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SILVER NANOPARTICLE DOPED ANTIMICROBIAL BIOCOMPOSITE
FOR HYDROGEN PEROXIDE BIOSENSOR

SUMMARY

Hydrogen peroxide is a molecule causes oxidative stress due to the imbalance between
the production of reactive oxygen species and an elimination capacity of human.
Hydrogen peroxide is produced as a result of cellular metabolic activity and above a
certain concentration in a body causes destruction. While oxidative stress is sometimes
equated with destruction, it sometimes has a positive effect by providing apoptosis of
cancer cells.

The body develops a natural defense mechanism with antioxidants such as superoxide
dismutase and glutathione peroxidase, which help convert hydrogen peroxide into
water or less harmful molecules. However, when exposed to negativities such as
cellular stress and chronic inflammation, the production of reactive oxygen species in
the body exceeds antioxidant production capacity and oxidative stress is triggered.

Oxidative stress plays a role in the formation and progression of many diseases such
as cardiovascular diseases, neurodegenerative disorders, cancer, aging, depression and
sleep disorders.

Measuring the level of hydrogen peroxide in biological samples, detecting oxidative
stress markers and determining the extent of oxidative damage allow early diagnosis
of diseases and provide important information about metabolism.

For this purpose, it is important for clinicians and scientists to determine hydrogen
peroxide. It is also effective in managing oxidative stress, protecting cell and tissue
health, and reducing the risk of various diseases.

Hydrogen peroxide biosensors are instruments designed to determine the presence and
concentration of hydrogen peroxide. Enzymes or different biomarkers can be used to
perform hydrogen peroxide determination. When determining hydrogen peroxide, a
chemical reaction usually takes place between hydrogen peroxide and a reagent,
resulting in a significant signal that varies with hydrogen peroxide concentration.

Non-enzymatic hydrogen peroxide biosensors, one of the most preferred types in the
biosensor classification, have been used to determine hydrogen peroxide concentration
in clinical diagnostics and applications. With silver nanoparticles with high catalytic
activity that can directly oxidize hydrogen peroxide molecules, the oxidation and
reduction event generates an electrical signal that can be correlated with hydrogen
peroxide concentration. The non-enzymatic hydrogen peroxide biosensor is more
stable, more sensitive and with high catalytic content compared to other sensor
systems.

A hydrogen peroxide sensor consists of an electrode and a material coated on the
electrode, designed to be specific to a species. To develop a sensitive and highly stable
hydrogen peroxide biosensor, it is important to modify the surface of the working
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electrode with uniformly sized particles. Nanoparticles with high surface area and
electrocatalytic activity are usually used for modification.

In this study, the electrode surface was doped with silver nanoparticles by forming a
polymer bed. Due to their nano size, silver nanoparticles increase the sensor surface
area and trigger the redox reaction of hydrogen peroxide. The silver nanoparticles were
produced using a green synthesis route, which enables the reduction of biomolecules
in extracts from different plants with silver nitrate. The green synthesis method
adopted in the study also touched upon biomedical applications. The use of the product
is important for clinical applications thanks to the design and modification of the
sensor system, which does not cause toxicity in the body.

The uniqueness of this project is the ability of 2-Aminoethyl Methacrylate (AEMA)
and 2-Hydroxyethyl Methacrylate (HEMA) monomers in polymer synthesis, AEMA's
ability to form complexes with silver nanoparticles and HEMA's superior properties
such as its hyprophilic structure and its response to stimuli such as temperature, by
using green synthesis, a sensor coating system was developed from silver nanoparticles
obtained from green/red pistachio hull and hibiscus leaf.

In order to develop a sensitive and highly stable hydrogen peroxide biosensor, it is
important to modify the working electrode surface with equidimensional particles. For
this purpose, nanoparticles that increase the surface area and improve the
electrocatalytic activity are used. For this purpose, the electrode surface was doped
with silver nanoparticles by forming a polymer bed on the working electrode surface.
Moreover, due to their nanosize, silver nanoparticles increase the sensor surface area
and trigger the redox reaction of hydrogen peroxide. Since the silver nanoparticles
selected for sensor modification were formed by reducing biomolecules in extracts
from different parts of plants with silver nitrate, the green synthesis method used was
useful for biomedical applications.

Within the scope of this project, a specific biosensor was created and its performance
was measured by electrochemical analysis. Silver nanoparticles were synthesized from
hibiscus leaf and green/red pistachio hull using green synthesis. Silver nanoparticles
were doped into the polymer by dropping method during polymerization and following
the cryogel process. Silver nanoparticles and polymer/silver nanoparticle complexes
were characterized by Scanning Electron Microscopy, Transmission Electron
Microscopy, particle size analyzer, Fourier Transform Infrared Spectroscopy,
Inductively Coupled Plasma and UV-Vis spectrophotometer.

The electrochemical behavior of the modified electrodes was investigated by various
electrochemical analyses such as CV, DPV and EIS. In addition, the antibacterial
activity of silver nanoparticles was tested by disk diffusion method on gram-positive,
gram-negative bacteria, yeasts and fungi and the inhibitory sites were recorded.

Two novel biocomposite sensor designs with silver nanoparticles synthesized using
AEMA and HEMA polymer complexes with hibiscus leaf and green/red pistachio hull
were successfully fabricated. Size analysis and TEM images showed that the silver
nanoparticles have coherent, spherical morphology and demonstrated the successful
dispersion of nanoparticle spherules on the polymer surface. FTIR and SEM results
show that the polymer and silver nanoparticles adhere to each other and form a
compact composite structure. The antimicrobial activity of the produced silver
nanoparticles was also investigated by disk diffusion method. Electrochemical
analysis of each composite modified electrode made with different types of silver was
performed. In CV analysis, the increase in current was observed linearly with
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increasing hydrogen peroxide concentration. In addition, the oxidation peak potential
Epa 0.131V - 0.098V and reduction peak potential Epc - 0.042V - (-0.021) were found
for different electrode designs, respectively. The linearity of current responses to
increasing hydrogen peroxide concentration was supported by DPV results. In
impedance analysis, the resistance of different composite structures was examined and
proved to be low. Substances that can interact with a sensor system such as glucose,
dopamine, ascorbic acid, lactic acid were examined and no interference was observed.

As a result of the study, two different modified electrodes were formed from silver
nanoparticles obtained from pistachio body and hibiscus leaf doped with p(AEMA-co-
HEMA) polymer. The dynamic interference range of the p(AEMA-co-
HEMA)PistachioHullAgNP electrode was (10pM-10mM), while the p(AEMA-co-
HEMA)HibiscusLeafAgNP electrode was (80pM-10mM). The detection limit of the
electrode modified with silver nanoparticles from pistachio hull was 1.4uM and 3.9uM
for the other modified electrode, which proved to be a very sensitive sensor capable of
responding to low hydrogen peroxide concentrations. The reproducibility of the sensor
systems was very high and the response time was found to be less than 5 seconds by
chronoamperometric measurements.

Thanks to the non-enzymatic hydrogen peroxide biosensor design, a different sensor
system has been produced with its antimicrobial effective design and production with
high stability, sensitivity, selectivity, fast response time and easy production. In
addition, these biocomposite sensors have great potential to be adapted to industrial
applications.
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GUMUS NANOPARTIKUL KATKILI ANTIMIKROBIYAL
BIiYOKOMPOZIT iLE HIDROJEN PEROKSIT BIYOSENSORU

OZET

Hidrojen peroksit, reaktif oksijen tiirlerinin iiretimi ile insanin bunlar1 yok etme
kapasitesi arasindaki dengesizlik nedeniyle oksidatif strese neden olan bir molekiildiir.
Hidrojen peroksit, hiicresel metabolik aktivitenin bir sonucu olarak {iretilir ve viicutta
belirli bir konsantrasyonun iizerinde yikima neden olur. Oksidatif stres bazen yikimla
es tutulurken, bazen de kanser hiicrelerinin apoptozisini saglayarak olumlu bir etkiye
sahiptir.

Viicut, hidrojen peroksiti suya veya daha az zararli molekiillere doniistiirmeye
yardimci olan siiperoksit dismutaz ve glutatyon peroksidaz gibi antioksidanlar ile
dogal bir savunma mekanizmasi gelistirir. Ancak hiicresel stres ve kronik enflamasyon
gibi olumsuzluklara maruz kalindiginda viicuttaki reaktif oksijen tiirlerinin {iretimi
antioksidan tiretim kapasitesini agar ve oksidatif stres tetiklenir.

Oksidatif stres, kardiyovaskiiler hastaliklar, norodejeneratif bozukluklar, kanser,
yaslanma, depresyon ve uyku bozukluklar1 gibi birgok hastaligin olusumunda ve
ilerlemesinde rol oynamaktadir.

Biyolojik o6rneklerde hidrojen peroksit seviyesinin Olgiilmesi, oksidatif stres
belirteclerinin tespit edilmesi ve oksidatif hasarin boyutunun belirlenmesi,
hastaliklarin erken teshisine olanak tanir ve metabolizma hakkinda 6nemli bilgiler
saglar.

Bu amagla klinisyenler ve bilim insanlari i¢in hidrojen peroksidin belirlenmesi
onemlidir. Oksidatif stresin yonetilmesinde, hiicre ve doku sagliginin korunmasinda
ve ¢esitli hastaliklarin riskinin azaltilmasinda da etkilidir.

Hidrojen peroksit biyosensorleri, hidrojen peroksitin varligini1 ve konsantrasyonunu
belirlemek i¢in tasarlanmis cihazlardir. Hidrojen peroksit tayini gergeklestirmek i¢in
enzimler veya farkli biyobelirtecler kullanilabilir. Hidrojen peroksit belirlenirken,
genellikle hidrojen peroksit ile bir reaktif arasinda kimyasal bir reaksiyon gergeklesir
ve bu da hidrojen peroksit konsantrasyonuna goére degisen Onemli bir sinyalle
sonuglanir.

Biyosensor siiflandirmasinda en ¢ok tercih edilen tiirlerden biri olan enzimatik
olmayan hidrojen peroksit biyosensorleri klinik teshis ve uygulamalarinda hidrojen
peroksit konsantrasyonunu belirlemek ic¢in kullanilmistir. Hidrojen peroksit
molekiillerini dogrudan oksitleyebilen yiiksek katalitik aktiviteye sahip giimiis
nanopartikiilleri ile oksidasyon ve rediiksiyon olay1 hidrojen peroksit konsantrasyonu
ile iliskilendirilebilen bir elektrik sinyali {iretir. Enzimatik olmayan hidrojen peroksit
biyosensorii diger sensor sistemlerine kiyasla daha kararli, daha hassas ve yiiksek
katalitik icerikli giimiis nanopartikiiller sayesinde hidrojene karsi yeterince secici
ozellige sahiptir.
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Bir hidrojen peroksit sensort, bir elektrot ve elektrot {izerine kaplanmais, bir tiire 6zgii
olacak sekilde tasarlanmis bir malzemeden olusur. Hassas ve son derece kararli bir
hidrojen peroksit biyosensorii gelistirmek icin, calisma elektrodunun yiizeyini esit
boyutlu pargaciklarla modifiye etmek dnemlidir. Modifikasyon i¢in genellikle yiiksek
yiizey alanina ve elektrokatalitik aktiviteye sahip nanopartikiiller kullanilir.

Bu calismada, elektrot yiizeyi bir polimer yatagi olusturularak giimiis nanopartikiiller
ile katkilanmistir. Nano boyutlar1 sayesinde giimiis nanopartikiiller sensor yiizey
alanin1 artirarak hidrojen peroksitin redoks reaksiyonunu tetiklemektedir. Glimiis
nanopartikiiller, farkli bitkilerden elde edilen Oziitlerdeki biyomolekiillerin giimiis
nitrat ile indirgenmesini saglayan yesil sentez yolu kullanilarak iiretilmistir. Calismada
benimsenen yesil sentez metotu ile biyomedikal uygulamalara da deginilmistir.
Viicutta toksisite olugturmayan sensor sistemi, tasarimi ve modifikasyonu sayesinde
iriin kullanimi klinik uygulamalar i¢in 6nemlidir.

