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Abstract. Biosensors are a crucial part of most of bioanalytical diagnostic devices and systems. Due to semiconductor technologies, ¢
great progress in diminution of costs and miniaturisation as well as an increased reliability of these devices was achieved. Application of
molecular and biological techniques in the detection process has contributed to a real increase in sensitivity, selectivity, the detection limi
and the number of analytes to be detected. Different transducers of chemical parameters into electrical output signals are applied in the:
devices. Electrochemical principles, both potentiometric and amperometric, are opted for due to their simplicity of application and extremely
low costs of such biosensors. lon sensitive field effect transistors (ISFETs) may be easily integrated into the required electronics, resultin
in their miniaturisation. Further miniaturisation may be attained by development of miniaturised total analytical syst&8js To ensure
competitive parameters of these biosensors, optimal methods of immobilisation of biochemical receptors (ionophores, enzymes, antibodie
etc.) should be developed. A review of the work by the authors related to these problems is presented in the article.

Key words: micro (bio)chemical sensors, biosensors, micro analytical systems, lab-on-a-chip, immobilisation of bioreceptors.

1. Introduction sor, the enzymes should be attached to the sensing surface of

. thg basic sensor (transducer). Other bioreceptors, such as anti-
Nowadays, there are many analytical methods that can be use A .
ens, antibodies, DNA fragments, cells and tissues, may also

for determination of a vast number of biochemical analyte e used

However, they require well-equipped laboratories and spe- In the 70-ties of the last century, miniaturised semicon-
cialised staff to operate the instruments. A modern analytical ’

. : L . . “ductor chemical sensors and biosensors were proposed [1,2].
tool for biomedical applications should satisfy several requires brop [1.2]

N apid progress of semiconductor micromachining, made in the
ments, such as minimisation of the sample and reagentvolunlqj

high selectivity for the analyte and a potential for acceptatioHOBOS’ became the basis for integration of very small func-

by non-orofessional users. The most crucial part of these s onal units into microsystems in the 1990s. This integration
y non-p . o Pg NRitiated new trends in the biosensor technology, named micro
tems is the detection unit — the array of chemical and/or bi

. %tal analytical systemsuTAS) or the lab-on-a-chip, combin-
chemical sensors. Yy Y TAS) p

ing different functional blocks, in which micro reactors and

h Semlco'nductor tgchnology glvsstr?nhopportqnlty to ds?]t's%iosensors are employed for the analyte detection [3]. Nowa-
these requirements in respect to both the sensing and the %%ys, in order to improve functionality of these micro analyti-

nal processing. Moreover, deveI(_)pment of d_urable, s_ma||-3| Q systems, they are often made as a hybrid, from various parts
and low cost sensors for domestic use and implantation co %d technologies

be possible with this technology. An amazing feature of SUCh 0 ;) chemical sensors are crucial parts of the micro an-

sensors is their compatibility for integration with the requ'r_eq:llytical systems due to their sensitivity, selectivity, lifetime and

electronics, to create a micro analytical system. A very 'mf ten response time. Therefore, an essential step in the biosen-

p;)frtant group of nggal sfenzors are th? kl)(')nl se_ns;ltlve 1;|e I preparation process is immobilisation of bioreceptors onto
effect transistors ( s) for detection of biologically re ©the surface of transducers or microreactors.

vantions, such as hydrogen (pH), potassium, sodium, calcium In this paper, our research on development of electrochem-

and ammonium. ical type biosensors for biomedical applications, emphasizing

~ To measure the concentration of the uncharged biochem;s pigreceptor immobilisation and implementation into mi-
ical molecules, e.g. urea, glucose, triglycerides, Creatyn'”@rosystems is presented.

pesticides etc., directly undetectable, enzymatic reactions may

Ee used to produce substances detectable by the sensor, §.9g e transducers for chemically sensitive
ydrogen, hydroxyl or ammonium ions. The substance to bé .

measured (analyte) by the enzymatic biosensor may be (i) a devices

substrate (e.g. urea, glucose...), (ii) an agent affecting the activansducers for biosensors manufactured with employment of

ity of the enzyme catalysing the substrate of a known concesemiconductor technologies may be of electrochemical (poten-

tration (e.g. pesticides, heavy metal ions), or (i) an agent (intiometric, amperometric, conductometric), mass (bulk acoustic

mune molecules) linked to a defined enzyme, catalysing reaeave — micro-balance, surface acoustic wave), optoelectronic,

tion of the corresponding substrate. To construct such bioserslorimetric or thermoelectric types. The most popular trans-

*e-mail: wtorbicz@ibib.waw.pl

251



www.czasopisma.pan.pl P N www.journals.pan.pl

s
S~—

D.G. Pijanowska and W. Torbicz

S — source Uy D — drain
Ugs G — gate

Reference Sealing

electrode

/)

