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Highlights

e A biosensor based on immobilized Cyt ¢ at the CS-MPA-AuUNPs nanocomposite layer
was successfully fabricated for nitric oxide detection.

e The electrochemical and electrocatalytic behaviors of the resultant Nafion/Cyt ¢c/CS-
MPA-AUNPs /SAMs-Au electrode were investigated by cyclic voltammetry (CV),
chronoamperometry and impedance techniques.

e The fabricated biosensor exhibited fast response time, low detection limit and wide linear

range with good sensitivity, selectivity and stability.
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An electrochemical nitric oxide biosensor based on immobilized cytochrome c on a chitosan-

gold nanocomposite modified gold electrode

Abstract

Goldnanoparticle (AuNPs), chitosan (CS), cytochrome ¢ (Cyt ¢) and Nafion were immobilized on the
surface of a gold electrode to form a Nafion/Cyt ¢/CS-3-Mercaptopropionic acid (MPA)-AuNPs/
cysteamine-MPA (SAMs)-Au electrode. The CS-MPA-AuUNPs nanocomposite was characterized by UV-
vis spectroscopy. Electrochemical behavior of modified electrode was analyzed by electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV) and chronoamperometry. Uv-vis results showed
that CS-MPA-AuNPs nanocomposite could improve electron transfer between Cyt ¢ and electrode surface
and keep the catalytic activity of Cyt c. A pair of well defined and reversible redox peaks could be
observed for the modified electrode in a 0.1 M phosphate buffer solution (PBS, pH 7.0). The anodic and
cathodic peak potentials of Cyt ¢/CS-MPA-AUNPs/SAMs-Au electrode were at 0.006 V and —0.043 V
(vs. Ag/AgCl), respectively. Particular electrocatalytic activity was shown by Cyt ¢ on CS-MPA-AuUNPs
layer for nitric oxide (NO) reduction. The relationship between peak current and NO concentration was
linear in the range of 1 x 1077 - 21.5 x 10~ M with a detection limit of 0.45 x 107" M (S/N=3).The
sensitivity was 0.199 nA/uM. The obtained results indicating that the newly developed biosensor was
quite selective and stable which was used for accurate and exact detection of NO.

Keywords: Au Nanoparticle; Cyclic voltammetry; Cytochrome c; Electron Transfer; Nanocomposite; NO

biosensensor

1. Introduction

Nitric oxide (NO) is widely interesting for researchers because of its effects on air pollution and
especially biological systems. NO can be released by many mammalian cells to play a number of
principal biological roles such as blood pressure regulator and neurotransmitter [1]. The regulation or
control of the abnormal NO synthesis affects a number of important biological processes and leads to
many diseases. From industrial as well as biochemical and medical perspectives, it is important to
quantify NO generated in abnormal and normal tissues, including in vivo or in vitro measurements [2].
Therefore, the determination of NO is an essential requirement for the biological activities of tissues.
However, the quantification of NO is difficult, since the free radical NO has automatic chemical reactivity

with a half-life of a few seconds (about 6 seconds) [3].



There are several methods [4] for the detection of NO, such as UV-visible spectroscopy, electron
spin resonance spectroscopy, chemiluminescence, fluorescence and electrochemical methods. Meanwhile,
electrochemical technigques are most used because they are very fast, sensitive, inexpensive, and
particularly applicable for in vivo detection [5-8]. Nitric oxide is exchanged in different forms including
nitrosonium cation, nitroxyl anion, and NO [9]. Due to this redox behavior, NO can be electrochemically
detected through electro-reduction or electro-oxidation. Although, measurements based on
electrochemical reduction can prevent the interference of oxidizable substances [10].