Bu projenin 6zgiinliigii, polimer sentezinde 2-Aminoetil Metakrilat (AEMA) ve 2-
Hidroksietil Metakrilat (HEMA) monomerlerinden AEMA nin giimiis nanoaprtikiiller
ile kompleks olusturma yetenegi ve HEMA’ nin hifrofilik yapisi, sicaklik gibi
uyaranlara tepki olusturmasi gibi istiin Ozelliklerini kullanarak yesil sentez ile
yesil/kirmizi antep fistigi gévdesi ve hibiskus yapragmindan elde edilen giimiis
nanopartikiillerden sensor kaplama sistemi gelistirilip hassas bir hidrojen peroksit
sensorli olusturmaktir. Bu ¢alismada iiretilen sensoriin, literatiirden daha istiin bir
ol¢lim aralig1 ve algilama limiti ile diisiik hidrojen peroksit konsantrasyonlariin bile
belirlenmesini saglamasi1 amaclanmustir.

Hassas ve yliksek stabilitede bir hidrojen peroksit biyosensoriiniin gelistirilebilmesi
icin ¢alisan elektrot ylizeyinin es boyutlu partikiillerle modifiye edilmesi 6nemlidir.
Bu amagla yiizey alanin artiran ve elektrokatalitik aktviteyi gelistiren nanopartikiiller
kullanilir. Bu amagla calisan elektrot yiizeyinde bir polimer yatak olusturarak giimiis
nanopartikiillerle elektrot ylizeyi katkilandirilmistir. Ayrica nanoboyutlari sayesinde
giimiis nanopartikiiller sensor ylizey alanini artirarak hidrojen peroksitin redoks
tepkimesini tetikler. Sensér modifikasyonu igin segilen giimiis nanopartikiiller
bitkilerin farkli kisimlarindan elde edilen ekstraktlardaki biyomolekiillerin giimiis
nitrat ile indirgenmesiyle olusturuldugundan kullanilan yesil sentez metodu
biyomedikal uygulamalar i¢in faydali olmustur.

Bu proje kapsaminda spesifik bir biyosensér olusturulmus ve elektrokimyasal
analizlerle performansi Ol¢lilmiistiir. Giimiis nanopartikiiller hibiskus yapragi ve
yesil/kirmizi antep fistig1 govdesinden yesil sentez kullanilarak sentezlenmistir.
Glmiis nanopartikiiller, polimerizasyon sirasinda ve kriyojel islemini takiben
damlatma yontemi ile polimere katkilanmistir. Glimilis nanopartikiiller ve
polimer/giimiis nanopartikiil kompleksleri Taramali Elektron Mikroskobu, Gegirimli
Elektron Mikroskobu, partikiill boyutu analizorii, Fourier Doniisiimlii Kizilotesi
Spektroskopisi, Indiiktif Eslesmis Plazma ve UV-Vis spektrofotometresi ile
karakterize edilmistir. Modifiye edilmis elektrotlarin elektrokimyasal davraniglar1 CV,
DPV ve EIS gibi ¢esitli elektrokimyasal analizlerle incelenmistir. Ayrica giimiis
nanoaprtikiillerin antibakteriyel aktivitesi disk diflizyon metodu ile gram-pozitif,
gram-negatif bakteriler, maya ve mantarlar iizerinden test edilmis inhibitor bolgeleri
kaydedilmistir.

Hibiskus yapragi ve yesil/kirmizi fistik govdesi ile AEMA ve HEMA polimer
kompleksleri kullanilarak sentezlenen glimiis nano parcaciklara sahip iki 0zgiin
biyokompozit sensor tasarimi basartyla iiretilmistir. Boyut analizi ve TEM goriintiileri
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giimiis nanopartikiillerin uyumlu, kiiresel morfolojiye sahip oldugunu goéstermis ve
polimer yiizeye nanopartikiil kiireciklerinin bagarilt dagiliminin gostermistir. FTIR ve
SEM sonuglar1, polimer ve glimiis nanopartikiillerin birbirine yapistigini ve kompakt
bir kompozit yap1 olusturdugunu gostermektedir. Uretilen giimiis nanopartikiillerin
antimikrobiyal aktivitesi de disk diflizyon yontemi ile arastirilmistir. Farkli glimis
cesitleri ile yapilan her bir kompozit modifiye elektrodun elektrokimyasal analizleri
gerceklestirilmistir. CV analizlerinde, artan hidrojen peroksit konsantrasyonu ile
akimdaki artis dogrusal olarak gozlemlenmistir. Ayrica, farkli elektrot tasarimlari igin
sirastyla oksidasyon pik potansiyeli Epa 0.131V - 0.098V ve indirgeme pik potansiyeli
Epc - 0.042V - (-0.021) bulunmustur.Artan hidrojen peroksit konsantrasyona kars1
akim yanitlarimin dogrusalligt DPV  sonuclar1 ile desteklenmistir. Empedans
analizlerinde ise farkli kompozit yapilarin direnci incelenerek diisiikk oldugu
kanitlanmigtir. Glikoz, dopamin, askorbik asit, laktik asit gibi bir sensor sistemi ile
etkilesime girebilecek maddeler incelenmis ve herhangi bir girisim gortiilmemistir.

Calisma sonucunda p(AEMA-co-HEMA) polimerine katkilanmig antep fistig1 govdesi
ve hibiskus yapragindan elde edilen giimiis nanopartikiillerden iki farkli modifiye
elektrot olusturulmustur. p(AEMA-co-HEMA) PistachioHullAgNP elektrodunun
dinamik  girisim araligt  (10pM-10mM) bulunurken p(AEMA-co-HEMA)
HibiscusLeafAgNP elektrodunun ise (80pM-10mM) olarak tespit edilmistir.
Antepfistigi govdesinden elde edilen glimiis nanopartikiiller ile modifye edilen
elektrodun tayin limiti 1.4uM ve diger modifiye elektrot i¢in ise 3.9uM gibi diisiik
hidrojen peroksit konsantrasyonuna yanit verebilen ¢ok hassas bir sensor oldugu
kanitlanmigtir. Sensor sistemlerinin tekrarlanabilirligi oldukea yiiksek ve yanit siiresi
ise kronoamperometrik 6l¢iimler sayesinde 5 saniyeden kisa bulunmustur.

Enzimatik olmayan hidrojen peroksit biyosensor tasarimi sayesinde kararliligi,
hassasiyeti, seciciligi yiiksek, hizli yanit siiresi ve kolay iiretim imkanina sahip
antimikrobial etkili tasarimi1 ve {iretimiyle farkli bir sensor sistemi iiretismistir. Buna
ek olarak, bu biyokompozit sensorler sektorel uygulamalara adapte edilebilecek biiyiik
bir potansiyele sahiptir.
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1. INTRODUCTION

Living things naturally produce hydrogen peroxide (H203) as a consequence of many
metabolic activities (S. Neill, Desikan, & Hancock, 2002). Hydrogen Peroxide is
produced by cells in both human and other animals as part of the immune response to
fight infections (Pravda, 2020). Strongly oxidizing in nature, hydrogen peroxide
quickly gives oxygen atoms to other compounds (Shui-Dong Zhang, Zhang, Wang, &
Wang, 2009).

Reactive oxygen species (ROS) including hydrogen peroxide are byproducts of many
cellular metabolic activities (Bayr, 2005). ROS are extremely reactive molecules with
oxygen atoms that are able to take part in a variety of chemical processes (Bayr, 2005).
They are produced in cells as a result of both internal processes like immunological
responses and aerobic respiration as well as external elements like environmental

stresses (Finkel, 2011).

Hydrogen peroxide is a ROS that can have both positive and negative impacts on
biological systems. Hydrogen peroxide is an essential signaling molecule that is
involved in a variety of biological functions at low and moderate concentrations
(Brieger, Schiavone, Miller Jr, & Krause, 2012). Redox signaling is the mechanism by
which cells detect and react to changes in the intracellular redox state (Rhee, 1999). It
takes role in this process. In signaling pathways, hydrogen peroxide functions as a
second messenger to control gene expression, cell proliferation, differentiation, and

immunological responses (S. J. Neill, Desikan, Clarke, Hurst, & Hancock, 2002).

However, oxidative stress can result from high hydrogen peroxide levels. When there
is an imbalance between the formation of ROS, such as hydrogen peroxide, and the
cell’s antioxidant defense mechanisms, oxidative stress results (Rojkind, Dominguez-
Rosales, Nieto, & Greenwel, 2002). Hydrogen peroxide in high concentrations can
damage biomolecules such as lipids, proteins, and DNA through oxidative stress by
overwhelming cellular antioxidant mechanisms (van der Vliet & Janssen-Heininger,

2014).



There are several ways hydrogen peroxide might start oxidative damage. It can directly
interact with and oxidize biomolecules, altering them and preventing them from
operating normally (Krohn, Maier, & Paschke, 2007). It can also take part in the
Fenton and Haber-Weiss processes, where it interacts with transition metal ions like
iron to produce hydroxyl radicals (OH), which are extremely reactive (Krohn et al.,
2007). These hydroxyl radicals have the potential to seriously harm cellular

constituents (van der Vliet & Janssen-Heininger, 2014).

The balance between hydrogen peroxide generation and the antioxidant defense
mechanisms in the cell determines how hydrogen peroxide and other ROS affect the
cell (Rojkind et al., 2002). The body includes built-in defense mechanisms, including
glutathione peroxidase, catalase, and superoxide dismutase, which work to neutralize
and detoxify ROS (Foyer, Lopez-Delgado, Dat, & Scott, 1997). These enzymes change
ROS like hydrogen peroxide into less hazardous byproducts like oxygen and water.

Numerous diseases, such as cancer, diabetes, heart disease, neurological disorders, and
aging-related problems, have been linked to the onset and advancement of oxidative
stress (Moylan & Reid, 2007). Hydrogen peroxide and other ROS can harm cells

through oxidative processes, which can lead to inflammation and disease etiology.

Hydrogen peroxide is a very important intermediate or product in biochemical
reactions, and it has long been known that H>O> has a direct relationship with a number
of biological processes (S. Yao et al.,, 2006). Therefore, hydrogen peroxide
determination is important for safety, environmental monitoring, medical diagnostics,
industrial processes, and scientific research (Abdalla, Jones, Flint, & Patel, 2021;
Giardi, Piletska, Giannoudi, Piletska, & Piletsky, 2006; Meier, M Hofferber, A
Stapleton, & M Iverson, 2019).

Biosensors for hydrogen peroxide are analytical tools used to identify and measure
hydrogen peroxide levels. These biosensors enable the detection and measurement of
H>O, by utilizing biological elements like enzymes or living cells (Rad, Mirabi,
Binaian, & Tayebi, 2011). In most cases, hydrogen peroxide and enzyme interact
enzymatically to produce a signal that can be measured and related to the amount of

H>O> present (Giaretta et al., 2022).

Hydrogen peroxide biosensors come in a variety of forms, including amperometric,

potentiometric, and optical biosensors (Vigneshvar, Sudhakumari, Senthilkumaran, &



Prakash, 2016). The most popular kind of biosensors are amperometric ones, which
gauge an electrical current generated by an electrochemical reaction (T. Ahmad et al.,
2022). In these biosensors, an electrode typically made of a noble metal such as
platinum is covered with an enzyme that catalyzes the reaction between H20O> and a
sample (Ali, Najeeb, Ali, Aslam, & Raza, 2017). The current that results is inversely

proportional to H>O> content a sample.

While enzymatic sensors correlate the reaction between hydrogen peroxide and an
enzyme with concentration and generate a meaningful signal, non-enzymatic sensors
directly address the electrochemical and optical properties of hydrogen peroxide
(Dhara & Mahapatra, 2019). Non-enzymatic hydrogen peroxide sensors use metals
such as gold, silver, and platinum, which have catalytic activity against hydrogen
peroxide (Uzunoglu, Scherbarth, & Stanciu, 2015). These metals make sense of this
by causing hydrogen peroxide to form a redox reaction, producing a current or voltage

against hydrogen peroxide concentration (Miao, Zhang, & Chen, 2014).

Different electrode configurations can be found in non-enzymatic hydrogen peroxide
biosensors, including amperometric, potentiometric, and voltammetric designs (Dhara
& Mabhapatra, 2019). Amperometric biosensors detect current produced during an
electrochemical reaction, while potentiometric biosensors measure potential
difference between a working and a reference electrode (Dhara & Mahapatra, 2019).
Voltammetric biosensors, on the other hand, measure current as a function of applied
voltage and explain the redox behavior of hydrogen peroxide (Purohit, Vernekar,

Shetti, & Chandra, 2020).

