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ABSTRACT

TITLE T AMPEROMETRIC BIOSENSOR FOR, SULFITE DETERMINATION IN
BEVERAGES USING GLASSY CABON MODIFIED WITH HYBRID
NANO-MASTERIAL ELECTRODE IN SIMPLE FLOW INJECTION

5YSTEM
BY : WONGDUAN SROYSEE
DEGEEE ! MASTER OF SCIENCE
MAJOR. : CIIEMISTRY
CIIAIR : ASET.FROT. MALIWAN AMATATONGCHAIL Ph, D,

KEYWORDS : SULFITE BIOSENSOR / FLOW INJECTION / HYBRID-NANO MATERIAL
FONTs-PDDA

This work presented the development of sulfite biosensor for determination of sulfite
in a simple flow injection system. The biosensor was developed based on the hybeid materials,
composed of carboxylic functionalized carbon nanotubes, poly(diallyldimethy- lammoniuchloride)
and gold nanoparticle (CNTs-PDDA-AuNPs) coated on a glassy carbon (GC} clectrode, which
constructed an effective immobilization matrix and made the immebilized components hold high
stability and bisactivity. Sulfite oxidase {SOx) was immobilized to CNTs-PDDA-AuNPs and
cytochrome C composites fillm by using glutaraldehyde (Glu). This developed binsensor
{GC/CNTs-PDDA-AUNPs/S0x) was applied in flow injection analysis (FIA). Performances for
determination of sulfite were investigated wsing 1wo approaches including direct method or
defection the oxidation of sulfite and indirect method or detection the reduction of hydrogen
peroxide, Flow through electrochemical cell using GC/CNTs-PDDA-AuNPs/SOX as a working
electrode, Ag/AgCl as a reference electrade and FUwire as a counter electrode was applied for the
detection.

In the dircet method, oxidation of sulfite was studied at the GC/CNTs-PDDA-
AnNPs/S0s using a salution of 0.1 M phosphate buffer {pH 8.0) as a carrier and applying a

potential of 0.3 V. The proposed method cxhibits lincar calibration over the range of
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2-200 myg L'of sulfite with slope of 204.66 nA rng'I L and cotrclation coetficient of ¢.9991.
The detection limit (3 ) was 1.3 mg L". ‘Ihe deveioped biosensor also provided good precision
(RSD=3 8%) (or sulfite signal (5 mg L", n=20} with a rapid sample throughput (57 samples 0,
In the indircet method, response cwirent is based on the reduction of hydrogen
peroxide which produced during the enzyme-catalyzed reaction, Reduction of hydrogen purixide
was studied at the developed biosensor (GC/CNTs-PDDA-AuNPs/SOX) using cyelic
voltamumetry (CV} and amperomctry. The optimization potential for the amperometric detection
was -0.4 V. The a amperometric detection of sulfite was performed in flow injection system using
solution of (0.1 M phosphate buffer {pH 8.0) as a curricr and applying a potential of -0.4 V. Linear
concentration dependence is observed in the ranpe between 500 to 1500 mg L". The teyression
equation 1s given by y=7.61x -1792.3 {rﬂ =.9697), when y and x are the arca of peak current (nA)
and sulfite concentration (mg L'l]. The detection limil (3 ) was 4425 myg I.", SaBSD—2.93,
Sample throughput was 65 samples b, From experimental results, direct method offirs higher

sensilivity and wider dynamie range than indirect methaod,
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CHAFPTER 1

INTRODUCTION

1.1 The imporiance and the source of the research

Sulfiting agent in various forms (sulfite, sulfur dioxide, hydrogen suifite,
metabisultite) are commonly used as preservatives in foods, beverages and several products such
as dried fruits and vegetable to prevent microbiological growth, to control browning reaction and
{0 assist in vitamin C preservation [1-3]. However, the level of sulfite in food has been the subjeet
of legislation since it was discovered that is cortain concentration level causes allergic reactions in
some individuals [4, 5]. The United States Food and Drug Administration (FDA) have required
Iabeling of products containing more than 10 my L' of sulfite in food or beverages [6].

Sulfitc-oxidizing enzymes can he separated into two classes based on their ability to
transfer electron to melecular oxygen. The first class is suifite oxidases (S0x) enxyme (animals
and plants) and the second class is the sulfite dehydrogenases (SDH) enzyme (bacteria} [7]. SOx
enzyme from animal is a mitochondrial enzyme which is wsed eytochrome C (Cyt C) as the
physiological eleciron acceptor. This ¢nzyme can be purified and characterized from bavine and
chicken livers. SOx enzyme catalyzes 2e oxidation of sulfite to sulfate and the terminal raction
is the degradation of the sulfur-containing amine acid cysteine and methionine in mammals |8, 9].

The use of functional hybrid materials are composed of carbon nanotubes (CNTs) and
conducting polymers for the preparation of chemical sensors and biosensors has atitracted great
attention. CNTs can display metallic, semiconducting and superconducting because of their
electron transport propertics that are able to promote electron or proton fransfer reaction and high
thermal capacity. The conductivity aleng with their small size made them can be used as
moiccular wires in molecuiar electronics and as smallest possible electrodes. Moreo‘a.fr:r, they are
friendly to the environment [10].

Poly(diallyldimethylammonium chloride} or PDDA is a conducting polymer used
widely in industrial applicalions and in fabrication of chemical or biological sensors [11-12]. 1t

was also used as the dispersant for functional malcrials including CNTs {13]. PDDA is a water-




soluble that usually acts as a positively charged colloid when dissolved in aqueows solution [13],
Pasitively charged PDDA molecules are easily coated on the negatively charre surface of the
CNTs by clecirostatic interaction [13].

Gold nanoparticles (AuNPs) are well known bincompatible materials that possess
many supetb propertics including specific surface area, strong adsorption ability as well as good
conductivity, strongly inicract with biomaterials and on combination with carbon nanotubes.
These unique electrical properties makc AuNPs widely uscd and applied for many biosensors and
electrochemical sensors [14-16].

In this work, s simplc flow injection system, which employs an amperometric
detection on a novel sulfite hiosensor, was proposed. The biosensor was fabricated using CNTs~
PDDA-AuNPs composites as an cffective mafrix to immebilized SOx chzyme. The
nanecomposite materials were formed by coating negalively charged carboxylated CNTs with
positively charged PDDA followed by capping with nagatively charged AuNPs via clectrostatic
interaction. The CN1s-PDDA-AuNPs nano-composite is used to construet a sulfite biosengor by
drop coating on the surface of the glassy carbon (GC) electrode. The developed biosensor
(GC/CNTs-PDDA-AUNPS/SOx) provides many good characteristics including high aciivity,
excellent sensitivity and selectivity in delection of sulfite.

Tn this work, performances for determination of sulfite were investigated using two
methods including dircet method for the oxidation of sulfite biosensor and indircct method for

reduction of sulfite biosensor,

1.2 Objectives

1.2.1 Direct method: detection of S'D: oxidution on sulfite biosensar
1.2.1.1 To investigate the possibility of using CNTs-PDDA-AuNPs composite
as an effective mairix to immebilize SOx enzyme and 10 construct a sulfite biosensor for sulfite
determination via sulfite oxidation by cyclic voltammetric techmique.
1.2.1.2 To optimize parameters affecting the sensitivity of sulfitc biosensor for
detection of sulfitc by cyclic voltammetry and amperometry.
1.21.3 To implement the developed sulfite biosensor as an amperometric

detector in a flow injection or FIA system for evaluation of sulfile confents in beverage samples.




1.2.2 Indirect method: detection of Ho(), reduction on the sulfite hiosensor
1.2.2.1 To study the possibility of sulfite determinalion via determination of
H,0, reduction by cyclic vollammetric and amperometric (cchniques.
1.22.2 To study the anzlytical features of the biosensor un the guantitative

analysis of sulfile,

1.3 Expected ouicomes

L3.1 A sensitive and selective biosensor was developed by immobilizing SOx enzyme
o CNTs-PDDA-AuNPs composite. This hybrid composite (CNTs-PDDA-AuNPs} can be used as
an eftective malrix to make the immaobilized components hold high stability and bicactivity.

1.3.2 A high throughput screening system for assessing sulfite content using suifite

biosensor coupled with flow injection analysis.

1.4 Scope of research

Development of sulfite biosenser based on CNTs-PDDA-AuNPs/SOx composite.
Development of a sulfite biosensor can be carried out by immaobilizing SOX cizyme to
CNTs-PDDA-AuNPs composite. This composite was prepared by coating negatively charged
carboxylated CNTs with positively charged PDDA followed by capping with negatively charged
AuNPs via clectrostatic interaction. $Ox enzyme was immobilized to CNTs-PDDA-AuNPs and
Cyl C composites film by using glutaraldeliyde (Glu). Electrochemical oxidation of sulfitc was
studiced at the developed biosensor (GC/CNTs-PDDA-AuNPs/SOx) in 0.1 M phosphate buffer pH
7.0 using cyclic vollammetry. Then, the developed biosensor was applicd in the flow injection
system for amperometric detection of snlfitc oxidation using solution of 0.1 M phosphute buffer
(pH 8.0) as a carricr and applying a potential of +0.3 V at the warking clectrode.
L.4.1 Direct method for sulifite detection using the developed biosensor
L4. 1.1 Cyelic voltammetric study of sulfite oxidation.
1.4.1.2 Parameters that affect the sensifivity of the sulfite biasensor will be

optimized using cyclic voltammetry and amperometry.




1) Effeet of CNTs-PDDA loading
2} Effect of gold nanopariicles (AuNPs) loading
3} Effeet of eytochrome C {Cyt C} loading
4) Effect of sulfite oxidase enzryine (SOx) loading
5) Effect of pH {phosphate buffer solution}, 0.1 M
1.4.1.3 Cyelic voltammetry {CV] of potential inlcrferences
1.4.14 The apparent Michaclis-Menten constant (Kmapp)
L4.L% Scan raw: dependence study
L4.1.6 Stability study
1.4.1.7 Parameters that affect the seusitivity of the amperometric detection of
on the developed sulfite biusensor in a FIA system wete optimized.
1} Optimum potential for amperametic detection

2} Optimum flow rate

3) Performance charaeteristic ol the amperometric response (rom the

FIA system assessed in terms of linear concentration range and limit of detection will be

evaluated.
4} Interferences study
5} Method validation
1.4.2 Indirect method for sulfite determination using the developed biosensor
L4.2.1 Cyelic voltammetric study of H,O, reduction
1.4.2.2 Optimization potential for amperometic detection of H,0,
1423 Swmdies the anslytical featurcs of amperometric detection on the
hiosensor in a FIA system for evaluation of sulfite such as lingarity and limit of detection (LOD)
1.4.3 Characterization of the nanoecompaosites
1431 UY-Visible spectroscopy
1.4.3.2 Infrarcd spectroscopy (IR}
1.4.3.3 Atomic foree microscopy (AFM)

1.4.34 Scanning ¢lectron microscopy (SEM)




CHAPTER 2

LITERATURE REVIEWS

2.1 Biosensor

A bioscnsor is an analytical device capable of specific quantitative analytical sigrial
nsing a hiological element. A main bicscnsor consists of tweo parts including a hioreceptor and the
transducer. A bioreceptor is an immobilized elements specifically bind 10 an analyte such as
enzyme, nucleic acid, microorganism, cte. The transducer is used to convert chemical signal ffom
the interaction of the analyte with biorcceptor into an electronic signal. The intensity signal is
directly proportional to the analyte concentration [18). The stages of measurement using

biosensor device is shown in Figure 2.1.

BLOSENSOR
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Figure 2.1 Major stages of measurements aof analytes with a biosensor [17].

The enzymatic reaction transforms the substrate info a reaction detectable product by a
fransducer. A schematic representation of an enzyme sensor is illustrates in Figure 2.2. The
semsitive surface of the transducer remaing in contact with an enzymatic layer and it is assumed
that there i3 fio mass transfer across this interface. The external surface of the enzymatic layer is
immersed in & solution containing the substrate migrates towards the interior of the laycr and is

converted into teaction product when it reacts with the iounobilized enzyme [17].
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Figure 2.2 Diffusions of the analyle A from solution to enzyme layer and the product P via

ciizymatic reaction to the transducer [17].

Application of biosensors area are clinical, diagnostic, medical applications, process
control, bioreactors, quality control, agriculture and veterinary medicing, bacterial and viral
diagnostic, drag production, control of industrial waste water, mining, military defense industry,
ete. The reason of biosensor has been widely used because of its ability to measure nonpolar
molecules, speeilic, rapid, short of response time and practical.  Bioscnser, however, has some
disadvantages including the heat sterilization which is not possiblc because denaturaziation of
biological material and stability of biological material depends on the nature properties of the
molecule (pH, lemperature, ions) and the cell in the biosensor can become intoxicated by other

malecules that are able to diffuse through the membrane [18].

2.2 Carboen nanotubes

A carbon nanotubes (CNTs) is a wube-shaped material, made of carbon, having a
diameter measuring on the nanometer scale. CNTs can be devided jnto two types including
mulfiwalled carbon nanotubes (MWCNTS) and single walled carbon nangtubes (SWCNTs).
CNTs was discovered in 1991 by lijima et al [19]. The structure of SWCNTs include a single
graphene layer rolled up into a seamless while MWCNTSs have multi rolled layer (concentric
tubes) of graphens sheets as shown in Figure 2.3 [20]. The iaterlayer distance in MWCNTs is
close to the distance between graphenc layers in graphite, approximately 0.34 nm, diameters of ~ 1

nro and large/diameter ratio,




Figure 2.3 Structure representation of a} a MWON 15 and b) 2 SWENTs [20].

