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a b s t r a c t

Based on the immobilization enzyme technology and the fluorescence capillary analysis method, the
authors have developed a highly sensitive fluorescence reaction system and a novel immobilization mul-
tienzyme glucose fluorescence capillary biosensor for determining glucose contents. Reaction principle
of the system is that under the catalysis of glucose oxidase (GOD) and horseradish peroxidase (HRP)
immobilized on inner surface of a medical capillary, �-d-glucose reacts with dissolved oxygen to form
gluconic acid-�-lactone and hydrogen peroxide, and then the latter reacts with l-tyrosine to produce a
tyrosine dimer, which has maximal excitation and emission wavelengths at 320 nm and 410 nm, respec-
tively. Fluorescence of the dimer is proportional to the concentration of the �-d-glucose. Optimization
conditions suitable for the reaction system and the biosensor were as follows. Concentration of the l-
tyrosine used as fluorescence reagent was 0.15 mol L−1, the active concentrations of the GOD and the

−1 −1
orseradish peroxidase
-Tyrosine

HRP for the immobilization were 15 kU L and 8 kU L , respectively. Consumptions of the sample and
reagents in one determination were 5.0 �L and 15 �L, respectively. Quantitative range of the biosensor
for the glucose was in the range 1–10 �mol L−1, its relative standard deviation was less than 4.9%, and its
detection limit was 0.62 �mol L−1. The biosensor’s recovery was in the range 96–105%. Results of some
serum determined with the biosensor and with a commercial glucose-kit were well coincident to each
other. Accordingly, the biosensor can be applied to the determination of serum glucose contents in the

diagnosis of diabetes.

. Introduction

At present, incidence of diabetes mellitus which badly affects
uman being health is increasing. Under normal physiological
ase, the concentration of fasting plasma glucose is in the range
.1–6.9 mmol L−1 and that of casual plasma glucose is less than
1.1 mmol L−1 (Alberti and Zimmet, 1998). So the level of the glu-
ose content can indicate the probability of whether a human being
s suffering from diabetes mellitus, hepatocirrhosis or psychopathy,
nd can give some important information for diagnosing diabetes
ellitus etc. (WHO, 2006). Consequently, quantitation of the glu-

ose content is paramount. Numerous methods for glucose analysis,
uch as spectrophotometry (Bateman and Evans, 1995; Edmiston
nd Williams, 2000; Vasilarou and Georgiou, 2000), amperometry
Cass et al., 1984; Gil et al., 1999), high performance liquid chro-
atography (Yuh et al., 1998), polarimetry (Luo et al., 2003), and
apillary eletrophoresis (Frerichs and Colon, 1998) etc. have been
eported. However, most of these methods are burdensome in oper-
tional procedure or expensive in cost. Consequently, it is necessary

∗ Corresponding author. Tel.: +86 28 85460932; fax: +86 85417299.
E-mail addresses: li-yongsheng@scu.edu.cn (Y.-S. Li), lysgxf2005@yahoo.com.cn
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to develop a simple, sensitive, accurate, micro-volume and low-cost
approach for glucose analysis which is appropriate for rapid field
tests and is also effective as an alternative to the existing methods.

In early methods for the determination of glucose contents, most
of them were based on the spectrophotometries containing free-
enzymes. In 1957, for the first-time liquid glucose oxidase (GOD)
was used for determination of the glucose (Free et al., 1957). In this
method, under catalysis of GOD, glucose was oxidized to gluconic
acid and H2O2, and then under catalysis of horseradish peroxi-
dase (HRP), H2O2 reacted with o-tolidine reagent to form a blue
dye, whose absorbance value was proportional to the concentration
of glucose. Its detecting range was 5.6–220 mmol L−1. Whereafter,
phenol (Huang et al., 2001), N-ethyl-N-(2-hydroxy-3-sulfopropyl)-
3,5-dimethoxyaniline (Han et al., 2003), �-naphthol-�-potassium
sulfonate (Jiang et al., 2003) and antipyrine (Basak, 2007) as chro-
mogenic reagents replacing the o-tolidine were also used to the
above-mentioned reaction system, the detection limit of glucose
reached 1.0 mmol L−1. Because the sensitivity of these methods was
lower and was only about thousandth of that of fluorophotometry,

their application has been limited to micro-volume analysis of the
glucose. Besides, as a lot of enzymes were consumed in using these
methods, their assay costs were also higher.

