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A new data-processing method was established and applied for optical enzymatic glucose sensing, in which oxygen and glu-
cose were simultaneously consumed. The oxygen level remaining in the detection system, which was equal to the difference
between the initial and consumed oxygen concentrations, could be measured using fluorescent oxygen indicators immobilized
in the sensing layer. It was deduced that the ratio of [, and I was inversely proportional to glucose concentration, where I, is the
maximum fluorescence intensity in various glucose solutions, and / is the fluorescence intensity at various concentrations of
glucose. Using the new data-processing method, the detection range of the calibration curve method was extended from O to
1.2 mmol L™, which was enlarged about 2—3 folds over that in ordinary approaches. The prepared glucose sensor could be di-

rectly applied to detect high concentrations of glucose.

optical glucose sensor, glucose oxidase, extended detection range

1 Introduction

Enzyme catalyst reactions in glucose determination have
been widely applied in the Fasting Plasma Glucose Test and
Oral Glucose Tolerance Test detections due to their high
efficiency and specificity, but these methods are all with
high cost and inconvenience since the enzyme is generally
consumed in the determination. Sensing approaches are
suitable for solving the problem. Enzyme based glucose
sensors have extensive applications in the diagnosis of dia-
betes [1-3]. Numerous enzymatic glucose sensors have been
constructed, including enzyme based electrochemical [4, 5],
enzyme based optical [6-8], and boronic acid derivative
based optical glucose sensors [9]. In these glucose sensors,
the enzyme is immobilized on a membrane (bio-film)
placed in close contact with an amperometric oxygen elec-
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trode or an optical oxygen sensor, which relies on measur-
ing the enzymatic oxidization rate in the bio-film.

In the fluorescence based glucose sensor, glucose oxi-
dase is applied to oxidize glucose into gluconic acid. In this
process, oxygen is simultaneously consumed, and the
change of dissolved oxygen (DO) in the glucose sensor
causes a quenching fluorescent intensity. Compared with
the electrochemical glucose sensor based on the Clark oxy-
gen electrode [10], an optical glucose sensor based on fluo-
rescence intensity quenching has generated much interest
since it provides high sensitivity and little or no damage to
the host system. The optical glucose sensor is ready to be
miniaturized, and has the ability of remote monitoring and
measurement, no requirement for reference cells and is inert
against sample flow rates and stirring. However, optical
glucose sensors always suffer from limited detection range
[11-13], and some of them could not even be directly used
for samples with higher glucose levels, for example, glucose
in urine (normal concentration: 0 to 0.8 mmol L’l) [71,
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which is the easiest method for early diabetes diagnosis.
Dilution of samples is always used in such circumstances,
but data inaccuracy frequently occurs. Several methods
have been employed to extend the detection range, includ-
ing minimizing the sensor size, capsulation of an enzyme
into micro beads, different sensing film configuration, and
the employment of an engineered enzyme [14-16], but
these methods remain complex and decrease the sensitivity
of the prepared glucose sensor because they affect the activ-
ity of enzymes and prolong the response time. Although a
partitioned calibration curve method has been applied to
extend the detection range, for example, in our previous
study [17], the glucose optical sensor had linear ranges from
0.00 to 0.50 mmol L™ (Y=358.25X-2.93, R*=0.9954) and
0.50 to 3.00 mmol L™ (Y=430.12X —46.43, R*=0.9972), it
remains complex and suffers from time and labor consump-
tion. In this study, we tried to extend the detection range of
the prepared glucose sensor. From a systematic study of two
different glucose sensors based on different oxygen indica-
tors, we found that the ratio of [, and I was inversely pro-
portional to glucose concentration. Using this new data-
processing method, we obtained a good linear range be-
tween I/l and glucose concentration, and the sensor exhib-
ited satisfactory stability in continuous measurements. The
proposed approach was applied to the glucose determination
in glucose injection samples, and all results revealed that the
approach is suitable for optical enzymatic glucose meas-
urement and the determination of high concentrations of
samples.

