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ABSTRACT

Hydrogen peroxide has, for many years, been shawibet a very important
compound due to its wide and varied application®mamy industrial processes as well as
biological systems. Therefore, its detection anchsneement represents an important
analytical issue. Traditional methods such asnitry or spectrophotometry have more
recently been displaced by electrochemical teclesguvhich have proven to be an
inexpensive and effective means of hydrogen pesoxidtermination. Hydrogen
peroxide is also the final product in many biocheahiprocesses, most notably in
oxidation reactions employing enzymes such as gkicoxidase where it is used

extensively as a reporter molecule which is amenttbélectrochemical detection.

In this work, a novel electrocatalyst for the retituc of hydrogen peroxide was
employed as the foundation for the developmentrokekectrochemical biosensor for
glucose determination. Critical to this developmeas to understand the nature of the
novel catalytic material which was based on a nicalibn of silver paste electrodes,
and the fabrication of an enzyme biosensor platf@apable of operating on this
material. A further key theme that was exploredhis work was to make the biosensor
amenable to fabrication using printing techniquesluding screen printing and inkjet

printing.

With regard to the novel electrocatalyst, it wasveh that the modification of silver
screen printed electrodes (Ag SPEs) with a solutibdodecylbenzenesulphonic acid
(DBSA) and potassium chloride (KCI) significantijmproved the catalytic activity of
those electrodes towards the electrochemical remueind decomposition of hydrogen
peroxide. Characterisation of the modified eleatodas performed by surface analysis
and electrochemical techniques. Other surfactdhZsanbinations were also assessed
and showed an analogous catalytic effect on thedggh peroxide reactions. The
application of such a phenomenon for the developnoémovel hydrogen peroxide

sensors was evaluated.

XVI



DBSA/KCI modification was further performed on ange of metallic and metal
paste electrodes in order to better understandatatytic process as well as to assess the
feasibility of other modified materials as hydrogg@eroxide sensors. Both the
electrochemical reduction and decomposition praesgere studied and the electrode
surfaces were also analyzed by microscopic teclesiogf kinetic study of the hydrogen
peroxide decomposition process was also perforfhibd. apparent and heterogeneous
rate constants for this process were calculatedcantgparisons between materials were
carried out. Possible mechanisms for the catalygproposed along with identification
of the most optimal materials and processing medlogges. Further work was
performed on the DBSA/KCI-modified Ag SPEs.

The most common enzyme used for the developmerglwfose biosensors is
glucose oxidase, which oxidizes glucose to glucactohe in the presence of oxygen,
leading to the formation of hydrogen peroxide gsr@duct. DBSA/KCI modified Ag
SPEs were assessed as platforms for the develomhemiucose biosensor. A cellulose
acetate membrane was found to be required to deparayme from glucose substrate at
the electrode surface as well as to form the siteehzyme immobilization. Analytical
parameters of the glucose biosensor such as lindietection (LOD), sensitivity and

reproducibility were evaluated and compared to roslystems in the literature.

The application of the inkjet printing techniquetihe deposition of the modification
solution was investigated to improve the reprodilitiof the biosensor devices since
such a technique enhances the control of the reagemme. Comparisons with glucose
biosensors fabricated by drop-coating were predeiiige potential application of inkjet
printing for the manufacture of an all-printed l@asor was also assessed. In general, the
notable enhancement towards hydrogen peroxide ioeactof Ag SPEs following
exposure to DBSA/KCI solutions was used for theellgyment of novel enzyme-less
hydrogen peroxide sensors. These devices were cudrsty employed in the
fabrication of glucose biosensors by immobilizatioh glucose oxidase onto the
modified electrode surfaces. Inkjet printing wasvem to be a feasible technique for

XVII



DBSA/KCI modification of Ag SPEs, which representix first step towards an all-

printed glucose biosensor device.
Although successful in principle, for the fabricati of a glucose biosensor,

improvements are required to improve the analyticaperties of the device which may
be brought about by further understanding and ingameent of the catalytic material.
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Chapter 1

1.1. INTRODUCTION

Hydrogen peroxide has, for many years, been shawiet a very important
compound as an intermediate in many industrialggses as well as in many biological
systems. This has made it highly relevant in thedfoenvironmental, clinical and
pharmaceutical industries and related areas ofrelsk > The importance of $D; is
related to its unique oxidising properties. Hydroxwdicals formed during the
decomposition of BD, are used as oxidising agents in the degradatioorgénic
pollutants from water such as the azo dye compousdd in the textile industry, which
are toxic to aquatic life and carcinogenic to hustahH,O, and its derivatives can also
be employed as powerful oxidising agents in thetmsis of many organic compourits.
Moreover, the decomposition o8, plays a very important role in the manufacture of
industrial water electrolysers, secondary metabaiteries and fuel celfs® Besides its
many industrial applications,-B, can also create problems; its excessive concamtrat
as a product of industrial and atomic power statiaffects the environmehtPolymer
electrolyte membranes (PEM) used in fuel cells iayglegraded by the chemical attack
of hydroxyl free radicals generated frora®4.2 Regarding medical applications,®} is
a major reactive oxygen species (ROS) in livingaoigms and plays a central role in
causing several life-threatening human diseasg®; I3 the most valuable marker for
oxidative stress, which is connected to aging awtre human diseases such as cancer,
cardiovascular disorders, Alzheimer and relatedotegenerative diseases: *°Many
enzymatic reactions also creatgd-das an end-product so its concentration may be used
as an indicator of the progress of the reactidbue to these wide and varied
applications, its determination represents an itgmbranalytical issue.

In the present review, a detailed look at the dieteenethods of kD, is taken, with
particular emphasis on electrochemical technigliés. most significant materials and
catalytic mechanisms in the literature to date discussed, along with the main
applications of HO, detection.
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1.2. METHODS FOR HYDROGEN PEROXIDE DETECTION

Numerous processes for,®b detection have been published in the literatur@ an
successfully used for specific applications. Thechtégues employed in the
measurement of ¥, tend to consist either of the direct chemical c&te of HO, or
indirect measurement as a consequence of its oeastth enzymes, mainly horseradish
peroxidase (HRP). Direct detection methods are rgélgeorone to interferences and are
sometimes time-consuming and difficult for autordatietectiort In contrast to this,
the specific character of the enzymatic reactiotwben HRP and ¥D, allows HO;
determination in the presence of interferences. él@n the use of an enzyme brings
about several drawbacks such as reduced stalspgcial requirements of temperature,
pH, and concentration), electron transfer issueb sarbstrate saturation, which affects
linear calibration rangé*?

Laboratory methods for the determination of0x concentrations may be classified
into five categories as follows: Titrimetry; Spexgthotometry; Fluorescence;
Chemiluminescence and Electrochemical methods.eTtdsbe reviewed, with special

attention given to electrochemical methods.
1.2.1. Titration methods

Several titration schemes have traditionally besgduor the determination of,8,.
In the permanganate method, a peroxide solutiditreged with permanganate (VII),
which is reduced to manganese (Il) in the presef¢$0,."* This method is subject to
interferences caused by both organic and inorgaibstances that react with
permanganate. Hurdis et'alreported the determination of,® by cerate oxidimetry.
The method consists of the reduction of cerium (IN)the form of ceric sulfate
(Ce[SQ}],) to cerium (I1l) by HO, under acidic conditions in the presence of a ferro
indicator. No significant difference in results the cerate and permanganate methods
was found:> The iodometric method has been widely used sine@s first proposed by
Kingzett in 1880"° The method is based on the oxidation of iodidiedine by HO, in

the presence of a molybdate catalyst and the subsedjtration of the iodine formed
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with a thiosulfate solution using a starch indicdtwindicate the endpoint. Catalysis or
interference from transition metals such as irapper, nickel and chromium as well as

the fading of colour are possible issues that nfieciathe accuracy of this method.
1.2.2. Spectrophotometric methods

Matsubara et d’ used a water-soluble titanium (IV)-porphyrin compl
[TiO(tpypH,)*], to determine trace amounts of,®. It was observed that the
absorbance of TiO(tpyphf* at 432 nm decreased significantly in proportionttie
concentration of bD, added, this being due to the consumption of TiQMeby"*
accompanied by the formation of Ti@ypHs)**. This reagent was used for the
determination of KO, in water samples such as tap water and rainwateabsorbance
was found to be proportional to,8, concentration in the range 110° to 2.810° M.
Sellef’® reported the use of potassium titanium (IV) oxalfmr the spectrophotometric
determination of KO, concentrations down to 10 uM. The method seemetieto
particularly suitable for the determination 0o$®3 in the presence of complexing and
reducing agents, although interference by fluovides observed. The iodometric method
is similar to the iodometric titration in that ia is oxidized to iodine in the presence of
molybdate catalyst. Then, the kpecies, which is in equilibrium with Bnd I, is
measured spectrophotometrically at 351 ‘AnMore recently, Sunil and Naraydna
reported a variation of the iodometric method udiolgidine blue as a reagent. The
liberated iodine bleached the blue colour of tahedblue measured at 628 nm and the
decrease in absorbance was directly proportional H#®, concentration. The
modification of the spectrophotometric method inyae® the measurement obL®; at
low concentrations. Possible interfering agents tfogs method included transitions

metals and oxidants such as chlorine.
1.2.3. Fluorescence methods

The spectrofluorimetric determination of,® is generally based on an enzyme

catalytic oxidation reaction of a fluorogenic subtt by HO,. Horseradish peroxidase
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(HRP) is a haem-containing enzyme and the most comyrused enzyme in J@;
determination due to its high selectiviiChang et at’ developed a sensing probe for
H,0, based on the HRP immobilization on3BgSiO, magnetic nanopatrticles..&,
was activated in the presence of HRP and oxidizezh-fluorescent 3-(4-
hydroxyphenyl)propionic acid (HPPA) to a fluorescgroduct with an emission
maximum at 409 nm. Liu et &l.usedp-cyclodextrin (CD)-hemin instead of HRP as the
catalyst in the spectrofluorometric determinatidnHzO,. 4-methylphenol g-cresol)
was used as the substrate because it presenteffutmescence whereas the oxidation
product showed high fluorescence intensity with aximum at 410 nm. The use pf
cyclodextrin solved some of the drawbacks shownH®P such as its cost and
instability in solution. Demirata-Oztiirk et &lreported the determination of,® by
fluorimetry in the presence of ceric ions. ;4 was oxidized by ceric ions
(nonfluorescent) in acid solution and the Ce(ldhs produced were determined by a
fluorimetric method at an emission maximum of 36@.nThe spectrofluorimetric
methods resulted in LODs for,8; in the order of nM. However, they were susceptible

to interference from organic matter in water*
1.2.4. Chemiluminescence methods

Several chemiluminescence methods fgOHdetermination involve the use of 5-
amino-2,3-dihydro-1,4-phathlazinedione (luminol)h&4 HO,is mixed with luminol in
the presence of a catalyst, the decomposition Al leads to a sequence of reactions
resulting in the release of photons from a lumimgbroduct. Either Co(ll) or Cu(ll) can
be used as a catalysts for,®4 decompositiot> Hanaoka et &° reported the
determination of KO, by chemiluminescence (CL), using a heterogeneatialyst,
Co(Il)-monoethanolamine complex immobilized on Dav&®W resin. They developed
a H,0, flow sensor, which showed a linear ratio of CLstey the concentration o8,
in the range 40" — 2:10° M and a detection limit of -10° M (S/N = 3). The
application of the device to determine(® in rainwater samples yielded satisfactory
results. The use of luminol is subject to intenfees in natural water.
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Chemiluminescence provided a LOD lower than thrattdn and spectrophotometric
methods, although the best values were reportgtlibgescence methods, down to®10
M.?! Titration methods seemed to be suitable fg®Hdetection at high concentrations,
being inaccurate for the determination of,0d below 10° M. However,
spectrophotometry allowed,8, detection down to I0M, whereas 18 M H,0, was
achievable by fluorescence and chemiluminescEhcdowever, most of these
technigues employed a partial or total human oeratmaking the automated
guantification of HO, difficult. Moreover, the above-mentioned methodwé proved
to be time-consuming and highly prone to interfeesA* All these drawbacks have led

the search for alternative methods fofOs detection.
1.2.5. Electrochemical methods

As was mentioned above, the challenge associatéd MO, detection was its
accurate quantification at low concentrafioin samples containing possible
interferences. Thus, one of main drawbacks of thdittonal techniques was their
inability to give precise results in the presentmterferences such as chlorine, which is
very common in water samples. Recently, electroitenmethods have exhibited the
potential to be inexpensive and of high sensitjvigsulting in an effective way to
examine the reactions of many substaricés:® > Moreover, they are quite selective
techniques, which allow the determination of a ipatar analyte by choosing the
appropriate applied potential, eliminating possihterferences.

As is well-known, a chemical sensor is a device thensforms real-time chemical
information of its surrounding environment (fronetboncentration of a specific sample
component to total composition analysis), into amalgically useful signad® 2’
Generally, chemical sensors contain two basic compts connected in series: a
chemical recognition system (receptor) and a ploysieemical transducer. In the case of
electrochemical sensors, the analytical informaisoabtained from the electrical signal
that results from the interaction of the targetlyeaand the receptor. According to the
nature of the electrical signal, the electrochemsEmsors can be classified into the

following categories: Amperometric sensors; Potengtric sensors; Conductimetric
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sensors. The main characteristics and transdustezhanisms for such electrochemical

sensors are shown in Table 1.1.

Table 1.1. Characteristics of electrochemical sensors?®

Transducer M echanism Signal Example
Amperometric Electron charge| Current (due to production Clark electrode
transfer reaction or consumption of (Oxygen), fuel
(Faraday’s law) electroactive species) cells, HO,
Potentiometric Multiphase Potential (due to Glass pH
equilibrium (Nernst| distribution of ionic species electrode, ion
equation) across phases) selective
electrodes, gas
Sensors
Conductimetric Variation of Conductance or resistangeGas and humidity
resistance with | (due to changes in resistive sensors
composition elements with absorption;
adsorption events)

1.2.5.1. Amperometric sensors

Amperometric sensors are based on the measurerhém current resulting from
the electrochemical oxidation or reduction of aecebactive species. The signal
transduction process is accomplished by controllihg potential of the working
electrode at a fixed value (relative to a referesleetrode) and monitoring the current as
a function of time. The applied potential providée driving force for the electron
transfer reaction of the electroactive speffedhe resulting current is directly
proportional to the rate of the electron transfeaction and, therefore, to the bulk
concentration of the electroactive species. Thatioriship between the molelN, of
electroactive species reacted (either oxidizededuced) and the charge passed through
the sensorQ, is known as Faraday’s Law:

N = Q/nF (Equation 1.1)
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wheren is the number of electrons transferred per moteFais the Faraday constari (
= 96487 C/moly®

Many of the current devices for the determinatioh H,O, are based on
amperometric sensors. Li et‘dlreported the development of a disposable amperimmet
biosensor based on the screen printing techniquiaéocommercial detection of,8, at
-0.3 V (vs. a screen-printed Ag/AgCl pseudo-refeeerelectrode). Horseradish
peroxidase (HRP) was entrapped in a polypyrroleyBkn electropolymerized on the
surface of the carbon screen printed electrodeasBtm ferrocyanide was used as a
mediator to improve the electron transfer betwdendnzyme and the electrode. The
sensor showed a sensitivity of 28% AM *cm” and a relative standard deviation (r.s.d.)
of 10.24% (n = 5). Mattos et #l.described the fabrication of amperometric sensors
selective for HO, based on Prussian blue (PB) modified gold (Au) pladinum (Pt)
screen printed electrodes. Tetrabutylammonium tadee sulphonate when added to the
buffer was shown to improve the long term stabitifythe PB films on both Au and Pt
electrodes. kD, determination was performed at —0.05 V (vs. Ag/Agénd the
sensitivities exhibited by the sensors were 2 aMI’cm? for Au and Pt electrodes,
respectively. Zhang et &.developed a sensitive amperometrigObisensor based on a
glassy carbon electrode modified with a compositaden from thionin, EDTA,
multiwalled carbon nanotubes (MWCNTS) and chitoaHIT). Thionin was used as a
mediator and was covalently immobilized onto the MIMTs-CHIT film by means of
EDTA activated by carbodiimide (EDC). The amperametletection of HO, was
carried out at approx. —0.4 V (vs. Ag/AgCl). Thexser showed high sensitivity with a
LOD of 6.510° M (S/N=3) and a reproducibility of 5.6% (r.s.doy f = 3. Lately, there
is an increasing amount of research focus on amper@ probes due to their high
sensitivity and rapid performance. This has seepeaometric sensors become widely
used for the determination of,8, compared to other electrochemical techniques, as

will be discussed below.
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1.2.5.2. Potentiometric sensors

Potentiometric measurements rely on the deternoinatf the potential difference at
zero current between either an indicator and areefe electrode or two reference
electrodes separated by a permselective membfafke analytical information is
obtained by converting the recognition process iatpotential difference, which is
proportional (in a logarithmic fashion) to the centration (activity) of species
generated or consumed in the recognition event. Mlost important feature in a
potentiometric measurement is that equilibrium c¢omos are established between
electroactive species in solution and at the eddetr This is in contrast to the diffusion-
limited condition characteristic of amperometric aserements and leads to relations
between voltage and concentration that are logarithrather than linear. The
relationship between the potential and the ioniccenotration in solution in a

potentiometric chemical sensor is given by the Neeqguation:

_ 0.05916 Vl ARed

081

E=E°

(Iox (Equation 1.2)

whereE is the cell potentialE® is the standard cell potential,is the number of
moles of electrons transferred in the cell reactmmd areq and apx are the chemical
activities for the reductant and oxidant speciespectively.

Potentiometric sensors generally involve the usewfselective electrodes (ISES)
for obtaining the potential sign&l.An ISE is an electrochemical sensor based on thin
films or selective membranes as recognition elemd@ddmmon potentiometric devices
are pH electrodes, several other ion (F CN, Na', K*, C&*, NH;") and gas (CQ
NHs) selective electrode.Ngeontae et &f reported the use of a Ag-ISE modified with
a polymeric membrane of benzothiazole calyx[4]ar@sean ionophore for the detection
of H,O, and its application to the fabrication of a gluedgosensor. Silver nanoparticles
(AgNPs) were used as a redox marker and were @ddiz free A ions by HO,. The
log-linear relationship between ,8, concentration and activity of free Agwas

followed by direct potentiometry. The working limeange for glucose was found to be
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from 1:10% to 310° M when the electrodes were measured ih01 M magnesium
acetate buffer, pH 6.0, with the enzyme in solutibne sensor showed a LOD ofL@®

M and a reproducibility below 7% (r.s.d.) Zhengatf® developed a potentiometric
H,O, sensor by doping a carbon paste electrode (CP#) MnO, and using solid
paraffin as gluing material. The sensor exhibited @D of 1.210° M and many
potentially interfering ionic species were showr twinterfere in HO, determination,
except C6" and PQ™. The sensor was applied to the quantitative détertion of HO,

in rainwater samples and good agreement was obtdipecomparing the results with
those of the chemiluminescence method. Kalaycil.&t & used an iodide selective
electrode for the detection of ,8, and its subsequent application for glucose
determination. The iodide selective electrode wiadi of 10% of the ion exchanger
tridodecylmethylammoniumiodide (TDMAI) as the aetivnaterial, dibutylphtalate
(DBF) as the plasticiser and PVC as the membranexnidide was oxidized by D,

in the presence of a molybdenum (VI) catalyst dmetdfore, the decrease of iodide
concentration was proportional to the concentratbi,O, in the bulk solution. By
immobilizing glucose oxidase (GOx) on the surfdee ibdide selective electrode, it was
used as a biosensor for the determination of gei@mmtent in blood. Potentiometric
sensors are often very attractive because of tthglr selectivity, simplicity and low cost
and they have been more widely used in the pasueMer, their lower sensitivity and
often slower response compared to amperometriosehave lately shifted the balance

towards the latter.

1.2.5.3. Conductimetric sensors

Conductimetric (or resistive) sensors rely on thextecal resistance change that
accompanies the interaction of a target analytédn witconductive layer (typically a
polymer or ceramic) held between two electrodem the case of conductimetric
biosensors, changes in substrate and product cwatiens resulting from the catalytic
action of enzymes may bring about a net changelutisn electrical conductivity. This
conductivity change may result from a number of ma@isms: 1. The generation of

ionic groups; 2. The separation of unlike char@droton generation and buffering; 4.

10
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Changes in the size of charge-carrying groups, @andChanges in the degree of
association of ionic specié¥In order to thoroughly define the selectivity bétsensors
and improve their commercial utility, meticuloudilbeation with a variety of potential
interferents is required. Conductimetric sensors generally inexpensive and quite
simple to construct since they do not need a reéereslectrode. The conductimetric
transducers can be manufactured using simple ilhintéchnology, and the voltage can
be rather small to substantially decrease the pameasumption and to reduce safety
risks when used in living organisis.*® Few conductimetric sensors for,®
determination can be found in the literature beeah® relatively low impedance of
aqueous media hinders the proper operation ofd¢hscs. Sergeyeva etlreported the
fabrication of a conductimetric biosensor fosQ4 determination using tetri@st-butyl
copper phthalocyanine (ttb-CuPc) thin film and leoaslish peroxidise (HRP) as the
sensitive element. The ttb-CuPc film is able tongeaits conductivity in the presence of
molecular iodine. The sensor was then based ondétection of molecular iodine
produced as a result of the oxidation of iodidesiby HO, in the presence of HRP. A

scheme of the conductimetric biosensor is showfignl.1.

H,0;+ 2I' + 2H" ZH;0 + I,

N
00000000

== HGPM, 100 nm
l— tth-Culc film, 200 pm

I I [ I —— AwCr electrodes, 1 jm

L e— ceramics, 200 pm

Figure 1.1. Scheme of a conductimetric biosensor for H,0O, deter mination.*’

A hydrophobic gas-permeable membrane (HGPM) wasedlaon to the iodine-

sensitive film to avoid interferences from the msirength and buffer capacity of the

11
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aqueous media. A linear range ofQ4 concentration from 0.05 to-B* M and a
standard deviation below 10% were obtained withcthreductimetric device.

The high dependence of the conductimetric measuresnom the buffering capacity
of the aqueous solutions has limited their use ds-gensing applications whereas
potentiometric and, more particularly, amperometdevices are predominant in

agueous-sensing applications.

1.3. MATERIALSFOR H,0, ELECTROCATALYSIS

The main purpose of a sensor recognition systeto [ovide the sensor with a
high degree of selectivity for the analyte to beameed’’ Apart from the inherent
catalytic characteristics of a material towards #realyte, its selectivity may be
improved by the choice of a suitable electricaleptil, by the introduction of a
catalytic reaction step, through the addition ofmpeelective membranes or by further
modifications?® Many materials have been used in the literaturehfe electrocatalytic
detection of HO,. This section will review the most important maky with particular

interest in the analytical parameters of the sendevices fabricated from them.
1.3.1. Platinum

Electrochemical detection of ,B, has been traditionally performed at platinum
electrodes because of its excellent electrocatajytoperties towards J,. Zhang et
al* studied the electrochemical oxidation afd4 on Pt disk electrodes in physiological
buffer at pH 7.4. Amperometric measurements weréopaed by applying a constant
potential of 0.65 V (vs. Ag/AgICl). The phenomenavas shown to be strongly
influenced by factors such as pH, temperature arface conditioning. Hall et &f.also
reported the study of the electrochemical oxidatainH,O, at a Pt rotating disk
electrode over a range of concentration and rotatédes. Details about the proposed
mechanisms for D, oxidation will be given in the next section. Manther HO,

sensors are based on further modifications of &iteldes. For example, Wang ef'al.

12
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reported the development of a non-enzymatic eldetfor HO, sensing based on the
electro-polymerization of aniline and single-wallegtbon nanotubes (SWCNTS) on a Pt
electrode. The composite film was synthesized imoait liquid and provided excellent
stability and enhanced selectivity towardsOpl detection. A detection limit of 1.20°

M and a response time of 4 s were observed by oaAroperometry at approx. -0.35 V
(vs. Ag/AgCl).

However, Pt electrodes are expensive and susceptiblpoisoning, so require
meticulous cleaning pretreatment procedures. Adsiesistive oxide film is created on
Pt surfaces over time at constant potential, alerthe electrode response, so
measurements must either take this into accouatl@w for the film to reach a stable
equilibrium before commencing experimentatfoff. Moreover, the potential applied for
H,O, detection on Pt is inside the potential range Far ¢xidation of some common
interfering species, such as ascorbic acid, urelapanacetamol. Therefore, other types

of electrodes have been studied for the deternoinatf HO,.
1.3.2. Silver

Silver has proved to be an excellent material fog direct electro-analytical
detection of HO,.* *? Lian et al*? reported the enhanced characteristics of a Ag
electrode towards D, reduction after it was roughened by electrochenmicadation-
reduction cycles (ORC) in a KCI solution. The impement in the catalytic activity of
the roughened electrode was ascribed to the sngahakoparticles produced from the
electrodeposition of Agduring the oxidation-reduction process. A LOD af® M, a
response time of 2 s and a reproducibility of 4.6%.d., n = 10) were the analytical
parameters of the sensor obtained at an applieengait of approx. —0.35 V (vs.
Ag/AgCl). Zhao et af® synthesized ‘flowerlike’ silver microspheres, whiwere used
to fabricate a KO, sensor by immobilization on a glassy carbon ebeletr Silver
structures were obtained by reduction of AgN® the presence of ascorbic acid as
reductant and poly(vinylpyrrolidone) (PVP) as thabdizer. Fig. 1.2 shows a typical
SEM picture of the flowerlike silver microsphereghe sensor exhibited a LOD of

1.210° M (estimated at S/N = 3), a response time of 34nd a relative standard

13
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deviation less than 5% when the electrode was measu approx. —0.55 V in PBS pH
7.0.

Figure 1.2. SEM image of flowerlike silver microspheres used for the reduction of
hydrogen peroxide. Inset: high magnification SEM image.®®

Recently, interest has been shown in using siharoparticles for the electro-
analytical detection of 0,. * “*The microelectrode arrays created by the depasitio
metallic nanoparticles on electrodes have been shmwsignificantly improve the
sensitivity of electro-analytical sensing methodes tb their large specific surface areas,
excellent conductivities and biocompatibilities. Mfe et al* recently reported the
application of silver nanoparticles (AgNPs) on glasarbon (GC) electrodes to detect
H,0,. The nanoparticles were deposited on GC electréd@s a solution containing
silver nitrate and tetra-n-butylammonium perchleriat acetonitrile after the application
of —0.5 V vs. Ag/AgCl for 1 min. A kD, reduction wave at approx. —0.7 V vs Ag/AgCI
was observed by cyclic voltammetry. The LOD of hgNP-GC device in phosphate
buffer pH 7.4 was 2:Q0° M, with a five times higher sensitivity than thaiserved at a

14
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silver macroelectrode. They also studied how dfierstripping times influenced the
distribution and size of the Ag nanopatrticles oa #hectrode surface. In each case Ag
was deposited for 1 min and they found that lorsiigpping times led to smaller particle
sizes. When the Ag nanopatrticles were not strippleel, electrode behaved as a Ag
macro-electrode and,®,was reduced directly on the Ag via a mechanismaogaais to
that proposed by Honda et‘al(see reactions 1.15-1.17 on p20). However, wherAth
nanoparticles were stripped, a negative shift epghak potential and the presence of a
shoulder in the reduction wave were observed dutireg determination of ¥D, by
cyclic voltammetry. The shoulder was attributedite electrode-reduction of oxygen on
glassy carbon, produced via the silver-catalysemmigosition of HO,. Guascito et &.
have also reported the use of AgNPs for the amalytetermination of yD,. The
sensor was fabricated by immobilizing AgNPs in &yiayl alcohol (PVA) film on a
platinum electrode. Cyclic voltammograms and voltaetry showed that AgNPs
facilitated HO, reduction, exhibiting catalytic activity at —0.55 W& Ag/AgCl. The
estimated LOD for this electrode was-1@° M, based on S/N = 3.

However, Ag is prone to oxidation when it is in taet with the air and the increase
in the degree of the electrode oxidation on Ag tebeles leads to a retardation in the
H,0, reduction procesS.Ag as a commodity has also seen a recent drainatizase in

price which is impacting on its cost-effectivenassa catalytic substrate.

1.3.3. Other metals and metal alloys

Besides Pt and Ag, many other metals such as Fe&;#hand P4’ and metal alloys
such as Pd/A® Pd/lr, and Au/Pt have been employed as catalysts for hydrogen
peroxide reactions. For example, Zen efalleveloped a disposable copper-plated
screen printed carbon electrode (CuSPE) g Hletermination at ambient temperature.
The electrode was prepared by electrochemical depo®f a Cu layer at —0.7 V (vs.
Ag/AgCl) from a solution containing Cu(NJ on to a carbon screen printed electrode.
The detection of kD, was performed by flow injection analysis (FIA) atpaised
potential of —0.3 V (vs Ag/AgCl) and a flow rate fmtmin™. A LOD of 9.710" M
(SIN = 3), a sensitivity of 3.450° AM™ and a reproducibility of 1.1% (r.s.d., n = 10)
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were obtained by the device in PBS pH 7.4. Conalaerinterferences due to'@hd O
ions were reported. Kumar and Sornambikaeported the amperometric detection of
H,0O, in physiological solution (pH 7) by means of a idafCu particulate modified
glassy carbon electrode (GCE). The GCE/Nf was figped with copper (ll) ions,
which were subsequently converted into copper efystrticulate islands by applying a
potential of —0.7 V (vs. Ag/AgCl) for a determinéche. The electrochemical sensing
experiments were carried out at 0.2 V (vs. Ag/Ag@id a LOD of 1.630° M (S/N =

3) was obtained. The determination 0G4 in real sample solutions such as milk,
human urine and green tea was successfully denadestwith this system.

Pd, Ru and Pd-Ru nanoparticles have been alsotigaes] as electrocatalysts for
H,0,.>! The nanoparticles were supported on Vulcan XC&than and the system was
characterized by transmission electron microscofiyM), X-ray powder diffraction
(XRD) and electrochemical techniques. After 30 mirasurement in-30% M H,0O,,
Pd-Ru/C catalyst showed higher catalytic activity H,0O, electroreduction than Pd/C
and Ru/C.

1.3.4. Protein and enzyme-based sensors

In trying to mimic biological systems, B, has been determined by electrodes
modified with redox proteins and enzymes such asrioglobin, soybean peroxidase,
myoglobirf* °* *3and horseradish peroxidase (HRPJ* **The latter enzyme has been
the most commonly used enzyme for construction g,Hbiosensors due to its ready
commercial availability in high purity and low cod¥lany methods and materials
including absorption, cross-linking, self-assemialiyd gel or polymer entrappment have
been studied to improve HRP immobilization and garction in the manufacture of
H,0O;, biosensors, with the aim of achieving high enzyovity and a sensitive electron
transducer’ Yemini et al’’ recently reported the use of well-organized peptid
monolayers to anchor HRP enzyme molecules on detdrede surfaces. The electrodes
were first soaked in a peptide-containing solufien2 min. They were then rinsed and
treated with 1-ethyl-3-(3-dimethylaminopropyl) cadimide hydrochloride (EDC) to

subsequently immobilize HRP molecules by covalemds. Fig. 1.3 shows the HRP
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immobilization process onto the collagen-like péeti The enzymatic activity of the
immobilized HRP was measured by spectroscopy atypiaal current-time curve for
successive additions of,8, was registered at —0.1 V (vs. Ag/AgCI) with respetime

lower than 10 s.

1
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Figure 1.3. Scheme of the electrode preparation: first, the collagen-like peptide is
immobilized onto the Au electrode; then, the functionalized electrodes ar e activated
with carbodiimide (EDC) and HRP is deposited on top. After the process, the

electrodes wererinsed and air dried.®’

Several studies have employed self-assembled myersla(SAMs) for HRP
immobilization on electrode surfacés®® with the limitations of low biocompatibility
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and partial activity loss due to the covalent dttaent of the enzyme to the monolayer.

Li et al>®

reported the fabrication of an amperometric bieserwhere HRP was
immobilized on a sandwiched nano-Au partialephenylenediamine polymer film by
glutaraldehyde cross-linking. The  poly m-phenylenediamine) film was
potentiostatically electropolymerized on the susfat a home-made ferrocene-modified
carbon paste electrode (FCE). Au colloid partielese spread on the electrode surface
and a newm-phenylenediamine polymerization was then carrietd @nce rinsed, the
enzyme was immobilized on the surface, showing stdre than 90% of its initial
activity after two weeks storage. The sensor pitesea detection limit of 1:307 M and
was used to determine,@&, concentration in plant leaf samples. Interferingstances
such as glucose, ethanol or ascorbic acid weredeshowing less than 1% interference.

Chen et af? reported the incorporation of HRP into a poly(8tAylenedioxy
thiophene) (PEDT) film and their subsequent usanaamperometric biosensor fos®
sensing. The vapour phase polymerized PEDT filmadcshrink to 5% of their original
thickness during a washing step. This advantageusad to successfully entrap HRP
molecules within a PEDT film following exposure &m ethanol solution containing
such enzyme. The sensing activity of the deviceatdw HO, detection was
demonstrated by sensingl8® M H,O, in phosphatduffered saline solution with a
sensitivity of 190 pA cif.

However, the special requirements of temperatummcentration and pH to
maintain enzyme stability and the difficulties imding an appropriate method of
immobilization of the enzyme on a solid surfacevad| as the saturation with the
substrate, which affects linear calibration rarfggese led the search for alternative non-

enzymatic process to,B, determinatior; *2
1.3.5. Other materials

Another widely used material in B, detection is ferric hexacyanoferrate or
Prussian blue (PB). This reagent was first usedsé&ective detection of 4D, by its
reduction in the presence of oxygen by Karyakinsug® Thereafter, many studies of

the electrocatalytic reduction of,&, by PB have been performed. It has been shown as
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the most advantageous peroxide transducer. Thagpaed to platinum, PB modified
electrodes are three orders of magnitude moreetti¥,O, reduction and oxidation in
neutral media and three orders of magnitude mdextsee for HO, reduction in the
presence of ©" ® Recently, the possibility for nanostructuring oB Foy its
electrochemical deposition through lyotropic liquigstal templates has been reported.
The detection limit of the resulting sensor wak0f M and a linear calibration range for
H,O, concentrations from-10° to 1:10% M was showr.

Many polymers have also been used in the catalgtiection of HO,. For example,
the electrochemical #D, reduction on polyg-aminobenzene sulphonic acid) (PABS)-
modified glassy carbon electrodes was studied. 8imyme-less amperometric sensor
showed a linear range of detection of 0.5-t0% M H,0, and a LOD of 110° M (S/N
= 3) from the amperometric curves obtained at A0.7s. Ag/AgCI® This polymer-
based HO, sensor device showed worse sensing parametersptbaiously reported
examples. Daly et &f evaluated the use of three polymers (polypyriotéyaniline and
1,3-diaminobenzene) for the suppression of interfex during HO, detection on
metallised (Ru, Rh, Pt) carbon electrodes. Thetreldes were measured at +0.65 V (the
potential required for electrocatalysis 0§®4 using nhon-membrane electrodes) and at
+0.10 V (vs. Ag/AgCl) in the presence of® and interferents such as L-ascorbic acid,
acetaminophen, L-cysteine and uric acid. The lafgplied potential was shown to

provide the maximum $D,: interferent ratio.

1.4. CATALYTIC MECHANISMSFOR H,0, DETECTION
H,0O; is a colourless liquid, slightly more viscous thaater (density = 1.11 g/ml,
giving a molarity of 9.8 M}® and completely miscible in water and alcohol.dhaves

as a weak acid (pKk= 11.6) and at alkaline pH'’s it deprotonates tonf@ perhydroxyl
ion along with a hydrogen ioft: ®

H,0, 2 H + HO, (reaction 1.1)
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H,0O; is unstable with respect to disproportionation #ndecomposes to oxygen
and water exothermically. In practice, however,sitnot very labile and survives
reasonably well at moderate temperatures and laWnaoderate pH. Nevertheless, it
will rapidly decompose when catalytic agents (liken) are presert. The reaction

corresponding to the decomposition o4 is the following:
2 HO; — O, + 2H,0 (reaction 1.2)

H»0, is considered a strong oxidizing agent, but isedé€lent on the pH. The half-
cell reaction for HO, in acidic and neutral aqueous solutions is as¥aif®

H,O, + 2H" + 26 — 2H,0 (reaction 1.3)

The standard potential for reaction 1.3 is 1.76s%,HO, behaves as a powerful
oxidizing agent in acid solutions, although gerlgrialrequires activation to exhibit such
properties™ ®In basic solutions, however, the half-cell potahis lower (E = 0.87 V)
because of the presence of the perhydroxyl iorerattan of the KD, molecule:

HO, + HO + 26 —» 30H (reaction 1.4)

H,0O, can also behave as a reducing agent. The halfezgdtion in acid solutions is

the following:
H,O, — 2H + O, + 26 (reaction 1.5)

The standard potential for reaction 1.5 is —0.6% ¥he corresponding half-cell

reaction in basic conditions has a standard petieniti-0.08 V and i§°

HO; + OH — O, + H,O + 2é (reaction 1.6)
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Generally, electrochemical reactions 0fQd presents slow electrode kinetics on
many electrode materials and as a result, highpotentials are required.