Fluorophotometry has been widely used for the determination
of glucose, owing to its higher sensitivity. Based on fluorescence

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:li-yongsheng@scu.edu.cn
mailto:lysgxf2005@yahoo.com.cn
dx.doi.org/10.1016/j.bios.2009.10.035
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ntensity increasing principle, by using fluorescent matter formed
n a reaction system of glucose/GOD/H2O2/hemoglobin/p-cresol,

ang et al. have quantified indirectly the glucose concentration at
aximal excitation (320 nm) and emission wavelengths (419 nm)

Wang and Lu, 2002). Replacing p-cresol with pyronine B, Chen
t al. (2003) have also attempted to develop another determining
ethod for glucose.
Besides, on the basis of a principle that dissolved oxygen (DO)

uenches the fluorescence of pyrene sulfonyl chloride (�ex/em:
47 nm/395 nm), Tatsu and Yamamura (2002) have also studied
uorescence measurement of glucose by pyrene-modified glucose
xidase. Hussain et al. (2005) have investigated measurements of
he intrinsic fluorescence decrease of yeast hexokinase as an assay
or glucose, and studied immobilization of the enzyme in a sil-
ca sol–gel matrix as a potential in vivo glucose sensor for use in
atients with diabetes. Recently, Yang et al. (2006) have described
n optical glucose sensor, which was based on the DO quenching the
uorescence produced by tris-(4,7-diphenyl-1,10-phenanthroline)
suthenium (II) ditetrakis (4-chlorophenyl) borate. But its short-
omings were that the structure of this sensor was complicated,
nd bamboo’s inner membrane used as the enzyme immobilization
arrier was also easily ruptured.

Fluorescence capillary analysis (FCA) is a new method (Li and
ao, 2005). It is based on a general fluorophotometry and a medi-
al capillary (ID: 0.50–0.90 mm, length: 3–5 cm) as well as a special
apillary holder (Li and Gao, 2005). In FCA, the capillary (≤18 �L)
eplaces routine fluorescence cell (1–4 mL) and can save about 99%
nzymes or reagents in comparison with the general fluoropho-
ometry (Li and Gao, 2005). With the help of the FCA, we have
uccessfully developed some special fluorescence biosensors for
etermination of alcohol in wines (Li and Gao, 2007a), lactic acid

n blood (Li et al., 2008; Li et al., 2009), pyruvic acid (Zhao et al.,
008), sulfated bile acid in urine (Li et al., 2008a), and an immobi-

ized probe biosensor marked by Cy-5 reagent for DNA (Gao et al.,
006).

In 2008, using cheap, non-toxic fluorescein as a fluores-
ent reaction substrate, we had proposed a liquid enzyme
uorescence capillary quenching method for determina-
ion of glucose in serum, based on the reaction system of
lucose/GOD/H2O2/fluorescein/horseradish peroxidase (Du et al.,
008). However, later we have found that the reaction system
annot be used to make an immobilization enzyme glucose
iosensor. The reason was that the fluorescein directly reacts with
eagents used for immobilization (�-aminapropyl triethoxy silane
nd glutaraldehyde) and led to its fluorescence pre-quenching.

Consequently, in this research we have screened other
uorescent reaction systems, such as the glucose/GOD/H2O2/o-
henylenediamine/HRP, glucose/GOD/H2O2/thiamine/HRP, and
lucose/GOD/H2O2/l-tyrosine/HRP systems, etc. The study found
hat the l-tyrosine’s fluorescence intensity in the system is stable
nd it does not react with reagents for immobilization. Therefore,
e selected a new reaction system containing l-tyrosine as the
uorescent reaction substrate to make an immobilization enzyme
tronics 25 (2010) 1382–1388 1383

glucose fluorescence capillary biosensor (IE-GFCBS). The merits of
the IE-GFCBS were that it can overcome the deficiencies as men-
tioned above, simplify operating procedures, save lots of enzyme
reagents, decrease waste, and achieve its reuse.

