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Abstract

Wafer-level fabrication of integrated enzyme-based BioMEMS usually requires high temperature wafer-bonding techniques such as
anodic bonding. Enzymes denature at comparatively low temperatures. Thus, enzymes need to be immobilized after wafer bonding. A
convenient in-device immobilization method is presented allowing wafer-level patterning of enzymes inside micro-scale flow channels
after wafer bonding. Enzymes are entrapped in a poly(vinyl alcohol)-styrylpyridinium (PVA-SbQ) membrane crosslinked by UV exposure
through a transparent top wafer. The reaction kinetics of immobilized glucose oxidase is investigated in more detail. A low apparent
Michaelis constant of 3.0 mMis determined indicating a rapid diffusion of glucose into the PVA-SbQ membrane as well as an oxygen-limited
maximum catalytic rate. The entrapped glucose oxidase preserves its native properties since it is not chemically modified. Furthermore,
the active PVA-SbQ membrane can be dehydrated in a vacuum and later rehydrated in buffer solution without significant loss of enzyme
activity. An integrated enzyme-based glucose sensor fabricated on a wafer-level using in-device immobilization is described to demonstrate
the potential of this novel technique. The sensor is part of a disposable microneedle-based continuous glucose monitor. The stability of
glucose oxidase entrapped in PVA-SbQ is sufficient to continuously operate the senstC 284 h.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction periodic sensor recalibration, which is required due to loss
of enzyme activity during continuous operation.
1.1. Fabrication issues of integrated BioMEMS Wafer-level fabrication of such complex BioMEMS

usually requires high temperature wafer-bonding tech-
Integrated enzyme-based BIoMEMS often require the niques such as anodic bonding £ 350°C), which allows
enzymes being immobilized inside a micro-scale flow bonding of two structured wafers. Enzymes denature at
channel; one example is a disposable microneedle-basedomparatively low temperatures; glucose oxidase for in-
continuous glucose monitor. The glucose monitor consists stance denatures above®5[3]. Thus, enzymes need to be

of a microneedle array to sample interstitial flyi], an immobilized after wafer bonding. A novel in-device immobi-
electrochemical enzyme-based glucose sensor and fluididization technique has been developed allowing wafer-level
components such as valves and pumipig.(1). An inte- pattering of enzymes inside micro-scale flow channels after

grated porous polysilicon dialysis membraj2é separates  wafer bonding/4]. The technique is based upon poly(vinyl
the interstitial fluid from dialysis fluid, which is pumped alcohol)-styrylpyridinium (PVA-SbQ])5], a water-soluble
through the microneedles. Glucose can diffuse through this photosensitive polymer. PVA-SbQ is already successfully
membrane into the system while larger proteins are retainedemployed in many biosensors, which have the enzymes
improving the sensor long-term stability. The integrated immobilized on uncovered electrod¢6—10]. A mixture
glucose sensor measures the glucose concentration in thef enzymes and PVA-SbQ is either spin-coated or directly
dialysis fluid, which is related to the glucose level in the in- deposited onto the electrodes and then UV crosslinked.
terstitial fluid. The glucose monitor also includes a separate However, none of these sensors have the enzymes immobi-
calibration fluid reservoir and pumping system to enable lized inside a micro-scale flow channel, as required for many
BioMEMS. In-device immobilization takes advantage of
the real benefit of photochemical crosslinking which is the
* Corresponding author. Tek:1-510-642-4876; fax:-1-510-643-6637. integration of biochemical components inside micro-scale
E-mail address: stefan@me.berkeley.edu (S. Zimmermann). flow channels. The enzyme—polymer mixture is filled into
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Fig. 1. Schematic diagram of a disposable self-calibrating continuous glucose monitor.
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the flow channels after wafer bonding and then selectively strength. The&, of glucose oxidase fromspergillus niger
exposed to UV light through a transparent top wafer using with respect to glucose is reported to be 33mM in sodium
a shadow mask. Thus, enzymes are entrapped in the locallyphosphate buffer (25, pH 5.6, in air)[12].
formed membrane inside the flow channels. The design of [S] ko + k3
auxiliary channels, which connect all sensor devices and V = Vmax[S]T, =

allow easy filling and flushing of the entire wafer through m 1
a single inlet is critical for wafer-level enzyme immobiliza- The maximum catalytic rat¥max and the Michaelis con-
tion. This simple technique is generally applicable for any stantKy can be determined by plotting the reaction rate
biochemical components that can withstand low energy UV Versus various substrate concentrations. Non-linear curve
exposure and allows wafer-level fabrication of integrated fitting with the Michaelis-Menten equation yields both

(2)

m=

biosensors. parameters. However, there are two concerns interpreting
the measuring results of enzyme-based sensors using the
1.2. Michaelis-Menten theory and limitations Michaelis—Menten model.