The choice between enzymatic and non-enzymatic hydrogen peroxide sensors depends
on particular application requirements, such as sensitivity, selectivity, response time,
stability, and cost considerations (Dhara & Mahapatra, 2019). Both have advantages

and disadvantages.

Enzymatic hydrogen peroxide sensors are highly specific for hydrogen peroxide due
to their enzyme selectivity (Giaretta et al., 2022). They are sensitive to even low
concentrations of hydrogen peroxide. However, with long-term use, their performance
and lifetime decrease due to denaturation of an enzyme (Yu et al., 2022). In addition,
detection time may be delayed because an enzymatic reaction is required (T. Ahmad

et al., 2022). Non-enzymatic hydrogen peroxide sensors offer a wide dynamic range



and fast response time (Jia, Huang, Chen, Tan, & Yao, 2014). In addition, non-
enzymatic sensors can have good stability over time because sensor materials are
designed to withstand harsh conditions and are less susceptible to degradation than
enzymes (Hassan, Vyas, Grieve, & Bartolo, 2021). Depending on a sensor material
used, non-enzymatic sensors can have high sensitivity and selectivity to hydrogen
peroxide (Yu et al., 2022). Materials can be adapted to improve their catalytic or
electrochemical properties for efficient detection (L. Luo et al., 2012). Non-enzymatic
sensors can sometimes provide a more cost-effective solution than enzymatic sensors

because they do not require expensive enzymes (Yu et al., 2022).

Hydrogen peroxide sensors have been developed using silver nanoparticles (AgNPs),
which have been extensively studied. To improve the sensitivity and selectivity of
H>O> sensors in electrochemical applications, AgNPs can be added to electrode
surfaces or used as electrochemical markers (Rad et al., 2011). By providing a large
surface area for effective electrochemical reactions with H2O2, AgNPs replace the
electrode surface (Rad et al., 2011). AgNPs and H>O; can combine to form an
electrochemical reaction that can be monitored to determine H>O:» concentration

(Habibi & Jahanbakhshi, 2014).

The use of natural or plant-derived materials as reducing agents, stabilizers, or both in
the production of silver nanoparticles (AgNPs) is referred to as “green synthesis”
(Srikar, Giri, Pal, Mishra, & Upadhyay, 2016). Compared to conventional chemical
synthesis, these techniques offer a number of advantages, including less hazardous
manufacturing, lower energy consumption, and potentially more sustainable

production (Rafique, Sadaf, Rafique, & Tahir, 2017).

In this study, based on the ability of polymers carrying amine groups to form
complexes with Ag (Z. Wu et al., 2013), a cryogel copolymer was produced using
monomers containing amine functional and hydroxyl functional groups. In the design
of the sensors, to precisely determine hydrogen peroxide first a polymer biocomposite
is produced using green synthesis from different herbal ingredients and doped with
silver nanoparticles. Although similar polymer structured studies have been used in
the literature, the PCAEMA-co-HEMA) system preferred in this study has been used
for hydrogen peroxide determination for the first time and silver nanoparticles have
not added to this structure by green synthesis. In addition, the polymerization

conditions and the basic stabilizer and accelerator system are unique. In the design, we



have focused on the ability of the monomer with amino functional group to form a
complex with silver and the ability to improve the hydrophilicity of the structure with
the other functional group with hydroxyl group. Finally, the biocomposite hydrogen
peroxide sensors are intended to have high sensitivity, wide measurement range, high
antimicrobial activity, high sensitivity to temperature and water stimuli, high

antimicrobial activity, and no reaction to interference in environment.






2. LITERATURE

2.1 Hydrogen Peroxide (H20>)

Chemically, hydrogen peroxide has the formula of H>Oo. It has a slightly bitter taste
and is a light blue liquid that appears colorless in dilute solution. Because of it is a
strong oxidizer, hydrogen peroxide is widely used as a bleach, disinfectant and
antiseptic (Andersen et al., 2006; Campos-Martin, Blanco-Brieva, & Fierro, 2006;
Ortega et al., 2020). It is also naturally formed in body as a by product of cellular
metabolism and is involved in a number of physiological functions, including
signaling pathways and immunological responses (S. J. Neill et al., 2002; Wittmann et

al., 2012).

HO—OH

Figure 2.1 : Hydrogen peroxide molecular structure and geometry.

Hydrogen peroxide is a relatively unstable compound, meaning it can easily
decompose into water and oxygen gas (Abdollahi & Hosseini, 2014; Pedziwiatr,
2018). Heat, light and certain catalysts accelerate this decomposition process (Lin &
Gurol, 1998; Qiu, Tang, Bao, & Zhao, 2021). Hydrogen peroxide has a pH that is
usually between 4.5 and 6.5, which makes it somewhat acidic. This makes it
potentially irritating to skin and eyes and corrosive to some materials (Omidbakhsh &

Sattar, 20006).

2.1.1 Hydrogen peroxide and oxidative stress

Reactive oxygen species (ROS) are highly reactive molecules containing oxygen and
include free radicals such as superoxide (O:) and hydroxyl radicals (OH") and

nonradicals such as hydrogen peroxide (H20>) and singlet oxygen (10z) (Bayr, 2005;



Thannickal & Fanburg, 2000). Free radicals include superoxides (O2") and hydroxyl
radicals (OH") (Bayr, 2005; Thannickal & Fanburg, 2000). Reactive oxygen species
(ROS) such as hydrogen peroxide are naturally produced by body and are involved in
many physiological processes (Seifried, Anderson, Fisher, & Milner, 2007). However,
high levels of hydrogen peroxide can cause oxidative stress, a condition characterized
by an imbalance between the body's ability to detoxify ROS and the rate at which it is
produced (Hossain et al., 2015; E. A. Veal, Day, & Morgan, 2007). This can lead to

cellular damage and promote the onset of a number of diseases (E. Veal & Day, 2011).

Many neurological diseases such as Alzheimer's disease, Parkinson's disease, and
multiple sclerosis are associated with oxidative stress and its development
(Abdanipour, Tiraihi, Noori-Zadeh, Majdi, & Gosaili, 2014; Jiang et al., 2017).
Oxidative damage to nerve cells caused by hydrogen peroxide leads to inflammation,
death of nerve cells and degradation of cognitive abilities (L. Chen, Na, & Ran, 2014;
Pravalika et al., 2018; Shang, Miao, Cheng, & Qi, 2006). Many cardiovascular
diseases such as atherosclerosis, hypertension, and ischemia are associated with
oxidative stress (Li et al., 2012; Shimokawa & Godo, 2020). By damaging the
endothelial cells that line blood vessels, hydrogen peroxide can contribute to the
development of these diseases by causing inflammation (Breton-Romero & Lamas,

2014; Cai, 2005).

Depending on the concentration and duration of exposure, hydrogen peroxide may
have a tumor-promoting or tumor-inhibiting effect (Shih et al., 2005; Vilema-
Enriquez, Arroyo, Grijalva, Amador-Zafra, & Camacho, 2016). Although hydrogen
peroxide in high amounts can induce apoptosis and limit tumor development, in low
concentrations it can also promote cell proliferation and tumor growth (Baigi et al.,
2008; Matés & Sanchez-Jiménez, 2000). However, excessive formation of hydrogen
peroxide can lead to oxidative stress, which can damage DNA and promote mutations,
which in turn can promote cancer growth (Imlay, Chin, & Linn, 1988; Lennicke, Rahn,
Lichtenfels, Wessjohann, & Seliger, 2015). Because it can damage cellular structures
and accelerate the onset of age-related disorders, oxidative stress is associated with
aging (Wood et al., 2006). One ROS hypothesis for accelerating aging process is
hydrogen peroxide, which destroys cellular DNA and proteins and causes cellular

dysfunction (Giorgio, Trinei, Migliaccio, & Pelicci, 2007).



2.1.2 Detection and importance of hydrogen peroxide

Hydrogen peroxide can be sensed in many ways. Examples of these methods include
chromatographic, fluorescence-based, chemiluminescence-based, electrochemical,
and titration methods (Kim, Lee, & Kopelman, 2013; Meier et al., 2019; V. Patel,
Kruse, & Selvaganapathy, 2020; Xing, Zhang, Fu, & Hao, 2022).

Colorimetric method can be used to detect hydrogen peroxide by changing the color
of a substrate or indicator molecule in response to its presence (Z.-S. Wu et al., 2007).
A sensitive determination of hydrogen peroxide was achieved by the mimetically
designed calorimetric method, in which Prussian blue nanoparticles behave like

proxidase against hydrogen peroxide oxidation (W. Zhang, Ma, & Du, 2014).

Hydrogen peroxide can also be detected by fluorescence based techniques, which
depend on the ability of the fluorescent molecule to glow more or less in the presence
of hydrogen peroxide (Meier et al., 2019; Zhou et al., 2021). One study reported that
gold nanoclusters coated with bovine serum albumin emitted red fluorescence, causing

degradation of hydrogen peroxide (Chang & Ho, 2015).

Electrochemical methods such as amperometry or voltammetry can be used to detect
hydrogen peroxide by measuring the current or potential produced by the
electrochemical reaction of hydrogen peroxide at an electrode (V. Patel et al., 2020).
An electrochemical hydrogen peroxide sensor based on immobilization of enzyme
horseradish peroxidase was recorded on a colloidal gold-treated carbon paste electrode

(S.-Q. Liu & Ju, 2002).

Chemiluminescence-based techniques, which rely on the emission of light in response
to the oxidation of a chemiluminescent substrate by hydrogen peroxide, can also be
used to detect hydrogen peroxide (Meier et al., 2019). There is a sensor application
based on the principle that the enzyme horseradish peroxidase, immobilized by the sol-
gel method, catalyzes the oxidation of luminol with hydrogen peroxide and generates

chemiluminescence (Diaz, Peinado, & Minguez, 1998).

2.2 Electrochemical Techniques

Electrochemistry is based on the charge interaction in liquid/solid interfaces and
studies the conversion of the chemical energy of matter into electrical energy as a result

of this interaction (Browne, 2018; O’Mullane, 2013). Michael Faraday clarified



concepts such as anode, cathode, electrode, electrolyte, ion, which are the cornerstones
of electrochemistry (Ciobanu, Wilburn, Krim, & Cliffel, 2007). The anode side is
oxidation zone and the cathode side is reduction zone, and the potential difference
between an electrode and an analyte due to ion concentration can be attributed to the

Volta cell, that is, to Alessandro Volta (McEvoy, 2013).

The field of study of electrochemistry is quite wide as it allows high sensitivity and is
chemically specific. By expanding metals, polymers, and semiconductors,
electrochemistry contributes significantly to a number of domains, including energy
conversion, analytical and biochemistry (Bard, Stratmann, & Schéfer, 2004). Since
electrochemistry allows minimalism, speed, sensitivity and selectivity, it is generally
used in health, especially in biosensors, drug delivery and microfluidics (Banks,

Killard, & Venton, 2019; Rackus, Shamsi, & Wheeler, 2015).

Electrochemical processes usually consist of a cell system containing three electrodes.
Here, the triple electrode system consists of a working electrode (WE), a reference
electrode (RE) and a counter electrode (CE) (Wongkaew, Kirschbaum, Surareungchai,
Durst, & Baeumner, 2012) . Working electrode or a modified electrode is where the
redox reactions occur (Periasamy et al., 2023). The potentiostat regulates a counter
electrode, which receives all current to balance it on the working electrode (Mabbott,
1983). The reference electrode's job is to give the potentiostat feedback on the potential
of the working electrode (Rackus et al., 2015).

Due to their benefits including low cost, quick reaction, low limit, and high sensitivity,
electrochemical techniques are widely studied in biomedical and environmental
applications, as well as in pharmaceutical and semiconductor sectors (Farghaly,

Hameed, & Abu-Nawwas, 2014).

Depending on the analytical concentration in a medium, electrochemical systems
produce meaningful responses such as current, potential, and electrical charge (J Wang

& Schultze, 1996; Y. Wang, Xu, Zhang, & Li, 2008).

Electroanalytical techniques are divided into two basic groups as interfacial and bulk

(Gill & Furst, 2022). Figure 2.2 shows the classification of electrochemical techniques.
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Figure 2.2 : Classification of Electrochemical Techniques (Abedul, 2020; Harvey,
2000).

2.2.1 Voltammetry and the working electrode that used voltammetry

A solution containing an analyte of interest is subjected to an electrical potential using
an electroanalytical technique known as voltammetry, in which current is meausered
as a response (Batchelor-McAuley et al., 2015). The method is frequently employed
to examine the electrochemical behavior of different chemicals including their redox

potentials, stability, and reactivity (Bard & Faulkner, 2001).

