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Ab stract
An elec troc he mi cal bio sen sor was de ve lo ped by using the sol-gel coa ting so lu tion. The mo di fied pla ti num elec tro de
used in the study was con struc ted by im mo bi li za tion of glu co se oxi da se un der a la yer of sol-gel film. The coa ting so lu -
tion was pre pa red by using GLYMO, and MTEOS. Elec troc he mi cal mea su re ments we re car ried out am pe ro me tri cally
by de ter mi ning hydro gen pe ro xi de pro du ced by the enzy ma tic reac tion bet ween glu co se and glu co se oxi da se. It was ob -
ser ved that the am pe ro me tric res pon se of the enzy me elec tro de was li near for glu co se con cen tra tions in the ran ge from
2 to10 m M. The res pon se ti me of the bio sen sor to reach a steady-sta te cur rent va lue wa s ap pro xi ma tely 80 s. The glu co -
se se lec ti vity of the bio sen sor was de ter mi ned in the pre sen ce of so me in ter fe ring sub stan ces, such as lac to se, su cro se,
urea, uric acid, oxa lic acid, and as cor bic acid.It was ob ser ved that the in ter fe ring mo le cu les did not cau se any ob ser vab -
le sig nal. The sta bi lity of the sen sor was in ve sti ga ted, and it was found hat the ini tial sen sor res pon se de crea sed ap pro -
xi ma tely 44% over a pe riod of 30 days of sto ra ge in dry sta te at 4 °C.
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1. In tro duc tion
The rou ti ne analy sis of glu co se in va ri ous physio lo -

gi cal fluids is one of the most fre quent ope ra tions in a cli -
ni cal che mi cal la bo ra tory. The con ve nient, ra pid, sa fe and
pre ci se de ter mi na tion of blood su gar in dia be tes pa tients
is im por tant for the treat ment and con trol of dia be tes. Glu -
co se can be de tec ted by va ri ous met hods, such as elec troc -
he mi cal, co lo ri me tric, and op ti cal met hods. Among the se
met hods, enzy me-ba sed elec troc he mi cal bio sen sors are
wi dely used for the de ter mi na tion of glu co se. De pen ding
upon the elec troc he mi cal pro perty to be mea su red by a
de tec tion system, elec troc he mi cal bio sen sors may be di vi -
ded in to am pe ro me tric, con duc to me tric, and po ten tio me -
tric bio sen sors. An am pe ro me tric bio sen sor may be the
best ap proach to ac hie ve ac cu ra te, spe ci fic, eco no mic, and
ra pid mo ni to ring of glu co se. Enzy ma tic de tec tion of glu -
co se by an am pe ro me tric bio sen sor is ba sed on the mo ni -
to ring of hydro gen pe ro xi de for med by the enzy ma tic
reac tion bet ween glu co se and glu co se oxi da se. It mea su -
res the re sul ting cur rent chan ges on the mo di fied wor king
elec tro de due to di rect oxi da tion of the pro ducts of the
bioc he mi cal reac tion.1–9

The key fac tor in the de ve lop ment of an enzy me-ba -
sed am pe ro me tric glu co se bio sen sor is the im mo bi li za tion
of glu co se oxi da se on the elec tro de sur fa ce. A num ber of
im mo bi li za tion tech ni ques, such as physi cal en trap ment,
che mi cal im mo bi li za tion in an inert ma trix, and co va lent
at tach ment to elec tro de sur fa ces ha ve been used to im mo -
bi li ze the re le vant enzy me in the con struc tion of the am -
pe ro me tric bio sen sors.8–12 Among the va ri ous mo di fi ca -
tion pro ce du res, sol-gel tech no logy has at trac ted wi de
spread in te rest to im mo bi li ze the bio mo le cu les in the de -
sign of the bio sen sor due to its di stinct ad van ta ges, such
as  low tem pe ra tu re pre pa ra tion, che mi cal inert ness, ne gli -
gib le swel ling, op ti cal trans pa rency, low-tem pe ra tu re en -
cap su la tion, tu nab le po ro sity, ther mal sta bi lity, and bio -
com pa bi lity.13–15

The sol-gel pro cess is a che mi cal synthe sis met hod
used in the pre pa ra tion of glass and ce ra mics, thin films
and coa tings, fi ne pow ders, fi bers and so me ot hers.16–18