Michaelis and Menten proposed a simple model to 1-2-1- Diffusion-limited catalyticrate _
account for the kinetic properties of free enzymes in solu-  1he kinetic characteristic of immobilized enzymes dif-
tion [11]. Critical feature of their theory is that an enzyme E f€rs from the Michaelis-Menten model since the reaction
combines with a substrate S, with a rate conskayito form rate is limited by the diffusion rate of the su_bstrate into
an enzyme-substrate complex ES, which is a necessary inf1® membrane for low substrate concentrations. In this
termediate product in catalysis (1). The enzyme—substrated'ﬁus'on'contm'Ied range, a linear correlation between the

complex can dissociate, with a rate constépt or the substrate concentration and reaction rate restiis. 29.
product P is formed, with a rate constaat The Michaelis—Menten model still applies for high substrate

concentrations, where the diffusion rate is much faster than
ki ks the catalytic rate of the immobilized enzymes. Thus, the

E+ SZ_Z)ES%EJF P @ effect of immobilization on the enzyme properties can be

quantified by fitting the enzyme-controlled part of the curve.
The catalytic rat&/ of the proposed reaction varies with the Fitting of the entire curve yields an apparent Michaelis
substrate concentration [S] following the Michaelis—Menten constantKm app higher thanKy, for free enzymes in solu-
Eqg. (2) which describes the kinetic characteristic of many tion under identical ambient conditionBi¢. 29. However,
enzymes including glucose oxidase under specific con- this apparent Michaelis constant measures both the effect
ditions. The Michaelis constarK, is equal to the sub-  of substrate diffusion into the membrane as well as the ef-
strate concentration at which the catalytic rate is half of fect of immobilization on the catalytic performance of the
its maximum value. It also measures the affinity of the enzymes. A large increase i app COmbined with inaccu-
enzyme—substrate complex in casekgf> k3, which ap- rate curve fitting indicates a large diffusion-controlled range
plies for most enzymes. The Michaelis constant of free rather than a loss in enzyme activity. Correspondingly, the
enzymes in solution is independent of the enzyme concen-apparent Michaelis constant decreases with an increasing
tration but depends on the particular substrate and also onsubstrate diffusion rate. Furthermornéy, app depends on
ambient conditions such as temperature, pH value and ionicthe enzyme concentration sin¥g,ax scales with the total
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———— T apparent Michaelis constant decreases with an increasing

R Vipax enzyme concentration or decreasing oxygen concentration.
S - However, the maximum catalytic rate is not oxygen-limited
Diffusion-controlled . .
5 Vo ] at high oxygen concentrations and low enzyme concen-
is defined by substrate . . . C e i
% diffusion: V ~[S] trations. The kinetic characteristic is described by the
5 Michaelis—Menten equation under these conditions and the
5= = i i .
g frmeeee- = Enzyme-controlled 1 % Vinax apparent Michaelis constant equilg of soluble enzymes
S 1 R Vfollows Michaelis- 1 . . . .
i ; ! Menten equation (2): ] 1.2.3. Linearized forms of the Michaelis-Menten
f : : [s] ) equation and the effect on K, 4y
/ ! ™SI+ K, Rather than fitting the non-linear kinetic characteris-
4 7 1 - . . . . .
/ i tic, a convenient way to determine the Michaelis constant
o K K ot T T Km and maximum catalytic rat€may is to plot the experi-
m 'm, app mental data in a linear correlation such as the Lineweaver—
() Substrate concentration [S] Burke (4), Eadie—Hofstee (5) or Hanes form (6) of the
Michaelis—Menten equatiofil4,15] Linear regression of
R R T A O R L L the data then easily yields both parameters.
T Enzyme-controlled ] mex 1 1 Km 1
] V follows Michaelis- i o=y T 4)
) 1 VoV Vimax [S]
> A Menten equation (2) ~—a g max max
I ’_'____,--—‘.
T 1T Vinax, ox 1 _ Vmax _ l (5)
2 1 /7 S~ Km  Km
e e | A%V
% ! Oxygen limited 2 Vmax [S] [S] K
O ! Maximum reaction T — - (6)
i . : rate limited 10 Voo 0, | ¥2Vimax ox Vv Vimax ~ Vimax
] { ] However, since the kinetic characteristic is not following
] ! ] the Michaelis—-Menten model in case of a diffusion-limited
— catalytic rateV or an oxygen-limited/max, the effect of lin-
Kin app Km earization itself on the apparent Michaelis constant needs to
(b) Substrate concentration [S] be considered under these conditions. Linear regression of

