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Abstract 

The aim of the present work was the development of a novel amperometric biosensor for rapid detection of 
sucrose in fruit juices samples. Two enzymes, invertase and fructose dehydrogenase (FDH), were immobilized 
onto a single-walled carbon nanotube paste (SWCNTP) electrode by wiring with a highly original 
osmium-polymer hydrogel. A second biosensor, for fructose only, was constructed containing inactive invertase 
and used for signal subtraction.  

The biosensor exhibits a detection limit for sucrose of 2 M, linearity up to 5 mM, good sensitivity of 1.98 A 
cm-2 mM, good reproducibility (RSD = 2.5%), fast response time (8s) and a stability of 4 months if kept under 
wet conditions at 4 °C. 

The biosensor was successively tested for specific detection of sucrose and fructose in several commercial fruit 
juice samples and the results were compared with those obtained with a commercial spectrophotometric 
enzymatic kit. 
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1. Introduction 

Sucrose is an important monosaccharide contained in many foodstaffs and sweet drinks. The determination of 
sucrose is therefore extremely important for food and beverage industries where quality control is essential for 
both consumer protection and for food industries. Various conventional analytical methods are largely reported 
in literature for the determination of sucrose, such as gas-chromatography, UV-spectrophotometry, titration and 
electrophoresis (AOAC, 1995; Beutler, 1984). However, all these methods require expensive instrumentation, 
long time of analysis, well trained operators and sometimes also complicated sample pretreatments. It is 
therefore of extreme importance to develop a fast, selective and affordable method usable by food industries. 
Biosensors can represent a unique alternative: they are low cost devices with very good sensitivity and 
selectivity which can be easily used “in situ” without long or difficult sample pretreatments (Tran & Cahn, 1993; 
Eggins, 2002; Wagner & Guilbault, 1994). 

Sucrose biosensors are generally based on the activity of either invertase, mutarotase and glucose oxidase (GOx) 
(Boyaci & Mutlu, 2002; Mizutani & Yabuki, 1997) or sucrose phosphorylase, phosphoglucomutase and 
glucose-6-phosphate-1-dehydrogenase (GDH) (Boyaci & Mutlu, 2002). Protein layer (Majer-Baranyi, Adanyi, & 
Varadi, 2008), graphite paste (Kennedy, Pimentel, Melo, & Lima-Filho, 2007), clay matrix (Mohammadi, Amine, 
Cosner & Mousty, 2005) and Prussian blue (Haghighi, Vaina, Alizadeh, Yigzaw, & Gorton, 2004) were generally 
utilized for enzymes immobilization (Mutlu, 2011). With these sensors, the current signal is related to either 
oxygen consumption or hydrogen peroxide production in the case of GOx or to the reoxidation of a proper 
mediator with the concomitant use of the diaphorase enzyme for the reoxidation of the produced NADPH in the 
case of GDH (Mutlu, 2011). However, these methods are laborious and time-consuming because a cascade of 
three or four enzyme system with consequent problems of reproducibility and stability. 
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We propose a more convenient method which used only two enzymes, invertase and fructose dehydrogenase, 
immobilized onto a single-walled carbon nanotube paste (SWCNTP) electrode properly modified with a highly 
original osmium-polymer hydrogel.  

Fructose dehydrogenase (FDH; E.C. 1.1.99.11) was first studied by Ameyama and Adachi (1982). It catalyses the 
oxidation of fructose to 5-keto-D-fructose without the addition of the well-known NAD(P)+/NAD(P)H cofactor, 
generally required by dehydrogenase enzymes, by using the bound cofactor flavin adenine dinucleotide (FAD) 
(Ameyama et al., 1982; Kamitaka, Tsujimura, Setoyama, Kajno, & Kano, 2007) which is reduced to FADH2. 

Invertase enzyme (E.C. 3.2.1.26) catalyzes the hydrolysis of sucrose to glucose and fructose. The coupling of the 
two enzymes can be therefore succesfully utilized for the construction of the sucrose biosensor (Clanek, Vydano, 
& Braunovà, 2000).  

