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ARTICLE INFO ABSTRACT

Article history:

In this work, a novel enzymatic biosensor for determination of nitrites constructed on an electrochemical
transducing platform is proposed. The sensor is based on cytochrome-cd; (cyt-cd, ) nitrite reductase from
Marinobacter hydrocarbonoclasticus strain 617 as biological recognition element, and its putative physio-
logical redox partner cytochrome-css; (cyt-cssz ), as electron mediator. The proteins were co-immobilized
using a photopolymerizable polyvinyl alcohol (PVA) derivative, onto carbon paste screen printed elec-
trodes (CPSPEs); the optimal modification conditions were 100 uM cyt-cd;/100 wM cyt-css; and 50%
PVA, after a 48 h polymerization time. Electrochemical characterization of the mediator was carried
out by cyclic voltammetry. The one-electron exchange between cyt-css; and the working electrode is
a quasi-reversible process, without mass transport limitations. The formal potential of the mediator is
254 +2 mV vs NHE and the intermolecular electron transfer rate constant between cytochromes css, and
cdy is 9.9 x 103 M~1s~1. The analytical parameters of the biosensor response to nitrite as assessed by
amperometric measurements were: linear range from 10 to 200 .M; detection and quantification limits
of 7 and 24 pM, respectively; sensitivity of 2.49 +0.08 Amol~! cm? WM. Catalytic profiles in the pres-
ence of possible interfering species were also investigated. The interference from competitive enzymatic
reduction of dissolved oxygen could be overcome by tuning the cyclic voltammograms for faster sweep
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1. Introduction

The physiological role of inorganic nitrites (NO,~) has been the
subject of high controversy in the past few years. On one hand, the
excessive ingestion of nitrates and nitrites via the dietary intake
has potential toxic [1,2] and carcinogenic effects [3,4]. On the
other hand, it has been reported that nitrite has a protective role
against ischemia/reperfusion injury [5-7] and was recently rec-
ognized as an endogenous signaling species with important roles
in mammalian physiology [8]. In both cases, nitrite quantification
is of primordial importance for diagnosis and/or prognosis pur-
poses. Public health security also depends on nitrites monitoring in
drinking waters and food products, as regulated by the European
directives 98/83/EC and 2006/52/EC, respectively.
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As nitrite quantification became more important, new method-
ologies were developed. Most of these methods are based on
sophisticated chromatographic or spectrophotometric techniques
which require the use of expensive equipment operated by trained
individuals and a time consuming sample preparation [9-13]. For
these reasons, the application of biosensor technology for nitrite
quantification is highly appealing [14]. Numerous examples of
nitrite biosensors can be found in the literature, either using unspe-
cific proteins such as hemoglobin [15], myoglobin [16,17] and
cytochrome c [18] as biological recognition elements, or employ-
ing selective nitrite reducing enzymes, namely the multihemic
cytochrome c nitrite reductase (ccNiR) [19-23], copper contain-
ing nitrite reductase (CuNiR) [24,25] and cytochrome-cd; nitrite
reductase (cyt-cd; NiR) [26-29].In this work, a novel enzymatic
biosensor with electrochemical transduction is presented for the
determination of nitrites. This device is based on cytochrome-cd;
(cyt-cdq) nitrite reductase from the denitrifying bacterium Mari-
nobacter hydrocarbonoclasticus strain 617 as biological recognition
element. This protein is a soluble homodimer of 60 kDa whose
physiological role is the one-electron reduction of nitrite (NO, ™)
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to nitric oxide (NO) (Eq. (1)) during bacterial denitrification [30].
NO,~ +2H* +e~ — NO + H,0 (1)

Each monomer comprises two distinct domains, one for electron
transfer (ET) from donor proteins via a c-type heme, the other for
catalysis at the active site, a d; heme, which is unique to this class
of enzymes [31,32].