the experimental data plotted in the Lineweaver—Burke form
for instance yields a higher apparent Michaelis constant than
non-linear curve fitting since low substrate concentrations
are more weighted. This emphasizes the diffusion-controlled

enzyme activity while the diffusion-controlled part of the : .
curve remains. unchanaed. Thus. the apparent Michaelispart of the curve. Linear regression of the same data plotted
ged. ’ bp in the Hanes form on the other hand yields a loW@f app

constant decreases with a decreasing enzyme concentra-. : . )
! since high substrate concentrations are more weightgd
tion. It equalsKy, of soluble enzymes for very low enzyme

concentrations Non-linear curve fitting yields an apparent Michaelis con-
' stant with a more balanced measure of the effect of substrate
diffusion and oxygen limitation.

Fig. 2. (a) Effect of the substrate diffusion on the Michaelis constant. (b)
Effect of the oxygen concentration on the Michaelis constant.

1.2.2. Oxygen-limited maximum catalytic rate

In the case of a multi-substrate reaction such as the oxida-
tion of glucose (3) another effect on the kinetic characteristic
needs to be addressed. The catalytic rate can also be limite
by stoichiometric restrictions. Thus, the oxidation rate of
glucose depends on the oxygen and glucose concentration”

as well as on the catalytic efficiency of glucose oxidase. . . .
The K- of alucose oxidase from. nider with respect to Enzyme solutions with glucose oxidase (GOD) concen-
m O g - N9 P trations of 0.6—45.6.g/ml were obtained by mixing the

oxygen is reported to be 0.51 mM in potassium phosphate. .. ; . -
buffer (0.01M, 25C, pH 6.6, 0.2 M glucosei3]. initial glucose oxidase solution (5.7 mg/ml, glucose oxi

dase fromA. niger, dissolved in sodium acetate buffer solu-
3) tion, 0.1 M, pH 4.0, Sigma—Aldrich, USA) with phosphate
buffered saline (PBS) solution (0.01 M, pH 7.4, containing
Low oxygen concentrations or high enzyme concentra- 2.7 mM potassium chloride and 0.137 M sodium chloride,
tions can lead to an oxygen-limited maximum catalytic rate Sigma—Aldrich, USA).
VmaxOx. The apparent Michaelis constakiy, app drops Poly(vinyl alcohol)-styrylpyridinium (SPP-13-H Bio,
belowKy, under such condition$={g. 2b. Furthermore, the  Toyo Gosei, Japan) was mixed 1:1 with the enzyme

(;. Experimental

1. Enzyme immobilization

glucose+ OzG—O>Dquconic acict+ HoO»
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solutions vyielding final enzyme—polymer solutions with 0.7V

GOD concentrations of 0.3—22.8/ml. The photosensi- I

tive PVA-SbQ was crosslinked under UV light (365 nm, @'
0.75-15J/crh, notch filter, minimized IR heating). Thus,

the enzymes were entrapped in the formed polymer mem-  pt Ag Pt
brane. Since glucose oxidase was not crosslinked to the L] Insulator AgCl 3 M KCI
PVA-SbQ backbone it preserved its native properfids /

7

Glucose

2.2. Photometric measurement of the soluble and solution

entrapped enzyme activity

WE
The activity of soluble and entrapped glucose oxidase CE
was measured by photometrically monitoring the hydrogen \ GON — 'RE N
~ NN N LN

peroxide production. The reaction rate of the overall reac-

&

tion (7) corresponds to the catalytic rate of glucose oxidase GOD
since the glucose oxidation is the slowest reaction [téb Glucose + O, —— Gluconic acid + H,0,
The concentration of the oxidized form ofdianisidine was HO, —— O, + 2H'+ 2¢

22 2

monitored at 490 nm using a microplate reader (model 550,
BIO-RAD, USA). The enzyme activity corresponds to the Fig. 3. Schematic diagram of an enzyme-based electrochemical glucose
gradient of the absorption—time characteristic. Sensor.

glucoset O, + GngIuconic acidt HoOp concentration in the buffer solution was determined by com-
H,0; + o-dianisidine(reduced ) paring the measured activity with that of soluble enzymes.
202 +o-
peroxidase ,. . . . - .
—  o-dianisidine(oxidized 2.3. Electrochemical measurement of the entrapped