Many mechanisms have been proposed in the literdonr the electrochemical
oxidation and reduction of ., which are reliant on the catalyst material. Soméhef
most important mechanism will be reported below.

Pt has been widely used as a catalyst for therelFmmical oxidation of pD,.*
However, the electro-oxidation of .8, in the neutral pH range is not yet fully
understood. Most studies were performed under etigH conditions which simplified
the electrode mechanism because eithef] [of [OH] was high enough to give
reproducible results. Moreover, the catalytic deposition of HO, on a Pt electrode
has been a major problem for the oxidative detaatibH,O, as the current efficiency
depends on the rate of catalytic decompositio®n the other hand, the oxidation of
H.0O; is favoured on oxidized Pt surfaces as the poterg@ion had previously been
shown to correspond to platinum oxide film formatitdickling and WilsofY first, and
Lingane and Lingarf& later suggested that the oxidation efon Pt occurred through
the initial reduction of the Pt oxide film by,8, followed by the re-oxidation of Pt to Pt

oxides, according to the following scheme:

PtO + HO, —» Pt + HO + O, (reaction 1.7)
Pt + 20H- 2€é — PtO + 2HO (reaction 1.8)

Gortori® proposed a similar mechanism for the oxidatiotg®h, at Pd. A carbon
electrode was modified by vapour deposition ofia thyer of a mixture of Pd and Au.
Assuming that Au only acts to aid dispersion of Rgl), oxidation was proposed to be
dependent on surface oxide films in a similar mariaghat previously reported for Pt

and follows the schenf&:*®

Pd(OH) + H,O, — Pd + 2HO + O, (reaction 1.9)
Pd + 2HO — Pd(OH) + 2€ + 2H" (reaction 1.10)
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H.O. reduces the metal oxide film to the metal, which iie-oxidized
electrochemically. Johnston et ®dlalso studied bD, oxidation on Pd/Au thin-film
electrodes. They found similar results to thoseGafrton and suggested a surface
binding site model incorporating reactions 1.11 ar® to correct the deviation of the

linearity observed by the latter:

H02 buk — H202 surface (reaction 1.11)
Pd(OH) H,O, —» Pd + 2HO + G, (reaction 1.13)
Pd + 2HO — Pd(OH) + 2H" + 2¢ (reaction 1.14)

The first step of the mechanism involved the diffasof HO, to the electrode
surface. The surface complex was assumed to bapid equilibrium and the anodic
potential was high enough so that reaction 1.14m@® rapid than 1.13.

Honda et af® studied the electrochemical reduction of0H at a Ag electrode in

acidic solution. The proposed mechanism for thieadit reaction was the following:

H,O, + € —» OH) + OH (reaction 1.15)
OHa + € —» OH (reaction 1.16)
20H + 2H — 2H,0 (reaction 1.17)

where OH, designates the adsorbed state. Reaction 1.15amaglered as the rate-
determining step and the whole mechanism was thme s& suggested for the reaction
on Ag in alkaline solutio and on other metal electrodes. The mechanism uded!

for the anodic reaction was:

AgeAg’ s+ € (reaction 1.18)

Ag's)— Ag'm) (reaction 1.19)
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where (s) and (b) designate the state of Agar the electrode surface and in the
bulk of the solution, respectively. The detectidmrAg”™ by chemical analysis confirmed
the dissolution of Ag, although reaction 1.19 wassidered as the rate-determining

step.

1.5. APPLICATIONS OF THE DETECTION AND ELECTROCATALYSIS
OF H,0;

As was mentioned above,,& determination has become extremely relevant in
recent years because of its wide and varied apjlicsa Two of the main applications of

H»0O, detection are in biosensors and fuel cells.

1.5.1. Biosensors

Many enzymatic reactions produce®d as an end-product so its concentration may
be used as an indicator of the progress of thetiogglc The coupling of HO,
electrochemical detection to amperometric biosensgrthe signal transducing device
has contributed significantly to the developmenthaf sensor industry. One of the most
frequently used biosensors to date has, of cobes the glucose sensor with glucose
oxidase (GOx) as the biospecific reagent. Fig. dhdws the scheme of a glucose

biosensor. The reactions involved in the process’af’

Glucose + @ - gluconic acid + KO, (reaction 1.20)
H,O, — Oy + 2H + 2€ (reaction 1.21)
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GLUCOSE H,0,
GLUCONIC GOx (Red) O,
ACID

Figure 1.4. General scheme of a glucose biosensor .

3A0d10313

The first glucose biosensor was developed in 196Zlarks and Lyond and was
based on the monitoring of the oxygen consumedéyehzyme-catalyzed reaction. The
enzyme electrode consisted of a thin layer of GOixapped over an oxygen electrode
via a semipermeable dialysis membrane. Howeversarements of kD, formation
have the advantage of being simpler, especially revh@iniaturized devices are
concerned, as well as providing higher sensitivRyvery common configuration has
been the YSI probe based on a Pt electrode. Treetsor involved the entrapment of
GOx between an inner anti-interference celluloseteie membrane and an outer
diffusion-limiting/biocompatible one (such as Numb®re polycarbonate membrane) to
form an enzyme sandwich. ® Since then, many glucose sensing devices have been
fabricated by the immobilization of GOx on an elede surface which had previously
been shown to be ultrasensitive tg0d detection. Thus, Cao et Alfabricated a glucose
biosensor based on ultrafine Pt nanoparticles dispeon a glassy carbon electrode. Pt
nanoparticles have been shown to facilitate thetrele transfer and increase the surface
area, which enhances the catalytic activity towakr©,. The enzyme was then
immobilized on to the modified electrode and a mni&tof glutaraldehyde and Nafion
was placed on top as a protective film. The bioseskowed a LOD of 5-10M and an
elevated sensitivity, which was mostly attributedthe high HO, electro-oxidation
efficiency. Karyakin et af’ reported the use of a PB-modified GC electrodettier

fabrication of a glucose biosensor. As describetieeaPB has proved to be an excellent
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electrocatalyst for D, — even better than Pt — facilitating its detecta low applied
potential (approx. 0 V vs. Ag/AgCIl). Such a low @atial enhances the immunity
against ascorbic acid interference during bloodastiesting’> A glucose biosensor was
developed by GOx immobilization into a Nafion memne that was subsequently
deposited onto the PB-modified electrode. Glucasgedion was performed at 0.18 V
(vs. Ag/AgCl) and a linear response from 1%1® 5.-10° M was observed. More
recently, Ricci et al® modified carbon screen printed electrodes withbefre enzyme
immobilization by cross-linking employing glutareallyde and Nafion. This allowed the
detection of HO, produced by the enzymatic reaction at approx. 3/ Ag/AgCl) and

a LOD of 2-1¢ M together with a sensitivity of 5.4-2@\M *cm were obtained.

A cholesterol biosensor is anothes®4-based device due to the fact that the side
product of the cholesterol oxidase reaction is &@,, formed by the enzyme-
catalyzed oxidation of the cholesterol by dissolvedlecular oxygen. Vidal et &.
reported the fabrication of a cholesterol biosetssed on the electrodeposition of a PB
layer on a Pt electrode. The cholesterol oxidases wilaen immobilized by
electropolymerization of a polypyrrole film (PPy)cha Nafion layer was formed on top
to exclude molecular and anionic species from riegcthe electrode surface. The so-
created biosensor provided a LOD of 1.2\ and a sensitivity of 8.6-T0AMcm?
when the applied potential was —0.05 V (vs. Ag/AgCI

1.5.2. Fued cdlls

In order to improve fuel cell performance, muchodffhas been focused on the
development of electrode materials with high cai@lgctivity for the electrochemical
reduction of oxygen.Generally, noble metals in high surface-area fdnmse been used
for such purpose. However, they turned out to bg egpensive and difficult to operate
over long periods of time. Porous electrodes fabed with high-area carbon have
subsequently been used as catalysts in alkalingi@olfor the two-electron reduction of

oxygen’®

O, + H,O + 26 - HO, + OH (reaction 19)
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In order to decrease the polarization createdenctithode, to improve the electrode
life and to reach high operation potentials, th&®Hconcentration should be reduced.
The use of a catalyst enhances the elimination &, +and therefore, the rest of the
process where it is involved. Venkatachalapathgl.Etinvestigated the catalytic activity
of several materials (carbon, Pt-supported on higla carbon, Pt, lead ruthenate and
ruthenium oxide) towards 4@, decomposition. Pt showed the best catalytic effect
although ruthenate activity was also comparablesrdiore, lead ruthenate might be
used as a second catalyst on the cathode sidelatdlis to decompose,B,. Kjeang et
al.”® developed a microfluidic fuel cell incorporating® as an oxidant. High-surface
area electrodeposited Pt and Pd on Au electrodes xaluated as catalysts showing
similar catalytic activity towards #D, reduction. The kO,-based fuel cell showed
higher power and current densities than cells basedissolved oxygen, and so they
might be employed in anaerobic conditions suchuasersible and space applications.

Further developments in,B, catalysts might be applied in the fabrication oélfu
cells with improved and more customized propergesticularly as an oxidant in liquid-

liquid fuel cells employing methanol or borohydriae fuels.

1.6. CONCLUSIONS

The numerous applications ob®; in industry and biotechnological processes have
brought about an increase in the number of teclesidocused on its analytical detection
and quantification. Traditional techniques suchtimBnetry or spectrophotometry are
being replaced by electrochemical techniques whrelhfaster, more convenient and less
prone to interferences. Although there are alrea#yeral potentiometric and
conductimetric sensors reported in the literatareperometric sensors have become the
focus of research interest for,®, detection due to their high sensitivity and rapid
responses. Many materials have been employed ifabineation of HO, sensors such
as metals, proteins, enzymes, polymers and othalysts such as Prussian blue. Lately,
growing interest has been shown towards nanop&ateuaterials, which enhance the

sensitivity of the sensing devices because ofrtheease of their specific surface areas.
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Regarding the driving mechanism for the electrodbahmoxidation or reduction of
H,0,, many systems have been proposed depending arathkytic material. Some of
them have been reported and compared along presexi®ns of the review. Finally,
the application of kD, sensing devices in the fabrication of biosensoxs fael cells

has been discussed as examples of the importaaicke,D, detection has in our time.

1.7. THESISOUTLINE

The purpose of the present work was to understdred rtature of a new
electrocatalyst for the electrochemical reductibmyarogen peroxide and apply this as
the basis of an enzyme-based biosensor for gludesgmination. Another aim was to
investigate how the catalytic modification woulddreenable to print fabrication.

Chapter 1 presents a literature survey on the topi¢he electrocatalysis and
detection of hydrogen peroxide.

In Chapter 2, the materials, instrumentation anthods used throughout this thesis
are outlined.

Chapter 3 describes the development of a novelysatéor the electrochemical
reduction of HO, based on the surfactant/salt modification of silgereen printed
electrodes (Ag SPEs). Optimization of the modifmatprocess was performed through
electrochemical and microscopic techniques to aseseffects of varying parameters
such as surfactant and salt concentrations andficetthn times. Enhancement of the
H,0, decomposition process was also observed by Ag $#lBs/ing the exposure to
the modification solution.

Chapter 4 addresses the surfactant/salt modifitatioa range of substrates such as
Ag, Au, Pt metal and paste electrodes and theialygat effect towards the
electrochemical reduction and decomposition ofOH A kinetic study of the
decomposition process including the calculatiothef apparent and heterogeneous rate
constants for the process will be also provided.

The application of surfactant/salt modified Ag SPies the development of a

glucose biosensor is outlined in Chapter 5. GOx used as the glucose recognition
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element. Much of the work focuses on the optimaratof a membrane layer and
immobilization of the enzyme. Analytical parametsush as LOD, reproducibility and
sensitivity will be highlighted.

The use of inkjet printing for the deposition ofetlsurfactant/salt modification
solution onto the Ag SPEs is explored in ChapteAempts to minimize the high
variability observed in Chapter 5 through the feation of all-printed sensors will be
illustrated. Comparisons of the,®, sensors and glucose biosensors fabricated by both
dip-coating and inkjet printing will be addressed.

Recommendations for future work developments emgrdrom this thesis are

presented in Chapter 7.
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2.1. MATERIALS
2.1.1. Materials

Dodecylbenzenesulphonic acid (DBSA) was purchasewh fTCI Europe. Sodium
dodecyl sulphonate (SDS), cetyltrimethylammoniuronide (CTAB), Triton X-100,
lithium, sodium, potassium and caesium chlorideC(LiNaCl, KCI, CsCl), sodium
bromide (NaBr), potassium dihydrogen phosphate ,f®j), D-(+)-glucose, cellulose
acetate (CA), chitosan, hexamethylenediamine (HMD#etone and glucose oxidase
(GOx, Type II-S: from Aspergillus niger, 20% pratgiwere purchased from Sigma-
Aldrich. Di-sodium hydrogen phosphate ¢gN#O;) was purchased from Riedel-de
Haen. 30% (v/v) hydrogen peroxide 4Pb) solution was purchased from Merck.
Glutaraldehyde (GA) and Nafin117 solution (~5% in a mixture of lower aliphatic
alcohols and water) were purchased from Fluka CkemAcetic acid glacial was
purchased from Fisher Scientific. Silver conductink (Electrodaf PF-410) was
purchased from Henkel (Scheemda, The Netherla&deiling silver (92.5%, 300 pm-
thick) was purchased from NN Enterprises (Dublieland) and it was cut into 0.6 ém
substrates (unless otherwise is stated). 0.5 mmeadex silver wire (99.9%) was
purchased from Sigma-Aldrich and 1.1 cm long etst#s were prepared as working
electrodes using isolating tape. Silver (CHI103,998 A = 0.031 crf) and gold
(CHI101, 99.9%, A = 0.031 cthmetallic electrodes were purchased from 1J Caabri
Scientific Ltd. (Carms, UK). Gold and platinum seneprinted electrodes (A = 0.1 &m
were purchased from DuPont (Delaware, US). Gold pladinum screen printed
electrodes (4 mm diameter) were purchased from ®2op (Asturias, Spain).
Poly(ethylene) terephthalate (PET) substrates Waknex” films obtained from HiFi
Industrial Film Ltd. (Dublin, Ireland). Polyestergssure sensitive adhesive (PSA,
ARcare® 92712) was purchased from Adhesives Reseketand Ltd. (Limerick,
Ireland). Seriwash universal screen wash was psech&fom Sericol Ltd., (Kent, UK).
0.3 um and 0.05um alumina powders were purchased from Buehler @pndK).

Silver/silver chloride electrodes were purchasedmfrBioanalytical Systems Ltd.
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(Cheshire, UK). The platinum mesh was purchasedn fisigma-Aldrich. All the

solutions were prepared using 1&Nilli-Q water.

2.1.2. Buffersand solutions

Unless otherwise stated, all electrochemical measents were carried out in

phosphate buffered saline solution (PBS). The buftgution was 1® M phosphate,
1.3710" M NaCl and 2.7.0° M KCI. This was prepared by mixing solution 1 {101
NaoHPO,, 1.3710" M NaCl and 2.710° M KCI) and solution 2 (16 M KH,PQs,
1.3710* M NaCl and 2.7.0° M KClI) to a pH of 6.8.

Unless otherwise stated, GOx enzyme solution wapgsed in PBS pH 5.0. Such
buffer was prepared in the same way but adjushiadital pH to 5.0.

1 M H,0O; solution was prepared daily by diluting 20-timae stock solution with
distilled water.

0.2 M glucose solution was prepared and left oghtiio allow equilibration of the

anomers to the stable ratiowf 36:643

2.2. INSTRUMENTATION

Silver screen-printed electrodes (Ag SPE) wereidabted using an automated DEK
248 machine (Weymouth, UK). Briefly, a layer ofveit paste was deposited onto PET
substrate and cured in a convection oven at’C2for 5 minutes. Then, an isolating tape
layer was deposited to define the working electrada (0.126 cf.

All electrochemical measurements were performed an three-electrode
electrochemical batch cell, using a Ag/AgCIl/NaGit(sated) electrode and a platinum
mesh electrode as reference and auxiliary electra@spectively. Cyclic voltammetry
and time-based amperometric measurements wereedaout with a CHI601C
electrochemical analyzer with CHI601C software Qdmbria Scientific Ltd., UK).
Measurements were performed at a room temperafui® & 2 ‘C. Unless otherwise

stated, all potential values are referred to thEA§G1/NaCl (saturated) electrode.
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Scanning Electron Microscopy (SEM) using Secondalgctron (SE) and Energy
Dispersive X-ray (EDX) detection was carried outhna Hitachi S-3400N. Acceleration
voltage of 20 kV and working distance of approx.5l&m were employed to obtain the
surface images. For the analysis of Ag metallicteteles, electrodes were fixed to stubs
using conductive carbon cement.

X-Ray Photoelectron Spectroscopy (XPS) measurems&ats performed using a
Kratos AXIS 165 spectrometer (University of Limégidreland).

Surface area determinations were performed by BHiRlyasis by Ceram
(Staffordshire, UK) using a Gemini VI instrument i@Mbmeritics). The standard error
on the mean uncertainty with a coverage factor=#.20 is 0.3458% for the multipoint
determination and 0.3327% for the single point gheteation.

A Sartorius CP225D analytical balance was employedregister the mass
differences during b0, decomposition.

A Graphtec Robo Pro S (Model no. CE50000-4-CRPjirgutplotter and a Robo
Master Pro software (Wrexham, UK) were used to amepthe PSA patterns for
biosensor fabrication. Electrode patterns were drasing AutoCAD and uploaded into
the Robo Master software. A 3 cm x 12 cm PSA sabstvas designed with ten circular
(0.4 cm diameter) patterns so ten electrodes cdiddmodified simultaneously,
increasing the reproducibility of the devices.

Inkjet printing was performed using a Dimatix Mads Printer DMP-2831
(FujiFilm Dimatix, Inc.) and a Dimatix Drop ManagBiMP-2800 series software. The
Dimatix cartridges used for printing were MEMs-bdsavith 16 nozzles (20 pm

diameter) spaced at 254 um. The droplet volumequased at being 10 pl.

2.3. METHODS

2.3.1. Electrode modification with surfactant/salt-based solutions

Screen-printed (Au, Pt, Ag) and sterling 92.5% Agctodes were dipped into a
freshly-prepared solution of a surfactant (DBSA,SSICTAB, Triton X-100) and a salt

36



Chapter 2

(LiCl, NaCl, KCI, CsCl) at a range of concentrasaimodification solution) for 3 hours.
The electrodes were then rinsed with water to remthe excess of modification
solution and employed directly. Au and Ag metalld®.9%) electrodes were initially
polished using 0.3 and 0.05 um alumina. They weea sonicated for 5 min in distilled
water and subsequently dipped into the modificasolution for 3 hours, following the
same procedure used for SPEs. These electrodesfivgtrased as kD, sensors and

subsequently, as platforms for GOx immobilization.
2.3.2. Electrochemical characterisation

All electrochemical measurements were carried @ stirred batch system with a
three-electrode configuration. Unless otherwis¢estathe electrodes were measured in
2.5 ml PBS pH 6.8. Cyclic voltammograms were ol#dim the potential range from -
0.200 to 0.025 V (vs Ag/AgCl) at a scan rate of /¢ and a sensitivity of 1-POV/A.
Amperometry was performed at -0.1 V (vs Ag/AgCliwa sensitivity of 1-1®V/A for
H,O, and 1-18 V/A for glucose measurements. 1 M stock solutidnHeO, was
prepared daily and then aliquots from this solutisere added to the working cell
during amperometric measurements in order to ctexiae the sensor parameters. For
the glucose sensing, aliquots of 0.2 M glucosetsmiuwere added to the bulk to obtain

the electrochemical responses at the same apitedtyal.
2.3.3. Measurement of H,O, decomposition

H>O, decomposition was assessed by the decrease in megistered when the
electrodes were placed in 2 ml of 1 M®4. The electrodes were dipped into thglp
solution and the vials were covered with laboratfilsn to avoid losses due to
evaporation. In order to allow the, @rmed during the decomposition to release from
the devices, a small hole was made in the laborditar. The mass data were registered
every minute for 1 hour and each electrode was unedsthree times, with a resting

time of 10-15 minutes between measurements.
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2.3.4. Immobilization of GOx onto silver screen-printed electrodes

Unless otherwise stated, the glucose biosensor prggared by immersing the
DBSA/KCI modified electrode in a CA solution-{®?% CA in glacial acetic acid) for 3
S to create a thin and uniform layer of the polymethe electrode. After the immersion,
the electrode was placed for ten minutes in colobrdged water to accelerate the
polymer solidification phase. Activation of the Qdyer was carried out by immersing
the electrode into a 5% (w/v) HMDA aqueous solutfon 20 min. After washing in
deionised water, the electrode was immersed fom#0 in 2.5% (v/iv) GA agueous
solution. After further rinsing with deionised wgtthe electrode was kept overnight at 4
°C in a 25 mg/ml GOXx solution in PBS pH 5 for enzyimmobilization’ A diagram of

the electrode design is shown in Appendix 1.

2.3.5. Inkjet printing of DBSA/K CI solution

DBSA/KCI solution was inkjet printed by placing tfreshly prepared solution at the
corresponding concentration in a Dimatix cartridige. prior filtering was performed in
order to avoid any possible breaking-down of theeite/lamellar structures created in
the surfactant-based solution. Unless otherwidedtéhe solution was printed onto the
Ag SPEs using circular patterns (5.04 mm diameted) 20 pum resolution (dot spacing),
which was equivalent to approx. 1270 dpi (dropsipehn). Electrodes were then rinsed
to remove the excess of modification solution thiat not interact with the electrode

surface.
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3.1. INTRODUCTION

As was set out in Chapter 1, detection and measnemf HO, is of major
scientific, social and economic importarléeThus, the continuing search for novel and
better ways of detecting or measuring it are imgarresearch goals. In particular, its
use in electrochemical sensing devices requirdsstieh sensors be of low cost and be
amenable to rapid production. To date, this has lamarily achieved through the
fabrication of the screen printed electrode. Is tieigard, the need for compatibility with
screen printable materials such as conductiveankispastes is a critical feature.

The major theme of the work presented in this thelgiveloped out of the initial
observation that carbon paste screen printed etbxir modified with polyaniline
(PANI) nanoparticles appeared to show enhancedlysasdaowards HO, reduction. The
synthesis of PANI nanoparticles using dodecylbeagelphonic acid (DBSA) as both
dopant and surfactant was employed to allow theofiskis polymer in aqueous media,
improving its processability. It enabled PANI namdples to be deposited onto
electrodes by means of traditional methods, suckirap coatind; ®> or using more
sophisticated techniques, such as inkjet printing.

The initial objective of the project was the assexst of the PANI nanoparticles
deposited onto the carbon paste screen printedredecas a sensor platform for the
H,0O, detection. Early data showed an enhancement o€dtteodic current at —0.1 V
when the PANI-modified electrodes where measurdtierpresence of #,. However,
subsequent investigations showed that the catalgiponses were, in fact, associated
with the silver ink layer underlying the carbon fgasscreen printing can sometimes lead
to the formation of pinholes on the printed surfadepending on the viscosity of the
material and the curing conditions. Here, it wateddhat the real catalytic surface that
enhanced the #D, electrochemical reduction was the silver pasterlaioreover, it
was found that PANI nanoparticles themselves wetanvolved in the HO, catalysis,
but that this was due to the combination of theimpsurfactant used in the PANI
nanoparticles synthesis (DBSA) and a salt presetita phosphate buffer (KClI).

Thus, in the present work, silver screen printettebdes (Ag SPEs) were evaluated

as platforms for kD, determination due to their cost-effectiveness aadeeof
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fabrication and manufacture. To achieve this, hamethe nature of the observed
catalysis required an initial detailed study to michn understanding of the relationship
between the catalysis and the materials involved, @n optimisation of the system.
Initial investigations suggested that this catalysas novel and had no precedent in the
literature. Thus, in this chapter, the nature @& datalysis is thoroughly investigated,
looking initially at the silver paste as the catalysubstrate material and looking at the
nature of the surfactant/salt solutions and thmpact on both electrochemical reduction
and chemical decomposition rates at the surface.

Modifications of the above-mentioned devices weerfggmed by dipping the
electrodes in a combined surfactant/salt solutidre effect of the modification on the
reduction of HO, was assessed by cyclic voltammetry and amperomietrgddition,
Scanning Electron Microscopy (SEM), Energy DispegrsX-Ray (EDX)Analysis, BET
analysis and X-Ray Photoelectron Spectroscopy (fR&surements were performed to
characterize the electrode surfaces before and thgemodification and exposure to
H.O,. A study of the enhancement on theOk decomposition process following
modification of the Ag SPEs was carried out usingvgnetric analysis. The optimised
material was assessed for its ability to quantif@
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3.2. RESULTS AND DISCUSSION

As was mentioned earlier, a catalytic effect onOiH decomposition and
electrochemical reduction was observed when Ag SREse modified with a
combination of surfactant and salt. This findingd te the assessment of the catalysis by
varying different modification parameters such agfagtant and salt concentrations,
modification times as well as the type of surfattamd salt. The motivations of using
these modified SPEs were their low cost, rapidifalion and ease of use, which would

allow the rapid manufacture of,8, sensor devices.

3.2.1. Electrochemical characterisation of the catalytic enhancement toward H,O,
at Ag SPEs

Cyclic voltammetry and time-based amperometry veargied out in order to assess
the catalytic effect observed when Ag SPEs had bmeedified with surfactant/salt-
based solutions. These were performed on the uri@ddiome-made electrodes in PBS
pH 6.8 as controls. Subsequently, Ag SPEs wereedippto a solution of 3:30% M
DBSA/ 0.1 M KCI for 3 h and rinsed with distilledater to remove any excess of the
modification solution from the surface prior to cheterisation by cyclic voltammetry
and amperometry in PBS pH 6.8. For amperometricsorements, kO, was added to
the solution at concentrations fromi@* to 510° M. One of the main requirements of a
substrate to be used as a platform in an electroiciaé sensing process is that it be
electrochemically inert in the selected range dfeptal. Here, a narrow window of
potential was chosen for the voltammetric measurésng-0.2 to +0.025 V vs.
Ag/AgCl), as a wider potential range would leadie oxidation of Ag (at more positive
potentials) or @ interferences (at more negative potentials), tdistorting HO.
responses. Fig. 3.1 shows the cyclic voltammogréonsinmodified and DBSA/KCI
modified Ag SPEs in the presence and absencel6f H,O,. As can be seen, the
non-faradaic or charging current from the cyclit@mmograms in the absence o4,
is up to ten times higher for the modified elecea®dhan that for the unmodified ones.

This indicates that the Ag SPE surface had undergomodification after being dipped
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into surfactant-based solutions. Moreover, theadithcurrent in the presence oflg>
M H»0, was more than 100 times higher for electrodes b#teng modified with 3.30
M DBSA/ 0.1 M KCI when compared to unmodified eledes. Thus, the cathodic
current at 0.1 V from the cyclic voltammogramshe presence of 50° M H,0, was
approx. 4.410° A for the modified electrode, after subtracting #hackground current,

whereas the modified one exhibited only a B3 A current at the same potential.
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Figure 3.1. Cyclic voltammograms of Ag SPEs measured in PBS pH.8 solution:
(a) unmodified, in the absence of bDy; (b) unmodified, [H.O,] = 510° M; (c)
3.3102 M DBSA/ 0.1 M KCI modified, in the absence of KOz (d) 3.310% M
DBSA/ 0.1 M KCl modified, [H20,] = 510° M. Inset: magnified diagram of

voltammograms (a) and (b).

This catalytic effect for the surfactant/salt-bage-treated electrodes is also
presented in Fig. 3.2, where the amperometric resgmfollowing additions of-10° M
H,O, for the unmodified and DBSA/KCI modified electr@des shown. These were
performed at —0.1 V (vs Ag/AgCI). Although a catalyeffect is seen by the modified
electrodes from +0.025 V in Fig. 3.1, the curremtréased quite linearly within the
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cathodic potential window with a discernible pe&tvween —0.1 and —-0.15 V. Given the
significant current increases at these potentibis,narrow potential window of the Ag
paste electrodes and the desire to avoid interfeseat lower potentials, —0.1 V seemed
to be a suitable potential for further study of ttegalytic effect of the surfactant/salt-
based modification on Ag SPEs towardgkireduction. Examples of applied potentials
used for the amperometric determination gDkreduction in the literature include —0.7
V (GC/PABS-modified electroded)? —0.5 V (Ag nanoparticles in a polyvinyl alcohol
film on a Pt electrodé) —0.1 V commonly applied in enzymatic biosenseick as a
HRP-modified electrode¥) ** and up to 0 V with Prussian blue (P8)The fact that
H.O, reduction can be detected at this potential inaihgence of enzymes represents a
unique advantage as it avoids the more challengeguirements of temperature,
concentration and pH required by the enzymatic aamgds and broadens its application
field.
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Figure 3.2. Amperometric responses of Ag SPEs measured at —0/1(vs Ag/AgCl)
in PBS pH 6.8: (a) unmodified and (b) modified with3.310% M DBSA/ 0.1 M KCI
at H,O, concentration from 1 to 5107 M.
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Modified Ag SPEs showed cathodic currents of appB&10° A at —0.1 V in the
presence of 40° M H,O, whereas the current obtained with the unmodifiedtebdes
reached approx. 420’ A. This difference of almost two orders of magdiéuwas
previously observed in the cyclic voltammogramsFig. 3.1. Moreover, the greater
steady state background current exhibited by thdified electrodes (approx. 116°
A) compared to the unmodified one (approx.-B0§ A) makes it evident that the Ag
SPE surface undergoes a modification followingekeosure to DBSA/KCI solution.

Further controls employing DBSA or KCI alone werrfprmed. Figure 3.3 shows
the amperometric responses of an unmodified Ag &REwith DBSA (3.3.0% M) and
KCl (0.1 M) together and separately. As can be sdbare was no a notable
enhancement in the cathodic current correspondinthe DBSA modified electrode
compared to the unmodified one. Thus, the lattemsll a cathodic current in the
presence of 40° M H,0, of 4.210" A, which was only five-fold lower than that
exhibited by the DBSA modified electrode, 4@° A. However, enhanced responses
were obtained when the Ag SPE electrode had begwser to KCI, showing 9.40° A
as cathodic current at-#° M H.0,. However, the highest cathodic current was
obtained when the Ag SPE was modified with a mixtaf both DBSA and KCI. Such
pre-treated electrodes provided cathodic respoas@610° A, which represented a
more than eighty-fold greater response t®rthan those without any modification.
Therefore, the relative order of the modified AgESRegarding the catalytic response to
5:10°M H,0; is the following:

Unmodified < 3.3102 M DBSA modified < 0.1 M KCI modified < 3:30% M
DBSA/ 0.1 M KCI modified

The same relative order was observed with respetitd steady state background
current of the amperometric responses, where urfraddlectrodes showed the lowest
value (4.810% A) whereas the DBSA/KCI modified showed the greafapprox. 1.6.0
® A). Once again, the background or charging curvea proportional to the catalytic
effect shown by the electrodes and, thereforedéggee of modification of the electrode

surfaces.
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Figure 3.3. Amperometric responses of Ag SPEs measured at —0/1(vs Ag/AgCl)
in PBS pH 6.8: (a) unmodified; (b) 3.3.02 M DBSA (c) 0.1 M KCI and (d) 3.310?
M DBSA/ 0.1 M KCI modified electrodes, at HO, concentration ranges from 1 to
510° M.

Having established that both DBSA and KCI were ssagy for full catalytic effect,
the concentrations of DBSA and KCl| were optimiségiclic voltammetry and
amperometry were performed using first 0.1 M KCleova range of DBSA
concentrations followed by 310? M DBSA over a range of KCI concentrations. The
cathodic responses tel®> M H,O, were correlated with DBSA or KCI concentrations.
Fig. 3.4 shows the responses of Ag SPEs aftermijppito solutions of DBSA at several
concentrations for 3h, in the absence and the pecesef 0.1 M KCI in the modification
solutions. At low DBSA concentrations, the preseot&Cl provided approx. six-fold
higher responses, being 88° A at 510° M H,0, whereas the electrode modified in
the absence of KCI showed onlfig’ A. However, from 18 M DBSA and above, the
difference between the reduction currents obtafred the electrodes without and with
KCI in their modification solution increased to recthan 20-fold. Thus, at TOM
DBSA the cathodic current exhibited by the eleatradodified in the absence of KCI
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was approx. 1:40° A, whereas the current from the electrode modifigith
DBSA/KCI rose to 3.1.0° A. Even at 18 M DBSA, where the electrode modified in
the absence of KCl showed the highest responsezatt®dic current of the electrode
modified with the DBSA/KCI mixture was still sixdid greater than the former. This
confirmed that the presence of both DBSA and KGgemnts in the pre-treatment
solution was essential for the full catalytic retime effect of HO, observed on the Ag
SPEs.
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Figure 3.4. Plot of current vs log [DBSA] obtained during ampeometric
measurements of Ag SPEs at —0.1 V (vs Ag/AgCl) a15° M H,0,. The electrodes
were modified only with DBSA (a) or 0.1 M KCIl and IBSA (b).

Fig. 3.5 shows the results of a similar study, gshree DBSA concentrations and a
range of KCI concentrations. Fig. 3.4 highlightedttthe optimum DBSA concentration
in the modification solution was between 0.1 an®10M. Therefore, DBSA
concentrations of 0.1, 3102 and 10* M were studied. Fig. 3.5 presents the results for
these experiments and compares them to those etdtasing KCl alone. The catalytic
effect on HO, reduction was again observed for those electrodedified with both

DBSA and KCI reagents whereas those electrodetrgated only with KCI displayed a
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small catalytic increase at 0.1 M, which was alsensby amperometry in Fig. 3.3. The
enhancement of the ,B, reduction current was shown to be dependent on KCI
concentrations greater than1M. Thus, at 10 M KCI the cathodic currents observed
for the unmodified, 16 M DBSA/KCI, 3.310° M DBSA/KCI and 0.1 M DBSA/KCI
modified electrodes were 114° A, 2.1:10° A, 5.010° A and 2.210° A, respectively,
whereas at IOM KClI the reduction currents were 118° A, 1.510° A, 2.810° A and
3.210° A, respectively. The optimum KCI concentration fre tmodification solution
was found to be approx. 0.1 M, where the cathoditents for the studied electrodes
reached values of 8T0° A, 3.1:10° A, 3.510° A and 3.510° A, respectively. Further
increases in KCI concentration in the modificat®olutions led to a decrease in the
reduction current, as can be seen in Fig. 3.5 ff KCI. The onset of the enhanced
catalysis was also dependent on DBSA concentratisnjs shown by the above-
mentioned cathodic current data at*1 KCI. At this value, the catalytic ratio shown
by the modified electrodes went along the followiaative order: unmodified < FoM
DBSA/KCI < 3.310° M DBSA/KCI < 0.1 M DBSA/KCI. Electrodes exhibited
enhanced catalysis at lower KCI| concentrations wBBSA concentrations were
increased. Electrodes modified with 0.1 M DBSA/K&blutions showed catalytic
activity from approx. 18 M KCI concentrations whereas the onset of the lysita
occurred from 18 M KCI for the electrodes modified in 31%% M DBSA/KCI or 107

M DBSA/KCI solutions. As will be commented upondatn this section, surfactants are
well-known to form organized structures when theyia aqueous solutiofi: ** At low
concentrations but above the critical micelle com@ion (CMC), typical surfactant
aggregations are in the form of spheroidal micelesthe concentration of surfactant in
solution increases, greater aggregations such wagbeal or lamellar structures are
observed. The addition of a salt or cosurfactarth&solution allows the formation of
these high-aggregation structures at lower sunfid@ancentrations. This was observed
by Sein and Engbertswith sodium dodecylbenzenesulfonate (NaDoBS) éngtesence
of several chloride salts. The CMC for DBSA is apprl.6-210° M,**> *so at least
micellar structures should be observed in all theglification solutions used. The fact
that greater catalytic responses are obtained whbah the surfactant and salt

concentrations in the modification solution areréased might be directly related to the

49



Chapter 3

early formation of hexagonal or lamellar structumeghe solution, which may bring
about the modification of the Ag SPE surface in samay. This initial hypothesis will
be further discussed.Hence, a solution of 380> M DBSA and 0.1 M KCI was
established as the optimum modification solutionhiclw provided the highest
electrocatalysis of MDD, reduction on Ag SPEs and this was used in subséque

experiments.
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Figure 3.5. Plot of current vs log [KCI] obtained during amperometric
measurements of Ag SPEs at —0.1 V (vs Ag/AgCl) a15° M H,0,. The electrodes
were modified only with KCI (a), 10° M DBSA/ KCI (b), 3.3:10% M DBSA/ KCI (c)
and 0.1 M DBSA/ KCI (d). Value at log [salt] = — 1@orresponds to unmodified Ag
SPEs.