Commonly, redox mediators employed in amperometric
biosensors are small synthetic molecules with no specific affinity
towards the biological element. Their main advantages rely on facil-
itating ET and reducing the working potential [33]. In the particular
case of nitrite detection, Strehlitz et al. [28] have tested several
artificial electron carriers for heme containing nitrite reductases,
including phenosafranin, methyl viologen and gallocyanine. Nev-
ertheless, artificial mediators are frequently hazardous and rather
general catalysts thereby affecting the selectivity of the sensor [34].
As a contrast to that, in this work, cyt-css; is explored as elec-
tron mediator. This small homodimeric (20 kDa) heme protein is
the putative physiological partner of cyt-cd; [35] and, therefore,
is highly selective towards it. Furthermore, cyt-css, gives a sta-
ble electrochemical response, in a low potential range (265 +7 mV
vs NHE, at modified gold electrodes, pH 6.3) [35], attributed to
a reversible one electron exchange, which makes it suitable for
mediating purposes. Aside from monitoring the activity of cyt-
cd; and providing a second selectivity element for the biosensor,
the employment of cyt-css, also reduces the risks of unspecific
reductions that could arise from measurements at extreme poten-
tial values [22,36]. The efficient entrapment of two proteins with
distinct molecular weights is a challenging task. This was accom-
plished by using a photopolymerizable polyvinyl alcohol (PVA)
derivative, which provided a suitable environment maintaining the
proteins simultaneously active and accessible.

The screen-printing (thick-film) technique is widely used for
large-scale fabrication of disposable biosensors with several advan-
tages including low cost, versatility, and miniaturization [38,39].
In this work, the biosensing layer was assembled onto carbon
paste screen printed electrodes, increasing the chances of direct
implementation of this laboratory-developed device in real life
applications.

In line with our own strategy, Tepper has reported a recent
work [37] where the electrochemical contact of a CuNiR was estab-
lished via its natural redox partner, pseudoazurin, by conjugating
the two proteins to a specific DNA tag, which was tethered to a gold
electrode. In spite of not being an analytical application, the con-
cept presented on this paper confirms a potential new trend in the
design of electrochemical biosensors.

2. Materials and methods
2.1. Reagents

All chemicals were analytical grade and used without fur-
ther purification. Solutions were prepared with deionized (DI)
water (18 M2 cm) from a Millipore MilliQ water purification sys-
tem. Polyvinyl alcohol with azide pendant groups (PVA-AWP) was
acquired from Toyo Gosei, Japan. MES sodium salt and sulphuric
acid were obtained from Sigma. Sodium nitrite and potassium chlo-
ride were purchased from Merck. Alumina slurry 0.3 wm came from
Buehler.

Cyt-cdq (375 M, in 0.05 M Tris-HCl buffer, pH 7.6) and cyt-css;
(705 wM, in 0.1 M Tris-HCI buffer, pH 7.6) were purified from M.
hydrocarbonoclasticus 617, as previously described [30], and stored
at —20°C.

2.2. Electrochemical measurements

For the optimization of the protein mixture with PVA, a con-
ventional three-electrode electrochemical cell was used, with
a Ag/AgCl reference electrode (197mV vs NHE), a platinum
counter electrode (both from Radiometer) and a self-made
pyrolytic graphite electrode (PGE) (@=4mm) modified with the
enzyme/mediator/PVA film, as working electrode. The analytical
characterization of the biosensor was carried out by replacing
the previous system by carbon paste screen printed electrodes
(CPSPEs), following a three electrode configuration, with a graphite
paste working electrode (@ =3.1 mm), a Ag/AgCl pseudo-reference
(302mV vs NHE) and a graphite paste counter electrode, pre-
pared at CIDETEC as previously described [40]. Measurements were
performed with a potentiostat Autolab PSTAT 12 (Eco-Chemie)
monitored by the control and data acquisition software GPES 4.9.
Unless stated otherwise, cyclic voltammograms were traced at
a scan rate of 50mVs~1, at room temperature (23 +2°C), using
0.15M KCl in 0.05 M MES buffer, pH 6.3, as supporting electrolyte;
before each experiment the electrochemical cell was thoroughly
purged with Argon. All quoted potentials were converted to the
to the NHE reference. For amperometric experiments, modified
CPSPEs were poised at 0.2V (vs NHE) and the electrolyte solution
was magnetic stirred at the highest possible speed (with no per-
ceptible turbulence), under an argon atmosphere. To evaluate the
biosensors response to nitrite, the electrochemical cell was succes-
sively spiked with a standard solution.

