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a  b  s  t  r  a  c  t

A  fiber  optic  glucose  biosensor  based  on Poly(N-isopropylacrylamide-co-acrylamide)  (P(NIPAAm-co-
AAm))-magnetic-immobilized  glucose  oxidase  (GOD)  complex  (PMIGC)was  fabricated  to  perform  the
controllable detection  of  glucose  by  changing  temperature.  The  complex  was  prepared  by  combining
P(NIPAAm-co-AAm)  with  GOD  immobilized  on  Fe3O4@SiO2(F)@meso-SiO2 nanoparticles  using  in-situ
complex  method.  Since  P(NIPAAm-co-AAm)  has the lower  critical  solution  temperature  (LCST)  of  36 ◦C,
at  the  temperature  above  LCST,  P(NIPAAm-co-AAm)  shrank  and  PMIGC  could  not  catalyze  the  oxida-
tion  of  glucose.  At  the  temperature  below  LCST,  P(NIPAAm-co-AAm)  swelled  and  catalysis  occurred.
Because  of this  temperature  sensing  characteristics  of PMIGC,  the  temperature  controllable  detection  of
glucose  can  be  carried out by  the  biosensor.  The  optimal  detection  conditions  for  this  biosensor  were
achieved  with  pH6.5,  35 ◦C and  12  mg  of GOD  amount.  At  25 ◦C,  a  good  linear  relationship  between  �,

the  phase  delay  change  of  the sensor  head,  and  the  glucose  concentration  in  the  range  of 50–700  mg/dL
(2.78–38.89  mmol/L)  was observed,  the detection  limit  was 8.33  mg/dL  (0.46  mmol/L)  (S/N  =  3).  This lin-
ear  graph  can  be  defined  by  the  equation  of  y  =  0.01463  + 0.0003313x,  R2 =  0.9914.  The  biosensor  has  the
characteristics  of good  repeatability  and  selectivity,  and  can  be used  for  the  glucose  detection  in  practical
samples.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Glucose is very important for the life cycles but the high level
f glucose in blood could cause diabetes. In recent years, more and
ore people around the world are suffering from the long-term

isks of diabetes complications, such as heart disease, cardiovas-
ular diseases and blindness [1,2]. Therefore, it is very urgent to
evelop a fast, reliable and economic method for the determination
f blood glucose concentration.

Over the last few decades, many methods have been developed
o detect glucose, including high performance liquid chro-

atography (HPLC) [3,4], colorimetry [5], spectrophotometry [6],
hemiluminescence [7,8], electrode [9–11], electrochemical sensor

12,13], quantum dots sensing [14–16] and optical sensing [17–19].
iber optic biosensors have many advantages compared with elec-
rical sensors and electrochemical sensors [20]. As a branch of fiber

∗ Corresponding author at: State Engineering Laboratory for Fiber Optic Sensing
echnology, Wuhan University of Technology, Wuhan, 430070, China.

E-mail address: hjun@whut.edu.cn (J. Huang).

ttp://dx.doi.org/10.1016/j.bej.2016.07.012
369-703X/© 2016 Elsevier B.V. All rights reserved.
optic sensors, the enzyme based fiber optic biosensors have great
application potential in many fields and will be an effective way to
detect glucose. If the enzyme performance can be controlled, the
detection of glucose by the enzyme based fiber optic biosensors
can be controlled, which will have important applications in many
cases.

Stimuli-sensitive hydrogels have tunable three-dimensional
physical network structures and good biocompatibility [21]. Their
volumes will change with a slight variation of external stimuli, such
as temperature, light, chemical environment, etc [22]. Thermo-
sensitive hydrogels have a lower critical solution temperature
(LCST), and will swell at the temperature lower than LCST and
shrink at the temperature higher than LCST. Because of this char-
acteristic, hydrogels have been extensively used as the carriers
for the temperature controlled release of macromolecular drugs
[23–25]. Poly(N-isopropylacrylamide) (PNIPAAm) is a well known
temperature sensitive polymer with a LCST of ∼32 ◦C in aqueous