Many chemical [5, 11-14] and biological [15-17] modified electrodes have been developed to
detect the toxic gases. Among them, several proteins have been used in biosensors as an active catalyst
[17-21]. Cytochrome ¢ (Cyt c¢) as the recognizing element for NO detection has been studied by many
researchers [15-17, 20-26]. Cyt ¢ is a water soluble redox heme protein with 12.4 kDa molecular weight
comprising only 104 amino acids; which plays a vital role in the living organisms by transferring
electrons from Cyt ¢ reductase to Cyt ¢ oxidase [27]. The Cyt ¢ in contact with the electrode surface has a
weak electron transfer (ET) that results in weak electrochemical performance, maybe due to its
denaturation. Therefore, to avoid these problems, the electrode surface should be modified by some
materials. Carboxylic group terminated self-assembled monolayers (SAMs- such as 3-Mercaptopropionic
acid (MPA)) can be used for immobilization of Cyt ¢ on gold electrode surfaces, because of electrostatic
interactions of this protein with its physiological redox partners [28]. This leads to improved ET, which
depends on the SAM length. SAMSs bind to gold surface through its thiol group. In the past decade,
nanomaterials have widely been used as electrocatalysts in NO sensors, due to their small dimension and
good electrocatalytic activity [29-32]. The presence of AuNPs acting as electron relays between Cyt ¢ and
the electrode can strongly improved ET. Jensen et al.[28] found that AuNPs served as excellent ET relays;
that is mostly due to facilitating the electronic coupling between the protein redox center and the electrode

surface.

A variety of polymeric materials have been used to immobilize proteins on electrode surface
while maintaining its activity [9, 29, 33-38]. Chitosan (CS), a natural biopolymer type, has distinctive
chemical and biological properties due to the existence of amino and hydroxyl groups [39]. CS is
considered to be a promising material to modify electrode surface; which is a very good matrix for protein
or biomacromolecule immobilization [40] due to its good stability, nontoxicity, high mechanical strength,
biocompatibility, excellent film-forming ability and high permeability toward water. These properties
make it possible to adsorb AuNPs tightly [29]. Deng et al. [29] fabricated a sensitive and selective NO
sensor based on Nafion/ CS -multi-walled carbon nanoubes -AuNPs-glassy carbon electrode. Nafion is

highly conductive to cations and has been extensively used as a desired modifier for modification of



electrodes. Nafion with negative charge has a high permeability for NO, whereas it prevents diffusion of

anions (such as NO2 ™) to the modified electrode surface [41].

In this paper, cytochrome ¢ was immobilized on CS-MPA-AuUNPs/Au electrode and its
electrocatalytic activity in NO reduction was investigated. The CS-MPA-AuNPs nanocomposite was
characterized by UV-vis spectroscopy. A nafion film was coated on the modified electrode to minimize
interferences in detection process. Electrochemical behavior of the resultant Nafion/Cyt ¢/CS-MPA-
AuUNPs /SAMs-Au electrode was studied by electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV) and chronoamperometry techniques. It was found that the modified electrode exhibited
prefect electrocatalysis towards NO.

2. Experimental
2.1. Reagents and chemicals

Cytochrome ¢ from bovine heart (5 mg protein/mL), gold chloride trihydrate (HAuCls-3H,0, >
99.9% trace metals basis), trisodium citrate dehydrate, chitosan (CS, = 75% deacetylation), N-
hydroxysuccinimide (NHS, 98%), 1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDC
methiodide), cysteamine (~95%), potassium ferricyanide (KsFe(CN)s, 99%) and Nafion (5wt% solution in
a mixture of lower aliphatic alcohols and water) were purchased from Sigma and used as received. The
other reagents (such as 3-Mercaptopropionic acid (MPA, > 98%), Pyrogallol (ACS reagent, >99%)) were
purchased from Merck Company (Darmstadt, Germany). A series of phosphate buffer saline solutions
(PBS, 0.1 M, pH 7.4) were prepared by solving 80 g NaCl, 2 g KCl, 14.4 g Na;HPO4 and KH2PO4 in one
liter distillated water and used as supporting electrolyte. All solutions were prepared with double distilled
water purified by a Millipore-Q System (18.2 MQ cm). A Cyt ¢ solution (200 pM) was prepared in 0.1 M
PBS (pH 7.0).

2.2. Instrumentation

All electrochemical experiments were carried out with a computer-controlled model VSP
electrochemical workstation (BioLogic Science Instruments Co., Paris, France) at room temperature. A
conventional three-electrode cell was employed with a Pt counter electrode, an Ag|AgCl reference
electrode and a modified gold working electrode. All potentials were represented versus the Ag|AgCI
reference. Freshly prepared 10 mL of 0.1 M PBS (pH 7.0) was used as supporting electrolyte. To prepare
deoxygenated environment for experiments, the supporting electrolyte was bubbled with highly-purity

nitrogen for 30 min and maintained nitrogen condition during the experiments in the glove box. UV-vis



measurements were conducted using a SPEKOL 1500 spectrophotometer (Analytik Jena AG-Germany)