Electrolite
(VoY% %% %% %% %% VoY% %% Y% Y% % % %
BROISESIKKKS / JRLLRLIIERL
0. 0.0.0:0.0.0.0.9.90.9: (0 0.0.0.0.0.0.9.9:9,
:‘0’0‘«»’0’0’0'0’0’0:0:0}//‘ “/‘:0:0’0’0’0‘0’0’0’0’0‘
CEIEBERE REBZKIR
% 0% %%!! IR
Id
Passivation
Metallisation Dielectric: e.g. SigNy, AlyO3, TagOy ...

or ion selective organic membrane

Fig. 1. Basic structure of Front Side Contact lon Sensitive Field Effect Transistor — FSC ISFET

Electron Technology (ITE), Warsaw and manufactured at the
ITE [4-6].

The overall ISFET structure (Fig. 1) has been formed at
the front side of the wafer (3", p-type, <100> oriented, 5-8
Qcm and 38Qum thick) by means of modified CMOS LOCOS
process (CMOS — Complementary Metal Oxide Semiconduc-
tor; LOCOS - Locally Oxidised Semiconductor). Consecutive
lithography and ion implantation steps were used to create spe-
cific areas of the device: to dope source (S) and drain (D)
areas; i of lower doping — to define channels and-fo form
the channel stoppers. Such a configuration is called the Front
Side Contact ISFET (FSC ISFET).

Silicon dioxide and silicon nitride double layer was used
as gate insulators. The top gate layer, made of silicon nitride,
may be used as a chemically sensitive membrane for the hydro-
gen ion (pH) detection. The output signal from ISFETSs is the
gate potential change resulting from alteration of concentration
of the hydrogen ions. Dielectrics, such as oxides of transition
metals (e.g. T&0s, ZrO,, HfO,, TiOy) and ALO3, and boron
nitride (BN), are also sensitive to hydrogen ions and may be
used as chemically sensitive membranes of pH-ISTETs [4,5,7—
11]. Whole the structure outside the gate window is passivated
P+ channel with glass or silicon nitride.
stop To improve the electrical insulation, the ISFET design was

modified by implementation of a p-well into semiconductor
(b) chip (Fig. 2) [6]. Thanks to the implementation of contigu-

Fig. 2. The p-well FSC ISFET: the layout (a) and the cross-section (§)US transistors in the separated p-type wells, a very good elec-
trical insulation between these transistors was obtained. This

ducers are ion sensitive field effect transistors (ISFETS), solgPnstruction can be used to build-up a micro sensor array con-
state electrodes, Clark electrodes and chemically sensitive fsting of a series of ISFETSs. It should be mentioned that the
sistors. p-well FSC ISFET was made on the n-type substrate.

Since electrochemical sensors do not require sophisticated Both FSC ISFETs approaches impose special requirements
equipment for the signal processing, and they are relativefgr the chip assembling. The bonding pads and the wires
easily calibrated; this technique is also regarded as cheep, wifould be carefully protected with resin against contact with
a potential for wide use. The potentiometric type of biosensorff}e analysed solution.
based on the ion sensitive field effect transistors (ISFETs), has An output signal of ISFETSs results from alteration of the
here been mainly dealt with. ISFETS’ structures have beeyate potential due to changes of the membrane/electrolyte in-
developed at our Institute in cooperation with the Institute dferfacial potential caused by changes in concentration of the

n-substrate
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hydrogen ions. The quantitative description of properties gfotential may be determined by Eisenman-Nikolski equation:
pH-ISFETs with oxides and nitrides as gate materials is based
on the binding site theory of the membrane surface and on
the analysis of the electric double layer (EDL) structure at
the electrolyte/membrane interface. In this theory, joint ef-
fects of hydrogen ion exchange and physical and chemicahere E° — electrode standard potential, — primary ion (to
adsorptions of anions, cations and neutral molecules, include measured) activity (approximately — concentratian)—
ing water molecules (surface hydration), are studied. An exctivity of interfering ion, K;; — selectivity coefficientz; —
tended model of the pH-ISFET/electrolyte system determiningalence of the primary ion.
the measured properties of the system [4,5,12,13] has been de-For constant values of drain curreft and drain-source
veloped. The dependence of the gate potential charyes)(  voltageU,; (Fig. 1), changes of gate voltagel, depend on
vs. the negative decimal logarithm of the hydrogen ions co-H, according to equation:
centration pH), which corresponds to the Nernst equation for
the ion selective electrodes, has been shown to be non-linear. AVy = Apme = kApH (6)
For an electrolyte containing monovalent ions, only the smalffhe electronic circuit satisfying these requirements may be de-
est value of sensitivity, defined as the ratiaV, /pH, appears signed as a common source circuit (output signaly,, =
in the point of zero charge (for uncharged membrane surfaceh\pH), a source follower AU, = kApH) and a common
is equal to: drain circuit AUy = kApH).
2.3RT 1 Electronic circuits for supplying ISTETs and processing of
F 1+ RT/Fyp’ 1) the interfacial potential with the output signal have been devel-
oped [5,14,15]. One of these electronic circuits was integrated
where into VLSI circuit in cooperation with Chung Yuan Christian
p = qNséi, University, Chung Li, Taiwan [16,17].
Cr A typical ISFET response to pH changes of electrolyte is
1 1 1 ( RT )1/2 shown in Fig. 3. Hysteresis of this characteristic can be noted.