2 Experimental
2.1 Chemicals and instruments

Glucose oxidase (EC 1.1.3.4 from Aspergillus niger) with a
specific activity of 210 units per milligram of lyophilized
solid, tris(4,7-diphenyl-1,10-phenanthroline) ruthenium(II)
bis (perchlorate) complex (Ru(dpp)?', shown in Figure 1),
tetramethoxysilane (TMOS) and polyvinyl alcohol (PVA)
were purchased from Sigma-Aldrich and used as received.
Dimethyldimethoxysilane (DiMe-DMOS) was obtained from
Fluka AG (Buchs, Switzerland). [meso-tetrakis (penta-
fluorophenyl) porphyrinato] platinum (II) (PtF, TPP, shown
in Figure 1) was synthesized and purified in the laboratory
of the Department of Applied Biology and Chemical Tech-
nology, Hong Kong Polytechnic University. A buffer solu-
tion of pH 7.0 was prepared using 0.5 mol L™ Na,HPO, and
KH,PO,. Glucose injection samples were acquired from a
local hospital and other samples were bought from a local
supermarket. All the other chemicals used in this study were
of analytical reagent grade and all solutions were prepared
with deionized distilled water.

Fluorescence spectral characteristics of the glucose sen-
sor were obtained using a Hitachi F-4500 fluorometer (Hi-
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Figure 1 Chemical structures of the selected oxygen indicators.

tachi Co. Ltd., Japan). The temperature was controlled at 35
°C with a precision of + 0.1 °C using a Julabo F12-ED Re-
frigerated/Heating Circulator (Julabo Inc., Germany).

2.2 Construction of the glucose sensor

The glucose sensor consisted of an oxygen sensing layer
and a glucose oxidase layer, and was prepared layer by
layer based on our previous description [17-19].

2.2.1 The oxygen sensing layer

Typically, 1.0 mL TMOS, 1.8 mL DiMe-DMOS and 1.5 mL
of 0.01 mol L™" hydrochloric acid were added into an open
vial. After the mixture was magnetically stirred for ap-
proximately 1 min, it was heated and stirred for about 3 h in
a 60 °C water bath. An emulsion formed during this step.
After 10 min of still placement, 0.8 mL of the gel solution
and 0.2 mL of 2.0 mg mL™" PtF,TPP in tetrahydrofuran
were blended. The mixture was then vigorously stirred for
20 min to ensure its homogenization. Films were prepared
by pipetting 60 pL of the mixture onto a glass slide (48 x
12.4 x 0.9, mm). The resulting oxygen sensing films were
left undisturbed under ambient conditions for 0.5 h, then
thermally cured for 24 hours at 80 °C, and finally cooled to
room temperature ready for use.

2.2.2 The glucose oxidase layer

Typically, 2 mL TMOS, 2.4 mL DiMe-DMOS and 2 mL
0.01 mol L' HCI were mixed together. The mixture was
stirred at 60 °C for about 4 h to yield an organically modi-
fied silicate (ORMOSIL). 500 pL. ORMOSIL was mixed
with 500 pL. 5% (w/w) PVA to form a sol-gel hybrid PVA
matrix. After laying aside for 30 min, 200 pL ORMOSIL-
PVA mixture and 200 pL buffer solution with 250 units of
glucose oxidase at pH 7.0 were blended. After vigorously
stirring for 1 min, the mixture was daubed onto the optical
oxygen-sensing film produced previously. The glucose
sensing films were dried at room temperature for 24 hours
and stored in a pH 7.0 phosphate buffer solution at 4 °C
before use.
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2.3 Measurement methods

The glucose sensor was placed into a quartz cuvette, and a
2.5 mL glucose sample solution was added. Its spectral re-
sponses were then recorded using an F-4500 fluorometer.
Glucose oxidase reacted with molecular oxygen to catalyze
the oxidation of glucose, resulting in the consumption of
both glucose and oxygen in the solution. As the oxygen
content decreased, the fluorescence intensity of PtF, TPP
immobilized in the sensing layer increased correspondingly.
After the measurement, the solution was poured out, and the
glucose sensor was washed with phosphate buffer solution
and placed in an ambient environment for 1 min to recover
its baseline signal. Standard glucose solutions with a con-
centration range 0 to 1.80 mmol L™" were progressively de-
termined to chart a calibration curve.