Voltammetry can take on a variety of forms. But in general, linear scanning and cyclic
voltammetry are two techniques that make it possible to analyze an analyte in a

straightforward and qualitative manner (Compton & Banks, 2018).

In addition to these, differential pulse voltammetry (DPV) is a voltammetric technique

that measures current produced by the working electrode after a series of voltage
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pulses are applied to it (Crespi, 2020). Monitoring linear responses to the concentration

of trace analytes requires the use of DPV in particular (Martin-Yerga, 2019).

Different from other types of voltammetry, square wave voltammetry (SWV) involves
applying a square wave voltage to the working electrode and measuring the resulting
current (Mirceski et al., 2013). Analytes with quick redox kinetics can be found using

SWYV (Mirceski et al., 2013).

Another method is called chronoamperometry (CA), involves applying a constant
voltage to the working electrode and measuring the current that results as a function
of time (Streeter & Compton, 2008). CA is particularly helpful for calculating reaction
and diffusion rates (Britz & Strutwolf, 2015; Kissinger, 1974).

The detection of trace metals or other electroactive compounds in solution can be done
using a variety of methods called stripping voltammetry (Achterberg & Braungardt,
1999). Cathodic and anodic stripping voltammetry are two subfields of stripping
voltammetry (CSV) (Brett, Brett, & Tugulea, 1996; van den Berg, 1991; Joseph Wang,
1982).

Depending on the individual application and the electrochemical system being studied,
several working electrodes can be employed in voltammetric procedures (Mabbott,
1983). Glassy carbon electrodes, platinum electrodes, gold electrodes, carbon
nanotube electrodes, and carbon paste electrodes are a few examples of working

electrodes that are often used in voltammetry (Brycht et al., 2021; Kounaves, 1997).

Platinum electrodes are widely used for electrochemical applications due to their high
corrosion resistance and stability (Kodera, Kuwahara, Nakazawa, & Umeda, 2007).
They are used in a variety of processes, including electrochemical sensing, oxygen and
hydrogen evolution (de Oliveira, de Souza Carvalho, Brazaca, Vieira, & Janegitz,

2020; Hall, Khudaish, & Hart, 1998).

The large surface area, low background current, and wide potential range of glassy
carbon electrodes make them another common electrode material in electrochemistry
(Dekanski, Stevanovi¢, Stevanovié, Nikoli¢, & Jovanovi¢, 2001; Zittel & Miller,
1965). They are used for energy storage, electrocatalysis and electrochemical sensing,

among other applications (Abdel-Aziz, Hassan, & Badr, 2022).

The high sensitivity and biocompatibility of gold electrodes make them a popular

choice for electrochemical sensing (Zamani, Klapperich, & Furst, 2023). They are
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used in a variety of procedures, including the detection of DNA, the measurement of
neurotransmitters, and the measurement of glucose (R. Ahmad, Khan, Tripathy, Khan,
& Khosla, 2020; Atta, Galal, EI-Ads, & Galal, 2020; N. Zhu, Zhang, Wang, He, &
Fang, 2004).

Due to their high sensitivity and fast response time, carbon nanotube electrodes, a
relatively new type of electrode material, have gained importance in recent years
(Trojanowicz, 2006). They are used in a variety of processes, including
electrocatalysis, energy storage, and biosensing (Rivas et al., 2007; Q. Zhang, Huang,

Qian, Zhang, & Wei, 2013).

Nickel electrodes are widely used in electrochemical processes because of their low
cost and ease of manufacture (Feng, Zhu, Ding, & Ni, 2014). They can be used for
electroplating, electrochemical sensing, and electrocatalysis (Kibria & Mridha, 1996;

C. Wang et al., 2008; Xuan et al., 2020).

Carbon electrodes are frequently used in electrochemistry due to their affordability,
accessibility, and versatility (Uslu & Ozkan, 2007). They are used for various
applications such as electrochemical sensors and biosensors, electrocatalysis and

energy storage (W. Yang et al., 2010; L. L. Zhang & Zhao, 2009).

Cyclic voltammetry (CV) is an electrochemical technique that has been widely used
to investigate the redox behavior of materials and solutions (Kissinger & Heineman,
1983). A popular electrochemical method for analyzing the redox behavior of
materials and solutions is cyclic voltammetry (CV) (Kissinger & Heineman, 1983;
Mabbott, 1983). An electrode in a solution is exposed to a potential, and when the
potential is linearly swept over a range, the current flowing through the system is
measured (Huang et al., 2019). In the domains of electrochemistry, materials science,

and other disciplines, it is a flexible and widely applied technology (Chooto, 2019).

In cyclic voltammetry, a potential is applied to a working electrode in a solution
containing the material of interest (Rusling & Suib, 1994). The current flowing through
the system is measured as a function of the potential, which is linearly swept through
a range. Both positive and negative potential sweeps are possible, as well as anodic
(oxidation) and cathodic (reduction) currents (Evans, O’Connell, Petersen, & Kelly,

1983; Kissinger & Heineman, 1983).
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Figure 2.3 : Typical cyclic voltammogram in which ipc and ipa indicate respectively
the peak cathodic and anodic current for a reversible reaction (Azam & Mupit, 2022).

The image shows the current (y-axis) as a function of the potential (x-axis), as the
potential is swept back and forth between two fixed limits. The redox peaks indicate
the oxidation and reduction of the electroactive species at the electrode surface
(Mabbott, 1983). The shape of the peaks provides information on the electrochemical
behavior of the system, such as the redox potential and the electron transfer kinetics

(Mabbott, 1983; Van Benschoten, Lewis, Heineman, Roston, & Kissinger, 1983).
The cyclic voltammetry expression can be represented by the following equation:
i=nFACv

where:

i1s the current (A)

n is the number of electrons involved in the redox reaction

F is the Faraday constant (96.485 C/mol)

A is the surface area of the electrode (cm?)

C is the concentration of the electroactive species (mol/cm?)

v is the scan rate (V/s)

According to the equation, the current (i) is inversely correlated with the number of
electrons involved in the redox reaction (n), the Faraday constant (F), the electrode’s

surface area (A), the concentration of electroactive species (C), and the scan rate (v).

A voltammogram is the resulting plot of current versus potential (Kissinger &
Heineman, 1983). The voltammogram gives details on the material’s electrochemical

characteristics, including its redox potential, electron transfer kinetics, and
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concentration of electroactive species (Mabbott, 1983). The voltammogram can also
be used to assess the material’s electrochemical stability and look into how
temperature, pH, and other variables affect its electrochemical behavior (Cannes,

Kanoufi, & Bard, 2002; Dewald et al., 2019).

A cyclic voltammogram is produced when the voltage is repeatedly moved between
two defined limits in a standard CV experiment (Kissinger & Heineman, 1983). The
experiment’s cyclical design enables the detection of both reversible and irreversible
redox processes as well as the determination of the electroactive species’ diffusion

coefficient (Rusling & Suib, 1994).

Different electrode materials, including as metals, carbon, and conducting polymers,
can be used for cyclic voltammetry (Leonat, Sbarcea, & Branzoi, 2013). The method
can be used to explore a variety of electrochemical systems because it works with a

variety of electrolytes and solvents (Balducci et al., 2007).

Cyclic voltammetry has many applications in the study of electrochemical systems in
electrochemistry, materials science, and other disciplines. The method is widely used
in both academic and industrial research and, because of its adaptability and simplicity,
is often used to study the redox behavior and electrochemical properties of materials

(Rusling & Suib, 1994).

2.2.2 Amperometry

An electrochemical method called amperometry is used to quantify current as a
function of time at a fixed applied voltage (Amine & Mohammadi, 2018). It is
frequently used to monitor chemical processes, analyze electroactive species
quantitatively, and research enzyme kinetics (Clarke, Jandik, Rocklin, Liu, &

Avdalovic, 1999; L. Yang & Kissinger, 1996; Y. Yang & Mu, 2005) .

In amperometry, a stationary potential is applied to an electrode, called a working
electrode, submerged in a solution containing the substance to be analysed (X. Liu,
Shi, Niu, Li, & Xu, 2008). An amperometric sensor, or electrometer, measures the
current generated while the analyte undergoes an electrochemical reaction at the
electrode surface (Amine & Mohammadi, 2018). The concentration of the analyte
correlates directly with the magnitude of the current (Borgmann, Schulte, Neugebauer,

& Schuhmann, 2011).
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Amperometry can be performed in any of the following modes:

Fixed potential amperometry: the working electrode is given a constant potential and
the resulting current is monitored over time (Cao, Buttner, & Stetter, 1992). This mode
is suitable for measuring a specific analyte concentration or tracking steady-state

processes (Hering, Sunda, Ferguson, & Morel, 1987).

Chronoamperometry: the working electrode is applied to a fixed voltage for a specified
time, and the resulting current is then measured (Streeter & Compton, 2008). This
mode is useful for studying reaction kinetics, understanding electrode mechanisms, or
searching for organisms with short half-lives (Nunez-Bajo, Blanco-Lopez, Costa-
Garcia, & Fernandez-Abedul, 2017; Rodriguez-Macid, Birrell, Lubitz, & Riidiger,
2017).

Whereas chronoamperometry applies a potential for a specified time and records the
transient current response during that period, fixed-potential amperometry applies a
constant potential and tracks the resulting current over time (Cao et al., 1992; Streeter
& Compton, 2008). This method is based on the sudden change of the working
electrode potential immersed in a solution and the observation of the current-time
relationship in a still medium (Erogul, 2015). At a potential beyond the peak potential
of CV, the E potential is selected. The potential is held constant at E. The variation of

the current in this potential with time is observed (Erogul, 2015).

While chronoamperometry is used to study transient processes, reaction kinetics, and
electrode behavior, fixed potential amperometry is best suited for steady-state
observations and analyte quantification (Raeisi-Kheirabadi, Nezamzadeh-Ejhieh, &

Aghaei, 2021).

Differential pulse amperometry involves applying a potential pulse to the working
electrode, waiting for a moment, and then measuring the current (Crespi, 2020). This
mode allows elimination of background currents and identification of low

concentrations (Adhoum, Monser, Toumi, & Boujlel, 2003).

2.3 Electrochemical Sensors

Electrochemical sensors are instruments that use electrochemical principles to identify
and measure chemical or biological analytes in a sample (Guth, Vonau, & Zosel,

2009). They are used for many different purposes, including environmental
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monitoring, medical care, ensuring food safety, and controlling industrial processes
(Guth et al., 2009; Privett, Shin, & Schoenfisch, 2010). Electrochemical sensors offer
numerous advantages, including their high sensitivity, fast response times, and real-
time monitoring capabilities (Privett, Shin, & Schoenfisch, 2008). Some common

electrochemical sensor types are listed below:

Potentiometric sensors measure the potential difference in an electrochemical cell
between two electrodes (Isildak & Ozbek, 2021). They are frequently used for gas
sensors, ion-selective electrodes, and pH measurements (Bratov, Abramova, & Ipatov,
2010). Ion-selective electrodes (ISEs) are a type of potentiometric sensor that

selectively detects specific ions in a sample (Isildak & Ozbek, 2021).

Amperometric sensors measure the current generated by an electrochemical reaction
occurr at the working electrode (Amine & Mohammadi, 2018). They are commonly
used to detect redox-active analytes or electroactive compounds (L. Yang & Kissinger,
1996). Glucose biosensors, for example, quantify the amount of glucose in blood or

other biological materials by amperometric measurement (Yoo & Lee, 2010).

Conductometric sensors track how the presence of analytes changes the electrical
conductivity of a solution (Jaffrezic-Renault & Dzyadevych, 2008). They are
commonly used for volatile organic compound (VOC) detection, environmental
monitoring, and gas sensing (P. Kumar, Kim, Mehta, Ge, & Lisak, 2019). When
analytes interact with a sensor material or change ion concentration in a solution, the

conductivity of the solution changes (Jaffrezic-Renault & Dzyadevych, 2008).

Impedimetric sensors measure the electrical impedance of an electrochemical system
(Uygun & Uygun, 2014). They function by detecting changes in impedance caused by
the interaction of the analyte with the sensor surface (Uygun & Uygun, 2014).
Applications for impedimetric sensors include biosensing, immunoassays, and

biomolecule detection (Suni, 2008).

