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a  b  s  t  r  a  c  t

An  enzymatic  biosensing  system  has been developed  to study  the capability  of ascorbate  oxidase  (AOx),
EC (1.10.3.3),  in  hydrogen  sulfide  (H2S) detection,  based  on  the  inhibition  of AOx  activity.  The  immobiliza-
tion  parameters  including  glutaraldehyde  (GA)  concentration  and  pH  were  optimized  using  experimental
design.  The  optimized  values  of  GA  concentration  and pH  were  found  to  be  12.5%  (w/w)  and  7,  respec-
tively,  where  the enzymatic  reaction  reached  the  steady-state  level  within  55  s.  A  linear  relationship  was
observed  between  the  decrease  in  the  oxygen  concentration  and  H2S concentration,  where  H2S concen-
tration  is in  the range  of 1–15  mg/L.  Moreover,  to  investigate  the  selectivity  of  the biosensor,  a certain  H2S

3+ −2

mmobilized enzymes
ydrogen sulfide (H2S)
nzymatic biosensors
nzyme activity
issolved oxygen

concentration  (9 mg/L)  was  used  against  different  ions.  The  results  indicated  that  Fe and  SO4 ions  had
no  significant  (11%  error)  effect  on  the H2S detection.  The  operational  stability  of the biosensing  system
was  determined  in  terms  of  response  to H2S  concentration,  at  optimal  working  conditions.  The  enzyme
electrode  could  retain  73%  of  its original  sensitivity  after  this  period,  which  has  made  it possible  for  the
system  to measure  H2S with  concentrations  as low  as 0.5  mg/L.

© 2014 Elsevier  Inc.  All  rights  reserved.
. Introduction

Chemical composition of gases is an important concept in fields
uch as healthcare and environment [1]. H2S gas emission in
nvironmental and industrial settings such as swamps [2], paper
anufacturing industries; waste water treatment, natural gas, cok-

ng coal, and food processing units [3] can be extremely dangerous
o human health, depending on its concentration. The detection
f H2S can be done based on its physicochemical and biolog-
cal properties. H2S is water soluble, colorless, and flammable,

hich inhibits enzyme activities and is in equilibrium with bi-
ulfide (HS−) and sulfide (S−2) in aqueous solutions [4]. Several

ethods have been developed to monitor the hydrogen sulfide

oncentration including (but not limited to) chromatographic [5],

∗ Corresponding author at: School of Chemical Engineering, College of Engineer-
ng,  University of Tehran, Tehran, Iran. Tel.: +98 61112215; fax: +98 2188631400.

E-mail address: amoabediny@ut.ac.ir (GH. Amoabediny).

ttp://dx.doi.org/10.1016/j.enzmictec.2014.04.016
141-0229/© 2014 Elsevier Inc. All rights reserved.
spectrophotometric [6] polarographic [7], amperometric [8], and
potentiometric [9].

Biosensors have also been developed for specific determination
of chemical compounds with simplicity, specificity, and accuracy.
In recent years, enzymatic biosensors have become more practi-
cal than other detection methods, as a result of their selectivity
and sensitivity [10–12]. Biosensors that are based on enzyme inhi-
bition are used for detection and concentration measurement of
the inhibitory compounds [13]. H2S sensors with an electrochemi-
cal transducer and cytocrome c oxidase as the recognition element
have been studied by many researchers [14–16]. Yang et al. [17] and
Liu et al. [18] developed an amperometric biosensor for measuring
sulfide concentration based on horseradish peroxidase inhibition.
They have reported sulfide detection in the range of 0.5–12.7 �m,
with a detection limit of 0.3 �m.  They concluded that the detec-
tion limit was improved by this method but the poor selectivity

remained as a problem yet to be solved, which has restricted its
applicability. Shahidi Pour Savizi et al. [19] fabricated an ampro-
metric biosensor based on the inhibition of Coprinus cinereus
peroxidase against sulfide. Their sensor had a linear response in the

dx.doi.org/10.1016/j.enzmictec.2014.04.016
http://www.sciencedirect.com/science/journal/01410229
http://www.elsevier.com/locate/emt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enzmictec.2014.04.016&domain=pdf
mailto:amoabediny@ut.ac.ir
dx.doi.org/10.1016/j.enzmictec.2014.04.016
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Table 1
The analytical parameters for optimization of enzyme immobilization.