This met hod is ba sed on the hydroly sis and con den sa tion
reac tions of li quid pre cur sors to crea te a stab le gel.19 The
sol-gel met hod is al so used to ob tain the com po si te ma te -
rials. Or ga nic-inor ga nic com po si te ma te rials pre pa red by
this met hod, which is ter med or mo sils, ha ve many ap pli -
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ca tion fields, li ke sur fa ce coa ting, cor ro sion pro tec tion
and elec tro de mo di fi ca tion.20 Hybrid films  pre pa red with
or ga nic-inor ga nic si la nes via the sol-gel pro cess are a type
of com po si te ma te rial in which the inor ga nic and or ga nic
com po nents are com bi ned at the mo le cu lar le vel. The or -
ga nic part of the hybrid ma te rial im pro ves the ad he sion
bet ween the coa ting and sub stra te whi le the inor ga nic part
main tains the hard ness and che mi cal du ra bi lity of the coa -
ting. The se coa tings ha ve been suc cess fully used as enzy -
me im mo bi li za tion ma trix due to their bio com patibi lity.
They can be rea dily pre pa red by hydroly sis and con den sa -
tion of al koxy si la nes and or ga noal koxy si la nes.21–24

MTEOS and GLYMO are or ga noal koxy si la ne and
or ga no func tio nal al koxy si la ne mo no mers, res pec ti vely,
and they can be used to pre pa re the or ga nic-inor ga nic hy-
brid films. MTEOS con tains methyl, which is a non-reac -
ti ve or ga nic group. The en try of methyl group in to the hy-
brid net work leads to mi nor cross-lin king. This group can
act as fil ler in the si li ca net work and re sult in small and
nar row po re si ze di stri bu tion. In ad di tion, MTEOS can
bring hydrop ho bi city to the film by re pla cing the sur fa ce
hydroxyl groups with methyl groups, which ha ve a lo wer
af fi nity to wards wa ter. GLYMO is es sen tially used as a
bin ding agent in the si li ca coa tings. It has a reac ti ve func -
tio nal (epoxy) or ga nic group. The epoxy ring of GLYMO
can be ope ned in aci dic or ba sic con di tions and highly ad -
he si ve films can be ob tai ned by in crea sing the de gree of
cross-lin king of the hybrid net work. The or ga no func tio -
nal group of GLYMO can react with ami no group of bio -
mo le cu les, and hen ce it can be used for im mo bi li za tion of
enzy mes. The coa ting so lu tions con tai ning GLYMO and
MTEOS can form mec ha ni cally stab le sol-gel thin films
by en su ring a good che mi cal bon ding to the elec tro de sur -
fa ce. A po rous film can be ob tai ned with a mix tu re of
GLYMO/MTEOS, and the po ro sity of the film can be ea -
sily ad ju sted by chan ging the com po si tion of the coa ting
so lu tion. The pre pa red films by using the se si la ne com -
pounds for bio sen sor ap pli ca tions can im pro ve the long-
term per for man ce of the sen sor.25–29

Se ve ral pa pers on the im mo bi li za tion of glu co se
oxi da se wit hin the sol-gel ma trix for the de ve lop ment of
glu co se bio sen sors ha ve been re por ted in the li te ra tu re. In
the se stu dies, va ri ous si la ne com pounds ha ve been used in
the im mo bi li za tion ma trix to im pro ve the sta bi lity, se lec ti -
vity, re pro du ci bi lity and ot her analy ti cal pa ra me ters of the
bio sen sor.2, 21, 30–37

This wor k re ports a glu co se bio sen sor pre pa red
by im mo bi li za tion of glu co se oxi da se with the si li ca
sol-gel film on the pla ti num elec tro de sur fa ce. The sol-
gel la yer was pre pa red by mi xing of (3-glycidoxyl-
propyl)trimethoxysilane and methyltriethoxysilane pre -
cur sors. Elec troc he mi cal mea su re ments we re car ried
out am pe ro me tri cally. The op ti mal va lues of the wor -
king po ten tial and p H of buf fer so lu tion we re de ter mi -
ned. The elec troc he mi cal cha rac te ri stics of the bio sen -
sor we re in ve sti ga ted.

