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Optical Sensor for the Determination of Glucose Based
on K104 Chemiluminescence Detection
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A method to determine glucose using an optical sensor prepared by entrapping glucose oxidase into
silica sol-gel column has been developed. The silica sol-gel film was coated on alumina substrate. The
optical sensor is based on the chemiluminescence intensity from the reaction of periodate and hydrogen
peroxide in K, CO3; medium. The effect of the ratio of water and alcohol for the preparation of TEOS sol
on chemiluminescence intensity was investigated. The effects of pH of enzyme reactor, concentrations
of potassium periodate and SDS, and flow rate on the chemiluminescence intensity were studied to
find the optimum experimental conditions to determine glucose. The chemiluminescence intensity
increased linearly with increasing glucose concentration from 5.0 x 10~ M to 1.0 x 10~7 M and the
detection limit was 4.0 x 10~% M. Interference effects from some metal ions on chemiluminescence
intensity were also investigated.
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INTRODUCTION

Glucose sensors are of great interest since glucose
content is one of the most important parameters checked
in routine medical analysis. These sensors also have been
used to measure glucose content in other biological fluids,
molasses and fermentation processes. The capacity of glu-
cose oxidase (GOX) to catalyze the oxidation of glucose to
gluconic acid has been widely promoted as a model sys-
tem for the design of glucose sensor. The enzyme is highly
active, relatively stable and readily available, and thus has
been extensively utilized to develop electrochemical and
optical biosensors. Conventional methods of enzyme im-
mobilization include physical or chemical adsorption at a
solid surface [1], covalent binding [2—4] or cross-linking
[5,6] to a matrix, and entrapment within a membrane,
surfactant matrix, polymer or microcapsule [7—10]. More
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recent work has demonstrated that sol-gel method could
be a promising alternative method for the enzyme im-
mobilization [11,12]. With the combination of the unique
features of sol-gel process including high purity and uni-
formity, low process temperature and easy control on the
reaction degree, the sol-gel encapsulation method is sup-
posed to offer several advantages over conventional en-
trapment method. The principle of glucose determination
by enzymatic method is to measure enzymatically pro-
duced hydrogen peroxide during the oxidation reaction
of glucose in the presence of molecular oxygen [13—15].
Electrochemical biosensors for glucose play a leading role
in this direction. Amperometric enzyme electrodes, based
on GOx bound to electrode transducers, have thus been the
targets of substantial research. Another method developed
for the determination of hydrogen peroxide produced in
the enzymatic reaction is to measure the difference of flu-
orescence or chemiluminescence (CL) signal due to the
change of hydrogen peroxide content [16—19]. Recently,
Lin et al. reported that the CL intensity was enhanced by
the addition of potassium carbonate to the alkaline solu-
tion in the absence of a specific luminescent reagent [20].
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Periodate ion is known to react quantitatively with hydro-
gen peroxide in acid, neutral and alkaline solutions to give
105 and singlet oxygen (10,) [21].

This paper describes a method to determine glucose
with low interference effect by CL method. A flow in-
jection system was employed for sample introduction. A
KIO4-K;,CO3 system has been used for producing chemi-
luminescence in the present work. GOx was easily immo-
bilized by sol-gel method and the sol-gel film was coated
on alumina particle. The resulting particles were packed
in a glass column. The optimum analytical conditions for
calibration were obtained on the basis of the results of
the effects of pH for the enzyme and CL reactions, flow
rate and anionic surfactant on the CL intensity. The effects
of interferences from some metal ions on CL intensity to
determine glucose were also discussed.

EXPERIMENTAL

Materials

GOx (type-VII from AspergiUus niger EC 1.1.3.4),
D-glucose, sodium dodecyl sulfonate (SDS) and tetraethyl
orthosilicate (TEOS) were obtained from Sigma (St.
Louis, MO, USA). Glucose solutions (freshly prepared
in phosphate buffer, pH 7.5) were allowed to mutarotate
at 4°C overnight before use. Potassium periodate was ob-
tained from Kanto Chemical (Tokyo, Japan). All chem-
icals were of analytical-reagent grade and were used as
received.