RT - 2i/2
Some = EO :t 232710g a; + Z Kljajl/ / ) (5)

Jj=1

Cr = Cs la (2)  Many very complex physico-chemical phenomena determine

12 such dependence. Certain trials to explain it have been under-

5 =29 (Ka) taken [5,13]. The main underlying factors seem to be associ-
Ky ' ated with a shift of the mobile electrical charges in the semi-
conductor structure, including the gate membrane, and alter-
ation of properties of the binding sites during the up and down

QEWC

R — gas constanf — temperature in Kelvin’ — Faraday con-
stant,q — elementary chargeéys — binding site density of the

. ) pH cycling.
membrane surface,r — parameter in volts{';7 — equivalent
capacitance of serially connected tights) and defused parts 1.20
of the EDL,¢,, — water dielectric constant,— total concentra- 1951
tion of all monovalent cations of the electrolyt€, and K} — 130 - S (mV/pH) = 50.9
acidic and basic reaction equilibrium constants, respectively. 135
The first factor of Eq. (1) determines the Nernstian sensi—/\ 71'40 |

tivity (59.2 mV/pH at room temperature). As a rule, the pH- >
ISFET sensitivity is under the Nernstian value for inorganic z 1-45
gate membranes. To obtain a nearly linear characteristic with® —1.50 -
a sensitivity close to the Nernstian value, binding site density —1.55

Ng should satisfy the condition: ~1.60 -
~1.65
Ng > CsRT/0gF. (3) 170
. o 2 4 1 12
A special temperature and gas treatments are needed to fulfil 0 p% s 0

this requirement [4,13].
The ISFET output signal may be measured by measuring
the changes of transistor threshold voltag€.

Fig. 3. p-well-ISFET response to pH

Ur = Bres + ome + 615 — & — o (4) 3. Functionalisation of biosensors
i i and bioreactors surfaces

where: E,.; — reference electrode potentiél; — capacitance To obtain particular properties of the chemically sensitive
of the gate insulation layeKQ,, — total electrical charge of membrane, the gate surface can be chemically modified. Sen-
the gate insulation layet) 5 — semiconductor bulk electrical sors for different ions and neutral molecules of the transistor
chargep,. — membrane/electrolyte interface potential. Thigype (ChemFETSs) may be realised by deposition of polymeric

