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a b s t r a c t

The aim of this study was the electrochemical detection of the adenosine-3-phosphate

degradation product, xanthine, using a new xanthine biosensor based on a hybrid bio-

nanocomposite platform which has been successfully employed in the evaluation of

meat freshness. In the design of the amperometric xanthine biosensor, chitosanepoly-

pyrroleegold nanoparticles fabricated by an in situ chemical synthesis method on a glassy

carbon electrode surface was used to enhance electron transfer and to provide good

enzyme affinity. Electrochemical studies were carried out by the modified electrode with

immobilized xanthine oxidase on it, after which the biosensor was tested to ascertain the

optimization parameters. The Biosensor exhibited a very good linear range of 1e200 mM,

low detection limit of 0.25 mM, average response time of 8 seconds, and was not prone to

significant interference from uric acid, ascorbic acid, glucose, and sodium benzoate. The

resulting bio-nanocomposite xanthine biosensor was tested with fish, beef, and chicken

real-sample measurements.

Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Xanthine is a purine base derived from guanine and adeno-

sine-3-phosphate (ATP) [1] catabolism in themuscle tissues of

animals, and accumulation usually results in death. Xanthine

metabolism is a sequence where ATP is hydrolyzed to give

adenosine, followed by sequential conversion into inosine

monophosphate, inosine, hypoxanthine, xanthine, uric acid

(UA), and finally urate, by means of enzyme action. Abnormal

xanthine levels in human plasma and urinemay contribute to

deregulation of xanthine metabolism, and an excess amount

of xanthine acquired through spoiled foodwith an unpleasant

smell could eventually lead to physiological problems such as

gout [2], xanthinuria [3], hyperuricemia [4], and preeclampsia

[5]. As well as being a biomarker for the stated diseases,

xanthine is also an indicator for fish and meat spoilage and

freshness determination [6]. Xanthine oxidase (XO) is widely

distributed in mammalian tissue and it is a key enzyme in
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purine metabolism [7] which makes it an ideal biomolecule

candidate for the design of amperometric biosensors.

Amperometric detection of xanthine requires no complex

sample preparation and provides fast analysis with lower cost

[7] through the electrochemical reaction indicated with the

basic working principle [8]:

XanthineþO2 þH2O!XOUric acidþH2O2

H2O2������������!V vs ðAg=AgclÞ
2Hþ þO2 þ 2e�

2e�/Working electrode

Amperometric xanthine biosensors as an electrochemical

method easily overcomes contemporary necessities in

xanthine detection when compared with other traditional

methods such as: (1) capillary column gas chromatography [9];

(2) enzymatic colorimetric method [10]; (3) high pressure

liquid chromatography [11]; (4) enzymatic fluorometric

method [12]; and (5) fluorometric mass spectrometry frag-

mentography [12], which have the disadvantages of taking a

long time for sample preparation, requiring skilled personnel

to operate highly specialized equipment, the impossibility of

onsite detection, complex sample pretreatment, etc.

Conversely, amperometric biosensing is a straightforward

method which takes a short time for analysis, has no need for

highly skilled personal, andmost importantly there is no need

for sample pretreatment and it is suitable for onsite detection.

XO is an important part of the amperometric xanthine

biosensor but its full efficiency is observed when applied with

a proper immobilization matrix or conducting polymers. Due

to flexibilities provided by the conducting polymers in chem-

ical structure modifications, they have offered a great deal for

novel applications in various fields [13], where, among

different conducting polymers, polypyrrole (PPy) has particu-

larly attracted attention [14]. Efficient electron transfer ability,

manageable and homogeneous film character, reproducibility

and easy production, availability of various types of mono-

mers, stability and biocompatibility, and ability to modify

physical and optical properties are some of many reasons for

the use of conducting polymers in biosensor design [15].