, i L enzyme activity

D-Glucose, peroxidase from horseradish ardianisidine
dihydrochloride were all purchased in powder form from  The catalytic rate of the immobilized glucose oxidase
Sigma—Aldrich, USA. All glucose solutions (0.48-10% \was also measured using an electrochemical glucose sensor
(w/v)) were prepared with deionized water. The dye so- consisting of a Pt working electrode (WE, disc electrode, Pt
lution was prepared by dissolving 50 mg ofdianisidine & — 2.05mm), a Pt counter electrode (CE) and an Ag/AgCl
dihydrOChloride in 7.6 ml deionized water. One milliliter of reference electrode (REF|@ 3) All electrodes were pur-
this solution was then mixed with 100 ml PBS resulting in  chased from CHI Instruments, USA. Five microliter of the
the final dye solution. Five hundred forty minOgramS of the enzyme_po|ymer solution were app“ed onto the Working
peroxidase were dissolved in 2ml deionized water. Both electrode and crosslinked under UV light. The working elec-
the dye solution and peroxidase solution were preparedirode potential was 0.7V versus the reference electrode.

immediately before the experiment. . The steady state curremtwas measured in air at 2@
All experiments were carried outin air at 20 in natural  wjth a potentiostat (model 750A, CHI Instruments, USA)
96-well polypropylene plates (USA Scientific, USA). and corresponds to the catalytic rate. All glucose solutions

Soluble glucose oxidase experiments: 240ul dye so-  (20-600 mg/dl) were prepared with PBS. The same exper-
lution, 10pl peroxidase solution, 10l enzyme solution  jmental setup was also used to measure the steady state

(GOD concentration of 1.8g/ml) and 5QuI glucose solu-  current of the integrated glucose sensor.
tion (0.48-10% (w/v)) were mixed together.

Immobilized glucose oxidase experiments. 60wl of
the enzyme—polymer solution (GOD concentration of
0.3pg/ml) were filled into a well and crosslinked under UV
light. A mixture of 240ul dye solution, 1Qul peroxidase  3.1. Kinetic analysis of glucose oxidase immobilized in
solution and 5@.| glucose solution (10% (w/v)) was added pPVA-$HQ
after exposure.

Enzyme storage and leakage experiments: 60l of As mentioned inSection 1 the effect of immobilization
the enzyme—polymer solution (GOD concentration of on the reaction kinetics can be quantified by comparing the
22.8p.g/ml) were filled into a well and crosslinked under apparent Michaelis constant wikh, of soluble enzymes un-
UV light. Ten microliter PBS were filled on top and allowed der identical ambient conditions. Since the exact conditions
to soak (0-2 h). The buffer solution was removed and addedinside the PVA-SbQ membrane are unknown, especially
to a mixture of 24Q.l dye solution, 1Qul peroxidase solu-  during the glucose oxidation, a pH value of 7.4 and a tem-
tion and 5Qul glucose solution (10% (w/v)). The enzyme perature of 20C are assumed to be approximate ambient

3. Results and discussion
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Fig. 5. Electrochemically measured apparent Michaelis constant of the
Fig. 4. Photometrically measured catalytic rate of soluble enzymes for immobilized enzymes for different GOD concentrations. Experimental:
various glucose concentrations (Lineweaver—Burk presentation). Error bars0.01 M PBS, pH 7.4, 28C, in air, 20-600 mg/d| glucose, 5.7-22.§/ml
are applied to all data points. Experimental: 0.01M PBS, pH 7.4C20 GOD, 5pl gel and 750 mJ/chexposure energy.
in air, 0.48-10% (w/v) glucose and 0.06/ml GOD.

Thus, the oxygen concentration is sufficient and the effect

conditions. The pH value of 7.4 corresponds to that of inter- of substrate diffusion negligiblé&m, app €qualsKy, of solu-
sitial fluid. The catalytic rate of glucose oxidase is photomet- ble enzymes under identical ambient conditions. It measures
rically measured under these conditions for various glucoseonly the effect of immobilization on the enzyme properties.
concentrations up to 10% (w/v). The low enzyme concen- Surprisingly,Km app is much lower tharky, = 110 mM of
tration of 0.06.g/ml prevents an oxygen-limited maximum soluble enzymes in buffer solution indicating totally differ-
catalytic rate for high glucose concentrations. Linear re- entambient conditions inside the gel than in the surrounding
gression of the experimental datgid. 4) plotted in the buffer solution.
Lineweaver—Burk form yields a high Michaelis constant of =~ However, sensor applications require a large diffusion-
Km = 110mM at pH 7.4 and 20C. The Michaelis constant  controlled range where the sensor response is proportional
is independent of the linearization method since the catalytic to the glucose concentrations and independent of the enzyme
rate is neither diffusion-controlled nor oxygen-limited under activity. A reliable glucose sensor must respond linearly up
these experimental conditions. Thus, emphasizing a particu-to 400 mg/dl. Thus, the diffusion-controlled range needs to
lar part of the curve has no effect on the Michaelis constant. be extended. One possibility to decrease the diffusion rate