Another parameter of the deposition process whiebdad to be optimized and
studied was the modification time, i.e. the time A&§Es were deposited in the
DBSA/KCI solution before their application to,€&, detection. Several Ag SPEs were
immersed into solutions of 313 M DBSA/ 0.1 M KClI for different periods of time,
from a few seconds to one day. Then, the electrade® rinsed thoroughly with

distilled water to remove any non-adherent spewigigh might remain on the surface
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and these were measured amperometrically 16%5M H,0, in PBS pH 6.8. Fig. 3.6
shows the plot of these data vs. modification tidke can be seen, the catalytic effect on
H,O, reduction was noticeable even when the electroddsbleen immersed for a very
short period of time (2-10 s) into the DBSA/KCI stobn. These electrodes exhibited a
response of approx. 218° A; more than 20 times greater reduction curreritiemthey
were measured in the presence dft8 M H,O, compared to unmodified electrodes,
which only exhibited 780" A. This suggested that whatever process was tgiame
between the electrodes and the DBSA/KCI was extiyerapid.
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Figure 3.6. Plot of current vs modification time obtained during amperometric
measurements of Ag SPEs at —-0.1 V (vs Ag/AgCl) at18>* M H,0,. Data at 0 s

corresponds to unmodified electrode.

The catalytic reduction current increased with rfiodiion time but quickly reached
a plateau where the current rise was not as maakedefore. The cathodic currents
displayed by Ag SPEs after 60, 300 and 600 s nuaditin time were all approx. 219
> A. The highest cathodic current value of -33F A was obtained with electrodes
following exposure to DBSA/KCI modification solutiofor 2 hours. Further exposure

times such as 1 day or 1 week did not improvedrédsponse; on the contrary, the
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catalytic current started to decrease. To enswaethe highest catalytic currents were
obtained, 3 hours was chosen as the optimum matdit time for the experiments.
This was used for all subsequent experiments wilREBSA/KCI modification was

performed by dip-coating.
3.2.1.1. Influence of pH on the catalytic process

The influence of the pH of the bulk electrolytewgimn during the reduction of B>
M H,0O, was investigated for both unmodified and DBSA/K@bdified Ag SPEs.
Amperometric measurements a0.1 V were performed (Fig. 3.7) using the same
electrode while changing the pH,® reduction at the unmodified Ag SPE showed
little catalytic response in the pH range from 219 unlike the DBSA/KCI modified
electrodes. Thus, the cathodic currents of the wfified electrodes ranged from 318"

A at pH 2 to 3.6L.0° A at pH 10, with a maximum value of 44° A at pH 6.8. The
DBSA/KCI modified electrodes showed no catalytithaty at very acidic solutions (pH

= 2), 6.010" A, whereas the cathodic current increased ap@@old up to 3.310° A

as the bulk solution pH increased up to 10. Thggsested that the catalytic mechanism
of H,O, reduction is significantly enhanced by the presesfd®H or suppressed in the
presence of H This pH-dependence of,8; reduction has been observed previotisly
18 and has been explained by the effect of the pHhenreduction potential. At high
concentrations of Hin solution, HO, reduction occurs at more negative potentials than
when the concentration is lower. This behavioutyEcal of a reaction mechanism in
which H" appear as a product or O&s a reactant.

Therefore, at —0.1 V the rate ob®b reduction was higher when the reaction took
place in more basic solution rather than in moidiaones. pH 6.8 was selected for the
electrolyte measurement solutions in further waskitaexhibited more than thirty-fold
higher catalytic currents and is a suitable pHtifer study of biological systems, such as

enzyme-based biosensors, for which this systemfevith a platform.
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Figure 3.7. Plot icar Vs electrolyte pH for Ag SPEs (a) with and (b) wihiout
DBSA/KCI modification in 5-10° M H,0, at 0.1 V vs Ag/AgCl.

3.2.1.2. Analytical characterisation of the electroatalyst as a HO, sensing

electrode

Subsequently, the feasibility of the Ag SPEs etat#s modified with DBSA/ KCI to
be used as D, sensors was assessed and preliminary studies \aefiedc out to
determine their limit of detection (LOD) and repuoibility characteristics. Three Ag
SPEs were modified in 380> M DBSA/ 0.1 M KClI solutions for 3 h, according to the
adopted standard protocol. After rinsing, they weneasured in PBS pH 6.8.
Amperometric responses to®h (2 to 1610° M) are shown in Fig. 3.8, where typical
response times of 10-15 s were observed. Experimeete repeated three times with
each electrode and the data were compared to dheclntra- and inter- electrode
reproducibility. Although the lowest concentratioreasured was-20° M, the lowest
theoretical LOD of the sensor devices was foundetd.110° M, with a signal-to-noise
ratio of 3. The LOD was calculated from the regi@séine obtained from the plot of the

cathodic currents vs. 8, concentratiort’ These data are presented in the inset of Fig.
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3.8. A comparison of the analytical parametershefdeveloped KD, sensor with other

devices reported in the literature is shown in Appe 2.
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Figure 3.8. Amperometric responses of the DBSA/KCI modified elgrodes in 2010
® M aliquots of H,0, (20 - 160-10° M) at 0.1 V (vs Ag/AgCl) in PBS pH 6.8. Input:
Plot of cathodic current vs HO, concentration at—0.1 V (vs Ag/AgCl) in PBS pH
6.8.

Other recent studies have demonstrated the dirgeicton of HO, using silver
nanoparticles (AgNPs) on glassy carbon (GC) eldesaat —0.7 V vs Ag/AgCl with a
LOD in phosphate buffer pH 7.4 of 210° M.> Ag NPs were also used to determine
H,0; at —0.55 V vs Ag/AgCl by immobilization in a poipyl alcohol (PVA) film on a
platinum electrode, showing a LOD of 1.0° M °. Safavi et af° reported the excellent
electrocatalytic activity towards J, reduction of Ag NPs electrodeposited on carbon
ionic liquid electrodes (CILE). The sensor exhibit detection limit of 207 M at an
applied potential of —0.35 V vs. Ag/AgCl. Anotheridely used material in D,
detection is ferric hexacyanoferrate or Prussiam I§PB)* * ?! It has demonstrated an
LOD of 1.010® M and a linear calibration range fop® concentrations from 1.00°

to 1.010% M when nanostructured by electrochemical depasitiorough lyotropic
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liquid crystal template$Recently, a detection limit of 10** M was achieved by using

a GC electrode modified with NADand single walled carbon nanotubes at —0.25 V vs.
Ag/AgCl.?? It should be noted that the values determinedénpresent study represent
practical detection limits using moderate condgiaf pH (6.8), on disposable screen
printed electrodes and at low applied potentialB.1-V) to avoid electrochemical
interferences. Due to the fact that measurements werformed on mass-producible
screen printed electrodes and not on idealisedimgtalisk electrodes, these represent
real and practical electrode materials for senabri¢ation and other applications with
significant potential for further improvement ortopisation depending on the required
application.

The response across this range of concentratiors@f (2 to 1610° M) was non-
linear, as is shown in the inset of Fig. 3.8. Thpvard curvature observed here is
different from the downward curvature found for swhte limitation at enzyme
electrodes and might be explained by an autocatadybcess during the @, reduction.
The autocatalytic reduction of,8, on Ag electrodes has been previously reported by
Flatgen et af? They observed two mechanisms afddreduction operating at different
overvoltages. At potentials more negative than 0.8§vs Ag/AgCl) the “normal”
reduction took place whereas a second mechanisnopasitive at E > -0.7 V. They
proposed that the rate of,®, reduction in this second case was increased by the
presence of the adsorbate (@QiH®ormed during the reduction process on the Agasaf
leading to an autocatalytic reaction on the elelgrdMoreover, the catalytic activity of
the modified Ag SPEs seemed to improve with the lmemof repeat measurements.
This behaviour was not observed atOplconcentrations > IDM, where the catalytic
responses decreased with the number of repeatedvier, the shape of the curvature
adopted a downward trend ab®} concentrations in the range 46 10" M, which
might be explained by the saturation of the eletdrat such high analyte concentrations.
Fig. 3.9 shows the three data point collection iolet for each of the electrodes in the
range of HO, concentrations 2 to 1B0° M. In the three cases, the highest catalytic

responses for ¥D, reduction were obtained in the last repeat.
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Figure 3.9. Reproducibility study using three different electrades: (a) electrode 1;
(b) electrode 2; (c) electrode 3. Amperometric resmses of the DBSA/KCI modified
electrodes in 2610° M aliquots of H,0, (20 - 160-10° M) at 0.1 V (vs Ag/AgCl) in
PBS pH 6.8. Each electrode was measured three timge®) repeat 1; (A) repeat 2;
(m) repeat 3.

3.2.2. Surface characterisation

Scanning electron micrographs and EDX spectra of SRE before and after
DBSA/KCI modification and following electrocatalgtreduction of HO, are shown in
Fig. 3.10. SEM was performed in Secondary Elec{®) detection mode. Due to the
conductive character of the silver-based ink, nw-gputtering was required on these
surfaces. KCI-modified electrodes and AgCl-modifiectrodes are also shown as
controls. The unmodified screen printed electro&gy.(3.10a) shows the typical
morphology of a metallic silver paste. It is knottsat the ink used contains metallic Ag
particles, an organic binder and solv&hhus, SEM shows amorphous metallic Ag
suspended in an organic paste. Following exposarghé DBSA/KCI solution,

spheroidal structures became visible on the DBSA/K@dified electrodes. These
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structures were not present on the KCl-modifiedas@s, although these electrodes did
show some structural differences to controls — taksp showed some catalysis. The
spheroidal structures varied in size with typicédnaeters of approx. um. These
modifications were observed on electrodes whichletdd the catalytic effect on J@-
reduction. In addition, the morphology of the stanes appeared to change following
reduction of HO,, which might be explained by the interaction betwé{O, and the
structures during the reduction process.

With EDX, Ag was shown to be the major componenh® unmodified electrodes,
where C was also detected, as one might expecttaluke metallic/organic binder
composition required to obtain the rheological andng characteristics for the printing
process. When DBSA/KCI modified electrodes weredyameal, Cl was detected as well
as Ag, which was more significant in the areas vgtbater numbers of spheroidal
structures. However, no CI could be identified he tspectrum corresponding to
DBSA/KCI modified electrodes following exposure kO, reduction. Therefore, the
spheroidal structures formed after DBSA/KCI preatreent appear to result from or
result in an increase in surface Cl levels and b®yjnvolved in the catalytic process of

H>O, reduction.
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Figure 3.10. SEM images using secondary electron (SE) detectiaif Ag SPEs (a)
unmodified; (b) DBSA/KCIl-modified; (c) DBSA/KCI-modified  after
electrochemical reduction of 5.0° M H,0,; (d) AgCl electrochemically deposited;
(e) KCI modified. Accelerating voltage of 20 kV. (9k x magnification). Below, the

respective EDX spectrum for each sample. Binding engies in keV.
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X-Ray Photoelectron Spectroscopy (XPS) measuremgate performed using a
Kratos AXIS 165 spectrometer (University of Limédic The samples analysed were
unmodified and DBSA/KCI modified Ag SPEs. Spectral @oncentration percentages
are presented in Fig. 3.11 and Table 3.1, respygtiAs might be expected, Ag SPE
surfaces showed the presence of Cl, K and S dfeerntodification in DBSA/KCI
solutions. However, a higher proportion of Cl (4)38ger K (0.6%) was detected on the
electrode surface, which is approx. 7.5-fold gretttan that which would be expected
on stoichiometric basis. This fact could be exm@dity the formation of AgCl on the
substrates during the modification which, unlikeviuld remain on the surface after the

electrodes were rinsed.

Table 3.1. XPS data for unmodified and DBSA/KCI modied Ag SPEs.

Unmodified Ag SPE DBSA/KCI modified Ag SPE
Name Position % Name Position %
(eV) Conc. (eV) Conc.
O 1s 533.3 129 | O1s 531.4 11.7
Ag 3d 368.2 245 | Ag 3d 367.7 26.1
C1s 284.5 62.5 |C1s 284.6 55.8
-- -- -- K 2p 291.8 0.6
-- -- -- Cl 2p 197.5 4.3
- - - S2p 167.5 1.6
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Figure 3.11. XPS images of Ag SPEs (a) unmodified and (b) DBSA/KCI
modified.
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Consequently, to check if the catalysis observednodified Ag SPEs was due to
the effect of Clions and the formation of AgCl on the surface, 3igEs were dipped
into 0.1 M HCI and a potential of 1 V was applied 5 s> Such conditions are usually
applied to coat Ag electrodes with AgCl during fabérication of Ag/AgCl references
electrodes. Ag SPEs after this pre-treatment beaarieer due to the formation of the
AgCl salt on the surfac®: %’ Then, the electrodes were rinsed and placed in#B6.8
to the electrochemical analysis;® was added to the solution during amperometry
performed at —-0.1 V to a final -8, concentration of 40° M in solution. The
amperometric responses for these electrodes wenpared to those obtained for the
unmodified and DBSA/KCI modified ones (Fig. 3.12).
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Figure 3.12. Amperometric responses of Ag SPEs measured at —0/1(vs Ag/AgCl)

in PBS pH 6.8: (a) unmodified; (b) AgCl electrodepsited and (c) DBSA/KCI
modified electrodes, at HO, concentrations from 1 to 510° M.

The reduction current corresponding td® M H,O, solution obtained with the

AgCl modified SPE was about four times higher thlaat shown by the unmodified
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electrode, whereas for the DBSA/KCI modified ores twas about thirty times greater.
The slight catalytic effect of the AgCl modifiedeetrode could be explained as the
response expected due to an increase of the Agdllimeteea available to yO,. An
increase in the catalysis had been earlier obsewet the electrodes were modified in
a KCI alone solution, but then the catalysis enbarent was higher than now.
However, it is clear that the catalysis is not lsotkie to the formation of AgCl at the
electrode, although this may play a role in thecpss. Lian et & recently reported the
increasing roughness of Ag electrodes by electroated oxidation-reduction cycles
(ORC) in a KCI solution and their application tethuantitative determination of,85.
The process began with the stripping of Ag to faxgiCl complex and the subsequent
cathodic electrodeposition of A¢gp form Ag nanoparticles on the Ag substrate. Ae

Cl complex decreased the diffusion rate of Amd made the reduction of Agnore
difficult, which was helpful in the formation of sih Ag nanopatrticles. The activity of
the roughed electrodes towardglH reduction was assessed as a function of the number
of cycles, KCI concentration and scan rate durimgdyclic voltammetry. The catalytic
current due to kD, reduction increased with cycle number and, theegfdg surface
area of the electrodés®> %

The extreme conditions (1 V for 5 s) required floe £lectrochemical formation of
AgCl on the electrodes in the present work coudt glenerate the decomposition of the
organic compounds which bind the metallic partidé#\g in the paste, rendering more
Ag sites free to perform the reduction of@4. With regard to the chemical analysis of
the surface, EDX data in Fig. 3.10d showed thegmes of Ag and Cl as predominant
components in the AgCIl modified Ag SPEs. Howevelike the DBSA/KCI modified
electrodes, the spherical structures formed orstinaces were smaller for the Ag/AgCl
SPE, as is shown in the SEM images for both substre&Such differences in the
morphology could be expected as the modificatiooc@dures were very dissimilar.
Indeed, the structures from these two processes lmeagompletely unrelated. The
electrochemical deposition of Ag/AgCl was the resafl intense conditions by the
application of a very high oxidising potential, wleas the DBSA/KCI modification was
performed under much milder conditions. The foromtiof the larger spheroidal

aggregates on the surface of Ag SPEs seemed tavberéd by the presence of the
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surfactants at certain concentrations in the mealiton solution. Such structures may be
implicated in the catalytic process for the eled@mical reduction of }D,, providing
responses up to eighty times higher than thosersatavith the unmodified electrodes.
One possible explanation could be that micellarkalgenal or lamellar structures often
formed by the surfactants when they are in soluthay have become deposited onto the
Ag SPE in some way, creating an enhanced surfacéhé catalytic process. These
structures or processes appear to create the ajgteopnvironment for the subsequent
formation of AgCl due to the presence of @I the modification solution. This would
explain the presence of a higher concentrationlairCthe electrode surface following
DBSA/KCI modification.

Another explanation for the catalytic process cobkl that the interactions of
DBSA/KCI with the electrode surface may have changiee Ag morphology by
creating a high surface area, nanostructure. Tloigldvprovide nanoparticulate silver
structures, increasing the active surface aredadl@ito perform the §O, reduction.
However, BET analysis demonstrated that the surfaodification did not appear to
increase surface area. BET analysis is a techrimuthe measurement of the specific
surface area of a material that is based on thsigdlyadsorption of gas molecules on a
solid surfacé’ BET nitrogen adsorption analysis performed on thedified and
unmodified electrodes showed that the surface amae 0.65 and 0.78 g,
respectively, demonstrating no significant, or ewersmall decrease in microscopic
surface area. That suggested that surface areamaarhant was not the source of the
enhanced catalysis, but a real electrocatalytiecefbf Ag SPEs after DBSA/KCI
modification. One should note that, according te #arlier voltammetric data, the
electrode surface had significantly increased asgae which can only occur as a
result of a change in the dielectric constant ef skirface, or a change in the surface
area. The BET data suggests that no change incsudi@a resulted. However, if the
surface was modified by the presence of a film aosed of DBSA and KCI, this may
block gas adsorption, leading to the observed dseren adsorbed surface area. In
addition, it should also be noted that SEM onlyedet materials with high electron
density; namely metallics, and would not visuallyow the presence of organic

materials such as the DBSA if it were present eneflectrode.
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However, the BET surface area can be different ftbm electroactive area. To
assess a possible increase of the electroactifacsuarea, cyclic voltammetry of the
unmodified and modified electrodes in the presentea reversible redox probe
(benzoquinone, BQ) was performed. No electrocatalyas expected to affect a process
already reversible, but only changes of electreactirea would play a role. The
electrodes were measured id@* M BQ/ 0.5 M KCl in the potential range from —0a# t
0.05 V (vs. Ag/AgCl) (Fig. 3.13). Rough calculat®orusing the Randles-Sevcik
equation, at room T, considering the BQ diffusiomeficient? as 4.210° cnfs®
provided surfaces areas of 0.105 and 0.085 fon the modified and unmodified
electrodes, respectively. No remarkable changethencalculated surface areas were
observed, indicating that there was no increasthenelectroactive surface area, but a
real electrocatalytic effect of Ag SPEs after DBR&I modification
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Figure 3.13. Cyclic voltammograms of Ag SPEs measured in-10° M BQ/ 0.5 M
KCI solution: (a) unmodified; (b) 3.310% M DBSA/ 0.1 M KCI modified. Scan rate:
5107 Vs™.
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The fact that no surfactants were detected orstibstrates (i.e. no S from DBSA)
using EDX analysis may be an artefact of the EMgimg process. When Ag SPEs are
modified, rinsed and used directly in the cell &org out the electrochemical techniques,
these hexagonal or lamellar structures may be presethe surface because it always
remains wet. However, the SEM technique requirgssdrfaces to take images of the
substrates, or else the detector may not have fidéoiently sensitive at the deposited
concentrations. Therefore, once the surface igidthe possible structures responsible
for the surface modification could be broken dowmaking their detection more
difficult. In fact, XPS data showed the presenceésodn the DBSA/KCI modified Ag
SPE, which was not detected on the unmodified Attbough its concentration (1.6%)
was not so high as Cl concentration (4.3%), its@mee cannot be ignored and further
studies should be performed to conclude if thegires of S on the modified electrode
surface is due to either the real surface modiboabr the remaining modification
solution which has not been rinsed thoroughly ehouihis would require more
sophisticated preparation of samples for SEM, saglcryo-field emission scanning
electrode microscopy (cryo-FESEM), which has be&pady used to characterize
water/oil microemulsion structurés. 3* Other techniques already applied for the
characterization of surfactant deposited on susfas@tomic force microscopy (AFM),
which has been used to image surfaces coated vifdrest surfactants to determine
their aggregate morphology>’

DBSA/KCI modified Ag SPEs were shown by contactlangeasurements in water

to be more hydrophilic compared to the unmodifilEttodes, as is shown in Fig. 3.14.

Figure 3.14. Comparison of the surface hydrophilicity of an unnodified (on the
right) and a DBSA/KCI modified Ag SPE when 210° | H,O was deposited onto the

surface (surface area = 0.126 cfh
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This increase in hydrophilicity and thus, surfacergy would be consistent with
modification with an amphiphile in a “head-up” artation. Domingue? has already
reported the difference in contact angle for unmediand surfactant modified surfaces.
He performed contact angle measurements on graphitaces modified with SDS in
the presence and the absence of different NaCletwrations to show the different
characteristics of the aggregates on the elecsodace. He found that the contact angle
decreased as the salt concentration was incredlad. indicated that the SDS
aggregates wet the surface more thoroughly asalheancentration is increased. This
agreed with a more dense surface coverage withhigi®phobic graphite exposed to
solution reported by Wanless and DucRdor the same system. They proposed that a
decrease in SDS aggregate separation on the sudecerred when the salt
concentration was increased because the electrstygened the interactions between

charged head groups.
3.2.3. Effect of DBSA/KCI modification of Ag SPEs on H,0, decomposition

During studies on the electrochemical reductioklg), on the DBSA/KCI modified
electrodes, it was observed that there was alsnca@ase in @evolution as a result of
accelerated decomposition. Therefore, the surfdw@aed both increased chemical
catalytic decomposition and coupled electroca@lyteduction of HO,. As a
consequence of this observation, the catalyticcefd@ the chemical decomposition of
H,O, was also assessed. Gravimetric measurementg®fdécomposition on Ag SPEs
were carried out before and after modification loé tsubstrates in freshly prepared
3.310° M DBSA/ 0.1 M KClI solutions. The mass differences tu€; evolution after
the break-down of pD, were plotted versus time to compare the effect tha
surfactant-based solution had on the decomposjpiimtess. Figure 3.15 shows the
different behaviour of a Ag SPE before and after odification. As can be observed,
the modified electrode showed fasteiOxd decomposition (and therefore greater loss of
O,) than the unmodified one. This could also be oleewisually by the formation of
gas bubbles at the electrode surface. The amou@ efolved from the solution was

approx. eight times higher for the modified eled&oafter a 1 hour reaction. The
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degradation showed significant non-linearity of theponses with time exhibited by the
modified electrodes. These electrodes showed arlidependence with time during the
first 5-6 minutes, after which the amount of ©leased per unit time seemed to decrease

drastically. This effect, which appears only withodified electrodes, was further

analysed.
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Figure 3.15. Plot of change in mass per unit area versus timg (a) unmodified and
(b) modified Ag SPE in 2 ml 1M HO..

Each electrode was tested three times in order n@mlyze the stability and
reproducibility of the measurements in freshOBl solutions (Figure 3.16). Both
modified and unmodified Ag SPEs showed decreasegpanses as the number of
repetitions increased. Significant decreases wéserged for the modified SPE as
compared to the unmodified one and this may sugbasthe decomposition process is
not truly catalytic as the surface may lose itglghic properties over time.

Therefore, the use of DBSA/KCI solution as a madifion agent for Ag SPEs
resulted in the acceleration of the decompositioocgss when the electrodes were

placed in HO;, resulting in faster ©release compared to the unmodified ones.
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Figure 3.16. Change in mass per unit area versus time of (a)hmodified and (b)
modified Ag SPE in 2ml 1M HO, solution for 1 hour. Each electrode was
measured three times and the number of the repetin is indicated besides each
graph.

Scanning electron microscopic images of the unmetlibind DBSA/KCI modified
Ag SPEs were obtained before and after exposufeNbH,O, solution (Figure 3.17).
As can be observed, Ag SPE electrodes presentgdreegh surfaces. Ag paste ink
used to manufacture these electrodes consists tdllimeAg as well as an organic
solvent and a vinyl or epoxy-based polymeric birtdemaintain the structure of the ink
and make it printabl& The purpose of the binder is to ensure the inféisity for the
substrate in terms of adhesion properties. Aftezest printing, the fresh electrodes are
cured in the oven so the organic solvent from thie is evaporated. Moreover, as
Grennan et al. (2001) reported using carbon-pastes printed electrodéd,as the
temperature of curing is increased, the surfaceghoess increases because the
microparticulate nature of the Ag ink is conseqlyemicreased. Regarding the SEM

images after kD, measurements, rougher surfaces of both types ofretes were
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observed after the reaction either due to the foomaof a reaction product on the
surfaces or because something on the electrodacsuréacts with $D,, provoking its
decomposition and increasing the amount of holethersurface. This increase of the
surface roughness during®h decomposition process was already reported by Sithmi
et al®® They observed a micro-roughening effect occurretiygirophobic silicon wafers
after being immersed into J8,/NH,OH (SC1) cleaning solutions. They believed that
small @ bubbles were stuck on the initially hydrophobidcsih surfaces preventing
them from the etching action of the SC1 chemistg making them responsible of the
micro-masking effect.

It should be noted, however, that although unniedifAg SPEs underwent a
morphological change upon exposure 0k this was not associated with an increase
in catalytic decomposition.

Before the reaction, the DBSA/KCI modification appsd to produce some
structural alteration on Ag SPEs (Fig. 3.17C) whilith not appear on the unmodified
electrodes (Fig. 3.17A). Moreover, Ag SPEs afterdifrcation did exhibit greater
increases in levels of Levolution from the solution due to,&, decomposition than
those observed with the same electrodes withoutifioation. The appearance of
smaller structures in the same place as those tbmner to modification after the
reaction with HO, seems to indicate that these surfactant-basectstes formed on the
electrode surfaces after the modification are mesavay responsible for, or are a result
of the catalytic effect on ¥D, decomposition observed on the modified Ag ele@sod
In addition, the two structural morphologies extedi for unmodified electrodes
following H,O, exposure and modified electrodes prior tgOF exposure cannot be

equated and do not result in similar catalytic véhas.
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Figure 3.17. SEM images of unmodified Ag SPEs (A) before and (Bafter the

measurements in 1 M HO, solution. SEM images of Ag SPEs modified with
DBSA/KCI (C) before and (D) after exposure to 1 M HO, solution. Accelerating

voltage of 20 kV. (5.0 k x magnification).

The progressive alteration of the surface of theSBEKCI modified Ag SPE
following repeated exposures te®} is shown in Fig. 3.18. After 1 h exposure tg0x
there were still many of the spheroidal structufesmed following DBSA/KCI
modification remaining on the electrode surfacecas be seen in Fig. 3.18b. However,
when the electrode was further exposed $@4the size of these structures diminished
from approx. 1 um after 1 h exposure to 100 — 3@Gafter 3h, as can be observed from
Fig. 3.18b-d. This enforces the notion of the ineohent of the spheroidal structures
created on the electrode surface after DBSA/KCI ificadion in the HO;
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decomposition reaction, and also that the changéheir morphology over time is

associated with a decrease in catalytic activity.

20.0kV 10.3mm x5.00k SE 7/2/2009

Figure 3.18. SEM images of Ag SPEs modified with DBSA/KCI (A) bi®re exposure
to 1 M H,0O,; and after (B) 1 h, (C) 2 h and (D) 3 h exposureotl M H,O, solution.
Accelerating voltage of 20 kV. (5.0 k x magnificatin)

3.2.4. Study of the effect of surfactant type and Group | metal chloride salt in the

modification solutions on electroreduction of H-O,

Given the catalytic effect that had been obsetwedrds HO, reduction when Ag
SPEs were modified with DBSA/KCI solutions, sevestiler surfactants were studied to
see what effect this would have on the catalytiocpss. Initially, sodium dodecyl

sulphate (SDS) was assessed. This surfactant shphyesitcal characteristics similar to
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DBSA: both of them possess a long hydrophobic atkyin and a hydrophilic anionic
head. The salt used as a co-partner for SDS madigolutions was NaCl as opposed to
KCI with DBSA. The aim was to check if catalysiswards HO, reduction was
observed when Ag SPEs are pre-treated with SDSi@atuand to evaluate the role of
the salt in this effect. Therefore, Ag SPEs wengpdd into solutions with different
concentrations of SDS (0.5 —1®), with and without 0.1 M NaCl for 3 h. Once rits
the electrodes were placed in the working cell {@mmg 10 ml PBS pH 6.8) and
amperometry was performed. Cathodic current data the amperometric responses to
510° M H,O, were correlated with SDS concentration. Fig. 3@ the comparison
between modification with and without NaCl.
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Figure 3.19. Plot of current vs log [SDS] obtained during ampermetric
measurements of Ag SPEs at —0.1 V (vs Ag/AgCl) a15° M H,O,. The electrodes
were modified (a) only with SDS or (b) SDS and 0. NacCl.

As with DBSA, Ag SPEs modified solely with SDS gabtns showed little catalytic
effect towards KO, reduction, even though SDS concentration was iseictdo 1.5 M.

However, the presence of NaCl in the modificatiamusons caused a noticeable
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enhancement in the cathodic current when Ag SPEs measured in the presence of

510° M H,0,. At 0.1 M NaCl a significant rise in cathodic cemt was observed from
10 to 10> M SDS, where it reached a plateau. Consequethiy SDS concentration

was fixed at 3.207 M, to enable comparison with earlier DBSA data] eminvestigate

the effect of different concentrations of NaCl. tAe same time, other surfactants were

assessed in combination with an appropriate saharmodification solution. Surfactant

concentration used to pre-treat Ag SPEs was kepstant at 3.20° M and the salt

concentrations were varied. However, CTAB was us@&l a final concentration of

3.310° M as at higher concentrations, insoluble aggregaere formed.

Table 3.2. Structure and characteristics of severaurfactants.

Surfactant Type’ | CMC®/ Structure Salt
mM
Dodecyl Benzene ﬁ
Sulphonic Acid (DBSA) A 1.6-2516 | A KCI
B (G CH
Sodium Dodecyl Sulphate C
(SDS) A g-gl3 14 CHS(CH2)10CH20—IOSI—ONa NaCl
Cetyl
Trimethylammonium C 0.9-1° CH; Br- NaBr
Bromide (CTAB) HaC(H2C)i5—N*-CHs
CHsy
Triton X-100 N | 0203 KCl

D
\/1\[:
n

CBH'IT
n=9-10

& A, anionic: C, cationic; N, non-ionic.

® CMC — Critical Micelle Concentration.
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Table 3.2 shows the structures and main charaitsrief the surfactants under
study. The Group | halogen salt used with the stafas in the modification solutions
are also presented in Table 3.2.

Cathodic current data from amperometric measuresnesing 510° M H,0, are
shown in Fig. 3.20. Ag SPEs exposed to the difteenfactant solutions showed
enhanced catalysis in a manner similar to that se#nDBSA/KCI and SDS/NaCl. No
remarkable enhancement effect was noticed wheoaiheentration of the respective salt
in the modification solutions remained below *10M. However, above this
concentration, a significant catalytic effect todarHO, reduction was observed,
providing the highest reduction current valuesat soncentrations in the modifying
solutions of 15 to 1.5 M.

2.5e-5 A

2.0e-5 A

1.5e-5 A

ilA

1.0e-5

5.0e-6

0.0

Log [salt]

Figure 3.20. Plot of current vs log [salt] obtained during ampeobmetric

measurements of Ag SPEs at —0.1 V (vs Ag/AgCl) atl&> M H,0,. Electrodes were
modified with (e) 3.310° M DBSA/KCI; (%) 3.310° M Triton X-100/ KCI; ( m)

3.310° M CTAB/NaBr or ( A) 3.310° M SDS/NaCl. Salt concentration ranged
from 1.5 to 10’ M. Value at log [salt] = — 10 corresponds to the nmodified Ag

SPEs.
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Although the overall behaviour of all the surfa¢tanlutions was the same, there
were some differences. One of these was the satteotration at which D, catalytic
effect was observed. Triton X-100 required the Istwsalt concentration to induce
enhanced catalysis, being™1® KCI, whereas SDS required the highest concdntrat
of 0.1 M NaCl. DBSA required at least 40 KCI to show a noticeable increase in
catalysis, whereas CTAB showed a slight catalytitece at very low NaBr
concentrations in the modification solutions (18), although 0.1 M was required to
obtain the most significant effect. Therefore, gufactants under study in this work
could be ordered from the lowest to the highest sahcentration required in the
modification solution to show enhanced catalysisai@ls HO, reduction as reported

below:
Triton X-100 < DBSA < CTAB < SDS

With the exception of CTAB, surfactants followed teame relative order as their

respective critical micelle concentrations (CMC):
Triton X-100 (0.2-0.24) < CTAB (0.9-1) < DBSA (2)SDS (7-10)

The different behaviour observed with CTAB couldélained as a result of the
lower concentration of CTAB (3.80° M) employed for the modification solutions,
which was ten times lower than that for the otharfastants (3.202 M). It is also
worth noting that this was the only one with" Bs counter-ion, which might lead to
alterations or different behaviours during the fation of surfactant aggregates.

As is well-known, surfactants can form several sy organized structures in
aqueous solutions as a function of concentratiaticarexperimental conditior§:*> %

Typical surfactant aggregate structures are shavig. 3.21.
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(i) Hydrophile Hydrophobe

i W\\

(ii)

(a) Cylindrical (c) Spherical

Figure 3.21. (i). Simplified surfactant structure. (ii). Typical surfactant aggregates:

(a) cylindrical structures, (b) lamellar structures and (c) spherical micelle$!

Spheroidal micelles are the simplest aggregatesmddr by surfactants at low
concentrations. When the surfactant concentratieneases, cylindrical structures are
observed, and above 30-40% (w/v) of surfactantidigrystalline phases are formed.
These structures result from the aggregation dastant molecules into large domains,
often of hexagonal or lamellar structures. Howesgerfactant concentration is not the
only cause of changes in shape and structure. Hreralso other methods of inducing
aggregate growth, which includes the addition &falh such as NacCl, the addition of
cosurfactants, changes in the counterions andgbefusurfactant mixtures. Moreover,
whereas solutions containing spherical micelleseHaw viscosity, the liquid crystalline
phase (especially the hexagonal phase) exhibithigtyviscosity values®

The transiton of micelles of the anionic surfattansodium
dodecylbenzenesulphonate (NaDBS) into lamellar egages by the addition of alkali
metal chlorides was studied in dilute aqueous Emiuby Sein and Engbert3.The
behaviour of NaDBS was described as a functionatif ®ncentration, where the salt

was varied along the lyotropic series (LiCl to OQsOrhe cation hydration changes
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dramatically along this series, from highly hyddhfer Li* to weakly hydrated for Cs
On a molecular level, an increase in alkali metion concentration induced the
packing of molecules into lamellar structures, Wwhieas facilitated by the increase in
counterion binding and by the dehydration of thadggoup due to the addition of a
salting-out electrolyte. Both effects would enca@a closer packing of the surfactant
headgroups, which produced the rearrangement fraoelles into lamellae. Less
hydrated ions led to an increase in counterion ibmdi.e. a decreasing electrolyte
concentration from LiCl to CsCl was required tound the packing in a lamellar array.
In the present work, both DBSA and SDS modificatdnor exposure to Ag SPEs,
in the presence of an alkali chloride salt (KCI &tefCl, respectively) produced similar
catalytic responses when®; reduction currents were plotted versus salt comagon.
The catalytic effect of the modified electrodes waty significant above a certain salt
concentration. Moreover, the highest cathodic cusrgvere detected when the viscosity
from the modification solutions was increased, with formation of precipitates in the
bulk solution being noted. Therefore, the catalgfiect observed by Ag SPEs on®4
reduction following pre-treatment with these sutdad-based solutions could be related
to the formation of micelles or lamellar arrays ttne surfactants in the presence of
increasing salt concentration. Such structures @vbalformed in the solution and might
become subsequently deposited or assembled afetteode surfaces. Baryla et?al.
recently studied the adsorption mechanisms andeggton properties of CTAB and
used atomic force microscopy (AFM) to image ancdeine the aggregate morphology
of the surfactant on coated surfaces. They alsortegh the surfactant concentration
dependence of the micellar coating on fused ssighstrates as well as the effect of
ionic strength on the surface assembly of CTABloMt phosphate buffer ionic strength,
CTAB formed spherical aggregates on the substrateseas at higher ionic strength
(0.1 M) a combination of short rods and sphericgragates was observed. As has been
shown previously, surfactant monomers form aggesgat aqueous solution because of
the hydrophobic interactions between the long hyadoon chains which seek to
minimise their interaction with water, and the hyghilic head groups which favour
interactions with water. The favourable interacsiai adjacent amphiphiles are limited

by the unfavourable electrostatic repulsion betw&erpolar headgroups. Increasing the
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ionic strength of the buffer minimizes this repartsiby ionic screening, which leads to
the formation of different morphologies such asdfae. Therefore, surfactants in such
a conformation are likely to be deposited onto dase in different morphologies
depending on the salt concentration in the solutioff “*This effect could explain the
dependence of the catalytic reduction curren) fivith [XCI] observed in the present
work. To a certain extent, increasing the salt eoat@tion in the surfactant-based
modification solution would favour the formation oficelles or other highly packed
aggregates, which are subsequently deposited an,smme other way interact with the
Ag SPE surface. Whatever the process, this apptarprovide an appropriate

environment to perform the significantly enhanceduction of HO, observed.

3.2.4.1. Chloride salts with different Group | catons

In order to study the effect of the counter-cattre from the chloride salts used in
the modification solution on catalysis, Ag SPEs evdipped into solutions containing
3.310° M DBSA with a range of concentrations of the respe chloride salts ( XCl, X
= Li, Na, K or Cs). Then, the electrodes were rthaad placed in PBS pH 6.8, where
amperometric measurements were performedat V (vs Ag/AgCl) in 510° M H,0,
(Fig. 3.22).