Chitosan [(1/4)-2-amino-2-deoxy–d-glucan)] is a natural

polysaccharide derived by the deacetylation of natural chitin

[16] and it received much attention in biological field appli-

cations because of its linear and hydrophilic properties. As

well as its attractive biocompability and excellent film-

forming ability which is a result of its biodegradable and

nontoxic nature, chitosan can be used as a modification agent

thanks to its hydroxyl and amino functional groupswhich can

react with bioactive molecules [17] and as such is used as a

substrate for the covalent immobilization of enzymes.

Chitosan-based biosensors are facing problems related to the

transfer of the electric signal to the transducer, due to the

relatively low conductivity of chitosan [17]. To improve the

conductive properties of chitosan, materials such as carbon

nanotubes, ferrocene, thiourea, ethylene diamine, urocanic

acid [18], and nanoparticles (NPs) were combined with chito-

san in order to make nanocomposites.

Nanocomposites containing the conducting polymer,

biopolymer, and metal NPs have received considerable

attention due to their wide range of applications, such as

electro-catalysis, chemical sensors, and microelectronic de-

vices [19,20]. These kinds of nanocomposite layers are also

good candidates for the formation of a biosensing layer by

immobilization of biorecognitionmolecules [21,22]. Compared

with nanocomposites constructed by insulating polymers,

conducting polymers can serve as a novel electroactive relay

among metal NPs in the nanocomposite matrix [23]. There-

fore, the fabrication of novel nanocomposites based on metal

NPs and conducting polymers would provide various benefi-

cial characteristics and new features in nanotechnological

applications.

Among all metal NPs, gold NPs have been widely used due

to their unique properties such as catalytic activities, optical

properties, and biocompatibility. Applications have been re-

ported where gold NPs were dispersed onto different mate-

rials such as carbon paste electrode, self-assembled

monolayer, and conducting and nonconducting polymers, to

obtain a biosensor interface [24]. The composite of polymer

and gold NPs, various monomers, and polymers could be

chosen. Because the stabilization of gold NPs with chitosan

has been extensively studied [25], the method chosen for the

present work is gold NPs prepared through a simple chemical

reduction process, using pyrrole monomer to construct a

biosensor by means of a simple one-step process on the

chitosan-modified electrode surface [26].

In this study we report first an amperometric xanthine

biosensor based on hybrid bio-nanocomposite platform

designed for measuring xanthine, which can easily compete

with most of the xanthine biosensors reported. The biosensor

is fabricated by in situ chemical synthesis on a glassy carbon

electrode (GCE) surface using chitosanePPyegold (ChiePPy-

eAu) NPs and with subsequent immobilization of XO. The

resulting biosensor showed very good analytical performance,

as well as excellent real-sample application. The reliability of

the fabricated electrode was tested with fish, beef, and

chicken samples in different time intervals (days) and

demonstrated easy, fast, reliable, and accuratemeasurements

of xanthine and would therefore give precise results in meat

quality control.

2. Methods

2.1. Materials

XO, xanthine, 1-ethyl-3-(3-dimethyllaminopropyl)carbodii-

mide hydrochloride (EDC) and 1-(2-cyanoethyl)pyrrole (Py-CN)

were purchased from Sigma-Aldrich, Germany. Hydrogen

tetrachloroaurate(III) hydrate (HAuCl4) 99.9% (metals basis)

and Au (minimum49%)were purchased fromAlfa Aesar, USA,

and pyrrole was purchased from Merck, Germany. All other

chemicals were of analytical grade and were used without

further purification.

2.2. Synthesis of pyrrole-branched chitosan

1-(2-carboxyethyl) pyrrole (PyPA) was obtained by hydrolysis

of Py-CN according to the literature [27]: a mixture of 25 g of

Py-CN and 100 mL of 15% potassium hydroxide solution was
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stirred at 50�C for 40 h. The mixture was then cooled to room

temperature and acidified using hydrochloric acid. After

extraction with ether, the crude product (colorless crystals)

was collected on evaporation of ether. The product was dis-

solved in ether and purified by recrystallization from the ether

solution. The product was identified as PyPA by means of

FTIR-ATR, 1H, and 13C NMR spectroscopy (not shown).