The atom siructure of CNTs is described in terms of the tube chirality which is defined
by the chiral vector {C ). The chiral vector can be described by the following equation:

Cy —ma, +ma, (2.1
Where the integers (n, m) are the mumber of steps aleng the unit vectors {a,, ;) of hexagonal
lattice. 1f 7 =, the nanotubes are called armehair, and [Fa - 0, the nanotubes are called Ziyrayg,
Citherwise, they are called chiral.  Schematic diagram of different chiralitics CNTs is shown in
fipure 2.4 [21].

The CNTs arc cmployed in many fields such as bioscnsor, modified chemical
electrodes and field-effect transisiors. In addition, CNTs ean display conductively. Mexibility and
mechanical stability beeause CN'T's have a large specific surface arca and they processes execllent

absorplion ability |22, 23].
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Figure 2.4 Schematic diagram showing how a hexagonal sheet of graphene is rolled to form a

CNTs with different chiralities (A: armchair; B: zigzag; C: chiral) [21].

2.3 Poly(diallydimethylammonium chloride) (PDDA)

Poly(diallydimethylammonium chloride) (PDDA) is a water soluble cationic
polyelectrolyte which has been widely used in industrial and various fields such as biology,

medicine, cosmetic-care, membrane technology and water treatment [24-25]. The structure of

PDDA is shown in Figure 2.5.

¥ Cl
/N\

Figure 2.5 Structure of PDDA (adopt from [26]).



2.4 Gold naneparticles {AulNFs)

Gold nanoparticles have been widely applied in varous ficld including drug-delivery,
tissuc/tumor imaging, photothermal therapy, catalysis, water purification, surface-enhanced
raman-scallering detection and opteelectronics {27]. The unigue properties of AuNPs have been
explored including nanoparticle size, shape-dependent optical, catalytic, magnetic and electronic
propertics [28]). These properties of gold nanoparticles made them widely used in the biosensor
field because they can cnhance the ability o decrease proteins-metal particles distance, high

conductivity and electron iransfer [29].

2.5 Cytechrome C{Cyt )

The cytochrome C (Cyt C) is a basic redox heme protem with a spherical shape of
34 A in diameter [30, 31]. Cyt C has been used extensively as a t¢st system for direct electron
transfer {DET) of redox proteins and conumumication in a protein matrix. It plays an important
role in the blological respiratory chain in both plants and animals as its redox transition between
terrous and ferric states within cells makes it an efficient biological clectrotransporter, But it is
usually difficult to transfer to a conventional electrode. To avoid the disruption of a biological
material in these bio-interphases to the clectron fransfer, multiprotein co-assembly lechnique
developed, for example, mediator-free electron transfer of the cnzymes within the bio-inlerphase
was achieved, through layer-by-layer assembly of the redox protein Cyt C with sulfite oxidase, by

taking advantage of direct interactions between the two functional blocomponents,

2.6 Sulfite sxidase {S01)

Sulfitc oxidizing enzymes have two classes including sulfite oxidase (SOx} and sulfite
dehydrogenases (SDH), SOX found in animals and plants are in EC 1.8.3.1 class whereas SDY
found in bacteria is in EC 1.8.2.1, respectively. The dif(erent between two type enzymes are able
to transfer electron to oxygen. For the SOX is transferred electron to oxygen, femricyanide and Cyt
C. Howcver, the SDH is not transferred electron to oxygen but it is used both of the later two

electron acceptor {32]. The different protein structure of $Ox and SDH is shown in Figure 2.6.
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Figure 2.6 Representative wild-type protein siructure ol a) vertebrate (SOx}, b) plants (SOx) and

¢l bacterial (SDITy [33].

S0 is an cneyme containing moelybdemun cofactors. The active site of Molybdenym
is trapsferred o the metabolism of sulfur compounds. 1t is available to biological sysiems because
of the solubility of its high valence oxides in water. The molybdenutn cofactors have been

identified as molyhdenum-protein complexes (Figure 2.7).

=T
w

HN | \

A\ OPO(OH)OR

HzM M M a
H
R=uclecside
X-8,0

L.IL=oxygen (sulfur} based ligands

Figure 1.7 Molvbdemnmm-protein comyplexs or protein cofactor | 34].

The Mo center in these complexes couples electron-transfer to atom-transter
chemistry. Sulfite oxidase catalvzes the physiologically vital oxidation of sulfite to sulfale, the
terminal reaction in the oxidative degradation of the sultur containing amine acids such as
cysteine and methionine. In this enzyme, molybdenum s coordinated by five ligands with

approximately square pyramidal coardination geotnetry. The equatorial plane is oceopied by theee
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suifur ligands and one watershydroxo ligand whereas an oxo group occupics the axial position.
According to the postulated mechanism for sulfite oXidase, in the reductive half-cycle the sulfate
15 released and an oxygen-containing ligand from the solvent is then coordinated to the Mo{TV)
center (step 1, Figure 2.8). The oxidative half-cycle consists of lwe onc-cleciron initamelecular
transters to obtain first Mo{V) and then Ma{VT) (steps 2 and 4, Fipure 2.8) and two one-electron
transfers from the heme Fe(ll) to the terminal ¢lectron aceptor, cytochrome ¢ {ox) (steps 3 and 5,

Figure 2.8).

Cyt C(red) S04
MOV Fe(IIL) )
Cyt C{ox) 2 804
MCKTYY Tl MOV FelTil}
4 pi
MOV Fe(It]) MOEY) FelID
3
Cyt C (rad) Cyt C {ox)

Figure 2.8 Accepted reaction cycle of the molybdemim-containing enzyme sulfite oxidase [234].

27 Sulitte

Sulfites or sulfiting agent in various forms (sulfur dioxide, sodium and potassiuin
metabisuliite, sodium and potassium bisulfite and sodium sulfite) are widely used as additive in
tood and beverages. It was added 10 prevent oxidation, enzymatic and non-enzymatic browning,
}'.cast and bacterial growth. The sulfite is the allergen. s aflect an hypersensitive individuals
such as asthmetics, pastric irritation, nausea, diarrheal and nettle 1ash or swelling, may have
difficulty breathing within minutes of eating a food containing sulfites [35]. Since 1986, the
United Stales Food and Drug Administration (FAD) have required labeling of products containing
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more than 10 myg L {156 pMj of solfite in food and beverages, In 2002, the Ausiralian Food
Standard Code (AFSC) has regulated that any wine conlaiting added sulfifes in concentration of
10 mg L ar more sold in Austrakia must be Jabeled as such. Therefore a sensilive, easy o applied
and accurate analytical method for the defermination of sulfite is required for control the quality of

manufactured products [36],

18 Reaction

In the previous reports, determination of sulfitc using amperometric detections have
been perforined using a working electrode such as platinum [37], glassy carbon [38] and gold
electrode [39], However, these traditional electrodes somehow have some drawhacks, TFor
cxample, problems associated with the electrade fpuling were found sinec high posilive potential
must be applied for the oxidation of sulfitc (0.8—1.2 V V5 Ag/ApCl). As a result, many substances
can be inferfere the measurement.  Therefore, this work developed the sulfile biosensor
(GC/CNTs-PDDA-AuUNPs/SOx) 1o achieve high sensitivity and selectivity. Performances of the
sulfite biosensor for determination of sulfitc were cxamingd. Biosensor responses were resulted
from 2 approaches (i) SDf’ oxidation reaction and (if) H,0, reduction.

fn the first part, 3Ox enzyme catalyzes the oxidation of sulfiic o sulfale with the
cancomitant reduction of two equivalents of cytochrome C (Cyt C}m as described in Eq.2.2 {40].
In this reaction, sullite oxidation can be monitored amperemetrically at the developed bigsensor

(0.3 V) used in this work. The oxidation current is related to sulfite concentration in the sample.

-

S0x
2 2- " B
503 + HZU + 02 + 2(Cyt 4::]mc — 3(}4 + 2(Cyt (,‘,nm‘d + Hzﬂ7 2.2

In the sccond part, determination of the response current is based on the reduction of
hydrogen peroxide which produced during the enzyme-catalyzed reaction. The reduction of
hydrogen peroxide is deteccted by the amperometric current method {-0.4 V) during reaction at the

enzyime clegtrode as shown in Eq. 2.3,
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HO +2H +2¢ —* JH O
i 2 (2.3}

From the reaction above, operation of the sulfitc biosensor can be schematically is
shown in Figure 2.9. lmitation, the cnzyme (SOx) catalytic oxidizes sulfite to sulfate, and
simultanecusly undergocs reduction at the active sites invalving Cyt C-cofactor.  The reduced
[orm of SOx then reacts with the oxidized form of Cyt €. This process produces the oxidized
form of the enzyme and simultaneously generates the reduced fotm of Cyt C. The reduced form

of Cyt C is re-oxidised at the developed elecirode which constitutes the analytical signal.

GC/CNTs-PDDA-AuNPs/S0x

2-
I( {Cyte) (5800 50,"+0 +H.0
&

{Cytc) 3.
o {Sﬂx}mj 504 + HEOE

Figure 2.9 Schematic diagram showing the various reactions eccunr during operation of the sulfite

bioscnsor.

2.9 Cyelic veltametry (CV)

Cyclic voltametry (CV) is used mainly for acquiring qualitative information about
electrochemical reaction. The power of CV results fTom its ability to rapidly provide considerable
infarmatien on the thermodynamics of redox processes and the kinctics of heterogeneons electron
transfer reactiens and on coupled chemical reactions or absorption processes. The CV is often the
first experiment performed in an clectroanalytical study [42]. The CV consists of scansing

linearly the potential of a stationary working elecirode using a triangular potential wave form is

shown in Figure 2,110,
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Figure 2.10 The wavcform of the potential applied during a typical eyelic voltammetric cxperi-
ment. In this case the initial potential, £, is 0.5 V| the final potlential, £ is -0.5 ¥V and

the scan tate, vis (L1 Vs ' [43].

The information based on sought, single or mulfiple cycles, During the potential
sweep, the potentiostat measures the corrent resulting from the applicd potential.  The resulting
plot of current versus potential was called cyclic voltammogram. A typical cyclic voltammogram

is shown in Figure 2.11. Fipure 2.11 illustrates the n—:xpecteci response of a reversible redox couple

during a single potential cyele,
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Figure 2.11 A 1ypical cyclic voltammogram produced by the application of the potential

waveforin in Figure 2,10 743].

This technique is widely used to the as the experimental, the resulting peak-shaped
signal provides a direct of the (cature of the reduction and exidation processes. Analysis of (he
position and shape of the peaks give important information about the nature of the electrochemical

process taking place and sbout the chemical species themselves.

2.10 Ampecremetry

Amperometry involves the controlled-potential technigues which it is measured the
current response to an applicd potential. It is a method of electrochemical analysis in which the
sigmal of interest, comrent, is linearly dependent upon th_y.e conceniration of the analyte [44].
Oxidation ot reduction of species is generally proformed by working clectrodes and electrons are
transferred frem the analyte to the working electrode. Flow direciion of electrons depends upon
the properties of the analyte and can be controlled by the electric potential applied to the working
electrode. To maintain charge neutrality within the sample, a counfer-reaction occurs at a second

cleetrode, the counter electrode.  The third clectrode acts as a relerence.  During electrolysis, the
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working electrode may acts 45 un anode or a cathode, according to the nature of analyte. The

amperogram shows m Figure 2,12,
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Figure 2.12 The potential- time profile for the stepped or staircase voltage applied to the working

electrode. T . time imerval of the veltage step (=t ), A E__, voltage step of the

drp*

appiied staircase waveform {adopt (rom [45])

Amperometric flow-through detection

Amperometric detectors, which are the most commonly vsed, are of the three-
cleetrode type [45]. The potential of working electrode is set relative to the reference electrode,
the iR drop between the working and auxiliary electrode is compensated by the potentionstat and
the current flowing through the working electrode is the measured signal. The current, which is in
the pA (o pA range, is amplified and recorded as a funciion of the time flow of the mobile phase.
‘This pives the concentration-time profile or chromatogrtam of the analyte in the effluent.

The principle of amperometric detection is outlined in Figure 2.13.
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Figure 2,13 Schematic diagram of amperometric detection. WE-working clectrode; AE—

auxiliary electrode; RE-reference clectrode |45].

2.11 Related rescarch

In 2000, A. K. Abass. et al. |41] developed the amperometric sulfite biosensor based
on 5x enzyme with Cyvt € as cicctron acceptor and 3 screen-printed transducer. The screen-
printed electrodes was deposited onto poly(vinylchloride) (PVC), The working elecirode arca was
constructed using an insulating tape. The amperometric response of sulfite was measured at 0.3 V
in 0.05 M phosphate buffer pH 7.4. The Jinearity was ranged from 4 to750 mg L.