The development and the use of new nanomaterials have been revolutionizing the area of biosensors. Among the 
nanomaterials, carbon nanotubes have started to be used in electrochemistry as electrode material for biosensor 
development because of their extraordinary electrochemical properties (Valentini, Amine, Orlanducci, Terranova, 
& Palleschi, 2003; Antiochia, Lavagnini, Magno, Valentini, & Palleschi, 2004a; Antiochia, Lavagnini, & Magno, 
2005). Their easy preparation and the possibility of renewal of their surface allowed the carbon nanotube paste 
(CNTP) electrodes to become popular for electrode modification (Gooding, 2005; Wang, 2005; Antiochia, 
Lavagnini, & Magno, 2004b).  

The aim of the present work is to develop a novel biosensor for sucrose determination by using a CNTP 
electrode modified with an osmium redox polymer. The osmium redox polymer showed excellent electron 
shuttling properties and for this reason it was successfully used for the electrical wiring of cells and enzymes 

(Timur, Haghighi, Tkac, Pazarlioglu, Telefoncu, & Gorton, 2006a; Timur, Yigzae, & Gorton, 2006b; Antiochia, 
Vinci & Gorton, 2013) and for biosensor and biofuel cells development (Antiochia & Gorton, 2007; Heller, 1992; 
Heller & Feldman, 2008).  

The osmium redox polymer in the present paper was used for a dual function: redox mediator to shuttle the 
electrons between the immobilized enzyme and the electrode and support for direct wiring of both invertase and 
FDH into the paste by utilizing a cross-linking agent, poly(ethylene glycol) diglycidyl ether (PEDGE).  

The proposed biosensor was finally tested for sucrose analysis in real fruit juice samples and the results obtained 
were validated by comparing the results with a standard spectrophotometric kit. 

2. Materials and Methods 

2.1 Reagents 

Invertase (E.C. 3.2.1.26) from baker's yeast, fructose dehydrogenase (FDH) (E.C. 1.1.1.47) from Gluconobacter 
sp., sucrose and D-fructose were obtained from Sigma (St. Louis, MO, USA), poly(ethylene glycol) (400) 
diglycidyl ether (PEDGE) from Polyscience (Warrington, PA, USA); 
poly(1-vinylimidazole)12-[osmium(4,4’-dimethyl-2,2’-dipyridyl)2Cl2]

2+/+ (osmium redox polymer) was provided 
from ThereSense Inc. (Alameda, CA, USA); single-walled carbon nanotubes (SWCNT) (diameter 1-2 m) were 
purchased from Aldrich (Steinheim, Germany) and mineral oil from Fluka (Buchs, Switzerland). All other 
reagents were analytical grade from Carlo Erba (Milan, Italy). All solutions were made with high purity water 
(Milli-Q System, Millipore, Bedford, MA, USA). 

2.2 Preparation of the SWCNTP Electrode Modified With Os-polymer 

The SWCNTP electrodes were prepared by hand-mixing in a mortar SWCNTs and mineral oil at a 60:40% ratio 
(w/w) (Valentini et al., 2003) and packed into a cavity (3 mm diameter). A copper wire connected to the paste 
allowed the electrical contact.  

The CNTP electrode was modified with Os-polymer by depositing 10 L of a solution (10 mg/mL) of the 
Os-polymer and 1 L of an aqueous solution (2.5 mg/mL) of the cross-linker agent PEDGE (Antiochia et al., 
2007) onto the CNTP electrode surface. The electrodes were then left to dry overnight at room temperature. 

2.3 Preparation of the Sucrose Biosensor 

Invertase and FDH were directly wired into the Os-polymer hydrogel by mixing 10 L of the Os-polymer 
solution (10 mg/ml), 1 L of an aqueous solution of PEDGE (2.5 mg/mL), 10 L of a solution containing 5 units 
of FDH enzyme and 10 L of a solution containing 5 units of invertase enzyme. Then 10 L of this solution was 
deposited onto the CNTP electrode surface and allowed to dry overnight (Antiochia et al., 2007). Figure 1 shows 
the wiring of invertase and FDH through the Os-polymer redox hydrogel onto the SWCNTP electrode. 



www.ccsen

 

 

Figure 1

 