2. Ex pe ri men tal

2. 1. Che mi cals and Solu tions
(3-Glyci doxyl propyl)tri met hoxy si la ne (GLYMO,

98%), methyl triet hoxy si la ne (MTEOS, 99%), and 2-bu -
tox yet ha nol we re sup plied from Al drich. α-D-(+) glu co se
and glu co se oxi da se (GO x) from As per gil lus Ni ger we re
purc ha sed from Sig ma. HCl (37%) was ob tained from
Rie del-de-Haën. Doub le di stil led wa ter was used throug -
hout the pre pa ra tion and di lu tion of all so lu tions.

Phosp ha te buf fer so lu tion was pre pa red by using di -
so dium hydro gen phosp ha te and po tas sium dihy dro gen
phosp ha te. The glu co se stock so lu tion (0.2 M) was pre pa -
red in di stil led wa ter and left at room tem pe ra tu re for 24 h
prior to use to en su re the pre sen ce of the β-D-glu co se
form.

2. 2. Pre pa ra tion of Sili ca Sol-gel Solu tion

The sol-gel coa ting so lu tion was pre pa red by mi xing
1 m L of GLYMO, 0.4 m L of MTEOS, and 0.505 m L H2O
in a glass vial. A 0.044 m L ali quot of con cen tra ted HCl
so lu tion was ad ded to the ob tai ned mix tu re to ac ce le ra te
hydroly sis of the si la nes. The mixture in the glass vial was
stir red un til a clear and ho mo ge ne ous so lu tion was ob tai -
ned, and sto red at room tem pe ra tu re for 24 h. This so lu -
tion was used as a stock solution. Then, a coa ting so lu tion
was pre pa red by mi xing 1 m L of the stock sol so lu tion and
3 m L of 2-bu tox yet ha nol in a se pa ra te glass vial. This fi -
nal so lu tion was stir red for 2–3 h and sto red at room tem -
pe ra tu re for 24 h. The so lu tion di lu ted with al co hol was
used for the im mo bi li za tion of the enzy me.

2. 3. Pre pa ra tion of Enzyme Elec tro de

The enzy me solu tion was pre pa red by dis sol ving 5.1
mg of enzy me in 50 μL of 0.1 M PBS so lu tion (p H = 7). A
vo lu me of 2 μL of this enzy me so lu tion was drop ped on
the pla ti num elec tro de sur fa ce (2 mm dia me ter) and al lo -
wed to dry at room tem pe ra tu re for 30 min. Af ter that, ali -
quots of 7 μL of the so lu tion di lu ted with al co hol we re ca -
re fully drop ped on the enzy me adsorbed onto the sur fa ce
of the pla ti num elec tro de and al lo wed to dry at room
tempe ra tu re for 48 h. The re sul ting enzy me bio sen sor was
sto red at 4 °C in a re fri ge ra tor when not in use.

2. 4. Met hods and Instru ments

Elec troa naly ti cal mea su re ments we re car ried out
with a BAS 100 W (Bio naly ti cal Systems, Inc.) elec troc -
he mi cal analy zer. All ex pe ri ments we re per for med by us-
ing a con ven tio nal elec troc he mi cal cell with a three-elec-
trode system, com pri sing a mo di fied pla ti num elec tro de
as the wor king elec tro de, a Ag/Ag Cl elec tro de sa tu ra ted
with KCl as the re fe ren ce elec tro de, and a Pt wi re coil as
the au xi liary elec tro de.
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Hydro gen pe ro xi de for med by the  bioc he mi cal reac -
tion bet ween glu co se and glu co se oxi da se was de ter mi ned
am pe ro me tri cally. Phosp ha te buf fer so lu tions (PBS) used
in the am pe ro me tric stu dies we re ae ra ted by bubb ling air
for about 20 min  prior to use. Then, the three-electrode
system was im mer sed in to 10 m L of PBS so lu tion. The
so lu tion was stir red to pro vi de the con vec ti ve mass trans -
port du ring the elec troc he mi cal stu dies. A pre de ter mi ned
con stant wor king po ten tial ver sus Ag/Ag Cl was ap plied to
the cell, and the back  ground cur rent was al lo wed to reach
t he steady sta te be fo re glu co se in jec tions. The re sulting
cur rent due to the oxi da tion of hydro gen pe ro xi de pro du -
ced by the enzy ma tic reac tion was mea su red as a func tion
of ti me, and the graphs of the cur rent ver sus ti me we re
con ti nu ously re cor ded.