with subtraction from blank solutions.
2.3. Preparation of NO standard solutions

NO standard solution was produced according to the literature [2]. This gas was generated by
dropwise addition of 2 M H,SO; into a glass flask containing saturated NaNO; solution. In order to
remove oxygen and other nitrogen oxides, the produced gas was continuously passed through a 5% (w/v)
pyrogallol solution in the saturated and 10% (w/v) potassium hydroxide solutions, respectively. The
whole process was conducted in glove box. Before addition of H,SOa, the glove box and all apparatus
were meticulously degassed with nitrogen gas for 30 minutes to exclude O, since the generated NO could
rapidly react with O,. The saturated NO concentration in the solution was 1.8 mM at 20 °C. To generate a
saturated NO solution, 10 mL deoxygenated PBS (pH 7.0) containing 0.1 M NaCl was bubbled with
produced NO gas for 30 minutes and kept under NO atmosphere till use. NO standard solutions were
prepared by consecutive dilutions of a saturated NO solution. These prepared solutions were kept in a
glass flask with a rubber stopper and light-free curtain with wrapped foils.

2.4. Preparation of AUNPs-CS nanocomposite

In a typical synthesis route, gold nanoparticles (AuNPSs) were synthesized with diameters in the
range of 12-48 nm through sodium citrate (Merck, 98%) reduction of HAuCls-3HO. In brief, 20 mL of 1
mM HAuCI4-3H,0 was brought to a vigorous boiling and stirring; subsequently, 2 mL of 1% trisodium
citrate solution was rapidly added to the solution. The solution was boiled for additional 10 min, during
this time, the solution changed color from pale yellow to deep red. The solution was allowed to cool
down to room temperature while continuously stirring, and then was stored in a refrigerator until further
use [42]. The CS-AuNPs nanocomposite was prepared in the following procedure: at first 1.0 wt % CS
solution was prepared by dissolving 100 mg CS in 100 mL of 0.1M acetic acid solution. The mixture was
heated at about 40-50 °C, while continuously stirred for 24 h. Then 10 mL of CS solution was dispersed in

10 mL of AuNPs solution and ultrasonicated (ultrasonic agitation). The final concentration of the CS-

AUNPs nanocomposite was 0.5 mg.mL™* CS and one-fold decrease of original AUNPs.
2.5. Chemical modification of Cyt c

The chemical modification of bovine heart Cyt ¢ carried out through the reaction of its lysine
residues with carboxyl-terminated thiol derivatives MPA via carbodiimide/N-hydroxysuccinimide

(EDC/NHS) activation [24]. The purpose of Cyt ¢ reduction was to obtain stable stock solution;



also to activate its amine groups to bind to the carboxyl groups of MPA attached to the AUNPs.
Typically, the 0.1M solution of MPA was prepared into PBS (pH 7.0) and an equimolar amount (0.5 mM)
of EDC and NHS were added under stirring condition. Then, 20 uL of this solution was mixed with 0.2
mL of 200 uM Cyt c in PBS and let to react while stirring at room temperature. After 2 h, the protein was
reduced by adding ascorbic acid (AA) and then reagents excess was removed with a dialysis bag (sigma,
12 KDa MWCO) before recollection into PBS. The final Cyt ¢ concentrations were estimated by
absorption measurements and stock solutions were stored at 4°C.