A second 
invertase a

Successive
electroche
adding. Th

2.4 Electro

Electroche
software) 
electrodes,
reference 
phosphate 
fixed poten

2.5 Applica

The assem
The sucros
the standa
determinat
current sig

The sucros
Cat.N.139
reaction an

Fruit juice
sample we

3. Results 

The operat

Invertase 

 

 

 
Sucrose is 
The reduce
3). The en

et.org/jfr 

1. Scheme of t

biosensor, fo
and used for si

ely, aliquots o
mical cell and

he steady-state

ochemical Equ

emical experim
supplied by 
, the modified
and a platinu
buffer or 0.1 

ntial of +200 m

ation in Food 

mbled biosenso
se concentratio
ard sucrose so
tion, the fructo
gnal was subtra

se content was
106) where th
nd detected spe

es samples did
ere directly add

 and Discussio

ting mechanism

 

D

converted to D
ed osmium com

nzymatic reacti

the inveratse-F

or fructose on
gnal subtractio

of a stock sol
d the correspo
 current was a

uipment 

ments were car
Eco Chemie 
d CNTP elec

um wire as co
M acetate buf

mV versus Ag|

Analysis 

or was tested f
on values of th
olution. As fru
ose content wa
acted from the 

s determined al
he amount of 
ectrophotomet

d not require a
ded to the elec

on 

m of the sucro

sucrose

D-fructose + 2

2 O

D-fructose (re
mplex is now r
ion generates c

Journal 

FDH wiring thr

nly, was const
on.  

lution of sucro
onding steady-
chieved within

rried out using
(Utrecht, The
trode (3 mm 
ounter electro
ffer at differen
AgCl at room 

for the analysis
he real sample
uctose conten
as previously m
total current r

lso with the en
sucrose is rela
trically at 340 

any pretreatme
trochemical ce

se biosensor is

e + H2O 

2 Os3  
FDH

 5-k

Os2  CNTP ele
200mV vs.

action 1) whic
reoxidized at t
current respon

of Food Researc

103 

rough redox hy

tructed follow

ose in 0.1 M 
-state current ,
n 20-25 s.  

g an Autolab e
e Netherlands)

diameter) as 
ode. The elect
nt pHs. The am

temperature.

s of sucrose an
es were extrap

nt present in t
measured with
response of the

nzymatic spect
ated to the am
nm.  

ent. For the an
ell containing 

s represented b

-D-glucose +

keto-D-fructo

ectrode
 Ag|AgCl

 2 Os3

ch is then oxid
the CNTP elec
nses which are 

ch

ydrogel of Os-

wing the same

acetate buffe
, achieved in 

electrochemica
). The electro

working elec
trochemical ce

mperomeyric e

nd fructose co
polated from th
the samples c
h the biosenso
e sucrose biose

trophotometric
mount of NAD

nalysis of the b
10 mL of buffe

by the followin

+ D-fructose

ose + 2 H  + 2

3  + 2 e

ized to 5-keto-
ctrode at a fixe

proportional t

-polymer onto 

e procedure c

er at pH 5.0 w
about 20-25 s

al system with 
ochemical cell
ctrode, an Ag
ell contained 

experiments we

ontent in comm
he calibration 
causes interfer
or with inactive
ensor. 

c assay kit (Ma
DPH formed du

beverage samp
fer. 

ng reactions: 

2 Os2

-D-fructose by
ed potential of 
to the sucrose 

Vol. 3, No. 4;

 
CNTP electrod

containing ina

were added in
seconds, after 

PGSTS-12 (G
l consists of
g|AgCl/KCl(sa

10 mL of 0.
ere carried out

mercial fruit ju
curve obtaine

rence with suc
e invertase and

annheim, Germ
uring th enzym

ples 50 L of 

y FDH (reactio
+200 mV (rea
concentration

2014 

de 

active 

n the 
each 

GPES 
three 

at) as 
.1 M 
t at a 

uices. 
d for 
crose 
d the 

many, 
matic 

each 

(1) 

(2) 

(3) 

on 2). 
action 
n. this 



www.ccsenet.org/jfr Journal of Food Research Vol. 3, No. 4; 2014 

104 
 

is valid for sucrose concentration values lower than the Michaelis-Menten constant. The oxygen independent 
biosensor (Davidson & Jones, 1991) is based on a very simple mechanism due to the fact that FDH enzyme 
contains FAD as cofactor and does not require the adding of the most common used NAD+ required by most 
other dehydrogenase enzymes. Figure 2 shows the stucture of the osmium mediator. 