Voltammetric sensors use the connection between current and potential to identify and
measure analytes (Batchelor-McAuley et al., 2015). They measure the current
generated by sweeping in the potential applied to the working electrode (Sinha, Jain,
Zhao, Karolia, & Jadon, 2018). Voltammetric techniques such as differential pulse
voltammetry and cyclic voltammetry are commonly used in electrochemical analysis

and sensor design (Chillawar, Tadi, & Motghare, 2015).
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Biosensors combine the transducing capabilities of electrochemical sensors with the
selectivity of biological elements (such as enzymes, antibodies, or DNA) (Ziegler &
Gopel, 1998). They are intended to identify and measure particular biological analytes,
such as infections, cholesterol, or glucose (Boyd & Kamat, 2021; Curulli, 2021).
Applications for biosensors include food safety, environmental monitoring, and

medical diagnostics (Curulli, 2021).

2.3.1 Biosensors

Biosensors are devices that combine biological components with transducers to detect
and quantify specific biological analytes (Ziegler & Gopel, 1998). They are used to
quantify a variety of properties in biological samples, including the presence and
concentration of particular chemicals, ions, pathogens, or even complete cells (Lowe,

1984).

A biosensor includes some basic components. The target analyte interacts with the
biological recognition element that produces a quantifiable signal. This may be a cell
receptor, DNA, enzyme, antibody, or other biomolecule with special binding
properties (Ziegler & Gopel, 1998). The transducer converts the biochemical signal
from the biological detection element into a quantifiable signal (Ronkainen, Halsall,
& Heineman, 2010). The device can be thermal, electrochemical, piezoelectric, or
optical (Turner, 2013). The type of analyte and the desired sensitivity and specificity
influence the selection of transducer (Ronkainen et al., 2010). To gather usable
information, the signal processor amplifies, filters, and tests the signal from the
transducer (Karunakaran, Rajkumar, & Bhargava, 2015). It may include software

algorithms, data acquisition systems, and electronic circuitry (K. Zhang et al., 2021).

Biosensors employ different working principles depending on the type of transducer
used. Few common types are electrochemical, optical, piezoelectric and thermal
biosensors.

2.3.2 Characteristics of an ideal electrochemical biosensor

An ideal electrochemical sensor should have the following characteristics:

Selectivity: To accurately detect and measure specific chemicals in the presence of

potential interferents, the sensor must have high selectivity to target analyte (Bahadir
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& Sezgintiirk, 2016). Selectivity can be achieved by using the correct detection

elements or by specific redox reactions (Zhan et al., 2014).

Sensitivity: The sensor must be very sensitive so that it can detect even small amounts
of target analyte (Yéanez-Sedeno, Pingarrén, Riu, & Rius, 2010). With this sensitivity,
precise quantification and identification is possible even with trace amounts (Curulli,

2021).

Wide dynamic range: This refers to the ability of the sensor to accurately measure a
wide range of analyte concentrations (Akl, 2022). This feature is critical because it
makes the sensor adaptable and useful for a range of concentrations (C. Zhu, Yang, Li,

Du, & Lin, 2015).

Fast response time: The sensor should have a fast response time and provide
measurements in real time or very close to real time (Govindhan, Adhikari, & Chen,
2014). For applications that require rapid detection or monitoring of analyte

concentrations, this feature is essential (Y. Liu et al., 2022).

Stability and Longevity: The sensor must have high stability and longevity, i.e., it
must function over a long period of time (Deore et al., 2023). It should respond with
low drift over time and be immune to external variables such as humidity and
temperature (Buttner, Post, Burgess, & Rivkin, 2011; Garcia-Garcia, Salazar, Yubero,

& Gonzalez-Elipe, 2016).

Low Detection Limit: The sensor’ s low detection limit should allow it to detect even
very small amounts of the target analyte (Curulli, 2021). When it comes to applications
where trace-level detection is required, this property is particularly crucial (Kimmel,

LeBlanc, Meschievitz, & Cliffel, 2012).

Cost-effectiveness: Sensor should be economical in its design, construction and use
(Cirocka, Zarzeczanska, & Wocisto, 2021). This characteristic allows sensor

technology to be widely used and accessible.

Miniaturization and Portability: Sensor should have the capacity to be portable and
small, making it simple to integrate into a variety of systems and devices (Karimi-
Maleh, Karimi, Alizadeh, & Sanati, 2020). This feature makes the sensor more useful

by allowing on-site or in-field measurements (Joseph Wang, 2002b).
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Compatibility: The sensor needs to work with a variety of sample matrices, such as
liquid samples, gases, or complicated biological matrices (Joseph Wang, 2002a). It
need to be able to deliver precise readings in a range of sample setups with minimal

interference (Windmiller & Wang, 2013).

Ease of Use: The sensor should be simple to use, require little calibration, and require
little maintenance (Curulli, 2021; Nejadmansouri, Majdinasab, Nunes, & Marty,
2021). This trait makes it easier to deploy and encourages wider adoption in various

contexts.

While achieving all of these qualities at once is difficult, advances in sensor technology
strive to optimize these variables to create electrochemical sensors that perform better

for particular applications.

2.4 Nanomaterials and Silver Nanoparticle Synthesis

Nanomaterials are substances that have at least one dimension on the nanoscale (1-100
nm) and differ in their physical, chemical and biological properties from their bulk
counterparts (Peralta-Videa et al., 2011; Q. Wu, Miao, Zhang, Gao, & Hui, 2020).
Nanomaterials, due to their large surface-to-volume ratio, size, and surface energy,
offer excellent prospects for a range of applications in various fields, including
electronics, catalysis, energy, medicine, and environmental remediation (Asha &
Narain, 2020; Gao & Xu, 2009; Khin, Nair, Babu, Murugan, & Ramakrishna, 2012;
B. Luo, Liu, & Zhi, 2012).

Nanomaterials come in a variety of forms, including graphene, nanoparticles,
nanotubes, nanowires, and fibers (Amarnath, Nanda, Papaefthymiou, Yi, & Paik,
2013; Samaddar, Ok, Kim, Kwon, & Tsang, 2018). Physical, chemical, and biological
techniques, as well as top-down and bottom-up strategies, can be used to create these
materials (Abid et al., 2022; Tulinski & Jurczyk, 2017). Bulky materials are broken
down using physical methods like milling, lithography, or laser ablation (Nentwich,
2011). On the other hand, chemical approaches entail creating nanomaterials from
molecular precursors utilizing a variety of methods such sol-gel, hydrothermal, or
chemical vapor deposition (Faramarzi & Sadighi, 2013; Lines, 2008).
Biomineralization, biosynthesis, or biofabrication are three processes that biological

systems utilize to create nanomaterials (Y. Chen et al., 2019; Roy et al., 2023).
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Nanomaterials are attractive prospects for a wide range of applications because of their
distinctive characteristics. Nanoparticles have been employed, for instance, as
catalysts for chemical reactions, drug delivery systems, contrast agents for medical
imaging, and as parts of electrical circuits (Farokhzad & Langer, 2009; Findik, 2021;
Lines, 2008). Both graphene and carbon nanotubes have showed promise for
application in transparent conductive films, sensors, and energy storage devices.
Carbon nanotubes have also been studied for their potential as lightweight, high-
strength materials in the aerospace and automotive industries (Kausar, Rafique, &

Muhammad, 2017; Kinloch, Suhr, Lou, Young, & Ajayan, 2018).

The potential negative effects of nanomaterials on the environment and human health
have also drawn attention. Nanomaterials may be more reactive and potentially
toxicant due to their small size and large surface area, generating concerns regarding
their safety and regulation (Ajdary et al., 2018). The potential dangers of
nanomaterials, including their capacity to cross biological barriers, their capacity to
trigger oxidative stress and inflammation, and their influence on ecological systems,

have been the subject of numerous research (H. Zhu, Han, Xiao, & Jin, 2008).

The size of silver nanoparticles (AgNPs), which typically range from 1 to 100
nanometers, is extremely small (Afkhami, Forghan, Gutmann, & Kishen, 2023). Their
special optical, electrical, and catalytic capabilities make them advantageous in a
variety of applications, including electronics, biological imaging, drug delivery, and
antimicrobial agent (Goel, Sharma, & Sharma, 2023). The size, shape and surface
chemistry of silver nanoparticles, which can be altered during their manufacture,
determine their properties (R. R. Patel, Singh, & Singh, 2023). Chemical reduction,
physical procedures, and biological methods can all be used to create silver

nanoparticles (Sudarman, Shiddiq, Armynah, & Tahir, 2023).

One of the most popular processes for synthesizing silver nanoparticles is chemical
reduction (Sudarman et al., 2023). In this method, a reducing agent is used to reduce
the silver ions into silver atoms, which then bind together to form nanoparticles
(Ahmed et al., 2023). The reducing chemicals employed in this approach include
sodium borohydride, hydrazine, and citric acid (Ahmed et al., 2023; Habib, Kishwar,
Raza, & Abid, 2023). This method involves reducing silver ions to silver atoms, which

subsequently aggregate to create nanoparticles.
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While chemical reduction is one of the most common methods used to synthesize
nanosilver particles, it has a few drawbacks (Jamkhande, Ghule, Bamer, & Kalaskar,
2019). Chemical reduction generally involves the use of toxic chemicals such as
sodium borohydride or hydrazine, which can have adverse effects on the environment
if not handled correctly (Ahmed et al., 2023). Chemical reduction can produce
nanoparticles that are prone to aggregate, resulting in the creation of larger particles,
which can cause them to lose their distinctive features and become less valuable in
various applications (Iravani, Korbekandi, Mirmohammadi, & Zolfaghari, 2014).
Stabilizers and other compounds used in the synthesis process can contaminate
nanoparticles created by chemical reduction, affecting their characteristics and
decreasing their utility in certain applications (Nayak, Goveas, Kumar, Selvaraj, &

Vinayagam, 2022).

Overall, while chemical reduction is a widely used method of synthesizing silver
nanoparticles, it has certain drawbacks that need to be taken into account. These
drawbacks can affect the quality, coherence and cost-effectiveness of synthesised
nanoparticles. Alternative methods, such as biological synthesis and physical methods,

may be more appropriate for specific applications.

Silver nanoparticles can be created physically by processes like laser ablation, high-
energy ball milling, and electron beam lithography (Sung et al., 2008; Xu et al., 2020).
These processes convert silver ions into silver atoms and produce nanoparticles by

physical mechanisms.

The scalability of physical techniques like laser ablation, high-energy ball milling, and
electron beam lithography is often constrained (Kaabipour & Hemmati, 2021). Their
usefulness in industrial applications may be constrained because they are frequently
not suitable for producing large quantities of nanoparticles (Iravani et al., 2014). The
cost of synthesising nanoparticles using physical methods can increase since they
sometimes call for specialized and expensive equipment (Borase et al., 2014). Physical
processes can also create nanoparticles in a variety of sizes and forms, although it can

be challenging to accurately regulate these attributes (Evanoff Jr & Chumanov, 2005).

In biological processes, biological organisms including bacteria, fungi, and plants are
used to create silver nanoparticles (Saxena, Tripathi, & Singh, 2010). In this process,

silver ions are converted to silver atoms by biological agents, which then collect to
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form nanoparticles. Due to their eco-friendliness, these techniques have been receiving

more and more attention in recent years (Gandhi & Khan, 2016).

Green synthesis of silver nanoparticles involves the use of environmentally friendly
and sustainable biological methods to synthesize nanoparticles, typically using plant
extracts, microorganisms, or other natural materials as reducing and stabilizing agents
(Rafique et al., 2017). This approach has gained increasing attention in recent years
due to its potential to produce nanoparticles that are biocompatible, non-toxic, and
cost-effective. Plant extracts like green tea, neem, and ginger, microorganisms like
bacteria and fungi, and natural polymers like chitosan and starch are a few examples
of natural ingredients employed in the green production of silver nanoparticles
(Nangare & Patil, 2020; Nazeruddin et al., 2014; Souza, Pires, Rodrigues, Coelhoso,
& Fernando, 2020).

The antibacterial properties of silver nanoparticles have been the subject of much
research. They are intriguing candidates for application in wound dressings, medical
devices, and personal care products since they have been found to demonstrate broad-
spectrum antibacterial activity against different bacteria, viruses, and fungi (Tang &

Zheng, 2018).