2. Experimental

2.1. Chemicals and enzymes as well as apparatus

All chemicals used were analytical reagent grade without
further purification. GOD (EC 1.1.3.4, 151 U mg−1) and HRP (EC
1.11.1.7, 250 U mg−1) were purchased from Sigma (St. Louis, MO,
USA); glucose-kit was from Shanghai Institute of Biological Prod-
ucts (Shanghai, China); l-tyrosine (C9H11NO3) was purchased
from Shanghai Bio Life Science & Technology Co. Ltd. (Shang-
hai, China). �-d-glucose was purchased from Kelai organics Co.
Ltd. (Chengdu, China). Ethanol, sodium hydroxide, �-aminapropyl
triethoxy silane (JH-A110 type silane coupling agent, 98%, v/v),
glutaraldehyde(C5H8O2), tris were purchased from Baoxin Bioengi-
neering Co. Ltd. (Chengdu, China). Disodium hydrogen phosphate
and monosodium dihydrogen phosphate were bought from
Chengdu chemical reagent Co. Ltd. (Chengdu, China). Commer-
cial glucose-kits were bought from Baoding Great Wall Clinical
Reagents Co. Ltd. (Baoding, China). Collected blood samples were
fresh from volunteers, after overnight fasting.

The apparatuses used in the research include a RF-5301 type
spectrofluorimeter made by Shimadzu Co. (Kyoto, Japan), a pHS-
3B type acidity meter of Shanghai Leici Equipment Company
(Shanghai, China), an AUW120D type electric balance (measur-
ing precision: 0.01 mg) made by Shimadzu Co. (Kyoto, Japan), a
thermostatic drying chamber-202 from Rongfeng Experiment Co.
Ltd. (Shanghai, China) and a 721-A type spectrophotometer from
Shanghai third analyzer Co. (Shanghai, China). Besides, we made a
homemade capillary holder (Li and Gao, 2007b) critically matched
with the dark chamber of the above-mentioned spectrofluorime-
ter. The medical capillaries used (ID: 0.9 mm; OD: 1.1 mm) were
purchased from Huaxi Instrument Factory of Sichuan University
(Chengdu, China).

2.2. Analytical principle

Reaction principle of the IE-GLCBS for determining glucose is
shown in the following Eqs. (1) and (2). Under catalysis of the GOD
and the HRP immobilized on inner surface of the medical capil-
lary, the glucose reacts with dissolved oxygen in water to form
gluconic acid-�-lactone and hydrogen peroxide, and then the lat-
ter reacts with l-tyrosine to create tyrosine dimmer with stronger
fluorescence.

(1)
(2)

The fluorescence intensity is proportional to concentration of the
glucose. Therefore its content can be indirectly determined by using
the fluorescence.
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ig. 1. Illustration of glucose determined with an IE-GFCBS. S, sample; (1) l-tyrosine
5) glutaraldehyde; (6) GOD; (7) HRP; (8) inserting hole; (9) orientation holder; (10)
omochromy filter; (15) fluorescence detector; (16) fluorescent intensity controlle

.3. Preparations of reagent solutions

Ultra-purified water (conductivity: 0.065 �S cm−1) was used for
reparation of following solutions.

.3.1. Phosphate buffer solutions (0.10 mol L−1)
These solutions were prepared by weighing 35.81 g of Na2HPO4

n 1000-mL calibrated flask and 3.40 g of KH2PO4 in 250-mL cal-
brated flask, dissolving and diluting to the mark with water.
reparations of buffer solutions having different acidities were
ompleted by mixing two phosphate solutions according to dif-
erent proportions, respectively.

.3.2. l-Tyrosine solution (5.0 mmol L−1)
45.3 mg of l-tyrosine was dissolved by using 5 mL of 0.5 mol L−1

aOH and diluted to 50 mL by using phosphate buffer solution (pH
.5).

.3.3. Mixture solutions of GOD (8.0 kU L−1) and HRP
15.0 kU L−1)

2.67 mg of the GOD and 3.00 mg of the HRP were exactly
eighed and dissolved in a 50-mL calibrated flask, and diluted to

he mark with phosphate buffer solution (pH 8.5).