Apparatus

A schematic diagram of an automated stopped flow
injection analyzer used in the chemiluminescence mea-
surements is shown in Fig. 1. A flow system consisted
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Fig. 1. Schematic diagram of a flow sensor for chemiluminescence de-
termination of glucose in aqueous medium: R1, water; R2, KIO4 + buffer
solution; P1 and P2, peristaltic pump; ER, enzyme reactor; TB, thermal
box; FC, flow cell; D, detector; W, waste.
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of two peristaltic pumps (Ismatec Model MS-4 Reglo/6-
100, Glattbrugg-Ziirich, Switzerland). One (P1) delivered
glucose sample solution. The other (P2) delivered KIOy,
SDS and K,COs; solution in the flow system. A 100 uL
aliquot of sample solution was injected by a six-way in-
jection valve into the carrier stream of phosphate buffer
solution. A mixture of P1 stream was carried through an
enzyme column reactor. The P1 stream was mixed with
a P2 stream in a T-shaped element connected to a flow
cell. PTFE tubing (0.4 mm i.d.) was used to connect all
the components of this system. A flow cell was fixed at
10 mm before the emission port of the cell compartment
of a spectrofluorimeter (Model FLL111, Spex, Edison, NJ,
USA). A Hamamatsu Model R928 photomultiplier tube
was used. The enzyme reactor was housed in a laboratory
made temperature controlled chamber, in which temper-
ature was set as 37°C. To measure chemiluminescence
intensity, the Xe lamp was shut off and the luminescence
emitted from the cell was fed to a photomultiplier tube
(Model R928, Hamamatsu, USA). The voltage used for
the photomultiplier tube was 900 V. For the chemilumi-
nescence measurements the integration time and slit width
was 1 s and 5 mm, respectively.

Immobilization of GOx and Preparation
of GOx Column

Silica gels derived from TEOS were synthesized us-
ing an acid-catalyzed sol, which was prepared by mixing
2mL TEOS, 0.5 mL alcohol, 25 L. 1:20 HCl and a desired
amount of water [22]. The mixed solution was sonicated
for 3 hr until it became clear. A 0.4 mL of buffer solu-
tion containing 3.0 mg/mL GOx was then added to the
sol solution. After thoroughly mixing, a 0.5 mL aliquot
of the sol solution was transferred to a vial and 0.500 g
of alumina with particle size at 80—-100 mesh was added.
The alumina particles doped with silica sol-gel was soni-
cated for 10 min, and the modified particles were kept at
4°C. The resulting alumina particles were used to prepare
an enzyme column reactor using a glass tube with 2 mm
of diameter and 4 cm of length. Measurement of glucose
with CL-based sensor with sol-gel entrapped column.

Measurement Procedure

Flow lines R1 and R2 (Fig. 1) were inserted into
KI04-K;,COs; solution and phosphate buffer solution, re-
spectively. A 100 pL aliquot of sample was injected into
the carrier stream of phosphate buffer stream which re-
acted with GOx in the column reactor to produce H,O,.
All experiments were performed with 0.02 M potassium
carbonate and 0.9 M potassium hydroxide, at which condi-
tions the CL system could produce maximum CL signals.
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RESULTS AND DISCUSSION

Immobilization of GOx in Silica Sol-Gel Column

Conventional sol-gel procedures generally involve
extremes of pH and high concentration of alcohol, both
of which affect the stability of biomolecules. The syn-
thetic condition is to raise the pH of the sol system to
biologically compatible values so as to prevent acid de-
naturation or aggregation of the biomolecules. The pH of
the sol stock solution was adjusted to the range from 5 to
8 before GOx was added in our experiment. It has been
reported that when the mol ratio of water and alcohol (R)
is controlled in the range of 4-20, the gel molecules ob-
tained from TEOS grow linearly [23]. In the course of
gelation, the linear chain molecules crossly twist to form
uniform network of the matrix. The higher R is also fa-
vorable for the enzyme owing to more water exited in the
network. The CL intensities of the system were measured
on variation of the value of R from 4-10. The maximum
CL intensity of the present system was obtained when the
value of R was 7.

Optimization of Analytical Parameters

A series of experiments were conducted to establish
optimum analytical variables in a flow injection system.
The parameters optimized include flow rates, pH of the
enzyme reactor, concentrations of reagents and surfac-
tant. As shown in Fig. 2, the CL intensity increased with
increasing pH value of enzyme reactor, reaching a maxi-
mum at 7.5. When pH value higher than 7.5 by addition
of 0.5 M KOH, the CL emission was gradually decreased.
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Fig. 2. Effect of pH of enzyme reaction system on CL intensity:
[KIO4], 20 mM; [SDS], 10 mM.
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g. 3. Effect of KIO4 concentration on CL intensity: [SDS], 10 mM;
pH of enzyme reaction 7.5.