Additionally, silver nanoparticles have been researched for their potential role in the
treatment of cancer (Yesilot & Aydin, 2019). According to studies, silver nanoparticles
have the ability to target only cancer cells and cause those cells to die through a variety
of processes, such as oxidative stress, DNA damage, and apoptosis (Jeyaraj et al.,

2013).

2.5 Conductive Polymers

A group of organic compounds known as conductive polymers display electrical
conductivity similar to that of metals while retaining the characteristics of plastics or
polymers (Nambiar & Yeow, 2011). In electronics, sensors, batteries, and other fields
of technology, they are often referred to as intrinsically conducting polymers (ICPs),

and they have a wide range of uses (Radzuan, Sulong, & Sahari, 2017).

Monomers that replicate and are bound by covalent bonds are conducting polymers
(Grancari¢ et al., 2018). The conjugated double bonds present in these monomers can

enable electrons to pass along the polymer chain (Tomczykowa & Plonska-
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Brzezinska, 2019). The degree of conjugation and the amount of doping in the polymer
determine its electrical conductivity (Gochnauer & Gilani, 2018). Doping is the
process of introducing molecules or ions known as dopants into a polymer to increase

the number of charge carriers and improve conductivity (Gochnauer & Gilani, 2018).

Conducive polymers include benefits like flexibility, light weight, and processing
simplicity (Ates, Karazehir, & Sezai Sarac, 2012). They offer a high degree of
chemical and structural diversity, and they are also easily and cheaply produced (Ates

et al., 2012; Lakard, 2020).

The conductive polymers polyaniline, polythiophene, and polypyrrole are a few
examples (Lakard, 2020). These polymers have been used in a variety of devices,
including organic solar cells, organic light-emitting diodes (OLEDs), and
electrochromic devices, as well as sensors, batteries, and actuators (Grancari¢ et al.,

2018; D. Kumar & Sharma, 1998).

In materials science and electronics, conducting polymers represent a potential area of
research and development. They have particular qualities and potential uses in a
variety of technologies, and further development could bring about new developments

in electronics and other fields.

Table 2.1 presents a summary of important polymer-based and silver nanoparticle

doped studies in the literature.
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Table 2.1 : Comparison of some studies on the determination of hydrogen peroxide in the literature.

Modified

Potential

Dynamic Measurement

Limit of Detection

Sensitivity Response

Electrode \% g Range (mM) (M) (LA mM™' cm?) Time Interferences Reference
AgNPs/3DG -0.65 0.03 - 16.21 14.9 1.094 - Glucose, Urea, AA (Zhan et al., 2014)
AgNPs-rGO-PANI/GCE -0.4 7.0 0.01-1 0.05 14.7 Ss Glucose, AA, DA, UA (V. Kumar et al., 2018)
AgNPs/CS/GE -0.3 7.0 - 6.6 115.2 - - (Dodevska et al., 2019)
AgNPs/N-G/GCE 0.3 6.5 0.1-126 1.2 4.46 >2s Glucose, CA, UA, DA (Tian, Wang, Liu, Pang, &
Zhang, 2014)
(Golsheikh, Huang, Lim,
AgNPs-rGO/ITO -0.3 6.5 0.1-100 1.6 - >2s - Zakaria, & Yin, 2013)
Ag/PSi/CPE -0.45 7.0 0.0016 - 0.5 0.45 - >5s Cysteine, UA, AA, DA (Ensaf, Re;gll"g’)’ & Rezaci,
Nafion/Gr-CCS-
AgNPs/GCE -0.2 7.0 0.02 - 5.02 2.49 - Is DA, AA, UA (H. Wang et al., 2017)
MWCNT/Ag
nanohybrids/Gold -0.2 7.0 0.05-17 0.5 1.42 Ss AA, UA, Acetaminophen (Zhao et al., 2009)
electrode
GC/rGO-Nf@Ag -0.65 7.2 1-30 0.535 0.4508 1s DA, UA, AA, Glucose, Urea, NaCl (Yusoff et al., 2017)
AgNPs—-MWCNT- . (Lorestani, Shahnavaz, Mn,
‘GO/GCE -0.35 6.5 0.1-100 0.9 >3s Glucose, Ethanole, Glycine, AA Alias, & Manan, 2015)
Ag NPs/Cu-TCPP/CCE -0.25 7.2 0.0037-5.8 1.2 21.6 2s Glucose, AA, UA, Acetaminophen (Ma, Bai, & Zheng, 2019)
AA, Tyrosine, Dopamine, Uric
AgNPs/NDs/GCE -0.2 7.0 0.0001 - 0.034 0.01 1.59 x 10° acid, Epinephrine, L-cysteine, (Habibi & Jahanbakhshi, 2015)
Acetaminophen
MnO,-Ag
nanowire/GCE -0.5 7.0 0.1-4 0.24 3s (Han et al., 2014)
(PDA/AgNPs)/GCE -0.6 7.0 0.05-1.75 6.5 2s Glucose, AA, DA, UA (F. Wang et al., 2013)
TiO,NTs/rGO/AgNPs AA, Sucrose, L-histidine, Glucose, (W. Wang, Xie, Xia, Du, &
/GCE -0.6 6.8 0.05-15.5 2.2 1151.98 DA, UA Tian, 2014)
) (Z. Yao, Yang, Wu, Wu, &
SPE/rGO@CeO,-AgNPs -0.3 7.0 0.0005 - 12 0.21 Wu, 2016)
Ag-TiN/SMS 03 70 0.00005 - 2.1 0.0077 3305 Vitamin C, UA, L-glucose, Glycine, (Chu, Huang, Wang, Zhou, &
Lactos Zhao, 2020)
Ag-HNTs-MnO, 0.3 72 0.002 - 4.71 0.7 11.9 Glucose, AA, UA, Acetaminophen O3 Zhang’zsohle;g’ & Zheng,
AgNPs/3DG -0.65 0.03 - 16.21 14.9 1.094 - Glucose, Urea, AA (Zhan et al., 2014)
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Silver nanoparticles have been presented in the literature as a good alternative to
different B block elements in hydrogen peroxide sensor studies. Silver has been of
interest in sensor studies due to its good absorbance and electrocatalytic activity

similar to gold (X. L. Luo, Xu, Du, & Chen, 2004).

In addition, the realization of many silver nanoparticle-based studies in the literature
with the green synthesis method has improved the use of the applications for
biomedical purposes and offered biocompatible designs. In particular, Kumar et al.
(2018)’s hydrogen peroxide sensor produced by doping reduced graphene oxide-
polyaniline with silver nanoparticles produced by green synthesis shows high
sensitivity and responsiveness even to low hydrogen peroxide, indicating appropriate
electrode material content. The high antimicrobial activity of silver nanoparticles was
particularly impressive in material selection. Through their simultaneous mechanism
of action, AgNPs work against a wide range of pathogenic bacteria to prevent or treat

infection (Bruna, Maldonado-Bravo, Jara, & Caro, 2021).

The ability of polyaniline, nafion and many carbon-based polymers to form complexes
with Ag through their functional groups has made polymer-containing coatings
interesting in studies (Paulraj et al., 2020; F. Wang et al., 2013; Yusoff et al., 2017).
The ability of polymers bearing amine groups to bind with silver is an important factor
as it increases sensor stability and ensures long lifetime. The reason for choosing
HEMA monomer in the polymer complex is to add hydrophilic properties to the
structure (Diamanti, Arifuzzaman, Genzer, & Vaia, 2009). The reason for choosing
the AEMA monomer is that it is based on the ability of polymers carrying amine
groups to form complexes with Ag (Tria, Lopez-Ferber, Gonzalez, Bazin, & Guiseppi-

Elie, 2016; Z. Wu et al., 2013).

Yusoff et al. (2017) clearly demonstrated the performance of the polymer and silver
complex structure in hydrogen peroxide detection with a sensor system in the form of
ternary nanohybrid obtained by doping silver naoparticles into reduced graphene oxide

and nafion.

Yao et al. (2016) improved hydrogen peroxide sensor sensitivity by doping reduced
graphene oxide with silver nanoparticles as well as cerium (IV) oxide nanoparticles

and demonstrated that different metal oxide dopants can improve sensor selectivity.
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Although there are studies on hydrogen peroxide biosensors with silver nanoparticles
doped into different polymer compositions in the literature, there is no PCAEMA-co-
HEMA)AgNP composite that fully adheres to the electrode surface and is produced in
cryogenic format. This thesis shows that AgNP affects the oxidation and reduction
behavior of hydrogen peroxide and studies have been carried out to increase the

sensitivity and measurement range of the sensor with its high electrocatalytic activity.
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3. EXPERIMENTAL PROCEDURE

In Figure 3.1 the flowchart of the study is given.

[ Pistachio Hull ] [ Hibiscus Leaf ]

2-Hydroxyethyl
Methacrylate (HEMA)

vy

Green
Synthesis

CP, TEM, UV-vis,
ZETAsizer

FTIR

2-
Aminoethylmethacrylamide
hydrochloride (AEMA)

A

Polymerizarion

Y
A

Composite
Biosensor

SEM
Electrochemical
Anaysis

Figure 3.1 : The flowchart of the study.
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3.1 Materials

In Table 3.1. the chemicals and other materials used in the study is given.

Table 3.1 : Chemicals and other materials used in the study.

Purity or

Chemicals Conceniration Supply Company
2 gﬁ;ﬁgﬁ{gﬁﬁ?ﬁ;ﬁ?te 90% Sigma-Aldrich
Citric acid monohydrate
(CsHg07.H20)
D-(+) Glucose (CsH120¢) 97.5-102% Sigma-Aldrich
Dopamine hydrochloride (CsH11NO>) 98% Sigma-Aldrich
Ethanol (C2HsO) 96% Merck
Hydrogen peroxide (H20>) 35% ISOLAB
2-Hydrox§2;:{t}]i:31/\l/l rl:)ethacrylate 97% Alfa Aesar
Lactose monohydrate (Ci12H24012) 99% Merck
L-Ascorbic acid 99% Sigma-Aldrich
Magnesium chloride (MgCl)
N L 4 99% Sigma-Aldrich
PBS Tablets 0.01M BioShop
Potassium chloride (KCI) 98% Kimyal ab
Potassium persulfate (KPS) 99+% Acros Organic
Potassium Izlh((ﬁil)lgts monobasic 99.5% Merck
Potato Dextrose Agar (PDA)
Sabouraud Dextrose Agar (SDA) Merck
monohycrate (NaFPOLTO) o9% Merck
Sodium chloride (NaCl) >99.5% Sigma-Aldrich
Tryptic Soy Broth - Tryptic Soy Agar Merck
Urea (CH4N2O) 46% Alev Kimya
Oxygenated Water 3.875% Dermosept
Hibiscus rosa-sinensis Karaca Tibbi Bitkiler

Wet Pistachio
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2-Aminoethyl methacrylate hydrochloride (AEMA), 2-Hydroxyethyl methacrylate
(HEMA), N,N’-Methylenebisacrylamide =~ (MBAm), N,N,N’,N’-Tetramethyl
ethylenediamine (TEMED), Potassium persulfate (KPS) were used for polymer
synthesis. The plant Hibiscus rosa sinensis and red-green raw pistachios were used for
the synthesis of silver nanoparticles. Citric acid monohydrate, glucose, dopamine
hydrochloride, lactose monohydrate, l-ascorbic acid, magnesium chloride, sodium
chloride and urea were used for interference analysis in electrochemical experiments.
Potato Dextrose Agar (PDA), Sabouraud Dextrose Agar (SDA) were used to test the
antimicrobial activity of silver nanoparticles (from ITU Food Engineering
Department). PBS Tablets, Potassium phosphate monobasic (KH2PO4), Sodium
dihydrogen phosphate monohydrate (NaH2PO4.H20O) were used to create the buffer
medium for the analyses. In addition, the 35% concentration of hydrogen peroxide to

be tested in the study was tested.

3.2 Equipments

Electrochemical analyzes were performed using a CH Instrument (CHI450B) brand
workstation and an Entek Electronic brand C4 cell stand, as shown in Figure 3.1. An
electrode with a diameter of 3 mm of the brand CH Instrument was used as a working
electrode (CHI104), and an Ag/AgCl electrode (CHI111) and a platinum wire
(CHI108) of the same brand were used as the reference and counter electrode,
respectively. In addition, polishing powders in 1 micron, 0.3 micron and 0.05 micron
sizes were used to grind and polish the working electrode using the CH Instrument

electrode polishing Kkit.