NO GA concentration
(wt/wt)%

pH of enzyme
solution

Steady-state
time (s)

1 7.5 5.5 82
7  63
8.5 152

2 10 5.5 77
7  60
8.5  124

3 12.5 5.5 68
7 55
8.5 136

Table 2
Analytical parameters of H2S injection.

NO H2S concentration ppm Acid ascorbic mM Inhibition %

1 9 1 93
3  78
5  68

2 5 1  80
3 74
5  70

3  1 1 44
 N.Z.M. poor et al. / Enzyme and 

ange of 1.09–16.3 �m (detection limit of 0.3 �m)  and a response
ime of 43 s. Kariminia et al. [20] constructed an optical biosensor
ased on fungal peroxidase inhibition for sulfide detection. To the
est of our knowledge, there is no published report on the devel-
pment of an amperometric biosensor according to the inhibitory
ffect of H2S on the activity of ascorbate oxidase.

Ascorbate oxidase (AOx), EC (1.10.3.3) catalyzes the four-
lectron reduction of oxygen to water, using ascorbic acid as
ubstrate [21]. This enzyme can be inhibited by small inorganic
nions such as azide and fluoride, or organic molecules acting as
ompetitive inhibitors toward ascorbate [22]. Ascorbate oxidase
atalyzes the oxidation of ascorbic acid via molecular oxygen reduc-
ion. This reaction occurs on the sensing element of Clark dissolved
xygen electrode. Therefore, local oxygen depletion is resulted [12].
or the purpose of ascorbic acid detection, this enzyme is covalent
inded on collagen [23], gelatin [12] nylon net [24] or adsorbed on

 carbon felt [25].
The purpose of this study was to consider enzyme as the sensing

lement of a H2S biosensor, according to its inhibitory effect on the
ctivity of AOx. The enzyme was immobilized on the nylon mem-
rane by Mascini’s method [26] and the immobilization process
as optimized [27]. The oxygen depletion was then measured in

he absence and presence of the H2S gas, using a dissolved oxygen
lectrode. The calibration curve, linear range, and detection limit
ere reported as well.

. Materials and methods

.1. Materials

Ascorbate oxidase (EC 1.10.3.3; 215 U/mg solid AOx) and GA were purchased
rom Sigma, USA. l-ascorbic acid, Na2HPO4·2H2O, NaHPO4·2H2O, and DMS  were
ought from Merck (Darmstadt, Germany) and used as received without any further
urification. Ascorbic acid solutions were prepared in 0.1 mol  L−1 phosphate buffer
H 7.

.2. Apparatus

The Clark type dissolved oxygen electrode (model 8401) was  purchased from
Z  Instruments, Taiwan. The nylon membrane from A. Bozzone was kindly supplied
y  Prof. M.  Mascini (University of Florence, Italy) finally the tested biosensor was
ade at University of Tehran.

.3. Preparation of bioactive layer

In this study, 200 �l of GA solution 12.5% (wt./wt.) was saturated in 0.1 M of
orate buffer, pH 8.5. The prepared solution was mixed with 200 �l of the AOx
50 U). The enzyme solution was  immobilized onto nylon membrane according to
he Mascini’s method [26]. The nylon membrane was  stored overnight at 4 �l, was
ashed with 0.1 M phosphate buffer (pH 7), and then it was attached to the Clark

xygen electrode as a transducer.

.4. Biosensor instruction

All the experiments were done in a bioreactor with a detection chamber, an
xygen electrode as transducer, two inputs for H2S and air injection, and a computer
o  record dissolved oxygen concentration (Fig. 2). The oxygen sensor was  inserted
nto  the detection chamber containing 200 mL  of phosphate buffer (pH 7.0, 100 mM);

hile the immobilized enzyme was fixed on the top of the dissolved oxygen probe
y  an O-ring and the solution was stirred with a magnetic bar.