2.3. Bioelectrodes preparation

Prior to coating, the PGEs were polished with alumina slurry.
The electrodes were then thoroughly washed with DI water and
ethanol and ultrasonicated for 5min. Then, the electrodes were
washed again with DI water and dried with compressed air. Modify-
ing mixtures were prepared by combining different ratios of water,
PVA (25%, 50% and 75%), cyt-cdy (15, 50 and 100 M) and cyt-css;
(100, 150 and 200 wM) to a final volume of 25 pL. A drop of 3 pL of
the mixture was then placed onto the PGE and left to photopoly-
merize at 4°C, under the beam of a 20 W halogen lamp during 24,
48 and 72 h. Before use, the modified electrodes were immersed
in supporting electrolyte for 30 min at room temperature, to allow
matrix hydration.

Prior to coating, the CPSPEs were activated by applying a 1.2V
potential during 120s, in 0.1 M H,SOg4. The electrodes were then
washed with DI water, air dried, and modified with the optimal
formulation selected from the previous study done with PGEs.

3. Results and discussion

3.1. System optimization on modified pyrolytic graphite
electrodes

3.1.1. Enzyme/Mediator ratio

The optimum composition was selected from a group of cyt-
Cs52/cyt-cdy ratios, prepared with a PVA percentage of 50% and
polymerization time of 48 h. The bioelectrodes were characterized
by monitoring the mediator’s current-potential curves, through
cyclic voltammetry, as illustrated in Fig. 1. The voltammetric wave
observed between 0.1V and 0.3V was assigned to the heteroge-
neous one electron reduction undergone by cyt-css;.

In the presence of nitrite (Fig. 1), the enzymatic reduction of
the substrate was observed and quantified by the changes on the
catalytic currents, characteristic from a reversible electrochemical
process followed by an irreversible chemical reaction, known as an
EC’ mechanism (as depicted in Fig. 2, full line arrows).
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Fig. 1. Cyclic voltammograms of cyt-css, (100 wM), as co-entrapped with cyt-cd,
(100 wM), in a 50% PVA matrix (polymerization time, 48 h), on a PGE. Electrolyte:
150 mM KCl, 50 mM MES buffer, pH 6.3. Scan-rate: 50 mV s~'. Nitrite concentration:
O0mM (=) 125mM (---); 978 mM (...).

In control experiments using PVA modified electrodes without
Cyt-css52, no electrochemical signals could be detected, whereas
without cyt-cd;, no catalytic reaction was observed upon sub-
strate addition (not shown). The biosensor response to nitrite was
expressed in terms of the variation of the catalytic peak, divided
by the electrode coverage (/7). In this manner it was possible
to eliminate divergences due to slight differences among elec-
trode preparations. Besides, by introducing the coverage factor, the
biosensor sensitivity is translated not only by the total current (A)
generated by a certain substrate concentration (M) per unit of
electrode area (cm?), but also considers the real quantity of cyt-css;
(mol) that is responding on the electroactive surface of each elec-
trode. The values for the apparent Michaelis constant (Kif*) were
assessed by data fittings to the Michaelis-Menten kinetic model.

Experiments performed with 15 uM cyt-cd; and different medi-
ator concentrations did not display measurable catalytic currents,
clearly due to an insufficient amount of enzyme. On the other hand,
in the tests carried out with the highest concentration of cyt-css;
(200 wM) and varying concentrations of the biocatalyst, the electro-
chemical signal of the redox mediator decreased continuously over
time, without reaching a stable cyclic voltammogram in a accept-
able time interval (not shown), as required to proceed with the
bioelectrode calibration; this depletion effect clearly indicates the
existence of an excessive amount of the small electron carrier pro-
tein. Table 1 summarizes the results obtained for the potentially
useful mediator/enzyme ratios. The analytical performance was
evaluated according to the balance between sensitivity to nitrite
and the amplitude of the linear range.