3 Results and discussion

3.1 Data processing method and calibration curve

Figure 2 shows that the fluorescence intensity gradually
increased with the increase in glucose concentration. It is
hard to find a linear relationship between glucose concen-
tration and the corresponding fluorescence intensity, even in
the low concentration of glucose (from O to 0.6 mmol L.
The obtained data exhibited an upward curve and only ex-
isted in a limited linear range (Figures 2 and 3). However, if
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0 1 2 3 4
Glucose concentration (mmol L)

70 (®) y=-42.477x+67.283
R?=0.9958

60
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10F

00 04 08 12 16
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Figure 2 (a) Response of the glucose sensor towards various concentra-
tions of glucose buffer solutions; (b) linear relationship between the inten-
sity ratio Ip/I and glucose concentration.
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Figure 3 Linear relationship between fluorescence intensity and glucose
concentration.

all the data was divided by the maximum intensity and
transformed into Iy/I, a well-fitted linear relationship be-
tween [y/I and glucose concentration was found (Figure
2(b)). Additionally, the linear range was largely extended.

In the glucose oxidase based glucose determination, glu-
cose and oxygen were simultaneously consumed, resulting
in the gradual increase of fluorescence intensity of the oxy-
gen indicator. It is usually regarded that there is a linear
relationship between glucose concentration and fluores-
cence intensity. However, our results revealed that the ratio
of Iy and I was inversely proportional to glucose concentra-
tion, which is more suitable for optical glucose sensing de-
termination.

As shown in Scheme 1, in this glucose oxidase based
enzymatic reaction, glucose concentration is related to the
consumed oxygen concentration [6]. The fluorescence in-
tensity of the oxygen indicator reflects the remaining oxy-
gen concentration, and could be calculated using the differ-
ence between the initial and consumed oxygen concentra-
tions. The initial oxygen concentration could be considered
as a constant at a certain temperature and atmosphere pres-
sure. Substituting it into the Stern-Volmer equation, we de-
duced that the ratio of I, and I was inversely proportional to
glucose concentration. It is apparent that oxygen consump-
tion in the enzymatic reaction is small, which induces the
change of fluorescence intensity / limited. As shown in
Figure 2(a), the fluorescence intensity change in the low
concentration of glucose is very small which makes the lin-
ear range much smaller. However, the intensity of saturated
glucose concentration, Iy, is very large. Deducing I from I,
the signal change would be magnified and further enlarge
the linear range for glucose detection.

To further test and verify this data-processing method for
a glucose sensor immobilizing different types of oxygen
quenching probes, Ru(dpp)? and PtOEP were employed.

Glucose oxidase

Glucose + O, + H,0 —————— Gluconic acid + H,0,

Scheme 1  Glucose enzymatic reaction.
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As shown in Figure 4, for the Ru(dpp)§+ probe, a linear
range between /I, and glucose concentration from 0 to 1.2
mmol L™ was obtained, which was enlarged about 2-3 folds
over that in previous reports [11, 17]. For PtOEP (Figure 5),
it is apparent that there was a bent curve between I/I, and
glucose concentrations from 0 to 1.2 mmol L™". These re-
sults confirmed that a good linear relationship between Io/I
and glucose concentration with extended detection range
could be readily obtained using our data-processing method,
and this approach is suitable for optical enzymatic glucose
measurement and enables the direct monitoring of high
glucose levels in samples.

3.2 Selection of reaction time

The reaction time directly affected the fluorescence inten-
sity of the oxygen indicator, and further determined the sen-
sitivity and detection range of the glucose sensor. When the
sensing layer was submersed into a glucose solution, fluo-
rescence responses of different concentrations of glucose
(from 0 to 1.5 mmol L™ with an interval concentration of
0.20 mmol L™") at different reaction times (from 1 to 10 min
with an interval of 1 min) were recorded. After comparison,
the 5 min reaction time was selected because the sensor
exhibited the optimal detection range at this time.