.3.4. �-Aminapropyl triethoxy silane (2.5%, v/v)
The solution was prepared by taking 250 �L of �-aminapropyl

riethoxy silane solution in a 10-mL calibrated flask and completing
he volume to the mark with water.

.3.5. Glutaraldehyde solution (2.5%, v/v)
The solution was prepared by taking 250 �L of glutaraldehyde

olution (50%, w/v) in a 5-mL calibrated flask and completing the
olume to the mark with water.

.4. Immobilization of GOD and HRP on inner surface of the
apillary

Firstly, the inner and the outer surfaces of the capillaries were
ashed by using an ethanol solution containing 2 mol L−1 of NaOH,
nd flushed by using ultra-purified water. The capillaries pretreated
ere put in a thermostat for drying at 40 ◦C (Li et al., 2008b).

Secondly, they were aminated in a 2.5% (v/v) JH-A110 solution
or 6 h at 55 ◦C, to make it covalently combine with hydroxyl group
n surface of the capillaries, and were flushed by n-hexane and
ion; (2) IE-GFCBS; (3) inner surface of capillary; (4) �-aminapropyl triethoxy silane;
tion beam; (11) incidence window; (12) fluorescence; (13) emission window; (14)
light resource; (18) dark chamber; F1, blank value; F2, measure value.

water solutions in turn. The purpose of this operation is that ami-
dogens of JH-A110 were made in combination with hydroxyls on
surface of the capillaries.

And then these capillaries were marinated in a 2.5% (v/v)
glutaraldehyde solution as a cross-linker for 2 h on the vacuum con-
dition to combine amidogen immobilized on the capillaries with
aldehyde group of glutaraldehyde. Redundant glutaraldehyde solu-
tion was washed by using 0.1 mol L−1 of phosphate buffer solution
(pH 7.0). In this way, the processing procedure of aldehyde group
on surface of the capillaries was completed.

Thirdly, the capillaries sucked into a mixing solution consist-
ing of the GOD and HRP (pH 8.5), kept overnight (12 h) at 4 ◦C.
This operation is for the purpose that amidos of the GOD and HRP
were chemically combined with aldehyde groups on surface of the
capillaries and two enzymes were immobilized on the capillaries.

Finally, the capillaries were marinated in 0.05 mol L−1 Tris–HCl
buffer (pH 7.0) for about 2 h to block out otiose aldehydic group.
In this way the IE-GFCBSs were made. When not in use, they were
stored in 0.05 mol L−1 PBS (pH 7.0).

2.5. Determination procedures

Determination procedure is shown in Fig. 1. First, a glucose stan-
dard solution (Cst) (50 �L) and l-tyrosine (50 �L) as well as PBS
(100 �L) are mixed beforehand in a 500-�L test tube to form a flu-
orescent reaction mixture solution (FRMS). And then the FRMS in
the test tube is sucked immediately into an IE-GFCBS (18 �L), and it
is inserted in the top hollow of a holder which is in the spectroflu-
orimeter’s dark chamber, and is detected to obtain a fluorescence
intensity value (F1) used as the blank value of the biosensor. Sec-
ond, after taking out the IE-GFCBS from the holder and enveloping
its two ends with two rubber caps, it is placed in a thermostat to
continuously react 10 min. And then it is detected again to obtain
a measure value (F2) and a �Fst value (�Fst = F2 − F1). The used
biosensor can be regenerated after it was flushed by using the
phosphate buffer.

The determination procedure of actual serum sample is the
same with that of the glucose standard solution. After the
same manipulation to the serum sample, another �Fs value
(�Fs = F2

′ − F1
′) can be obtained. Finally, in the linear range of the
biosensor response, the glucose content (Cs) in the serum sample
can be calculated according to this formula: Cs = (�Fs/�Fst)Cst. If
utilizing a calibration curve method, �Fs is substituted by a linear
equation of the glucose standard curve (�Fs = kCs + b) and is ready
for finding the glucose content (Cs).
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The function of the IE-GFCBS in the determination procedure
as not to be only an immobilization carrier of the enzymes, but

lso a container that the sample reacts with reagents.