 

 
Figure 2. Chemical structure of poly(1-vinylimidazole)12-[osmium(4,4’-dimethyl-2,2’-bipyridyl)2Cl2]2+/+ 

(osmium redox polymer) 

 

3.1 Electrochemical Properties of Invertase/FDH/Os-polymer/CNTP Electrode 

An electrochemical study of a similar Os-polymer CNTP modified electrode was already reported in our 
previous work (Antiochia et al., 2007). Figure 3 shows cyclic voltammograms recorded at a scan rate of 10 mV/s 
in the absence and in the presence (curves a and b, respectively) of invertase and FDH enzymes. All 
voltammograms clearly showed the typical behavior of surface-bound species with small peak separations thus 
demonstrating that the presence of invertase and FDH enzymes does not change the electrochemical behavior of 
the modified electrode. From the voltammetric curve it has been calculated a formal redox potential of the 
Os-polymer of about +180 mV vs. Ag|AgCl, value which is in perfect agreement with the value previously 
reported in literature (Timur et al., 2006a; Timur et al., 2006b; Antiochia et al., 2007). Therefore the working 
potential of the biosensor was choosen at +200 mV for further experiments. 

 

 
Figure 3. Cyclic voltammograms of the invertase-FDH-Os-polymer modified CNTP electrode in the absence 
(curve a) and in the presence of 5x10-3 M sucrose concentration (curve b). Experimental conditions: applied 
potential: 0.2 V (vs. Ag/AgCl); Os-polymer: 10 L of a 10 mg/mL solution; PEDGE: 1 L of a 2.5 mg/mL 
solution; invertase: 5U; FDH: 5U; =10 mV/s; 0.1 M phosphate buffer pH 7.0; electrode diameter: 3 mm 
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3.2 Sucrose Biosensor 

Different amounts of the two enzymes were tested in order to optimize the sucrose-Os-polymer CNTP biosensor. 
Figure 4 shows the sucrose calibration graphs derived from the amperometric study by using an Os-polymer 
CNTP electrode with invertase and FDH directly wired to the Os-polymer hydrogel. The effect of enzyme 
amounts on the biosensor current response was studied in the range 2-10 U for both enzymes. The three curves 
showed the same trend: a linear part at the beginning and a deviation from linearity when higher sucrose 
concentrations are employed. This behaviour can be ascribed to a possible saturation of the enzyme active site. 
The current values gradually increase at increasing invertase and FDH amount loaded for relatively low amount 
used (from 2 to 5 U, as reported in curves a and b, Figure 4) but slightly decrease at higher enzyme amounts 
employed (more than 5 U, curve c, Figure 4). This result can be explained by taking into account the fact that the 
enzyme amount is a rate limiting factor at quite low enzyme amounts employed but at higher enzyme values 
used other factors started to limit the rate of the reaction. An amount of 5 U of invertase and 5 U of FDH showed 
the higher current response (curve b, Figure 4) and therefore 5 U of FDH and 5 U of inveratse were used to 
prepare the biosensor in further experiments.  

 

 
Figure 4. Calibration curves of the sucrose biosensor. Experimental conditions: inveratse-FDH amounts directly 

immobilized onto the Os-polymer hydrogel: 2U/2U (curve a); 5U/5U (curve b); 10U/10U (curve c);RSD% 
values between 0.9 and 3.2% (n=5); Applied potential: 0.2 V (vs. Ag/AgCl). The inset shows the linear part of 

curve b. All other experimental conditions as in Figure 3 

 

The low amount of both enzymes employed and the relatively high current response can be understood by the 
fact that the enzymes are now wired through the Os-polymer onto the surface of the CNTP electrode. The 
enzyme is immobilized into the hydrogel without large structural changes and without any significative loss of 
activity and at the same time, due to the high surface area of SWCNTs, a major exposure of the enzyme’s 
catalytic sites is possible and also a large loading of both enzymes with a consequent enhancement of the 
amperometric signal. 