Ag SPEs modified with different alkaline salts conga with 3.310° M DBSA
showed similar patterns of catalysis with an oasetve approx. IOM salt and peaking
at 10" M, except DBSA/LICI peaking at 1 M salt conceriwat At 10° M, the cathodic
currents obtained for all DBSA/salt modificationligmns were similar and ranged
between 1.4-1:10° A. When the salt concentration in the modificatiealution
increased, the cathodic current interval was spreadwing significant differences
depending on the salt type in the modification Sofu At 10° M, the highest catalytic
activity was shown by the electrode exposed to DB&EI, with 2.210° A, followed
by KCI (1.910° A), LiCl (1.7-10° A) and CsCl (1.80° A). The greatest cathodic
current were obtained at 10 salt concentration, with 220° A for NaCl, 2.210° A
for KCl and 2.010° A for CsCl whereas the maximum value for LiCl,-20° A, was

obtained at 1 M concentration. DBSA/KC| combinatievas chosen for further
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modifications as it presented cathodic currentshi@ same order than the rest of
DBSA/XCI combinations and have already been proesna catalyst for #D

decomposition as well.

2.5e-5 A

2.0e-5 A

1.5e-5

ilA

1.0e-5

5.0e-6 -

0.0

-10 -8 -6 -4 -2 0
Log [XCI]

Figure 3.22. Plot of current vs log [XCI] obtained during amperometric

measurements of Ag SPEs at —0.1 V (vs Ag/AgCl) at15° M H,0,. The electrodes
were modified with mixtures of 3.3102 M DBSA and different concentrations of:

(o) LICl ; (m) NaCl ; (A) KCI or (%) CsCl. Salt concentration ranged from 1.5 to
107 M. Value at log [salt] = — 10 corresponds to thenmodified Ag SPEs.

Moreover, the fact that all the salts resulted atalytic activity in the same
concentration range in the modification solutiorghtibe related again to the formation
of surfactant aggregation in the solution. As wantioned earlier, Sein and Engbétts
studied the transition of surfactant micelles inemellar structures when the
concentration of alkali chloride in solution wasr@ased. They observed that in the
concentration range of approx. 0.0%> M for CsCl to 1.110° M for LiCl, surfactant
aggregates changed from micelles to unilamelldloaculated multilamellar structures.

This salt concentration range agrees with thahef@nhanced #D, reduction process
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observed in the present study and shown in Fi®. 32 3.310° M DBSA, more than
ten times the DBSA CMC, surfactant is found as tlecaggregates in the modification
solution. Domingue? has also recently reported the formation of helimidyical
aggregates of SDS molecules on graphite surfacediffsrent salt (NaCl)/water
solutions. He performed a molecular dynamics sitradastudy and the results were
compared to those obtained experimentally by atdorime microscopy (AFM). Again,
the aggregates exhibited different structures ass#it concentration was increased.
Without salt, the hemicylindrical aggregates showely two well-defined layers due to
the adsorption of the SDS tails on the graphitéaser At low NaCl concentration, a
third layer was observed, which vanished at high @ancentration. Any change in
solution properties which causes a reduction indfiective size of hydrophilic head
groups, i.e. the addition of an electrolyte, wileoige the aggregate size and shape of the
micelle structure$! When a salt is added to the modification solutienijamellar or
multilamellar structures are formed, which interagith the Ag SPE electrodes
providing an enhanced ability for,8, reduction. The higher the salt concentration, the
greater the catalytic activity shown by the Ag SPBs [salt] > 1 M, the catalytic
currents decreased, which might be explained bybtleaking-down of the surfactant
aggregates in the modification solution or the éasing interaction between the latter

and the electrode surfat.

3.2.5. Detailed insights of the catalytic process

The modification of Ag SPEs with a surfactant/salnbined solution has shown to
improve notably both the electrochemical reducto decomposition of 4@,. That
phenomenon was first detected following the exposiithe electrodes to a DBSA/KCI
solution. The formation of spheroidal structurestlom electrode surfaces was observed
after the modification. The fact that the catalyitect was only significant above a
certain salt concentration and that surfactant eotmations in solution were above their
CMC led to the conclusion that the formation of efies or other highly packed
aggregates was occurring in the solutions. Thosgctstes would be subsequently

deposited on, or in some other way interact with &g SPE surface, providing an

80



Chapter 3

enhanced surface for,8, reactions. So far, surfactant, salt and Ag seenbdo
implicated in the modification and catalytic progeslthough other materials such as the
binder from the Ag ink can not be neglected, whiohy serve as a surface for
orientation of the hydrophobic tails of the suréatt As will be commented on in
Chapter 4, pure metallic electrodes (Au, Pt andhedg), where the binder was not
present, did not exhibit such significant catalygithancement after the surfactant/salt
modification. Therefore, the binder might play amportant role in the modification of
Ag SPEs, at least.

As was suggested above, a possible explanatidmeatdtalytic phenomenon would
imply the formation of lamellar structures in thafactant/salt solution, which interact
with the Ag SPE electrode surface. That would erpie dependence on the salt and
surfactant concentration in solution. That wouldoaéxplain the increase in the non-
faradaic current of the cyclic voltammograms of AgeSPEs after the modification due
to the formation of a surfactant-salt film which wi change the dielectric constant of
the surface. Moreover, the decrease of the sudaea by BET analysis would agree
with the formation of a film, which would block gasisorption and would show lower
available surface area.

Such a film might lead to the formation or stakitian of OHgsor OH radical that
are generally implicated in the electrochemicalustidn and decomposition of,B8,.
Thus, the following mechanism has been proposedséyeral authors for the

electrochemical reduction of,B, on Ag> *°

H,0, + € — OHags+ OH
Ohbgs+ € > OH
20H + 2H" & 2H,0

with the first step as the rate-determining &h&herefore, any structure that
stabilizes OHyswould favour the reaction.

The increase of surface area as the explanatiothéicatalysis observed did not
seem to be supported by BET analysis or any otbbd ®vidence. However, the

presence of a surfactant/salt film might hinder theasurements of surface area,
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although be permeable to,Gb. Therefore, the possibility of an increase of shieface
area can not be completely rejected, althoughtisvey probable.

SEM and EDX analysis showed the presence of sptareiructures and Cl on the
surface after the modification. Those structuresre to be reduced and Cl washed off
the surface after the electrochemical reductior#9,. The interaction of the lamellar
structures with the Ag SPE electrode surface, malgbmigh the binder, might lead to
the formation of these structures with Ag and GhisTdoes not mean that AgCl is
formed. Ag metallic and Chight be confined inside, or surrounded by, theeldsn
structures. During the electrochemical reductiomig®,, Ag would be oxidized to Ag
and AgCl would be formed, precipitating into théusion. That would explain that no
Cl would be detected after the electrochemical c&da.

The formation of a “head-up” surfactant/salt stames on the surface would justify
the higher hydrophilicity of the modified electr@deompared to the unmodified ones.

In regards to the decomposition process, there was evidence that the
electrochemical reduction was coupled with the farnOnly the modification of the
spheroidal structures after both processes mighgesi that those structures were
involved in both phenomena, but not necessary aig a common pathway. Some
authors in the literature have reported the effe#fctH,O, decomposition during the
electrochemical reduction of,8,. Welch et af attributed the shoulder exhibited at -0.7
V vs. SCE (approx. -0.66 V vs. Ag/AgCl) in the retan wave to the electron-
reduction of oxygen, produced via the silver-cataty decomposition of J@,. That
phenomenon was only observed when the silver natidpa demonstrated a
determined small size because only then did thetivel rate of this process become
sufficiently raised for its current to be seen. &t et af observed a new reduction
process between 0 and -0.1 V vs. SCE fe®4+concentrations larger than 2.5°101
when HO; was reduced on a Pt electrode modified with a\poy alcohol (PVA) film
with Ag nanoparticles in it. They related that pss to the oxygen reduction formed
from H,O, decomposition catalyzed by silver and it was coméid with a Clark
electrode. In the present work, no evidences of i@fluence during HO;
electrochemical reduction was detected. Amperomaeteasurements were performed

in the presence and absence gfi®the solution and no noticeable differences were
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observed, maybe due to the low@d concentrations (1 to 5-F0M) used for the
electrochemical measurements.

In the case of the decomposition, the surface nuadidbn might decrease the energy
of activation (Ea) required due to a surface stmecthat stabilises the intermediate for
H,0,. Strictly, a catalyst is a substance that accesra reaction but undergoes no net
chemical change. The catalyst lowers the activatioergy of the reaction by providing
an alternative path that avoids the slow, raterdeteng step of the uncatalysed
reaction®® *’ Therefore, the surfactant-salt structures formeth dhe Ag SPEs might
provide an alternative path that requires lowerald increase the rate of the reaction
respect to the unmodified ones, as will be seeChapter 4. However, as will be
commented, the catalytic surfaces seemed to losie phoperties over a number of
decomposition reactions. That could be due to trexdimplication of the modification
on the decomposition process. Thus, many substadessified as catalysts are
destroyed either as a result of the process thegsgihem their catalytic activity or
because of subsequent combination with the prodEobsn a practical point of view, a
catalyst can be considered as a substance thagehdhne rate of a desired reaction,
regardless of the fate of the catalyst it&2lf.

Regarding the electrochemical reduction, the medifelectrodes provided an
increase of approx. 100-fold in the cathodic cuseaespect to the unmodified ones.
However, the differences in mass after 8 min in HMD, was only 16-fold higher for
the modified electrode compared to the unmodified.oSuch a difference might
indicate that the catalyst seemed to further erdndine electrochemical catalysis over
H,0O, decomposition. But it is worth highlighting thatetformer was performed at®;,
concentrations from 1 to 5-f0M whereas the latter was carried out at 1 MDH High
H,O, concentrations might destroy the surface modificatwhich result in a poorer
apparent KO, decomposition process. As will be commented oRlapter 5, surface
modification seems to be very sensitive to othactiens occurring in the bulk solution.
It will demonstrate a significant decrease in tHectochemical HO, response
occurring on the modified electrodes after the ematyc reaction glucose oxidase
(GOx)-glucose was performed in the solution.
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3.3. CONCLUSIONS

Hydrogen peroxide reduction was shown to be enlthioce Ag SPEs after their
modification with DBSA/KCI solutions. Modificatiowith 3.310° M DBSA and 0.1 M
KCI for 3 h has been presented as the optimum tondiin order to obtain the highest
cathodic current, assessed in the presencel6f 3 H,O,. Moreover, the reduction
process was highly favoured in basic solutiongliermodified electrodes. SEM images
presented the formation of spheroidal structurestlmn modified surfaces, which
consisted of Ag and CI, which were affected after ¢lectrochemical 4D, reduction on
them, remaining as only Ag-based structures, asevaenced by EDX. Two possible
explanations to the catalytic effect shown by DBSBY modified Ag SPEs have been
suggested. On one hand, the surfactant/salt cotidnin@ay undergo changes on the Ag
morphology with the subsequent formation of nanms$tires, which would increase the
active surface area available to perform the edebmical HO, reduction. On the
other hand, the micellar or lamellar structuresspsg formed by the DBSA/KCI in
solution may have become deposited onto the Ag BPEome way, creating an
enhanced surface for the catalytic processes. @taytic process was also shown to
occur with other combinations of surfactants armuigrl halide salts and is not specific
for DBSA and KCI.

The surfactant-based modification on Ag SPEs alsem&d to induce an
enhancement onJ@, decomposition. The greater differences of masstaltiee release
of O, during HO, decomposition after the electrodes were treatett WBSA/KCI
showed the surfactant-based solution produced provement in the catalytic process.

To sum up, Ag SPEs after the modification with DB&@&I resulted in a potential
alternative to electrochemically quantify,® concentration. The potential simplicity
and low cost of manufacture makes this non-enzyndgvice a unique platform for
H,0, sensing.
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4.1. INTRODUCTION

Chapter 3 demonstrated the catalytic activity ofastant/salt modified Ag SPEs on
the electrochemical reduction and decompositiotigd, at silver paste electrodes. It
was suggested that the combination of surfactatitsait may form stabilized lamellar
structures. Those structures were proposed tcaictterith the Ag SPE electrode surface,
leading to the formation of structures that catalyooth processes. The creation of
spheroidal structures on the surface after the sxgoto the surfactant/salt solution
seemed to be related to the catalysis as they dweri@ished after the electrode reaction
with H,O,. However, the nature of such an interaction betwte surfactant/salt
structures and the electrode surfaces was not dfuderstood. Ag ink used to fabricate
the screen printed electrodes is a complex materade of metallic Ag as well as
organic solvents and thermoplastic resin bindemmamtain the structure of the ink and
make it printablé. The possibility that the binder present in theiAlg played a role in
the formation of the more catalytic surface wasstered. To simplify the surface and
understand the relationship between the metal adoduand the surfactant/salt
modification, metallic electrodes were employed itwestigate the nature of the
catalysis.

In the present work, therefore, a range of matiiatiuding Ag-based and other
metallic electrodes are used to help understand wha happening on the electrode
surfaces after the surfactant/salt modificatiore €ffect of the modification on the;&,
reduction and decomposition was assessed mainlyaroperometry. In addition,
Scanning Electron Microscopy (SEM) measurementg\performed to characterize the
electrode surfaces before and after the surfattasgd modification. Comparison of
H,O, detection by Ag-based electrodes of varying guadhd other metal-based
electrodes such as Au and Pt are shown and thet efféheir modifications was also
studied. A kinetic study of the J, decomposition process on the above-mentioned
metallic surfaces was also carried out. The appanash heterogeneous rate constants for
these processes were calculated and the valuesacednwith the data already existing

in the literature.
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4.2. RESULTS AND DISCUSSION

After the study of DBSA/KCI modification of Ag SPEmd their catalytic activity
towards HO, decomposition and electrochemical reduction, tmes effect on other
metallic electrodes was subsequently investigadhker silver-based electrodes such as
metallic Ag (99.9%) or sterling Ag (92.5%), as wels gold and platinum-based
electrodes were assessed and their catalytic yctiai HO, reactions was compared to
Ag SPEs.

4.2.1. Silver-based electrodes

4.2.1.1. Electrochemical characterization

Planar Ag (99.9%) metallic electrodes were usedttmly the catalytic effect on
H.O; following their modification with DBSA/KCI. The et#rodes were polished using
0.3 um first and then 0.0pm of alumina powder, and sonicated in distilledevdbr 5
min to remove any possible impurities on the swfaddext, they were dipped into
3.310% M DBSA/ 0.1 M KClI solutions for 3 h, rinsed copioustth distilled water and
placed in a working cell containing 10 ml PBS, pH.6Cyclic voltammograms and
amperometric measurements were performed inl0°5M H,O,. The measurements
obtained with the modified electrodes were comp&oetiose from the unmodified ones
(Fig. 4.1). As can be observed, no enhancement wlzserved following the
modification. Thus, the cathodic currents obtaingth the unmodified and modified Ag
(99.9%) electrodes in the presence 408 M H,O,were 1.1310° A and 1.15107 A,
respectively. The metallic silver (99.9%) electroaeere also pre-treated in HCl at +1 V
(vs Ag/AgCl) for 2 s to electrochemically form Ag6h the electrode surfaéequt no

enhancement of the amperometric responses wasetitai
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Figure 4.1. Amperometric responses of planar Ag (99%) metallicelectrodes
measured at —0.1 V (vs Ag/AgCl) in PBS pH 6.8: (alnmodified; (b) 3h DBSA/KCI

modified, at H,O, concentrations from 1 to 5103 M.

SEM imaging of the metallic Ag (99.9%) electrodegsvwperformed before and after
DBSA/KCI modification. Metallic Ag (99.9%) did noshow the formation of any
surface structures or increasing roughness afeepté-treatment in DBSA/KCI for 3h,
as is observed by comparing Fig. 4.2a and 4.2bs @ata was in agreement with the
lack of catalytic effect on D, reduction. It reinforces the belief that the ci@abf the
spheroidal structures on the Ag SPE surface afB8AIKCI modification is related to
the enhancement of,B, reduction.

The same procedure performed with Ag SPEs and plar&allic Ag (99.9%)
electrodes was also applied to other availableesibased substrates, such as 0.5 mm
diameter Ag wire (99.9%) and sterling Ag (92.5%MheTelectrodes were modified in
DBSA/KCI for 3 h and then placed in a working cetintaining 10 ml PBS pH 6.8,

where amperometric measurements were performef.4atV. Cathodic currents from
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510° M H,0, were recorded and compared to those obtained foBRIgs and planar

metallic Ag (99.9%) electrodes.

Figure 4.2. SEM images using SE detection of metallic Ag (99.9€lectrodes (a)
unmodified and (b) DBSA/KCI modified after 3h. Accderating voltage of 20 kV.

(5.0k x magnification).

As with planar metallic Ag (99.9%) electrode suatds, little enhancement in the
reduction currents were observed with the DBSA/K@Uified Ag wire and sterling Ag
(92.5%) electrodes with respect to the unmodifiadso Thus, the unmodified Ag wire
exhibited a cathodic current of 49° A at 510° M H,0, whereas the DBSA/KCI
modified one showed 4110° A (Fig. 4.3).

AgCl was also electrochemically formed onto thewle electrodes by applying the
same conditions mentioned abbwand the electrodes were subsequently tested in the
presence of kD, (Fig. 4.3). The increased deposition of AgCl on Agewire electrode
did lead to an increase in the catalytic curremiusl the cathodic current atl5® M
H,0,was 1.010° A for a Ag wire electrode after 2 s in 0.1 M HCldareached 2:30°
A after 3 x 5 s exposures in 0.1 M HCI. The formatof AgCl on the surface also led to
an increase in the background noise and curremtthieolatter, 4.6.0% A was observed
for the unmodified electrode whereas-20F A was exhibited by the electrode modified
5 s in 0.1 M HCI three times, which reflected thecreasing level of surface

modification.
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Figure 4.3. Amperometric responses of Ag wire electrodes mea=d at —0.1 V (vs
Ag/AgCl) in PBS pH 6.8: (a) unmodified; (b) DBSA/KQ modified; (c) AgCl
electrochemical formation after 2 s at +1 V (vs AggCl) in 0.1 M HCI (d) AgCl
electrochemical formation after 5 s at +1 V (vs AggCl) in 0.1 M HCI three times,

at H-O, concentrations from 1 to 510° M.

This catalytic effect on D, reduction after the electrochemical formation ofCAg
on the surface could be due to the increase okkbetrode surface area, as has been
previously reported. Lian et alreported the increased roughness of Ag electrbges
electrochemical oxidation-reduction cycles in a kGlution. During the anodic process,
Ag was oxidized to form a Ag-Cl complex, which way helpful for the subsequent
formation of Ag nanoparticles during the cathodiogess. The roughened electrode did
show noticeable increases of the amperometric nsgsoto HO,. That would explain
the increase in the catalytic response of the Age wlectrode after AgCl formation.
However, there is no direct evidence that relate fbrmation of AgCl with the

spheroidal structures that appeared on the elextsadifaces following DBSA/KCI
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exposure, which are though to be in part respoasiblthe catalytic activity towards
H,0O, decomposition and electrochemical reduction shimm@hapter 3.

4.2.1.2. HO, decomposition

H,O, decomposition was then analysed on Ag metadliectrodes(92.5% and
99.9%) using the same conditions as for the Ag SPEss initial aim was to check if the
catalytic effect was also observed on these substend to assess the influence of Ag
surface on the ¥D, decomposition process. The mass differences wayessed per
unit area (g/crf). The area values used in the experiments weregydloenetric areas
because the narrow potential range in which Ag as @lectroactive prevented the
accurate calculations of their electroactive asdastrochemically.

The measurements of the 92.5% and 99.9% metabictredes (before and after
modification) are shown in Fig. 4.4 and 4.5, resipety.
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Figure 4.4. Change of mass per unit area versus time for (a) umodified and (b)
modified 92.5% Ag electrodes upon repeated exposute 1 M H,O; solution for 1

hour. The number of exposures is indicated besidesch graph.
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Unlike SPEs, the metallic Ag electrodes did notvshtecreased responses after
multiple H,O, exposures. On the contrary, higher mass decreasesobserved on the
unmodified 92.5% Ag electrodes as the number obsupes increased and a steady-
state was shown by the same electrodes after DBSIAfHodification. The 99.9%
metallic Ag electrodes also showed a stable regpaiter being exposed to,6h
solution for 1 hour, either in the modified or urdifeed state. Overall, the 99.9% Ag
electrodes showed significantly higher mass reduostthan the 92.5% Ag, irrespective
of the state of modification. These differencesevapproximately ten-fold after 1 hour
of exposure to bD,. Again, the non-linearity of the modified 92.5%e&rode seems
significant — in instances where modification hakanced the catalysis, this seems to be

non-linear in nature.
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Figure 4.5. Change of mass per unit area versus time for (a) umodified and (b)
modified 99.9% metallic Ag electrodes upon exposur® 1 M H,O; solution for 1
hour.

Figure 4.6 shows the compiled responses of SPEsatallic 92.5% and 99.9% Ag

electrodes, before and after the DBSA/KCI modifmat The data correspond to the
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initial exposure of each electrode tg®4. The catalytic effect observed after surfactant-
base modification of Ag SPEs appears to be partiabserved in the 92.5% Ag
electrodes. However, the catalytic responses afiatification were only three times
higher than before for the 92.5% Ag electrodes, re&® this was about eight times
better in the case of SPEs. No enhancement®@ Hecomposition was observed on the

99.9% Ag electrode after surfactant-based modiboat
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Figure 4.6. Hydrogen peroxide decomposition rate for (a) unmodied and (b)
modified (circle) 92.5%, (triangle) SPE and (squark 99.9% Ag electrodes when
exposed to 1 M HO, solution for 1 hour. These data correspond to thdirst

repetition of each electrode.

Therefore, DBSA/KCI modification seemed to enhaHg®, decomposition only on
Ag SPE and metallic 92.5% Ag electrodes whereasnpooved catalytic process was
observed on metallic 99.9% Ag electrodes.

Scanning electron microscopic images of the unmedlimetallic 92.5 and 99.9%
Ag electrodes were obtained before and after expasul M HO; solution (Fig. 4.7).
As can be observed, the unmodified 92.5 and 99.94matallic electrodes presented
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smoother surfaces than the SPE electrodes (Chapfeg. 3.17). Between these two
electrodes, the 99.9% Ag metallic seemed to bestheothest one and only some
scratches were shown on its surface possibly duketgolishing process whereas the

92.5% Ag metallic surface showed many surface dgfedting, etc.

20.0kV 10.6mm x5.00k SE . p 20.0kV 10.2mm x5.00k SE

S$3400 20.0kV 11.2mm x5.00k SE 3/30/2009

Figure4.7. SEM images of unmodified sterling 92.5% Ag electroes (A) before and
(B) after being exposed to 1 M KO, solution and 99.9% Ag metallic electrodes (C)
before and (D) after HO, decomposition measurements. Accelerating voltagé 20

kV. (5.0 k x magnification)

Following exposure to ¥D,, the formation of reaction products which increhse
surface roughness was again observed. HoweveB2586 Ag metallic surface seems
to be less affected by,B,, which agrees with the low differences of massiigid with

this electrode. On the other hand, 99.9% Ag eldetrshows the roughest surface after
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H.,O, decomposition in comparison with the surface kefas well as the highest
differences of mass observed for that process.
Fig. 4.8 shows SEM images of the modified metadliectrode before and after

exposure to bDo.

Figure 4.8. SEM images of modified sterling 92.5% Ag electrode (A) before and
(B) after exposure to 1 M HO, solution and 99.9% Ag (C) before and (D) after
H,O, decomposition measurements. Accelerating voltagef 20 kV. (5.0 k x

magnification)

As with Ag SPEs, similar high contrast clustersevebserved on the sterling 92.5%
Ag electrodes after DBSA/KCI modification, whichpgared to be associated with the
surface defects of the Ag, whereas 99.9% Ag eldetsurfaces did not show any such

structures after the surfactant-based modificatidgain the formation of rougher
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surfaces after the reaction with,® was observed in all the Ag electrodes with the
difference that either the formation of holes oe ttreation of reaction products on
sterling 92.5% Ag electrodes was more pronounceg. &7b and 4.8b) whereas no
noticeable changes relative to the unmodified satest were shown by metallic 99.9%
Ag electrodes (Fig. 4.7d and 4.8d). During thgOpldecomposition reaction, sterling
92.5% Ag electrodes did show greater levels ge@lution after modification, which
agreed with the rougher surfaces exhibited by tkeet®de in comparison with the
unmodified one. The high contrast clusters evideefore exposure to 40, were no
longer evident, but were replaced with the edgethefsurface defects on the silver
showing a high contrast which suggests some stalctuodification at these sites.
Although not quantified, the surface defects seetoette etched and larger in size
following H,O, decomposition.

In contrast, the 99.9% Ag electrode showed no iffee in surface morphology
before and after DBSA/KCI treatment, suggestingak lof any surface modification.
However, both surfaces showed a significantly défé morphology following exposure
to H,O, with what appeared to be a roughened surface avitapparently crystalline
morphology. The nature of these structures wasletrmined.

Therefore, as was observed before for Ag SPEsfotimeation of structures on the
electrode surface following DBSA/KCI treatment seeinto be directly implicated in the
enhancement of the,B, decomposition reaction.

4.2.2. Gold-based electrodes

4.2.2.1. Electrochemical characterization

Other noble metallic substrates were assessedier tw check if it was an isolated
effect from Ag surfaces or a general behaviour fribis group of metallic elements.
Several gold-based electrodes were evaluated and rgsponses compared to those

obtained with silver-based electrodes. In additibe, relationship between metallic Au

electrodes and Au paste electrodes was also adsesse
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Gold screen printed electrodes (Au SPEs) were tijreexposed to 3:302 M
DBSA/ 0.1 M KCI for 3 h without any prior pre-treaént, rinsed with distilled water
and placed in a working cell containing 10 ml PBH, 6.8, where cyclic voltammetry
and amperometry were performed. Three types of REsSwere assessed. The current
densities of these electrodes td® M H,0, at—0.1 V (vs. Ag/AgCl) are shown in
Table 4.1, before and after DBSA/KCI modification.

Table 4.1. Cathodic current densities of Au SPEs t610° M H,0, at —0.1 V (vs.
Ag/AgCl) before and after DBSA/KCI treatment. Theseare also compared with Ag
SPE and Au (99.9%).

Electrode Area / cnf junmod (X109) /| jmoa (x10P) / jmod/j unmod
Acm? Acm™
Au SPE AT 0.126 0.7 8.0 12.2
(Dropsens)
Au SPE BT 0.126 0.3 0.5 1.9
(Dropsens)
Au SPE 0.045 (unmod) 1.7 11.2 6.6
(DuPont) 0.040 (mod)
Ag SPE 0.126 3.1 273.6 88.8
Au (99.9%) 0.031 41.1 317 0.8

Au SPEs showed some enhancement of th®,Heduction current after the
modification with DBSA/KCI, although this effect wanot so marked as that shown by
Ag SPEs. Thus, the highest ratio of cathodic curdemsity obtained for a modified Au
SPE compared to an unmodified one was approx. h2reas almost 90 was the ratio
obtained with Ag SPEs. Regarding the Au electrddea Dropsens, Au SPE AT (cured
at high temperature) showed a more noticeable ytmtadffect after DBSA/KCI pre-
treatment, with approx. 810° Acm?, than Au SPE BT (cured at low temperatures), on
which the cathodic current was only A.6° Acm. Although there was already a three-

fold difference between their cathodic currentshim unmodified state, this contrast was
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more remarkable after the modification, with a eeri-fold difference. The variation
between both electrodes could be a consequendeditferent surface roughness or
type of binder used in the preparation of the etelss.

Generally, electrodes cured at higher temperatuoe/sougher surfaces because the
organic compounds presented in the printable ik emaporated from the substrates
when the temperature increasdsowever, in this case, Au SPEs BT exhibited roughe
surface$ may be because the application of low temperahue high enough to
evaporate the solvent would lead to the formatibsnaaller Au particles on the surface.
Thus, Au SPEs AT might be more prone to DBSA/KCldifioation because the
surfaces seemed to present higher amount of biexjgysed than Au SPEs BT. This
would favour the interaction of the lamellar stures with the electrode surfaces with
the subsequent enhancement of such modified sgrtaeeards HO, decomposition.
Alternatively, the catalysis may depend on the mataf the binder used for ink
fabrication which may favour the formation of swtint/salt lamellar structures. In any
case, the catalytic effect obtained by the golced&8PEs was very low in comparison to
that of Ag SPEs. One possible explanation is thghér tendency of Clin the
modification solution to form AgCI rather than Au@tandard enthalpies of formation
of AgCl and AuCl are -127.0 and -34.7 kJfhotespectively), which was previously
observed as a likely important step in the subssigeehancement of @, reduction.
However, the relevance of ‘Gh the catalytic process is still far from certaiihe other
possible explanation is that Au is just inheremdlys catalytic for KD, than Ag, either
modified or unmodified.

Planar metallic Au (99.9%) electrodes (A = 0.031%cmere also assessed. They
were polished using first 048m and later 0.0um alumina. Then, they were rinsed and
sonicated in distilled water. Once cleaned, theyevexposed to 3:802 M DBSA/ 0.1
M KCI for 3 h. The amperometric responses at —0(¥3/Ag/AgCl) obtained in PBS pH
6.8 before and after DBSA/KCI modification are simowv Fig. 4.9 and the data given in
Table 4.1. DBSA/KCI maodification did not seem toprave the catalytic properties of
metallic Au (99.9%) electrodes, as can be obselyeadomparing the amperometric
responses from the unmodified and DBSA/KCI modifigdctrodes. While 41:10°

Acm? was achieved with the unmodified Au metallic elede in the presence ofl®*
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M H,0,, only 31.710° Acm? was obtained following DBSA/KCI modification. Ohet
other side, comparison of these data with thoseufonodified Ag SPEs, metallic Au
(99.9%) showed higher reduction current values,ctvhs probably due to the higher
available metallic surface area. However, the AdeSBhowed greater increases in
catalytic currents when treated with DBSA/KCI thdid metallic Au. This may relate to
availability of surface defects for the depositiapdification sites not available on

planar metallic Au (99.9%) as well as for the alogeof binder.
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Figure 4.9. Amperometric responses of metallic Au (99.9%) elémdes measured at
—0.1V (vs. Ag/AgCl) in PBS pH 6.8: (a) unmodifieénd (b) DBSA/KCI modified, at
H,0O, concentrations from 1 to 510° M.

4.2.2.2. HO, decomposition

Further to the study of the catalytic decompositffect of HO, on silver-based

electrodes, the same effect was also studied ogdltkbased electrodes. Metallic Au

(99.9%) electrodes were polished using 0.3 and @Qri5alumina, and subsequently
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rinsed with distilled water and sonicated for 5 nmrorder to clean the surfaces before
the modification. Then, they were immersed in fr&810° M DBSA/ 0.1 M KClI
solution for 3 hours. Au SPEs were directly dippetd the surfactant-based solution
without any pre-treatment. Subsequently,Ob decomposition was analyzed by
submerging the electrodes in 1 M,®34 solution for 1 h. Mass differences were
registered every minute and compared to the preiyabtained decomposition data for
silver-based electrodes. The data from the metAllicand SPEs are presented in Fig.
4.10 and Fig. 4.11, respectively. All gold-baseecbdes showed little differences in
H,0, decomposition rates before and after DBSA/KCI rficdlion.
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Figure 4.10. Hydrogen peroxide decomposition rate for (a) unmodied and (b)
modified metallic Au (99.9%) electrodes upon repead exposure to 1 M HO,

solution for 1 hour. The number of exposures is indated besides each graph.

Thus, unmodified metallic Au (99.9%) electrode skdva change in mass per unit
area of 0.026 gcthafter a 1 h reaction in 1 M@, whereas the same electrode after the

modification showed only 0.023 gé&tor the first measurement. Subsequent exposures
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resulted in changes of 0.015 and 0.018 §cmespectively. This indicated that the
modification did not enhance the catalytic behawiot this type of Au electrodes
towards HO, decomposition. This supports the earlier findingvhich there was little
difference in the cathodic currents upon reductibH,O, before and after modification.
Similarly, unmodified Au SPEs exhibited changesOdi06 gcrif after HO, reaction
whereas the modified ones showed 0.008 and 0.06V gfter the first and second

exposure to kD,, respectively.
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Figure 4.11. Hydrogen peroxide decomposition rate for (a) unmodied and (b)
modified Au SPEs after exposure to 1 M KO, solution for 1 hour. The number of

exposure is indicated besides each graph.

Both types of electrode did not exhibit improvedtabgtic effect on HO,
decomposition after the modification or noticeabtbanges following repeated
measurements. However, greater decomposition veges obtained using the metallic
Au (99.9%) electrodes compared to the Au SPEs, as sommented on before and
which is shown in Fig. 4.12. This behaviour wa®adly observed for the silver-based
electrodes, where the rates of decomposition ofdafor the metallic electrode were

inherently greater than those obtained for the 8P&erling (92.5%) Ag electrodes. In
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that case, an approx. 20-fold greater rate of deosition was obtained with the

unmodified metallic 99.9% Ag electrode, reachintpial loss of 0.414 gci) whereas

only 0.026 gcnf was observed with the metallic Au electrode. Thessilts were

expected because Ag is a known catalyst gbHlecomposition whereas no similar

behaviour has been reported for gold-based material
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Figure 4.12. Hydrogen peroxide decomposition rate for (a) unmodied and (b)

modified (square) Au (99.9%) metallic electrodes amh (circle) Au SPEs upon

exposure to 1 M HO; solution for 1 hour. These data correspond to thdirst

repetition of each electrode.

4.2.3. Platinum-based € ectrodes

4.2.3.1. Electrochemical characterization

Platinum screen printed electrodes (Pt SPEs) fram different sources were

modified following the same procedure as that used\g and Au SPE pre-treatment.

After the modification in 3.20% M DBSA/ 0.1 M KCI solution, amperometry was
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performed and the cathodic currents obtained f85M H,O, are shown in Table 4.2.
Pt is the best known catalyst for,® reduction, and this fact is supported by the
cathodic current data obtained even with unmodif®tdSPEs. Comparing the values
obtained for the different metallic substrates befany modification, Pt SPEs yielded
up to three orders of magnitude greater respomsebQ, reduction than Au SPEs and
up to two orders of magnitude greater than Ag SRESs shown in Table 4.1 and 4.2.
Thus, the cathodic current densities of the unniedliPt SPE (Dropsens) atl§° M
H,0, was 481.6L0° Acm?, whereas the responses for Au AT and Ag SPEs Q@0

®and 3.110° Acm®, respectively.

Table 4.2. Cathodic current densities of Pt SPEs & 103 M H.0,, —0.1 V vs
Ag/AgCl, before and after DBSA/KCI treatment.

Electrode Area (cn) junmod (x10°)/ jmod (X1CP)/
(Acm™) (Acm™)
Pt SPE 0.126 481.0 956.3
(Dropsens)
Pt SPE 0.035 959.4 910.0
(Dupont)

However, after DBSA/KCI modification, Ag SPEs ached reduction current
densities of 273:60° Acm?, which is in the same order of magnitude to tHaPb
SPEs, being 956.:80° Acm? only a 3.5-fold difference. This showed the rekahle
catalytic effect of DBSA/KCI modification on Ag SBEEompared to other metal-based
electrodes. Thus, Pt showed little relative enharece in HO, reduction after the
surfactant-based pre-treatment, and gold-basedredes only presented a moderate
effect, as was shown earlier. Only silver-basedtsddes, and particularly Ag SPEs,
seemed to be highly improved by DBSA/KCI modificati Once again, it is worth
noting the discrepancy between the two Pt inks, where there was no enhancement
and one where there was a two-fold enhancememtRBEA/KCI treatment. A possible
explanation would be the use of different type iiders for the manufacture of the Pt
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SPEs from the two different companies. This woeildforce the involvement of the ink

binder in the catalytic process.
4.2.3.2. HO, decomposition

Despite the fact that Pt is a well known catalyst H,O, decomposition, Pt SPEs
were modified with DBSA/KCI in order to analyze viher the catalytic effect observed
with the silver-based electrodes was also exhilbiethe Pt pastes. The electrodes were
modified following the same procedure previouslpaed for Ag and Au SPEand
were subsequently immersed in 1 MG (2 ml) for 1 h. The results for the unmodified
and modified substrates are presented in Fig. 4Rt3.SPEs modified with the
DBSA/KCI solution showed at least ten-fold greatates of catalytic decomposition
when they were exposed to 1 M®} than those achieved for the unmodified substrates.
Thus, changes in decomposition rate of 0.005 gurare registered by the unmodified
electrodes whereas 0.046 getmwere reported by the modified ones. Moreover, it
seemed that the decomposition process was enhanadtime because the result
obtained during the second measurement was signific greater than that obtained
during the first measurement, being 0.093 gafter 2 h in 1 M HO,. This result, and
the downward curvature of the decomposition ratevesl suggests an accelerating
decomposition upon exposure to the modifications Will be discussed further in the
next section.