EDC coupling reaction was used to synthesize pyrrole-

branched chitosan through amide bonds formation. Meth-

anol was added to 1% (w/v) chitosan dissolved in acetic acid

solution in order to obtain 85:100 mL methanol and chitosan

solution, respectively. The addition of PyPA to the chitosan

solution in the ratio of 0.54 mol/mol glucosamine residue of

chitosan was followed by adding 15 mL of 0.07% (w/v) EDC

dissolved in methanol when stirred at room temperature. In

the current study, equal moles of EDC and PyPA were used. At

the end of 24 hours, the reaction mixture was transferred into

200 mL of 7/3 (v/v) methanol/ammonia solution while being

stirred. The primitive product was then filtered and washed

with distilled water (DW), methanol, and ether, respectively,

followed by drying under vacuum for 24 hours at room tem-

perature. This procedure was followed and performed as re-

ported by Liu et al [28].

2.3. Preparation of enzyme electrode

Prior to modifications, a GCE was polished with 0.3 mm

alumina slurry diluted with DW on a microcloth pad, washed

with distilled water DW and acetone, respectively, and left to

air-dry at room temperature. The electrode surface was

covered using a drop-coating method with chitosanepyrrole

(ChiePy), pyrrole, and 1% HAuCl4 (5:1:1) being dripped sepa-

rately and observing the Au-NP formation from the occur-

rence of a dark reddish-brown color. After drying the electrode

at room temperature, the coating procedure was prolonged by

immersing in 2% glutaraldehyde, then in 9 mg/mL of XO, and

left to dry at 4�C for 1.5 hours. The solutions dripped onto the

electrode surface were uniformly distributed. The working

electrode was kept at 4�C in phosphate buffered saline (PBS;

10 mM, pH 7.0) while not being used.

2.4. Xanthine determination in meat samples

In order to investigate xanthine concentration as a meat-

spoilage marker, samples of chicken, fish, and beef were

purchased from the local market and left for 5 days, 10 days,

15 days, 20 days, and 25 days at room temperature so that the

spoilage process could occur. The samples were then cut into

pieces, homogenized, and mixed with DW at a ratio of 1:5 (w/

w), respectively. Afterwards, the homogenate was filtered

with filter paper and the content of xanthine was determined

using the described biosensor under optimal conditions. The

reason for testing the fabricated electrode using fresh samples

stored at room temperature was to evaluate the efficiency of

the electrode in detection of xanthine at different stages of

meat spoilage. Data were interpolated using a standard curve

(concentration vs. current) prepared under optimal working

conditions of the biosensing electrode.

2.5. Instrumentation

Electrochemical measurements were performed using Com-

pactSoft portable electrochemical interface and impedance

analyzer (Ivium Technologies, Netherlands). The electro-

chemical measurements were recorded via a three-electrode

system set at a working potential of þ 0.70 V, composed of

Ag/AgCl as reference, platinum wire as auxiliary, and Chito-

sanePPyeAu-NPs as a working electrode, all immersed in an

electrochemical cell filled with 10 mM PBS (pH 7.0). A con-

ventional three-electrode electrochemical cell was purchased

from CH Instruments, USA. After allowing the steady-state

current to be reached, the xanthine catalysis was triggered

by xanthine additions to the buffer solution by continuously

stirring the working cell at room temperature. The substrate

solution was freshly prepared by dissolving xanthine in 3:7 (v/

v) 0.1 M NaOH and PBS, respectively, and the amperometric

responses were recordedwith the addition of known amounts

of xanthine solution. Electrochemical impedance spectros-

copy measurements were carried out using a CHI Model 6005

electrochemical analyzer in a background solution of 5 mM

Fe3þ/Fe2þ phosphate buffer (pH 7.0) at a normal potential. The

alternating voltage was 5 mV and the frequency range was

from 5.0 � 10�2 Hz to 1.0 � 106 Hz.