In 2002, J. P, Hart. et al. {46] presented the development of disposable amperometric
sulfur dioxide biosensors based on screen printed electrodes. The sulfite biosensor was fabricated
by immobilizing the S0x enzyme and Cyt C on the screen printed carhon clectrodes (SPCE). The
bioscnsar was prepared by incorporating 1-2 mg of Cyt C and 1.0-0.45 U of SOx enzyme with an
aliquot of buffer and deposiling onto the polycarbonate membrane. Two methods of intcgrating
the enzymc and Cyt C with the SPCE, b-type and s-type bioscnsors, were investigated, The
developed biosensors were measured at the potential of 0.3 V versus Ag/AgCl clecirode. Both
devices gave linear response over the range 4-500 mg L" but the sengitively of the s-type was
highet than the b-type hinsensor, -

In 2005, 5. B. Adeloju. et 1. {47] developed the eleciro-synthesis and characterization
of polypyrrele (PPy)-Dextran {Dex)-SOx composite fitms by using galvanostatic polymerization.
The composite of PPy-Dex-50x film was prepared at the platinum or gold electrode immersed in
the mixture of 0.5 M pyrrole, 0.02 g L' Dex and 2 U mL” SOx enzyme. After that, the solution

was purged with nitrogen and accomplished galvanostatically by applying a enrrent densily of
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0.5 mA ¢ to the working electrode for 30 scconds. The electrochemical detection was
performed in 0.1 M phosphate butter solution containing 0.05 M KC1 pH 7.2 and fixed scan rate
of 50 mV 5. The composite PPy-Dex-S0x electrode shows the mechanical stability of the
cormposite film,

In 2007, E. Dingkaya. et al. [48] presented the sulfite oxidase biosensar based on GC
elecirode coated with thin mercury film. The sulfite biosensor was fabricated by immersing GC
clectrodes in a vollammetric cell containing 10 mL of distilled water and 10 ml. of mercury
plating sohitton (200 mg L HgCl, in 2 M IICL ). Nitrogen gas was bubbled through the cell for
5 min and then the potential betwveen 0.1 and 1.2 V was applicd to clecirode for several times.
Then apply a potential of -0.8 ¥V was maituained for 90 = to deposit mercury onto the electrode
under stirring at 1800 rpm. Then, 50 pL of the medified solution (0.5 U of S0x enzyme
containning 1 mg 50 mL’ gelatin in 0.05 M phosphate buffer pH 7.0) was spread onte the GC
surface and dricd at 4 °C for 1 h. Finally, the modified electrode was immersed in 2.5%
glutaraldehyde (Glu) selution in 0.05 M phosphale buffer for 5 min, The modified electrode was
used as the working electrode, platinum as auxiliary electrode and AgfagCl electrade as reference
elecirode. The results from electrochemical behaviors demonstrate that the fast response, long
lime stability and a good detection range were ablained.

I D Qui. ¢t al. {49] presented the synthesis, characterization and immobilization of
Prussian blue-medified AuNPs nanoparticles application to electrocatalytic reduction of H,0, in
2007. The synthesis of PB@AuNPs nanoparticles was prepared by 10 mL of a tixed aqueous
solution of 1 mM FeCl, 1 mM K, Fe(CN),, 0.1 M KCl and 0.025 M HCl was slowly added to the
10 mL of AuNPs suspension at room temperature with stirring.  After that, stirring for 20 min give
PB@AuNPs hybrid composite particles. Then, the dark-bluc colleidai solution was cenfrifuged
and washed with water. Fivally, the particles were redispersed in ca. 10 mL of water. For the
preparation of the multitayer films was fabricated by layer by layer self-assembly. The tin-doped
indium oxide on glass (1TO) were treated with the 0.5 mg mL poly(aliylamine hydrochlotide)
(PAH) aqueous solution for 5 min, After that washing with water and drying with N,, the
electrode was dipped in PB@AUNPs aqueous solution for 5 min. Then, the electrode was taken
out washed with water and dried with N,. This was defined as one bilayer. Further asscrmble of
the PAH/PB@AuNPs bilayer was repeated to obtain the desired number of layer. The laye-by-




19

layer assembly was prepared by mixing 2 1.5 mL of PAH and 2 ml. of PB@AuNPs particics using
ultrasonicate. After that this solution was droped onto the ITO clcctrode.  The elsetrocatalytic
behavior of the{PAH/PB@AUNPs}, multi layer films toward H,0, was measured at -0.1 mV.
The lincarity was range from 0.01 to 6.0 mM,

In 2008, . Cul. et al. {S0] developed a novel amperometric immunoscnsor based on
AuNPs/CNTs hybrids modificd glass carbon electrode.  In this work, CNTs was chemically
shortened and carboxylated using acid treatment (mixture of H,SO,:IINO, 3:1) fuor 3 h. After that,
the: suspension was separated and washed repeatedly with distilled water by centrifugation until
pH was ~7. The CNT's were functionalized with PDDA by using 0.5 mg mL" of CNTs dispersed
into (.25% PDDA aqueous solution containing 0.5 M NaCl and sonicated for 30 min, Then, the
suspension was centrifuged and rinsed with water for at Jeast three times. Finally, the collected
complex was redispersed in water and the resulting solution was sonicated for 5 min before
preparing the films. The sengor was prepared by coating 5 pL of 5 mg mL" PRONTSs solution on
well-polished GC electrode and drying in silica gel desiccators. Then, the modificd clectrode was
immersed in the AuNPs solution for 30 min and washed with water. The clecirode was stored at
4 °C when not in yse. The last stcp was antibody immobilization and immune reaction procedure
by spreading 5 pL of 0.5 mg mL" Ab, solution ontg the AuNPs/PDCNTs/GC and incubating at
4 *C. The modilied electrode was rinsed with phosphate buffer and 0.05% tween (PRST),
respectivily. The electrodes was blocked with 2% bovine serum albumin (BSA)+H).05% Tween-
20 solution for 1 b at room temperature and washed with PBST. After that, the modified electrode
was inmersed into 60 pl. of HRIP-Ab, or Ab,-AuNPs-HRP bio conjugate, selution for an
incubation of 50 min and washed with water. The resulting clectrode provided a linear range
between (.125-80 ng mL " and L.OD of 40 pg mL.

In 2010, B. Bahmani. ef al. [51] presenicd the development of an electrochemical
sulfite biosensor on conducting polyaniline film, The SOx enzyme was immobilized into the
polyaniline film between the electrochemical polymerization of aniling in a solution of HCI
NaH,PO, (pH 8.5) containing 0.1 M aniline and 2.5 mg mL" of SOx cnzyme. The electro-
polymerization was performed by cyclic voltammetry using potential scan between 1.2 and 0.5 v

versus salrated calomel elecirode (SCE) for 30 min. Then, the modified electrade was dnsed
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with butfer and stored at 5 °C in phosphate buffer (pH & 5) when not in usc. The linear range wias
0.006-5 mM far sulfite and LOD of 0,002 mM (5 = 3).

Tn 2011, R. Rawal. [52] developed the amperometric sulite biosensor based on a
AuNPs/chitosan (CHITWCNTs/Polyaniline (PANI} modified pold clectrode.  The ONTs
suspension was prepared by dispersing 1 g of CNTs in | mL of H,50:HNO, 3:1 and ultra-
sonicating for 24 h. Then, 53 mL of PANI was addad 1o 10 mL of 1 M HCI and mixed with | mL.
of CNTs suspension. ‘Ihis solution was called CNTS/PANL Then the CNT/PANI was
electrodeposited onto the Au clectrode through CV at 0-1.5 V, by immersing the eleetrode into a
solution {20 mL) containing 15 mL of electrolyte (0.1 N KC1} and 5 mL of 0.1 M tris-HC| bufter
(pH 8.5). After thal, the modified elcetrode was washed thoroughly with distilled water, Then, 2
mb of AuNPs were then dissolved inte 2 mL of 0.5% chitesan solution. Next, the AUNPs/CHIT
was adsorbed onto the electrode by dipping into the solution for 3 h and drying in air. Finally, the
100 mL SOx enzyme was immobilized onto the modified electrode at 4 °C avernight and washed
with distilled water, Then, the SOX/AuUNPs/CHIT/CNTs/PANI/Au electrode was dried and stored
in refrigerator at 4 °C when not in use. Then the medificd ¢lectrode was charactorized by CV.
The sensor produced its optimum response within 3 s when operated at 50 mv 8 in 0.1 M
phosphatc buller pH 7.0. The linear range and LOD of the sensor were 0,75-400 M and 0.3 pM
(S/N = 3).

M. Eguilaz. et al. {33] developed a cholesterol biosensor wsing & transduction platform
constinuted of a GC electrode modified with AuNPs/PDDA-CNTs nanccomposite in 2011, The
CNTs were chemically shorten and carboxylated by acid treatment (mixtore of H,$O,:HNO, 3:1)
under ulirasonic stiming for 3 h. After that, the suspension was centrifuged at 14,000 rpm. and
washed repeatedly with DI water until the pH of water was 7. The CNTs-COOH was then
functionalized with PDDA (CNTs-PDDA) by dispersing 10 mg of CNTs-COOH in 20 mL of a
0.25% PDDA aqueous solution containing 0.5 M WaCl and ultrasonic stiring for 30 min, The
resulting dispersion was centrifiged and washed with waier for three times to remove residual
PDDA. Finally, 4 mg of the collected product was dispersed in § mL water and the resulting
salution was sonicated for 5 min before use. Then, the 10 pL of PDDA-CNTs was dropped onto
the glassy carbon electrode surface and dried under IR radiation. Next, 10 uL of AuNPs was
dropped onto the modified elecirode surface and stand for 30 min af 4 *C. Furthermore, the
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enzyme was inimobilized by dropping 5 uL of 200 U mL" ChOx onto the moditied electrode and
then dropping 3 pL of 0.5% Nafion. The develped cholesterol hinsensor (ChOx/AUNPs/PDDAS-
CNTS/GC) gave linear responsc for cholesterol in the 0.02-1.2 mM range with the slope of
223 yA mM" and LOD 4.4 uM. Moreover, the possibility of preparing bienzyme ChOx-IIRP
biosensors using the same clectrode platform was caplored.  The HRP-ChOx/AuNPs/PDDA/-
CNTS/GC electrode was prepared by dropping a 5 pL of 940 U mL" HRP and 200 U ml." ChOx
solwtion. Both biosensors designed in this work were used for detertnination of cholesterol in
human serum samples.

In 2011, A. Salimi. et al [54] presented a novel non-enzymatic hydrogen peroxide
sensor based on single walled carbon tanutubes-manganese complex modified glassy carbon
electrode. The preparation of electrade by 25 pl of 0.5 mg mL " DMSO-CNTs solution was cast
an the surface of (7T electrode and dried in air. After that, the modified electrode was inumersed
in DMF solution containing 5 mM Mn-complex for 20-100 s, after rinsing with water, For
adsorption of Ma-complex on the sorface of reactivate GC clectrode, the process was carried out
in twa steps. First the GC electrode was held under a constant potential of 1.8 ¥ for 5 minin 1 M
1,50, solulion. Second, the preancdized GC electrode was immersed in DMSO solution
confaining SmM of Mn-complex for 1 h. The resulting electrode provided a linear range of
1 yM-1.5 mM and 1.OD of 0.2 uM for H,(,. The developed electrode presented remarkable
catalytic activity, good reproducibility, easy to prepare and long term stability.

I Ping. et al. [55] developed an amperometric sensor based on Prussian blue and poly
{o-phenlenediamine) (POPD) modified glassy carbon electrode for the determinafion of hydrogen
perexidc in beverages in 2011, The electrode was deposited in a solution containing 2.5 mM
Fell, 2.5 mM K Fe(CN),, 0.1 M KCi and 0.1 M HCl at 0.4 V for 40 5. After that, the electrode
was dipped into a solution containing 0.1 M KCl and 0.1 M HC] and electrochemically eycle for
20 titnes between 0.35 and -0.05 V at scan ratc 0.05 V5. Then, the cloctrode was washed with
water and dricd for 1 b at 100 °C in an oven. Next, the electropolymetization of POPD layer by
cycling the applied potential from -0.05 10 0.8 V for 15 cycles at (.01 V s of scan rate in a
phosphate buffer containing 5.0 mM OPD monomcr. Finally, the developed electrode was placed
into the phosphate buffer for 20 min to achieve cquilibtium of the films, The developed electrode
shows the lincar range from 1.0 pM-0.12 mM and LOD of 0.05 pM for 1,0,
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In 204, H. M. Moghaddam. ¢t al. [56] developed nanostructure-based clectrochemical
sensor for determination of sulfile. The electrode was prepared by mixing 001 g of
benzoylferrocene (BF) with 0.59 g graphite powder and 0.1 g CNTs with a mortar and pestle.
Then, ~ 0.7 mlL of paraffin was added to the mixture and mixed until a uniformly-wencd paste
was obtained. The paste was packed into the end ol a glassy tube. Then, the copper wire inserted
into the cathon paste provided the elecirical comtact. After that, the modified electrode was
charagterized by CV, chronoamperometry and square wave voltammeter. The lincar range

exhibits from 1.0x10" to 4.0% 1{}4 M and LOD of 90 nM for sulfite.