Bull. Pol. Ac.: Tech. 53(3) 2005 253



www.czasopisma.pan.pl P N www.journals.pan.pl

N

D.G. Pijanowska and W. Torbicz

membranes onto the top of the gate insulator layer. These Animportant part of the electronic circuit for electrochem-
membranes may be used as matrices for immobilisation a€al measurement of concentration is the reference electrode
(2) ligands (ionophores) that form complexes with ions to béig. 1). Many trials have been undertaken to miniaturise
detected, (2) receptors, e.g. antibodies and (3) catalysts (dtg. One of them is development of such an electrode based
enzymes). A common material used for manufacturing of then the ChemFET structure. The reference FET type electrode
matrices is polyvinyl chloride (PVC), attached physically tqReFET) should have a close to zero sensitivity. According to
the transducer. Enzymatic ChemFETs are named EnFETs. eq. (1), this corresponds to a near to zero value of binding site
Deposition of hydrophobic PVC membrane directly ontalensity Ns of the gate membrane surface. To attain this goal, a
the ISFET gate hydrophilic insulator, both Si@nd S¥N*, polyHEMA gel layer may be deposited on the ISFET structure
has some drawbacks referring to disturbances of the output s&s the top buffering layer [20,21].
nal due to (1) the ill-defined interface between the membrane A special attention should be paid to immobilisation of
and the gate insulator because of a poor adhesion, (2) seghzymes, to preserve their high activity and the life time of
age of water through the membrane which impairs this adhgiosensors. There are three basic groups of methods of enzyme
sion, diminishing the lifetime, and (3) penetration of carbommmobilisation: physical, chemical and mixed. The most com-
dioxide (acidic agent) through the membrane. To overcom@on methods for enzyme immobilisation are: (1) physical ad-
these drawbacks, certain attempts, including (1) modificatioR®rption on matrix and entrapment within the polymeric net-
of PVC membrane with certain agents, (2) application of newjork, (2) entrapment in gel matrix, (3) crosslinking, using
polymers with reactive groups enabling their chemical attachr multi-functional crosslinking agent, and (4) covalent bind-
ment to the gate surface, (3) modifications of the inorganic gajgy to the matrix or the sensor gate surface. In the two latter
surface, and (4) optimisation of the deposition processes, haygses, glutaraldehyde (GA) is used as the bi-functional agent
been made [5,18-20]. to crosslink the enzyme molecules through their amine groups
Works carried out by many researchers, including ouNH?2) or to bind the enzyme to the gate membrane withi?NH
group, have shown that deposition of poly(hydroxyethyfroups (binding sites) that appear on the surface of thi“Si
methacrylate) hydrogel — polyHEMA — on the gate surgate insulator or may be formed on the membrane by aminosi-
face modified with 3-(trimethoxysilyl)propyl methacrylate im-|ane treatment of its surface (Fig. 4). Bovine serum albumin
proves properties of the ChemFETs. Prior to this procgBSA) is often used as ballast protein for the crosslinking re-
dure, the surface should be hydrated, to create silanol groug&ion with GA. Many enzymes are very labile and sensitive
(SiOH), and then silanised, to produce reactive groups f@s some inhibitors, since they have an unstable structure. To
binding of the polymers or the receptors. To deposit this hydr@revent their full or partial inactivation during the immobilisa-
gel, a liquid HEMA monomer mixture was spun on the wafefion process, it is necessary to use special chemical substances
and then photochemically polymerised by UV-irradiation. Insubstrates, chelates, thiols etc.). To immobilise an enzyme,
effect, a coat of polyHEMA covalently bound to the substratgelection of a proper silane and other reagents and optimisa-

was obtained [5,18,20]: tion of this process is required [5,19,23-25].
iy o CH
g N 3
O—8i+CH- O~ &_C=cH
A 2
é o
H.C O

H2C C- C—OCHZCHZOH

-
|

Fotoinitiator (hv)

N O CcH CHy
0= SitCH; 0 - E_co CH,~C - CH,

4 ;Hcc)n

OCHZCHZOH

o

Considering another membrane matrix material, polysiloxanes \
(e.g. Siloprene) have been shown to have adequate biocom- N

patibility and an increased adhesion to the inorganic gate sur- (b)
face, and may be processed and shaped by photolithography, o
so these polymers are highly appropriate for manufacture of ‘ Enzyme @ Crosslinking

sensing membranes and immobilisation of different receptors agent

(ior_10phores, enzymes, antibodies ...) [2_1_—23]- Th_e imm?b"ifig. 4. Methods of enzyme immobilisation: a) entrapment in gel ma-
sation procedures should ensure the activity of the immobiliseglk, b) crosslinking with multi-functional agent, c), d) covalent bond
receptors. with and without bi-functional agent respectively
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Table 1
Basic data of ion selective ChemFETSs developed at the IBBE PAS
No. lon Membrane lonophore Sensitivity (mV/pMe)  Linear range (pMe)  Selectivity g9
1 Kt PVC valinomycine ca 58 0.11..55 —4(Np-5(HM)
2 Kt PVC t-butylnaphto-15-crown-5 ether 50...55 0.1..45 -3.5(Na4(Cat)
3 Nat PVC ETH 227 50-60 0.1-0.4 -1.71#, 0.4 (Lit), 0.7 (C&™)
4 Nat PVC ETH 2120 50-60 0.1-0.4 -157K,-1.2 (Lit), —2.9 (C&™)
5 Nat PVC and bis(phenylbenzo)- 54-56 0,1-0.35 —1.5(K), -1.5 (Lit),-3.0 (C&™)
Siloprene 13-azocorwn-5 ether
6 Ca&t PVC ETH 1001 ca29 1-8 —5(Ng, -5 (KH)

7 NHf PVC nonactine 51-58 1-4 -0.81H, -2.8 (Na"), —3.20 (C&™)
8 NH;  Siloprene nonactine 48-55 1-4 -0.8%(K-2.8 (Na"), -3.20 (C&*)
Table 2