1400
1200r
1000F
800F
600

400

00 05 1.0 1.5 20 25 3.0
Glucose concentration (mmol L)

Relative fluorescence intensity
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3.3 Response towards oxygen

Oxygen plays a crucial role in the oxidase enzyme based
glucose sensing measurements. Before exploring the per-
formance of the glucose sensor, it was necessary to investi-
gate the response of the glucose sensor towards different
concentrations of oxygen. This could ensure that the glu-
cose sensor worked in the linear oxygen range during all the
following glucose determinations. Figure 6 shows that the
prepared glucose sensor exhibited a good linear response
towards oxygen concentrations from 0 to 20%, which is
much larger than the amount of dissolved oxygen in aque-
ous media.

3.4 Sensor stability and reproducibility

Our results showed that the construction process used for
preparing uniform oxygen sensing films was reproducible.
The prepared glucose sensor exhibited very good stability
with a relative standard deviation (RSD) of 4.7% in 20 con-
tinuous measurements in 0.8 mmol L™ glucose buffer solu-
tion. The glucose sensor exhibited good reversibility due to
the excellent reversible property of the oxygen indicator
PtF,(TPP. After it was continuously used for 4 hours in dif-
ferent concentrations of glucose buffer solutions, 96.7% of
the fluorescence intensity in 1.0 mmol L™ glucose buffer

4.5r

(b)

y=-1.5428x+4.1965

4.0 R?=0.9992

Il

2 gl— ) . ) . . )
00 02 04 08 08 10 12

Glucose concentration (mmol L)

Figure 4 (a) Response of the Ru(dpp)3* based glucose sensor towards various concentrations of glucose buffer solutions; (b) linear relationship between

the intensity ratio //I and glucose concentration.
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Figure 5 (a) Response of the PtOEP based glucose sensor towards various concentrations of glucose buffer solutions; (b) linear relationship between the

intensity ratio /y/I and glucose concentration.
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Figure 6 (a) Response of the PtF, TPP based glucose sensor towards various concentrations of oxygen; (b) the linear relationship between Iy/I and oxygen

concentration.

solution could be recovered. After it was stored in the re-
frigerator at 4 °C for 2 months, 91.3% of the fluorescence
intensity in 1.0 mmol L™ glucose buffer solution could be
retrieved.

3.5 Sample analysis

The prepared glucose sensor was subsequently used for
glucose sample analysis. Glucose injection samples were
selected and detected directly. As summarized in Table 1, in
the determination of low concentrations of glucose samples
such as in alcohols and beers, the glucose sensor exhibited
good recovery from 86.46% to 102.94%, and for the meas-
urement of the glucose level in glucose injections, the sen-
sor showed good accuracy with RSD smaller than 5%. This
demonstrated that the sensor could be used for the analysis
of glucose samples and has potential applications in directly

Table 1 Sample analysis using the modified calibration curve method

monitoring samples with high glucose levels.

4 Conclusions

The ratio of [ and I was found to be inversely proportional
to glucose concentration by systematically studying two types
of glucose sensors based on different oxygen indicators. A
new data-processing method for optical enzymatic glucose
sensing determination was developed. This method was
further applied to sample analysis, which was demonstrated
to be convenient and precise. Using the new data- process-
ing method, the detection range of the calibration curve
method could be readily extended and the prepared glucose
sensors have potential applications in direct glucose deter-
mination and monitoring high concentrations of glucose in
samples.

Sample Labeled (mmol L ™) Detected (mmol L ™) Added (mmolL™) Found (mmolL™) Recovery (%)
0.60 0.508 87.46
alcohol 1 - N.D.
0.90 0.778 86.46
0.60 0.604 100.67
alcohol 2 - N.D.
0.90 0.926 102.94
0.60 0.593 98.89
beer - N.D.
0.90 0.875 97.19
0.51 0.52+0.02 - - —
5% G.1.
1.06 1.08 +0.08 - _ _
0.51 0.50+0.01 - _ _
5% NaCl G.1.
0.96 0.92+0.08 - _ _

*@G.1. = glucose injection, N.D. =not detected.
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