2.6. Analytical and statistical analysis of data

Each measurement was repeated five times and the standard

deviation was calculated using the square root of variance

formula:

S2 ¼
P ðx�MÞ2
ðN� 1Þ (1)

where M is the mean of the sample and N is the number of

measurements (N ¼ 5), and it was included in graphical rep-

resentations as an error bar. Sensitivity was the biosensor's
vital performance parameter, defined as slope of the calibra-

tion curve [29]:

S ¼ d(signal)/d(concentration) (2)

where S is the sensitivity.

This equation is used in the linear range of the biosensor, in

which the biosensor's signal is proportional to a change in

concentration (Table 1). The limit detection is the smallest

amount of analyte detectable by the biosensing electrode rela-

tive to the amount of analyte analyzed and it is determined by:

LOD ¼ std
S

(3)

where LOD is the limit of detection, std stands for standard

deviationofbackgroundsignal, andS is sensitivity [29] (Table1).

3. Results and discussion

3.1. Characterizations

Electrochemical characterizations of bare GCE, GCE/ChiePy,

and GCE/ChiePy/Au nanocomposite coated electrodes were
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carried out by cyclic voltammetry (CV), as shown in Figure 1A.

CVs were performed in 5 mM FeII(CN)6
4�/FeIII(CN)6

3� as a model

reversible redox couple at a potential range of �0.2 V to 0.7 V

versus Ag/AgCl at a scan rate of 100 mV/s. As shown in

Figure 1A, the response of the redox couple at the GCE/

ChiePy/Au (Curve c) is much stronger than that at GCE/

ChiePy (Curve b). This enhanced electrochemical behavior is

attributed to the presence of gold NPs in the polymeric film

[30]. For further characterization, cyclic voltammograms of

bare GCE, GCE/ChiePy, and GCE/ChiePy/Au electrodes in

Table 1 e Comparison of analytical performance of reported xanthine-based biosensors.

Electrode LR (mM) DL (mM) RT (s) Refs

PPyeXODeFe(CN)6
4� 0e50 and 50e130 6.0 NR [48]

XODeGCPE 20e80 5.3 NR [49]

XO/ZnOeNPsePPy/Pt 0.8e40 0.8 5 [34]

Polyvinylchloride(PVC)/XO 0.025e0.4 0.025 30 [50]

XO/Co3O4/MWCNT/CS/GCE 0.2e16 0.2 5 [33]

CDeAu-NPs/XOeADA 310e6.8 mM 150 14 [51]

P(GMA-co-VFc)/REGO-Fe3O4 2e36 0.17 3 [52]

PPyeFc/XO 5e20 NR NR [53]

XOx/Nano Fe3O4/Au 0.4e2.4 nM 2.5pM 2 [54]

XOD/ceMWCNT/PANI/Pt 0.6e58 0.6 5 [55]

Modified graphite/gelatin 0e40 4.5 120 [56]

Chitosan/PPy/Au-NPs 1e200 0.25 8 This work

DL ¼ detection limit; LR ¼ linear range; NR ¼ not reported; RT ¼ response time.

Figure 1 e (A) Cyclic voltammograms of (a) bare GCE, (b) GCE/ChiePy, and (c) GCE/ChiePy/Au electrodes in 10 mM PBS

solution, pH 7.0 containing [Fe(CN)6]
3¡/4¡ (5 mM). (B) Cyclic voltammograms of (a) bare GCE, (b) GCE/ChiePy, and (c) GCE/

ChiePy/Au electrodes in 10 mM PBS solution, pH 7.0. (C) Electrochemical impedance spectra of (a) bare GCE, (b) GCE/ChiePy,

and (c) GCE/ChiePy/Au electrodes in 10 mM PBS solution, pH 7.0 containing [Fe(CN)6]
3¡/4¡ (5 mM). Chi ¼ chitosan;