.5. Measurement of enzyme activity

The activity of the immobilized enzyme was determined by measuring the
eduction current of oxygen. Since, in the enzymatic reaction, the steady-state cur-
ent depends on the oxygen consumption; the oxygen depletion was recorded after
he injection of 1 mM ascorbic acid (as the substrate), the air-saturated mixture of
ree enzyme (AOx), and 0.1 M phosphate buffer (as enzymatic solution (50 U)).

. Theory
.1. Optimization of the immobilization process

Optimization of AOx immobilization process on the nylon mem-
rane was carried out at room temperature. The GA concentration
3  12
5  <

(X1) and pH (X2) were considered as effective factors for this
process and the influence of these parameters on the steady-
state time of reaction was  studied. CCD and RSM were used in
order to investigate the relationship between the former variables
and their optimum levels. For this purpose, 10 experimental runs
were required as per three-level two-factor fractional factorial CCD
(Table 1).

Data from CCD was  subjected to a second-order multiple regres-
sion analysis to explain the behavior of the system using the least
squares regression methodology to obtain the estimators of the
mathematical model [26]. The result can be expressed as follows:

Y = ˇ0 +
∑

ˇi × Xi +
∑

ˇii × X2
i +

∑
ˇij × Xij (1)

where Y, Xi, ˇ0, ˇi, ˇii, and ˇij are respectively the response, the
independent variable, a constant, the slope or linear effect of the
input factor, the quadratic effect of the input factor, and the linear
by linear interaction effect between the input factors.

Statistical software was  used to analyze the obtained data and
to determine the optimum values of the variables.

3.2. Enzyme inhibition measurement

Oxygen depletion of the enzymatic reaction was measured in
absence (A0) and presence (Ai) of hydrogen sulfide (inhibitor). Gas
with a certain concentration (≤10 ppm) was injected into the biore-
actor using a mass flow controller. The inhibition percentage (I %)
was calculated using the following equation:

I% = Ao − Ai

Ao
(2)

A different concentration of substrate (X′
1) and inhibitor (X′

2)
were used to optimize the enzyme capability for H2S detection
by statistical software. For this purpose, 10 experimental runs
were required as per three-level two-factor fractional factorial CCD

(Table 2). All measurements were carried out in a batch system
containing 300 ml  of oxygen-saturated phosphate buffer (pH 7)
solution.
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Table 3
Parameters of the model for the bioreaction steady-state time.

p-value
Prob > F

F Value Mean square Term

0 345.96 5704.2 X2

0.007 25.27 416.7 X1

0.160 2.97 49 X1X2
ig. 1. Comparison between free (©)  and immobilized (�) AOx. The steady-state
ime for immobilized enzyme was 60 s. 1 mM of acid ascorbic was used as a substrate.

. Results and discussion

The H2S detection capability of AOX was studied in a batch sys-
em. The activity of AOX was calculated using oxygen depletion
efore and after injection of H2S to the biosensor.

.1. Enzyme activity measurement

It has been assumed that AOx has been homogeneously dis-
ributed on the nylon. It was observed from Fig. 1 that the
mmobilized enzyme has better activity in comparison with the
ree one. Since the immobilized enzyme was fixed near the oxygen
robe, the rate of oxygen depletion illustrated an increase, which

ecreased the steady-state level to 60 s. Moreover, the steady state
esponse for the free enzyme sample was not reached till 100 s.

Fig. 2. The schematic diagram of the H2S biosensing system.
0 307.88 5189.4 X2
2

0.763 0.10 1.7 X2
1

4.2. The optimization of immobilization process

The results of the statistical design based on steady-state time
are presented in Table 1. The quadratic polynomial model was
established on the experimental results of CCD to identify the rela-
tionship between responses and variables. Parameters obtained
through modeling are listed in Table 3.