3. Re sults and Dis cus sion

3. 1. Ef fect of p H of Buf fer Solu tion
The p H of the buf fer so lu tion has a very im por tant

ef fect on the sen si ti vity of the bio sen sor be cau se the p H af -
fects the bi oac ti vity of glu co se oxi da se. The re fo re, to de -
ter mi ne the ef fect of buf fer so lu tion p H on the res pon se of
the bio sen sor, ex pe ri ments we re car ried out by mea su ring
the cur rent res pon se of the sen sor to 10 m M glu co se at dif -
fe rent p H va lues at 700 m V. Fi gu re 1 shows the ef fect of p -
H on the bio sen sor res pon ses.As can be seen, the enzy me
elec tro de ex hi bi ted a lar ge res pon se to glu co se in jec tions
at p H 7. To ob tain the ma xi mum sen si ti vity of the bio sen -
sor, the op ti mal p H va lue of PBS was se lec ted to be 7.

3. 2. Ef fect of Wor king Poten tial

The ef fect of the ap plied po ten tial on the bio sen sor
res pon se was exa mi ned in the po ten tial ran ge from 500 to
900 m V ver sus the Ag/Ag Cl re fe ren ce elec tro de. The se
ex pe ri ments we re per for med by mo ni to ring the res pon se

of the enzy me elec tro de to 10 m M glu co se at p H 7. Fi gu -
re 2 shows the ef fect of the wor king po ten tial on the am -
pe ro me tric res pon se of the bio sen sor. It can be seen that a
ma xi mum cur rent res pon se to glu co se in jec tions was ob -
tai ned at a po ten tial of 700 m V. To reach the highest cur -
rent res pon se in the am pe ro me tric mea su re ment, the wor -
king po ten tial was se lec ted to be 700 m V.

3. 3. Elec troc he mi cal Cha rac te ri stics 
of Bio sen sor
Af ter de ter mi ning the op ti mal va lues for the wor -

king po ten tial and p H of the buf fer so lu tion, the elec troc -
he mi cal cha rac te ri stics of the pre pa red bio sen sor, such as
res pon se ti me, li nea rity, se lec ti vity, and sta bi lity, we re in -
ve sti ga ted un der the op ti mi zed ex pe ri men tal con di tions.

Fi gu re 3 shows a plot of the typi cal am pe ro me tric
res pon se of the si li ca/GO x elec tro de to the ad di tion of ali -
quots of stock glu co se so lu tion. The glu co se con cen tra -
tion for each in jec tion was 2 m M. It can be seen that the

Fi gu re 1. Ef fect of buf fer so lu tion p H on the sen sor res pon se.
Fi gu re 3. The am pe ro me tric res pon ses of enzy me elec tro de to suc -
ces si ve glu co se in jec tions.

Fi gu re 2. Ef fect of wor king po ten tial on the sen sor res pon se.
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enzy me elec tro de ga ve a ra pid and sen si ti ve res pon se to
chan ges in the glu co se con cen tra tion. It was ob ser ved that
the bio sen sor res pon ded ra pidly to the glu co se and ac hie -
ved a steady-sta te cur rent va lue ap pro xi ma tely wit hin 80 s.

Fi gu re 4 shows the ca li bra tion graph con struc ted for
the enzy me elec tro de by using the steady-sta te am pe ro -
me tric res pon ses gi ven in Fi gu re 3. It is clear from Fi gu re
4 that the bio sen sor pro ves a li near res pon se up to a con -
cen tra tion of 10 m M glu co se. The sen si ti vity was de ter mi -
ned to be 0.062 μA/m M.

The se lec ti vity is one of the ma jor cha rac te ri stics of
an am pe ro me tric glu co se bio sen sor. The glu co se se lec ti -
vity of the de sig ned bio sen sor in this study was exa mi ned
in the pre sen ce of so me elec troac ti ve (e.g., as cor bic acid,
uric acid, and oxa lic acid) and non-elec troac ti ve (e.g., lac -
to se, su cro se, and urea) in ter fe ring mo le cu les coe xi sting
with glu co se in real sam ples. Fi gu re 5 shows the ef fect of
the in ter fe ring spe cies on the steady-sta te am pe ro me tric
res pon se of the bio sen sor. Each in jec tion shown in Fi gu re
5 cor res ponds to 2 m M of re le vant sub stan ce. It can be
seen that the enzy me elec tro de did not gi ve a de tec tab le