GCE ¼ glassy carbon electrode; Py ¼ pyrrole.
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100 mM PBS solution, pH 7.5, were performed (Figure 1B). An

oxidation peak at 1.12 V was shown for the GCE/ChiePy/Au

electrode and attributed to the oxidation of Auo to Au3þ in the

form of Au2O3 [30]. An oxidation peak at 1.12 V of cyclic vol-

tammogram confirms the presence of gold NPs in the ChiePy

film exist on the surface of the electrode. Also, the inset of

Figure 1B shows the part of the cyclic voltammograms of the

bare GCE and ChiePy coated GCE. The current begins to in-

crease at around 0.9 V, and then increases continuously with

increasing potential, which is the indication of the formation

PPy intra- or inter-polymer side chain. This peak cannot be

observed easily in the voltammogram of the GCE/ChiePy/Au

electrode due to the huge peak of Au in the polymer composite

film. Figure S1 demonstrates the performance of the bio-

sensing electrode, which is determined based on the diffusion

efficiency of the substrate and product at the surface layer of

the electrode. The mass transfer efficiency of the electrode

was studied by recording CV of ChiePPy/AueXo electrode in

the presence of 10 mM xanthine and H2O2. The results illus-

trate that mass transfer behavior of the fabricated electrode

depends on H2O2 concentration. The immobilized enzyme on

the polymer film had a very small effect on mass transfer

when comparison is made between xanthine and H2O2 addi-

tions, demonstrating excellent performance of the biosensing

electrode.

Electrochemical impedance spectroscopy would provide

detailed information on changes of the surface electron

transfer property of modified electrodes for each modification

process. The typical impedance spectrum (represented in the

form of the Nyquist plot) includes a semicircle portion at

higher frequencies corresponding to the electron-transfer-

limited process and a linear part at lower frequency range

representing the diffusion-limited process. The semicircle

diameter in the impedance spectrum is equal to the electron-

transfer resistance, Ret, which reflects the electron-transfer

kinetics of the redox probe at the electrode surface [31].

Figure 1C shows that the electron transfer resistance de-

creases in the order of the modified electrodes: bare

GCE < GCE/ChiePy/Au < GCE/ChiePy, which indicates that the

Au-NPs improve the conductivity of the composite film-

modified GCE. The bare GCE exhibits small resistivity in the

Nyquist plot; however, after coating the ChiePy polymer film

the value of Ret increases to 20.000 U. With the formation of

Au-NPs in the chitosan polymer film with pyrrole cross link-

ing, the Ret of the resultant ChiePy/Au film drastically de-

creases, demonstrating that Au-NPs act as high electron relay

for shuttling electrons between the electrochemical probe and

the electrode. This was similarly reported by Lin et al [32] in a

study showing that electrochemical impedance shows that

gold NPs doped in chitosan decrease the resistance of

chitosan-coated electrodes.

3.2. Determination of experimental variables

The applied potential effect on current response of the

working electrode was investigated over the range of

0.40e0.80 V, as given in Figure 2A. The amperometric current

of xanthine increased as potential increased from 0.40 V to

0.70 V, and then started to decrease with further potential

increments. Therefore a potential of 0.70 V has been selected

as the optimumworking potential for the biosensor and it was

used in further experiments.

pH dependence of the enzyme electrode was investigated

over a range of pH 4.0e8.0 in 10 mM PBS in the presence of

xanthine. The optimumamperometric responsewas obtained

at pH 7.0 (Figure 2B), which indicates that the immobilization

technique has no big influence on the optimum pH of XO, as

reported in the literature [33,34]. As seen in Figure 2B, when

pH is � 4.0, the biosensor showed 4% of total response, indi-

cating deactivation of the enzyme. These results may occur

because the acidic medium causes enzyme deformations and

leads to loss of catalytic capability [35]. Amperometric

response increases with pH increments until it reaches the

maximum response at pH 7.0, where further increments

resulted in the gradual decrement of ameprometric response.