The catalytic rate of the immobilized enzymes is mea-
sured electrochemically for glucose concentrations up to

600 mg/dl. The steady state current corresponds to the cat- 20

alytic rate. Non-linear curve fitting of the experimental data o 184

(Fig. 5) yields a low apparent Michaelis constant of 3.0 mM T 16

for a high enzyme concentration of 22.8/ml. Furthermore, 2 4]

reducing the enzyme concentration increases the apparent %

Michaelis constant. Both indicate an oxygen-limited maxi- ~ § 12

mum catalytic rate as well as a fast diffusion of glucose into g 10+

the membrane. The latter makes PVA-SbQ a suitable mate- ﬁ 8-

rial for bioassay applications, which require a rapid diffusion g 6.

of substrate into the active gel to maximize the reaction rate. <ZS n

As stated inSection 1 the apparent Michaelis constant ap-

proaches, of soluble enzymes for low enzyme concentra- 2

tions. Correspondingly, the measured characteristic almost b 001 002 003 004 005
matches the Michaelis—Menten equation for a low enzyme -1/Kpy

concentration of 5.4g/ml. A very low enzyme concentra- Glucose concentration [mg/dl]'1

tion of 0.3png/ml yields an apparent Michaelis constant of
K9 Y PP Fig. 6. Electrochemically measured catalytic rate of the immobilized

200 mN_I Qzlg. 6)'_Lmear regression of the_ experlmental d_ata enzymes (Lineweaver—Burk presentation). Experimental: 0.01 M PBS, pH
plotted in the Lineweaver—Burk form yields a correlation 7.4, 20°c, in air, 20-250mg/dl glucose, 0.@/ml GOD, 5ul gel and
coefficient ofr = 0.999743 indicating an accurate linear fit. 750mJ/cm exposure energy.
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Fig. 7. Electrochemically measured apparent Michaelis constant of the . o . -
immobilized enzymes for different UV exposure energies. Experimental: F19- 8. Photometrically measured enzyme activity of the immobilized
0.01M PBS, pH 7.4, 20C, in air, 20-600mg/dl glucose, 22:8/ml glucose oxidase for various exposure energies. Experimental: 0.01 M PBS,

GOD, 5ul gel and 0.75-15 J/ctexposure energy. pH 7.4, 20°C, in air, 10% (w/v) glucose, 0,8g/ml GOD, 60ul gel and
1.5-15 J/crh exposure energy.

is to increase the degree of polymerization of the PVA-SbQ
by increasing the exposure dose. However, only a minor in-
crease oKpy, app Was measured for exposure energies up to
15 J/cn? (Fig. 7). This indicates only a slight decrease of the

diffusion rate if the enzyme activity remains constant. An

increase in the PVA-SbQ concentration or SbQ concentra-
tion might be more effective but was not investigated. Since

the maximum catalytic rate is oxygen-limited for the used ...~ . . .
enzyme concentration of 22.@/mi an increase in enzyme diffusion rate due to an increased molecule size. However,
y y the sensor signal drops by 65% within 24 h of continuous

activity has no effect on the apparent Michaelis constant ; .
: . . . .. sensor operation at 2& due to aging of the enzymes and
whereas an exposure induced decrease in activity can signif-_.

. e . . significant leakage. Nevertheless, a self-calibrating dispos-
|c§1ntly changeim.app _A_decreased d'.ﬁUS'On rate combined able glucose monitor might be usable for 24 h in spite of the
with a decreased activity can result in an unchanggdpp g
. . o activity loss.

since both effects causes the opposite chang&ninpp
Thus, an unchangelim app might be misinterpreted as an
unchanged diffusion rate.

No decrease in enzyme activity was measured for expo-
sure energies in the range 1.5-15 Jqffig. 8) indicating {

This is a major issue shortening the sensor long-term sta-
bility (Fig. 9). The degree of enzyme loss observed is much
greater than previously reported by Jaffrezic-Renault et al.
[9]. Thus, enzymes need to be crosslinked to the PVA-SbQ
backbone using a second crosslinker. Alternatively enzymes
can be crosslinked among each other using bovine serum
albumin (BSA) and glutaraldehyde. This would reduce the

glucose oxidase is insensitive to UV light at 365 nm. Thus, 6
increasing the exposure dose does not significantly decrease
the diffusion rate since the enzyme activity remains constant.
An exposure dose of 750 mJ/éraeems to be sufficient to
completely polymerize the PVA-SbQ. In order to increase
the linear range of the sensor, an additional membrane such
as the dialysis membrane is required to reduce the glucose
diffusion.