. Result and discussion

.1. Tyrosine dimmer scanning

In the glucose/GOD/HRP/l-tyrosine system, l-tyrosine dimer
ormed is an important fluorescence substance for the determi-
ation of glucose. To observe its maximal excitation and emission
avelengths, the mixture solution containing glucose/GOD/HRP/l-

yrosine was scanned by using the fluorophotometer at room
emperature. Obtained result was shown in Fig. 2. It can be seen
hat obtained maximal excitation and emission wavelengths were
20 nm and 410 nm, respectively. So, two wavelengths were used

n next experiments.

.2. Effect of GOD concentration for immobilization on the
iosensor

For further improving storage stability of GOD and HRP and
educing the test cost in fluorescence capillary analysis, we have
ttempted that the two enzymes were simultaneously immobilized
n inner surface of capillary to form a sort of capillary biosensor.
herefore, enzyme concentrations used for immobilization were
ptimized under next experiments.

In the reaction system of the glucose/GOD/HRP/l-tyrosine,
ecause at the first step, oxidation of glucose needs catalysis of GOD
ccording to Eq. (1), GOD was a key enzyme and had an important
ffect on the reaction rate and sensitivity of the reaction system. So
he effect of active concentration of the GOD for immobilization on
he fluorescence intensity was investigated by using six biosensors
hich immobilized different active concentrations of GOD (2.5, 4.0,

.0, 8.0, 10 and 20 kU L−1).
The FRMS used in the test consists of 1.0 mmol L−1 of l-tyrosine

200 �L) and 2 kU L−1 of HRP (100 �L) and 0.1 mol L−1 of PBS (pH
.5) (600 �L). 2.0 and 6.0 �mol L−1 of glucose standard solutions
100 �L) were used as test sample. Reaction temperature was 35 ◦C
nd reaction time was 20 min. The same tests were repeatedly con-

ucted thrice. The results obtained were shown in Fig. 3. When the
ctive concentration of the GOD was 8.0 kU L−1, the fluorescence
ntensity attained the maximum. Consequently, the concentration
or the immobilization in the biosensor was selected 8.0 kU L−1.

ig. 2. Results obtained by scanning the tyrosine dimmer formed in the
lucose/GOD/HRP/l-tyrosine reaction system.
Fig. 3. Effect of the active concentration of GOD for immobilization on the capillary
biosensor.

3.3. Effect of HRP concentration for immobilization on the
biosensor

Because in Eq. (2), redox reaction between hydrogen perox-
ide generated and l-tyrosine needs catalysis of HRP, HRP was also
another key catalyzer. So, the HRP’s active concentrations to be used
for the immobilization in the biosensor were examined.

In this experiment, the FRMS was prepared by using
1.0 mmol L−1 of l-tyrosine (200 �L) and 8.0 kU L−1 of GOD (100 �L)
as well as 0.1 mol L−1 of PBS that its pH was 8.5 (600 �L). After ami-
nation and aldehydation of capillaries, the enzyme immobilization
was conducted on them by using different active concentrations
of HRP (2.5, 4.0, 5.0, 8.0, 10 and 20 kU L−1). Other experimental
conditions were as described in Section 3.2. Obtained result was
shown in Fig. 4. It was obvious that the fluorescence intensity grad-
the range 2.5–15 kU L , and decreases after 15.0 kU L . Therefore,
HRP’s active concentration for the immobilization on the capillaries
was chosen 15.0 kU L−1.

Fig. 4. Effect of the active concentration of HRP for immobilization on the capillary
biosensor.
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320 nm and 410 nm, respectively. The concentrations of HRP and
GOD for the immobilization were 15 kU L−1 and 8 kU L−1, respec-
386 Y.-S. Li et al. / Biosensors and B

.4. Effect of l-tyrosine concentration on the biosensor

In the reaction system, under catalysis of the GOD the glucose
eacts with dissolved oxygen to form gluconic acid-�-lactone and
ydrogen peroxide, and then the latter reacts with l-tyrosine to cre-
te tyrosine dimmer with stronger fluorescence under catalysis of
he HRP. The concentration of glucose can be indirectly quantified
y detecting the fluorescence intensity of tyrosine dimmer. Conse-
uently, the l-tyrosine concentration will affect on this enzymatic
eaction system for glucose determination.