Comparing the data obtained for different metal §Ri6th Ag and Pt showed an
enhancement in the ;B@, decomposition process after being treated with ABEI
solutions. The decomposition rates after 1 houctiea time were approx. 8 and 10
times higher than those obtained by the same urieddAg and Pt electrodes,

respectively. However, Au SPEs did not show anyaanbment from modification.

106



Chapter 4

0.00 -
00000000000000000000 (a)
°
— e
€ -0.02 A TN
Q ®e,
S %o,
=~ °
© %
© -0.04 ‘. o,
T ° % 1 )
& [ ]
°
©
0.06 °
<E] 0.06 ..
% t (b)
®e
-0.08 o
° °
% > )
'0.10 T T T T T
0 1000 2000 3000 4000

t/s

Figure 4.13. Hydrogen peroxide decomposition rates for (a) unmafied and (b)
modified Pt SPEs upon repeated exposure to 1 M B, solution for 1 hour. The

number of exposures is indicated besides each graph

4.2.4. Kinetic study of H,O, decomposition on unmodified and DBSA/KCI
modified metallic surfaces

As is well-known, a catalyst is a substance thai@pates in a chemical reaction by
increasing the rate of that reaction. In orderdmpare the catalytic effect of the above-
mentioned metallic electrodes on®4 decomposition before and after the modification
process, apparent rate constants of the deconposgactions were calculated.

The reaction rate is defined as the change in dvaraecement of the reaction with
time, i.e. the change in the number of moles alvargspecies (reactant or product) with

time:

R=——= (Equation 4.1)
Y
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whereR is the intensive reaction rate, is related to the stoichiometric coefficient of
specied and [] is the molarity of specieis The rate of a reaction will generally depend
on the temperature, pressure and concentratiospetfies involved in the reaction as
well as the phase or phases in which the reactemurs. The empirical relationship

between reactant concentrations and the rate bkemical reaction is known as a rate

law, and it is written as:
R=k[A]*[B]"... (Equation 4.2)

where [A] is the concentration of reactant A, [B]the concentration of reactant B, and
so forth. The constantgs and B are the reaction orders with respect to A and B,
respectively, and is referred to as the rate constant for the reaciihe rate constant is
independent of concentration, but dependent orspresand temperatufte.

The apparent rate constant of@®4 decomposition was determined by measuring the
mass of Q liberated as a function of time at room tempegratdihe mass data were
rearranged to be expressed as th@,ldoncentration remaining in the vial versus time to
study the kinetics of the reaction. There are mstugies in the literature about®:
decomposition and the effect of transitions metascatalysts but still no definitive
understanding of the true mechanism involved has beported. It has been shown that
catalytic decomposition of 40, by ferric ions in solution can be first or secander®
1 with respect to the peroxide concentration whersapported metal catalysts
decompose bD, by first order kinetics?™® Assuming that kKO, decomposition

followed pseudo first-order kinetics in the preseotk:

d[H,0,] _ .
—% = Kopp[H,0,] (Equation 4.3)

and thus,

In {Ezgz]]t = Kot (Equation 4.4)
2Y21o
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wherekqy, is the apparent first-order,8, decomposition rate constant, gittbO,]: and
[H2O;]o are the concentrations of,®, in the solution at timg and time zero,
respectively. The data from Ag SPEs before and aftedification with DBSA/KCI are
shown in Fig. 4.14.

-In([H,0,]/[H,0,],)

T T T T
0 1000 2000 3000 4000

t/s

Figure 4.14. Plot -In [H,0,)/[H20,]o versus time for (a) unmodified and (b)
modified Ag SPEs after exposure to 1 M kD, solution for 1 hour.

As was mentioned above, the data appears to bar lcheing the first ten minutes,
after which it deviates from linearity. This obsatien could be as a result of the
formation of a diffusion layer at the surface, whicould become a limitation of the
reaction, or as a result of bulk substrate limatatimass transport) because the trapping
of O, as air bubbles and its dissolution in the wates.the measurements with the
unmodified and modified Ag SPEs were performed wriah containing 2 ml 1 M kD5,
the maximum mass of Qwhich could be released was 0.034 g. After 1 hreaction
time, the difference of mass observed with the fredlielectrode was approx. 0.010,
which meant that almost a third of the®d in the solution had been decomposed. The

rapid decomposition of ¥, in the vicinity of the electrode surface couldulesn the
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shape observed in the plots agOpldoes not diffuse as fast towards the surface as it
decomposes. Changes or losses of the surfaceta@atadiivity over time could also lead

to deviations from the linear behaviour. More psecand detailed determination of the
heterogeneous rate constant would require treatwietite diffusion processes at the
heterogeneous interface. For simplicity, howevarther analysis was based on initial
constants using the initial linear portion of tlesponses. Initial rates for Ag SPEs are

shown in Fig. 4.15.
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Figure 4.15. Kinetics of H,O, decomposition on (a) unmodified and (b) modified &
SPEs.

The same study was carried out using 92.5% and®®@®§ as well as SPE and
metallic Au electrodes and Pt SPE. The apparemt canstants obtained with each
electrode are summarized in Table 4.3. The appangrdl H,O, decomposition rate
constants obtained for Ag SPEs after the modificatvith DBSA/KCI were ten times
(for the first measurement, R1), four times (foe econd, R2 and third repeats, R3)

higher than those obtained for the same electrogghout any modification,
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respectively. Thus, apparent rate constants of, &5 and 1.41 swere obtained by
the unmodified Ag SPEs after the first, second #mdd exposures to 1 M 1D,,
respectively whereas 19.7, 8.12 and 4.1ere obtained by the modified electrodes
under the same measurement conditions. The decieasiee catalytic responses
observed for the modified electrodes as a functibthe number of repeat exposures
might be explained as a result of the progressmgs bf the surface modification or
surface inactivation (loss of catalytic activity)itv time, even though, 1D,
decomposition was up to four times faster than dame process carried out on the

unmodified electrodes.

Table 4.3. Apparent initial rate constantska, for H20, decomposition on different
metallic catalysts following multiple repeat expostes (R1 to R3).

Ag Au Pt
SPE 92.5% 99.9% SPE 99.9% SPE
|(A=0.126cn)| (A=0.6cnf) | (A=0.031cnd) | (A=0.1cnf) |(A=0.031cnd)| (A=0.1cnf)
R1 1.52 0.68 1.04 0.40 0.05 0.43
Unmod. R2 2.96 2.94 1.06 -- - --
kepp .~ [R3 1.41 5.66 - - - -
(x10” s7)
R1 19.70 29.2 1.08 0.64 0.04 3.91
DBSA/KCI [ R2 8.12 53.7 0.97 1.20/5.2 0.03 9.95
kep ~  [R3 4.11 57.8 - - 0.03 -
(x10” s7)

R1 —repeat 1; R2 — repeat 2; R3 — repeat 3

More remarkable is the catalytic effect observed tha sterling (92.5%) Ag
electrodes after the modification. The unmodifidéecode showed some increase in
decomposition rate following repeat exposure testale. Thus, this electrode exhibited
an initial rate constant of 0.68 $or the first measurement and 2.94 and 5:66os the
second and third exposures to 1 MO4 respectively. A similar growth trend was also
observed for the modified electrodes, althoughhis tase the apparent rate constants
were thirty times higher than those obtained whik itnmodified electrodes, being 29.2,
53.7 and 57.8 5 respectively. Unlike the SPEs and the 92.5% Agteides, no

differences in the kinetic data were observed ®fD% Ag electrodes before and after
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the modification. Apparent rate constants of 1.6d 4.06 & were obtained from the
unmodified electrodes after the first and secongosures to bD,, respectively,
whereas 1.08 and 0.97 svere obtained for the modified electrodes. Theaagnt rate
constant for the unmodified electrode was approg.d4ame order of magnitude as that
obtained from the unmodified SPE and 92.5% Ag amdid not change after exposure
to the DBSA/KCI solution. With regard to the golddged electrodes, they did not show
any enhancement on,@&, decomposition after DBSA/KCI modification. Moreoyéhne
apparent rate constants obtained using metalli®9%99u electrodes (0.05% were
quite low relative to those exhibited by Ag eledies. This agrees with the fact that
silver is a known catalyst for 40, decompositioff whereas no similar data have been
reported for Au. On the other hand, Pt SPEs alswvel a catalytic enhancement to
H.O, decomposition after their treatment with DBSA/K@&ading to a ten-fold greater
kappON the modified surfaces relative to the same el substrates.

To more accurately compare the catalytic activitthe different metallic substrates,
the apparent rate constants must be normalizedetgurface area of the catalysts and
the volume of the solution used. Therefore, theefogeneous rate constant can be
expressed as:

ks (cm $Y) = VigKapp/Acat (Equation 4.5)

where \fq is the volume of solution (in ml), and.Athe surface area of the catalyst
(sz)_14, 16

The heterogeneous rate constants of the studiedllimetubstrates are reported in
Table 4.4. Unmodified metallic 99.9% Ag showed thighest heterogeneous rate
constant for HO, decomposition and this did not change after itattnent with
DBSA/KCI. Unlike metallic 99.9% Ag, SPE and stedif2.5% Ag electrodes improved
their HO, decomposition responses for the first repeat bgrd0 and 40 times,
respectively, following exposure to the modificatisolution. Similar enhancement was
achieved with the Pt SPEs after being modified RMBSA/KCI.
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Table 4.4. Heterogeneous rate constants; for H,O, decomposition on different
metallic catalysts.

Ag Au Pt
SPE 92.5% 99.9% SPE Metallic SPE
(A=0.126cnf) | (A=0.6cnf) | (A=0.031cnf) | (A=0.1cnf) | (A=0.031cnf) | (A=0.1cnf)
V|iq=2ml V|iq=2ml V.iq=27ml V.iq:2ml V|iq:27ml V|iq=2ml
R1 2.4 0.2 90.0 0.8 4.3 0.9
Unmoolll. R2 4.7 1.0 92.0 - - -
ks (x10 2.2 1.9 -- - -- --
Crr(l's_l) R3
R1 31.0 9.7 94.0 1.3 3.9 7.8
DBSA/KCI [R2 13.0 18.0 84.0 2.4/1.0 2.2 20.0
ks (x10* R3 6.5 19.0 - = 2.7 -
cms?)

R1 —repeat 1; R2 — repeat 2; R3 — repeat 3

The heterogeneous rate constant values obtaineld wimodified gold-based

electrodes were close to those shown by the otretallic electrodes under study,

except for metallic 99.9% Ag. However, no improvensewere observed after the

surfactant-based modification, as is shown by nangk in the heterogeneous rate

constants before and after the modification. TheralV data from the unmodified

electrodes were of the same order of magnitudetti@se previously reportéd.

4.2.5. Further insightsin the decomposition process

The decomposition of #D, in the presence of catalysts has been widely trgated

and many mechanisms have been proposed. ThexXpktration for the decomposition

of H,O, was given by Haber and Weiss based on a radicehamésm:’ Since then,

several mechanisms have been proposed for thismeabany of them are based on a

cyclic electron-transfer process, which is initthtey either the transfer of an electron

from a reduced site on the surface of the catadythie peroxide to yield an Olhdical

or the transfer of an electron from the peroxidancoxidized site on the surface of the

catalyst, to produce an HQadical. The reactions might B2:
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cat(red) + HQags) + H:O — 20H + OH + cat (0ox) (reaction 4.1)
and
cat(ox) + HQ™ — HO, + cat(red) (reaction 4.2)

Thus, a more recent mechanism for the decomposiiohl,O, catalyzed by a
Co(ll)-silica-based catalyst and considering thathbions and free radicals may be

involved simultaneously in the process whs?

H,O,2 OH + H  (fast) (reaction 4.3)

cat-HO + OH™ 2 cat-QH™ + H,O (fast) (reaction 4.4)

cat- QH™ « intermediate product (active speciesgow)

2cat+20H + O, (fast) (reaction 4.5)
20H + 2H 2 2H,0 (fast) (reaction 4.6)
Cat + HO 2 cat-HO (fast) (reaction 4.7)

Silver has already been proven to be a catalysh®decomposition of #D,, as has
been shown in this chapter and also reported ifitdr@ture’®*° From Chapter 3, the
DBSA/KCI modification of Ag SPEs led to an enhanesmin the electrochemical
reduction and decomposition of,®. The formation of lamellar structures in the
surfactant/salt solution and its subsequent intemacto the electrode surface was
assessed. A possible explanation proposed waghbanhodification structures created
on the surface brought about the formation or Btalbion of OHys or OH radical,
generally implicated in the electrochemical reductiThis might also be an explanation
for the decomposition process as OH radical ipec#y intermediate of the reaction, as
was reported above. Moreover, the electrodes se&erediffected as catalysts after the
electrochemical reduction than after the decommosiBesides the difference in6;

concentrations employed, this might be relatedh#® possible regeneration of Ag(0)

114



Chapter 4

during the amperometric process due to the cathpdtential applied (-0.1 V vs.
Ag/AgCl) whereas such a possibility would not efastthe decomposition process.

In this chapter, several metallic-based electratlee evaluated in order to further
understand the nature of the modification proc¥¢ith regard to the electrochemical
reduction, all the SPEs except the Pt from Dupbwoived an increase in the catalysis
after the DBSA/KCI treatment. Pt and Au SPEs exbibienhancements from 2 to 10
times in their cathodic currents after modificafiavhereas Ag SPEs presented more
than 90-fold higher reduction currents. This reinés the possible implication of the ink
binder in the formation of the catalytic surfac@he differences in the modification
between the SPEs might be attributed to differencethe nature of the binder. On
metallic electrodes in the absence of a binder,pitesence of defects on the surface
might be associated with the formation of catalgtitictures, as was observed on the Ag
92.5% electrode surface. These electrodes showenal improvement in the
electroreduction process but the greatest increagbe decomposition process, with
almost 50-fold higher heterogeneous rate constanttlie first repeat after the
modification. Unlike the SPEs, pure metallic eleds (99.9% Au and Ag) did not
show any enhancement in the decomposition aftemtbdification. Once again this
supports the involvement of the binder in the sttgat/salt modification.

The fact that the 92.5% Ag electrodes showed suthemhancement in the
decomposition might be related to the presenceefdatls and higher amounts of Ag
available for the decomposition. Thus, the surfat¢salt modification might be related
not only to the binder present in the printablesibkit also with the presence of rougher
surfaces or edge defects, which would favour thgosiéion/interaction of the lamellar
structures with those surfaces.

To sum up, electrodes that showed an increase ancé#talytic activity of the
electrochemical reduction of ,B, also exhibited an increase in the decomposition
process. Therefore, both mechanisms seemed to roeected. However, the level of
enhancement is not proportional for both procesBess, modified Ag SPEs presented
the highest increase in the electrochemical redncfapprox. 90 times) whereas the
heterogeneous rate constant was only 13-fold hifgrethe decomposition. However,

92.5% Ag did not show a significant improvementthe cathodic currents whereas it
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exhibited the best enhancement in the decompositianther studies should be
performed to fully understand the implication o€ thinder and the surface defects on
the surface modification as well as the naturdefrhodification itself.

With regard to future work, Ag SPEs were shown ¢otlre best substrates for the
fabrication of further devices based on the elettemical reduction of ¥D,, because
they provide high cathodic currents without theeifdgrences of the decomposition
process. Unmodified Pt SPEs provided the highestents for HO, reduction;
however, modified Ag SPEs led to responses in #meesorder of magnitude and Ag is
known to be a much lower cost material than Pt.r&loee, DBSA/KCI modified Ag
SPEs will be used as platforms for the developnwné glucose biosensor in the

following chapters.

4.3. CONCLUSIONS

In the previous chapter, the surfactant/salt modiion of Ag SPEs exhibited a
remarkable enhancement on the electrochemical tieduof H0,. A 3.310% M
DBSA/0.1 M KCI solution was shown to provide theglest improvement on K,
catalysis. The effect of such a surfactant/salt iffeadion solution on other metallic
electrodes and their catalytic activity towards #iectrochemical bO, reduction has
been studied in the present chapter. Little enhaeoé in the reduction currents were
observed with other DBSA/KCI Ag-based electrodestatic Ag (99.9%), sterling Ag
(92.5%)) and Pt-based electrodes, compared to ritheodified ones. On the contrary,
some Au SPEs presented an increase in the catadgionses after the modification,
although it was not as notable as that observéd) &PEs.

As with Ag SPEs, the modification also seemed tuae an enhancement on(4
decomposition on several other metallic-based reldes. The greater differences of
mass due to the release of Quring HO, decomposition after the electrodes were
treated with DBSA/KCI showed the surfactant-basgdt®n produced an improvement
in the catalytic process. Such an enhancement wagemp by the increase of the

heterogeneous rate constants obtained after thetidsnstudy carried out on both
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unmodified and modified electrodes. It showed tB&SA/KCl modification on the

metallic surfaces provided an easier mechanisnH$@, decomposition. On the other
hand, Au and Pt substrates did not show so highlytet effect on both electrochemical
H,O, reduction and kD, decomposition after DBSA/KCI modification as Ag

electrodes.
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5.1. INTRODUCTION

Electrochemical biosensors are self-contained rated devices, which are capable
of providing specific quantitative or semi-quartita analytical information using a
biological recognition element (biochemical receptehich is retained in direct spatial
contact with an electrochemical transduction eld@rheAlthough many different
transducer types have been used in biosensor déébng¢ such as optical, piezoelectric,
thermal or electrochemical, the latter has been rttest commercially successful
because of its suitable sensitivity, reproducipiind mass production capability at low
cost?

Glucose biosensors alone account for about 85%hefentire biosensor market,
which has recently been estimated to be worth at@#nbillion? * The reason for such
a high percentage lies in their leading role inbdies monitoring. Diabetes is a
metabolic disorder as a result of insulin deficieand hyperglycemia and is reflected
by blood glucose concentrations higher or lowen e normal range (4.4-618° M).?

It is estimated that over 170 million people sufiiemm diabetes worldwide and it is a
leading cause of mortalifyTherefore, the diagnosis and management of dislietstal
and requires robust and consistent glycemic can8imice the fabrication of the first
glucose enzyme electrode by Clark and Lyons in fa®2ny research activities have
been focused on the development of reliable devicesliabetes control. The most
commonly used enzyme in the design of glucose bh&wss is glucose oxidase (GOx),
which contains redox groups that change redox statag the biochemical reaction.
GOx is a homodimer flavoprotein containing two aetsites per molecule. GOx acts by
oxidising glucose to gluconolactone, accepting tebes in the process and thereby
changing to an inactivated state. The enzyme isalty returned to the active oxidised
state by transferring these electrons to moleawtggen, resulting in the production of
hydrogen peroxide (¥D,), as is shown in equation*L

GOx
Glucose + Q »  Gluconicacid + HO, (1)

120



Chapter 5

Therefore, the construction of amperometric glucdsesensors can rely on
monitoring either the depletion of oxygen or theodquction of HO,. The first
commercial device consisted on a thin layer of G@tapped over an oxygen electrode
(via a semi-permeable dialysis membrane) to sctbenoxygen consumed by the
enzyme-catalyzed reactirf However, direct measurements of oxygen were stiljec
errors due to fluctuations in the oxygen tensiowoToxygen working electrodes were
required to correct the oxygen background variation samples by measuring
differential current$: ’ Further investigations led to the determinatiorbloiod glucose
based on electrochemical monitoring of the libetai#gO,. This could be measured at a
potential of approx. +0.7 V (vs Ag/AgCl), when aWorking electrode was uséd®
Wingard et af' *° developed a potentiometric glucose biosensor bydhilizing GOx
directly on a Pt electrode and using Ag/AgCl asference electrode. However, the
amperometric measurement of®3 requires application of a potential at which spsgi
such as ascorbic acid, uric acids or acetaminomrenalso electroactive. Several
membranes such as poly(phenylenediamine), polylgyridafion or cellulose acetate
have been used to discriminate against coexistlagtreactive compounds.More
recently, mediators such as ferrocene derivatifeggcyanide, conducting organic salts
or quinine compounds have been successfully uliliee the fabrication of commercial
glucose biosensors. They shuttle electrons fronrédex center of the enzyme to the
electrode surface, replacing the oxygen as thetreleacceptor for the enzymatic
reaction” ® ™ Simultaneously, mediators decrease the appliedretie potential of the
sensor, eliminating possible electroactive intenfiees such as ascorbic atidhus,
Cass et al® reported the development of a ferrocene-mediatesehsor for the
amperometric determination of glucose. Unlike poesi reports, the mediator was
incorporated into the graphite electrode togetheh whe GOx, which facilitated the
electron transfer between the enzyme and the ii@uin ion. More recently, Miao et
al.'® developed a glucose biosensor by immobilising G@d ferrocene as a mediator
onto a carbon paste electrode by means of a daliilesan film. Ghica and Bréft
reported the fabrication of an amperometric enzyetertrode sensitive to glucose,

where the enzyme was cross-linked with glutaraldehgnd immobilized together with
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the redox mediator, methyl viologen, with a Nafidm. The calibration curves for the
sensor were performed at -0.5 V (vs. Ag/AgCl).

Commercial blood glucose self-testing meters gelyeray on the use of ferrocene
or ferrricyanide as mediators. However, mostivo devices are mediatorless due to
potential leaching and toxicity of the mediatoBesides that, mediator systems are
unsuitable for detection of low glucose concenbrati because of high noise current
(ferrocene primary oxidatiotj. Other developments have focused on the
electrocatalytic reduction of the liberated@d which has allowed shifting the detection
potential to the optimal region (0.0 to —0.2 V ¥&/AgCl) where most unwanted
reactions are negligibfeKaryakin et af® reported the fabrication of an amperometric
glucose biosensor based on a PB-modified glassonaelectrode. The glucose
detection was carried out at 0.18 V (vs. Ag/Ag@hu et al*® developed a glucose
biosensor by means of a PB nanopatrticle and multcagbon nanotubes (PB/MWNTS)
composite deposited on a glassy carbon electro@x Was then immobilized on the
PB/MWNTSs platform by an electrochemically polymedzo-phenylenediamine (OPD)
film and the resulting biosensor was applied fancgse determination at 0 V (vs.
Ag/AgCl).

Several materials have been used as electrodeataissin the fabrication of glucose
biosensors based on GOx, such a$ Ptglassy carbon (GCf: *® ITO-glass® and
carbon fiber$® These materials have been previously modified witretal
nanoparticles” *® 2’ multiwall carbon nanotubé§,PB™ ?? and so on before enzyme
immobilization to improve their catalytic activitpwards glucose determination. For
example, Salimi et &F reported the fabrication of a glucose biosensocdgeposition
of GOx and nickel-oxide (NiO) nanoparticles ontglassy carbon electrode. The so-
fabricated biosensor showed excellent bioelectadgiat activity of immobilized
enzyme towards glucose oxidation when ferrocenmeilhavas used as an artificial
redox mediator. Yin et & developed a glucose biosensor based on layeryey-la
(LBL) self-assembling of chitosan and GOx on a P&dified gold electrode. Glucose
determination was then performed by amperometigpatox. —0.05 V (vs. Ag/AgCl).
Luque et af° fabricated a glucose biosensor based on a ca/mutube paste electrode
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modified with GOx and metallic particles such apmer and iridium. The working
potential of the so-formed biosensor was —0.1 V AggAgCl).

The need for inexpensive and reproducible methodghe mass manufacture of
blood glucose devices for home testing has ledhto widespread use of a single
technique, namely screen printihg®? Screen printing has made low cost, large scale
biosensor production possible, thanks to the pi@tisspeed and scalability of the
method™® The majority of personal blood glucose monitory ren disposable screen
printed enzyme electrode test strips. The screenimy technology involves printing
patterns of conductors, insulators and active pickdl and non-biological reagents onto
the surface of planar solid (plastic or ceramicpsttates based on pressing the
corresponding inks through a patterned ntaskaughan et &’ determined
acetaminophen (paracetamol) in whole blood by mexna disposable, single use,
screen-printed dry-strip. The working electrode weBsted as an aqueous carbon-based
paste incorporating aryl acylamidase, enzyme resptn of the hydrolysis of
acetaminophen to form 4-aminophenol. The latter waperometrically detected by
oxidation at the working electrode. Wang and ZHaugveloped a disposable glucose
biosensor based on the dispersion of cupric-hexedgarate and GOx within a screen-
printable carbon ink. The use of cupric-hexacyamate as a catalyst permited®
detection at applied potential around —0.1 V (vg/AgyCI) as well as a stable response
at physiological pH (7.4). The dispersion of bdik £enzyme and the catalyst within the
ink resulted in a one-step fabrication, simplifyiggeatly the sensor fabrication. More
recently, Gonzalo-Ruiz et &.employed a carbon screen printed electrode aatfph
for the fabrication of an amperometric biosensar glucose determination in grape
juice. GOx and horseradish peroxidise (HRP) wermpowbilized onto the electrode by
cross-linking with glutaraldehyde (GA). Amperometay —0.1 V (vs Ag/AgCl) was
carried out in the presence of ferrocyanide as diat@ in the enzymatic reaction of
HRP and HO,. Kotzian et af? developed a glucose biosensor using a modifiebocar
screen printed electrode as a substrate. The canliowas initially mixed with Rh@
and then screen printed onto ceramic supports.r Afitging, GOXx solution was pre-
mixed with Nafion and directly applied onto theattedes for enzyme immobilization.

The biosensor worked at applied potential of —0.@/%Ag/AgCl), where contributions
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from other interfering species was neglected ansl iweestigated as a glucose detector
in flow injection analysis. It should also be notd#tht the development of glucose
biosensors using GOx are an excellent surrogatestablish operational proof of
concept that can be applicable to a wide rangehsfraxidase-based biosensor systems.

The most critical point in fabricating a biosenssr to achieve a working
architecture, i.e. a favourable immobilization loé ttnzyme on the device which allows
good communication between enzyme and electrode. fobr main approaches to
enzyme immobilization are: (a) adsorption; (b) gatrapment; (c) covalent coupling
and (d) cross-linking. * It is worth noting that some systems did not trinlynobilise
the enzyme as it becomes free when solvated witlbkbod sample. The choice of the
specific method partly defines the operational abwristics of the biosensor.
Adsorption is a very simple process and rarely detwd loss of enzyme activity but
changes of pH, ionic strength and temperature netgct the enzyme. Cross-linking is
also a simple procedure that provides a strong wanbinding of the enzyme.
However, enzymatic activity may be diminished byertcal alterations of the
catalytically active sites of the protéirin covalent bonding, the mass and activity of the
immobilized enzyme can be quite carefully contrdliy strong chemical bonds, leading
to highly stable devices. Nevertheless, that tepimimay bring about a decrease in the
overall activity of the biomolecule due to blockagfeactive sites by chemical bonds or
misorientation of the enzyme. Entrapment in a peymfilm allows the biomolecules
to keep as close to their native state as possiblee they do not undergo covalent
attachement¥: The type of immobilization process will have a kieypact on many
characteristics of the biosensor, such as sengijtselectivity, stability, analytical range
and response time, i.e. the feasibility of the devi

In the present work, a mediatorless glucose bi@semas created based on the novel
electrocatalytic materials developed in Chapteran8 4. This was fabricated by the
immobilization of GOx onto the DBSA/KCI modifiedlser screen printed electrodes
(Ag SPEs). Possible interferences of the enzymedgkl interaction in the catalytic
activity of the sensor to #, reduction were identified and several membranese we
assessed to overcome these drawbacks. Other impatibih parameters were
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optimized and LOD, sensitivity and reproducibilioy the biosensor were evaluated.

Scanning Electron Microscopy was performed to attarae the electrode surface.
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5.2. RESULTS AND DISCUSSION

As was mentioned earlier, most of the enzymaticage biosensors in the literature
are fabricated by immobilizing the enzyme GOx aiht® electrode surface by means of
several techniques. GOx catalyses the oxidatiop—@f-glucose to gluconic acid, with
the simultaneous reduction of oxygen tgOs Therefore, good catalysts for,®b
detection are generally used as platforms in tbeymtion of glucose biosensors which
exploit HO, as the detected species. The catalytic enhancesh&BSA/KCI| modified
Ag SPEs to HO, sensing led to a feasibility study of such a makefor biosensor
fabrication. An analysis of the compatibility ofetlelectrode material with the glucose

biosensing mechanism was thus required before emaymobilization.
5.2.1. Preliminary solution-phase assay evaluation

The DBSA/KCI modified Ag SPEs were initially evatad as a glucose biosensor
by performing glucose determination using the ergym solution. Time-based
amperometry was performed at -0.1 V (vs Ag/AgCIPBS pH 6.8, in the presence or
absence of GOx in solution. Initially, the elecieodas measured in buffer in the
absence of enzyme. In order to first evaluateelketrode’s catalytic activity towards
H,O, reduction, the final kD, concentration in the solution ranged frord@® to 510°
M. Subsequently, the electrode was placed in awigh 2 ml of a stirred solution
containing 1 mg/ml GOx to which glucose was addefinal concentrations from O to
510° M. Finally, the catalytic activity of the electredo HO, reduction was again
measured in the absence of enzyme and comparkd toitial results (Fig. 5.1). As can
be seen, the modified electrode before glucoseirggrshowed cathodic currents of
approx. 3.5L0° A in the presence of-50° M H,0O, whereas the current obtained after
glucose sensing only reached approx:108 A. Such current is similar to that exhibited
by the same electrode forl® M glucose in the presence of GOXx in solution; 108

A. That was expected as the stoichiometry of tletren is 1:1 for glucose: J@..
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Figure 5.1. Amperometric responses of a DBSA/KCI| modified Ag BE measured at
—0.1 V (vs Ag/AgCl) in PBS pH 6.8: (a) before, an¢b) after glucose sensing, at
H»0, concentrations from 1 to 510° M; and (c) glucose sensing with 1 mg/ml GOx

in solution, at glucose concentration from 1 to 303 M.

Thus, the catalytic activity of the electrode wagnsicantly reduced following
glucose determination, resulting in a halving ok thatalytic response to 6.
Moreover, the steady state background current @ehiby the modified electrode prior
to glucose sensing (approx. 1.13° A) was also higher than that shown by the same
electrode after the enzymatic reaction (approx.16.9A). As was already observed in
Chapter 3, the background current from the ampetremeesponses appeared to be
related to the modification of the Ag SPEs by DBIS@BI. Thus, a decrease in the steady
state background might be related to some chanips®in the DBSA/KCI modification
from the electrode surface after glucose deternunat

In order to prove whether the decrease in the dathourrent was due to the
presence of the enzyme in the solution or to theeafe sensing process itself, the

catalytic activity to HO, reduction was assessed in the presence and absktive
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enzyme in the bulk solution. The corresponding awmmpetric responses are shown in
Fig. 5.2.
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Figure5.2. Amperometry of a DBSA/KCI modified Ag SPEs measuré at —0.1 V (vs

Ag/AgCl) in PBS pH 6.8: (a) prior to exposure to emyme; (b) in the presence of 1
mg/ml GOx and (c) following exposure to enzyme at #D, concentrations from 1 to

510° M.

As can be observed, the presence of GOx in soluidnnot seem to affect the
catalytic activity of the modified electrode towarthbO, reduction. Thus, the cathodic
currents provided by the electrode in the preseric®10® M H,0, were 2.610° A,
2.910° A and 2.710° A in the absence of enzyme, in the presence o§/mGOXx and
in the absence of enzyme again, respectively. Als®,background currents from the
amperometric responses (1L0° A, 9.510° A and 8.6107 A, respectively) were
comparable. These results suggested that the DBSAModification remained
unaffected after the exposure of the electrodedolation of GOx. Further experiments
such as KO, sensing in the presence of glucose alone or in pgresence of
gluconolactone and gluconic acid were also perfdrraad again, no effect on the
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amperometric responses were observed. Theref@epéared that it was the enzymatic
mechanism for glucose determination itself that vesponsible for the decrease in the
catalytic activity to HO, reduction observed in Fig. 5.1.

Having established that catalysis was lost onlymG€®©x and glucose were present
and interacted at the modified electrode surfaceilsaneously, with the assumption that
they somehow impaired the catalysis via some serftzenomenon, a strategy was
chosen that would maintain the separation of thesecomponents from the surface.
One such design approach could be the immobilizatiothe enzyme on the electrode
surface. However, such metallic electrode surfaceggenerally incompatible materials
where proteins undergo denaturation upon immobitmaand consequently lose their
activities?® It is known that several heavy metal ions, suchAg§ Hg'* and Ca"
exhibit a marked inhibition on the activity of emzgs’” ** Therefore, employment of a
membrane was investigated as a means to stabilsea@ntrol enzyme concentration,
keep it close to the electrode surface, while glgvent it from coming in contact with
the catalytic layer. However, its effect on the calede system also had to be
determined, particularly the issue of diffusionetéctroactive substances (i.ea@) to
the electrode surface and loss of catalytic effect.

Several types of membrane have been used in @ratiite for the fabrication of
glucose biosensors, e.g. cellulose acetate @€&)Barsan and Brett developed a
glucose biosensor based on a carbon/ CA composite avpoly(neutral red) (PNR)
phenazime layer polymerized on top. The latter wssd as an electron acceptor to
transfer electrons from the redox active centreéG@ix to the electrode surface. The
enzyme was then immobilized by cross-linking witlitaraldehyde (GA), providing
glucose biosensors with high reproducibility andssgvities of 3.1510% AM *cmi®.
Chitosan is also an interesting natural materiagnttcan be used for biosensor
fabrication. Due to its advantageous propertiesaadiopolymer, e.g. low cost,
biocompatibility for biomolecular entrapment, chesli inerthess and low toxicity,
numerous applications using chitosan to immobiineymes have been reportéd® *°
For example, Miao et &f described a glucose biosensor fabricated by mea@Ox
and mediator immobilization in the following “sandW’ configuration: chitosan-

ferrocene/GOx/chitosan. High enzyme loadings werabked due to the cross-linking
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reaction between the amino group of chitosan adehgide group of glutaraldehyde. A
carbon paste electrode was used as a platformefiape the biosensor, which exhibited
a high stability and sensitivity of 218 AM™. Nafion films have also been used for the
production of biosensofé. They have been extensively used as protectiveingpat
materials and as supports for enzyme immobilizatiae to their high stability, good
ionic conductivity and biocompatibility. Norouzi at*! reported the fabrication of an
electrochemical glucose biosensor, where GOx wasoinilized on to a glassy carbon
electrode by means of a Nafion matrix. Prior to Gi@position, a glassy carbon surface
was modified with gold nanoparticles and multinedirbon nanotubes to improve the
biosensor response. A LOD as low ad08 M was obtained using Fast Fourier
transformation continuous cyclic voltammetry (FFT\QCwhere ferrocene methanol
was used as an electron-transfer mediator.

In this work the three membrane materials (CA, dlafind chitosan) were evaluated
taking into account the residual catalytic respaiesebO, of the DBSA/KCI modified
electrodes after their deposition. Preliminary wehlowed that all of them led to good
retention of catalytic activity after their immoizétion. Thus, the electrode modified
with chitosan displayed a cathodic current in thespnce of 80° M H,0, of 2.510° A
which equates to retention of 75% of the initiativity (3.3-10° A). For the Nafion
membrane, the remaining catalytic activity to,(d of the electrode after its
immobilization was 81 % whereas for CA it was 93%erefore, CA seemed to result in
the highest residual activity following membranepa&tion. Besides that, several
preliminary GOx immobilization protocols were evatled on the three types of
membrane, resulting in a positive response onlyh wiite CA modified electrode.
Therefore, CA was chosen as the membrane for metailedd evaluation in the
fabrication of a glucose biosensor. The CA-modif@BSA/KCI modified Ag SPEs
were initially assessed with enzyme in the solutiés stated above, the cathodic
response of the CA-modified electrode in the presaf 510° M H,0, was 3.910° A,
which was equivalent to 93% of the current respafsBBSA/KCI modified Ag SPE
alone, or 4.200° A. The electrode was subsequently tested in 1 in@@®x solution in
PBS pH 5, showing a reduction response at -0.1sV Ag/AgCl) of 1.510° A in the

presence of 40° M glucose. The catalytic activity of the electrote HO, after
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glucose sensing was checked and a cathodic cuwfeéhi:10°> A was observed in the
presence of 80° M H,O,, i.e. 79% activity remaining after the enzymatimation
which appeared to demonstrate retention of thelyt@tgoroperties of the electrode.
Thus, deposition of a membrane layer and subseguaéoiduction of enzyme and
substrate did not lead to the eradication of ctitabctivity which further enforces the
observation that this loss of activity was the heetiboth enzyme and glucose coming
into contact with the modified electrode layer.

Subsequently, several parameters such as CA anddBfbentrations, immersion
time in cellulose acetate solution during the faiora of the membrane and other
aspects of the immobilization protocols were optedi to achieve a reproducible

glucose biosensor device.