Therefore, pH 7 was selected as the working pH of PBS in

further experiments.

The effect of temperature on the electrochemical response

of the electrode was studied across a range of 25e45�C. The
response current of the ChiePPy/Au-NPs/XO electrode pro-

gressively increased from 25�C to 40�C, after which the

response drastically decreased at higher temperatures

(Figure 2C). It was also observed that heat resistance of XOwas

slightly increased by the immobilization technique. Decrease

in amperometric response might occur at a higher tempera-

ture because of decrement of molecular oxygen in solution or

because of thermal deactivation of the enzyme at higher

temperatures [35], in this particular case above 40�C.

3.3. Amperometric response of enzyme electrode

Figure 3A illustrates the amperometric (currentetime) plot of

the constructed biosensor electrode with the presence and

absence of Au-NPs. Current response was obtained by suc-

cessive additions of 10 mM xanthine at an applied potential of

0.70 V in 10 mM PBS (pH 7.0). Both biosensitive electrodes

(ChiePPy/AueXO and ChiePPyeXO) showed amperometric

responses to injection of xanthine, however the biosensor

constructed with Au-NPs exhibited almost five times the

higher current response at the point of plateau. The time

elapsed to reach the steady state for the ChiePPy/AueXO

biosensor was two times higher when compared with the

ChiePPyeXO biosensor. The calibration curves of the

ChiePPy/AueXO and ChiePPyeXO electrodes are shown in

Figure 3B. It was observed that current responses for both

biosensors linearly increased with increasing concentrations

of xanthine and then reached a plateau. Since xanthine con-

centration in first 10e15 days is usually smaller than 10 mM,we

decided to check biosensor performance using smaller

xanthine concentrations. The inset of Figure 3A illustrates the

amperometric graph and calibration curve of 1 mM xanthine

additions to the ChiePPy/AueXO electrode; it can be clearly

seen that 10 mM of xanthine addition is equal to 10 � 1 mM

additions. We performed the same experiments with ChieP-

PyeXO and the results were negative. The linear range was

extended from 1 mM to 200 mM in the presence of Au-NPs. The

correlation coefficients exhibited good linearity, 0.99364 and

0.99958, from analysis of the responses (inset of Figure 3B).

Using a same sample volume of 1 mM and 10 mM, the linear

range of the electrode having and lacking Au-NPs was found
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to be from 1 mM to 200 mM and from 10 mM to 90 mM, respec-

tively (inset of Figure 3B) for the amperometric response of

biosensors. The sensitivity of the constructed ChiePPy/

AueXO and ChiePPyeXO biosensors were also calculated as

1.4 nA/mM and 0.6 nA/mM, respectively. The detection limit of

the ChiePPy/AueXO fabricated electrode is 0.25 mM, which

was determined by Eq. (3). These results indicating that cur-

rent responses obtained from the amperometric

Figure 3 e (A) Amperometric response of biosensing electrodes to successive addition of 10 mM xanthine at an applied

potential þ 0.70 V in stirred 10 mM PBS (pH 7.0) (Inset: amperometric response of the biosensor to successive addition of

1 mM xanthine). (B) Calibration curves for the amperometric response of the biosensing electrodes.

Figure 2 e (A) Effect of applied potential on the response of the biosensing electrode to xanthine substrate (10 mM PBS at pH

7.0). (B) The effect of buffer pH on the response of the biosensing electrode to xanthine (10 mM PBS, þ 0.70 V applied

potential). (C) The effect of temperature on the amperometric response of the biosensing electrode (10 mM PBS pH 7.0, þ
0.70 V applied potential) to substrate addition.
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measurements are both valid, yet electrodes with Au-NPs

showed better performance which could be attributed to

excellent conductivity, electron transfer ability, and compat-

ible interactions of Au with ChiePPy.