The sensor long-term stability is mainly limited by aging }

Enzyme loss [%]

Error bars: + ¢

of the immobilized glucose oxidase, which depends on the 01 o = Standard devation 4
ambient conditions inside the gel such as pH value and tem- . : . . .
perature. Additional activity loss is caused by diffusion of 0.0 0.5 1.0 1.5 2.0
glucose oxidase out of the gel since enzymes are only en- Time [h]

trapped but not crosslinked to the PVA-SbQ backbone. Loss _. ,

f enzvmes due to leakage was verified by measurin theFlg' 9. Photometrically measured enzyme loss due to leakage of enzymes
0 y . . 9 . y . 9 out of the gel. Error bars are applied to all data points. Experimental:
enzyme concentration in the surrounding buffer solution. A 901 m PBS, pH 7.4, 26C, in air, 22.8.g/ml GOD, 60ul gel and
significant amount of enzymes is diffusing out of the gel. 750mJ/cm exposure energy.
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12 : : : : : : The flow channel is structured into the silicon base while the
electrodes sit in a shallow trench in the Pyrex covég (11).

1.0- . Since the chloride ion concentration in biological fluids re-
_5 mains constant at 0.15 M, the chloride concentration in the
B 087 ity = Ay / Ax I dialysis fluid is constant as well. Thus, a planar Ag/AgCl
8 ol i electrode_ can be used as a ps_:eudo-reference ele_3¢llr9}de _
8 : Ax The details of the sensor fabrication are not subject of this
O 0.4 After rehydration report. Here the technique of wafer-level sensor integration
o] is reported.
E 02 -
= Error bars: + ¢ 3.2.1. Wafer-level enzyme integration

0.0 o = Standard devation 7 PVA-SbQ is mixed 1:1 with PBS containing the glu-

02 . cose oxidase. This enzyme—polymer solution is filled into

0 100 200 300 400 500 the flow channels after anodic wafer bonding. Critical for
wafer-level immobilization is to include auxiliary channels
in the designkig. 12, which connect all sensor devices and
Fig. 10. Photometrically measured enzyme activity before dehydrating g|low easy filling of the entire wafer through a single inlet
the PVA-SbQ membrane in a vacuum and after rehydration in PBS. anq flushing of the non-polymerized solution after UV ex-
g_);p;;,r;?ggb?'g;l\lﬂngj;dp%g ﬁﬁ/gg'e%oﬂ;r; Oefer(;‘g_v) glucose, posure. For filling, the wafgr stack is part?ally immersed in
the enzyme—polymer solution so that the inlet is completely
. ) covered with solution while the air outlet remains open. The
In order to store a sensor device in a dry environment, gnvire wafer fills automatically in 2min by capillary action
the PVA-SbQ membrane can be dehydrated in a vacuum, ihout any bubble formation.
which reduces its size to 3% of the initial volume. It canbe 1o PVA-SbQ is then selectively crosslinked by UV
rehydrated later to its original size while the activity drops exposure through the Pyrex cover using a shadow mask
by 10% Fig. 10. Repeating dehydration and rehydration (rjg 13 Thus, the enzymes get entrapped in the locally
is not causing any additional loss of activity. Detailed time ¢;aq gel. After exposure a syringe is connected via a

Time [s]

temperature storage experiments were not performed. capillary tube to the fluid inlet to rinse out the unlinked
solution with PBS. The active gel remains inside the flow

3.2. Wafer-level fabrication of an integrated channels Fig. 14). Residuals of the unlinked polymer dis-

glucose sensor solve in the buffer solution since PVA-SbhQ is water-soluble.

Due to poor wall adhesion of the PVA-SbQ gel, it is most

An enzyme-based electrochemical glucose sensor inte-effective to polymerize the PVA-SbQ in side pockets or
grated inside a micro-scale flow channel is fabricated on in the form of sleeves around silicon posts inside the flow
a wafer-level using in-device enzyme immobilization. The channel Fig. 13.
glucose sensor is designed as a flow-through device with the  After in-device enzyme immobilization, the wafer stack
enzymes immobilized upstream from the electrodes so thatis diced into chipsKig. 15. This opens the auxiliary chan-
the hydrogen peroxide product is transported to the elec- nels connecting the sensor devices, which are now used as
trodes when dialysis fluid flows through the sensdf,18] in-plane device fluid ports. The chip design also allows easy

Ag/AgCl reference electrode

Flow direction
Pt counter electrode S
Silicon post
—

N

Pyrex

Silicon

Pt working electrode
H,0; = O, + 2H" + 2¢°

Immobilized GOD
Glucose + 0, = H,0,

Immobilized GOD
Flow channel

Fig. 11. Schematic diagram of an integrated enzyme-based flow-through glucose sensor. The enzymes are immobilized in side pockets and around silicon
posts inside the flow channel. Hydrogen peroxide is transported in flow direction to the working electrode.
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Shallow trench

Bonded wafers for bond pads

Auxiliary
channel

Fluid inlet Air outlet

.