3.1 Insirumentation

Cquipments used in this work were list in table 3.1

CHAPTER 3
EXPERIMENTAL

Table 3.1 Instrumentation used for cyclic voltammetric, F1A and nanoeotnposite chamcterized

experimentals.
Instrument Model Company
Cyclic veltawmmetry
Potentiostat EA 16] cDAQ, Australia
e-Corder 210 eDAC), Australia
Data System e-Chem (v2. 0. 13) cDAQ, Australia
Working clectrode {flassy carbon ¢lectrode (3 mm) CH Instruments, TISA
Auxiliary electrode Pt wirce CH Instroments, TISA

Reference electrode

AgiApCl clectrode (3 M KC1)

CH Instruments, USA

Stirrer COLGR SQUID Pradigy Science Instruments
FIA experiments
Injection 20 pL injection loop Bheodyne, USA
Pomp LC-10AD Shimadzu
Detector
Potentipsiat EA 161 eDAL), Ausiralia
e-Corder 210 eDDAL), Australia

Daata system

e-DA{)-chart (v, 5.5.15}

eDAL), Autralia
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Tabie 3.1 Instrumentation used for ¢yclic voltammetric, FIA and nanocomposite chatacterized

experimentals {Coutinued).
Inslrument Model “ -;:omp any
Thin layer flow cell ME-1048 BASI
Working clecirodc Glassy carbon electrode (3 mm) CII [nstuments, 1754
Auxiliary electrode Stainless steel ube CH Insiruments, USA
Reference electrode Ag/AgCl clectrode (3 M KCI) CH Instruraenus, USA

Nanacampasite characterigation

IV -visg Lamda 25
ATM XE-100
IR Spectmim RX 1

SEM JSEM 5410-1Y

Perkin Elmer
Park systems
Perkin Elmer
JEQL

3.2 Reagents and Chemical

All chemicals used in this work were summarized in Table 3.2

Table 3.2 List of reagents, grade and their supplicrs,

Chemical and reagent Grade Supplier
Sullite oxidase {SOx) from chicken liver  High purity ProMique Scictifics ng,
{30-70 Umg ) (Castle Rack, USA)
Cytachrome C (Cyt C) from horse heart Laboratory Acros Organic
Sodium sulfite (Na,50.) Reagent Sigma-Aldrich
Hydrogen tetrachloroaucate Lahoratory Acros Organic
{HAuClL3 H,0)
Poly{diallydimethylamoninm chloride} Low molecular Sigma-Aldrich
(PDDA) weight, 20 wt, % in

water
Sodium hydrogen phosphate (NalH,PO,}  Analysis Carlo Erba
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Tuhle 3.2 List of reagents, grade and their suppliers. {Continued)

Chemical amd reagent Grade Supplier
di-Sodium hydrogen phosphate Analysis Carlo Erba
anhydrows {Na, HPG -H )

Glueose {CH O ACSK Sigma-Aldrich
Fructose (C Hix0 E|:I' AR Sigma-Aldrich
Sucrose (C,H,,C, ) AR - Sigma-Aldrich
Ascorbic acid (C LG} AR Sigma-Aldrich
Sodium chloride {MNaCI) ACS Carlo Erba
Sodium sulfate {Na,50,} ACS Carlo Erba
Sodium acctate (NaCH,COQ) ACS Catlo Erba
Potassium iodide (K1) ACS Carlo Erba
Sodium nitrate (NaNQ,) AR Sigma-Aldrich
Cthanol (CH,CHOH) ACSH Carlo Erba

3.3 Chemical preparation

The followings include the preparation procédurcs of solutions and synthesis of
AuNPs and other solutions used in this work,

0.5 M sulfite splutton

Solution of 0.5 M sulfite solution was prepared by dissolving 630020005 g in 0.1 M
phosphate huffer pH 7.0 and diluted to 100 mL in volumetric flask with the buffer.

0.1 M Disodium hydrogen phosphate (Na,HPQ -H,0) selution

L1.87 g of Na,HPO, was dissolved and diluted with deionized water to 1 L volumetric
flask to give a 0.1 M Na,HPO, solution.

0.1 M Sodium dihydrogen phosphate (NaH,PO,) solutien

9.07 g of Nall,PO, was dissolved and diluted with deionized water to 1 L volumetric
flask to give 2 0.1 M Nal PO, solution.
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0.1 M Phosphate buffer pH 8.0

0.1 M Phaosphate bulfer pH 8.0 was prepared by mixing 96.3 ml. of 0.1 M Na,HPO,
and 3.7 ml of 0.1 M NaH, PO, then the mixture was adjusted to pH 8.0

0.M % Glutaraldehyde (Gla) solution

0.01% Glu solution was prepared by pipette 400 pL from 0.23% Glu stock solution
then diluted with deionized water to 10 mL volumetric flask.

6 mg mL"' Cytochrome C (Cyt C)

Splution of 6 mg mL" Cyt C was prepared by dissolving 6 mg Cyt C in 1 ml of 0.05
M phosphate buffer pH 7.0,

0.3 U mL"' sulfite oxidase enzyme {80x)

0.3 UmL" SOx enzyme was prepated by diluting 100 pL of 3 U mg’" with 900 uL of
3.2 M ammonimwn sulfate ((NH,), 5O )} of pH 7.5.

0.02 % AuNPs

0.02% AulMNPs was synthesized according to the method developed by Y.Zhou. et al
[37). Briefly, 10 ml of (L02% HAuC], solution was beiled thoroughly. Then, 2 mL of 28,8 mM
sodigm cilrate was added under stirring.  Afier that, the color of solntion was changed from vellow
to red, the solotion was further boiled for 5 min.  Then the soluion was cooled to Toom
temperature and stored in 4°C,

CNTs-FDDA

CNTs was chemically shorien and carboxylated by acid ireatment {mixture of
H,50,:HNO, 3:1) under ultrasenic stirring for 5 h, Afier that, the suspension was centrifuged wt
10,000 rpm and washed repeatedly with deionization water ontil the pH of water was 7.0. The
resulting product was then dried ar 110 2C, The CNTs-COOH was then functionalized with
PDDA {CNTs-PDDA) using the methed adopted from Cui. et al {46]. Briefly, 10 mg of CNTs-
COOH were dispersed in 20 mL of a 0.25% PDDA aqueous solution contzining 0.5 M NaCl and
ultrasonie stirting for 30 min.  The resulting dispersion was centrifuged and washed with water for
three times to remove residual PDDA. Finally, 4 mg of the collected product was dispersed in

1 mL water and the resulting solution was sonicated for 30 min befare use.
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3.4 Electrode preparation

Preparation of GC/UCNT s-PDDA-AuNPs/S50x

4 ul. of the 4 myg mL" CNTs-PBDA solution was casted on the surface of the well-
polished glassy carbon ((GC) electrode., and then dried at ambient temperature. The surface of the
electrade was further coated with 40 pl. of 0L02% AuNPs solution, Afler tha, immabilization of
SO was cartwd oul by dropping 15 pl ol solution containing of SOx (0.1 U mg-l] and Cyt C
{4 my mL-lJI onto the moditied electrode. Finally, 15 pL of 0.01% plutaraldehyde was dropped on

the modificd cleetrode and dried av room tempersture. Figure 3.1 is shown diagram lor

preparation of GC/OCNTs-PDDA-AUNP/SOx.

CNTs-PDDA, 40 pl. AuNPs, 40 uL.  Cy1C+50x, 15 pl Glu, 15 pL

' } ;
=t

GUICNTs-PDDA-AuNDsS0x

Figure 3.1 Schematic diagram ol modilication steps Tor preparation of the developed sulfie

bioscnsor (GOACN Pe-PRDIA-AUNPs/S0K),

2.5 Measurement procedures

3.5.1 Detection in batch mode
An cDAQ potentinstal (maded A L61) equipped with e<Corder {model 210}
with three electrode system was used for all the cyclic veltammetric studics,  Lleetrocherrmical
oxidation of sullite was studied at the developed blosensor using cyelic wollammetry and
amperometry. The modified electrods was vsed as a working electrode, AgiApCl as a reference
electrode and I wire as a counter elecirode. 0.1 M phosphate buller pH 5 wus used as a

sopporting elecirolyte. Figure 3.2 is shown the set up of the system used for all the studics.
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Polcrtiostat

Figure 3.2 Phoiograph of the set up for cyclic voltammetric measurements; potentiostat {¢-DAQ)
voliammeiric ceil; (vial 23 mL); working electrode (GU or modified GO, referenee

gleetrode (AgAgCD; anxiliary electrode (Pt wire),

351 Amperometric detection in flow system
The flow injection analysis system used for the amperometric measurements,
way cotnprised of a pump {model LC-10ADY}, imection valve equipped with 20 yl. injection loop,
an cDACQ potentiostat {model ¥A161), ¢-Corder (madel 210) and flow celt (model LT G18) with
three electtode system. The moditied electrode was used as 3 warking electrode, Ag/AgCl as a
reference electrode and u stainless steel tube as an auxiliary electrode. (.1 M phosphate buffer pH
80 was used as a carmier solution. Figurc 3.3 shows the set up of the sysictn wsed for

amperometric detection in flow system.
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Pump

QD__ Flow cclt > Woisle
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Carrier: phosphate Data processing

bufter pH 8.0

HP L pump

1
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Figure 3.3 Manifold of flow injection analysis (a) used in this work and photograph of the st up
fur amperometric detection in flow syslem (b) using a e-DAQ potentiostat, 1V:
[njection valve, Tnjection valve was equipped with 20 L loop. Thin layer flow cell
are the three cleetrode type, WE: working clegtrode, AE: stainless steel tube and RE:

ArfAgCl electrode.




3.6 Sample preparation

Eleven commercial producls of beverages were employed in validation of the mclhod.
Meture of samples used in this work, shown in Figure 34, Those products were bought from
Teseo Lotus and One Tamben Ong Product (OTOPY in Ubon Ratchathani province.,  In the
analysis, sample was filtered wilth syringe filler (nylon. 13 mm, 0.22 pm}. Then 5 mb of sample

was added into 10 mL volumeiric Mask and diluted with 0.1 M phosphale buffer pII 7.0.

Figure 3.4 Sample of beers (Chang, Hicncgen and Singha) and wines (French white wine,
Mamaow wine, Mulberry, Berri estates bin 777, Sicilian, Berri estates bin 222,

Marsol and South Attica).
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3.7 Proccdure

3.7.1 Purt I: Elecirochemical detection of sulfite oxidation on sulfite based-
binsensor
3.7.1.1 Cyclic voltammetric study af sulfite oxidation
The unique electrochemical behavior of sulfite oxidation was studied at
the modilied electrode compared with bare GC electrode, The cyclic voitammograms at the bare
GC {a) and modificd clectrode of GUACNTs-PDDA-AUNPsS50x (b) in the absence and presence
of sulfite were measured using cyelic voltammetry. The resulls discossed in Section 4.1.1.
3.7.1.2 Stwdied of parameicrs that affect the sensitivity of biosensor
1} Effect of CNTs-PDDA loading
Optimization of the CNTs-PIXDA inodified amount was itrvestigated
using amperamery to Tind the most sensitivity condition for sulfite detection. CNTs-PDDA was
studicd in the range 0-8 mg mL"’. Results of CNTs-PDDA amount arc discussed in Section
4121,
2) Effect of gold nanoparticles (AuNPs) loading
The cffect of AuNPs conceniration in modified solution was siudied
in the range 0-0.1 %. Resents arc discussed in Section 4.1.2.2.
3) Effect of cytochrome € (Cyt C) leading
The effect of Cyt C conceniration used for the medification was
investigated in the range 0-16 my mL". The result was iustrated in Scetion 4.1.2.3.
43 Effect of sulfite oxidase enzgyme {S0x) loading
The influence of SOx loading was studicd in the concentration range
of 0-0.3 mg ml". Resuits are presented in Section 4.1.2.4.
5) Effect of buffer pH (phosphate buffer solution), 0.1 M
The effect of buffer pH on oxidation peak current of sulfite at the
GC/CNTs-PDDA-AuNP/SOx electrode was investigated over the range-5-% using 0.1 M
phosphate buffer solution as supporting electroiyte. Cyclic voltammograms of sulfite were

recorded using electrolyte soletion of varying pH. The results are presented in Section 4.1.2.5.
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3.7.1L.3 Cyclic voltammetry (CV) of potential inferfercnees
In order 10 test possibility of using the developed bioscnsor with
beverage samples, the signals of foreign ions on the bioscnsor were investigaied. The cyclic
voltamograms of potential interferenees (glucose, fructose, surcose, NaNO,, CHa,CHlOH,
NaCILCO0, Kl, ascorbic acid, NaCl and Na_$0,) un the sulfite biosensor were examined in 0.1
M phosphate huffer pH 8.0, The results are presented in Section4.1.3.
3.7.1.4 The apparcat Michaclis-Menten constant (K, )
The apparent Michaclis—Menten constant {Km‘w], can be calculated by
the Lincweaver—Burk equation follow by equation 4.3, The Michaelis—Menten equation is used o
determine the kinetic properties of isolated enzymes. 1t is also used in modeling the dynamics of
cnzyme systems and displayed escillatory behavior. If low oscillatory reactions is shown the
many biochemical processes catalyzed by enzymes. K";“JP was studied in the range
0.025-0.25 mM using amperometry in phosphate buffer pH 8.0. The rcsults are presented in
Section 4.1.4
3.7.1.5 Scanrate dependence study
The eyclic voltammograms of sulfite on the sulfite biosensor were
examined in .1 M phasphate buffer pH 4.0 using various scan rate. The peak currents of solfites
oxidation at various polential scan rates {0.01, 0.02, 0.03, 005, 0.06 and 010 V s were
investigated. The results are discussed in Section 4.1.5,
3.7.1.6 Stahility study
The stability of the GC/CNTs-PDDA-AuNPs/S0x biosensor for
detection of sulfilc oxidation was siudies. The GC/CNTs-PDDA-AuNPs/SOx electrode was
stored in vial over a 0.1 M phosphate buffer pH 7.0 and kept at 4 °C when not use. The sulfite
oxidation current were measuted at a GC/CNTs-PDDA-AuNPs/SOx electrode when stored for 0,
1,2,3,4,5,7, 14 and 30 days. Results arc presented in Section 4.1.6.
3.7.1.7 Amperomeiric detection of sulfite in the developed FIA system
1) Optimum potential for amperometric detection
The influence of potential for amperometric detection was studied in

the range 0-1 ¥. Resolts arc discussed in Section 4.1.7.1 _
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2) Optimum Low rate
Optimization of [low rate lor sulfilc detection was smdied between
0.5t0 2.0 mL min . Results are presented in Section 4.1.7.2.
3) Analytical foatures
- Lincar concentration rangc

Standard calibration of sulfite were prepared by dilating the
appropriate amount in 0.1 M phosphate buffer pIi 8.0 to give working solution in the range
2200 mg 1" 20 il of each standard was injecled into the FTA sysiem wsing flow rate of
1.0 mL min" and 0.1 M phosphate buller pH 3.0 as a carrier solution. Ampcrometric responses
were recorded using the applied patential of 0.3 V. Results were shown in Section 4.1.7.3, 1)

- Limit of delection

In this study, the limit of detection was caleulaied by injecting
5 mp L" of standard sulfite solution 20 times. The sighal walue of 3 times standard deviation
{35D) was caleulated. Results were presemied in Section 4.1.7.3, 2}

= Interference shrdy

In this study, the effect of foreign ions, including compounds that
are likely to exist in the sample was investigated. The concentration of the foreipn species that
provide signal change greater than 5% was considered as the tolerance limit. The foreigm ions
used in this study were glucose, fructose, sucrese, NaNO,, CH,CHOH, NaCH,COO, KI, ascorbic
acid, NaCl and Na,80,. The results are discussed in Section 4.1.7.3, 3).