In order to express viability of the ChiePPy/AueXO

biosensor, the analytical performance was compared with

some of the previously reported xanthine biosensors in Table

1, which indicated that the current biosensor has the wider

linear range compared to all other reported works. Most of the

work reported is missing important points such as wide linear

range, with some work reporting linear range in nanomolar

and detection limit picomolar, or reporting wide linear range

and detection limit, and therefore missing the measuring

xanthine concentration for the first 20 days. The detection

limit obtained is very close to the XO/Co3O4/MWCNT/CS/GCE

biosensor being quite satisfactory when compared to the

other studies. The sensitivity was calculated as 1.4 nA/mM and

the response time of 8 seconds is an acceptable parameter of

the biosensor and wide linear range of 1e200 mM.

3.4. Operational and storage stability

The reusability of the biosensor was an asset of using the

ChiePPy/Au-NPs/XO electrode, measuring the current

response of the electrode by 20 repeated measurements

(Figure 4A). All measurements were performed in 10 mM PBS

at þ 0.70 V applied potential, and after eachmeasurement the

electrode was stored for recovery at 4�C for 5 minutes.

Amperometric response was relatively close for the first five

measurements, after which the response starts to gradually

decrease and eventually, after 20 repeatedmeasurements, the

electrode retained almost 78% of its initial response.

The long-term stability of the ChiePPy/Au-NPs/XO elec-

trode towards xanthine was assessed by regular experiments

over 18 days. To check the long-term storage stability, the

electrode was kept in 10 mM PBS, pH 7.0 at 4�C. As shown in

Figure 4B, the catalytic current response of xanthine was

observed to be lost for 8% in the first 13 days of its initial value,

which is most probably due to the xanthine immobilization

Figure 4 e (A) Operational stability of the biosensing electrode to xanthine additions (10 mM PBS pH 7.0). (B) Long-time

stability of biosensing electrode by tracking the amperometric responses of enzyme electrodes in intervals of 18 days

(10 mM PBS pH 7.0). (C) Interference effect of potential interferants (uric acid, ascorbic acid, glucose, and sodium benzoate) to

the amperometric response of the biosensing electrode (10 mM PBS pH 7.0). (D) Determination of xanthine concentrations in

fish, chicken, and beef samples during 25 days (10 mM PBS pH 7.0). AA ¼ ascorbic acid; SB ¼ sodium benzoate; UA ¼ uric

acid.
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method and biological compatibility of polymer film. Later on,

the current response decreased up to ~15% in the 3rd week of

long-term storage stability experiments. The reduction in

electrocatalytic activity as a function of time of the proposed

ChiePPy/Au-NPs/XO electrodemay be caused by denaturation

or leakage from the inner membrane solution of XO. In

conclusion, the biosensor retained 85% of its initial activity at

the end of 18 days of storage.

3.5. Interference, recovery, and real-sample
measurements

Analytical recovery experiments of the ChiePPy/Au-NPs/XO

electrode were performed by recording amperometric current

responses to known xanthine concentrations, as shown in

Table 2 (10 mM, pH 7.0 PBS). As can be clearly seen form

amperometric response, the fabricated electrode showed

excellent performance in detection of xanthine and very good

reliability. The effectiveness of the biosensing electrode has

been determined and represented as recovery in the range of

97.4e103.67%with RSD (Relative StandardDeviation) values in

the range of 2.45e3.73%, indicating very good reproducibility

and reliability of the proposed electrode.

The xanthine amount was calculated using the calibration

curve shown in Figure 3B. The effectiveness of the biosensor

was calculated by obtaining error rates, from which the high

reliability of the proposed method can be observed.