5.2.2. Optimisation of GOx immobilization onto DBSA/KCI modified Ag SPEs

The feasibility of the DBSA/KCI modified Ag SPEsIiftaving CA deposition to be
used for glucose determination with the enzymeoiatsn was previously verified by
amperometry as shown above. Subsequently, optionsat the immobilization of GOx
at the electrode was investigated. Among the adailamethods for enzyme
immobilization that were mentioned before, covaleotipling to the surface generally
provides the best activity stability and avoidsyene leaching from the sensor surfate.
However, two main difficulties may be encounterémly levels of activated surface
groups on the support and denaturation of enzyneovhlent bonding is performed
through functional groups essential to the enzyralgtic activity. Unlike other
membranes such as collagen films, CA membranesdfefeht thickness may be easily
prepared and exhibit significant permselectivitwaods anions, which has made them
amenable as supports fam vivo implantable glucose sensdrsBesides that, GOx
contains multiple tertiary Ny groups, which can be used to covalently anchor the
enzyme to CA membranes after successive copolyatiens processe€3® Some
immobilization processes found in the literaturgoive covalent coupling of bovine
serum albumin (BSAf to a CA membrane and a subsequent reaction ah#mebrane

with GOx, which had previously been activated wai excess op-benzoquinone in
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some case®¥ Good sensitivity and LOD were obtained with thbassensors, although
the use of another protein might hinder analytéudibn to the electrode surface and
make the resulting device more expensive. MorentggePortaccio et al° reported the
covalent attachment of GOx onto a CA film by meafshexamethylenediamine
(HMDA) and glutaraldehyde (GA) as spacer and caogplagent, respectively. The
immobilization procedure was quite straightforwaatid the resulting biosensors
displayed analogous results to those obtained bgnamercial glucometer when both
real sample andh vivo measurements were performed. Therefore, the Ipttencol
was adopted and optimised for GOx immobilizationBSA/KCI modified Ag SPEs
in the present work.

5.2.2.1. Preparation of GOx biosensor by covalenhgyme immobilization

Unlike the buffer used in the earlier amperometrieasurements, all enzyme
solutions used in this work were prepared in 0.pMsphate buffer, pH 5. Such a pH
was chosen rather than pH 6.8 because GOx hasrégered to work more efficiently
in slightly acidic solutioné> “® However, acidic media lower than pH 4 led to GOx
denaturation.

A cellulose acetate layer was deposited onto th&ARCIl modified Ag SPEs by
immersing the electrodes in a cellulose acetatatisol (0.02% w/v cellulose acetate in
acetic acid) for 3 & The electrodes were then immersed in cold watetl@min to
accelerate the polymer solidification phase anderithe surface of any remaining
unbound polymer. The so-formed cellulose membraag activated by immersing the
electrodes in a 5% (w/v) hexamethylenediamine (HNIR4ueous solution for 20 min.
After rinsing the surfaces with distilled wateretblectrodes were placed in a 2.5% (v/v)
glutaraldehyde (GA) aqueous solution for 20 minteAffurther washing with distilled
water, GOx was immobilized by keeping the electsode3°C overnight in a 25 mg/ml
GOx solution in PBS pH 5. DBSA/KCI modified Ag SPHlsth a cellulose acetate
membrane will be referred to as Ag/ DBSA/KCI/ CAhoBe electrodes with GOx
immobilized on the surface will be referred to ag RBSA/KCI/ CA/ GOx.
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A scheme of the entire membrane fabrication angraezmmobilization process is
shown in Fig. 5.3.

H,0
j Cellulose Acetate
[
C=N —{CH,), —NH,
NHz (CH,J5~ NH, I 2 g
Hexamethylenediamine CH,
o) 0
I Il
HC— (CH,);s— CH
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T Enz —NH, |
C|=N—{GH:la—N=CH—<CHS:J—Ct N—Enz —-—o— t|:=N—(CH:>5—N= CH— (CHy)z ﬁ”
CH3 CH3 o)

Figure 5.3. Scheme of the process of membrane fabrication andovalent
immobilisation of glucose oxidase to the cellulosetate membrane’®

Once the enzyme was immobilized onto the electribslgjucose biosensing activity
was tested using amperometry. The electrode wasglan a cell containing 2.5 ml
PBS, pH 6.8 and amperometry was performed at —0.fve/ Ag/AgCl). Glucose
concentrations in the solution were fromi@® to 510° M. Then, HO, was added to the
solution to a final concentration oflD® M as before, to assess the residual catalysis.
Fig. 5.4 shows the amperometric responses for #mesirsg of glucose using Ag/
DBSA/KCI/ CA/ GOx. As can be observed, although tiresensor showed a response

towards glucose, this was significantly lower thiaat obtained for KD, reduction.
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Figure 5.4. Amperometric responses of a Ag/ DBSA/KCI/ CA/ GOxelectrode
measured at —0.1 V (vs Ag/AgCl) in PBS pH 6.8, atugose concentration from 1 to
510°M. At t = 1000s, HO, (1:10° M) was added to the solution.

Thus, the cathodic current from the amperometrivein the presence of10° M
H,O, was approx. 3.210° A, after subtracting the background current, wasréhe
current obtained in the presence af@® M glucose reached only approx. 10’ A.
This difference of more than one order of magnitodght be as a result of either a low
amount of enzyme immobilized on the CA membrana partial loss of activity from
the deposited enzyme. As is well known, the immpdiion process reduces enzyme
activity to a large extent. The enzyme molecules suispended unprotected in the
polymer layer at the electrode surface, leading thmitation of the conformational
freedom of the molecules and a partial deformatieadtivatior? ** Such enzyme
inactivation might be attributed to conformatioalanges induced by the number and
types of enzyme-support interactiofi<Cross-linkers such as GA are also well-known to
highly cross-link the enzyme, reducing its activimmmobilization also brings about

diffusion-related restrictions associated with imenobilized enzyme and a decrease in
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enzyme mobility can also affect the mobility of strates and cofactd?.Also, glucose
diffusion to the enzyme active site might becontéadilt, which would also decrease
the electrochemical response. Notwithstanding tliedieiencies, however, the system
was responding to glucose additions and so wasaaible platform for glucose
detection. Further methodological optimisation wasformed to improve the response

characteristics of the biosensor.

5.2.2.2. Optimization of the membrane deposition ah GOx immobilization

process

The initial inter-electrode variability observed fihe biosensors might be attributed
to a number of parameters such as the variabifitgthe catalytic response of the
underlying DBSA/KCI modified electrodes and all thieps involved in the membrane
deposition and enzyme immobilization processes.s Teection focuses on the
optimization of the latter, starting with the CA mlerane deposition method. CA
concentration and modification time as well assblvent for the solution are assessed.
Later, parameters involved in the GOx immobilizatimethod, such as modification

time in HMDA and GA solution are optimized.
5.2.2.2.1. Optimization of CA concentration for membrane deposition

The main purpose of this work was to create a lkjggdlity CA layer which would
enable the immobilization of an optimal concentnatof enzyme to achieve maximum
activity while not reducing glucose/ .8, diffusion to inhibitory levels. Some
DBSA/KCI modified Ag SPEs were immersed in CA smuos of several concentrations
(0.02 to 20% wl/v) in acetic acid for 3 s. The aledes were then immersed in cold
water for 10 min and rinsed again before measurifigcker CA membranes might
show decreases in the response 104tue to diffusion limitation. Plot of the cathodic
currents at 20° M H,0, vs log[CA] used for CA membrane deposition are shamv
Fig. 5.5. Amperometric responses of DBSA/KCI maatifielectrodes with and without

CA membranes of different concentration solutioresslbhown in the inset of Fig. 5.5.
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Figure5.5. Plot of catalytic currents at 510° M H;0,vs log[CA]. Data at log[CA] =
-3 corresponding to the cathodic current of the elgrode without CA membrane.
Inset: Amperometric responses of the reduction of 1o 510° M H,0, at DBSA/KCI
modified Ag SPEs measured at -0.1 V (vs Ag/AgCl) irPBS pH 6.8: CA
concentrations of (a) 0; (b) 0.2; (c) 0.02; (d) 2 (e) 20% (w/v).

Electrodes modified with CA membranes generatedhfth02% (w/v) and 0.2%
(w/v) CA solutions seemed to maintain full catadyéictivity towards KO, reduction,
although the quality of signal produced was poangared to that in the absence of
membrane. Thus, the cathodic currents obtaineHerptesence of-50° M H,0, were
2.910° A and 3.110° A for 0.02% (w/v) and 0.2% (w/v) CA concentrations
respectively, whereas the reduction current forBESB/KCI modified electrode before
CA deposition was 3:00° A. The DBSA/KCI modified electrode treated with2&6
(w/v) CA solution provided a similar cathodic curteof 2.810° A. However, the
quality of the amperometric responses was incrggsinoisy at these higher CA

concentrations, which might be a result of a thidkger that may have formed on the
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electrode surface. At 20% (w/v) CA the current esge was significantly reduced to
approx. 4.210" A. This electrode also showed a significant insee response time.
Both effects were assumed to relate to the formatioa thick, dense polymer film on
the electrode which decreased th¥kdiffusion rate from the solution to the electrode
surface. These data suggested that films prepased@A concentrations of the order of
1 or 2% (w/v) would not significantly impact diffios of substrate to the electrode
surface, although electrodes modified with 2% (wshowed noisy amperometric
responses. Generally, CA concentrations around 102%) have been used in the
literature for the deposition of CA membranes fdre tfabrication of glucose
biosensors® *% *!nitially, the standard protocol adopted here éozyme attachment
employed 20% (w/v) CA solution for membrane forroafi® However, it was shown
above that such a high concentration was not optimtae present system as it hindered
substrate diffusion and brought about a signifi¢aatease in response time.

Therefore, 1% (w/v) CA in acetic acid was sele@edhe optimum concentration for the
deposition of a CA membrane as it maintained haflalgtic activity on HO, reduction

and provided a suitable platform for GOx immobiliaa.
5.2.2.2.2. Optimization of the formation time for CA membrane formation

Another parameter of the CA deposition process whieeded to be optimized and
studied was the formation time, i.e. the time DBSBJ modified Ag SPEs were
immersed in the CA solution before GOx immobilipatprocedure. Several DBSA/KCI
modified electrodes were immersed into 1% (w/v) $Autions for different periods of
time, from 5 to 20 s. The electrodes were washedotlghly with distilled water as
before. The viability of the CA membranes was eatdd by time-based amperometry
of the glucose biosensors fabricated from them. TWemsitivity for glucose
determination as well as the remaining activity aodg HO, reduction after enzyme
immobilization for the four electrodes is shownTiable 5.1.
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Table 5.1. Effect of membrane formation time on HO, response in 1% (w/v)

CA solution.
Modification Before After %Ratio | i1mm glucose | Sensitivity/
time/s GOx GOx iq/is /x10°A | AM cm?
i2x10% A | i,%/ x10% A
5 3.49 2.93 84 9.0 130%
10 4.02 1.71 43 8.3 110°
15 4.29 1.66 39 11.0 10
20 4.61 1.81 39 6.3 810°

2 cathodic current in the presence dft® M H,0, before GOx immobilization

b cathodic current in the presence df@®M H-0, after GOx immobilization

As can be observed, the catalytic activity towakigd, reduction after GOx
immobilization decreased remarkably as the immarsime in CA solution increased.
Moreover, the sensitivity of the glucose bioserdieplayed a similar tendency with the
immersion time. 10 s seemed to be the optimum irsimeertime, providing biosensors
with the highest sensitivity towards glucose deteation. These results suggested that
longer exposures to CA solutions resulted in then&dion of thicker, denser layers,
hindering both HO, and glucose catalytic processes. It might alsateehe immersion
time to a negative effect from glacial acetic agstd as a solvent for the CA solutions
onto DBSA/KCI modification. It is worth remarkingere that the 10 s modification time
followed by washing might result in significant fadation process variability. The
obvious alternative then would be to reduce comaéinh and increase time. However,
longer exposure to solvent (glacial acetic acid$ Wwoaund to be damaging to the surface
modification, so exposure times were kept shorttHeu studies about such solvent
effects will be performed and commented upon lsiéhis section.

A major requirement for good sensor device perforceais inter-electrode
reproducibility®® °* Reproducibility studies were carried at this ppinhich
demonstrated significant inter-electrode variapilithen prepared under the conditions
described above (1% w/v CA for 10 s, 25 mg/ml GO®BS, pH 5 overnight). In order
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to improve the reproducibility of the GOx immobdizon procedure, nine electrodes
were processed simultaneously prior to immersionthe enzyme solution. The
electrodes were first modified with DBSA/KCI at teame time and then immersed in
1% (w/v) CA solution for 10 s and subsequently addcwater for 10 min in order to
accelerate the CA solidification phase. Further ifications were then performed
following the established protocol for GOx immobdtion. The response of the
biosensors to glucose determination was subseguardluated at —0.1 V (vs Ag/AgCl).
Ag/ DBSA/KCI/ CA/ GOx electrodes were placed ine&lcontaining 2.5 ml PBS pH
6.8 and aliquots of 0.2 M glucose were successiadlyed to the solution so glucose
concentrations in the bulk increased frorhQF to 610° M. After that, 1 M HO, was
added to the solution to a final concentration 40f M as a performance check. The
responses of the electrodes to glucose are showig.irb.6 and Table 5.2. Current data

corresponding to-10° M glucose were not considered for the regressiun |
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Figure 5.6. Measurement of glucose using the Ag/ DBSA/KCI/ CAGOx electrodes
(n=9) at —0.1 V (vs Ag/AgCl) in PBS pH 6.8. CA memhkne deposited after 10 s
immersion in 1% (w/v) CA solution in glacial acetic acid. (slope = 8:20° AmM *;
sensitivity = 6.710° AM “cm’®).
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From the data in Fig. 5.6 and Table 5.2, it is emidthat the inter-electrode
variability was significant for all glucose conceations tested, varying from 35% at
6:10° M to 53% at 110° M. One possible explanation could be that eleesodid not
reach the steady state background current befamgg was added to the solution. That
would lead to signal-to-noise responses lower thage for the first glucose additions,
which justify that at the beginning of the glucasmsing process -(0° M glucose in
solution) the inter-electrode reproducibility wasver than that observed at the last stage
of the amperometric curves-{®° M glucose in solution).

Table 5.2. Average and standard deviation for Ag/ BSA/KCI/ CA/ GOx (n=9).

[Glucose] / icat (@verage) / Standard deviation /| % error
10° M A A
1 4.710° 2.510° 53
2 1.1010° 5.1.10° 46
3 1.8210° 7.610° 42
4 2.6310° 1.1310° 43
5 3.4410° 1.4310° 42
6 4.4910° 1.5710° 35

Delaying the first glucose addition during ampertmenight improve the signal-to-
noise and reproducibility at low glucose concerdret. However, that would imply
addition times longer than 900 s, which is unacdapt from a commercial point of
view. Other electrochemical methods such as patlestepping or chronocoulometry
might resolve some of these issues. Besides that,variability observed by the
biosensors even at high glucose concentrationslinien was excessive compare to that
expected for this type of devices. For instanceadViet af* developed a glucose
biosensor that provided an inter-reproducibility @6% (r.s.d.) in the presence of
3.9210° M glucose (n=6). Basically, the biosensor showresl following “sandwich”
structure: chitosan-ferrocene/GOx/cross-linkedadan using a carbon paste electrode
as the basic electrode. To avoid loss of immoldli&Ox, the biosensor surface was
cross-linked with glutaraldehyde. The repeatabibfy response of a single glucose

enzyme biosensor was also investigated at-B032M glucose, leading to an intra-
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reproducibility value of 4.2% (n=9). Zuo etalreported the fabrication of a disposable
glucose biosensor by immobilizing GOx into silveanoparticles-doped silica sol-gel
and polyvinyl alcohol hybrid film on a Prussian &lmodified screen-printed electrode.
The presence of silver nanoparticles led to a rkade improvement of the film
conductivity and a subsequent enhancement of theebsor sensitivity. The inter-
electrode reproducibility studied was carried autthie presence of-B? M glucose,
providing a relative standard deviation of 7.6% X Ry whereas the intra-reproducibility
was 6.3%. Hence, further optimization studies & @Ox immobilization procedure

were performed to improve the biosensor reprodlitgitan the present work.
5.2.2.2.3. Optimization of the solvent for CA membrane dissolution

Due to the high inter-electrode variability obsehmtween biosensors, the effect of
the solvent used to dissolve CA was assessed.

CA is relatively inert and does not interact withimpede the movement of proteins,
making it a useful component for a support medi@enerally, CA is prepared by
treating cellulose with acetic anhydride (acetgiatof cellulose). That is, acetyl groups
become linked to the hydroxyl groups (negative gbg) on sugar molecules that are the
building blocks for cellulos&> The solubility of CA depends on the degree of
substitution (DS), e.g. the most common form of k&% an acetate group on approx. 2-
2.5 of every three hydroxyls (DS = 2-2.5). Thiseayip soluble in acetone, dioxane and
methyl acetate; higher acetylated types are solubldichloromethane. Acetic acid is
generally a good solvent for CAs with DS greatemtl.8>° CA used in the present
work presented a DS of approx. 1.2, therefore,igflaacetic acid was first used as a
solvent. Acetic acid is a weak acid that in itsqguwater-free formulation (glacial acetic
acid) is quite corrosive. Therefore, it might iratetr with the Ag SPE electrode surface,
removing the binder from the ink and causing furth@face modifications. In order to
evaluate its effect, amperometric responses atV-@vs Ag/AgCl) in PBS, pH 6.8 were
performed for a DBSA/KCI modified Ag SPE before after 10 s immersion in glacial
acetic acid. The effect of the acid on the DBSA/K@dification and, consequently,
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H,O, catalysis was estimated by comparison of the dathcurrents provided by the

electrode in the presence 016° M H,0; (Fig. 5.7).
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Figure 5.7. Amperometric responses of a DBSA/KCI modified Ag BEs measured
at —0.1 V (vs Ag/AgCl) in PBS pH 6.8: (a) before ah(b) after 10 s immersion in

glacial acetic acid, at HO, concentration from 1 to 510° M.

As can be observed, acetic acid had a significagative impact on $D, catalysis
from DBSA/KCI modified Ag SPEs. Thus, the cathodigrent shown by the electrode
at 510° M H,0, after immersion in acetic acid was approx.B8 A, almost one order
of magnitude lower than that shown by the sametrelee before acetic acid treatment,
4.910° A. That negative effect of the acetic acid on DBS8I modified electrodes can
be also observed in the SEM pictures in Fig. 5.8.efching effect on the electrode
surfaces was observed after the immersion in bogtiaacid solutions, alone and with
CA, as is shown in Fig. 5.8B and 5.8C. The spheatasttuctures that appeared on the
surface following DBSA/KCI modification (Fig. 5.8Ayere not so evident on electrodes
after acetic acid treatment (Fig. 5.8B and 5.8Q)e Ppresence of the CA membrane

might have reduced the etching process from theesgl which would explain the
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higher catalytic responses obtained by the CA-nwdlifelectrodes respect to those
exposed just to acetic acid solutions (Figs. 5.8 &arv). However, a CA membrane
would not be visible by SEM. This decrease in thilytic activity after immersion in a
solution containing acetic acid might explain thettier variability obtained between
glucose biosensors. Therefore, a different solventhe preparation of CA solutions

was required.

S3400 20.0kV10 5mm 00K SE s !

Figure 5.8. SEM images of DBSA/KCI modified electrodes (A) withut any further
modification, (B) after 10 s immersion in 1%(w/v) CA in acetic acid and (C) after
10 s immersion in glacial acetic acid. Acceleratingoltage of 20 kV. (1.0 k x

magnification).
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Acetone is a colourless, flammable liquid, miscioh water and used as an
important solvent for many industrial applicatiomss was mentioned above, CA is
readily soluble in acetone, so this solvent wasduasted as a suitable alternative to
glacial acetic acid for cellulose membrane formatim order to check the effect of
CAl/acetone on DBSA/KCI modification, amperometrgsponses and SEM images of
surfactant-modified electrodes were taken beford after their immersion in an
acetone-based solution. A DBSA/KCI modified Ag SR&s first measured in PBS, pH
6.8 in the presence of 1 tel8° M H,O, by amperometry at 0.1 V (vs Ag/AgCl). After
that, the electrode was dipped into a 2% (w/v) @Aacetone solution for 1 min. After
washing thoroughly with distilled water, the electe was placed in a cell containing
PBS, pH 6.8 and amperometry was again performdkeipresence of #D,. The effect
of just acetone on DBSA/KCI modification was aldeecked by the immersion of the
electrode in acetone for 10 s. Fig. 5.9 shows thgesometric responses of a
DBSA/KCI modified electrode before and after thamiersion in CA/acetone solution
and after the immersion in just acetone. DBSA/KCbdified electrode before
immersion in CA solution exhibited a cathodic catref approx. 6.40° A in the
presence of 80° M H,0, whereas the same electrode after CA membrane itiepos
showed approx. 2:80° A. When immersed only in acetone for 10 s theadithcurrent
was 5.010° A. Therefore, the decrease in the catalytic curstyown by the electrode
after the immersion in CA/acetone could be attebuto the etching effect of the
acetone diminished by the presence of CA.

As can be seen, the cathodic current of the DBSA#dGdified electrode is simply
three-fold higher than that after CA deposition aver an order of magnitude greater

than that after acetone immersion.
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Figure 5.9. Amperometric responses of DBSA/KCI modified Ag SP& measured at
—0.1 V (vs Ag/AgCl) in PBS pH 6.8: (a) without anyurther treatment (b) after 1
min immersion in 2% (w/v) CA in acetone solution and (c) after 10 s in atene, at

H,O, concentration from 1 to 510° M.

The etching effect of acetone on the electrodeasarfvas also observed in the SEM
images shown in Fig. 5.10. Surface areas from reldes after treatment in acetone-
based solution alternated silver paste areas Witindol ones, as can be observed in Fig.
5.10B and 5.10C. Again, the presence of CA migkieldiminished the etching effect of
the solvent, as can be observed by the higherytiataésponses towards,8, of the
CA-modified electrodes respect to those just expposeacetone (Fig. 5.9). However, the
CA membrane is not conductive, which made diffigtgtdetection by SEM microscopy
without any metal sputtered on top. Neverthelelss, negative effect of acetone on
DBSA/KCI modification was evident from the amperdrieeresponses and the SEM
images. Such effects have been previously repamtéte literature. Thus, Polan et®al.
developed a glucose biosensor by immobilizing GOwroocarbon screen printed
electrodes with CA. Solutions at concentrationsnfi@05 to 3% of CA in acetone were

used. They realized that acetone dissolved theebimdthe carbon ink (of a resin type),
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which caused partial washing of the electrode.his tase, that could be a further
evidence for the presence of the binder playingla m the HO, catalysis observed

after DBSA/KCI modification. The etching effect tiie acetone might remove the
binder with the consequent loss of the DBSA/KCI rfiodtion.

3
,,93};.» :

S3400 20,0kV. 10:3mm Xx1.00k Sk,

Figure 5.10. SEM images of DBSA/KCI modified electrodes (A) witbut any
further modification, (B) after 1 min immersion in 2% (w/v) CA in acetone and (C)
after 10 s immersion in acetone. Accelerating volge of 20 kV. (1.0 k x

magnification).

Despite the observed effect of the acetone, a gribisensor was fabricated from a
DBSA/KCI modified electrode by immersion in a 2%\@CA in acetone solution for 1
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min. The electrode was then washed thoroughly wdighilled water and subjected to
modification steps according to the established G{xmobilization process.

Amperometry at -0.1 V (vs Ag/AgCl) in PBS, pH 6.&asvcarried out at glucose
concentrations from 1 to-B)® M. H,O, was then added to the bulk to a final
concentration of 10° M. Varying the solvent from CA solution during GOx
immobilization procedure did alter the catalytispense towards glucose determination

shown by the biosensor devices, as is illustratdelg. 5.11.
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Figure 5.11. Amperometric responses of Ag/ DBSA/KCI/ CA/ GOx ectrodes
measured at —-0.1 V (vs Ag/AgCl) in PBS pH 6.8, atugose concentration from 1 to
510° M. Later, H,0, (1-10° M) is added to the solution. Ag/ DBSA/KCI/ CA/ GOx
electrodes were prepared by immersion in: (a) 2%w/v) CA solution in acetone for

1 min and (b) 1% (w/v) CA in glacial acetic acid solution for 10 s.

CA dissolved in acetone seemed to provide bettenbn@nes on the DBSA/KCI
modified electrodes compared to acetic acid. Thisochc current shown by the former

was approx. 8:80° A in the presence of 80° M glucose whereas the latter exhibited

147



Chapter 5

approx. 6.6.0% A. The catalytic enhancement of the reductionentrusing acetone as
solvent for CA was not only observed in glucoseedatnation but also in #D, sensing.
A near five-fold greater cathodic current in thesence of 1.0° M H,O, was obtained
by the acetone modified electrode (A0° A), than by the acetic acid modified one
(1.010° A). Therefore, acetone was selected as the soinehe CA solution in further

work as it exhibited larger responses during bdatlicgse and b, sensing processes.
5.2.2.2.4. Optimization of modification timesin 5% HMDA and 2.5% GA solutions

Following the optimisation of the CA membrane fotioa step, the next step in the
GOx immobilization process was considered. Thusiersé Ag/ DBSA/KCI/ CA
electrodes were immersed in 5% HMDA in aqueoustswliufor different periods of
time, from 1 to 20 min. After intensive washing hvdistilled water, the electrodes were
placed in PBS, pH 6.8 and amperometry at —0.1 VA@®#QCI) was carried out. Fig.
5.12 shows the amperometric responses of the HMBated electrodes in the presence
of H,0, (0-510° M). Varying the time of exposure to 5% HMDA aqusaolution did
not seem to bring about noticeable changes in dligodic currents in the presence of
510° M H,0,. In this way, 7.8.0° A was the cathodic current at that concentration
shown by a Ag/ DBSA/KCI/ CA electrode after 1 mmmersion in HMDA solution
whereas an electrode immersed for 20 min provided®® A. The currents exhibited
by electrodes immersed in 5 and 10 min in HMDA sotuwere 8.110° A and 6.710°
A, respectively. However, those currents were appdefold lower than that obtained
by a DBSA/KCI modified Ag SPE in the presence dft6 M H,0,, being 3.510° A.
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Figure 5.12. Amperometric responses of Ag_DBSA/KCI_CA electrode measured
at -0.1 V (vs Ag/AgCl) in PBS pH 6.8 after immersin in 5% HMDA aqueous
solution for: (a) 1 min; (b) 5 min (c) 10 min and {) 20 min, at H,O, concentration
from 1 to 510° M.

Further studies varying immersion times in 2.5% &pieous solutions did not lead
to any improvement in reproducibility or sensitwibf the glucose biosensor whereas
the cathodic current provided for the catalyticuettbn of HO, were even lower. Thus,
Ag/ DBSA/KCI/ CA electrodes immersed in 2.5% GAwan for 1, 5, 10 and 20 min
showed cathodic currents of 3@° A, 3.1:10° A, 3.810° A and 3.110° A, in the
presence of 0° M H,0,. Amperometric responses corresponding to theserements

are shown in Fig. 5.13.
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Figure 5.13. Amperometric responses of Ag/ DBSA/KCI/ CA electrdes measured
at —0.1 V (vs Ag/AgCl) in PBS pH 6.8, at kD, concentration from 1 to 510° M.

Electrodes were first modified in 5% HMDA aqueous slution for 1 min and then

in 2.5% GA for: (a) 1 min; (b) 5 min (c) 10 min and(d) 20 min.

5.2.2.3. Analytical characterisation of the glucosbkiosensor

Subsequently, the feasibility of Ag/ DBSA/KCI/ C&AOx electrodes to be used as
glucose biosensors was evaluated and LOD, semgiéind reproducibility studies were
performed. Six DBSA/KCI modified electrodes weredted according to the adopted
standard protocol, using acetone as solvent in Glatisns. After rising, they were
measured in PBS, pH 6.8. Amperometric responsghitmse from 0.4 to-40° M were
plotted versus glucose concentration and regreskies for each electrode were
calculated. Fig. 5.14 shows the amperometric respoand the calibration curve
acquired with one of the electrodes as an examp®D and sensitivity were calculated
from the regression line obtained from the plottleé cathodic currents vs glucose

concentration, with a signal-to-noise ratio of These data are presented in the inset of
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Fig. 5.14. LOD and sensitivity obtained for thisrtpaular electrode were found to be
8.410° M and 1.3610° AM“cm?, and the average values for the six electrodeg wer
8.910° M and 1.210° AM™cm? respectively (Fig. 5.15). A comparison of the
analytical parameters of the developed glucosechs® with other devices reported in

the literature is shown in Appendix 3.
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Figure 5.14. Amperometric responses of a Ag/ DBSA/KCI/ CA/ GOXx lectrode in

0.410° M aliquots of glucosg0.4 - 4-10° M) at —0.1 V (vs Ag/AgCl) in PBS pH 6.8.
Input: Plot of cathodic current vs glucoseconcentration at —0.1 V (vs Ag/AgCl) in
PBS pH 6.8.

Those values were improved with regard to other E@IDd sensitivities obtained
with biosensors based on screen-printed electrédgsexample, Lee et &l.developed
a glucose biosensor based on carbon screen prhgetrodes with hexacyanoferrato
(1l as an electron transfer mediator. A mixtudusion of chitosan oligomers (COs)
and the mediator (Ferri) was drop-coated onto #rban screen printed electrodes and
GOx was subsequently deposited on top, creatin@&/Berri-COs glucose biosensor.
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Several parameters such as GOx loadings, COs doatiens, pH solution and applied
potential were studied in order to provide a higsstivity and good reproducibility
biosensor device. A LOD of 1.3®° M and a sensitivity of 6.7Z0* AM™ were
obtained at an applied potential of 0.3 V. Riccak?t also reported the fabrication of a
glucose biosensor based on GOx deposition onto @ifiexb graphite screen printed
electrode. Prior to enzyme immobilization, elecea®dvere chemically modified with
ferric hexacyanoferrato (Prussian Blue), whichwa#d HO, detection at low applied
potential (0 V vs Ag/AgCl). Both the Prussian Bllager and the assembled biosensor
showed high operational and storage stability. rAdigtimization, the glucose biosensor
exhibited a LOD of 2.80° M, which is in the same order of magnitude as tained

in the present work. Lower LODs, in the order of®1M, were also described in the
literature meanly corresponding to systems basegbtthnanoparticles (GNp) modified
Pt electrodes. For instance, Wu etaleveloped a glucose biosensor based on the layer-
by-layer assembled chitosan/gold nanoparticles/Gidx onto Pt electrodes, which
exhibited a LOD of 7L0° M at an applied potential of 0.6 V (vs Ag/AgC)hd same
group”® also fabricated another glucose biosensor baseauttitayer films composed of
multi-wall carbon nanotubes (MWCNTSs), GNp and GOx the specific detection of
glucose. This system provided a lower LOD,-B0? M at also lower applied potential,
0.35V (vs Ag/AgCl).

Data of averages and standard deviations of thedat currents obtained by the six
electrodes are shown in Fig. 5.15 and Table 5.3re@tidata corresponding to 0.4-
1.210° M glucose were not considered for the regressien As can be observed, low
glucose concentrations led to higher standard ®irothe cathodic currents than high
glucose concentrations. However, the variabilitpvgh by the electrodes modified by
CA in acetone was far lower than that previouslgesibed when the electrodes were
immersed in CA solution containing acetic acid. n8&d error for acetone-based
solution at 4.0° M glucose was approx. 21% whereas the error fer efectrodes
modified with the acetic acid-based solution wa%43
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Figure 5.15. Measurements of glucose using the Ag/ DBSA/KCIl/ QAGOXx
electrodes (n=6) at —0.1 V (vs Ag/AgCl) in PBS pH.& CA membrane deposited
after 1 min immersion in 2% (w/v) CA solution in acetone. (slope = 1.4910"
AmM % sensitivity = 1.1810° AM “cm).

An enhancement in the sensitivity of the electrogas also exhibited when the CA
membrane was deposited from the acetone-basediosoluithe latter provided an
average cathodic current of 4:6@" A in the presence of #0° M glucose whereas the
average for the electrodes modified with the acatid-based solution was 2:68° A.
Such difference represented an almost 20-fold esdmaant in the catalytic response of
the electrodes treated with the acetone-basedi@oltdwards glucose. However, the
variability shown by the latter was still high imraparison with other systems in the
literature. As was mentioned above, Barsan andtBnetported the development of a
new carbon/CA composite material used as a platiortine fabrication of a glucose
biosensor. The enzyme was immobilized by crossdmhith glutaraldehyde on the top
of poly(neutral red) (PNR) modified CA-graphite cposite electrodes. The
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reproducibility obtained with this CA-based glucdsesensor was approx. 5% (r.s.d.),

depending on the type of graphite applied in theposite fabrication.

Table 5.3. Average and standard deviation for Ag/ BSA/KCI/ CA/ GOx (n=6)

[Glucose] / icat (verage) / Standard % error
10° M A deviation / A
0.4 1.310°% 7-10° 54
0.8 2.910° 2.010° 69
1.2 6.310° 2.710° 43
1.6 1.0710" 3.510° 33
2.0 1.6110" 4.210° 26
2.4 2.2110" 5.010° 23
2.8 2.7910" 6.210° 22
3.2 3.4110° 7.210° 21
3.6 4.0010" 8.510° 21
4.0 4.6410" 9.910° 21

As was mentioned above, the responses detectedhebyarmperometric glucose
biosensors developed in the present work corregzbnid HO, released after the
enzymatic reaction. Glucose responses obtainedhbyAy/ DBSA/KCI/ CA/ GOx
electrodes were in part dependent on the initighlgic activity of those electrodes
towards HO, reduction as illustrated in Chapters 3 and 4. dloee, the variability of
the catalysis of the DBSA/KCI-modified electrodefaoe would be a contribution to the
lack of reproducibility shown by the biosensor d@es. To assess this, data
corresponding to glucose determination were ratiigld respect to the response of each
electrode to 1.0° M H,0,. Averages and standard deviation for the normdlidata
were determined and are shown in Fig. 5.16 andeTaldl. Current data corresponding
to 0.4-1.210° M glucose were not considered for the regressina. IAs can be
observed, standard errors for the normalized dagee wignificantly lower than those
calculated from the raw data. Such improvemenepraducibility was more noticeable
at high glucose concentrations, where standardatiens were less than half those for

the raw data.
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Figure 5.16. Plot of average and standard deviation of the ratis glucose/10° M
H,0, responses vs glucose concentration for Ag/ DBSA/KIGCA/ GOx electrodes
(n=6). Data were obtained by amperometry at —-0.1 s Ag/AgCl) in PBS pH 6.8.
CA membrane deposited after 1 min immersion in 2% W/v) CA solution in

acetone. (slope = 5:50°mM ™).

The fact that better reproducibility was obtainethwhe normalized data pointed to
the fact that the enzymatic immobilization process not the only factor responsible of
the inter-electrode variability observed, but atsmnges in DBSA/KCI modification.
DBSA/KCI modified electrodes had undergone severatification steps during the
GOx immobilization process, which might partialgduce the catalytic activity towards
H,O, reduction. Moreover, the manual nature of the am&f modification might
contribute to the poor reproducibility of the biasers. Such issues could be improved
by the use of inkjet printing for DBSA/KCI modifitan and material deposition by
controlling and reducing reagent exposure timesraddcing and precisely controlling

deposited reagent volumes.
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Table 5.4. Average and standard deviation for normized data of Ag/
DBSA/KCI/ CA/ GOx (n=6)

[Glucose] / Ratio igiucosdiimm Standard % error
10° M H202 (average) deviation
0.4 0.004 0.002 50
0.8 0.011 0.005 45
1.2 0.024 0.006 25
1.6 0.041 0.008 20
2.0 0.060 0.010 17
2.4 0.083 0.012 14
2.8 0.105 0.012 11
3.2 0.127 0.013 10
3.6 0.149 0.013 9
4.0 0.172 0.012 7

The use of acetone as a CA solvent might also $igorsible of the relatively poor
reproducibility of the biosensors. Polan ef’ateported the uneven distribution of CA
onto carbon screen-printed electrodes when aceteaee used as a solvent. They
attributed that effect to the volatility of the &mee, which vaporized very quickly while
CA was spread onto the electrode surface. In tlesemt work, the membrane was
formed by immersion in a CA solution and subsedyent cold distilled water.
However, the period of time employed to move thextebdes from one solution to the
next one might be enough to introduce a relativeatdity in the membrane deposition.

Although the biosensors fabricated following theabbshed protocol exhibited
acceptable analytical performance parameters fiarménation of glucose compared to
other devices in the literature, further studiesusth be carried out to obtain a more

amenable GOx immobilization procedure.