-~ Method validation

Standard method {lodometric method)

The iodometric titration of sulfite was performed according to the
official method. A back titration mode was used to avoid sulfite loss in the form of 50, in acidic
environment. 5 mL of standard 0,0002 M peiassium igdate (KI0O,) was added in the 230,68 mL
conical flask followed by 2.5 mL of 3 M sulfuric acid (H,S0,). Then 2.5 mL of 0.1506 M
potassivm jodide (KT} was pipetted into the conical flask and 5.0 mL of sample was added. After
that, this mixture solution was immediately titrated with 8.0025 M sodium thiosultate (Na_$,0.) to
a light yellow color. Then 6.5 mL of starch indicator was added and continued the titration unti

the iodine-starch complex become colorless.
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FT-sulfite biosensor
The samples were diluted 2 times using 0.1 M phosphate bufter
pH 8.0 prior to the FLA system. The sulfite concentration was calculated using external calibration
curve, Results are presented in Section 4.1.7.3,4).
3.7.2 Part II; Indirect method Lor sulllte hased-hiosensor
3.7.2.1 Cyclic voltammetric stady of H 0}, reduction
‘The wnigue ¢lectrochemical behavior of sulfite reduction was studicd at
diffcrent modified electrode materials. The cyclic voltammograms at the bare GC (a} and sulfite
hinsensor {GC/CN Ts-PDDA-AuNPs/S0%) (b) in the absence and presence of H,O, wore measured
using cyclic volatmmetry. The results discussed it Scction 4.2.1.
3.7.2.2 Cptinmm potential for amperometric detection of HO,
Optimization of the potential for amperometric delcetion was
investigated between 0 to -0.1 ¥ using amperometry. Resulis arc discussed in Section 4.2.2,
3.7.2.3 Analyiical feature
1) Linear range
Calibration standards of sulfite werc prepared by dilufing the
appropriate amount in ¢.1 M phosphate buffer pH 8.0 to give working solution in the range
500-2000 mg L. 20 pL of each standard was injected into the FIA system using flow rate of
10 mL min” and 0.1 M phosphate buffer pH £.0 as a carrier solution. Ampcrometric responses
were recorded using the applied potential of -0.4 V. Results were shown in Section 4.2.3.1.
2}y Limit of detection
In this study, the limit of detection was investigated by repetitive
injections of 500 mg L' sulfitc standard solution (n=20). The signal value of 3 times standard
deviation was caleulated, Results were presented in Section 4.2.3.2.
3.7.3 Characterization of the nanocomposites
3.7.3.1 UV-Visibic speciroscopy
UV-Visible spectra were measured in a 1 cm path length quartz cell
using a Lamda 25 spectrophotometer from Perkin Elmer company, The samples were dissotved in

deionization water. Results were presented in Section 4.3.1.
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31732 Infrared spectroscopy (IR)

Infrared spectroscopy is an mporlant weehnigue in the functional proups
identitication in meolecules. The study was carried out with FT-IR specirometry from Perkin-
Elmer, model: Spectrum RX 1 as shown in Figure 3.6. The range of measurement was sct between
500 cm” and 4000 cm . Results are discussed in Section 4.3.2.

3.7.3.3 Scanmning eleciron micrascopy (SEM)

The morphology of the composite material modificd clecurode {CNT-
COOH, CNTs-PDNRA, ONTs-PDDA-AUNPs and CNTs-PDDRA- AuNPw/S0x) surface was studied
with scanning clectron microscopy (JSM 5410-1.¥, JEOLY. Sample was attached on SEM stubs
and then sputier coated with pold before investigated by SFM. Results are presented in Section
433

3.7.34 Atomic furee microscopy (ATM)

The surface morphology of the composite material modified clectrode

{CN1-COOH, CNTs-PDRA, CNTs-PDDA-AUNPs and CN1s-PDBDA-AuNPs/SOx} sorface was

studied by using AFM maodel XE-100. Results are discnssed in Section 4.3.4,

Figure 3.5 UV-Vis spectrometer (Lamda 25, Perkin Elmer)




Figure 3.6 FI-IR spectrometer {Spectrum KX 1, Porkin-Elmer)

Figurc 3.7 Scanning electron microscope (FSM 5410-LV_ JEOL).

6




Figure 3.8 Atomic [orce microscope (XE-100, Park Sysictn)




CHAPTER 4

RESULTS AND DISCUSSION

4.1 Part1; Electrochemical detection of sulfite oxidation on the developed sutlite blosensor

4.1.1 Cyelic voliammetrie sindy of sulfite oxidation

The clecirochemical behavior of 51I11ﬁte at modified sulfite bivsensor
(GC/ONTPDDA-AuNP/S0x} was studicd using eyclic voltammetry (CV} The GC or sulfite
biosensor was used as a working clecrode, AgfAgCl as a reference electrode and Pt wite as an
auxiliary electrode. Figure 4.1 comparad the response obtained from bare GO and the developed
sulfite biosensor toward the electro-oxidation of sulfite n 0.1 M phosphate buffer (pH 7.0).
Sulfite oxidation is an clectrochemically irveversible process. Bare GO electrode results in g peak
shape signal at aboiu 085 V versus Ag/ApCl whereas the developed sulfite biosensor provides
the oxidation peak at 0.30 V. These results show that sulfite oXidase (SOx} immeobilized on the
CNTs-PODA-AuNPs composite reduces the owverpotential of sulfite oxidation and imparts
cleetrocatalytic activity for sulfite oxidation, Enzyme 80X was effectively immobilized on the
biocompatible malriz of CNTs-PDDA-AuNPs and eytochrome € (Cyt C) to produce a selective

anid sensitive electrode lor sullite deteclion,
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Figure 4.1 Solid lines arc the ¢yelic voltammograms obtained for 4 mM sulfite on a) bate glassy
carbon electrode (GC) and b)) medifled suifite bicsensor (GC/CNTs-PDDA-
AuNPs/SOx). Background voltammograms (0.1 M phosphate buffer, pH 7.0) are also

shown as dofted for both electrodes. The scan rate was fixed at 50 my s-l,
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4.1.2 Studied of parameters that effect the sensitivity of the developed biesensor
4.1.2.1 Effect of CNTs-PDDA loading

Parameters affecting amperometric defection of sulfite at modified
sulfite biosensor were examined using the potential of 0.3 V. The cffect of CNTs-PDBDA
concentration used for clectrode modification on the curtent signal was studicd [rom
Gto 8 mg ml". As shown in Figur: 4.2 the current response increased with inereasing CNTs-
PDDA loading [rom O to 4 mg mi'. A slightly decreased of coment response from 4 o
g my ml.". As demonstrated, a cationic pelyelectrolyte of PDDA was absorbed on the surface of
the CNTs by clectrostatic interaction between nepgatively charged of carbuxyl groups on the CN'1s
sutface and positively charped of polyeletrolyte chain [58]. As the rosulis, the CNTs-PDDA
properties of promoted eleciron transter befween the electroactive species and elecirode was
described by Y.C. Tasi. ¢t al. [59]. Therefore, 4 mg mL’ CNTs-PDDA was chosen for modified

electrade and for further experimenis.

30

104 ©
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T T T T T
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Figure 4.2 The effect of the concentration of CNTs-PDDA (mg mL-L} on the amperomeiric
respotse of oxidation current to 0.5 mM sulfite solution in 0.1 M phosphate boffer

solution pH 8.0 at potential of 0.3 V.
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4.1.2.2 Effuet of gold nanoparticles (AuNPs) loading

The concentration of AuNPs is a key factor in this enyme—based
hinsensor. 1n this study, optitnization was investigated. Figure 4.3 is shuwn the effect of AuNPs
loading between 0-0.1% on the oxidation current of sulfite. The current inercased with increasing
amount of AuNPs from 6 to 0.02%. This was probably becanse the amount ol absorbed enzyme
increased due to increasing surlace arca. For the amount of AsNPs abave 0.02% the oxidation
current declined probably because the disconlinuous assembly of enzymes on too many AulNPs or
mass-transfer processes of substratc and product. Therefore, AuMPs concentration of 01.02%

which provided the maximum current was selected as the optimum for the biosensor fabrication.

T

20 \.

104

Current (LA)

T 1 I T T T
0.00 002 1.04 .04 o8 110
Coneendration of AuNPs (%)

Figure 4.3 Dependence of AuNPs concentration (35) on the oxidation current. The concentration

of sulfite is 0.5 mM in 0.1 M phosphate buffer solution of pIT &0 at potential of
3V,
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4.1.2.3 Effect of cytochrome C (Cyt C} loading

The effeet of Cyt C loading on curent response was studicd to optimize
the elecirade performance. As seen in Figure 4.4, the corrent responses increased with lhe
increase of Cyt C concentration [fom O w 4 mg ml.”". The results indicated thal the Cyt C
promoted the cleetron transfer of SOx. The electrons transfer might be altributed to the following
factor.  First, the co-immobilization between Cyt C and S0x might results in an optimal
conformation to facihitate clociron ransfer, Second, the electron produced frotn one protein could
transfer to electron surface by the other protein, Tinally, the interaction between SOx and Cyt C
might resuli in porous structure which was helpful for the electron fransfer by the diffusion of
electrolyte between profcins and clectrode sueface |60]. The oxidation current declined when
amousit of Cyt C above 4 mg mL"'. The decreasing of the current responses might be aseribed to
the thick snd dense Cyt € and 80x layer, especially the protein part of Cyt C and 50x, which
hindered the electron tramsfer. Thus, o make a sensitive biosensor, 4 mg ml." of Cyt

concentralion was selected for further investigations.
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Figure 4.4 Dependence of ¢ytochrome C conceniration (mg mL'L} on the oxidation current.

The ¢oncentration of sulfite is 0.5 mM in .1 M phosphate buffer solution of pH 8.0
at patential of 0.3 V.
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4.1.2.4 Effect of sulfite oxidase enzyme (50x) loading

The effect of S0x concenlration on the biosensor response was studied.
T'he results are illustrated in Figure 4.5, Tt was found that the current rosponses incrgased with
increasing the S0x concentration and reached the maximum value at 0.1 U mi". Further
increasing of the SOX concetiration, the oxidation cuwrent tended to decrease. This behavior is
typical for the enzyme-basced biosensors |61, 62]. Using of higher enzyine activity resulted in a
gradual decrease in bigwensor response (concentration above 0L U mL_!} probably due to the more
intensive crosslinking which constitutcd a diffusion barrier for the substate. This result was
consistance with the study investigated by Dinckaya. ¢t al. [48]. Thus, 0.1 U mL' $0x was

chosen lor subsequent experiments.
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Figure 4.5 Dependence of sulfite oxidase enzyme concentration (U mL ") on the oxidation current.

The concentration of sulfite is 0.5 mM in 0.1 M phosphale buffer solution of pH 8.0 at
potential of 0.3 V.,




4.1.2.5 Effect ol bulfer pH (phosphate buffer solution), 0.1 M

44

The influence of piis were studied becanse it is a critical parameter in

the determination of eneyme activity, The ellects of pHs on the analytical response of moditicd

sultite hinsensar were studied in the range 3.0 w0 940 in 0.1 M phosphate buffer solution using

cyclic voltammetty. Tigure 4.6a is shuwn Lhe signal of 4 oM sulfile at vartous buffers, It was

observed that the peak potential valoes of peak shified slightly towards less values (Figure 4.6b),

when the pH is increased. Figure 4 6c iz shown that increasing of current responses when the pH

is increased until the pH 8.0 and above pH 8.0 the current responses is decrcased. This indicated

that pIT 8.0 was the optimom pIT. This pH, biomaolecoles retain their natural strnctures and itz do

not get denatured. These results were similar to previous work reported by P. Kalimuthu. et al.