Enzymatic reaction utilised in biosensors
No. Analyte Enzymatic reaction Detection
1  Glucose Glucose + O+ HyO  Glucose oxidase  Gluconate + H + HyOs pH, G,
2  Urea CO(NH); + 3H,O _Urease  CO, + 2NH] + 20H" pH, pNH,
3 Triglycerides Triglycerides + 3§0 _Lirase  Glycerol + 3 Fatty acids pH
4 Acetylcholine (ACH) CH3COO(CH;)oN1(CH3)3 + HyO  ACHEsterase pH
HO(CH,)3Nt(CHs)3 + CH;COO™ + HT
5 Inhibitors: pesticides, CH3COOO(CH) oN*(CHjg)3 + H,O Inhibitor — ACHEsterase pH
heavy metal ions HO(CH,)3Nt(CHs)3 + CH;COO™ + HT
6 . CH3(CH2)2N+(CH3)3 + HQO E@@ie pH
Butyrlcholine (BCH) HO(CHy)oN* (CHs)s + CHs (CHy)2COO + HF
7  Creatynine Creatynine +4@ Creaynine deiminase NH + N — methylaydantonine pNH

One of the most important blocks of micro total analysis ChemFET type sensors were constructed as deepsticks and
systems ((TAS) is the microreactor used for the sample treateatheter type probes, and were tested both in the deep mode
ment, often with employment of an enzymatic reaction. Tand in the flow-through system. The catheter type pH probe
construct such a system, similar to the presented above s used for thénvivo monitoring of pH during the peritoneal
much more complex, technological processes should be d#alysis in rats [26].
veloped to immobilise enzymes onto the micro reactor walls
or glass or polymeric beads, used as batch, if a column tyge Biosensors

micro reactor is taken into account. As it has been presented in paragraph 3, enzymatic biosensors

4| lecti I q of the EnFET type have a sandwich-like structure (Fig. 5).
- lon selective electrodes An operation of the biosensor may be shortly described as fol-
As it was mentioned above, the ionometry is of a great imoews: the analyte diffuses from the solution into the enzymatic
portance for analytical diagnostics. A family of ChemFETmembranes and, due to one of reaction listed in Table 2, the
type sensors for measurement of the concentration of the lighgdrogen or ammonium ions are produced that diffuse into the
metal ions (K, Na*, Ca"+) and ammonium ions (NH) have ion selective membrane controlling the threshold voltage of the
been developed. PVC and its modifications and polysiloxanegansistor which determines the output signal.
mainly Silopren, were used as the membrane matrix. Ade- |t should be pointed out that to optimise the parameters of
quate ionophores were immobilised within these membranebe biosensor, the method and conditions of immobilisation of
The basic parameters for the ChemFETs are presented in Tabtezyme should be developed for each enzyme individually.
1[4,21-23,25].

In the case of the sodium sensitive ChemFETS, presentbdl. Urea biosensors. The urea concentration in serum pro-
in Table 1, No. 5, the ion-selective membrane containeddes information on the kidney function. Therefore, it is rel-
new ionophore, bis(phenylbenzo)-13-azocorwn-5 ether, syavant for renal disease diagnostics (evaluation of kidney effi-
thesized at the Chemical Department of Gdansk Universitiency) and therapy. In the latter case, the urea concentration
of Technology [23]. The ionophore was of an increased an indicator for the control of the dialysis and hemodialy-
lipophilicity, which results in a low leakage rate of thesis therapy. As it results from the enzymatic reaction, Table 2
ionophore from the membrane. This results in a prolongelo. 2, changes in concentration of products —ammonia and bi-
lifetime of the sensor. carbonate as well as bicarbonate, carbonate and hydrogen ions
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remaining in equilibrium with them — are proportional to the
concentration of urea in the sample solution. In our research,
detection of pH and pNH4 were applied for determination of
urea.

In our development of ENFET type urea biosensors, based ~
on the pH detection, enzymatic membranes were preparedsg
using three methods: (1) entrapment of urease in carboxy- z
lated polyvinyl chloride (COOHPVC membrane, adsorbed 2
on the silicon nitride gate, (2) covalent binding of urease
to the COOHPVC matrix, and (3) direct covalent binding
of urease to the silicon nitride through glutaraldehyde (GA)
[5,21,24,25,27]. In the most frequently used methods, taken
from literature, the silicon nitride surface is treated first with
aminopropyltrietoxysilne (APTS) and then enzyme is coupled
through glutaraldehyde to the functionalised silicon nitride sur-
face. The third method (developed by the authors) is based on
the Schiff’s base formation between the amino groups on the
silicon nitride surface and the enzyme via GA. The scheme of
the Schiff's base formatior§{licon nitride-GAEnzyme) is as

20

EnFET 44R

0
~90 -
40
60 -
80
—100
120
140

160

0 20 40 60 80 100 120 140

Time (min)

(a)

20
0,
20

EnFET 44R

follows:
=Si-NH,; + OHC—(CH;)3—CHO + H,N-E —
— =SN=CH—-(CH,)3—CH=N-E + 2H,0

where Si—-NH — amino type groups on the hydrated surface of 2& -80 |

the gate silicon nitride and — enzyme [5,24].