Sigma brand (1-14) centrifuge device was used to precipitate silver nanoparticles. The
pH of the prepared solutions was measured with a HANNA Instrument (HI221). With
the help of the ISOLAB brand ultrasonic bath, the solutions were homogenized and
the working electrode was polished. The VWR Advanced branded magnetic hotplate
stirrer (VMS-C7) was used for the homogenization of solutions and preparation of

silver and polymer solutions.

Weighing processes of all chemicals were carried out with the help of Precisa branded
precision scales (XB 220A). The pure water used in the study was obtained from

Merck Millipore branded (Direct Q3UV).
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3.3 Preparation of Solutions

Phosphate buffer solution (PBS) was prepared for the electrochemical measurements.
To prepare 0.01M and 1 liter solution, 8 grams of sodium chloride (NaCl) was
dissolved in 800 milliliters of distilled water. 0.2 grams of potassium chloride (KCl)
was added to the solution. Then, 1.44 grams of sodium phosphate dibasic (Na;HPOj4)
and 0.245 grams of potassium phosphate monobasic (KH2PO4) were added. The
solution is made up to 1 liter and the pH is adjusted to 7.3. The relevant solution is
kept at +4 degrees. Although the buffer prepared during the tests was used, pH-stable
Bioshop branded phosphate tablets, which are approved for reliability in basic

experiments, were preferred.

In order to work with different concentrations in electrochemical techniques, 1mM, 1
uM, InM and 5pM stock solutions were prepared by diluting 12M hydrogen peroxide

(H203) solution. The relevant solutions are kept at +4 degrees.

For the synthesis of silver nanoparticles from herbal ingredients, silver nitrate
(AgNO3) solutions were prepared by dissolving them in distilled water at different

molars. The relevant solutions are kept at +4 degrees.

In order to examine the interferences in chronoamperometry, ImM 40 milliliter
sodium chloride (NaCl), magnesium chloride (MgCl>), lactose (Ci2H22011), urea
(CH4N>0) glucose (CsH120¢), citric acid monohydrate (CsHsO7.H20), ascorbic acid
(C¢HgOs) and dopamine (CsH11NO>) solutions were prepared in ultrapure water. The

relevant solutions are kept at +4 degrees.

3.4 Fabrication of Working Electrode for Electrochemical Sensing and Polymer

Synthesis

To modify the working electrode, the GCE surface was treated with a CH instrument
polishing kit. A 0.05 pm alumina powder is poured onto the polishing pad and the
surface is wetted with distilled water. The electrode is mechanically cleaned in a
circular motion by drawing the shape of the figure eight on the pad. After the electrode
surface is washed and cleaned with distilled water, it is kept in pure ethyl alcohol in
an ultrasonic bath for 10 minutes. The surface is washed again and dried at room

temperature.
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Working electrode modification and polymer synthesis took place simultaneously on

the GCE. The steps to prepare the polymer solution are as follows;

MBAm (28.3 mg) used as a crosslinker is dissolved in 1 ml of distilled water in an ice
bath. At the same time, HEMA (13 pl) is dissolved in 487 pl of distilled water and
AEMA monomers (17.82 mg) separately in 1ml of distilled water and in an ice bath.

The reagents dissolved in the ice bath in separate beakers are mixed and KPS (5 mg)
is added as an initiator and mixing is continued. Finally, the free radical stabilizer
TEMED (5 pl) is added to support the free radical polymerization, and the solution is

mixed in an ice bath for one minute.

35 ul of the prepared polymerization solution was dropped onto the GCE surface and
15 pl of the silver nanoparticle solution was added. The solution was frozen at -16
degrees for 24 hours. After this procedure, the electrode surface was washed with
distilled water at room temperature and dried to remove the particles that did not

participate in the polymerization.

AEMA HEMA
/O;r/() /()j\/ﬂ
\1'1% ()H/'
3 \ / Polymer + AgNP(s)
= ]
KPS TEMED 0

[ 7 4
ey N — y
After Frozen
+ 16 Hours
AgNP(s
/ AgNFE) Bare GCE 1

CHs CHs

| & Dry at Room
—(CHZ'IC')’—(CHZ'C')Y— Temperature
C=O C=O ‘ Working
| | H,0, 0, Reforeace  ectrode rl ouner
e 0 N p vt | 4 g
2 5

| | J
((lin)z (CHz)2 i_‘:; | Three Electrode
OH ( t:) \E]— E | ‘ S
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Ot 26 4 28+ S | ,-

Figure 3.2 : Production of (HEMA-co-AEMA)AgNP biocomposite and setup of
electrochemical assembly.

The basic chemical equation that takes place at the electrode surface:
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Ag 1

H02 ———— - 02+ H:0 (3.1)
electrode
0, +2e +2H" ——— H,0, (3.2)

3.5 Silver Nanoparticle Synthesis and Antibacterial Activity Analysis

In order to draw attention to the difference of silver nanoparticles obtained from
different plant ingredients, silver nanoparticles were obtained from three different

herbal ingredients. These are green parts of pistachio hull and hibiscus leaf.

Initially, 8 mg pistachio hull was incubated in 100 ml distilled water at 70 °C for
approximately 24 hours to obtain the plant extract. The extract cooled at room
temperature was filtered through Whatman no 1 filter paper. To obtain silver
nanoparticles from green parts of pistachio hull, a 10mM AgNO; solution was mixed
with the extract (3:1) ratio. The solution was then incubated at 70 °C for approximately
16 hours. The obtained silver nanoparticle solution was precipitated in the centrifuge
at 14800 rpm and the upper phase was discarded, then washed with distilled water and

precipitated a second time to obtain dense nanoparticle phase.

To obtain silver nanoparticles from hibiscus leaves, 5 grams of leaves were washed
with distilled water and dried at room temperature, then incubated in 200 ml of water
at 70 °C for 24 hours. The extract cooled at room temperature was filtered through
Whatman no 1 filter paper. To obtain silver nanoparticles from hibiscus leaf, a 20mM
AgNO; solution was mixed with the extract (10:1) ratio. The solution was then
incubated at 80 °C for approximately 15 hours. The obtained silver nanoparticle
solution was precipitated in the centrifuge at 14800 rpm and the upper phase was
discarded, then washed with distilled water and precipitated a second time to obtain

dense nanoparticle phase.

In Pistachio Hull extract, although the amount varies depending on the maturity of the
plant and extraction conditions, the fatty acid varieties Myristic acid, Palmitic acid,
Margaric acid, Stearic acid, Elaidic acid, Oleic acid, Linoleic acid; Anacardiac acids;
Flavanoids, Phenolic compounds, Chlorophylls, Phytosterols, Carotenoids,
Tocopherols are abundant. As these structures are reduced with silver nitrate and

converted to silver ions, the following reactions take place:
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2AgNO;s + 3Fatty Acid (R-COOH) + 3H,0 — 2Ag° + 2NO3- + 3RCOOH + 3H,0

2AgNOs3 + 3Anacardic Acid (RCeHsCOOH) + 3H.O — 2Ag°® + 2NO3 +
3RCsH4COOH + 3H,O

2AgNOs + 3Flavonoid (FI-OH) — 2Ag® + 2NOs3™ + 3Flavonoid (FI-OH)
2AgNO3 + 3Phenolic (Ph-OH) — 2Ag° + 2NO3™ + 3Phenolic (Ph-OH)

Chlorophyll + 2AgNO; + 2NaOH — Ag>0 (Silver Oxide) + 2NaNOs + H,0O + Other

Products

Phytosterol + 2AgNO3 + 2NaOH — Ag>0O (Silver Oxide) + 2NaNO; + H2O + Other

Products

Carotenoid + AgNO; + NaOH — Ag)O (Silver Oxide) + NaNOsz + H,O + Other

Products

Tocopherol + 2AgNO; + 2NaOH — Ag20 (Silver Oxide) + 2NaNO; + H20 + Other

Products

Basically the leaf of the Hibiscus rosasinensis plant also contains tannins, quinines,
phenols, flavanoids, alkaloids, terpenoids, saponins, free amino acids, carbohydrates,

essential oils and steroids.

2Tannin + 3AgNO3 + 3NaOH — 3Ag (Silver Nanoparticles) + 6NaNOs + 3H,O
Quinone + 2AgNO3 + 2NaOH — Ag>0O (Silver Oxide) + 2NaNO; + H20
Alkaloid + 2AgNO3 + 2NaOH — Ag>O (Silver Oxide) + 2NaNOs + H,O
Terpenoid + 2AgNOs + 2NaOH — Ag>O (Silver Oxide) + 2NaNOs + H>O

Amino Acid + AgNO; + NaOH — Ag (Silver Nanoparticles) + NaNO; + H2O + Other

Products
CsH1206 (Glucose) + 2AgNO3; — 2Ag (Silver Nanoparticles) + 2CO; + 2H,0 + 2NO»

Essential Oil + AgNO3 + NaOH — Ag (Silver Nanoparticles) + NaNO3 + H>O + Other

Products

Steroid + AgNO3; + NaOH — Ag (Silver Nanoparticles) + NaNOs3 + H>O + Other

Products

To study the antimicrobial activities of silver nanoparticles extracted from hibiscus

leaves, pistachio hulls: Gram-positive Staphylococcus aureus (S.aureus) ATCC 6538,
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Gram-negative Escherichia coli (E. coli) ATCC 25922 bacterial strains were all
cultured in tryptic soy broth and tryptic soy agar. The fungus Aspergillus niger (A.
niger) ATCC 6275 was maintained on Potato Dextrose Agar (PDA) and the yeast
Candida albicans (C. albicans) ATCC 10231 on Sabouraud Dextrose Agar (SDA) at
+4 °C.

The antimicrobial activity of the extracts were measured using the agar disc diffusion
method. The antimicrobial activities of all extracts were investigated for their
inhibitory effects towards Gram-positive S. aureus, Gram-negative E. coli and fungus
A. niger and C. albicans. Overnight cultures were prepared by picking a single colony
from a stock culture plate, inoculating into sterile tryptic soy broth for bacteria and
neutralizer for fungus. Then, tryptic soy broth and neutralizer cultures were incubated
at 37 °C and 25 °C respectively, for 18 h. An aliquot of 0.1 ml overnight bacterial,
yeast and fungal cultures (0.5 McFarland) were evenly spread on tryptic soy agar,
sabouraud dextrose agar and potato dextrose agar plate surface respectively, with a
drigalski. For testing the antimicrobial activity of the extracts, two pieces of 0.6 cm
diameter circular filter paper were sterilized and placed in the petri dish. 10 pl of
extracts was put on this filter paper and the tryptic soy agar plates were incubated at
37 °C for 24 h for E. coli and S. aureus; sabouraud dextrose agar and potato dextrose
agar plates were incubated at 25 °C for 3 days for C. albicans and A. niger and the area

of microbial inhibition zone was measured.

3.6 Three Electrode System Installation

Electrochemical measurements were carried out with a CH Instrument brand (Model
CHI450B) electrochemical workstation operating under computer control at room
temperature. A three-electrode cell assembly consisting of a 3 mm diameter bare
glassy carbon electrode (GCE), silver chloride (Ag/AgCl), and a platinum (Pt) wire
was used as the working, reference, and counter electrode, respectively. The

experiments were carried out by installing the three-electrode assembly in a cell stand.

3.7 Analyses and Characterization Methods

In this study, electrochemical experiments and characterizations were carried out

mainly on two different modified electrodes. Two specific hydrogen peroxide sensor
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systems were designed by doping p(AEMA-co-HEMA) polymer with silver

nanoparticles obtained from pistachio hull and hibiscus leaf.

Bruker Multiram model FTIR (Fourier Transform Infrared Spectroscopy) instrument
was used to analyze the chemical composition of the modified electrodes and the
monomers and polymers used. In addition, the surface morphology of the modified
electrodes was investigated with Thermoscientific Quattro S model ESEM
(Environmental Scanning Electron Microscope) device. In addition, quantitative
chemical analysis was performed with the EDS (Energy-dispersive X-ray

spectroscopy) detector of the same device to determine the elemental content.

Thermoscientific Quattro S model STEM (Scanning Transmission Electron
Microscope) was used for morphological analysis and size analysis of silver
nanoparticles. Malvern Panalytical Zetasizer Lab was used for detailed size analysis
and distribution in colloidal silver liquid. PerkinElmer-Optima 7000 DV model
ICPOES (inductively coupled plasma optical emission spectroscopy) was used to
determine the concentration of silver nanoparticles in solution phases. The Shimadzu
UV mini-1240 model UV-Vis spectrophotometer was used to investigate the

permeability of silver nanoparticles.