[63]. Thercfore, 6.1 M phosphate buller pH 8.0 was selectéd for further study.
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4.1.3 Cyclic voltammetry {CY) of the potential interferences

The selectivity of modified sullite biosensor was studied by cyclic voltammetry.
The cyclic voltammegrams of potential interferences such as sugar, ions and vitamins were
measured ina 0.1 M phosphate pH 8.0 with the modified sullite biosensor as a working electrode,
ArfArCl as a reference electrode and PU wire as an auxiliary electrode.  These imerfercnees
{sugar, ions and vitamins) contain the wines and beers sample, Fipure 4.7 is shown the cyelic
voltammograms of substances including giucose, fructose, NaNQ,, Ma,50,. suerose, NaCl,
NaCH,CO0, CH,CH,CH and ascorbic acid. The cyclic voltammograms of these substances were
not well appeared peaks at the potential from 0 to 1 ¥. But the oxidation wave of KI was
observed at about 0.5 V. The results indicated that mast of thc sample constituents such as
glucose, fmctose, NalNO,, Ma,50,, sucrose, NaCl, NaCH,COO, CH . CH,OH, ascorbic acid and K1
did not interfere with the detection of sulfite at the developed biosensor. This indicated that the

developed modified sulfite biosensor was selective for sulfite determination.
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Figure 4.7 Cyclic voltammogran of substances, a) fructose, b) glucose, ) NaNO,, d} Na,80,, &)

sucrose, f) NaCl, g) MaCH,CCO, h} CH,CH,OH, i} ascorbic acid and i¥ K1

concentration of 12 mM in 0.1 M phosphate boffer pH 8.0. The scan rate was fixed at

50mVs.




47

4.1.4 The apparent Michaelis-Menten constant (K_™")

The amperometric measurements using the modified sulfite biosensor was
investigated by successively adding sulfite to a continuous stirring 20 mL of 0.1 M phosphate
buffer pH 8.0 under the optimized condition (The amperogram is shown in Figure A.5). Figure
4.8a is shown the dependency of current response on sulfite concentration. The current increases
when the concentration of sulfite increases. The Kmapp gave an indication of enzyme-substrate
kinetics, could be estimated from the electrochemical version of the Lineweaver-Burk equation

(4.1) [64].

1 1 K
._=1 +I = (4.1)

Where c is a substrate concentration in a bulk solution, /_ the steady-state current after
the addition of substrate and 7 is the maximum current measured under saturated substrate
conditions. A low Kmapp value indicates a strong substrate binding and demonstrates a higher
affinity of sulfite for the modified electrode. On the other hand, a high K™ value means a lot of
substrate must be present to saturate the enzyme, meaning the enzyme has low affinity for the
substrate. Figure 4.8b is shown the Lineweaver-Burk plot of SOx immobilized on the modified
electrode in the presence of different concentration of sulfite. The calculated Kmapp is 0.49 mM,
indicating that the modified sulfite electrde obtained represents a strong substrate binding and

demonstrates a high affinity of sulfite for the modified electrode.
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Figure 4.8 a) Amperomeric response of modified sulfite biosensor toward sulfite in the

concentration range 0.025-0.25 mM and b) Linerweaver-Bulk plot of sulfite

immobilized on the sulfite biosensor.

4.1.5 Scan rate dependence study

Cyclic voltammograms of sulfite on the sulfite biosensor (GC/CNTs-PDDA-
AuNPs/SOx) were investigated at different scan rates, the results are shown in Figure 4.9. It can
be observed in Figure 4.9a that the oxidation peak potential shift to more positive potentials with
increasing scan rate. Because increasing the scan rate can decrease the effect of a coupled
chemical reaction, since the reaction has less time to occur. Also, a plot of peak current versus the
square root of scan rate was found to be linear in the range from 0.01 to 0.1 V s'. Linear
regression equation gave y=769.51x-48.68 (t' = 0.9942). This indicated that the sulfite oxidation

is a diffusion controlled process [65].
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Fignre 4.9 4) Cyclic voltammograms, obtained at various scan rates for 4 mM sulfite in 0.1 M
phosphate huffer {pH 2.0) at modified sulfite biosensor and b) linear relationship

between oxidation peak currents and square root of the scan rate.

4.1.6 Sability study
The sivrage stability of the developed sulfite sensor was invesligaled m 0.1 M
phosphate buffor pH 7.0, The sulfite oxidation current was measured when stored fur 0, 1, 2, 3, 4,
56,7, 15 and 30 days. The relative oxidation currctit was caleulated and plotted versus storage
time, Relatiotship between percentages of relative oxidation currents and stotage Ume (day) was
shown in Figure 4,10 The results indicated that relative axidation current ol 80 % can be

abtained afier stored for 30 days. This indicated high stability of the developed biosensar.
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Figore 4,10 The storage stability of the GC/CNTs-PDDA-AuNPs/SOx using 0.05 mM sullite.

4.1.7 Amperometric detection of sulfite in the developed FL& system
4.1.7.1 Optimuam potential for amperometric detection

The detection potential affects the sensitivity of current signal of an
analyte. In order to obtain the optimal potential far amperometric detection in FIA, hydrodynamie
vollammetric behavior of sulfite was investigated, 10 mg L of sulfite solution was injected into
the flow system with varying detection potential from 0.0 to 1.0 V. Ag shown in Figure 4.11, the
oxidation current rises from the potential range 0.0 to 0.3 'V, then decrease rapidly above 0.3 W
and saturated at potential above 0.6 Y. The potential at 0.3 ¥V provided (he maximum peak area
and therefore it was selected as the optimum potential. The results indicated that electrocatalytic
activity of cnzyme SOx incarporaled with the mattix GC/CNTs-PDDA-AuNPs/50% toward the
oxidation of sulfite enables the biosensor can be effectively detect at low potential. The advantage
of detection at low potential is low neise and background current [66]. This potential was similar
te previous work reporied by R, Rewal. ot al. [67], who studied amperometric sulfite biosensor
based on SOx/PBNPs (Prussian bluc nanopanticle WPPY (polypyrrole composite) clectrodeposition
cnto the surface of indium tin oxide {(ITO) clectrode.
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Figure 4,11 Influence of the applied potential on the biosensor response for 10 mg L sulfite,

4. 1.7.2 Opticum Hlow rate

In order to achieve the satisfactory scnsitivity and sample throughput,
the ¢ffect of flow rate on the modified sulfite biosensor response was optimized by injeetion of
10 mg 1" sulfite into the carrier stream (0.1 M phosphate buffer pH 8.0). The flow rale was
between 0.5 to 2 mE min™ Figure 4,12 is shown that the responses decrease with the increasing
flow ratc from 0.5 to 2 mL min . This behavior is in agreement with theorefical expeclations
hasced on laminar flow assumptions under conditions of mass ransport contrel [68]. However,
increasing flow rate increases sample throughput. To balance betwesn response and sample

throughput, the flow rate of 1,0 mL min” was selected as the optimum for future experimental.
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Figurc 4.12 Effect of the flow rate on sulfite biosensor response and sample throughput.

4.1.7.3 Analytical feature
1} Lincar concentration range
The analytical performance of the FI method with amperomelric
detection at the developed sulfite biosensor was examined. Figure 4.13 shows the effect of sulfite
concentration on cerrent signal with different conceniration bebween 2-200 mg L", with the thres
replicate  injeclions.  The results demonstrated the regression cquation  y=204 66x-715.65
(r'=0.9991), when y and x arc the peak arca (pA. min} and sulfitc concentration {mg L'1},

respectively.
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Figure 4,13 FIA grams obtained [rom infections of sulfile standards. The inset shows the linear

relationship between the signal of sulfite and the concentration.

2] Limit of detection
The defection limit was performed by 5 mg L sulfite with the
twenty replicate injections inte a carrier solution of 0.1 M phosphate butfer pH 8.0. The result is
shown in Figure 4.14. The detection limit (3o} was 1.3 mg 1", The system provides an
impressively good precision {%FL5.D=3.8, n=20). High precision of the developed sysiem
demonstrates good stability of the immobilized engyme in spite of the hydrodynamic condition,

Throughput of sample is 57 samples b,
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Figure 4.14 [T amperometric responsc obtained from the developed sulfife biosensor for

20 repetitive injection of 3 myg 1" sulfite, Carrier solution is 0.1 M phosphate

buffer pII 8.0, applicd potential at 0.3 V using 1.0 mL min " of flow rate.

3 Interforence study
" Ellect of possible interferences from beers and wines matrixes to the

FI-sulfite biosensor method was studied. The effect of [oreign ions including fructose, glucose,
NaNQ;, NaS0,, sucrose, NaCl, NaCH,COOG, CH.CH,0H, KI and ascorbic acid on the alteration
af atnperomclric signal obtained from 10 mg L" sulfite was investigated. The (olerance Timits of
possible coexisting iong are summatized in Table 4.1. The resulls from this study could be
roughly divided into three groups.

Group L do ot interfere. "The foreign ions in this group were fructose, glhicose, Nad(},
Na S0,

Group H: very low interfering potentials. In this group, folerance limit were in between
500 to 1000 mg L these foreign were including suctose, NaCl, NaCH,COO, CH,CH,HO, and KI.

Group HI: low interfering potential.  In this group, tolerance limit was less than
15 mg L " which was ascorbic acid.,

The results indicated that the selectivity of the developed meathod is satisfied.
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Table 4.1 Elfect of foreign ions on the alieration of FI amperometric sipnal obtained from

tephcale itjections {n—3) of 10 mp L standard sulfite.

Foreign species/ added as

Investigated

concentration {mg LY

Toterance limit’ {mg LY

1. fructose/ C.H O,

2, glucase/ C 110

nn

3. sodium nitrate/ MalNO,

4, sodium sulfate/ Na, 50,

S.sucrosed CLH0),

&, sodinm chloride’ WaCl

7. sodium acctate! NaCH,COOQ

8. cthanol/ CH,CH,OH

9_ potassium iodidel K1

~

10. ascorbic acid! C 3,0,

does not interfere
o
=
> 10- 1000
& 1600
-
J } 500
1015 15

* Greater thant5% signal alteration is classified as interfering condition

41 Method validation

The possibility of applying the develop method for heverage samples

analysis were studied. Eleven samples including beers (Chang, Hicnegen and Singha) and wines

(French white wine, Mamaow wine, Mulberry, Berry estates bin 777, Sicilian, Berry estates bin

222 Marsol and South Africa)} were invesiigated using our developed method, The results were

comparcu with those obtained from iodometric method as summarized in Table 4.2
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Table 4.2 Sulfite contents analyzed from the developed method (Fl-sulfite sensor) and standard

method {iodometric method). Tach analysis sample was cammied out in triplicate

injections.
Samples Fl-sullite bioscnsor {mg L_l} Lodemetric method {ing L"}
Beery
Chang 745015 75660169
Hicncgen T.4943.56 7.00H340
Singha 8.1940.07 68105
Wines
French white wine 571 £0.003 4.76£1.43
Mamaow wine B.49HE 0S5 6.72+0.69
Mulbery 5.6530.005 3.92H). 79
Berri catates bin 777 9.01+1.09 8.960.79
Sicilian 6.73:0.06 6.1611.05
Berri eatates hin 222 8524022 B.12+] 43
Marso] 6.2E+0.03 6.44+1.05
South Africa G400, 02 fH.16x1.43

Figore 4.15 displays the values analyzed by the developed tmethad compared wilh the

values from standard method (iodomeiric method).

determined from the (wo methods agree signilicantly well with each other (4

=2.23 at P=0.05)

tnhl.'a]

According to the t-test, sulfite contenis

=1.64,

orervied
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Figure 4.15 Comparison of sulfite conten found in wing ynd beer samples, which were amalyzed
by the developed method  (FT-sulfile blosenzost and  dodomeric method,

Determination by each method was carricd out in triplicate tuns per sample,

4.2 Part II: Indirect methad for detection of sullite

In this pant, indirect methed or detection the reduction of hydrogen peroxide werg
investigated.  Flow tlrough electrochemical cell wsing GCIONTs-PDDA-AUNP/SOX as a
working electrode, AgfagCl as a reference ¢lectrode amd Pt wire as a countct clecirode was
applied lor the detection,

4.2.1 Cyclic voltammetric study of H,O, reduction

The unigue electrochemical behavior of HO, reduction was studied at GC and
sulfite biosensor electrode using cyclic voltammmetry (CVYE The GC or sulfile biosensor cleclrode
was used as g working electrode, Ag/AgCl as a reference electrode and Pt wire as a auxiliary
cleetrode,  Cyclic voltammograms of H O, was conducted in a 0.1 M phosphate butfer pIT 8.0,

Figure 4.16 i shown reduction waves of H O, from bare and modified sultite biosensor. The
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results are shown that the reduction wave was obscrved at O o -1.0 V. These results are

carrespond with the effective S0x.
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Figure 4.16 Solid lincs are the eyclic voltammograms abtained from 4 mM H.(x, analysis on a)
bare glassy carbon (GO} clectrode and b)) GO/CNTs-PDDA-AuUNPs/S0x.
Background voltammograms (0.1 M phosphate buffer pH 8.0} are also shown as

dotted for both electrodes. The scan rate Was fixed at S0 mV s-l.
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4.1.2 Optimum potcntial for amperometric detection of H,0,

Hydrodynamic voltammetric in flow injection sysicm was used to study the
mfluence of applicd patential on the amperometric delection of 0.5 mM ELO, at the developed
biosensor. The results show in Figure 4.17. The reduction current rises in potetitial between of
O up o -0.6 V and decreases rapidly above -006 V. This result is shown the potential above -0.6 ¥
indicated that the lost the activity of enzyme SOx. This work, the potential at -0.4 V was selected
as the optimum potential for the future experimental. Because this potential have the advantages
including i) low noise and background current and thereby enabling detection of low analyte

coneeniration and ii) reduction of the risk of interfering from the sample constilenis.
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Figure 4.17 Influence of the applied potential on the biosensor response for 0.5 mM H.Q.,

4.2.3 Analytical Teature
43,21 Linearity range
Analytical performance of the developed Fl-sulfite biosensor (manifold
in Figure 3.3a) was cxamined. Examples of the FT profiles are shows in Figure 4.18. Figure 4.18a
displays the signals of suifite at different concentrations from 500 to 500 mg L with threc
replicate injections and the corresponded calibration curve is shown in Figure 4.18b. The lingar

calibration was observed in the range of 500 to 1500 mg L' The regression cquation 15
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y=T.01x-1792 3 I[r} =(.9697) where x and y are the peak area (pA . min) and sulfite concentration

(mg 1.7}, respectively.
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Figure 418 Fl amperometric responses obtained from the developed sulfite biosensor of a) FIA

eramis obtained from injection of the various sulfite concentrations (n=3) using the

ampercmefric detection on the developed biosensor and b) calibration curve,
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4.2.3.2 Limit of delection
Lo this study, limdl of detection ol sulfite was investigated by injecting
twenty replicate 500 my 1" sulfite. The resuit is shown in Figuwre 419 Limit of detection was
4425 myg L-l, caiculated as three times standard deviation of the fowest coneentration in
calibration curve {500 mg Ly, The Fl-amporometric with indirect technique provide good

precision (%RSD = 2.93). Samplc throughput was 65 samples h g

5

100s

Figure 4.1% FIA prams obtained from the developed sulfite biosensor for 20) times injections of
500 mg L' suifite using 0.1 M phosphate buffer pH 8.0, applied potential -0.4 ¥ at

flow rate 1.0 mL min .