In-plane device . _
fluid port after One device
wafer dicing

Fig. 12. Photo of the bonded wafer pair showing the fluid inlet and air outlet for wafer-level enzyme loading. The bond pads sit in shallow trenches in
the Pyrex cover, which remain unbonded.

Mask UV light

Pyrex

Silicon

Gel in side pocket Unlinked
solution

Gel sleeve around silicon post Silicon post

Fig. 13. Schematic diagram of the in-device immobilization technique.

/ Buffer solution

Side pocket

Channel depth: 50 pm

Fig. 14. Photo of a micro-scale flow channel with PVA-SbQ crosslinked in two side pockets.
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Bond pads

Capillary tube

Fluid port

Electrodes Enzymes immobilized
around silicon posts
inside a flow channel

Fig. 15. Photo of a single chip with an integrated glucose sensor inside the flow channel. Wafer dicing opens the in-plane fluid ports (former auxiliary
channels). The design also allows easy bond pad access since the unbonded overlapping silicon breaks off readily.

bond pad access. The overlapping silicon breaks off readily kinetic characteristic of the sensor response should be de-
and releases the bond pads after wafer dicing. Capillary tubedfined by the kinetic properties of the immobilized enzymes

can be glued into the in-plane fluid ports (400 x 400.m). rather than by concentration variations imposed by glucose
consumption along the channel. The measured kinetic char-
3.2.2. Kinetic characteristic of the integrated glucose acteristic Fig. 16 supports this assumption and is quite
sensor similar to the results obtained under static conditions with
The kinetic characteristic of an integrated flow-through the PVA-SbQ-coated disc electrodéid. 5. Both the low
glucose sensor is measured at a flow rate of ll0@in. apparent Michaelis constant of 7.0 mM and the inaccurate

No erosion of the PVA-SbQ membrane could be observed. curve fit indicate an oxygen-limited maximum current. Fur-
The high flow rate insures a homogeneously distributed thermore, a value greater than the static case suggests that
glucose concentration along the flow channel even for low this system has a slightly greater diffusional resistance or
glucose concentrations since the glucose consumption isan increased oxygen concentration. The linear range of the
negligible compared to the fast glucose supply. Thus, the sensor response is 0-160 mg/dl.

0.8+ _

0.7-.
0.6-
0.5-.
0.4—.

0.34

Current [nA]

0.2

K =7.0mM

0.1+ 'm, app

0.0+

' I T T T I T I 4 1 T I
0 100 200 300 400 500 600
Glucose concentration [mg/dl]

Fig. 16. Kinetic characteristic of an integrated flow-through glucose sensqenf5@eep and 10@m wide flow channel, 10Ql/min flow rate). The
enzymes are immobilized in side pockets (2mm long andp2@0vide). Experimental: 0.01 M PBS, pH 7.4, 20, 20-600 mg/dl glucose, 22,8g/ml
GOD, 750 mJ/crh exposure energy.
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4, Conclusion [2] G.M. Dougherty, A.P. Pisano, T. Sands, Processing and morphology
of permeable polycrystalline silicon thin films, Mater. Res. 17 (9)

. . L . (2002) 2235-2242.
In-device enzyme immobilization is demonstrated as a [3] A. Haouz, J.M. Glandiéres, B. Alpert, Involvement of protein dy-

convenient method for wafer-level patterning of enzymes namics in enzyme stability: the case of glucose oxidase, Federation

inside micro-scale flow channels. A photosensitive polymer, Eur. Biochem. Soc. Lett. 506 (2002) 216—220.
poly(vinyl alcohol)-styrylpyridinium is mixed with buffer [4] S. Zimmermann, D. Fienbork, A.W. Flounders, D. Liepmann, A novel
solution containing the enzyme, filled into the channels via ~ in-device enzyme immobilization method for BioMEMS, demon-

capillary action after wafer bonding and then selectively i;?egy;);:sﬁjﬁnsgruf ?\:;fgsiargg: 'tgi;n&(?:;ii?'g%%; f micro-

crosslinked by UV exposure throth atransparent top wafer [5] K. Ichimura, A convenient photochemical method to immobilize
using a shadow mask. Thus, enzymes get entrapped inside ~ enzymes, Polym. Sci., Polym. Chem. Ed. 22 (1984) 2817—2828.
the locally formed gel. The unlinked solution is rinsed out [6] B.K. Sohn, B.W. Cho, C.S. Kim, D.H. Kwon, ISFET glucose and
while the active gel remains inside the channels. Critical for sucrose sensors by using platinum electrode and photo-crosslinkable
wafer-level integration is to include auxiliary channels in the polymers, Sens. Actuators, B 41 (1997) 7-11.

desi ing fluid ion b I devi [7] G. Jeanty, J.L. Marty, Detection of paraoxon by continuous flow sys-
esign ensuring fluid connection between all sensor devices. tem based enzyme sensor, Biosens. Bioelectr. 13 (2) (1998) 213-218.