40

(mV)

—60

-100 -
A typical dynamic response and corresponding calibration 190 |
curve of the biosensor in 10 mM phosphate buffer are shown
in Fig. 6. The sensitivity and linear range of the biosensors 140 |
depend on pH and capacity of the buffer solution. The linear  -160 —
range of characteristic may be shifted towards a higher urea 5.0 4.0 3.0 2.0 1.0 0

concentration by increasing the buffer capacity. As a conse-
guence of the effect of the buffer solution pH and concentration

on the biosensor response, a special procedure of the sampile 6. Typical dynamic response (a) and calibration curve (b) for
preparation is necessary. This means that for accurate megsa-EnFET of the type 3 in phosphate buffers: 10 mM, 0.1 M NaCl

surements, the actual samples should be prepared by dilution

and at pH 6.0

in the same solution like that used for the calibration. The re-
sponse time of the biosensor was about 80 s and the lifetime Inurea EnFETSs, based on detection of the ammonium ions,

about 50 days [5,24,25].

ot

Si

: enzymatic membrane
: ion selective membrane
: polyHEMA hydrogel layer
: gate layers:
— silicon nitride
— silicon oxide
: encapsulation

=~ W N =

t

Fig. 5. Structure of enzymatic biosensors
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the enzymatic membrane was deposited on the gate window
of ammonium ion selective ChemFET presented in Table 1.,
No. 8. The enzyme was immobilised by crosslinking with
glutaraldehyde [23,24]. The typical characteristic of the urea
EnFET is presented in Fig. 7. The sensitivity of this type
of biosensor varied from 40 to 43 mV/dec, while the linear
range was 10° to 10~!. Adhesion of the enzymatic mem-
brane to the Siloprene membrane was good enough to perform
stable measurements for about 15 days. After that time, the
membrane could be replaced with a new enzymatic membrane
[21, 25].

The biosensors were tested in biological fluids, such as
dialysate and blood serum [5,27,28]. The measurements were
performed in the flow-through system. The accuracy of the
measurements of urea in dialysate as well as in blood serum
by EnFET was better than 10% with respect to the reference
spectrophotometric method which makes the EnFETs accept-
able for clinical use.

In the case of measurement of the urea concentration by
biosensor with ammonium ion detection, interference with the

Bull. Pol. Ac.: Tech. 53(3) 2005
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0.150

ods are commonly used. Mainly, the methods are based on hy-
drolysis of glucose in the enzymatic reaction catalysed by glu-
cose oxidase (GOD) (Table 2. No.1). Some preliminary works
on miniaturised glucose sensors, both potentiometric (EnNFET
type) and amperometric were carried out by our group too [32].
The works related to the first type of biosensors were directed
to the optimisation of physical and chemical immobilisation of
GOD onto the silicon nitride gate surface of ISFETs with the
use of glutaraldehyde and bovine serum albumin (BSA), and
sodium alginate [19]. The amperometric biosensors were of
the flow-through type, in which GOD was delivered to the sam-
ple solution in the measuring cell through the semi-permeable
membrane from the outside container [33].
: : : : : Pesticides biosensors. Pesticides negatively influence
~0.050 r r ? ? ? immunoprotection of human organism because of the inhibi-
tion of different enzymes, in particular, acetylcholine esterase
urea (AChE). Since pesticides are widely used in agriculture, con-
Fig. 7. Calibration curves of the urea EnFET with ammonium iorirol of these kinds of pollutants cumulated in water and in soil
detection in 0.1 M orthophosphate buffers at pH 6 becomes of a key importance for health. Basing on the en-
zymatic reactions given in Table 2, No. 4, 5 and 6, cheap, fast
ammonium ions present in biological samples and the amand very sensitive biosensors for determination of organophos-
monium ions being a product of the enzymatic reaction mayhorus pesticides, based on detection of pH, may be developed
be noted. To minimise this interference, a bienzymatic seiit9,34]. In these biosensors, pesticides type analytes inhibit
sor with membranes of urease and glutamate dehydrogen#ssE influencing its activity. The pesticides, that inhibit the
(GLDH), crosslinked with bovine serum albumin by glu-enzyme, can be determined through measurement of the pH
taraldehyde, was developed [29]. The outer GLDH membrarghange resulting from the enzymatic reaction at the constant
acts as a blocking layer for ammonium ions coming from theoncentration of the substrate (acetylcholine or butylcholine).