5.3. CONCLUSIONS

DBSA/KCI modified Ag SPEs as developed in Chapteha&e been used as a
platform for the fabrication of a glucose biosenderevious investigations had shown
the enhancement of the catalytic activity towarg®©Hundergone by Ag SPEs after
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surfactant-based modification. This phenomenon veasployed here for the
construction of an enzymatic device for glucoseedrination. The feasibility of
DBSA/KCI modified Ag SPEs was first assessed inghesence of the enzyme GOx in
solution by amperometry. The catalytic activity thie electrodes to 4D, reduction
seemed to be affected by the enzymatic reactidheofjlucose. Therefore, a protective
membrane was required to avoid any damages on DEB3AMmodification and
simultaneously to facilitate GOx immobilization. ltéose acetate (CA) was selected as
the isolating layer and a first glucose biosensas Wuilt by covalent attachment of GOx
using hexamethylenediamine (HMDA) and glutaraldehy@A). Poor reproducibility
was obtained with the initial values of the adopitadobilization protocol. Therefore,
several parameters such as CA concentrations gnmom@ate solvent for its solutions,
modification times in HMDA and GA were further sted. 1 min in 2% (w/v) CA in
acetone, 20 min in 5% (w/v) HMDA aqueous solution 20 min in 2.5% GA aqueous
solution turned to be the optima parameters for lilsensor. An average LOD of
8.910° M and sensitivity of 1.20° AM™cm? were obtained when glucose
concentration ranged from 0.4 to1@% M. An improved reproducibility in the
measurements was reached when the cathodic cucamésponding to glucose sensing
were normalized respect to the catalytic responsel0® M H,0,. R.S.D. of up to 7%
was obtained by six electrodes when glucose coratéart was 410° M. Such
enhancement in the normalized data respect toatlveone showed the negative effect
that acetone as a solvent for CA induced on the ARSI modification as well as the
variability of the DBSA/KCI modified electrodes ptatforms. The application of more
accurate deposition technique such as inkjet pgntfor the surfactant-based
modification first and the subsequent fabricatidra@lucose biosensor will be further

studied and discussed in Chapter 6.
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Chapter 6

6.1. INTRODUCTION

The fabrication of biosensors and other relatedmbitical devices requires the
localised interaction of biological molecules andnhaterials with an analyte contained
in a sample fluid. This necessitates the placinthefbiomolecule in a defined location
in the biosensor device. In the past, sensors a@ogkmsors were relatively complex
devices in terms of the diversity of parts and teghes required to assemble them. This
led to high device manufacturing costs. In recedry, the production of biosensors has
moved to fabrication and production processes d@hatv for high throughput, highly
parallel, mass manufacture. Such processes havéh@admmon feature of a system of
production based on a flexible, planar manufactuplatform inspired by the traditional
print media industry, particularly screen printing.

In more recent times, inkjet printing has becomes ai the most promising
techniques capable of manufacturing low cost edeatrbiosensor platforms. In terms of
patterning, inkjet printing is one of the most \&ile methods available for prototyping.
It also allows the deposition of very small volumes ink (picolitres) in a rapid
procedure, achieving high pattern precision andlugsn with greater reproducibility
than that of other techniques such as screen4pgihfloreover, the fact that no mask is
required to pattern the ink and the absence ofiphalysontact between printhead and
printed substrate further facilitate the printimggess.

Inkjet printing operates by the highly controllgdation of low volumes of ink from
a printhead employing a single nozzle or a seriewpzles. It permits the deposition of
tiny droplets £ 1 pl) onto a substrate (glass, plastic, metal) &tith high precision and
reproducibility. Resolutions higher than 1200 dgoté-per-inch) can be reached with
the modified desktop Olivetti system, which meamotdiameter of approx. 15-40n,
depending on printing material and substfate.

Four techniques exist to bring about ejection afptits from a printhead. These are
thermal, piezoelectric, electrostatic and acoustidcdiowever, the most common inkjet
printers are based on either drop-on-demand theanmdlpiezoelectric printheads (Fig.
6.1).
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Figure 6.1. Principles of operation of (A) Thermal' and (B) Piezoelectrit inkjet

printing ejection mechanisms.

To develop an ink that is printable, rheologicabperties such as viscosity and
surface tension are critical. As a droplet is ebgokfrom the orifice of a nozzle, energy
goes into viscous flow, surface tension of the daopd kinetic energy. The viscosity
must be low enough to allow the channel to beleefiin about 10Qus® The surface
tension must be high enough and the pressure lowgkn to hold the ink in the nozzle
without dripping. The viscosity of the ink shoul@ In the range of 3-20 cP and the
surface tension between 20 and 70 dyht¢mavoid clogging or dripping and to ensure
continuous film formation onto the substrate swfat a piezoelectric inkjet printing
system’” ® These precise characteristics depend on the @jestechanism and the end-
application for the printed film$.!°It is often necessary to add wetting agents, pigme
and polymeric compounds to improve resolution ariated film quality™ & **

The range of functional ink materials that can betpd has increased greatly during

the last number of years. Inks can be printed tyéoc an unmodified substrate or after
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a pre-treatment in order to induce air-stabilitg aolution processability. For example,
PEDOT can be doped with PSS to permit its dispergiowater to obtain a printable
ink.* 2 13Resulting polymer films possess good conductisitie10 S cnf)!® and high
stability in the solid film form and have been ugedthe fabrication of biosensatshin
film transistors? and other electronic circuits. Surfactant-dispersed PANI
nanoparticles have been inkjet printed using acgailextric device by Morrin et &7,
Conducting polymers such as PANI are important gsorg materials in terms of both
optical and electrochemical sensing and are beirggnsively researched at a
nanostructured level, where processability canidgpafecantly improved.

Most large-scale applications for inkjet printingrged out to date have been based
on high value or high volume products such as gmaels, OLED displays, electronic
components, graphics, packaging and other industaaking. However, many are now
turning to its application in biosensing devices, both industrial and R&D purposes.
Thus, as well as conducting polymer and organiceras, new biological materials
including enzymes, single-stranded DNA (ssDNA) ofigers® ' and human celt8
have been developed and printed using this teckniqu

Although inkjet printing technology has been extddifor the last number of years
for the printing of functional materials, new apliions, especially in the biosensing
field, are constantly emerging. Its unique chandsties, range of materials that can be
printed, non-contact mode and its simple handlirdcenthis technique feasible to large-
scale production. In addition, inkjet printing petsrthe use of environmentally friendly
solvents and the waste production is minimal adlisiqoantities of printed material are
required, as opposed to more traditional deposigahniques such as screen-printing.
Therefore, inkjet printing has proven to be a ulsefchnique to pattern a high variety of
material simply and quickly; key characteristics tbe application of any deposition
technique.

In the present work, inkjet printing was used tpast DBSA/KCI solution onto Ag
SPEs and its catalytic effect towardgdd reduction was assessed. The previous chapter
had shown a lack of reproducibility between glucbs®sensors, partially attributed to
the poor reproducibility of the modification steghge to their manual nature. The use of

inkjet printing for DBSA/KCI deposition might impve the variability of the sensing
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devices by enhancing the control of the reagentiniel and exposure times. Cyclic
voltammetry and amperometry were performed to coenghe catalytic activity on
H,O, of electrodes modified by both inkjet printing adgh-coating techniques. Inkjet
printing parameters such as ejection volume, smutbncentrations and nozzle voltage
were subsequently optimised. Scanning Electron ddmwpy was performed to
characterize electrode surfaces modified by boposigion mechanisms. GOx was then
immobilized onto the inkjet printed DBSA/KCI modfi electrodes following the
standard protocol adopted in the previous chaptdries catalytic activity on glucose
determination was evaluated. Analytical parametech as LOD, sensitivity and inter-

electrode reproducibility were calculated and castied with other data in the literature.
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6.2. RESULTS AND DISCUSSION

As was observed in previous chapters, the DBSA/KGtification of Ag SPEs led

to an enhancement of the catalytic characteristtghat material towards 1@,
electrochemical reduction. Up to now, such modif@awas carried out by immersing
the electrodes in the surfactant-based modificasimntion for approx. 3 h. However,
higher reproducibility, shorter modification timeand better production processing
might be reached by using a technique such astipkjating. The application and
optimization of such a technique for DBSA/KCI madiftion is discussed and its
application to a glucose biosensor assessed.

6.2.1. Modification of the silver electrode by the inkjet print deposition of
DBSA/KCI

DBSA/KCI Ag SPEs modified by inkjet printing wer@mpared to those modified
by dip-coating in the surfactant-based solutionnbgans of cyclic voltammetry and
amperometry. These electrochemical techniques firstgperformed on the unmodified
electrodes in PBS, pH 6.8 as controls. Subsequehti\6PEs were either dipped into a
solution of 3.310° M DBSA/ 0.1 M KClI for 3 h or the modification solutiovas inkjet
printed onto the electrodes. Five layers of sudaicbased solution were inkjet printed
at a nozzle voltage of 18 V by means of a 16-nondad cartridge. The excess of
modification solution was removed from the surfad®g rinsing the electrodes
thoroughly with distilled water. The inkjet printelution was allowed to dry for five
minutes before washing. The modified electrodesewtren subjected to cyclic
voltammetry and amperometry in PBS, pH 6.8. FindD4+toncentrations in the solution
ranged from 10% to 510° M. Fig. 6.2 shows the cyclic voltammograms for
unmodified, dip-coated DBSA/KCI modified and inkinted DBSA/KCI modified Ag
SPEs in the absence of®b. As can be observed, the non-faradaic or chargimgent
from the cyclic voltammograms was much higher foe modified electrodes than for
the unmodified one. To be precise, dip-coated DB&A/Modified electrode showed a

non-faradaic current of 240° A at —0.1 V whereas the current for the unmodified
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electrode was 3:60" A at the same potential. As was previously memiibim Chapter

3, the almost 70-fold difference in the chargingrent indicated that Ag SPEs had
undergone a surface modification after immersido the surfactant/salt solution. The
non-faradaic current corresponding to the inkjetntpd DBSA/KCI modified electrode

was 2.110° A, which was only marginally lower than the dipated electrode. Such
similarity illustrated that DBSA/KCI modified elecides by inkjet printed seemed to
also undergo a surface modification comparable Wigth carried out by the dip-coating

technique employed initially.
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Figure 6.2. Cyclic voltammograms of Ag SPEs measured in PBS pBl8 solution, in
the absence of KHO.: (a) unmodified; (b) 3.310% M DBSA/ 0.1 M KCI modified by
inkjet printing and (c) 3.3-102 M DBSA/ 0.1 M KCI modified by dip-coating.

Typical amperometric responses for the unmodified] BSA/KCI modified
electrodes in KD, are shown in Fig. 6.3. These were performed dt ¥Qvs Ag/AgClI)
in PBS pH 6.8. The cathodic currents exhibitedi®/unmodified, dip-coated and inkjet
printed DBSA/KCI modified Ag SPEs in the presené&a0° M H,0, were 1.710" A,
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5.610° A and 3.110° A, respectively. As was previously suggested lgyrthn-faradaic

currents from the cyclic voltammograms, inkjet peoh DBSA/KCI modified Ag SPE

underwent a surface modification which led to ahagrtement in its catalytic activity
towards HO, reduction. Although the modification time was rekadbly reduced by the

inkjet printing process (from 3 h to 10 min), thatleodic current shown by the dip-
coated modified electrode was only some two-folghkr than that provided by the
inkjet printed modification. However, the initiaharging current and the background
current were lower for the electrode modified bijét printing, as well as reaching
steady state more quickly. Several printing paransesuch as ejection volume, DBSA
and KCI concentrations in the cartridge, nozzlg¢ag# and the effect of washing after

printing were investigated to further improve thkjet deposition methodology.
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Figure 6.3. Amperometric responses of Ag SPEs measured at —0v/1(vs Ag/AgCl)
in PBS pH 6.8: (a) unmodified; (b) 3.3.0° M DBSA/ 0.1 M KCI modified by inkjet
printing and (c) 3.310° M DBSA/ 0.1 M KCI modified by dip-coating, at HO.
concentration from 1 to 510° M.
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6.2.1.1. Optimization of the ejection volume

Drop-on-demand piezoelectric inkjet printing is d&@son the application of a
pressure pulse generated by an electromechanicaitacto a chamber of liquid behind
a printing aperture. The printhead is previouslgiponed where required and drops are
generated “on demand” when necessary in ordere@erthe established pattéfriThe
mass of modifying agent that is deposited is a ¢oation of the concentration and the
volume of liquid per unit area that can be depdsitehich is in turn dependent on the
contact angle of the liquid on the surface. Onehef ways of increasing the mass of
modification solution that the surface is exposedstto increase the number of prints,
assuming that the concentration remains constanitipe overprints can be performed
automatically as required. The greater the number of prints, the greater ttial
amount of material ejected onto the substrate. &rae generally two modes of
depositing materials by an inkjet printer. Thetfioge is a firing mode and consists of
just ejecting material at a fixed position wherdélas second one allows simultaneous
pattern deposition on several electrodes. Therfie can be used to calculate the drop
volume, simply by weighing the substrate before aftdr the deposition of a certain
amount of drops and approximating the material ityets that of water (1 g-rif). This
mode allows deposition of larger quantities of matewhich reduces the error in the
volume calculation due to evaporation, but doesatiotv pattern formation. However,
the second method permits the generation of anyglgiieed or customized pattern. The
material is here deposited layer-by-layer and gdhyethe amount of material is so small
that this leads to significant errors in volumeiraations. This error is generally
enhanced by the high evaporation rate due to gitedolution area exposed to air.

The aim in the present work was the developmeatmbtocol for the inkjet printing
of the DBSA/KCI modification solution and its sulgsent use in the development of a
glucose biosensor. The ejection volume was evaluateording to the number of prints
deposited, assuming solution concentration remniairegiable.

The optimum number of prints was assessed by ammgtrg, contrasting the
catalytic response of the modified electrodes isO4 The concentrations in the

modification solution for the inkjet printing protere were the same as those used for
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dip-coating being 3:302 M DBSA/ 0.1 M KCI. Five electrodes were modified witie
same number of prints simultaneously and the aeeeayl standard deviation for the
cathodic currents were calculated. Fig. 6.4 shdwesaverage and standard deviation for
the catalytic response of Ag SPEs modified by inigenting versus the number of
prints of material deposited. As can be observee, @rint of surfactant-based solution
onto Ag SPEs was enough to enhance the catalyponse of the electrodes towards
H,O, reduction. As was presented in the previous sectie cathodic current provided
by an unmodified Ag SPE in the presence-4D8 M H,0, was 7.610" A whereas the
average current after one print of DBSA/KCI wasl1119° A. This difference of almost
two orders of magnitude in the response demonsttateimmediate modification of the
electrode surface after its contact with the DBSBIKolution. In Chapter 3, the rapidity
of the modification phenomenon was already noted] & reinforced by the inkjet
printed solution as well as the little amount ofusion required for the modification

being effective.
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Figure 6.4. Plot average cathodic current and standard deviatin at 510° M H,0,

vs no of prints of DBSA/KCI inkjet deposited onto Ay SPEs. The data at O prints
corresponds to the unmodified Ag SPE.
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The catalytic response of the electrodes seemsdtdirincrease from 1 to 5 prints
and then decrease above this, as can be seen.i6.Fighus, the cathodic current at —
0.1 V (vs Ag/AgCl) in the presence ofl5°* M H,O, showed by Ag SPE following five
prints of modification solution deposition was 341> A whereas the corresponding
currents after 10, 15 and 20 prints inkjet printeere 2.3810° A, 2.6710° A and
2.2610° A, respectively. A possible explanation for thehlvior might be related to the
amount of DBSA/KCI solution required for the moddtion. The adsorption of the
DBSA/KCI to the electrode surface would follow afsarption isotherm. The volume of
modification solution on the electrode surface woatt as a reservoir from which
DBSA/KCI is adsorbed. This would then deplete tbkitson of DBSA/KCI. It would
appear that five prints allowed sufficient adsarptof DBSA/KCI to the electrode to
result in its complete modification. Above thisjstleffect was either not apparent, or
actually slightly reduced the performance of thecebde due, possibly, to inhibitory
concentrations of the modification material.

Thus, five prints of the surfactant-based soluseemed to be optimum to achieve
the highest enhancement in,®3 catalysis. Therefore, five prints of DBSA/KCI
solution, which were equivalent to 110° I, were used in further optimization

experiments.

6.2.1.2. Re-optimization of the DBSA and KCI concdrations in the
modification solution

Having established that five cycles of inkjet pinigt of the modification solution
were necessary to observe the highest catalytponses, the concentrations of DBSA
and KCI were re-assessed to establish whetheraheeatrations used for dip-coating
were also optimal for inkjet printing. Cyclic voitemetry and amperometry were first
performed in the presence of 2% M DBSA over a range of KCI concentrations
followed by 0.1 M KCI over a range of DBSA concexttions. The cathodic responses to
510° M H,0, were correlated with DBSA or KCI concentrationsg.F6.5 shows the
responses of Ag SPEs after five prints of B8 M DBSA/KCI were deposited. As can

be observed, the catalytic effect op(d reduction increased with KCI concentration in
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the modification solution to be printed, with antiopum value reached at 0.1 M KCI.
The cathodic currents for#° M, 4102 M and 0.1 M KCl in the presence ofl§° M

H,O, were 2.610° A, 1.9910° A and 3.1110° A, respectively. Higher concentrations
of KCI did not lead to an improvement in,® catalysis. This was the same
concentration established for dip-coating. Therfthe optimum KCI concentration in

the modification solution for inkjet printing waslOM.
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Figure 6.5. Plot of current vs [KCI] obtained during amperometric measurements
of inkjet printed modified Ag SPEs at —0.1 V (vs A{AgCl) at 510° M H,0,. The

electrodes were modified with a mixed solution of.3-102 M DBSA and KCI.

Fig. 6.6 shows the results of a similar study, g€l M KC| and a range of DBSA
concentrations. The enhancement of thgOHreduction current was shown to be
dependent on DBSA concentrations with an increasiaglytic effect observed at
higher DBSA concentration. Thus, at 3@% M DBSA the cathodic current observed in
the presence of -50° M H,O, was 1.0810°> A whereas at 1.6Z0° M DBSA the

reduction current was 1.8@° A. The optimum DBSA concentration in the
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modification solution was found to be approx.-B808 M, where the cathodic current for
the studied electrode reached a value of -186 A. Further increases in DBSA
concentrations did not provide higher catalyticomses on kO, reduction, e.g. the
cathodic current observed for 606° M DBSA was 1.590° A. Again, this was

identical to that established for dip-coating.
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Figure 6.6. Plot of current vs [DBSA] obtained during amperometic
measurements of inkjet printed modified Ag SPEs at0.1 V (vs Ag/AgCl) at 510°
M H20,. The electrodes were modified with a mixed solutio of 0.1 M KCI and
DBSA.

Hence, a solution of 383> M DBSA and 0.1 M KCI was established as the
optimum modification solution for the treatmentAq SPEs by inkjet printing and this
was used in subsequent experiments. These datserfusuggest that the optimum
concentration of the DBSA/KCI is a critical featwtthe surface modification process
as increases in either do not result in furtheraeckd catalysis, even when the volume
of the modification solution is limiting as is tlease in the inkjet printed methodology.

This lends further weight to the argument that BIBESA/KCI solution forms structures
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that are deposited at the electrode surface. Ib asggests that this ratio of
concentrations are also most appropriate for dépnsising inkjet printing and that the
DBSA/KCI survives the inkjet printing process, @ast to a significant degree.

To assess the effect of the contact time of theificatdon solution with the
electrode surface, some electrodes were rinsed dhamedy after inkjet printing at a

nozzle voltage of 30 V, whereas the rest wereueftashed for 4 hours (Fig. 6.7).
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Figure 6.7. Amperometric responses of Ag SPEs measured at —0/1(vs Ag/AgCl)
in PBS pH 6.8, at HO, concentration from 1 to 510° M. Electrodes were modified
with DBSA/KCI by inkjet printing and then rinsed with distilled water (a)

immediately or (b) 4 h after the printing processNozzle voltage: 30 V.

This suggests that longer exposure times to thetimkinted DBSA/KCI solution
did not seem to lead to higher catalytic effectacds HO, electrochemical reduction.
In Chapter 3, 3h dip-coated in the DBSA/KCI solatiwas chosen as the optimum
modification time. In this case, the printing teue might limit the modification

process and no further enhancement was observedimg. Thus, the small amounts of
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DBSA/KCI solution deposited compared to those Usedhe dip-coating process might
lead to a quick evaporation of the water and aads® in the number of lamellar
structures formed in the solution, even a parti@aking-down. That would lead to
lower catalytic responses and no further influenicéne modification time.

The cathodic current obtained in the presence-b85M H,0, by the electrode
washed immediately after inkjet printing was 318% A whereas the reduction current
from the electrode washed 4 h later was 3483 A. The steady state background
currents exhibited by both electrodes were alstogoas, being 1:40° A and 1.310°

A, respectively.

6.2.1.3. Optimization of nozzle voltage

Nozzle voltage can also influence the level of lgéitaactivity of the modification
solution on Ag SPEs by affecting two parameters:dbtual voltage felt by the solution
and the volume of deposited material. Increasimgpttinting voltage has been found to
increase both drop velocity and drop mass whenlépesition time is kept constafit
Hence, by controlling the excitation voltage apglie the piezoelectric transducer, it is
possible to vary the quantity of ejected solution.

DBSA/KCI solution was printed onto a pre-weighedtainer for 60 s at 5 kHz
frequency with the application of a range of nozaabktages. The number of drops was
estimated by multiplying the ejection time by theduency and by the number of
working nozzles. The drop mass was then calculbjedividing the mass of solution
ejected by the number of drops. The results foh eazzle voltage are shown in Table
6.1. The plot of drop mass versus nozzle voltagetlie inkjet printing process is
illustrated in Fig. 6.8. As can be seen, the dr@ssdid increase with nozzle voltage in
a non-linear fashion. For example, the drop masaiméd applying 25 V, 14.860* g,
was only two-fold higher than that achieved apmyir8 V, 7.1410™ g, whereas at 30
V the drop mass was found to be more than fourfiaitier at 31.820™ g.
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Table 6.1. Data related to nozzle voltage and thaereunt of material ejected.

Nozzle voltage| No. of working | No. of drops | Mass difference| Drop mass
IV nozzles ejectedin 60 s /g /g
13 7 2.110° 1.510% 7.141011
16 9 2.710° 1.110* 4.0710M
20 11 3.31¢ 4.410% 13.3310"
25 11 3.3 4.910° 14.8510"
30 11 3.31¢° 10.510% 31.8210M
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Figure 6.8. Plot of drop mass vs nozzle voltage applied durinthe inkjet printing
process of 3.8.0° M DBSA/ 0.1 M KClI solution.

The effect of the nozzle voltage on®} catalysis was then studied. DBSA/KCI

modification solution was inkjet printed on Ag SP&3plying several nozzle voltages.
The electrodes were then rinsed thoroughly witkilid water and amperometry at —0.1
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V (vs Ag/AgCI) in PBS pH 6.8 was performed. Fig9 @lustrates the plot of the effect
of the nozzle voltage on the resulting catalytgpa@nse to kD,. The effect of exposure
time of the modification solution is again evaluhteere. Once again, the exposure time
following printing did not change the catalytic pesse. With regard to nozzle voltage, a
voltage of 10 V was not strong enough to causeejbetion of the solution and so,
therefore, did not show any catalysis. Little chemg catalytic current was observed
between 13 and 30 V suggesting that nozzle volthdenot have any effect on the
formation of the catalytic surface. As was alreasbmmented earlier, DBSA/KCI
volumes above a certain level did not improve thglgtic activity of Ag SPEs towards
H.0..
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Figure 6.9. Plot of current vs nozzle voltage obtained during mperometric
measurements of Ag SPEs at —0.1 V (vs Ag/AgCl) atl5° M H,0,. The electrodes
were inkjet printed modified with 3.3-102 M DBSA/ 0.1 M KCI solution and )
washed immediately or @) 4 h after the printing process. Data at nozzle \tage O

V (v) corresponds to dip-coated modified electrodes.
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The highest catalytic activity was detected at 3B¥@10° A. This value was only
some 1.2-fold lower than that showed by the dipeanodified electrode, 4B0° A.
Such similarity illustrated that inkjet printed etque was a feasible method for
DBSA/KCI modification of Ag SPEs. However, suchfdience between techniques
might imply that the application of any voltage,eavl3 V, to DBSA/KCI solution
already have an effect on it, leading to the 1l8-feduction in catalysis observed. 16 V
was selected as the optimum nozzle voltage fohéurDBSA/KCI deposition as it
provided sufficient enhancement of catalysis. Sitiee catalytic effect towards ;B
reduction did not appear to be significantly aféecby exposure time, electrodes were
subsequently prepared by the deposition of 5 rowfgsinting, immediately followed
by rinsing and drying.

6.2.2. Comparison of DBSA/KCI modification by inkjet printing and dip-coating

Having established five prints (1102 1), 3.310° M DBSA/ 0.1 M KCl and a 16 V
nozzle voltage as the optimal parameters for DBSA/Kodification of Ag SPEs by
inkjet printing, a final comparison between thisthoel and dip-coating was performed.
A reproducibility study was first carried out. AdPEs were immersed in DBSA/KCI
solution for 3 h (n=10). The same modification $ol was inkjet-printed
simultaneously onto Ag SPEs (n=8). All the elect®dvere then rinsed with distilled
water and amperometric responses $@+Hat —0.1 V (vs Ag/AgCl) in PBS, pH 6.8 were
monitored (Fig. 6.10 and Table 6.2). The DBSA/KGbdified electrodes prepared by
dip-coating showed consistently higher catalytgpnses towards B, reduction than
those electrodes treated by inkjet printing. Thhs, average reduction currents in the
presence of 10° M H,0, were 5.610° A and 3.510° for dip-coated and inkjet-printed,
respectively, whereas the average cathodic respaissi0° M H,0, were 4.6410° A
and 2.7910° A, respectively. Subsequently, the average seitgittalculated for the
inkjet printed modified electrodes was 48? AM*cm?, which was 1.6-fold lower than
that obtained for the dip-coated modified electmde8.110% AM *cm®. Despite all the
optimization steps performed to improve the cakalgctivity of the inkjet-printed

modification of the electrodes, dip-coated eleatogrovided higher reduction currents
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for H,O,. One possible explanation might be an as yet iiikshtimpact that inkjet
printing technique has on the DBSA/KCI solutionwiis observed that voltages lower
than 13 V did not allow solution deposition. Higheozzle voltages however led to
DBSA/KCI deposition but it might be in some measaltered after the printing process,
bringing about a different behaviour of the modifedectrodes towards,B, reduction.

In previous chapters, the catalytic enhancementrogbd on Ag SPEs after DBSA/KCI
treatment was partially attributed to the inte@ctof micellar/lamellar structures from
the solution with the screen printed electrodeasgf If the printing process affected the
structure of the modification solution, that wowldange its catalytic effect and would

diminish the catalytic enhancement toward©H
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Figure 6.10. Measurements of HO, at —0.1 V (vs Ag/AgCl) in PBS pH 6.8 using the

DBSA/KCI modified Ag SPEs (a) by dip-coating (n = @) or (b) by inkjet printing
(n=8).
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Regarding the variability of the modification metlso both techniques exhibited
similar relative reproducibility in the measurensgnwith improved data at highern®;
concentrations. Thus, the variability in the caikhocurrents found in the presence of
1:10° M H,0, were 17% and 13% for the inkjet printing and dipting method,
respectively, whereas the reproducibility increaspdo 10% in both cases afl8* M
H.,O,. However, comparing % error, the lower signalsiaad by the inkjet printed

sensor were not taking into account, as will be memted on below.

Table 6.2. Statistical data corresponding to the calytic activity to H 2O, reduction
of DBSA/KCI modified Ag SPEs by inkjet printing and dip-coating.

INKJET PRINTING DIP-COATING
[H205]/ |icat (@vrg) /| Stand dev| % error |ics (avrg) /| Stand dev| % error
mM A A
1 3.510° 0.610° 17 5.610° 0.710° 13
2 9.710° 1.210° 12 1.4910° | 1.410° 9
3 1.6110° | 1.410° 9 2.5510° | 2.510° 10
4 2.4210° | 1.910° 8 3.5810° | 3.410° 9
5 2.7910° | 2.810° 10 4.6410° | 4.710° 10

These reproducibility and sensitivity values wandine with data reported in the
literature for other enzyme-modified screen prindéettrodes for the detection of®h.
Thus, Li et af? developed a disposable amperometri©Hbiosensor based on carbon
screen-printed electrodes and horseradish peraxi@#RP) entrapped in a polypyrrole
film deposited on the surface. The biosensor shaaveehsitivity of 3.3240% AM ‘e
2 and a reproducibility of 10.24% r.s.d. (n = 5).phoved analytical parameters were
obtained with other screen printed basefHsensors. Ricci et &f. employed a PB
modified carbon screen printed electrode to dd#gCt, at an applied potential of —0.05
V (vs an internal screen printed Ag pseudorefereheetrode). The electrode provided a
sensitivity of 0.234 ANMfcm? and a LOD of 18 M, and the r.s.d. was up to 5% (n = 6).
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The modified screen printed electrodes were theaduas a platform for the
immobilization of enzymes such as glucose oxidasehwline oxidase. Xu et &f.
described the fabrication of a disposabli®plbiosensor by the immobilization of HRP
on a colloidal gold modified carbon screen pringdettrodes. The biosensor exhibited a
sensitivity of 0.307 ANMcm? and r.s.d. of 2.7 and 2.3% (n = 10) at 8 and@dM
H>0,, respectively. Higher sensitivities were obtaitgdPB modified Au and Pt screen
printed electrodes. De Mattos etateported the development of amperometric sensors
selective for HO, detection by galvanostatically depositing a PBifdn both Au and Pt
screen printed electrodes. The sensors displayesitiséies towards b, of 1 and 2
AM™cm? for the Pt and Au based electrodes, respectivélye sensors were
subsequently employed for the construction of ghacbiosensors by crystallised GOx
immobilization in a Nafion membrane. Although slighlower, the reproducibility of
the HO, sensors created by dip-coated or inkjet printeSBEBCI modification of Ag
SPEs seems to be in the same range than othemsy&tend in the literature. Although
the inkjet printing process did not necessarily iowe the reproducibility, it did not
make it worse. Therefore, the issue of the reprilitlg may be as a result of the
electrode surface. During the dip-coating technighe process is homogeneous so it
may be the heterogeneity of the electrode surfhat is the underlying cause of the
response variability. On the other side, the stafatebased sensor developed here does
not require expensive noble metals or enzymatitesys that hinder its mass production
application. Therefore, addressing the reprodutybiissue would lead to the
development of a competitive;&, to be introduced in the market.

Fig. 6.11 shows the steady state background csrfem electrodes prepared with
either inkjet printing or dip-coating. The dip-cedt modified electrodes displayed
higher background currents than the electrodesfreddyy inkjet printing, which was in
agreement with the greater catalytic activity tadgaHO, previously exhibited by the
former. Thus, the average baseline current caledl&r the inkjet printed modified
electrodes was 1.60° A whereas the dip-coated modified electrodes shalv@810°
A. However, the inkjet printing technique resulted much better inter-electrode
variability in the steady state background currehtsng 2.5% (r.s.d.), as compared to

dip-coating which was 17% (r.s.d.). These data ssigthat, while inkjet printing did not
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lead to higher overall catalytic responses, it lé@d to more reproducible DBSA/KCI
modification on the Ag SPEs, and that the residaaiability in the sensor devices is
due to the inherent variability of the silver swudaupon which the electrocatalytic

response is dependent.

3e-6
°
2e-6 A °
°
2e-6 A [ [
°
< b °
=
°
;s: 2e-6
A ¢
] ] ] ]
le6{ 4 = " = . =
5e-7 A
0 T T T T T
0 2 4 6 8 10

Electrode No

Figure 6.11. Plot of steady state background current vs electrael number obtained
during amperometric measurements of Ag SPEs at —-0OM (vs Ag/AgCl) in PBS pH
6.8. The electrodes were modified with 3:302 M DBSA/ 0.1 M KClI solution: (*) by
dip-coating or (m) by inkjet printing technique.

Table 6.3 shows the signal-to-background (S/B) dataulated from the catalytic
response data in Table 6.2 and the average backdjaurents observed for both set of
modified electrodes (dip-coated and inkjet printedlFig. 6.11. These data showed that
although the absolute cathodic currents obtainethbydip-coated modified electrodes
were higher than those from the inkjet printed wetetes, S/B levels were slightly better

in the case of the inkjet-printed electrodes. Taet that the steady-state background
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current was lower and more reproducible for thgeiagrinted electrodes means greater

precision and lower achievable limits of detection.

Table 6.3. Signal to background (S/B) data correspaling to the catalytic activity to
H,0, reduction of DBSA/KCI modified Ag SPEs by inkjet ginting and dip-coating.

INKJET PRINTING DIP-COATING
[H202] / |icat (avrg) / S/B icat (Qvrg) / S/B
mM A A
1 3.510° 3.3 5.610° 3.0
2 9.710° 9.1 1.4910° 7.9
3 1.6110° 15.1 2.5510° 13.6
4 2.4210° 22.6 3.5810° 19
5 2.7910° 26.1 4.6410° 24.7

A plot of the sensitivity of each electrode towardsO, reduction versus the
background current was also performed and is showiig. 6.12. Electrodes modified
by dip-coating presented a linear correlation betwthe sensitivity to D, reduction
and the baseline current. In the case of the dgtecbelectrodes, higher steady state
background currents clearly correlated with higharels of HO, reduction. Thus,
sensitivity increased from 72207 to 9.410% AM“cm when the baseline current ranged
from 1.3410° to 2.7010° A. Unlike dip-coating, inkjet printed electrodeisl chot show
any remarkable correlation between these parameters
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Figure 6.12. Plot of sensitivity vs steady state background (ba$ine) current
obtained during amperometric measurements of Ag SPEat —0.1 V (vs Ag/AgCl) in
PBS pH 6.8, at HO, concentration from 1 to 510° M. The electrodes were
modified with 3.3-10° M DBSA/ 0.1 M KCI solution: (¢) by dip-coating or (m) by
inkjet printing technique.

In order to further understand the distinct behargmf the DBSA/KCI modified Ag
SPEs treated either by dip-coating or inkjet pnigti surface characterization of the
electrodes was performed. Scanning electron miapigr of Ag SPEs modified by both
techniques, before and aftep®4 sensing were carried out and are shown in Fig.6.1
The spheroidal structures observed on electroddaces following DBSA/KCI
modification by dip-coating were not clearly evidem the electrode surfaces modified
by inkjet printing, as can be seen comparing Fi§3B and 6.13C. At first, Ag SPEs
modified by inkjet printing exhibited electrode fages analogous to the unmodified
electrode, as is observed in Fig. 6.13A and 6.1dBreover, the morphology of the

spheroidal structures appeared to change follovireg HO, sensing process, as is
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shown in Fig. 6.13E and was previously reporteCirapter 3. Such variation in the
structures was then explained by a possible inierabetween KO, and the structures
during the reduction process. Comparing Fig. 6.288 6.13D, electrodes modified by
inkjet printing did not present any apparent chaafger HO, catalysis. However, they
still showed a noticeable enhancement g®4Heduction with respect to the unmodified
Ag SPEs. Two possible phenomena might explain siftérent surface characteristics
and catalytic activities of the inkjet printed miveld electrodes: the volume of
DBSA/KCI that the surface is actually exposed tag éhe deposition technique itself.
Although the previous voltage study suggested itt@easing the voltage did not make
catalysis worse, maybe catalysis was already iregaetren at low voltages. On the
other hand, the driving force of the modificatiassarption process may still not be as
effective when performed in smaller volumes. Theref it might be assumed that the
phenomenon is not different, but more limited aadder to visualize when DBSA/KCI
is deposited by inkjet printing.

The difference on both modifications might be ewmd in terms of possible
damage or break-down of the hexagonal or lameltactires formed in the surfactant-
based solution and that were considered to beesonsible of the catalytic effect on
H,0O, observed after DBSA/KCI treatment. However, asdatodic responses and the
sensitivities of the inkjet printed modified eleades were only 1.6-fold lower than those
exhibited by the electrodes following dip-coatingbgedure, and appear to result in
improved electrode reproducibility, the former nwethmight be yet feasible for further
studies. Inkjet printing will be applied as a teicue to modify Ag SPEs, which
subsequently will be used as platforms for theitabion of glucose biosensors.
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Figure 6.13. SEM images using secondary electron (SE) detectiai Ag SPEs (A)
unmodified; (B) DBSA/KCI modified by inkjet printed, before HO, (C)
DBSA/KCI modified by dip-coating, before HO,; (D) DBSA/KCI modified by
inkjet printed, after electrochemical reduction of5-10° M H,0,and (E) DBSA/KCI
modified by dip-coating, after electrochemical redation of 510° M H,0..