solution [26]. The introduction of segment acrylamide (AAm) to the
PNIPAAm could form Poly(N-isopropylacrylamide-co-acrylamide)
(P(NIPAAm-co-AAm)), which could slightly increase its LCST [23]
and made the LCST close to human body temperature. If P(NIPAAm-

dx.doi.org/10.1016/j.bej.2016.07.012
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2016.07.012&domain=pdf
mailto:hjun@whut.edu.cn
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o-AAm) is used to form a complex with enzyme, the hydrogel will
hrink at the temperature higher than its LCST and the enzyme is
solated from the substrate, which will cause the enzymatic catal-
sis reaction to stop. On the other hand, when the temperature
s lower than its LCST, the hydrogel will swell, which allows the
nzyme to have contact with the substrate and cause the enzymatic
atalysis reaction to take place. Therefore, the enzyme performance
an be controlled by changing the temperature. This kind of com-
lex materials can be used for the fiber optic biosensor to perform
ontrollable detection, and also for multi parameters fiber optic
iosensors which can detect different species such as glucose and
holesterol at different temperature.

In our previous work [27], the magnetic fluorescent core-
hell structured Fe3O4@SiO2(F)-@meso-SiO2 nanoparticles were
repared. Cholesterol oxidase (COD) was immobilized on their
urface and immobilization conditions were investigated and opti-
ized. In this work, Glucose oxidase (GOD) was immobilized on

e3O4@SiO2(F)@meso-SiO2 nanoparticles using the similar method
27]. P(NIPAAm-co-AAm) was combined with magnetic immobi-
ized GOD to form P(NIPAAm-co-AAm)-magnetic immobilized GOD
omplex (PMIGC) using in-situ complex method. The immobiliza-
ion of GOD will improve the enzyme stability and the nanoparticles
ith the magnetic core will be beneficial to the isolation of the

mmobilized enzyme from the reaction mixture. By changing tem-
erature, the oxidation of glucose was controlled using PMIGC as
he catalyzer. Using lock-in technology, a fiber optic glucose sensor
ased on PMIGC was fabricated to perform the controllable detec-
ion of glucose and the sensor properties were studied. The sensor
an detect glucose effectively, indicating a promising prospect of
ractical application. To the best of our knowledge, there have been
o publications on this temperature controlling fiber optic glucose
iosensor based on PMIGC.

. Experimental

.1. Materials

Glucose oxidase (GOD) (E.C. 1.1.3.4, 100 U mg−1) was obtained
rom Aspergillusniger. Glucose, Ru(bpy)3Cl2 (99.0%) were pur-
hased from Aldrich–Sigma. N-isopropylacrylamide (NIPAAm)
as purchased from Aldrich Chemical Co. Inc. (USA), and
as recrystallized from benzene/n-hexane. Acrylamide (AAm),
mmonium persulfate (APS), N,N’-Methylenebisacrylamide (BIS),
,N,N’,N’-Tetramethylethylenediamine (TEMED) were purchased

rom Sinopharm Chemical Reagent Co. All reagents were of analyt-
cal grade and used without further purification. Double-distilled

ater was used throughout the experiments. The oxygen sensing
embrane was prepared according to our previously work [28].

.2. Preparation of PMIGC

Fe3O4@SiO2(F)@meso-SiO2 nanoparticles were prepared
ccording to our previous method [27]. GOD was  immobilized on
he nanoparticles using the similar chemical crosslinking method
27] to form the magnetic immobilized GOD (Fe3O4@SiO2(F)@meso
SiO2@GOD). The preparation procedure of PMIGC was depicted
s follows. 150 mg  NIPAAm, 18 mg  AAm, 7 mg  BIS were dis-
olved in 3 mL  of immobilized enzyme solution containing 90 mg
anoparticles and 12 mg  GOD. The mixture was stirred at room
emperature for 30 min  under the protection of nitrogen. 30 �L of

EMED and 70 �L of APS (5 wt%) were added in it. The mixture was
ept at −20 ◦C for 12 h and PMIGC was formed. The product was
mmersed in distilled water for 48 h and the water was refreshed
very several hours in order to allow the unreacted chemicals to
Fig. 1. Schematic diagram of the detecting system.

leach out. PMIGC was  stored in distilled water at 4 ◦C. The LCST of
PMIGC was  determined according to the reported method [29].