2.6. Fabrication of Nafion/ Cyt c/MPA-AuUNPs-CS/SAMs-Au electrode

Gold electrode (GE, 0.75 mm in diameter) was used as working electrode. The electrode was a
gold wire around it was covered with a plastic casing. Prior to modification, tip of the electrode was hand
ground on a microcloth pads with Al,O3 (1 and 0.05 um) slurry for 60 s and rinsed with distilled water,
and finally air dried. Then it was rinsed for 5 min with piranha solution (a 7:3 mixture of concentrated
H»SO,4 and 30% H,O>) and distilled water, respectively. The cleaned electrode was ultrasonicated in
distilled water and allowed to dry at room temperature. Freshly cleaned gold planar electrodes (0.45 cm?
active surfaces) were dipped into SAM consisting of cysteamine and MPA prepared from ethanol
containing 0.5 mM cysteamine and 0.1 M MPA solution for an incubation period of 15 min, then the
electrode was washed with ethanol and distilled water to separate the un-immobilized SAM molecules
from the exterior surface of electrode, followed by blow-drying with nitrogen gas. SAMs bind to gold
through its thiol group (see Fig. 1, SAMs-Au electrode). The amine group of cystamine was used to
bind to the attached carboxylic group of AuNPs. In fact, cystamine is used for strong binding of
nanoparticles to the electrode surface. In order to activate the carboxylic groups of the MPA attached
to Au electrode, the SAMs-Au electrode was immersed in a 10 mM PBS (pH7.0) containing 20.0 mM
EDC for 12 h. Then, the EDC treated modified electrode was washed with buffer solution. In the
following step, 5 uL of prepared AuNPs-CS solution was dropped on the SAMs-Au electrode and the
modified electrode was kept in room temperature for 4 h. Subsequently, it was rinsed by distilled water.
At this step (AuNPs-CS / SAMs-Au electrode), there is a chemical bind between the carboxylic group of
MPA and the amine group of CS. Also, another chemical bind exists between the amine group of
cysteamine and the carboxylic group of MPA which is attached to AuNPs. The AuNPs-CS coated
electrode was incubated in 0.1 M MPA solution for 15 min, followed by washing and drying. Then, the
MPA-AUNPs-CS/SAMs-Au electrode was immersed in the modified Cyt ¢ solution at 4°C for 12 h.
According to this procedure, Cyt ¢ was covalently bonded through its amine groups to the carboxylic

groups on the MPA-AUNPs-CS layer, forming amide bonds. Furthermore, the free thiol group of MPA



which is attached to Cyt ¢ interacted with AuNPs and also to the amine groups of CS. It is clear that, the
technique of protein immobilization was kind of covalently bonds. The Cyt c/MPA-AUNPs-CS/SAMs-Au
electrode was coated by 2 uL of in 0.5 wt% Nafion solution (diluted with ethanol) and subsequently dried
at 4°C for 12 h. Finally, the modified Nafion/Cyt c/MPA-AuNPs-CS/SAMs-Au electrode was rinsed by
distilled water to remove weakly bound molecules and stored at 4°C for further use. The procedure for the

modified Au electrode construction is shown in Fig. 1.
2.7. Preparation of samples for spectroscopic analysis

A quartz cuvette was cleaned by immersing it in the piranha solution for 30 min. Then, it was
washed with distilled water and air dried at room temperature. Finally, the same amount of AuNPs, MPA-
AUNPs-Cyt ¢ and CS-MPA-AuNPs-Cyt ¢ were dropped on three quartz cuvettes and kept at 4 °C for 6 h.

3. Results and discussion

3.1. Spectroscopic analysis

UV-vis absorbance spectroscopy is usually applied to characterize the conformational change of
protein and the interaction between protein and other composition [43]. MPA-AUNPs-Cyt ¢ conjugate
was prepared by incubating the modified Cyt ¢ solution with MPA-AUNPs solution for 1 h. Use of the
same procedure; CS-MPA-AuUNPs-Cyt ¢ conjugate was prepared via incubation of the modified Cyt ¢
solution in CS-MPA-AuUNPs solution. Fig. 2 shows the UV-vis absorption of the AUNPs, MPA-AuUNPs-
Cyt ¢ and CS-MPA-AuUNPs-Cyt ¢ conjugate.

As Fig. 2 illustrates, the AuNPs have a characteristic LSPR peak at 525 nm. While, the absorption
spectra of MPA-AUNPs-Cyt ¢ conjugate exhibits an LSPR peak at 529 nm and a low intensity protein’s
Soret band at 410 nm. The Soret band arises primarily due to an electron dipole movement. As previously
described, introduction of MPA on AuNPs unables strong attachment to the Cyt ¢ and changes its
dielectric constant of the adjacent environment [44]. This change in the dielectric constant lead to 4 nm
redshift in the LSPR peak for Cyt c-AuNPs conjugate. The CS-MPA-AuUNPs-Cyt ¢ has two adsorption
bands at 408 and 532 nm. In addition, the presence of CS causes a redshift (about 3 nm) in the LSPR peak
due to strong connection of CS with carboxylic group of MPA-AuUNPs. Based on special CS properties
mentioned above, it can disperse and adsorb AuNPs tightly. Furthermore, CS prevents aggregation
(resulting from the attached MPA) of AuNPs that lead to enhancement of LSPR peak (about %5)
compared to MPA-AUNPs-Cyt c. Although, there was no significant change in Soret band for CS-MPA.-
AUNPs-Cyt ¢ conjugate compared to MPA-AUNPs-Cyt ¢, which indicates that Cyt ¢ in CS-MPA-AUNPs

conjugate can retain its activity center of biological catalysis.
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3.2. Electrochemical characterization of Nafion/Cyt c/MPA-AuUNPs-CS/SAMs-Au electrode