4.3 Charucterization of the nanocomposites

4.3.1 UV-Visible spectroscopy

The UV -Yisible spectroscopy was used to investigate the absorption spectra of
nanocompasilics ncluding AuNPs, PDBA and 50x. It can be seen that the PDDA solution
(Figure 4.20a) and $Ox enzyme solution (Figure 4.20b) did not show an absorption peak, as these
molecules do nof have chromophores. This result was the similar to the previous work reperted by
M. Zhang. el al. {69]. According to the previous studies [70], AuNPs show strong absorbance in
the visible region which are widely known as a results of surface plasmon absorpion (SPR).
The absorbance of AuNPs sohution (Figure 4.20c) in this work appears at 532 nm. As can be seen,

an absorption band of 552 nm was observed when AoMPs were assembled on PDDA (Figure
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4.20d). The wavelength shift to the higher than of 20 nm was obtained when camparcd w thal
obtaingd from pure AuNP's. Another absorpiion band was appended at 660 nm when SOx was
adsurbed on PRDA-AuNPs {Figure 4.20e). The reason for this wavelenglh shifting is related to
the color change of AuNPs solution from red 1o purple when the AuNDPs become large or called

aggregation [71].
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Fipure 4,20 UV-Vis spectra of a} PDDA solution, b} SOx cnizyme solution, cf AuNPs salution, d)

PDTIA-AuNPs solution and e} PDDA-AuMNPs-S0x soluticen,

4.3.2 IR spectroscopy

F11K results display in Figurc 4.21, CNTs (Figure 4.21c) is shown a weak two
band at 1032 and 1543 cm’ which were originated from the absorpiion peak of the vibration of
C-0 stretehing and C-C stretching.  Absorption peak corresponding 1o the vibration of C-0
stretching {1006 n;:m-l]l, C=C stretching (1603 u::mq} and GIT streiching {3400 um'l] over CNL-
COOH (Figure 4.21b) indicated Lhat uxygenated groups are produced on the surface of the CNT
after treatment with H,50:HNO, (3:1). The spectra corresponding o CNTs-PRIA (Fizure
4.214) and CN'Us-PDDA-AuNPs (Figure 4.21d) cleatly observed OH stretching {3400 em™Y due to
the successivl attachment of PDDA and AuNIs to the CNT-COOIT, these resulis was consistent

willl previous report |72, 73]
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Figure 4,21 FI1R spectra of a) CNTS-PDDA-AuNPs, b) CWNI-COCH, ¢} CNT and d) ONTs-
PIIIA

£.3.3 Scanning electron micrescopy (SEM)
The metrphology of nanostructures was initially characterized with SEM. Figure
4.22 is illustrated the SEM image of composite modified electrode. The morphology of CNT-
COOH(a) was rough while the CNTs-PDDRA(L) was more relatively smooth because PDDA plays
a key role in the alluchment; it acts as a bridpe to conneet ONTs, Figure 4.22¢ is indicated that
AuNPs were yniformly spread on the sutface of (CN1s-PDDA-AUNPs) composite. CNTy-
PDDA-AuNPs-50x image (Figure 4.22d) shows regular globular structure morphology, indicating

the suceesstul inmobihization of S0x enzyme to Lhe surface of the CN1s-PDDA-AUNPs [74, 75].
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Figure 4.22 5CM images ol a) CNT-COOIL b)) CHTs-PDDA, ) CRTs-PIXDA-AUNES, d) CNTs-
FDDA-AuNP5-50x




4.3.4 Atamie force microscopy (AFM)

The atomic force microscopy {AFM) is one of the most widely wsed inslriments
for morphological study. Figure 4.23 shows the representative AFM images (5 \un x 5 pm scan
size) of the composites used in the modified clecirode. As shown in Figure 4.23a, the UNT-
COOLI shaws the rough particles. The CNTs-FDDA {Figure 4.23b} shows the presence of spiral
shape particle on surface, which is attributed to the presenee of PDDA. The CNTs-PDDA-AuNPs
{(Figure 4.23c) and CN1s-PDDA-AUNPs-SOx (Figure 4.23d) shows the presence of Ay tiny
particle on the surface; some which were rough-like. The results show the eleetrostatic inferaction
between positively charpred coated on the negatively charged surface of CNTs. These resulls were

ascribed by previous reports |76, 77].
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CHAPTER S5

CONCLUSIONS

This work presented the development of a sulfite biosensor for amperometric
determination of sulfile using a simple fiow injection system. The hiosensor was developed based
on the hybrid materials, composcd of carboxylic  {unctionalized carbon  nanotubes,
poly(diallyldimethylammeniomehloride} and gold nanoparticle (CNTs-PRDDA-AulNPs) coated on
a glassy carbon (GC) electrode, which constructed an effective Iimmaobilization matrix and made
the immeobilized components hold high stability and bicactivity. ONTs were initially oxidized by
acid treatment (H S0, HNO,, 3:1) to introduce carboxyl groups on their tips and any defect in the
side walls. Then, a catiomic clectrolyte {PDDA) was absorbed on the surface of the CNTs by
electrostatic interaction hetween carboxyl groups on the CNTs surface and polyclectrolyte chains.
In this work, CNTs modified by PDDA were assembled on the activated GO surface, and then
AunMNPs can be elecirostatic absorbed to the CNTs surtace. Sulfite oxidasze (S0x) was inmmoliilized
1y CNTsPDDA-AuNPs and cytochrome C (Cyt C) composites film by using glutaraldehyde
(Glu). This developed biosensor (GU/ACNTs-PDDA-AsNPs/SOxX) was applied in flow injection
analysis (FIA). Performances fut determination of sulfite using lwo approaches including dircel
method or detection the oxidation of sulfite and indirect method or detection the reduction of
bydrogen peronide were investipated. Flow through clectrochemical cell using GC/CNTz-PDDA-
ANNPs/S0x as a4 working electrode, Ag/ApC! as a reference electrode and Pt wire as » counter
electrode was applied for the detection. Moreover, the nanocomposites for the madified electrode
were morphelogy characterised using UV-Visible spectroscopy, FIFIR specttoscopy, scanning
electron microscopy (SEM) and atomic force microscopy (AFM).

Drirect method for the oxidation of sulfite biosensor was stadicd al the develeped
binsenser (GC/CNTs-PDDA-AuNPs/SOxX) using cyclic voltammetry (CV) and amperometry.
The oxidation wave of 4 mM suifite was obscrved at 0.3 V using the scan rate at 50 mV g
Besults indicated that the optimum condition for medifying cleetrade were casting with 40 pl of

4 mp ml” of, CNTs-PDDA followed by 40 pL of 0.02% of AuNPs. Finally, [5 pL of the mixture
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4 mg mL" Cyt C:80x 0.1 U mL"' with ratio of 2:1. Optunum pH using cyclic voltammetry was
8.0. The estimated apparent Michaclis-Menten constant (K_*") was 0.49 mM, The developed
biosctisor was applied in the flow injection system for amperometric detection of sulfite using
solution of 0.1 M phosphate buffer (pH 2.0) as a carrier and applying a potential of 0.3 V.
The proposed sulfite biosensor exhibits linear calibration over the range of 2-200 myg L 'of sulfite
with slope of 204,66 nA mg " L and correlation cocfficient of 0.9991. The detection limit (3 &)
was 1.3 mg L. The developed biosensor also provide good precision (RSD=3.8%) for sulfitc
signal {5 mg L, n=20) with a rapid sample throughput (37 samples h-l]. Resuits from the storage
stability of GC/CNTs-PDDA-AuNPs/SOx indicated the velative curtent response of 80% afier
stored for 30 days. This implied that the developod bioscnsor has high storage ability.
The method was successfully applied to evaluate sulfite content in beer and wine samples.

In the indirect method, reduction of sullite biosensor was studied at the deveboped
biosensor (GC/CNTs-PDDA-AuNPs/SOx). The optimimum potential for amperometric detection
was -0.4 V. Tlow injection system was applied for amperometnic detection of salfile using
solution of 0.1 M phosphate buffer {pH 2.0} as a carrier and applying a potential of -0.4 V.
The linear calibration over the rangee of 500-1500 my 1." was obtained. The regressiun equation iz
given by y=7.61x-1792 30 (r'=0.9697), when y and X are tl-l:e area of peak current (nA) and suifitc
cotgeilralion (mg L_]}, The detection limit {3 £F) was {14.25 mg L'l, WRED=293. Samplc
throughput was 65 samplcs h'. Qur results indicated that direct method offers higher sensiyivity
and wider dynamic range than indirect method.

Characterization of the nanocamposites for the madified clecirode was studied using UV-
Visible specivoscopy, FI-IR spectroscopy, SEM and AFM.  The results from UTV-Visible
spectroscopy, indicated that the absorbance of AuMPs solution was appeared al 532 nm.
The PDDA-AuNP: and PDDA-AuNPs-SOx solulion was appcared the shift of wavelength
brecause it
was related to aggregation. The synthesized CNTs-PFDDA is characterized by 1R speciroscopy.
The results display the vibration of C-0 stretching {1006 cm ), C=0 stretching (1603 cm-l) and
OH siretching (3400 ¢ ). This IR specttums i demonstated that PDDA was sucessfully
absotbed on the sutface of the CNT-CGOH. In additiﬂf, stepwisc fabrication process of the
prepared biosensor (CNTs-PDDA-AuNPs-50x) was characterized by SEM and AFM. The SEM
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image of CNT-COOH is appeared rough, the CNTs-PDDA displays smooth.  This resulls are
shown as a the bridge to connect CNTs. The CNTs-PDDA-AuNPs image was shown uniformly
and the CNTs-PDDA-AyNPs-SOx image shows a regular globular structure. The AFM image of
CNT-COOH shows the rough particles. The CNTs-PDDA displays the Spiral-like shape particle
on surface. The CNTs-PDDA-AuNPs and CNTs-PDDA-AuUNPs-SOx were show the rough-like.
This result indicates the elecirostatic interaction between positively charged on the negatively

charged sorface of CNT3,
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APPENDIX A

Electrochemical detection of sulfite oxidation on developed sulfite biosensor
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Effect of CNTs-PDDA madified amount on the detection of sulfite (raw data for Figure 4.2)
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Ellcct of cytochrome ¢ (Cyt C) concentration {raw data far Figure 4.4)
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Eifect of sulflife nxidase enzyme (SO} loading (raw data for Figure 4.5)
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10 -

Current (pA)
s> °

¥ ]
L

2mg L' sulfite

T T T
0 500 1000 1500 2000 2500
Time (5)

Figure A5 Amperogram of concentiation of sulfite in the rang 2 to 20 g L




Stability study (raw data far Figure 4.19)
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Stability study {raw data for Figure 4.10) {Continued)
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Optimum potential for amperometric detection (raw data for Figure 4.11)
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Crptimum potential for amperometric detection {raw data for Figure 4.11) (continued)
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Optimum flow rate (raw data for Figure 4.12)
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Interference siudy {raw data for Table 4.1)
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Interference study (raw data for Table 4.1) (Continued)
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Interference sindy (raw data for Table 4.1) (Continued)
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Interference study (raw data for Table 4.1) {Coatinued)
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Sample: Beer (raw data for Figore 4.15)
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Sample: Wine {raw data

for Figure 4.15) (Continued)
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Sampic: Wine (raw data for Figure 4.15) (Continued)
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Indirect methed for detection of sulilite
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Crptimun potential for H0, detecton (raw data for Figure 4.17)
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Scanning Electron microscopy (SEM)