2.3. Preparation and principle of temperature controlling fiber
optic glucose sensor

The detecting system is shown in Fig. 1. It consists of a lock-
in amplifier, a light source of light emitting diode (LED) with an
excitation wavelength of 416 nm,  a sensor head with an oxygen
sensing membrane, a temperature controller, and a computer for
data processing.

This sensor was based on the fluorescence quenching and oxy-
gen consumption. GOD catalyzed the oxidation of glucose and
the oxygen in the solution would be consumed. By detecting the
fluorescence of Ru(bpy)3Cl2 quenched by oxygen the oxygen con-
centration change was detected. Since a lock-in amplifier is used,
the quenching could be described as

tan �0

tan �
= 1 + Ksv[Q ] (1)

Where �0 and � are the phase delay change of the sensor in the
absence and presence of the oxygen, respectively, and Ksv is the
Stern-Volmer constant. [Q] is the oxygen concentration. The quan-
tification of glucose is achieved by detecting the data of phase delay
change �.

2.4. Measurements

The detection of glucose concentration was performed with the
setup shown schematically in Fig. 1. The sensor head was  placed
into a tiny reaction cell containing glucose buffer solution and
PMIGC. In order to eliminate the interference of oxygen from the
open air, an entire airtight reaction cell was introduced. A tempera-
ture controller was used to control the temperature of the reaction
cell. The fluorescence signal was  collected by positive intrinsic neg-
ative (PIN) and guided to the lock-in amplifier through the output
bundle, and then transferred to phase-delay which was collected
by the computer. After a simple washing of the sensor head and
PMIGC with buffer solution, the following measurement could be
performed. The magnetic core of immobilized GOD could make the
isolation of PMIGC from the reaction solution and buffer faster and
easier. All the measurements were performed in triplicate.

2.5. Characterizations

The morphology of P(NIPAAm-co-AAm) and PMIGC was

observed using a field emission scanning electron microscope
(FESEM) (JSM-5610LV, JEOLLtd., Japan) operated at 10 kV. Before
FESEM test, the swollen hydrogel samples were quickly frozen
in liquid nitrogen and then lyophilized in a freeze drier (ALPHA
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Fig. 2. SEM of P(NIPAAm-co-AAm) (A) and PMIGC(B).

-4/2-4 LSC, Germany) under a vacuum at −89 ◦C for 2 days. IR
pectra were recorded on a Thermo Nicolet Nexus Fourier Trans-
orm Infrared (FT-IR) spectrometer with the standard KBr pellet

ethod. A lock-in amplifier (SR830, Standford Research System, U.
. A.) was used for measuring the phase delay of the sensor head.

. Results and discussion

.1. Characterization of PMIGC

The SEM image of the cross-section of the freeze-dried
(NIPAAm-co-AAm) is shown in Fig. 2 (A). The cross-section of the
ample exhibits porous network structure. After the complex of
ydrogel with the immobilized GOD, the immobilized GOD located

n the holes of hydrogel, as shown in Fig. 2 (B). From Fig. 2, it can
e seen that the pore diameters of P(NIPAAm-co-AAm) and PMIGC
re around 60 �m.