Fig. 3 shows the electrochemical behaviors of the electrode modified with different layers in 0.1
M PBS (pH 7.0) solution at a scan rate of 100 mVs™. In fact, no redox peak was observed at the bare Au
electrode (curve a). The CVs of the Cyt c/MPA/SAMs-Au (curve b) shows a pair of quasi-reversible
redox peaks with anodic peak potential at +0.022 V and cathodic peak potential at -0.045 V. The peak
potential separation (AEy) is about 67 mV. It indicates that Cyt c is the most desired protein for electron
transfer and it can be used as a test system for direct electron transfer of redox proteins [27]. After the
adsorption of AuNPs and CS on the Cyt ¢c/MPA/SAMs-Au electrode, the Cyt c/MPA-AUNPs/SAMs-Au
electrode (curve c¢) and the Cyt ¢/CS-MPA-AUNPs/SAMs-Au electrode (curve d: Ep.=0.006 V, E;:=-0.043
V and AE,=37 mV ) showed a pair of stronger redox peak and the current has increased as compared to
the Cyt c/MPA/SAMs-Au electrode. This findings suggesting that the electron transfer was promoted by
the CS-AuNPs nanocomposite. The CVs of the Cyt c/MPA/SAMs-Au electrode (curve b) and Cyt
c/MPA-AuUNPs/SAMs-Au electrode (curve ¢) showed smaller redox peak compared to Cyt ¢/CS-MPA-
AUNPs/SAMs-Au electrode (curve d) (see Fig. 3). That might be referred to the transfer coefficient
between electron donor and electron acceptor which is closely related to the distance between electron
transferring systems [45]. Therefore, the structure of CS-AuNPs nanocomposite could significantly
decrease the distance between the redox center of Cyt ¢ and Au electrode surface; which greatly increase
the effective surface area of the modified electrode for the immobilization of a larger number of Cyt ¢ and
also provide a good conductivity to improve the electron transfer between Cyt ¢ and Au electrode surface.
CS-MPA-AuUNPs nanocomposite has provided a biocompatible microenvironment to keep Cyt ¢
biological activity which acts as an effective mediator to immobilize a large number of Cyt c on Au

electrode and has good conductivity to improve electron transfer between Cyt ¢ and electrode surface.

Impedance changes of electrode surface during modification process can provide good
information about conductivity of immobilized layers on electrode by EIS technique. The modified
electrodes were tested by EIS in 5 mM N-saturated [Fe(CN)s]*7* solution containing 0.1M KCI and the
results were showed as Fig. 4. The resistance of charge transfer (R.:) for SAMs-Au electrode (3380 Q,
curve b) was significantly increased compared to bare Au electrode (355 Q, curve a). After coating of CS-
MPA-AuUNPs conjugate on SAMs-Au electrode, the R was decreased (2110 Q, curve c¢). That indicates
good conductivity of CS-MPA-AUNPs conjugate. After the Cyt ¢ was coated on the film, the Re
increased to 5160 Q (curve d). These results indicate that CS-MPA-AuUNPs conjugate can enhance the

electron transfer due to good conductivity.

3.3. Electrochemical behavior and amperometric response of NO on modified electrode



Fig. 5 shows CVs of the Cyt ¢/CS-MPA-AUNPs/SAMs-Au electrode in the presence of NO in oxygen-
free (N2-saturated) 0.1 M PBS (pH 7.0) solution. CVs were recorded for the modified electrode by
cycling the potential between 0.2 V and -1.0 V (scan rate 100 mVs?) in absence and presence of nitric
oxide (different concentrations). According to Fig. 3, the redox potentials of Cyt ¢ on bare electrodes and
modified electrode were about 0 V versus reference electrode. Also the redox peaks were observed in Fig.
5. The reduction peaks for Cyt c-mediated catalytic redox NO were in the range of —0.7 V to -0.8 V [16,
46]. As it turns out, the reaction between Cyt ¢ and NO shifted the reduction potential from 0to —0.7 V
on the Nafion/Cyt c/MPA-AuNPs-CS/SAMs-Au electrode; that has shown Cyt c-mediated NO reduction
(see Fig. 5). The reduction peak current has significantly increased; which is showing an electrocatalytic
reduction process of NO (curve b and c) as compared to that in the absence of NO (curve a). These results
confirmed that the catalytic current of Nafion/Cyt ¢/MPA-AUNPs-CS/SAMs-Au electrode mainly
resulted from the Cyt ¢ electrocatalytic reduction of NO [47]. The CS-MPA-AuUNPs nanocomposite layer
on the Au electrode might have a catalytic effect in decreasing the reduction potential difference in
addition to stabilizing the immobilization of Cyt ¢ on the Au electrode surface. According to the obtained
results, amperometric experiments were performed at an applied potential of —0.7 V versus reference