In the testing, 8.0 kU L−1 of GOD and 15 kU L−1 of HRP were used
or the immobilization on inner surface of two capillaries. Other
xperimental conditions were as described in Section 3.3. Influence
f the l-tyrosine concentration in the range 0.25–1.5 mmol L−1 on
he response of the biosensor was investigated. FRMS was prepared
y using 200 �L of l-tyrosine with different concentrations (0.25,
.5, 0.75, 1.0, 1.25 and 1.5 mmol L−1) and 800 �L of PBS such that

ts pH is 8.5 and concentration is 0.1 mol L−1.
Experimental results were shown that the fluorescence inten-

ity of the biosensor increases with the increase of the l-tyrosine
oncentration, and reaches the maximum at 0.75 �mol L−1, and
ecomes constant over 0.75 �mol L−1 (refer to Supplementary
aterial as shown in Fig. 5). To be on the safe side, 1.0 �mol L−1

f the l-tyrosine was selected to use.

.5. Effect of acidity in reaction mixture solution on the capillary
iosensor

Acidity in fluorescent reaction system containing enzymes is a
ery important factor because it can influence the catalytic rate of
nzymes and quantum yield of fluorescence, so optimization was
ade to it. The experimental conditions were the same as described

n Section 3.4, except that the l-tyrosine concentration used was
.0 �mol L−1. The FRMS was prepared by using 200 �L l-tyrosine
nd 800 �L PBS. Its acidity was changed by using PBS with different
H values (7.0, 7.5, 8.0, 8.0, 8.5, 9.0 and 9.5).

From results it can be seen that the fluorescence intensity
eached the maximum when pH value in the FRMS was 8.5 (refer to
upplementary Material as shown in Fig. 6). So, this pH value was
elected for next test.

.6. Effect of temperature on the capillary biosensor

Analytical sensitivity of the capillary biosensor is interrelated
ith reaction temperature, so its effect on the fluorescence inten-

ity was investigated. Experimental conditions were as described
n Section 3.5, except that pH of the PBS was 8.5.

Ten immobilized biosensors with the same fluorescence blank
alues (F1) were selected for the test. After these biosensors inhaled
he same reaction mixture solution and reacted with it at 25,
0, 38, 45 and 50 ◦C for 10 min, their fluorescence intensities (F2)
ere detected, respectively. The detected results indicated that

he fluorescence intensities increase with the rising of the reaction
emperature, and reach the maximum at 38 ◦C, and decrease when
he temperature is over 38 ◦C (refer to Supplementary Material
s shown in Fig. 7). This is due to the influence of the tempera-
ure on catalytic reaction of the GOD and HRP. On one hand the
aising of the temperature quickens reactive rate, on the other
and, it can also cause denaturation of the enzymes. Accord-

ngly, the reaction temperature of the biosensor was selected to
e 38 ◦C.
.7. Effect of reaction time on the biosensor

The selected reaction temperature was 38 ◦C, other experi-
ental conditions were as described in Section 3.5. By detecting
tronics 25 (2010) 1382–1388

the fluorescence intensity of two biosensors at 0, 5, 10, 15, 20
and 25 min, respectively, the effect of reaction time was investi-
gated on the glucose/GOD/HRP/l-tyrosine system. Experimental
result showed that the fluorescence intensity increases with the
increase of the reaction time. Over 10 min the fluorescence inten-
sity becomes constant (refer to Supplementary Material as shown
in Fig. 8). Therefore, the reaction time was selected to be 10 min.

3.8. Effect of other substances in serum on the biosensor

On the basis of optimization conditions mentioned above, sub-
stances influencing the determination of serum glucose were
investigated. Owing to the GOD in the reaction system possesses
specificity, sucrose and fructose in serums should do not interfere
with the biosensor. But the experiment proved that the concentra-
tions of ascorbic acid (AsA) and uric acid (UA) in serum interfered
with the determination of the glucose biosensor in the ranges
28.4–79.5 �mol L−1 of AsA and 90–420 �mol L−1 of UA. This prob-
lem has been resolved by highly diluting (after 100-fold) the serum
samples in a permissible range of analytical sensitivity. This can
be proved according to the recovery data narrated in Section
4.3.