Fig. 3 shows the IR spectra of P(NIPAAm-co-AAm), immobilized
OD and PMIGC. In the IR spectrum of PMIGC (Fig. 3(c)), the absorp-

ions at 1658 cm−1 and 1548 cm−1 are characteristic peaks of amide
 and amide II, and the bands of symmetric C H bending from the
CH(CH3)2 at 1389 and 1368 cm−1 were also observed, indicat-

ng the formation of P(NIPAAm-co-AAm) [30,31]. The two bands of
mide I and amide II for GOD were also at around 1658 cm−1 and

−1 −1
548 cm [32]. The absorption at 587 cm was assigned to Fe-O
tretching vibration [33]. The absorption at 1088 cm−1 was due to
symmetric stretching of the Si-O-Si chain [32]. Since the absorp-
ions besides those of hydrogel and immobilized GOD could not be
Fig. 3. IR spectra of P(NIPAAm-co-AAm) (a), immobilized GOD(b) and PMIGC (c).

observed, it can be concluded that the complex between hydrogel
and magnetic complex nanoparticles was physical complex instead
of chemical bonding.

3.2. Oxidation of GOD catalyzed controllably by PMIGC and
influence factors to the phase delay of the sensor head

According to the reported method [29], the LCST of PMIGC was
determined to be 36 ◦C. Hydrogel will swell when the temperature
is lower than LCST and shrink when the temperature is higher than
LCST. � was defined as the difference between the phase delay of
the sensor head with glucose concentration of 500 mg/dL and with
no glucose in the solution. As shown in Fig. 4 (A), at 38 ◦C (above
LCST), no catalysis effect for glucose oxidation was observed for
PMIGC because the hydrogel shrank and separated GOD  from glu-
cose. However, at 25 ◦C (below LCST), PMIGC had catalysis effect
due to the fact that hydrogel swelled and GOD could come into
contact with glucose. Therefore, by changing the reaction temper-
ature the enzyme performance can be controlled and PMIGC had an
“on-off” effect for the catalysis to GOD oxidation. The switch time
for this “on-off” process was less than 1 min, which was  satisfactory
for the sensor.

To investigate the influence of pH, temperature and GOD
amount on the sensor properties, � was  defined as the difference
between the phase delay of the sensor head with glucose concen-
tration of 300 mg/dL and with no glucose in the solution.

It is well known that the pH of aqueous working media will
significantly influence the response of a biosensors. For this fiber
optic glucose biosensor, the pH effect was studied over the range
of 5.0-9.0. This was  performed by continuously monitoring � of the
biosensor on exposure to 300 mg/dL glucose solution with differ-
ent pH and the results were shown in Fig. 4(B). It can be seen that
� increased with the increase of solution pH and reached maximal
value at pH6.5. When the pH was  higher than 6.5, � decreased with
the increase of pH. The sensor performance was  mainly influenced
by the enzyme properties. The optimal pH for free GOD was  found to
be 6.0 [34]. After GOD was immobilized on Fe3O4@SiO2(F)@meso-
SiO2 nanoparticles and then formed PMIGC, the microenvironment
of immobilized enzyme and the bulk solution usually have unequal
partitioning of H+ and OH− concentration due to electrostatic inter-
action of enzyme with the carrier, which often leads to the shift

of optimal pH [35]. Therefore, the optimal pH for the sensor was
observed at 6.5. In our later experiments pH6.5 was  selected as the
optimal pH.
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Fig. 4. (A) Response curves of PMIGC toward glucose of 500 mg/dL at 25 ◦C (a) and 38 ◦C (b); (B) pH effect on the response of the sensor. Glucose concentration: 300 mg/dL,
r  the response of sensor. Glucose concentration: 300 mg/dL, pH = 6.5, GOD amount: 12 mg
( entration: 300 mg/dL, pH = 6.5, room temperature. The error bars represent the standard
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oom  temperature, GOD amount: 12 mg  (in 90 mg  carrier); (C) Temperature effect on
in  90 mg  carrier); (D) Effect of GOD amount on the response of sensor. Glucose conc
rror  derived from three repeated measurements.