electrode.

Fig. 6a displays the typical current-time curves of the Nafion/Cyt c/MPA-AUNPs-CS/SAMs-Au
electrode toward the reduction of NO. The amperometric responses of the biosensors were studied by
injecting NO solutions into the 0.1 M PBS (pH 7.0) solution under stirring condition. The reduction
current steeply rose to reach a maximum steady-state value and achieved 95% of the steady-state current
(Iss) within 5 s. Such a fast response can be related to the high electrical conductivity of CS-MPA-AuUNPs
nanocomposite. Furthermore, this nanocomposite has a good effective surface to immobilize Cyt ¢ and
decrease the distance between Cyt ¢ and electrode surface. While the biological activity of the Cyt ¢ was
protected by specific biocompatible environment of CS-MPA-AuNPs nanocomposite. Fig. 6b shows the
calibration curve of the fabricated NO biosensor. The linear range of the NO detection was from 10 to
215 uM (R=0.999, n=20). The detection limit of this biosensor was estimated to be 4.5 uM and the
sensitivity was 0.1995 pA/uM based on the criterion of a signal-to-noise ratio of 3 (S/N=3).

Table 1 showed the characteristics of some reported nitric oxide biosensors. Generally, high
performance and accuracy of biosensor are represented by short response time, low detection limit and
broad linear range. All these parameters should not necessarily be superior to the corresponding
parameters in biosensors; but for any special case of fabricated biosensor, the average of these parameters
should be analyzed and evaluated. As can be seen, the prepared biosensor has a lower detection limit, a

wider linear range and less response time compared to most of the biosensors stated in Table 1. Therefore,



it can be concluded that the fabricated biosensor performance is much higher than other biosensors. In

fact the fabricated biosensor can be effective in online measurement of NO.
3.4. Repeatability, reproducibility, stability and selectivity of the modified electrode

The repeatability of the current response of one resultant modified electrode to five successive
amperometric measurements of 1 mM NO was examined. A relative standard deviation value (RSD) of
4.38 % was obtained for the steady current density. The reproducibility of the current response of the
same modified electrode was examined in 0.1 M PBS (pH 7.0) containing 1 mM NO by five different
modified electrodes. The relative standard deviation was 3.4 % for these assays. The stability of the
modified electrode was also studied. When the electrode was stored in N»-saturarted 0.1 M PBS (pH 7.0)
solution at 4 °C for two weeks, there was no obvious change of current. At the stated condition, the
modified electrode was stored for duration of four weeks. After that, the current response to 1 mM NO
only decreased by 3.7 % from the original value. The good stability and reproducibility imply the good
biocompatibility of CS-MPA-AuNPs and strong interactions between AuNPs and CS. The role of Nafion
in increasing the stability of the electrode should not be ignored.

As noted earlier, Nafion has a high permeability for NO, whereas it prevents diffusion of anions
interferences such as NO2~ and AA to the modified electrode surface. The selectivity of the modified
electrode for NO detection was investigated by sequential injections of 15 uM NO, 150 uM NO;™ and 150
uM AA into the stirring 0.1 M PBS (pH 7.0) as shown in Fig. 7. These interferences had no response
during detection of NO. This indicates that the immobilized Nafion on Cyt c/MPA-AUNPs-CS/SAMs-Au
electrode has significantly eliminated the interferences of NO,~ and AA during NO detection. Therefore,
it can be concluded that this biosensor had selective detection for NO in the presence of interfering