In addition, it was also considered that other substances existing
in serums, such as Fe2+, Cu2+, Zn2+, Ca2+, etc. may bring the interfer-
ence to determine glucose. Therefore, adding these substances into
the glucose standard samples, their interferences were also exam-
ined by the biosensors. Added concentrations of Fe2+, Cu2+, Zn2+,
and Ca2+ into samples were in the range of 28.4–79.5 �mol L−1,
14.1–17.3 �mol L−1, 28.4–79.5 �mol L−1, and 2.24–2.75 mmol L−1,
respectively. Experimental results showed that the added sub-
stances in the ranges had not interfered with the IE-GFCBS.

3.9. Stability examination of IE-GFCBS

To examine the storage stability, the fluorescence intensi-
ties produced by single biosensor were detected repetitiously,
thrice per week for one month. According to these data obtained,
relative stability of the capillary biosensor was calculated. The rel-
ative stability was defined as the ratio of fluorescence intensities
(F1/F2,3,4,n) obtained at initial- and arbitrary-time detections, the
ratio (F1/F1 = 1) of the fluorescence intensity obtained at first-time
detection was presumed a hundred percent of the relative stability.

In testing, 6 �mol L−1 of the glucose standard containing the
l-tyrosine and PBS was used as test samples, other experimen-
tal conditions were as described in Section 3.6. Obtained results
showed that the relative activity of the biosensor was still greater
than 90% after one month. Namely, the stability of the biosensor
was satisfactory.

4. Determination of the sample

4.1. Calibration of glucose standard solution

The optimum conditions of the IE-GFCBS were as follows. The
pH of the PBS was 8.5, reaction time was 10 min, and reaction
temperature was 38 ◦C. Maximal excitation and emission wave-
lengths of tyrosine dimmer formed in the reaction system were
tively. Concentration of the l-tyrosine was 1.0 �mol L−1. Under
these conditions, six glucose standard solutions were determined
by single IE-GFCBS, obtained determination range for glucose was
in 1.0–10 �mol L−1, its linear equation was �Fs = 10.61Cs − 1.55
(r = 0.9943).
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Table 1
Glucose concentrations in serum samples obtained by using the IE-GCBS (n = 3).

Sample Dilution multiple Mean value/�Fs Concentration/�mol L−1 Final concentration/mmol L−1*

Serum-1 1000 67.96 ± 0.95 5.56 ± 0.077a 5.56 ± 0.077
Serum-2 1000 24.80 ± 1.10 4.36 ± 0.095b 4.36 ± 0.095
Serum-3 1000 22.16 ± 0.63 3.88 ± 0.040c 3.88 ± 0.040

a �Fs = 12.84Cs − 1.62(r = 0.9985).
b �Fs = 5.53Cs + 0.32(r = 0.9997).
c �Fs = 5.53Cs + 0.32(r = 0.9997).
* Cs = [(�F − b)/k] × dilution multiple.

Table 2
Recovery determination of serum samples by the IE-GCBS.

Sample Glucose concentrationa/
mmol L−1

Added concentration/
mmol L−1

Calculated concentration/
mmol L−1

Found concentration/
mmol L−1

Recover std./
mmol L−1

Recovery/%

Serum-1 2.78 2.00 4.78 4.82 2.04 102
4.00 6.78 6.98 4.20 105

Serum-2 2.18 2.00 4.18 4.22 2.04 102
4.00 6.18 6.23 4.05 101

tiple.
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Serum-3 1.94 2.00 3.94
4.00 5.94

a The glucose concentrations of each serum samples were after diluting one mul

.2. Determination of serum sample

.2.1. Pretreatment of serum sample
Generally, in the serum, other interference substances also exist,

ike some intrinsic enzymes or the some substances possessing flu-
rescence. In order to remove these interferences and to simplify
he operating procedure, examinations were conducted to two pre-
reatment methods by using some serum samples collected from
he hospitals.

One of method is that 400 �L of trichloroacetic acid (4%) was
dded in 250 �L of the serum sample to deposit protein, and again
00 �L of the PBS was added in it, centrifuged at 4000 rpm for
0 min. The supernatant fluid was taken and prepared to pH 8.5
ith NaOH solution, its final volume was diluted to 25 mL with

he PBS. Serum samples pretreated by the means mentioned above
ere stored in a refrigeratory to be used as the test samples.
nother method is that after the serum sample was diluted directly
ith the PBS by means of some diluting ratio, it was mixed with the

-tyrosine reagent and reacted.
Experimental results show that the two methods do not evident

ifference. Consequently, pretreatment way of directly diluting
ample was adopted in following determination.