The linear part of the sucrose calibration curve registered by the optimized biosensor is shown in the inset of 
Figure 4. A a good linear range is shown from 0.1 to 5 mM with the following equation y = 0.14x + 1.03x10-2 
(r=0.9969, n=6), where y indicates the current (A) and x the sucrose concentration (mM). At higher sucrose 
concentrations the curve approaches a saturation value and starts to become nonlinear. The biosensor showed a 
good sensitivity of 1.98 µA cm-2 mM and a detection limit of about 2 µM, calculated with the following 
expression: 3S.D.a/b, with S.D.a the absolute standard deviation of the intercept and b the slope of the 
calibration curve.  

The response time of the biosensor was quite short, resulting of about 8 s. 

3.3 Dependance of Biosensor Response on pH and Temperature 

In order to study the effect of different solution pHs on the sucrose biosensor response two different buffers were 
used and the pH ranges between 4 and 5.5 and between 6 and 7.5 in 0.1 M acetate buffer and 0.1 M phosphate 
buffer, respectively, were investigated. The biosensor maximum current response is registered in acetate buffer at 



www.ccsenet.org/jfr Journal of Food Research Vol. 3, No. 4; 2014 

106 
 

pH 5.0, as clearly shown in Figure 5, and for this reason this pH was choosen for further experiments. At pHs 
higher than 6 a progressive decrease of the current response is observed until a loss of response of about 80% is 
registered when a pH value higher than 7 is used. This result is comparable with that reported in literature for 
FDH modified electrodes (Trivedi et al., 2009; Antiochia et al., 2004b) and for the optimum pH of the free 
enzymes, which resulted to be of 4.5 for both invertase and FDH (Ameyama, Shinagawa, Matsushita, & Adachi, 
1981; Schiweck, Clarke, & Pollach, 2007). 

 

 

Figure 5. Dependance on the maximum biosensor response at a function of different pHs. [sucrose] = 5 × 10-4 M; 
buffers employed: 0.1 M acetate buffer, 4<pH<5.5; 0.1 M phosphate buffer, 6<pH<7.5. RSD % values are 

between 3.0 and 4.0% (n=5). Other conditions as in Figure 4 
 

We also studied the effect of the temperature of the buffer solution on the biosensor current response. The study 
was carried out in the range 10-40 °C and the results reported in Figure 6. It is easy to observe that there is an 
initial increase of the biosensor relative response with increasing temperatures up to a maximum value at about 
30 °C and successively a marked decrease. At higher temperautures there is in fact a possible thermal 
inactivation of FDH, although the optimum temperature reported in literauture for free invertase enzyme is 60 °C 
(Schiweck, Clarke, & Pollach, 2007).The temperature choosen for further experiments was 25 °C, at which only 
a 5% decrease of the maximum current response was obtained, for simplicity of operation being closer to room 
temperature. 
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Figure 6. Dependance on the maximum biosensor response at a function of different temperatures. Sucrose= 
5×10-4 M. RSD values between 2.2 and 4.0% (n=5). Other conditions as in Figure 4 

 

3.4 Reproducibility of the Sucrose Biosensor 

The reproducibility of the sucrose biosensor was studied by using 5 different sensors. It resulted to be very good, 
with an RSD of 2.5% for a 0.5 mM sucrose solution for n=5, where n is the number of biosensors utilized in the 
test. 