Potential interferant effect on the amperometric current

response of the ChiePPy/Au-NPs/XO electrode was investi-

gated using four different interfering substances: UA, ascorbic

acid (AA), glucose, and sodium benzoate (SB) which is widely

used in preservation of meat and meat products [36,37] and

already used in our previous studies [38,39] (Figure 4C). The

interference study showed that there is no remarkable effect

on biosensor response caused by interfering substances

which are physiologically proportional to a normal level of

10 mM xanthine, 1:1 ratio [40]. It can be observed that the

biosensor has small changes when interferants are added. In

comparison to selectivity of the biosensor towards xanthine,

the amperometric response to interferants is negligible, which

resembles the results reported in the literature [41,42]; negli-

gible interference of AA at 0.70 V applied potential was re-

ported for the XO/Au-NPs/GCPE biosensor. The interference

study reported by Dalkiran et al [33] should also be noted,

where there was negligible interference of glucose, AA, and

UA with applied potential of 0.7 V for the amperometric

xanthine biosensor based on chitosan-Co3eO4-multiwall car-

bon nanotubes.

Meat quality is a critical issue for the meat industry in the

21st century and has always been important for the customer

[43]. Meat has previously been considered essential for human

growth and development because it is a concentrated nutrient

source [44,45], which gives reason for developing technologies

for control, monitoring, and identification of meat quality.

Real application of the xanthine biosensor was investigated by

measuring xanthine concentrations in fish, chicken, and beef

over a period of 25 days of storage. The results of xanthine

concentration measurements were interpreted using previ-

ously obtained optimumparameters. Detection limit (0.25 mM)

and linear range (1e200 mM) of the biosensor were taken into

consideration while performing real-sample measurements.

As demonstrated in Figure 4D, xanthine concentration dras-

tically increased in the 3rd week and 4th week of storage. The

recorded concentration in fish and chicken is almost similar,

while beef concentration is much lower in the last 2 weeks.

This might be attributed to the fact that beef aging time is

longer [46] in comparison to chicken and fish. Real sampling

results match those reported by Devi et al [8], as well as con-

centration values for common fish fillets reported by Balladin

et al [47] (1.54e24.7 mM). It is important to indicate that there

was no significant change in fish, chicken, or beef meat color,

making it difficult to visually differentiate 0-day old beef from

20-day beef. However, measuring the xanthine concentration

of given samples demonstrates the extremely bad quality of

meat after 25 days, which raises alarm for the development of

control, detection, and identification methods of meat aging

in meat industries.

4. Conclusion

Results shown in this study exhibited the fabrication

(ChiePPy/AueXO and ChiePPyeXO) and application of the

bio-nanocomposite film in an amperometric biosensor. In the

construction of the biosensor, chitosan, PPy, and Au-NPs

were used to build a polymeric matrix by the in situ chemi-

cal synthesis method on GCE. There is no work reported

known to the authors that the xanthine biosensor is designed

on, only the simple and straightforward in situ chemical

synthesis method as described. The use of self-assembled

Au-NPs resulted in an improved analytical performance of

the biosensor in terms of low response time (~8 seconds),

good sensitivity of 1.4 nA/mM, broader linear range

(1e200 mM), and low detection limit of 0.25 mM. Interference

studywas performed by using possible interfering substances

selected as UA, AA, glucose, and SB to verify the selectivity of

the sensor, which persisted in the satisfactory range. Real-

sample applications were investigated by measuring

xanthine concentrations in fish, chicken, and beef in a period

of 25 days of storage. Although no visual changewas observed

in the meat condition, xanthine concentration was recorded

in an increasing trend during the 25 days. As a result, the

proposed biosensor shows excellent results in xanthine

determination and therefore is a very reliable analytical tool

for analyzing meat quality; it is also proof for the successful

application of hybrid bio-nanocomposite platform in

xanthine detection.

Table 2 e Analytical performance of Chitosan/PPy/Au-
NPs Xanthine biosensor (n ¼ 3).

Xanthine
added (mM)

Xanthine
found (mM)

RSD (%) Recovery %

1 0.98 2.45 98.0

10 9.75 3.1 97.5

100 103.67 3.73 103.67

200 194.8 2.88 97.4

RSD ¼ .
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