sig nal for the elec troac ti ve and non-elec troac ti ve spe cies
whi le it res pon ded suc cess fully to glu co se in jec tions. Ho -
we ver, it was ob ser ved that the glu co se res pon se de crea -
sed so mew hat due to fou ling. This de crea se in the res pon -
se to wards glu co se may be re la ted to the bloc ka ge of the
film po res due to  con ta mi nants. The bio sen sor sho wed
good li nea rity to glu co se in jec tions in the ran ge from 2 
to 10 m M in the pre sen ce of the in ter fe ring sub stan ces 
(R2 = 0.9887). Con se quently, it can be said that the sol-gel
la yer ef fec ti velypro tects the elec tro de sur fa ce from in ter -
fe ring mo le cu les.

The sta bi lity of the glu co se sen sor was in ve sti ga ted
by means of am pe ro me tric mea su re ments over ape riod of
one month using 10 m M glu co se. The re sults of the se ex -
pe ri ments are shown in Fi gu re 6.The enzy me elec tro de
was sto red in dry con di tions at 4 °C to pre vent the enzy me
leac hing through t he sol-gel ma trix when not in use. It
was ob ser ved that the ini tial glu co se sen sor res pon se de -
crea sed by 44% over a pe riod of one month. This in di ca tes
that the ac ti vity of the enzy me un der the sol-gel la yer pro -
tects for a long ti me.

4. Conc lu sions

In this work, a glu co se bio sen sor with ex cel lent bio -
com pa ti bi lity was de ve lo ped ba sed on a sol-gel com po si te
ma te rial. Glu co se oxi da se con nec ted by physi cal ad sorp -
tion on the pla ti num elec tro de sur fa ce was pro tec ted by 
a si li ca sol-gel film, which has been pre pa red using 
GLYMO and MTEOS. The re sul ting bio sen sor was used
to de tect glu co se in a PBS buf fer so lu tion by means of
am pe ro me try. It was found that the enzy ma tic elec tro de
sho wed high sen si ti vity, se lec ti vity, a good sta bi lity and a
rea so nab le li near ran ge. It was ob ser ved that the glu co se
bio sen sor did not crea te any res pon se from in ter fe ring
sub stan ces.The li fe ti me of the glu co se sen sor in di ca tes
that a si li ca sol-gel ma trix is a good im mo bi li za tion me -
dium for GO x. The re sults ob tai ned de mon stra te that the

Fi gu re 4. The ca li bra tion graph of the enzy me elec tro de. Fi gu re 6. Sta bi lity of bio sen sor sen sor.

Fi gu re 5. The se lec ti vity of enzy me elec tro de to glu co se in pre sen -
ce of in ter fe ring spe cies.
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sol-gel or ga nic-inor ga nic hybrid ma te rial is an excel lent
ma trix for  de ve lop ment of an enzy me bio sen sor.
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Povzetek
Razvili smo elektrokemijski biosenzor na osnovi sol-gel prekrivne raztopine. V {tudiji uporabljena modificirana pla-
tinska elektroda je bila narejena z imobilizacijo glukozne oksidaze pod plastjo sol-gel filma. Prekrivno raztopino smo
pripravili z GLYMO in MTEOS. Pri elektrokemijskih meritvah smo amperometrijsko dolo~ili vodikov peroksid, ki je
nastal z encimsko reakcijo med glukozo in glukozno oksidazo. Opazili smo, da je amperometrijski odgovor encimske
elektrode linearen pri koncentraciji glukoze v obmo~ju 2 do10 mM. Odzivni ~as biosenzorja do stabilnega toka je bil
pribli`no 80 s. Selektivnost biosenzorja za glukozo smo dolo~ili v prisotnosti nekaterih interferirajo~ih spojin, kot so
laktoza, saharoza, se~nina, se~ninska kislina, oksalna kislina in askorbinska kislina. Ugotovili smo, da interferirajo~e
spojine ne dajejo nobenega opaznega signala. Raziskali smo tudi stabilnost senzorja in ugotovili, da se za~etni odziv
senzorja zmanj{a za pribli`no 44 % po 30 dnevih shranjevanja v suhem stanju pri 4 °C.