0.100

0.000 A

Log C

solution. The developed biosensors were applied for determination of
organophosphorus pesticides in juices of some vegetables. The
5.2. Other biosensors heavy metal ions (Cd", Ci?+, Hg?*, P?t) are known to in-

Triglycerides biosensors. An increased level of hibit BChE and urease, so these enzymes may be applied in
triglycerides is an indirect coronary disease risk factor. In praconstruction of biosensors for determining these ions, e.g. in
tice, to determine triglycerides, the spectrophotometric metfsices and blood serum [35,36].
ods are commonly used. Due to their complexity, such mea- Immune biosensors. Due to application of immunoreac-
surements are expensive and may be performed in analytitiains in biosensors, a very high specificity, allowing determina-
laboratories. To diminish costs of these measurements, a ngan of the analyte concentration in multi-analyte fluids, can be
biosensor based on the reaction given in Table 2, No. 3 wabtained. The reaction between the antibody and antigen (an-
proposed [30,31]. The production of fatty acids by meanalyte) is performed on a solid state surface with immobilised
of the lipolysis reaction under the specific reaction conditionsnmunoreagents. In general, immunosensors are based on po-
may result in pH-changes which is a basis for determination ¢éntiometric, amperometric and optical principles of operation.
triglycerides. In our research group, research on immunosensors has

The main problem, related to this method, is optimisatiobeen oriented towards investigation of immobilisation meth-
of the conditions of the lipolysis reaction. The effect of certaimds of immunoreagents as well as quantitative and qualita-
reagents, such as activators (calcium chloride), and emulgattik&e determination of human immunoglobulin (higG) by means
(cholic acid, detergents) operating in aqueous and alcoholdt the pH-metric method [37]. In this case, pH-ISFET were
solutions on the reaction was examined. As the triglyceridesed as potentiometric transducers, and the immunoparticles
standards for the biosensor calibration, trioleine, triacetine aruohti-idiotype goat antibodies) labelled with urease were im-
tributyrine were used. Due to the fact that the lipase activitynobilised onto ISFET gate. Measurement of the pH changes,
can be significantly reduced in alcoholic and detergent solas a function of concentration of h IgG, in the sample solution
tions, the reactions of lypolysis and dissociation of fatty acidey means of pH-ISFET was performed. The sensitivity of the
should be separated. The separation of the two reactions mazgsensor being a function of immunocomplexes h IgG + IgG-
be realised e.g. in a micro analytical system consisting of theease concentration was 39.7 mV/dec. The concentration of
separated reaction cell, mixer and measuring cell. immunocomplexes is directly proportional to the concentration

Glucose biosensors. Determination of the glucose con- of h IgG in the sample.
centration in blood is a basic test in the diagnosis and therapy Miscellaneous biosensors. Works on development of
of diabetes. For measurements of glucose, spectrophotometysiosensors for detection of other analytes were started by our
and electrochemical (amperometric and potentiometric) methroup recently. Phenylalanine biosensors, based on the po-
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tentiometric detection of pH and the ammonium ions, are re- Surfaces of the glass beads (PG 1000-120, Sigma) of 80—
quired for a low cost diagnosis of phenyloketonuria, a verg20 um diameter and 100 nm size pores were hydrated and
serious metabolic disease [38]. A large group of biochemthen silanised with glycidoxypropyltriethoxysilane (GOPS) as
cal compounds, including pharmaceutical products (drugs amell as aminopropyltriethoxysilane (APTS) followed by the
toxins), may be determined using the amperometric bioseglutaraldehyde (GA) treatment. Two types of the polymeric
sors. A technological platform for manufacturing such sensotseads were tested: 2@0n diameter, 100 nm size pores poly-
has been prepared. acrylamide with epoxy rings (EUPERGIT) and the reduced
. . polyacrylonitrile (PAN) developed by our group. For modi-

6. Micro analytical systems fication of the PAN beads GA were used.
The micro analytical system usually consists of several units |n the last step, an enzymatic layer (urease) was deposited
that are responsible for different functions of the system, su@hto the chemically modified supports. In all the cases, for the
as the sample transport unit, unit for reagent mixing (mienzyme deposition, an enzyme solution containing 25 mg of
cromixer), unit for the sample chemical treatment (also calleghe urease in 1 ml of the phosphate buffer was used besides the
microreactor) and the detection unit. The unit of the SaNEUPERGIT beads. To obtain covalent binding of the enzyme
ple transport is made up of microfluidic systems actuated ang the substrate, the supports were exposed to the enzyme so-
controlled by micropumps and microvalves. The fabricatiofution at room temperature overnight. The EUPERGIT beads
process of these units is mainly related to the micro elegvere enzymatically modified according to the producer recom-
tromechanical system (MEMS) technology. Certain prelimimendations [42)].
nary works on these units have been started at the Institute of The fabrication technology of the silicon microreactors ap-
Electron Technology in cooperation with our group. plied processes consisting only of two mask levels. It was per-