In-device immobilization is generally applicable to any [g] k. wan, J.M. Chovelon, N. Jaffrezic-Renault, A.P. Soldatkin, Sen-
biochemical component that can withstand a low energy sitive detection of pesticide using ENFET with enzymes immobi-
UV exposure. Results indicate glucose oxidase is very in- lized by cross-linking and entrapment method, Sens. Actuators, B
sensitive to UV light at 365nm. No decrease in enzyme 58 (1999)_ 399-408. )

.. . . [9] N. Jaffrezic-Renault, A. Senillou, C. Martelet, K. Wan, J.M. Chov-
activity was measured for €xposure energies In the range elon, ISFET microsensors for the detection of pollutants in liquid
1.5-15J/crh. PVA-SbQ seems completely polymerized at media, Sens. Actuators, B 59 (1999) 154-164.
an exposure energy of 750 mJ&nThe long-term stabil-  [10] C.Y. Chen, K. Ishihara, N. Nakabayashi, E. Tamiya, I. Karube, Mul-
ity of the immobilized glucose oxidase is reduced due to tifunctional biocompatible membrane and its application to fabricate
leakage of enzymes out of the gel. Thus, enzymes need 2 ,mi”ij‘t“,”Zedlg'(Z;C’(slzgg)r‘slcgs""iltg(sp"te”“a' for use in vivo, Biomed.

. ICroaevices —. .
to be _attaChed to the PVA-SbQ backbone using a Second[11] L. Stryer, Biochemistry, second ed., Freeman, San Francisco, 1981,
crosslinker. pp. 110-116.

The effect of immobilization on the kinetic characteristic [12] B.E.P. Swoboda, V. Massey, Purification and properties of the glucose
has been investigated for glucose oxidase. The low apparent  oxidase from Aspergillus niger, Biol. Chem. 240 (5) (1965) 2209—
Michaelis constant of 3.0 mM for an enzyme concentration 2215.

- i . _[13] J. Boudrant, C. Cheftel, Application of the theory of oxygen transfer:
of 22'8“‘9/m| indicates an oxygen limited maximum cat determination of the Michaelis constant of glucose oxidase with

alytic rate as well as a fa_st diffusion of glucose into the_ respect to oxygen, Biochemistry 57 (2) (1975) 117-122.
membrane rather than an increased enzyme-substrate affinp4] A.S. Kumar, J.M. Zen, Electrochemical investigation of glucose
ity. PVA-SbQ is a suitable material for bioassay applications sensor fabricated at copper-plated screen-printed carbon electrodes,
where rapid diffusion of substrate into the active membrane __ Electroanalysis 14 (10) (2002) 671-678.

is desired to maximize the catalytic rate. However, to extend 15 &: Fortier, D. Belanger, Characterization of the biochemical behavior
. . . . of glucose oxidase in a polypyrrole film, Biotechnol. Bioeng. 37
the linear response an additional membrane is required to (1991) 854-858.
reduce the substrate diffusion. [16] Sigma Quality Control Test Procedure, Enzyme Assay of Glucose
An enzyme-based electrochemical flow-through glucose Oxidasehttp://www.sigma.sial.comEC 1.1.3.4, 1996, pp. 1-4.
sensor integrated inside a flow channel is fabricated using[17] B.C. Towe, V.B. Pizziconi, A microfiow amperometric glucose
in-device enzyme immobilization. The kinetic characteristic ___ Piosensor, Biosens. Bioelectr. 12 (9-10) (1997) 893-899.

fth . ite similar to the stati . l[18] M. Suzuki, H. Akaguma, Chemical cross-talk in flow-type integrated
orthe sensor response IS quite similar to the static experimen enzyme sensors, Sens. Actuators, B 64 (2000) 136-141.

With a pqumer'coated disc electrode. The sensor responsqig) m. Lambrechts, W. Sansen, Biosensors: Microelectrochemical De-
is linear in the range 0—-160 mg/dI. vices, IOP Publishing, New York, 1992, pp. 59-62.
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