.2.2. Determination of serum sample
For examining its practicability, the IE-GFCBS was employed to

etermine the glucose content (Cs) in some serum samples. Deter-
ination procedures were the same as described in Section 2.5.
btained results were shown in Table 1.

.3. Recoveries and comparison experiments

To evaluate accuracy of data obtained by using the IE-GFCBS,
rstly, recovery determination was conducted by using the same
erum samples. Different concentrations of glucose standard solu-
ions were added respectively into these serum samples and their
uorescence intensities were detected. Obtained results were sum-

arized in Table 2. It can be seen that recoveries were in the range

6–105% and satisfactory.
To further evaluate credibility of the biosensor, secondly, the

oncentration of glucose in the serum sample was again deter-
ined by using the commercial glucose-kit, which is based on a
3.87 1.93 96.5
6.04 4.10 103

glucose/GOD/phenol/4-aminoantipyrine/POD reaction system and
spectrophotometric principle.

According to the testing procedure of the glucose-kit method, a
series of the glucose standard solution were detected and a relevant
equation of the absorbance (�A) and the concentration (CGLU) of the
glucose standard solution was obtained: �A = 0.043 CGLU + 0.091.
And again using the same glucose-kit, the serum-1, -2 and -3
were detected, and the corresponding serum glucose values were
obtained and they were 5.40 ± 0.10 mmol L−1, 4.22 ± 0.14 mmol L−1

and 3.64 ± 0.08 mmol L−1, respectively. On comparison with the
data in Table 1, it can be seen that data obtained by using the
IE-GCBS and the glucose-kit were consistent. Therefore, this exper-
imental result once again proved that our glucose biosensor is
reliable in determining the actual serum samples.

4.4. Reproducibility and detection limit

To verify precision of the IE-GFCBS, 6 �mol L−1 of glucose
standard solution was used as the test samples to repeatedly con-
duct fluorescence detections for eleven times. The mean value of
the fluorescence intensity (�F) and the standard deviation (�)
obtained was 58.72 ± 2.88. After computing, relative standard devi-
ation of the biosensor obtained was 4.91%. It can be seen that its
reproducibility was satisfactory. Besides, by the regression equa-
tion of glucose calibration curve (�Fs = 14.0Cs − 0.12, r = 0.9943),
detection limit (CL) of the IE-GFCBS was obtained 0.62 �mol L−1

(CL = 3�/k = 3 × 2.88/14.0 = 0.62 �mol L−1).

5. Conclusions

A novel and highly sensitive IE-GFCBS was successfully devel-
oped for the determination of glucose in serum, based on a new
glucose/GOD/H2O2/l-tyrosine/HRP reaction system. Obtained opti-
mization conditions were as follows: concentrations of the GOD
and the HRP for immobilization were 8.0 kU L−1, and 15 kU L−1,
respectively; the concentrations of phosphate buffer solution

and the l-tyrosine solution were 0.15 mol L−1 and 1.0 �mol L−1,
respectively; the reaction time and temperature were 10 min
and 38 ◦C, respectively. The biosensor’s determination range was
1–10 �mol L−1, relative standard deviation was less than 4.91%,
and detection limit was 0.62 �mol L−1 for glucose standards. The
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ecoveries obtained by adding the glucose standards in serum sam-
les were in the range 96–105%. Serum glucose values obtained by
sing the biosensor and the commercial glucose-kit have a good
onsistency with each other. Accordingly, the biosensor could
e used for the determination of serum glucose contents in the
iagnosis of diabetes.

By using our biosensor and the method, the reaction solution
olume consumed was only 20 �L per one determination, and was
/400 of traditional fluorescence method. So, the test cost can
ecrease to a great extent. The operation procedure of the biosensor
nd the apparatus adopted were simple, so it can be easily pop-
larized. Following this preliminary report, we further attempt to
stimate clinical samples from diabetes patients with the biosensor.
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