3.5 Lifetime of the Sucrose Bisensor 

The storage stability and lifetime of the sucrose biosensor were also investigated. The current responses were 
consecutively measured for a 1 mM sucrose solution every day for a period of 10 days. The sucrose biosensor 
was carefully stored at 4 °C when not in use under dry and wet storage conditions and the results are shown in 
Figure 7. The biosensor retains about 80% of its initial activity after 1 day of 8 h/day operation and only 15% 
after 10 days is kept under dry storage conditions. Otherwise under wet storage conditions, the biosensor keeps 
almost 100% of its original response after 3 days of 8 h/day operation and almost 85% after 10 days. Under wet 
conditions the study was extended up to 4 months and the biosensor resulted to be able to retain 80% of original 
response even up to such a long period. These excellent stability results obtained for the proposed biosensor are 
superior to most of the results reported in literature for amperometric biosensors for sucrose (Damar et al., 2011). 
A possible explanation of this extraordinary result is the fact that under wet conditions the biosensor is kept with 
cotton wet with buffer solution in a closed bottle thus allowing the maintenance of a higher water content in the 
immobilized hydrogel layer.  
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Figure 7. Lifetime of the sucrose biosensor stored at 4 °C under dry conditions (curve a) and wet conditions 
(curve b). RSD% values between 2.8 and 3.5% (n=5). Other conditions as in Figure 4 

 

3.6 Selectivity of the Biosensor 

Interferences such as ascorbic acid, ethanol and other mono- and disaccharide compounds present in food such 
as glucose, lactose, galactose and maltose were investigated by adding equal amounts of the specific interferent 
and sucrose. As shown in Table 1, no significant influence was noted for each interferent specie studied. Only for 
ascorbic acid was reported a slight interference of about 7%. 

As for fructose, the sucrose biosensor is based on FDH and therefore reacts also towards fructose present in 
solution (Table 1). For this reason, all measurements of sucrose in real samples must be coupled with a 
measurement of the fructose concentration in the same sample by using the same sensor with inactive invertase 
and subtracting this current response from the total response of the sucrose biosensor.  

 

Table 1. Effect of interfering compounds on sucrose response of the invertase-FDH-Os-polymer-CNTP sucrose 
biosensor. Interferents added = 500 M 

Interfering compounds [sucrose] (M) Recovery (%) 

Ascorbic acid 460 93 

Ethanol 490 98 

Glucose 480 96 

Lactose 470 94 

Galactose 

Maltose 

Fructose 

495 

485 

990 

99 

97 

198 

 

3.7 Application on Food Analysis 

The developed invertase-FDH sucrose biosensor was utilized for the analysis of foodstuffs like commercial fruit 
juices. The sucrose content was calculated by using the calibration graph method. Each sample was analysed in 
five replicates. From a comparison of the results obtained with the proposed biosensor and those obtained using 
a commercial spectrophotometric enzymatic assay kit, it was possible to observe that there is a very good 
agreement between the results obtained with the two methods (Table 2). More precisly, the results obtained with 
the reference spectrophotometric kit show slightly higher values. It may be interesting to note that this can be 
explained by the fact that the kit is based on multienzymatic cascade reactions which can cause interferences 
with other compounds, in particular with other sugars. 
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Table 2. Results for sucrose determination in real samples using the invertase-FDH biosensor and the reference 
enzymatic kit 

Sample 
[sucrose] (%)a 

sucrose biosensor  

[sucrose] (%)a 

enzymatic kit  

Orange juice 32.80  0.18 34.15  0.24 

Apple juice 40.32  0.20 43.16  0.30 

Pineapple juice 46.30  0.37 48.14 0.25 

Peach juice 19.44  0.52 21.70  0.38 

Apple juice 

Apricot juice 

Mango juice 

14.70  0.28 

60.12  0.55 

21.32  0.64 

16.98  0.34 

63.08  0.72 

22.98  0.68 
a All measurements were repeated six times and reported as average  RSD (n=6). 

 

4. Conclusion 

In this work the osmium redox polymer was successfully used for the modification of a CNTP electrode. The 
osmium redox polymer resulted to be able to shuttle the electrons between the immobilized enzyme and the 
single-walled CNTP electrode and was used also as a support for direct wiring of both invertase and FDH 
enzymes into the paste by using PEDGE as cross-linking agent. The modified electrode was used to develop a 
sucrose biosensor based on the immobilization of invertase and FDH. The biosensor assembly is simple, quick 
and not expensive. The sucrose biosensor showed the following analytical parameters: a good linear range, low 
detection limit (2 M), good sensitivity, high reproducibility, good stability and fast response time. Moreover, its 
response was not influenced by possible interfering species which can be present in food samples.  

For these reasons this novel, cheap and “in situ” usable sucrose biosensor will form the basis for the 
development of an ideal commercial device for applications in food quality and safety control. 
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