As it was mentioned above, the detection functions of th&yrmed on the two-side polished silicon wafer of <100> crys-
system are mainly realised through biosensors and in somg orientation. In the first step, anisotropic etchant (KOH) was
cases through microreactors. Therefore, in our research, theed to make an inlet and an outlet; both in the form of square
object of the primary interest has been the development of thgles. Next, cavities of the micro reactors of different shapes
detection unit, described in previous sections, and secondaggre lithographically created. The batch type micro reactor
the sample treatment unit (microreactor). Some other workgig. 8b) was etched as a cuboid célk@1 x0.22 mm, volume
on the flow-through chemical sensors are described in sectign u|) divided by the 13Qum high threshold into two compart-
6.2 below. ments with volume ratio 1:2. The third microreactor, called

6.1. Microreactors. Four types of microreactors were devel-lamella (Fig. 8c), was made in the form of 62 parallel channels
oped [39-41]. The first two of them were of a batch type, filled10 mm long, 50um deep and 10@m wide, volume 3ul),
W|th the enzyme (urease) |mmob|||sed on the porous g|ass Wllth a common inlet and Outlet, Wh||e the fourth microreaCtOI‘
polymeric beads. The first type was fabricated in the form dfig. 8d) was made in the form of 1 m long meander -type
a flow-through column (batch type) of 1q0 volume, made Single channel (5m deep and 10Qm wide, volume Sul).

of Perspex with an inlet and an outlet protected by N@n‘et AfterWardS, the silicon wafer was anodica”y bonded to a
(Dupont) (Fig. 8a). Pyrex plate 2 mm thick. Finally, the silicon-glass sandwich

was diced into chips.

To obtain the functional groups on the surface of the mi-
crochannels covered with a thin layer of native silicon oxide,
their surfaces were chemically modified similarly to the pro-
cessing the glass beads. The micro reactors were tested in a
flow-through system where the flow was driven using a peri-
staltic pump. The hydrolysis reaction of urea, catalysed by the
immobilised urease (see Table 2, No. 2), was analysed using
the recording of the pH changes in the sample solution. Con-
centration of urea in the solution was changed by the standard
addition method. Before the sample introduction into the mea-
suring system, the micro reactors were rinsed with phosphate
buffer solution. All measurements were taken at room temper-
ature.

The comparison of the changes of the output signal in time
for the batch type microreactors filled with glass-APTS, EU-
PERGIT, and PAN modified beads (Fig. 9a) as well as the
lamella type silicon microreactors modified with APTS and
Fig. 8. View of the column type microreactor implemented in PerGOPS microreactors (Fig. 9b) indicates that the most stable
spex packed with glass beads with immobilised urease (a) and c@ind the highest output signal was obtained for the batch type
umn with batch (b), lamella (c) and meander (d) type microreactor®icrocreactors filled with urease immobilised onto the PAN

implemented in silicon beads.
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6.2. Flow-through analytical microsystems. As it has been
stated above, miniaturisation of the components of the chemi-
cal analysis systems leads to minimisation of the sample vol-
ume and reduction of the total assay time. There are several
methods of integration of these components into one system:
external connection of the microcomponent, hybryd technique
and micromachining in silicon. Some our joint works realised
in cooperation with the MESA Research Institute, University
of Twente can be found in [33,43]. Figure 10 presents an inte-
grated flow-through system consisting of three electrodes: glu-
cose (amperometric, with glucose oxidase — Table 2, No. 1),
potassium (potentiometric, with valinomycin as the ionophore
— Table 1, No. 1) and Ag/AgClI reference electrode, and the
calibration block.

The biosensor sensitivity to glucose for the fixed sampling
time (25 s) and a constant flow rate ofifmin was about 4.3
nA/mM and the sensitivity of the potentiometric electrode to
potassium ions was in the range of 50-55 mV/dec. The system
was tested with a microdialysis probe connected to its input.

7. Conclusions

Examples of miniaturised chemical and biochemical sensors
and systems developed at the Institute of Biocybernetics and
Biomedical Engineering PAS in cooperation with the Insti-
tute of Electron Technology and other research groups indi-
C%ate that semiconductor and biochemical technologies, includ-
ng micromachining, available to the Polish research teams,
nable development of modern bioanalytical devices and sys-
tems applicable in medical diagnosis and environmental pollu-
tion monitoring. These works are in line with the trend of the
leading world laboratories.
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