According to Table 3, the first- and second-order terms of X1
and the first-order term of X2 were found to be significant (P < 0.1).
The proposed model based on the regression coefficients for the
steady-state time can be stated as:

R1 = 60 + 30.83X2 − 8.33X1 + 46.5X2
2 (3)

where R1, X1 and X2 were the steady-state time of the bio-reaction
(s), the concentration of GA (w/w %), and pH, respectively. A positive
coefficient in the equation represents a synergistic effect, while the
negative sign indicates an antagonistic effect.

At constant GA concentration, reaction rate was defined based
on the steady-state duration. The rate of reaction increased while
the pH of the enzyme solution decreased. As can be seen from
Table 1 and Fig. 3, the optimized condition for the immobilization
process was recorded to be a high GA concentration (12.5%) and a
low enzyme solution pH (6.7).

Fig. 4 indicates the effect of two variables (GA concentration and
pH) on the steady-state time of the bio-reaction. Moreover, Fig. 5
compares the calculated and experimental values of steady-state
time. Eq. (3) correlates 99% of the data with 11% error.

4.3. Effect of H2S on bio-reaction

After enzyme immobilization, the effects of H2S injection on
bio-reaction were evaluated. Fig. 6 shows the variation of steady-
state time in terms of dissolved oxygen reduction in a batch system

versus time, both in the absence (a) and the presence of 10 ppm (b)
H2S. It can be seen that AOx has been inhibited in the presence of
H2S. In addition, the inhibitory action was  also studied at lower

Fig. 3. Influence of pH on immobilization process at GA 12.5%.
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Fig. 4. Effect of GA concentration and pH on the steady-state time (at optimum conditions).
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ig. 5. Comparison between calculated and experimental values of steady-state
ime.

2S concentrations in order to optimize the inhibition percentage,
nfluence of ascorbic acid concentration, and H2S amount.

.4. Influence of substrate and H2S concentrations on
teady-state time

As can be seen from Table 2 and Fig. 7, at constant inhibitor con-

entration (9 ppm H2S), a decrease in the substrate concentration
as resulted in an increase in the inhibition percentage. At low H2S
oncentration (1 ppm) and high substrate concentration (5 mM),
he inhibition percentage was not measurable (<12%). The results

ig. 6. Electrode response for 1 mM of ascorbic acid in the presence (�) and in the
bsence (©) of 10 ppm hydrogen sulfide. The value of inhibition percentage was  97.
Fig. 7. Influence of acid ascorbic concentration on the inhibition rate at 9 ppm H2S.

of optimization process pointed out that the best sensitivity was
obtained at 1 mM and 9 ppm concentration of ascorbic acid and
H2S, respectively.

According to Table 4, the linear and square effects of X1 and
the linear effect of X2 were found to be significant (P < 0.1). The
proposed model based on the regression coefficients for inhibition
percentage can be expressed as:

R′
1 = 72.55 + 31.83X ′

2 − 11.67X ′
1 − 21.43X

′2
2 (4)

where R′
1 was the inhibition percentage of the bioreaction, X1 and

X2 were the concentration of acid ascorbic (mM)  and H2S (ppm),
respectively. Fig. 8 illustrates the effect of the two variables (acid
ascorbic and H2S concentration) on the inhibition percentage. Fig. 9
shows the comparison between the calculated and experimental
values of inhibition effect. Eq. (4) correlated 99% of the data with
11% error.

Reports of using ascorbate oxidase as an enzyme electrode

have been summarized in Table 5. Ascorbate oxidase has been
used in many different biosensing systems, however sufficient data
have not yet been provided for H2S monitoring. Having said that

Table 4
Parameters of the model for the bioreaction inhibition percentage.

p-value
Prob > F

F value Mean square Term

0.0001 156.6 6080.17 X ′
2

0.0025 21.04 816.67 X ′
1

0.5413 0.41 16 X ′
1X ′

2
0.0007 32.68 1268.51 X

′2
2

0.3137 1.18 45.73 X
′2
1

– – 271.70 Residual
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Fig. 8. Effect of acid ascorbic and H2S concentration on inhibition percentage.
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ig. 9. Comparison between calculated and experimental values of inhibition per-
entage.

lbery et al. used free cytochrome c oxidase for H2S monitoring;
n this study, the steady-state time was shown to be better than
ytochrome c oxidase electrode [14–16]. Also, Shahidi Pour Savizi
t al. [19] has used Coprinus cinereus peroxidase (CIP), immobilized
n screen printed electrode, for sulfide detection. In this case, the
esponse time has reached 43 s, which is quicker than HRP sensor
eveloped by some researchers (65 s) [19]. In addition, Mirzaei et al.
29] used a microbial bio-sensing device for H2S sensing, which has
he response time of 80 s, similar to other researchers [28].