5’ BBaena

Figure C.1 SEM images of a) CNT-COOH, b) CNTs-PDDA, ¢) CNTs-PDDA-AuNPs, d) CNTs-

PDDA-AuNPs-SOx-glu, ¢) CNTs-PDDA-AuNPs-SOx at 5000x
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Alomic [orce microscopy (AFM)

Figure C.2 AFM images of a) CNT-CQOOH, b) CNTs-PTIDA, ¢) CNTsFDDA-AuNFs, d) CN'I's-

PIXDA-AuNPs-850x at 10 um
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Figure C.3 AFM images of a) CNT-COOH, b) CNTs-PDDA, ¢) CNTs-PDDA-AuNPs, d) CNTs-

PDDA-AuNPs-SOx using scan rate 0.3 Hz
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AMPEROMETRIC BIOSENSOR FOR SULFITE DETERMINATION USING
GLASSY CARBON MODIFIED WITH HYBRID NANO-MATERIALS
ELECTRODE IN SIMPLE FLOW INJECTION SYSTEM

Wongduan Sroysee, Maliwan Amatatongchai”

Department of Chemistn and Cemer of Excellence for Innevation in Chentistry, Faculty of Science, Ubon Ratchathani Universine
{hon Rurchathani . 34190, Thailand
"E-Mail: amaliwan@ gmail.com, Tel. 166 4535 3401 ext. 4576, Fax. - 66 45 288379

Abstract: A simple  flow  injection  system  with
amperometric  detection on a  sulfite  biosensor  was
developed for sensitive and rapid measurement of sulfite
The biosensor was developed based on the hybnd
materials. composed of carboxvlic functionalized carbon
nanotubes, poly(diallyldimethylammoniumchlonde) and
gold nanoparticle (CNTs-PDDA-AuNPs) coated on a
glassy carbon (GC) electrode. which constructed an
effective immobilization matrix and made the immobilized
components hold high stability and bioactivity.  Sulfite
oxidase (SOx) was immobilized 1w CNTs-PDDA-AuNPs
and cytochrome ' composites film by using glutaraldehyde
(Glu). Electrochemical oxidation of sulfite was studied at
the developed biosensor (GC/CNTs-PDDA-AuNPs/SOx) in
0.1 M phosphate buffer pH 7.0 using cyclic voltammetry.
The biosensor displayed good electrocatalytic activity
towards the oxidation of sulfite. The estimated apparent
Michaelis—Menten constant was 0.49 mM. The developed
biosensor was applied 1n the flow injection system for
amperometnic detection of sulfite using solution of 0.1 M
phosphate buffer (pH 8.0) as a carrier and applying a
potential of +0.3 V at the working electrode. The proposed
sulfite biosensor exhibits linear calibration over the range
of 2-200 myg L"of sulfite with slope of 204.66 nA mg™' L
and correlation coefficient of 0.9991. The detection limit (3
SN of blank) was 1.3 mg L™ and the estimated precision of
3.8%.

1. Introduction

Sulfiting agent in various forms (sulfite,
sulfur dioxide, hydrogen sulfite, metabisulfite) are
commonly used as preservatives in food, beverages
and several product such as dried fruits and vegetable
to prevent microbiological growth, to control
browning reaction and to assist in preserving vitamin
C [1-3]. However, the level of sulfite in food has
been the subject of legislation since it was discovered
that certain concentration level causes allergic
reactions in some individuals [4, 5]. The United
States Food and Drug Administration (FDA) have
required labeling of products containing more than 10
pug mL' of sulfite in food or beverages [6].
Therefore, it is essential to have accurate and precise
methods available to determine the sulfite content in
these products. Many analytical methods for the
sulfite assays such as high-performance liquid
chromatography [7], spectrophotometry [8] and
electrochemical methods [9] have been reported.
Among these methods, electrochemical detection is
more attractive because of its simplicity, high
sensitivity, fast response and cheap equipment.

In this work, asimple flow injection system.
which employs an amperometric detection on a novel
sulfite biosensor, was proposed. The biosensor was
fabricated using CNTs-PDDA-AuNPs composites as
an effective matrix to immobilized sulfite oxidase
(S0x). The nanocomposite materials were formed by
coating negatively charged carboxylated CNTs with
positively charged PDDA followed by capping with
negatively charged AuNPs via electrostatic
interaction. The CNTs-PDDA-AuNPs nano-
composite is used to construct a sulfite biosensor by
drop coating on the surface of the glassy carbon (GC)

electrode.  The developed biosensor (GC/CNTs-
PDDA-AuNPs/S0x) exhibits many good
characteristics including  high activity, excellent

sensitivity and selectivity in detection of sulfite.
2. Materials and Methods

2.1 Apparatus

Voltammetric and amperometric
measurements were performed with an e-DAQ
potentiostat (model EA 161, Australia) equipped with
e-corder. Three electrode systems were employed in
this study. The active surface area of the GC
electrode in voltammetry was approximately 0.07
cm’, The FI system for amperometric detection at the
developed sulfite biosensor comprised of a Shimadzu
pump (model LC-10 AD, Japan), Rheodyne injector
(model 7725, USA) fitted with 20 pL sample loop
and detection system. The electrode area of thin
layer flow cell was utilized at 0.06 cm’.

2.2 Chemical

Multiwall  carbon  nanotubes (CNTs,
diameter: 30+15 nm, length: 1-5 micron, purity: >
95%) were purchased from Nanolab inc. (MA, USA).
Sodium sulfite (Na>S0s) and poly
(diallyldimethylammonium chloride) (PDDA, MW:
100,000-200,000, 20% w/w) were purchased from
Sigma-Aldrich (St. Louis, USA). Hydrogen
tetrachloroaurate (I1I) tnhydrate (HAuCly.3H,O, Au
> 48%) and cytochrome C (Cyt C, 90% from horse
heart) were purchased from Acros Organic (Geel,
Belgium). Sulfite oxidase (SOx, 30-70 U mg"') was
purchased from ProNique Scientific, Inc. (Castle
Rock, USA). All solutions were prepared in
deionized-distilled water (Water Pro PS, USA).

2.3 Procedures

Pure and Applied Chemistry International Conference 2014 (PACCON2014)



231 Preparation of CNTs-PDDA

CNTs was chemically shorten and
carboxyvlated by acid treatment mixture of HNO; and
H.S0; (3:1. v/v) under ultra sonic stirring for 5 h.
After that, the suspension was centrifuged at 10.000
rpm and washed repeatedly with deiomized water
until the pH of washing was 7. The resulting product
was then dried at 110°C, The CNTs-COOH was then
functionahized with PDDA (CNTs-PDDA) using the
method adopted from Cui ¢r /. [10, 11]. Briefly, 10
mg of CNTs-COOH were dispersed in 20 mL of a
0.25% PDDA aqueous solution containing 0.5 M
NaCl and ultrasonic sumng for 30 min.  The
resulting dispersion was centrifuged and washed with
water for three times to remove residual PDDA.
Finally. 4 mg of the collected product was dispersed
in 1 mL water and the resulting solution was
somicated for 30 min before use.

232 Preparation of sulfite  biosensor
(GC/CNTs-PDDA-AuNPs ' SOx)

The sulfite biosensor was prepared by
casting 40 uL of the CNTs-PDDA dispersion on the
surface of the well-polished glassy carbon (GC)
electrode, and then dried at ambient temperature
The surface of the electrode was further coated with
40 pl of 0.02% AuNPs solution.  After that
immobilization of SOx was carried out by dropping
15 uL of solution containing of SOx (0.1 U mg ') and
Cyt C (4 mg mL") onto the modified electrode.
Finally, 15 ul of 0.01 %% glutaraldehyde was dropped
on the modified electrode and dried at room
lemperature

3. Results and Discussion

3.1 Cyclic voltammetry of sulfite

The electrochemical behavior of sulfite at
sulfite  biosensor  (GC/CNTs-PDDA-AuNPs/SOx)
was studied using cyclic voltammetry. Figure |
compared the response of the bare GC and sulfite
biosensor toward the electro-oxidation of sulfite at
pH B.  Sulfite oxidation is an electrochemically
irreversible process. Bare GC electrode results in a
peak shape signal at about 0.85 V versus Ag/AgCl,
whereas the sulfite biosensor provides the oxidation
peak at 030 V. These results show that sulfite
oxidase (SOx) immobilized on the CNTs-PDDA-
AuNPs composite reduces the overpotential of sulfite
oxidation and in fact imparts electrocatalytic activity
for sulfite oxidation. Enzyme SOx was effectively
immobilized on the biocompatibility matrix of CNTs-
PDDA-AuNPs and cyvtochrome C (Cvt C)  Then
SOx catalyzes a 2e” oxidation of sulfite to sulfate as
described in Eq.1.

SOx

SO, + Hy0 22X 50,2 4 2H™ + 2¢° (m

9]

250 4 Y

200 4
Sulfite biosensor

150 5

Current (pA)

02 04 06 08 10

Potential (V, vs Ag/AgCl)

Figure 1. Cyclic voltammograms of 4 mM sulfite
(solid hne) at bare GC and sulfite biosensor
(GC/CNTs-PDDA/SOxX) in 0.1 M phosphate buffer
(pH 7). Background voltmmograms (0.1 M phosphate
buffer) is also shown at dotted line for the sulfite
biosensor. The scan rate was fixed at S0 mV s

It was observed that the values of peak
potential shified slightly towards less positive values
(Figure 2b) when the pH increased. Figure 2 ¢ shows
that the maximum peak current was observed at pH 8
Therefore, pH 8 was selected as the optimum pH for
amperometric detection of sulfite.  This result was
consistants with the previous report [12] that enzyme
SOx provides the best catalytic activity at pH 8.
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Figure 2. (a) Cyclic voltammetric responses of 2 mM
sulfite at various buffer pHs and the dependence of
butfer pH on the (b) peak potential (c) peak current
obtained from the biosensor, scan rate S0 mVs'.

3.2 Michaelis-Menten constant

The apparent Michaelis-Menten constant
(K™ ), which gave an indication of enzyme-
substrate kinetics, could be estimated from the

electrochemical version of the Lineweaver-Burk
equation (2) [12].

i 1 K:re

—_—=— = (2)

ISS lmu Imazc

Where ¢ is a substrate concentration n a bulk
solution, 1., the steady-state current after the addition
of substrate and 1., is the maximum current
measured under saturated substrate conditions.
Figure 3 shows the Lineweaver-Burk plot of SOx
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immobilized on the modified electrode 10 the
presence of different concentration of sulfite and the
calculated K., of 049 mM. A low K, value
obtamed represents a strong substrate binding and
demonstrates a high affimty of sulfite for the
modified electrode
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Figure 3. Linerweaver-Bulk plot of sulfite

immobilized on the sulfite biosensor.

3.3 Parameters affecting the sulfite biosensor
response

Parameters affecting amperometric detection
of sulfite at GC/CNTs-PDDA-AuNPs/SOx electrode
was examined using the potential of 0.3 V. The
effect of CNTs-PDDA concentration on the current
signal was studied from 0 to 8 mg mL™”'. As shown in
Figure 4a the current response increased with
increasing CNTs-PDDA loading from 0 to 4 but
decreased from 4 to 8 mg mL"'. Therefore, 4 mg mL
' CNTs-PDDA was chosen for modified electrode
and for further experiments.

Figure 4b shows the effect of AuNPs
loading on the oxidation current of sulfite. The
current increased with increasing amount of AuNPs
from 0 to 0.02 and reached the maximum when 0. 02
% AuNPs was casted. Therefore, this condition was
selected for the biosensor fabrication.

As seen in Figure 4c, the current responses
increased with the increase of Cyt ¢ concentration
from 0 to 4 and then decreased from 4 to 16 mg mL™".
Thus, to make a sensitive biosensor, 4 mg mL" of
Cyt ¢ concentration was selected for further
investigations.

The effect of SOx concentration on the
biosensor response was studied and the results
illustrated in Figure 4d. It was found that the current
responses increased with increasing the SOx
concentration to maximum value at 0.1 UmL", and
then tended to decrease with further increase in the
SOx concentration. This behavior is typical of the
enzyme-based biosensors [13]. Thus, 0.1 UmL"' SOx
was chosen for subsequent experiments.

3.4 Effect the potential
In order to obtain the optimal potential for
amperometric detection in FIA, hydrodynamic
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voltammetric behavior of sulfite was investigated at
various potential from 0.0 to 1.0 V. As shown in
Figure 5, the peak area reached a maximum value at
03 V. Thus, this potential was selected for for
amperometric detection in FIA system.

0.6 *\
+*
= 0.4
&
=
=
i 0.2 A
3N
0.04 de—# —h—h
00 02 04 06 08 1.0

Potential (V, vs.Ag/AgCl)

Figure S. Influence of the applied potential on the
biosensor response for 10 mg L™ sulfite.

3.5 Analytical feature

Representative signal profiles for multiple
injections and calibration plot are depicted in Figure
6. Calibration curve is linear in the range of 2 to 200
mg L. The detection limit (3 S/N) is ~1.3 mg L™
The system provides an impressively good precision
(%R.S.D = 3.8) for 20 uL injections (n = 20) of 5 mg
L sulfite. Throughput of sample is 57 samples h™'.

4. Conclusions

A simple  flow injection  system  with
amperometric detection on a novel sulfite biosensor
was developed. The biosensor was fabricated using
CNTs-PDDA-AuNPs composites as an effective
matrix to immobilized sulfite oxidase (SOx). The
developed biosensor (GC/CNTs-PDDA-AuNPs/SOx)
exhibits pood electrocatalytic  activity, high
sensitivity and selectivity in detection of sulfite.
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