The effect of temperature on this sensor was studied over the
ange of 10 ◦C–35 ◦C because higher temperature will cause the
hrink of PMIGC. As shown in Fig. 4(C), in the range of 10 ◦C–20 ◦C,

 increased sharply with the increase of temperature and in the
ange of 20 ◦C–35 ◦C, � increased slowly with the increase of tem-
erature and 35 ◦C was the optimal temperature. Free GOD was
trongly dependent on temperature. It has the optimal tempera-
ure of 30 ◦C and higher temperature would cause a sharp decrease
f enzyme activity [34]. After the immobilization on carrier, GOD
ould exhibit excellent activity at higher temperature [34] because

he immobilization of GOD can restrict unfolding and nonspecific
ggregation of the enzyme molecule, and then the thermal stability
f enzyme at elevated temperatures can be improved by immo-
ilization [36]. However, the LCST of PMIGC was 36 ◦C and the
ydrogel would shrink at the temperature higher than 36 ◦C. PMIGC
ould not perform the catalysis to GOD oxidation when the tem-
erature was 36 ◦C or higher. Therefore, the optimal temperature
or this sensor is 35 ◦C. For the convenience of practical detection,
oom temperature would be selected as the working temperature
ince the sensor response was satisfactory at room temperature.

The effect of GOD amount was studied (GOD was immobilized
n 7.5 times carrier). As shown in Fig. 4(D), the phase delay change

 of the sensor head increased with the increase of GOD amount
rom 2 mg  to 12 mg  and decreased slightly when GOD amount was
igher than 12 mg.  The increase of GOD amount was  in favor of
xidation of glucose. However, after the saturation of enzyme, fur-
her increase of GOD amount will cause special steric hindrance
o enzyme activity. In addition, excessive GOD might form enzy-

atic aggregation in PMIGC, which will block the active sites of

nzyme. Therefore, the optimal GOD amount for this sensor was
2 mg  which was used in our later experiments.
Fig. 5. Response curves at various concentrations of glucose at 25 ◦C (�) and 38 ◦C
(�).  GOD amount: 12 mg (in 90 mg carrier), pH = 6.5. The error bars represent the
standard error derived from three repeated measurements.

3.3. Sensor properties

3.3.1. Typical response curve
The biosensor could detect glucose controllably at different

temperatures. At 38 ◦C (above LCST), PMIGC shrank and exhibited
no catalysis effect for glucose oxidation and � was  0 for differ-
ent concentrations of glucose (Fig. 5). However, at 25 ◦C (below
LCST), the PMIGC swelled and exhibited notable catalysis effect

on glucose oxidation and a good linear relationship between the
phase delay change � of the sensor head and the glucose con-
centration in the range of 50–700 mg/dL (2.78-38.89 mmol/L) was
observed (Fig. 5). The linear graph is defined by the equation
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Table  1
Interference test of the fiber optic glucose sensor on exposure to various interferents.

Interference term [S](mg/dL) Interference rate (%)a

(C C0)/C0 × 100%

Fructose 1800 −2.78
Vitamin C 25.54 2.27
Urea 2514.9 1.00
Glycine 75.3 2.27
Cysteine 60.58 1.33
Na+ 4149.24 1.92
K+ 1118.25 −3.70
Ca2+ 1387.25 0.91
Mg2+ 541.7 −1.85
HPO4

2− 1141.1 −3.7
SO4

2− 106.53 2.1
HCO3

− 1361 1.67
Cl− 3010 1.28

a C is the detected concentration and C0 is actual concentration.

Table 2
Determination of glucose in practical samples using the proposed sensor.

Sample Glucose added
(mg/dL)

Glucose found
(mg/dL)

Recovery
Rate(%)

1 (ABF) 100 96.27 ± 2.46 96.27
2  (ABF) 300 293.34 ± 2.13 97.78
3  (ABF) 500 516.4 ± 1.73 103.28

o
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4  (HS) 100 97.22 ± 2.09 97.22
5  (HS) 300 294.63 ± 1.97 98.21

f y = 0.01463 + 0.0003313x, R2 = 0.9914. The response time was
aken as 200 s and the detection limit was 8.33 mg/dL (S/N = 3).
he glucose concentration for healthy people is in the range of
0.1–109.7 mg/dL and for diabetic patients is several times higher,
herefore, this sensor has the potential for practical application.