In this way, the optimal enzyme/mediator proportion was deter-
mined to be 100 wM cyt-cd/100 WM cyt-Cssz.

Step 1 Step 2 Step3
cyt—cg; Ox cyt — cd,Ox NOy
sy~
g NO
g - 02
M \
cyt— cg5> Red cyt — cd; Red o H,0

Fig. 2. Bioelectrode’s reactions schemes of the one electron reduction of nitrite to
nitrous oxide (—) and four electron reduction of molecular oxygen to water (...),
according to a EC’ mechanism.
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Fig. 3. Cyclic voltammograms of cyt-css; (100 wM) either alone (—) or in the
presence of 100 wM cyt-cd; (...). Proteins were entrapped in a 50% PVA film (pho-
topolymerization for 48 h) fixed on a CPSPE. Electrolyte: 150 mM KCl, 50 mM MES
buffer, pH 6.3. Scan-rate: 50mVs-1.

3.1.2. PVA percentage and polymerization time

Once determined the optimal amount of both enzyme and medi-
ator, the parameters affecting the preparation of the polymeric
matrix were investigated. The PVA percentage in the mixture was
altered from 50% to 25% and 75% (polymerization for 48 h), and
the polymerization times were changed from 48 hto24hand 72 h
(while fixing the PVA amount in 50%). In all cases, the device perfor-
mance was negatively affected (results not shown). The electrodes
modified with 25% PVA or polymerized for only 24 h displayed the
worst analytical behaviour, proving to be insufficiently cross-linked
for protein entrapment. At the other extreme, the high thickness of
the matrices produced with 75% PVA or a 72 h polymerization time
was probably responsible for the poor efficiency of the resulting
bioelectrodes, preventing the proper contact among the compo-
nents involved in the electron carrier system (electrode/mediator;
mediator/enzyme; enzyme/substrate).

3.2. Application to carbon paste screen printed electrodes
(CPSPEs)

3.2.1. Electrochemical characterization

Fig. 3 shows the cyclic voltammograms of cyt-css5; (100 WM)
either alone or in the presence of cyt-cd; (100 M), entrapped
in a 50% PVA film (photopolymerization for 48 h) deposited on a
CPSPE. The position of the redox waves associated to cyt-css, did
not change much at the thick film electrodes; though the capaci-
tive currents are more pronounced due to an increase in the active
surface area. The current intensity drops significantly in the pres-
ence of the enzyme molecules, which should partially hinder the
interaction of cyt-css; with the electrode surface.

The analysis of the cyt-css5, cyclic voltammograms traced at dif-
ferent scan rates (Fig. 4A) indicates that the heterogeneous ET is a
quasi-reversible reaction, with peak separation values close to zero
and peak intensity ratios near one. The formal potential E° was esti-
mated to be 254 + 2 mV vs NHE, which is similar to the one reported
for the same protein, in solution [35].

The linear dependence of the cathodic peak currents with the
scan rate (Fig. 4B) is consistent with a diffusionless process. By
analysing the sensor response to a saturating concentration of
substrate (2mM), one could determine the second-order rate
constant for the ET reaction between cytochromes css, and cd;.
The value obtained (9.9x103M~-1's-1) is 1-2 orders of mag-
nitude lower than the one reported in solution for the same
pair of proteins (4.1 x 10° M~1s~1), This reduction of the inter-
molecular ET rate is certainly a consequence of the PVA matrix,
either through diminishing the efficiency of the protein-protein
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Table 1

Analytical and kinetic properties of PVA/cyt-css; /cyt-cdq based nitrite biosensors, prepared with 50% PVA and 48 h polymerization time, in different enzyme/mediator ratios.