compounds.
4. Conclusion

A biosensor based on immobilized Cyt ¢ at the CS-MPA-AuNPs nanocomposite layer was
successfully fabricated for nitric oxide detection. The interferences from NO,™ and AA were eliminated
by Nafion coating. UV-vis absorption spectra showed that Cyt ¢ molecules kept their native structures at
the CS-MPA-AuNPs nanocomposite matrix. The electrochemical and electrocatalytic behaviors of the
resultant Nafion/Cyt ¢/CS-MPA-AuUNPs /SAMs-Au electrode were investigated. The results showed that
CS-MPA-AuUNPs nanocomposite created a good biocompatible environment for the Cyt ¢ to keep the
biological activity of its molecules and provided a necessary pathway of electron transfer between Cyt ¢

and the surface of Au electrode. The biosensor represented a supreme electrochemical performance in NO
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reduction having a fast response time (5 s), in a wide linear range (10-215 uM) with a low detection limit
(about 4.5 uM). Furthermore, the developed and fabricated biosensor exhibited good sensitivity,
selectivity and stability. This approach may provide a platform for further study on highly sensitive and

stable biosensors with natural biopolymer and nanocomposite materials.
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Figure Captions

Fig. 1. Schematic representation of the fabrication of Nafion/ Cyt c/CS-MPA-AuNPs /SAMs-Au
electrode

Fig. 2. UV- vis spectra of native AuNPs, Cyt c- MPA -AuNPs and Cyt c-CS- MPA —AuNPs

Fig. 3. CVs of : bare Au electrode (a), Cyt c/MPA/SAMs-Au electrode (b), Cyt c/MPA-AUNPS/SAMs-Au
electrode (c) and Cyt ¢c/CS-MPA-AuUNPs/SAMs-Au electrode (d) in 0.1 M PBS (pH 7.0) at the scan rate
of 100 mvs?

Fig. 4. Impendence plots of bare Au electrode (a), MPA/Au electrode (b), CS-MPA-AuNPs/Au electrode
(c) and Cyt ¢/CS-MPA-AUNPs/Au electrode in 5 mM [Fe(CN)g]** with 0.1 M KCI

Fig. 5. CVs of the Nafion/Cyt c/MPA-AuNPs-CS/SAMs-Au electrode in 0.1 M PBS (pH 7.0) in varying
NO concentrations 0 uM (a), 12.5 uM (b) and 50 uM (c) at the scan rate of 100 mVs*

Fig. 6. (A) Amperometric response of the Nafion/Cyt c/MPA-AuNPs-CS/SAMs-Au electrode to
successive injection of NO into 10 mL of stirring 0.1 M PBS (pH 7.0) at an applied potential of -0.7 V
(vs. Ag/AgCl). (B) Calibration curve of current to NO concentration. Applied potential —0.7 V (vs.
Ag/AgCl), supporting electrolyte 0.1 M PBS (pH 7.0)

Fig. 7. Amperometric response recorded by the Nafion/Cyt c/MPA-AUNPs-CS/SAMs-Au electrode in a
0.1 M PBS (pH 7.0) at an applied potential of -0.7 V (vs. Ag/AgCl) to which 15 uM NO, 150 uM AA,
150 uM NO:™ and 15 pM NO were added, respectively
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Tables

Table 1

Comparison of some electrochemical nitric oxide biosensors.

Working electrode Linear range (M) Detection limit (M) Response time (s)  reference
Nafion/cyt c/poly-TTCA/Pt 24%x107% -55x 1075 13x107° 15 [16]
Nafion/MWNTs-CS-AUNPS/GCE 1.9 x 1077 - 54 x 1075 76 x 107° 4 [29]

PPV derivative/GCE 1.8x1077 - 1.0x 107* 23x107° - [36]
Hb/Au-CPE 9.0%x 1077 - 3.0x 107* 1x1077 - [48]
Hb-CS/GR-CTAB/GCE 225%1078 - 264 x 10"  6.75x 107° 5 [49]

Cyt ¢/SDS/PAM/GCE 8.0x1077 - 95x 1075 1x1077 <2 [37]
Hb/MMT/PVA/PG 1.0x 1076 - 25x 107* 5x 1077 - [10]
Nafion/PTB/GCE 1.8x1077 - 86x107° 1.8 x 1078 - [50]
Cytochrome ¢/DNA/GCE 6.0x1077 - 80x107° 1x1077 - [15]
AuNPs/S-PDA/GCE 50% 1076 - 55x 1075 25.6 x 1077 - [51]

Cyt c/CS-MPA-AUNPS/SAMs-Au 1.0 X 1075-2.15 x 10~* 45x10° 5 This work
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