Accelerating voltage of 20 kV. (5.0k x magnificatin).
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6.2.3. Application of the inkjet printed DBSA/KCI modified Ag SPEs to the

fabrication of a glucose biosensor

A glucose biosensor was fabricated using the inkjetted DBSA/KCI modified Ag
SPE as a platform for the GOx attachment. Fivetpraf freshly prepared DBSA/KCI
solution were inkjet printed at 16 V on a Ag SPH aubsequently the electrode was
washed thoroughly with distilled water. GOx wasrthemobilized onto the electrode
surface following the standard protocol establisie@hapter 5. Briefly, the electrode
was immersed in a 2% CA solution in acetone forid amd then rinsed with distilled
water, 20 min immersion in 5% HMDA aqueous solutioifiowed by 20 min immersion
in 2.5% GA aqueous solution were then before béiagsferred to a 25 mg/ml GOx
solution in PBS pH 5 overnight. Amperometry at —0.1vs Ag/AgCl) in PBS, pH 6.8
was performed in the presence of glucose from 816 M. In order to assess the
catalytic activity of the biosensor towards@® following GOx immobilization, 1.0°
M H,0, was added to the cell. Fig. 6.14 shows the ampatriciresponses of the inkjet
printed and dip-coated electrodes to glucose. Htbodic responses exhibited by the
electrodes modified by dip-coating were higher thlamse shown by the inkjet printed
modified ones at low glucose concentrations. Foample, 1.7710° A was the
reduction current obtained by a dip-coated modi&ttrode in the presence oll@®
M glucose whereas the cathodic current shown binlget printed modified one was
1.3510" A. However, from 4.0° M glucose concentration and on electrodes modified
by inkjet printed provided greater catalytic respes for glucose determination and that
difference increased with the concentration. Thhe, cathodic currents for an inkjet
printed and a dip-coated modified electrodes inptesence of 50° M glucose were
5.5710" A and 4.7710" A, respectively, whereas at1®° M glucose the reductions
currents were 9.7607 A and 7.23107 A, respectively. Therefore, inkjet printed
modified electrode showed better total responseglucose than dip-coated modified
electrodes in this case.
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Figure 6.14. Amperometric responses of Ag/ DBSA/KCI/ CA/ GOx ectrodes
measured at —-0.1 V (vs Ag/AgCl) in PBS pH 6.8, wherDBSA/KCI modification
was performed by (a) inkjet printing or (b) dip-coating. Glucose concentration
ranges (a) from 1 to 8.0° M or (b) from 1 to 10-10° M. At the end, H,0, (1:10° M)

was added to the solution.

Catalytic responses corresponding to dip-coatedfradcelectrodes seemed to reach
saturation currents at lower glucose concentratian the electrodes modified by inkjet
printing. That would explain the decrease obsernvethe cathodic responses of dip-
coated modified electrodes respect to the inkjettgd ones as glucose concentration in
the bulk increased. As was seen in Chapter 5, thecahted modified electrodes
provided linear catalytic responses in the glucasecentration range from 0.4 tel@>
M. However, when higher glucose concentrations waaded to the bulk solution,
saturated responses were achieved for glucose miatiens above -60° M. Unlike

dip-coating, inkjet printing led to biosensors witinoader range of linear catalytic
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responses, up toB)* M as minimum. The normal range of blood glucosecentration
varies from 4.4 to 6:60° M whereas diabetic people presented concentrakiigher or
lower than thaf® Therefore, using inkjet printing for DBSA/KCI mditiation brought
about a remarkable improvement in the linearitytlod biosensor response and the
subsequent device application for blood glucoserdehation.

A reproducibility study of the glucose biosensaabricated by inkjet printing was
performed (n=6). DBSA/KCI modification solution wagposited simultaneously onto
Ag SPEs using the established inkjet printing metthagy. After rinsing thoroughly,

GOx was immobilized following the established standprotocol.

Tabla 6.4. Statistical data for the glucose bioseoss based on DBSA/KCI inkjet

printed modification (n=6).

[Glucose] / | ica (average) / Standard % error
mM A deviation
1 2.510° 0.7-10°% 28
2 6.710° 2.510° 37
3 1.4010" 3.610° 26
4 2.2810° 4.810° 21
5 3.2310" 6.610° 20
6 4.1510" 7.810° 19
7 5.1210° 9.010°% 18
8 6.0:10° 9.7.10°% 16

Amperometry at —0.1 V (vs Ag/AgCl) in PBS, pH 6.&xcarried out. Final glucose
concentrations in the bulk ranged from 1 th08 M. After that, HO, was added to the
solution as a reference ta® concentration of 10° M. Plots of the cathodic currents
versus glucose concentration were performed andiahees were fitted to regression
lines. Analytical parameters such as LOD and seitgitwere calculated from those
regression lines and compared to those providealégtrodes based on dip-coated
DBSA/KCI modification. Table 6.4 and Fig. 6.15 sholae averages of the cathodic
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currents and the standard deviation obtained sth modified electrodes. Current data

corresponding to-10° M glucose were not considered for the regressiun |
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Figure 6.15. Measurements of glucose using the Ag/ DBSA/KCI/ TQAGOx
electrodes (n=6) at —0.1 V (vs Ag/AgCl) in PBS pH®. DBSA/KCI modification was
performed by inkjet printing. (slope = 9.0510° AmM™; sensitivity = 7.210% AM"

em?).

The LOD of the inkjet printed glucose biosensor feamd to be 1.530* M, with a
5% r.s.d. This was slightly higher than that olb#dirin Chapter 5 for the biosensor
fabricated using dip-coating and drop-casting, §e8010° M (22% r.s.d), although
both values were in the same order of magnitudetlamdeproducibility was better for
the inkjet printing modified sensor. Regarding sy, biosensors based on the inkjet
printed sensor provided an average sensitivity -80% AM‘cm?, with a 30% r.s.d.,
whereas the value obtained by the dip-coated neztiflectrodes was 118> AM*cm
2 with a 17% r.s.d.. These LOD and sensitivity ealwere similar to those found in the
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literature for other glucose biosensors. For examg@rouch et &’ reported the
fabrication of an amperometric glucose biosensosdrgen-printing of a water-based
carbon ink containing GOx and cobalt phthalocyari@ePC). The latter was used as an
electrocatalyst for the electrochemical oxidatioh H»O, at approx. 0.55 V (vs
Ag/AgCI). The sensitivity of the biosensor was fdut® be 1.3.0% AM™cm?, with a
LOD of 2.510° M. The resulting device was evaluated in comméyciavailable
samples of bovine serum providing a variability3c3% (n = 6). Chiu et & developed
a glucose sensing electrode based on a poly(4&reddioxythiophene)(PEDOT)/PB
bilayer modification of a carbon screen printed celmle. The PB layer was
electrodeposited first for ¥, determination whereas the PEDOT layer was
electrodeposited to entrap GOx. The biosensor stioavaeproducibility of 2.54%
(r.s.d.) and a sensitivity of 2.60° AM™cm? which was further improved by the
incorporation of multi-walled carbon nanotubes befBB film deposition. Ricci et &f.
produced planar glucose biosensors based on then®&Bfication of carbon screen
printed electrodes and subsequent GOx immobilimaby cross-linking employing
glutaraldehyde and Nafion. The device was tested aontinuous flow system at low
applied potentials (ca. 0 V vs Ag/AgCl), displayingsensitivity of 5.4.02 AM cm?
and a LOD of 2.80° M whereas the reproducibility was approx. 7% (B)=Therefore,
the analytical parameters corresponding to inkjeintgd DBSA/KCI modified
biosensors were to some extent poorer than thosaned by the all dip-coated
modified devices but still in the same order of magle.

As can be also observed, the glucose biosensosegsed significant inter-electrode
variability, which decreased when the glucose cotragon in the bulk increased. This
phenomenon was already reported in Chapter 5 @odip-coated modified electrodes.
A possible explanation was that the electrodesndidreach the complete steady state
background before glucose was added to the bulkrefbre, initial glucose additions
provided higher variability as the electrodes weweat the same stage. After a period of
time, when more glucose aliquots were added tosthetion, similar responses were
exhibited by the electrodes. Another explanationymie related with an
instrumental/experimental issue. The cathodic atsreregistered at low glucose

concentrations are very low (in the order o 14) and they might be at the limit of the
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precision of the instrument, so precision wouldobgportionately worse at these current

levels.
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Figure 6.16. Normalized data for the measurement of glucose usy the Ag/
DBSA/KCI/ CA/ GOx electrodes (n=6) at —0.1 V (vs AdgCl) in PBS pH 6.8.
DBSA/KCI modification was carried out by inkjet printing (slope = 3.86.0% mM ™).

The reproducibility data observed for the biosessbased on inkjet printed
DBSA/KCI Ag SPEs were very poor showing around 0663r.s.d. across the whole
range of glucose concentrations. However, theodrpribility data provided here were
similar to those obtained by the all dip-coated ified electrodes at analogous glucose
concentrations in the previous chapter. It was alsgerved in Chapter 5 that the inter-
electrode variability decreased when the cathodiceats for glucose sensing were
normalized with respect to the reduction currertaisted in the presence oflD® M
H,0,. As was previously highlighted, the biosensorsetlgwed in the present work were
based on kD, detection released after the enzymatic reactidd@x% and glucose in the
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presence of oxygen. Hence, the sensitivity of tleetede towards pD, reduction
might affect its sensitivity to glucose determipati

Fig. 6.16 and Table 6.5 show the averages of ttteoda currents and the standard
deviation for the normalized data. Current dataesponding to 1 and 0> M glucose
were not considered for the regression line. Aificant increase in the reproducibility
can be observed with respect to data in Table &s3was previously mentioned in
Chapter 5, the notable improvement in the reprdilityi after normalization might
indicate that changes in DBSA/KCI modification admited to a large extent to the
variability of the biosensors. Regarding the gli-doated modified biosensors studied in
Chapter 5, inkjet printed modified electrodes shadwegher variability than the former
for similar concentrations. Thus, variability obssdt by the inkjet printed modified
electrodes was 23 and 17% r.s.d. at 2 ad@%M, respectively, whereas the all dip-
coated modified electrodes showed 17 and 7% r.sadpectively, for the same
concentrations. However, there was no improvemeénhe low concentration range,
which may again suggest an instrumental issue amit lof precision on the

methodology.

Table 6.5. Statistically normalized data for the gicose biosensors based on
DBSA/KCI inkjet printed modification.

[Glucose] / | icat normaiized@verage) / Standard % error
mM A deviation
1 1.0410° 3.110° 30
2 3.0810° 7.110° 23
3 6.0710° 1.19107 20
4 9.6610° 1.6010° 17
5 1.36510" 1.8310° 13
6 1.74710" 2.0410° 12
7 2.14110" 2.2210° 10
8 2.52910" 2.3910° 9
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The all dip-coated electrodes were assessed iratige of 0.4 to 40° M glucose
because the cathodic currents seemed to reachueatsat value at higher glucose
concentrations. Hence, higher variability was showae lower concentrations (0.4 to
1.210° M) whereas at 2 or-20° M the variability was much lower. However, thejietk
printed modified electrodes measured glucose cdraténs ranged from 1 toB° M,
so high variability was still shown at 2 orl®> M. That might explain the difference in
reproducibility between the two sets of electrodes.

An intra-electrode reproducibility study was alserfprmed for the glucose
biosensor. A single Ag SPE was modified followirng testablished standard protocol
and then measured six consecutive times in PBS.8kh@he presence of 1 to18° M
glucose. The cathodic currents from the amperometrives at 1 to-80° M glucose

concentration and-103 M H»,0, are shown in Table 6.6.

Table 6.6. Cathodic currents of a glucose biosensdrased on DBSA/KCI inkjet

printed modification (Intra-electrode reproducibili ty study)

[Glucose]/| Rep?? Rep2 Rep3 Rep4 Rep5 Rep6
mM icat/ A icat/ A icat/ A icat/ A icat/ A icat/ A
1 3.610° | 4.010° | 4.210° | 4.610° | 2.210° 3.710°
2 1.0910" | 1.21107 | 1.1310" | 1.2010" | 6.1:10° 7.710°
3 212107 | 2.29107 | 2.14107 | 2.4210"7 | 1.23107 | 1.4410"
4 3.2910" | 3.5410" | 3.3910" | 3.6610" | 1.9510" | 2.1410°
5 445107 | 4.86107 | 4.58107 | 4.9210" | 2.7010" | 2.9810°
6 5.4510" | 6.0710" | 5.6510" | 6.0:10" | 3.3810" | 3.7110"
7 6.3610" | 7.1210" | 6.6410" | 6.7410" | 3.9510" | 4.3710"
8 6.9810" | 7.9610" | 7.3210" - 441107 | 4.94107

1mM H,O, | 3.16010° | 3.50010° | 3.31110° - 2.65510° | 2.75310°

@ Rep=repeat number.

As can be observed, the cathodic currents fronfitbiefour repetitions were quite

alike, providing approx. 5% r.s.d. However, aftepetition 5 (Rep5), the biosensor
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underwent an approx. 40% loss of sensing actieiyards glucose determination. That
decrease in the catalytic activity was also exaiwith respect to #0, reduction, with
an approx. 20% loss from Rep5. The difference tvity loss with respect to glucose
sensing might be attributable to a partial inac¢ioraor loss of the enzyme immobilized
onto the electrodes.

In summary, DBSA/KCI treatment of Ag SPEs usingjetlprinting resulted in an
effective procedure for electrode modification,uléag in glucose biosensors with more
reproducible steady state background currents aondchparability in glucose
measurement compared to the dip-coated modifiedretées. LOD and sensitivity were

lower but in the same order of magnitude than tlodained by the dip-coating method.

6.3. CONCLUSIONS

The application of inkjet printing for the depositi of DBSA/KCI modification
solution onto Ag SPEs has been studied. The catabdtivity of the so-formed
electrodes towards ., reduction was assessed and compared to that yhsbley dip-
coated DBSA/KCI modified electrodes. Optimal pmigtiparameters such as volume
ejected, DBSA and KCI concentrations in the soluamd nozzle voltage were defined,
being 5 prints (1402 1), 3.310% M DBSA/ 0.1 M KCI modification solution and 16 V
nozzle voltage. Inkjet printing turned out to bewdtable technique for the deposition of
the surfactant/salt solution, leading to cathodicents only marginally lower than those
shown by the dip-coated modified electrodes, wherdee modification time was
remarkably reduced. Similar reproducibility data endr shown by the electrodes
modified by both techniques (approx. 10%), althotigé inkjet-printed modification
resulted in lower and more reproducible backgrocumdents. SEM images of the inkjet
printed modified electrode surfaces did not show #ame observable spheroidal
structures analogous to those observed on dip-@¢oadelified electrodes and considered
responsible of the #D, catalytic process, although electrochemical ewvidesuggests
surface modification has certainly taken place. pbssibility of a potentially negative

impact of the voltage applied during the printingpgess, together with the smaller
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volumes of modification solution in contact withetelectrode surface may explain these
differences.

Inkjet-printed DBSA/KCI modified electrodes werebsequently used as a platform
for GOx immobilization, following the standard poobl established in Chapter 5. A
LOD of 1.5510* M and sensitivity of 20* AM™cm? were obtained. These values
were only 1.7-fold lower than those obtained whle tip-coated modified electrodes.
After normalization, inkjet printed modified biossws presented inter-electrode
variability higher than that shown by the dip-cahateodified electrodes. However, the
former permitted measurement of a wider glucoseewnination range of measurements
(1 to 810° M) prior to saturation current was achieved.

To sum up, inkjet printing resulted in a feasiblechnique for DBSA/KCI
modification of Ag SPEs, providing &, sensor and subsequent glucose biosensors
with analogous characteristics than those fabmcdig dip-coating. Further studies
should be performed to provide an all-inkjet préhtglucose biosensor amenable for
mass production.
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Chapter 7

7.1. FURTHER UNDERSTANDING OF AND IMPROVEMENTS TO T HE
HYDROGEN PEROXIDE ELECTROCATALYST (CHAPTERS 3 & 4)

The development of aJ®, electrocatalyst based on the DBSA/KCI modificatain
Ag SPEs has brought about several advantages cethfmaother devices existing in the
literature, such as fabrication simplicity, the eibse of biological substrates (proteins,
enzymes) and the cost effectiveness of the involeeaterials. However, as was
observed in previous chapters, the sensitivity rapdoducibility of the so-formed 1@,
sensors might still not be the appropriate forimigoduction in the mass production
market. In order to improve those parameters aadtera more competitive sensor for
the sensitive direct detection of,®h, a more intensive study of the electrocatalytic
characteristics of the material will be develop&d.was seen above, the surfactant/salt-
based modification of the Ag SPEs led to changetherelectrode surface together with
the formation of small spheroidal structures madecypally of Ag and Cl (data from
the structural analysis). Both phenomena wereaéltéd the enhancement in theQd
catalytic activity observed on the electrodes adgposure to DBSA/KCI solutions. In
order to improve the analytical parameters of th®JHsensors as well as try to
understand the basic mechanism behind the moddicafurther improvements will be
performed. It was clear from this work that a siigaint underlying limitation of the
electrode’s performance is its inherent variabibtyd sensitivity which is believed to
relate directly to the ill-defined and disorderedture of the silver paste electrode
material. Any improvement in performance must inigege this matter. For example,
the fabrication of nanostructured Ag SPEs with ahamced homogeneity of the metal
particles will be achieved by the fabrication ostmmized Ag inks. These inks will be
created by mixing previously created Ag nanopasd/Ag NPs) and other ingredients
such as binders, solvents, surfactants and safiptimized ratios to provide higher and
more reproducible responses te4d The use of a pre-formed nanostructured material
might homogenise surface behaviour, result in benbm surface area enhancements,
decrease the background noise and increase theitodeyand reproducibility of the
cathodic responses. These inks will be characttbyesurface analysis techniques, such
as SEM, EDX, XPS and TEM and they will be relatedhe catalytic properties of the

200



Chapter 7

materials by cyclic voltammetry, amperometry andpéaance spectroscopy. The
improved system will be used not only for the depehent of biosensors but also for the
measurement of #D, in industrial process water and wastewater.

The exact mechanism of the catalysis and the ffoddl the materials involved in the
process also need further elucidation. The involmnof other components of the silver
paste such as binder needs to be clarified antypieeof surface structures formed at the
electrode after surfactant/salt modification neetié determined, possibly through x-ray
scattering techniques. Also, a greater understgndinthe thermodynamics of the
process and the reaction route that is used neetle established. A more complete
understanding of the materials and mechanisms\edoiay lead to the identification
of other hybrid organic/inorganic materials withmgar heterogeneous catalytic and
electrocatalytic properties.

Other enhancements can also be envisaged usingutfectant/salt modification,
particularly in combination with precision depaosititechniques such as ink jet printing.
For example, ink jet printing could be used to tesffective microcatalytic electrode
arrays in which isolated droplets of surfactant/segate catalytic microelectrode islands
which will benefit from semi-infinite radial diffusn. This will benefit from classical

microelectrode array behaviours including improseghal-to-background responses.

7.2. ALTERNATIVE IMMOBILIZATION STRATEGIES FOR THE
DEVELOPMENT OF AN AMPEROMETRIC GLUCOSE BIOSENSOR
(CHAPTER 5)

The catalytic enhancement towardgXtreduction of DBSA/KCI modified Ag SPEs
was exploited in Chapter 5 for the developmentroélectrochemical glucose biosensor.
After several attempts, GOx was covalently immabili onto the electrodes after the
deposition of a cellulose acetate (CA) layer, whiotth isolated the DBSA/KCI
modification from the negative effect of the enzyimaeaction and was used as a
platform for GOx attachment. The standard protadpted in that section for GOx

immobilization involved the use of glutaraldehyd8A) and hexamethylenediamine
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(HMDA), which did not seem to hinder the electraeheal glucose detection. However,
the deposition of the CA layer brought about adddi problems. The solvents used to
dissolved CA (glacial acetic acid and acetone) €bte induce damage to the electrode
surface that led to a significant decrease in tmpeaometric HO, responses of the
sensors as well as an increase in the variabilitg@omeasurements.

The use of less aggressive techniques for the emziynmmobilization process
particularly regarding the membrane layer may l@ad significant improvement in the
biosensor characteristics as the glucose detenmmegt directly related to the catalytic
response of the device to®h." For example, Nafion and chitosan were also evetliat
in Chapter 5 as possible separation membranesggtakio account the residual catalytic
response to $D, of the modified electrodes after their depositidnthat stage, CA was
chosen because it showed the highest retentiorctofitg (93%), but the other two
membranes also exhibited good retention of catalgfer their deposition (75% and
81% for chitosan and Nafion, respectively). Moragpvsolvents used during the
preparation of chitosan and Nafion solutions weahetetl acetic acid (0.8% v/v) and a
mixture of lower aliphatic alcohols and water, mdpvely. These solvents seem to be
less damaging than the glacial acetic acid andaeaised for CA. Also, there are many
other examples in the literature using chitésaor Nafiorf" ®> as membranes for enzyme
deposition and many other strategies for enzymeogsigpn apart from covalent
attachment. Therefore, chitosan or Nafion will lestéd as membranes for GOXx
deposition and other methods such as entrapmentmatrix or cross-linking with GA
will be assessed for GOx immobilization.

Alternatively, a non-covalent immobilisation strgye could be investigated,
depending on the final application of the biosengar instance, single use, electrode
strips have a very small sample volume (microljttsd so dilution of non-covalently
deposited enzyme into the bulk is not significami &0 can avoid the need to attach to

the surface.

202



Chapter 7

7.3. GLUCOSE OXIDASE DEPOSITION BY INKJET PRINTING :
TOWARDS AN ALL-PRINTED GLUCOSE BIOSENSOR (CHAPTER 6)

Chapter 6 showed that inkjet printing could be adul fabrication technique for
biosensor fabrication. However, it was not fullypioited in this work and could be
utilised further.

Once a glucose biosensor had been created by dedjmg, inkjet printing was used
to improve the reproducibility of material depositias well as decrease the fabrication
time. Chapter 6 reported the DBSA/KCI modificatiprocess of Ag SPEs by inkjet
printing and compared the resulting®4 sensors to those generated by dip-coating.
Several optimization steps led to the constructiban inkjet printed KO, sensor with
analogous analytical characteristics to those fthen dip-coated sensor. In order to
further optimise the glucose biosensing deviceat@mpt at GOx deposition by inkjet
printing was carried out.

As was mentioned in Chapter 6, the inkjet printieghnique has already been
applied to enzyme deposition during the biosensduri¢ation process. In order to
evaluate enzyme (protein) concentrations in salutdter the printing process, the
bicinchoninic acid (BCA) assay was used. Basicdliyy BCA assay is based on the
formation of a C&" -protein complex under alkaline conditions, folknivby reduction
of the Cd* to CU"*. Cysteine, cystine, tryptophan, tyrosine and thgtipe bond are able
to reduce Ctf to CU*, being the amount of reduction proportional totgiro present.
BCA forms a purple-blue complex with €iin alkaline solution, thus providing a basis
to monitor the reduction of alkaline &€uby proteins and to calculate the amount of
protein in solutior!. 1 mg/ml solution of GOx in PBS pH 5 was inkjetrped at 16 V
onto a PET substrate and the ejected solution reasferred to an eppendorf vial for the
BCA assay. After the incubation time, UV measuretni@f the samples were carried
out and GOx concentrations in solution were catedlaby using the previously
established calibration curve of the system. Datalfe theoretical and calculated GOx
concentrations of five samples are shown in Talle Except for in the case of sample
1, more than 70% of the enzyme was found in salwiter the printing process.
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Tabla 7.1. Data from BCA assay to calculate [GOxJni solution after inkjet printing

process.
Tube no. 1 2 3 4 5
C(GOX)theor / pgmi™ | 2.50 2.50 2.50 2.50 3.75
C(GOX)calc / pgmi™ 1.54 1.84 2.41 1.85 3.52
% GOXx after IJP? 62 74 96 74 94

% Inkjet Printing

GOx solution was then inkjet printed onto DBSA/KQbdified Ag SPEs and the
catalytic responses of the so-formed biosensors essluated by amperometry. Several
GOx concentrations (1 to 25 mg/ml) and solution ame (1 to 10 prints) were
evaluated but invalid or poor responses towardsogi@ determination were acquired.
The best catalytic response was observed afterifispof 5 mg/ml GOx solution.
Comparison of the cathodic currents of two glucbgesensors fabricated by inkjet
printing and dip-coating, respectively, are showrFig. 7.1. DBSA/KCI modification
was performed by dip-coating in both cases. As lbanobserved, the steady state
background for the inkjet printed modified eleceodas higher than that from the dip-
coated one. This might be explained by a thickgeraf enzyme deposited onto the
electrodes, which would increase the non-faradarceat. With regard to the catalytic
activity, electrodes modified by inkjet printed GO&emed to provide higher responses
in the presence of glucose, although the cathodicent reached a saturation value
faster than GOx dip-coated modified electrodes.sTltkie reduction current displayed
by the former in the presence ofl6° M glucose was 2.0Z0" A whereas the current
provided by the latter was 614° A. However, electrodes modified by inkjet-printed
GOx seemed to become saturated 802 M glucose and above whereas the dip-coated
modified biosensor displayed a stable responseé ginttose concentration in the bulk
was 1010° M. That could be justified by the diverse confotimas that the enzyme
would present on the electrode surface due to ifiereht deposition methods. The
catalytic responses of these systems were lowerttiet provided by the optimized all

dip-coated device, where approx.-I(6’ A were obtained in the presence af@& M
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glucose. Higher GOx concentrations in the solutmie printed did lead to higher but
very slow cathodic responses, maybe due to theehigickness of the GOx layer

deposited on the electrode surface.
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Figure 7.1. Amperometric responses of Ag/ DBSA/KCI/ CA/ GOx dctrodes
measured at —0.1 V (vs Ag/AgCl) in PBS pH 6.8, wher5 mg/ml GOx in PBS pH 5
solution was deposited by (a) inkjet printing or (B dip-coating. Glucose

concentration ranges (a) from 1 to 80° M or (b) from 1 to 10-10° M.

Therefore, initial attempts of using inkjet prirgito deposit the enzyme have led to
positive results, although further studies mustpeeformed to improve the enzyme
behaviour after immobilization. GOx was inkjet ged and enzyme concentration after
the process was evaluated, providing an averag®%f recovery. Glucose biosensors
fabricated by enzyme inkjet printing seemed to le\higher catalytic responses than
those created by dip-coating, although the forneached saturations values at lower

glucose concentrations.
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7.4. OTHER APPLICATIONS
7.4.1. Other enzyme biosensors

As was mentioned in Chapter 1;®4 is the by-product of many enzymatic reactions
and its concentration may be used as an indicdtibregprogress of a reaction or for the
analytical determination of a certain substrate.

Recently, there has been an increasing concernt atheu determination of
cholesterol levels in blood as abnormal levels directly related to clinical disorders
such as hypertension, heart disease, arteriosderosrebral thrombosis, etc. In the
fabrication of a cholesterol biosensor, the enzyielesterol oxidase (ChOx) is most
commonly used as the biosensing elenieBihOx catalyzed the oxidation of cholesterol
by dissolved molecular oxygen, releasingOpl as a side product of the reaction.
Therefore, cholesterol can be analyzed indirecylyrtonitoring HO, generated in the
enzymatic reaction using voltammetry or amperometithe catalytic properties
towards HO, reduction observed in the Ag SPEs following expesa DBSA/KCI can
be used for the development of a cholesterol bemenThe enzyme would be first
investigated in solution and subsequently attacbetie electrode surface by means of
an appropriate immobilization method. Several patens such as buffer, pH and
enzyme load would be assessed in order to proptea analytical parameters for the
sensor, e.g. sensitivity, LOD and reproducibiligmally, both DBSA/KCI and ChOx
would be inkjet printed and comparisons with th@-cbated biosensor would be
performed.

7.4.2. Fuel cellg/printed fuel cells

Fuel cells provide a possibility for high energyhdity due to a refuelling capability.
As was previously mentioned, in order to achieveaaceptable performance of fuel
cells, it is necessary the use of electrode mdgew#h high catalytic activity for the
electrochemical reduction of oxygéh* That implicated the use of expensive precious

metals and very low oxygen diffusion through thkigon phase. These drawbacks have
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been generally addressed by using porous electfabasated with high-area carbon as
a conductive support and a catalyst for the oxy®geluction. To decrease the cathodic
polarization and to enhance the electrode lifés itritical to eliminate effectively the
peroxide form during the oxygen reductiBritherefore, DBSA/KCI modified Ag SPEs
may be employed as catalysts fosGd reduction in the manufacture of fuel cells that
use oxygen reduction. However, a fundamental probléth the use of oxygen (or any
gaseous reactant) is the availability of the re#ctd the active catalyst site on the
electrode surface. Liquids reactants are notablyenatundant at the active site than
gaseous reactants, so the use gdtas the fuel-cell oxidant is an alternative thatena
been already used in the literatdfe®® Thus, Ag SPEs following modification with
DBSA/KCI may be used for the fabrication of fuelle¢hat directly employ kD- as the
fuel. The catalyst might be produced by dip-coatingnkjet printing, depending on the

substrate required for the fuel cell.
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7.5. SUMMARY AND OVERALL CONCLUSIONS

The remarkable enhancement in the electrocatagtivity towards HO, reduction
observed on Ag SPEs after exposure to DBSA/KCltswis has led to the development
of novel HO, sensors and biosensors. This phenomenon was sgbited by the
electrodes after modification with other surfactsait combinations, although the
highest activity was shown following exposure to $BKCI on which most
development was based. The electrode surfaces characterized by SEM, EDX and
XPS techniques. The modification process appeasddted to the formation of
spheroidal structures (mainly made of Ag and Cljlanelectrode surface which seemed
to be involved in the catalysis and which showedcstiral changes after the electrode
contact with HO, solutions. The formation of lamellar structuresthie surfactant/salt
solutions and their subsequent interaction with e¢lectrode surface seemed to be a
possible explanation for the noticeable enhancersleotved by Ag SPEs towards the
electrochemical reduction and decomposition gOH An attempt to understand the
phenomenon that brought about those results wderpesd. The modification of the
electrode surface might lead to a surface thailiztedh any of the intermediates for both
processes. The change in the spheroidal structftes both phenomena seemed to
interconnect the pathways for the reactions. Howethe fact that a different level of
enhancement was observed would suggest that baibegwes followed diverse
mechanisms, as would be expected. Therefore, thdifioadion of the surface might
stabilize one common intermediate and then thetiozec would go along their own
mechanism.

The binder present in the printing inks and thes@nee of rough or defects on the
electrode surfaces were considered as possible amadmns for the
interaction/deposition of the lamellar structurestbe electrode. In order to prove that
theory, other metal substrates such as severalr ®lectrodes, gold and platinum were
also evaluated. All the SPEs also showed poteatibbnced catalysis with the surface
modification. Indeed, all modified electrodes tlsiibwed an increase in the catalytic
activity on the electrochemical reduction also bikkd an enhancement in the

decomposition process, although the improvements wet proportional. However, the
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pure metallic electrodes (99.9% Ag and Au) did sledw any particular enhancement
after the modification. That again reinforced thesgible involvement of the binder in
the modification process.

Silver, and particularly silver paste was the matethat provided the greatest
increase in catalytic responses tgOpl reduction following modificationAt the same
time, these sensors exhibited low cost and easyfaeture characteristics that made
them suitable to be used as platforms for the dgweént of glucose biosensors.
Surprisingly, it was found that the presence ohbGOx and glucose at the modified
electrode surface resulted in the destruction efdhtalytic behaviour of the electrode,
but either component alone did not cause this efféc avoid this problem, a CA
membrane was first deposited onto the modifiedteldes. GOx was then covalently
attached to the CA layer by means of HMDA and GAe Tesulting biosensors showed
a good LOD at a low applied potential (—0.1V vs./AgCl), which would make it
effective in the presence of interferences suclsasrbic acid. However, the devices
exhibited low reproducibility due partially to thegh variability of the catalysis of the
DBSA/KCI-modified electrodes. In order to improvach parameters, inkjet printing
techniqgue was used for DBSA/KCI deposition, leadiogvider glucose concentration
range of measurements (1 td@® M) and more stable background currents. However,
the catalytic activity of the sensors towardgbkiwas reduced in comparison to the dip-
coating DBSA/KCI modification. This result may bigrdbutable to either the breakdown
of the micellar/lamellar structure of the DBSA/K@Uring the printing process, which
would decrease the level of electrode modificatmmthe low volumes of modification
solution in contact to the surface, which woulddiga an incomplete modification
process.

To sum up, the discovery of the enhancement ot#talytic activity of Ag SPEs to
the decomposition and electrochemical reductiorHgD, following modification by
DBSA/KCI represents the beginning of a new genenatf direct HO, sensors and
biosensors. Combined with inkjet printing as a nseaf sensor fabrication, this has the
potential to result in novel, low cost, mass prablec electrochemical devices for a

range of applications.
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APPENDI X 1. Silver screen printed electrode design

Glucose Oxidase
Cross-linking reagent
Cellulose Acetate membrane

DBSA/KCI surface modification
Ag SPE

PET substrate
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APPENDI X 2. A comparison of the developed hydrogen peroxide sensor with other

devicesreported in the scientific literature

Electrode LOD/ | Sensitivity/ | % r.s.d. | Eqpp/ V vs. | Chapter/
M AM*cm™ Ag/AQCl | Ref. (pg)
HRP entrapped in a PPy fillm - 3.3.10° 10.24 -0.3 1/29 (7)
on C SPE (n=5) 6/ 22 (173)
HRP on a colloidal Au- -- 0.307 2.3-2.7 -- 6/ 24 (174)
modified C SPE (n=10)
PB modified C SPE 1.0-710 0.234 5 -0.05 6/ 23 (173)
(n=6)
PB modified Au and Pt SPE -- 2 (Au) -- -0.05 1/30 (7)
1 (Pt)
GC modified with a 6.5-10° - 5.6 -0.4 1/ 31 (7)
composite of thionine, (n=3)
EDTA, MWCNTs and CHIT
Electropolymerization of | 1.2.10° -- -- -0.35 1/41 (11)
aniline and SWCNTs on Pt
Electroroughened Ag 6.0-1( - 4.6 -0.35 1/ 12 (12)
(n=10)
“Flowerlike” silver 1.2:10° -- <5 -0.55 1/ 43 (12)
microspheres on GC
AgNPs on GC 2.0-10 - - -0.7 1/ 4 (13)
3/ 3 (51)
AgNPs immobilized ina | 1.0-10° - - -0.55 1/ 2 (14)
PVA film on Pt 3/ 9 (51)
Cu-plated C SPE 9.7.10 3.45-1CF 1.1 -0.3 1/ 49 (14)
(n=10)
Nafion/Cu particulate | 1.6-10° - - -0.2 1/ 50 (14)
modified GC
PABS-modified GC 1.0-10 - - -0.7 1/ 25 (17)
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AgNPs on CILE 7.0-10 - - -0.35 3/ 20 (51)
NAD* and SWCNTs 1.10™ - - -0.25 3/ 22 (52)
modified GC
DBSA/KCI modified Ag | 1.1:10° | 7.1.10° - -0.1 3/ (50)
SPEs (Present work)
Dip-coated DBSA/KCI - 8.1.10° 9-13 -0.1 6/ (171)
modified Ag SPEs (n=10)
(Present work)
Inkjet printed DBSA/KCI - 4910 8-17 0.1 6/ (171)
modified Ag SPEs (n=8)
(Present work)
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APPENDI X 3. A comparison of the developed glucose biosensor with other devices

reported in the scientific literature

Electrode LOD/ | Sensitivity/ | % r.s.d. | Eqpp/ V vs. | Chapter/
M AM*cm™? Ag/AQCl | Ref. (pg)
GOx immobilized by cross| 2-10° | 5.4.10° -- 0.0 1/ 76 (23)
linking with GA and Nafion
on a PB-modified C SPE
GOx immobilized by Nafion — -- 1.8-10" -- 0.18 5/ 15 (119)
on a PB-modified GCE
GOx immobilized on a PB| 1.3-10° -- 4.7 0.0 5/ 16 (119)
nanoparticles and MWCNTSs (n=8)
modified GCE
GOx and NiO nanoparticles 2.4-10° -- -- 0.3 5/ 23 (119)
co-deposited on a GCE
Layer-by-layer deposition of 3.1-10° -- -- 0.05 5/ 24 (119)
GOx and chitosan on a PB-
modified Au electrode
GOx and Cu-modified CNT$ 2:10° | 2.97:10° 12 0.1 5/ 25 (119)
paste electrodes (n=5)
Cu-hexacyanoferrate and -- -- 9.6 -0.1 5/ 30 (120)
GOx dispersed within a (n=12)
screen-printable C ink
GOx/Nafion immobilized on 1.1-10° -- 1.8 -0.2 5/ 32 (120)
a RhQ-C SPE (n=5)
GOx immobilized with GA | 2.0-10° | 3.15.10° 5.0 -0.3 5/ 37 (125)
on poly (neutral red)
modified CA/C composite
GOx immobilized into 3.9.10° 2.0-10° 7.6 0.0 5/ 54 (135)
AgNP-doped silica sol-gel (n=12)
and PVA hybrid film on a
PB-modified C SPE
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GOx/ Ferri-COs modified d 1.4-10° | 6.77-1¢ - 0.3 5/ 58 (145)
SPEs AM™
GOx immobilized by GA | 2.5:10° | 5.4-10° 7.0 0.0 5/ 22 (145)
and Nafion on a PB-modified (n=5) 6/ 29 (184)
C SPEs
Multilayer films of 6.7-10°| 2510 | 2.1-55 0.35 5/ 59 (146)
MWCNTs/GNp/GOx on Pt AM™ (n=5)
GOx/CoPC/C SPE 25%0 1.3.10° 3.3 0.55 6/ 27 (183)
(n=6)
GOx entrapped into a -- 2.67-10 2.54 -0.1 6/ 28 (184)
PEDOT layer on a PB-
modified C SPE
Ag SPE/ DBSA/KCI/ CA/ | 8.9-10° | 1.2:10° 20-50 0.1 5/ (144)
GOx (Present work) (n=6)
DBSA/KCI dip-coated
Ag SPE/ DBSA/KCI/ CA/ | 1.6:10° | 7.0-1C° 16-28 0.1 6/ (182)
GOx (Present work) (n=6)

DBSA/KCI inkjet printed
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