Parameters Cytochrome cd; (M) Cyt-Cssz (M)
50 75 100

KPP (M) 116+13 217423 370439 50

([AIYT)max (Amol~" cm?) 516415 1817+ 66 2309+ 104

Linear range (M) 1-32 8-210 16-501

Sensitivity (Amol~' cm? pM~1) 3.240.1 34401 2.32+0.07

I(:ADP(MM) 95+8 149+8 493 +27 100

([T )max (Amol=" cm?) 655+13 55649 2034+53

Linear range (M) 16-167 8-167 1-125

Sensitivity (Amol~' cm? pM~) 1.8+0.1 1.53+0.07 3.6+0.1

KPP (M) 111+5 358+38 305+19 150

([T Ymax (Amol-T cm?) 492+6 1517+ 64 1431436

Linear range (M) 16-167 4-125 1-63

Sensitivity (Amol~' cm? pM—1) 1.3940.07 2.8+0.1 45+0.2

interactions
changes.

or by inducing some protein conformational

3.2.2. Response to nitrite

The amperometric measurements for the bioelectrode calibra-
tion were carried out at 200 mV (vs NHE). The response upon nitrite
addition reached a steady current in 50-100 s intervals, with highly
stable baselines and a small background noise (Fig. 5A).

The biosensor’s response to the enzyme substrate was linear
from 10 to 200 wM (Fig. 5B). The detection limit (LOD) determined
as the ratio between three times the standard error of the intercep-
tion and the interception, was 7 WM. The quantification limit (LOQ),
calculated from the calibration curve as the ratio between ten
times the standard error of the interception and the interception,
was 24 M. The sensitivity, given by the slope of the calibration
curve (Fig. 5B, inset), was 2.49+0.08 Amol~! cm? pM~1, and KyfP
was 0.53+0.01 mM. In comparison with pyrolytic graphite, car-
bon paste is a less pure, organized and conductive material, so the
strong decrease in the biosensor’s sensitivity observed by swapping
the working electrode material is not surprising.

3.2.3. Temperature and pH effects

The operational performance of the biosensor was evaluated
in terms of temperature and pH dependences. Calibration curves
obtained in a temperature range from 10°C to 30°C indicate that
among 15°C and 25°C, the sensitivity variation is less than 5%
(Fig. 6A).

These results show that the bioelectrode response is very robust
regarding temperature variations. Lopes et al. reported that the
intermolecular electronic transfer between cyt-css; and cyt-cd,

could only be observed below pH 8.0 [35]. Hence, the biosensor
activity was tested for pH values of 6, 7 and 8 in the same manner
as previously described for temperature. As expected, the sensitiv-
ity has decreased about 30% from pH 6.0 to pH 7.0 (Fig. 6B) and no
electrocatalytic response was observed at pH 8.0.

3.2.4. Interferences

The biosensor’s response to potential interferences was studied
by comparing the magnitude of the catalytic response to 100 uM
nitrite with the one obtained after adding different concentrations
of a second chemical species. Nitrate and nitrite are simultaneously
present in various samples of both physiological and environmen-
tal nature. For this reason, the possible interference of nitrate on
the bioelectrode response was investigated; though, no activity to
this ion was detected up to a concentration of 1mM. The same
behaviour was observed for sulphate. However, in the presence
of 1mM sulphite, the signal dropped 15% and, by adding 50 uM
hydroxylamine (an in vitro alternative substrate of cyt-cd; [41]),
the bioelectrode increased its response in 18%. Thus, the presence
of these compounds in real samples should be carefully evaluated.

Another documented substrate of cyt-cd; is molecular oxygen
[42,43]. In fact, a signal increase of 20% was observed in unpurged
buffer solutions. However, a strategy was developed to overcome
this situation as presented ahead.

3.3. Reaction with oxygen
As previously mentioned, the amperometric measurements

were vulnerable to interferences from the presence of O, in the
medium. This is a consequence of the ability of cyt-cd; to catalyse,
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Fig. 4. Scan-rate dependence of the electrochemical response of cyt-css, (100 wM) as co-entrapped with cyt-cd; (100 wM), in a 50% PVA matrix (polymerization time, 48 h),
on a CPSPE. Electrolyte: 150 mM KCl, 50 mM MES buffer, pH 6.3. (A) Cyclic voltammograms recorded at 5 (=), 10 (...), 25 (---) and 50 (- - -) mVs~'; (B) Linear relationship

between the cathodic peak current and the scan rate (y =—33.3x — 0.99; 2 =0.992).
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Results were fitted to the Michaelis—-Menten model using the GraphPad Prism v4 software.

in vitro, the four electron reduction of molecular oxygen to water

(Eq. (2)).