The effects of potassium periodate concentration on
the CL intensity are shown in Fig. 3. The CL intensity
increased with increasing the concentration of KIO,4 in
the range of 2.5 mM-20.0 mM, and reached a plateau at
20 mM. Thus a 20 mM potassium periodate was selected
for the subsequent experiments.

The effects of the concentration of SDS on the CL
intensity were also studied (Fig. 4). The CL intensity in-
creased rapidly with increasing SDS concentration up to
about 10 mM and then was stayed constant after this con-
centration. The concentration of 10 mM is close to the re-
ported CMC value (8§ mM) [24]. The present results might

100

.//l
80 —
2 /
@ )
15 60 |-
£
-
O
o 40}
=
ko
[0}
o 20
- u
—
0 1 1 1 1 1 1 1 1 L 1 L 1
0 5 10 15 20 25 30
[SDS], mM
Fig. 4. Effect of SDS concentration on CL intensity: [KIO4], 20 mM;

pH of enzyme reaction 7.5.



600

Li, Lee, Bae, Lee, Park, and Lee

Table I. Comparison of Analytical Characteristics for Selected Sensors to Determine Glucose

Type of sensor Detection method Dynamic range (M) Detection limit (M) [Ref.]
Polymer modified electrode Voltammetry 1.0 x 1073-5.0 x 1077 — [4]
Sol-gel derived composite electrode ECL 1.0 x 1072-1.0 x 107 82 x 1076 [12]
Solution CL 1.0 x 107°-1.0 x 1077 8.0 x 1078 [13]
Sol-gel column ECL 2.0 x 1074-1.0 x 107 1.0 x 107° [15]
Sol-gel column CL 5.0 x 1074-1.0 x 1077 4.0 x 1078 Present method

be explained with the micro-cage structure of micelle that
is helpful for stabilizing the excited state and prevents it
from quenching.

Since the CL reaction is very fast, higher flow rates
are favorable for the sensitivity of measurements. A total
flow rate of 1.5 mL/min was chosen in the present stud-
ies because higher flow rates than 1.5 mL/min showed
decreased signals.

Performance of the Flow Sensor

Under the optimum experimental conditions, a typ-
ical calibration curve was obtained for the determina-
tion of glucose by plotting CL signal versus glucose con-
centration. The calibration curve was linear in the range
from 5 x 107> M to 1.0 x 10=7 M, and the detection
limit (30') was 4.0 x 10~® M. The reproducibility of this
CL sensor was studied by repeating measurements with
5.0 x 107 M glucose solutions. The relative standard
deviation (RSD) was 3.9% for nine measurements. In
Table I, the detection limits and dynamic range of the
present method are compared with those of selected meth-
ods reported to determine glucose using voltammetric and
electrochemiluminescence (ECL) detection [4,12,13,15].

Sensor Stability

The stability of the enzyme reactor used for the de-
termination of glucose was investigated by performing 20
successive injections of 5.0 x 107® M glucose standard
solution once in every 3 days for 2 months. The enzyme
reactor was stored in pH 7.2 phosphate buffer solution at
4°C when it is not used. For the 20 measurements, the
response of CL intensity was retained 94% of its initial
CL response.

Interferences

The effects of foreign ions on the determination of
glucose were studied. A series of foreign ions were con-
sidered which are known to have catalytic effects on the

luminol-H,O, CL reaction [25]. Under the optimal exper-
imental conditions, the tolerance of each foreign ion was
taken as the largest amount yielding an error of less than
95% in the CL intensity for 1.0 x 107® M glucose. The
following foreign substances were considered to be toler-
able: a 1000-fold Cr3t, Fe3t, Co?t, Mn?*t, Cu?t, Zn?*,
Mg?* and Ag*. Unlike the luminol CL method [26], the
proposed method has no interference from most transition
metal ions.

CONCLUSION

A low interference optical flow sensor for the de-
termination of glucose has been prepared by entrapping
glucose oxidase into silica sol-gel film coated on alumina
substrate. The CL intensities increased rapidly with addi-
tion of anion surfactant to its CMC value. The chemilumi-
nescence intensity increased linearly with increasing glu-
cose concentration from 5.0 x 107 M to 1.0 x 107’ M
and the detection limit was 4.0 x 1078 M.
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