peak.

An example of the sensor response to glucose sampled via

a microdialysis probe for fixed sampling time (25 s) and a

constant flow rate of 2 ml/min is shown in Fig. 4, showing a

sensitivity of 4.3 nA/mM.

Since the sampling time strongly affects sensor response,

reproducible results can only be obtained under a precise

sampling regime.

4. Conclusions

In conclusion, this paper presents the fabrication and

initial characterisation of a micro flow-through glucose

sensor implemented in silicon. A high sensitivity of

16 nA/mM was obtained for a high glucose oxidase con-

centration in the reaction cell. The performance of the

amperometric sensor implemented in silicon corresponds

to those obtained with the previously tested model made in

Perspex block. The difference in the sensors performances

Table 1

Parameters of glucose amperometric sensors for continuous flow with a flow rate of 10 ml/h

Species Inner solution Testing

range (mM)

Sensitivity,

S (nA/mM)

Linear

range (mM)

Corr.

Coefficient

Sensitivity rate, SR (mm�2)

ðSH2O2
=Sglucose=AÞ

Sensor implemented in silicon

Hydrogen peroxide Phosphate buffer 0–13.4 134.2 Full tested range 0.998 –

Glucose Phosphate buffer þ
GOx at concentration 132 U/ml

0–41.8 16 0–27 0.998 4.9

Glucose Phosphate buffer þ
GOx at concentration 22 U/ml

0–18.8 7.3 Full tested range 0.999 10.6

Sensor made in Perspex

Glucose Phosphate buffer þ
GOx at concentration 132 U/ml

0–35.8 179 0–25 0.992 2.4

Fig. 3. Sensor response as a function of the sampling time via a

microdialysis probe for 12.5 mM glucose concentration and a flow rate of

2 ml/min.

Fig. 4. Sensor response as a function of the glucose concentration at a

constant sampling time via an integrated microdialysis probe (25 s) and a

flow rate of 2 ml/min.
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can be explained by the geometry difference of the working

electrodes for both sensors.

The main advantage of the silicon sensor over Perspex

device is easy fabrication process with use a standard

photolithographic process, being an important factor when

integration into microsystem is considered.

The glucose microsensor was successfully integrated in a

micromachined microdialysis system consisting of a sensor

array and a microdialysis probe. The microsystem has been

fabricated with use of a monolithic technology. Since the

sampling time via the integrated microdialysis probe

strongly affects the sensor response, reproducible results

can only be obtained under a precise sampling regime.

Further research will concern calibration methods for the

glucose sensor, operating in the integrated microdialysis

system, with use of the built-in calibration facilities.
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