.5. Calibration curve, detection limit and life time

The calibration curve was derived using the effective factors at
heir optimal levels. A linear relationship was observed between
he oxygen concentration (the concentration difference between
he initial and the steady state) and the hydrogen sulfide concen-

ration in the range of 1–15 mg/L (Fig. 10). In this way, the response
ime reaches 55 s which is shorter than 65 s reported by Liu et al.
18]. It is worth noting that the response time reported by Shahidi
our Savizi et al. was 43 s [19] and the detection limit was  0.5 mg/L.

able 5
omparison of different enzyme electrodes.

References Steady-state time(s) Immobilized s

Tomita et al. [24] 60 Nylon membr
Akyilmaz et al. [12] 45 Teflon membr
Albery et al. [14–16] 600–1200 Gold disk 

Shahidi Pour Savizi et al. [19] 43 On screen prin
Liu et al. [18] 65 – 

This work 65 Nylon membr
Fig. 10. Calibration curve for H2S determination with AOx  inhibition biosensor.

The aim of this work was to show the AOx capability as a sensing
element for the production of a reliable new enzyme electrode for
H2S detection.

In order to determine the operational stability, the biosens-
ing system was  used to assess its response to H2S concentration
at optimal working conditions. The results demonstrated that the
enzymatic biosensing system still maintains its initial sensitivity at
the end of the operational period. The storage stability is an impor-
tant consideration for long-term applications of biosensors. The
storage stability of inhibitory enzyme electrode was  determined
using a periodically assessment of its sensitivity to H2S concentra-
tion, at two weeks intervals for a two  months period. The enzyme
electrode could retain 73% of its original sensitivity after this period.

4.6. Selectivity
Selectivity is an important parameter in determination of com-
ponents used in enzyme inhibition biosensors. Several anions and
cations were selected from environmental matrix components to
investigate their possible interference on the determination of

ystem Biosystem Monitoring substrate

ane Ascorbate oxidase Acid ascorbic
ane Ascorbate oxidase Acid ascorbic

Cytochrome c oxidase H2S
ted electrode CIP S−

HRP S−

ane Ascorbate oxidase H2S
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ulfide. In order to investigate the influence of various anions and
ations on the biosensor performance, a specific hydrogen sulfide
oncentration (9 mg/L) was used against different ions. Fe3+ Cations
nd SO4

−2 anions had the less (11% error) interference on H2S
etection. This interference results were in agreement with the
revious results reported by Kariminia et al. [20].

Moreover, CH4, N2, and CO2 interference were also considered
uring H2S measurement. The results indicated the fact that in a
onstant response time, gas interference on the response time of
2S enzymatic biosensor can be neglected.

. Conclusion

Ascorbate oxidase was found to be inhibited by H2S in a batch
ystem using a Clark electrode as the transducer. It has proven to be

 simple method for monitoring bio-reaction before and after H2S
njection. In this study, nylon membrane has been used as a car-
ier due to its high strength. The best steady-state time (55 s) was
btained in 12.5% GA concentration and a pH equal to 7. After H2S
njection, the inhibition percentage could be measured at low con-
entrations of H2S (≤10 ppm). A linear relationship was observed
etween the decrease in the oxygen concentration and H2S concen-
ration, where H2S concentration is in the range of 1–15 mg/L with

 detection limit of 0.5 mg/L. At low ascorbic acid concentrations
nd high H2S concentrations, the inhibition percentage reached the
ptimized value. The results show the best capability of ascorbate
xidase due to the H2S inhibition effect.
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