.3.2. Repeatability
To investigate the repeatability of the glucose biosensor, the sen-

or head was alternately exposed three times to the solution with
he glucose concentration of 300 mg/dL and PBS solution with no
lucose, and the phase delay changes were recorded. It was shown
n Fig. 6 that there was no big difference between the three repeated
etections (n = 3, RSD = 2.33%), indicating that the biosensor exhib-

ted a satisfactory repeatability.

.3.3. Lifetime
To study the lifetime of the sensor, the response value of the

xygen sensing film in contact with 200 mg/dL glucose solution was
ecorded after keeping the film in water for 7 days and the change of
hase delay of the sensor under optimal conditions only decreases
y 8.6%. One reason for the loss of sensitivity might be the indicator

eaking from the film. The immobilized GOD maintains 86% of its
nitial activity after being stored for 1 month at 4 ◦C, indicating a
ood stability for the immobilized GOD.
.3.4. Selectivity
Selectivity is another important characteristic for biosensor.

his was investigated by selecting 100 mg/dL as the actual concen-

able 3
omparison of the proposed sensor with other glucose detection methods.

Method Detection range (mmol/L) Selectivity 

HPLC 0.0056–0.56 – 

Quantum Dots 0.005–0.4 Good 

Electrochemical 1.0 × 10−5–80 Good 

Chemiluminescence 8.5 × 10−4–0.1 Good 

Colorimetry 0.3–1.0 – 

Proposed sensor 0.46–38.89 Good 
Fig. 6. Repeatability of the sensor. Glucose concentration: 300 mg/dL, pH = 6.5, room
temperature, GOD amount: 12 mg  (in 90 mg carrier).

tration of glucose and using the interference rate in the presence
of potential interferents as sensor selectivity indicators. The results
are shown in Table 1. It could be concluded that none of the interfer-
ents caused significant interference to the response of the sensor,
showing a good selectivity of this sensor.

3.3.5. Real sample detection
The recovery test was  performed using artificial body fluid (ABF)

and human serum (HS) as the practical samples. The test was car-
ried out with three different added glucose concentrations in ABF
and two  different added glucose concentrations in HS. The origi-
nal glucose concentrations in ABF and HS were determined to be 0
and 83 mg/dL, respectively. The found glucose concentrations were
obtained by subtracting the original glucose concentrations from
the total glucose concentrations (The total glucose concentrations
were determined after the addition of glucose into the ABF and HS
samples) All the measurements were performed in triplicate and
the results are shown in Table 2. It can be seen that the practical
application of this sensor is satisfactory.

We compared our sensor with other reported methods for glu-
cose determination. The results shown in Table 3 indicate that our
sensor has good selectivity, repeatability and recovery rate, and the
detection range is also satisfactory.

4. Conclusion

PMIGC was  prepared and the controllable catalysis for the oxi-
dation of glucose was realized by using it. Based on PMIGC, a fiber
optic glucose biosensor was fabricated to perform the controllable
detection of glucose by changing temperature. The optimal detec-
tion conditions for this biosensor were obtained. At 38 ◦C, PMIGC
could not catalyze the oxidation of glucose and the biosensor was

unable to perform the determination of glucose. At 25 ◦C, a good
linear relationship between � and the glucose concentration in
the range of 50–700 mg/dL was observed. This biosensor has the
characteristics of good repeatability, selectivity and can be used for

Repeatability (RSD(%)) Recovery rate (%) Ref.

2.56 101–103 [37]
3.1 95.5–108.9 [38]
4.60 90.1–104.8 [39]
2.9 93.8–110.1 [40]
3.68 97.68–103.27 [41]
2.33 96.27–103.28 This work
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luminol-H2O2-gold nanoparticle chemiluminescence detection system, Sens.
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he determination of glucose concentration in practical samples,
howing a promising prospect for practical application.

Furthermore, by using PMIGC and immobilized COD and con-
rolling the detection temperature, it will be possible to perform
imultaneous determination of glucose and cholesterol. This work
s currently undertaking in our laboratory.
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