0, +4H* +4e~ - 2H,0 2)

Reaction schemes for the two competitive reactions are pre-
sented in Fig. 2, each one having distinct kinetic parameters.
Although kinetic data for the reaction with O, is not available for
the M. hydrocarbonoclasticus proteins, results obtained for cyt-cd
from the bacterium Pseudomonas aeruginosa and its corresponding
physiological partner cytochrome cs5; indicate that the turnover
number for oxygen reduction [42] is approximately 4 times lower
than the value obtained for the reaction with nitrite [44]. Thus, an
increase of the scan rate could make the electrochemical reaction
(step 1) too fast to allow the subsequent chemical reaction with O,
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(step 3). Indeed, by increasing the scan rate from 5 to 50mVs~!,
it was possible to “switch off” this catalytic pathway. As shown
in Fig. 7A, the cyclic voltammogram of cyt-css, obtained at slow
scan rates using an unpurged electrolyte solution without nitrite,
has a distinctive sigmoid shape, symptomatic of electrocatalytic
reduction of dissolved O,.

However, a comparable voltammogram traced at 50mVs~! did
not display such catalytic features and, in these experimental con-
ditions, it was possible to plot a good calibration curve (r2 =0.993)
for NO,~, with no O, interference; although the corresponding
analytical parameters could not be directly compared to the ones
obtained by amperometric measurements in deaerated solutions
(Fig. 5), they are all in the same order of magnitude and generally
similar (e.g., sensitivity=1.6 Amol~! cm? uM~!; LOD=1.1 uM).

0,2

0,1
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Fig. 7. Cyclic voltammograms of modified (100 wM cyt-css52/100 wM cyt-cd; in a 50% PVA matrix; polymerization time, 48 h) CPSPEs in 150 mM KCl, 50 mM MES buffer, pH
6.3. (A) Unpurged supporting electrolyte solution, no nitrites; (B) Purged supporting electrolyte solution containing 1 mM of nitrites. Scan rate: 5mVs~'(---) and 50mVs~!

(=)
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As expected, the cyclic voltammogram of cyt-css5, obtained in
the absence of cyt-cdy, in a non-deoxygenated solution, without
nitrite, did not display any electrocatalytic activity (not shown).
Nonetheless, one should not rule out the potential contribution of
mass transport of the two different enzyme substrates (NO,~ and
0,) through the PVA film for the distinct behaviour.

It should be mentioned that, for this system, the strategy of
tuning the scan rate is not applicable for the production of an oxy-
gen sensor capable of working in the presence of nitrite. Actually,
catalytic currents were always observed with saturating concen-
trations of NO,—, regardless the scan rate (Fig. 7B).

4. Conclusions

A biosensor for nitrite determination based on a modern con-
cept was presented. For the first time, the use of an enzyme’s
physiological partner as the electronic mediator and its success-
ful co-entrapment onto a single matrix, while maintaining the
electron transfer activity, is reported. Cyt-css» proved to be a
particularly good mediator: the redox process is electrochemi-
cally quasi-reversible and takes place at a low potential, which
in conjugation to the preferential electron transfer to cyt-cd; NiR,
minimizes the risks of unspecific redox reactions. Very importantly,
the interference from the enzyme response to oxygen may be over-
come if signal transduction is obtained by cyclic voltammetry at
moderate scan-rates.

It was also demonstrated that the modified photopolymerizable
PVA matrix is well suited to this type of application, without requir-
ing further electrode modifications or the use of expensive doping
materials. By transferring the optimized conditions from PG work-
ing electrodes to carbon paste screen printed electrodes, we built
up a device characterized by high operational simplicity, low cost
fabrication and portability.

Although the sensitivity of the proposed sensor is lower than
those from other reported systems, it is sufficient for applications
in complex samples where high nitrite contents are expected.
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