All electrochemical analyses were performed on a CH Instrument CHI450B

workstation at room temperature.

Cyclic voltammograms of each working electrode were performed over a potential
range of 1 and -1 at a scan rate of 50 mVs-1 in phosphate buffer at room temperature
to monitor the change in current in response to increasing hydrogen peroxide

concentrations.

Relationship between peak currents and hydrogen peroxide concentrations was
investigated by DPV in 0.01M phosphate buffer, pH 7.3. The selectivity and response
range of the sensor system was monitored by increasing the hydrogen peroxide

concentrations from picomolar to millimolar levels.

Impedance analyzes of the working electrodes were carried out in pH 7.3 0.01M
phosphate buffer at room temperature. In the experiments performed in the frequency
range from 100kHz - 0.01Hz, the resistances at the interface of the electrode solution

were compared.
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Chronoamperometry experiments were carried out in pH 7.3, 0.01M PBS at increasing
hydrogen peroxide concentrations and limit of detection and dynamic measurement

range were calculated from (i-t) graphs.
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4. RESULTS AND DISCUSSION

4.1 Morphological and Chemical Characterization

4 different electrodes were prepared with p(AEMA-co-HEMA)PhAg, p(AEMA-co-
HEMA)HbIAg, p(AEMA)PhAg and (AEMA)HbIAg materials and FTIR analyses

were performed to examine the chemical changes in their structures.

Successful synthesis of the polymers is shown in Figure 4.1., 3300 cm™! corresponds
to the O-H stretch, while the C-N stretch corresponding to the aromatic amine group
of the polymer was observed at 1390 cm cm!. In addition, stresses around 1650 cm’!
are due to C=0 stresses corresponding to alcohols, carboxylic acids, ethers and esters
in polymer and silver nanoparticles. The peaks corresponding to 1100-1200 ¢cm cm’!
indicate C-O and C-C stretching. The weak peak corresponding to 975 cm cm’! may
indicate COH bending vibrations originating from organic molecules (Aguilar-
Méndez, San Martin-Martinez, Ortega-Arroyo, Cobian-Portillo, & Sanchez-
Espindola, 2011; Garcia-Astrain et al., 2013; Mallikarjuna et al., 2011; Yin, 2012).

—— p(Aema)HblAg-dry
—— p(Aema)PhAg-dry

—— p(A-c-H)HblAg-dry
—— p(A-c-H)PhAg-dry

—— p(Aema)HblAg-wet
—p(
—p(
—(

)

Aema)PhAg-wet
A-c-H)HblAg-wet
A-c-H)PhAg-wet

Transmittance (%)

A
JC-N C-O0 C-C C-Ol
c=0
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Figure 4.1 : FTIR spectra of different coating types.

39




P(AEMA-co-HEMA)PhAgNP, p(AEMA-co-HEMA)HbIAgNP and p(AEMA-co-
HEMA) were examined with environmental scanning electron microscopy (ESEM)

for morphological imaging and EDS was performed for elemental analysis.

f

>
7 ‘/i“ }———-‘,Opm

Figure 4.2 : ESEM images of the p(AEMA-co-HEMA) polymer.

Table 4.1 : EDS results of the p(AEMA-co-HEMA) polymer.

Element Atomic % Weight %
C 42.2 35.6
N 3.9 3.8
O 53.9 60.6

o Y »
; ——50 um—— N @ ——50 pm———
Figure 4.3 : ESEM images of the p(AEMA-co-HEMA)PhAg modified electrode.

o
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Table 4.2 : EDS results of (AEMA-co-HEMA)PhAg modified electrode.

Element Atomic % Weight %
C 27.9 16.7
N 3.8 2.7
O 62.4 49.6
Ag 5.8 31.1

——50 pm———

50 um : "3 ——50 pm——

Figure 4.4 : ESEM images of the p(AEMA-co-HEMA)HblAg modified electrode.

Table 4.3 : EDS results of (AEMA-co-HEMA)HbIAg modified electrode.

Element Atomic % Weight %
C 14.1 6.8
N 8.5 4.8
o 66.9 43.1
Ag 10.4 45.3

The polymer obtained based on the results of the relevant analysis formed the
necessary bed for the adhesion of silver nanoparticles. Based on the EDS analysis of
(AEMA-co-HEMA)PhAg and (AEMA-co-HEMA)HbIAg, it can be assumed that
impurity structures in the form of precipitate form on the polymer surface when the
(AEMA-co-HEMA)HbIAg modified electrode has 100 percent more silver
nanoparticles, but is not uniformly distributed on the surface. In addition, this situation

also affected the electrocatalytic activities of the related sensor systems.
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4.2 Characterization of Silver Nanoparticles

Induction coupled plasma atomic emission spectroscopy (ICP) method was used for
the quantitative analysis of silver nanoparticles. The ICP results in proportion to the
AgNO; amounts used in the synthesis of silver nanoparticles produced by the green

synthesis method are given in Table 4.1.

Table 4.4 : ICP results of silver nanoparticles.

Sample Method Ag mg/L

8mg plant 100mL distilled water
Pistachio Hull / 10mM AgNOs (150 mL 915.884
AgNO; — 50mL plant extract)

5¢g plant 200mL distilled water /
Hibiscus Leaf 20mM AgNO; (50 mL AgNO; — 1280.429
SmL plant extract)

Zetasizer analyzes of silver nanoparticles were made. The average size of the silver
nanoparticles obtained from Pistachio hull was found to be around 20 nm + 0.02, and
it was proved that these nanoparticles constitute approximately 92% of the colloidal
silver liquid. Likewise, the average size of the silver nanoparticles obtained from the
hibiscus leaf was found to be around 18 nm + 0.02, and it was proven that these

nanoparticles constitute approximately 94% of the colloidal silver liquid.

Due to the different chemical composition of the respective herbal ingredients,

different morphologies and amounts of silver nanoparticles were obtained.

Scanning transmission electron microscopy (STEM) was used to visualize silver
nanoparticles. In the analyzed images, although there are some aggregations, the

particle sizes found support the results from zeta sizer.
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Figure 4.5 : STEM images of silver nanoparticles obtained from Pistachio Hull.
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Figure 4.6 : STEM images of silver nanoparticles obtained from Hibiscus Leaf.

43



100 : :

T L T
—— Pistachio Hull AgNP
—— Hibiscus Leaf AgNP

80 .

60 .

40 +

Transmittance (%)

20 +

200 400 600 800 1000

Wavelength (nm)

200 400 600 800 1000
Wavelength (nm)
Figure 4.7 : Ultraviolet-visible (UV-Vis) transmittance spectra of silver
nanoparticles.
Figure 4.7 shows the permeability of silver nanoparticles obtained by green synthesis
from Pistachio Hull and Hibiscus Leaf at the same concentration coated on a glass
surface. The permeability of Hibiscus Leaf silver nanoparticles is lower than that of
Pistachio Hull silver nanoparticles. This is due to the random distribution of the

nanoparticles as well as the unequal size (Jeng et al., 2015).

Antimicrobial activities of extracts were tested against Gram-positive, Gram-negative
bacteria, yeast and fungi using agar disc diffusion method. The areas of inhibitory

zones of samples are shown in Table 4.5. There was not any observed zone in C.

albicans petri dishes.

Table 4.5 : The areas of inhibitory zones of samples (cm?).

Microorganisms
Samples E. coli S. aureus A. niger
Pistachio hull 1.14+0.0159 0.55+0.0027 1.08+0.0073

Hibiscus leaf 0.67+0.0020 0.40+0.0021

Garibo et al. (2020) obtained 2.54 + 0.013 cm? inhibitory zones for E. coli and 2.0 +
0.007 cm? inhibitory zones for S. aureus with silver nanoparticles obtained from 1 mM
AgNO;s based on the green synthesis of Lysiloma acapulcensis plant. Sun et al. (2014)
obtained 0.002-0.005 cm? E. coli inhibitory zones with silver nanoparticles obtained
from 10 mM AgNOs by the method based on the green synthesis of tea leaves. (2022)

observed high antimicrobial activity with silver nanoparticles obtained from 9 mM
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AgNO3 by green synthesis method from leaves and flowers of gigantea plant.
Inhibitory zones of 1.22 +0.003 cm? for S. aureus, 1.0+ 0.002 cm? for E. coli and 0.64
+ 0.00008 ¢cm? for C. albicans were obtained from the flower of Gigantea plant. An
inhibitory zone of 0.88 + 0. 0.0004 cm? for S. aureus, 0.55 = 0.0009 cm? for E. coli
and 0.62 + 0.0005 cm? for C. albicans was obtained from the leaf of Gigantea plant.

Figure 4.8 : Inhibitory zones of (a) Pistachio hull against E. coli (b) Hibiscus leaf
against E. coli.
When good examples from the literature are examined, it is seen that the silver

nanoparticles produced by green synthesis in our study give very promising results.

4.3 Electrochemical Characterization of H.O:

The electrochemical behavior of hydrogen peroxide was investigated with modified
electrodes based on Poly(AEMA-co-HEMA)PistachioHullAgNP and Poly(AEMA-
co-HEMA) HibiscusLeafAgNP.

4.3.1 Cyclic voltammetry (CV)

When CV graphs are analyzed, oxidation and reduction peak currents were clearly
observed for both modified electrodes. As shown in Figure 4.1a, for the p(AEMA-co-
HEMA)PhAgNP modified electrode, Epa 0.131V, Epc -0.042V and for the p(AEMA-
co-HEMA)PhAgNP electrode, Epa 0.098V, Epc -0.021.The peak potential difference
(AEp = Epa-Epc) was measured as 0.173V and 0.0119V for p(AEMA-co-
HEMA)PhAgNP and p(AEMA-co-HEMA)PhAgNP electrodes, respectively.In
addition, the change of CV responses by gradually increasing the hydrogen peroxide
concentration was investigated for both modified electrodes and shown in Figure 4.1b

and Figure 4.1c.
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Figure 4.9 : a) Cyclic voltammograms (CV) of p(AEMA-co-HEMA)PhAgNP and
p(AEMA-co-HEMA)HbIAgNP electrodes in the presence of ImM H,0, in 0.01M
phosphate buffer solution (pH 7.3) at 50 mVs-1 scan rate. Cyclic voltammograms of
bare GCE in the presence and absence of 1mM H,0,. b) CV plots of p(AEMA-co-
HEMA)HbIAgNP modified electrode versus increasing hydrogen peroxide
concentrations. ¢) CV plots of p(AEMA-co-HEMA)PhAgNP modified electrode
versus increasing hydrogen peroxide concentrations
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Dodevska et al. (2019), in their study on the determination of hydrogen peroxide from
silver nanoparticles produced by green synthesis from rosa damascena plant waste,
showed that the reducing current is generated by silver nanoparticles and increases
proportionally with successively changing hydrogen peroxide concentration,
supporting our study. In the related study, a clear redox peak was observed between
0.1 V and -0.5 V. When H>O; was added to the solution, it appeared at -0.04 V for the

reduction of H,O» for the modified electrode.

Increasing H>O> concentrations lead to the adsorption or deposition of species on the
electrode surface, affecting the voltammetric behavior and resulting in changes in the
CV curves. At higher concentrations, the diffusion of the analyte to and from the
electrode surface is slower. Also at higher concentrations, multiple redox reactions
involving the analyte increase the potential. This leads to overlapping voltammetric
properties or changes in the shape of the cyclic voltammogram as different redox

processes compete for electrons.

At higher concentrations in the modified electrode doped with silver nanoparticles
from Hibiscus Leaf, deviations from the ideal electrochemical behavior became more
pronounced. This is due to the double layer charge, finite diffusion layer and other
non-ideal effects. This contributed to the changes in the cyclic voltammogram. Since
the stability of silver nanoparticles obtained from Pistachio Hull and their distribution
on the polymer surface is more uniform, at high H,O> concentrations, shifts in the
electrode potential due to the electrochemical reaction of the applied potential were

observed less than the other modified electrode.

At increasing hydrogen peroxide concentrations it is seen that the CV slopes do not
complete at positive points. This is because hydrogen peroxide, an extremely reactive
species, can cause a chemical reaction at the electrodes that consumes or produces
reactants/products faster than they can diffuse to or from the electrode surface. This
leads to a concentration gradient near the electrode, causing the curve to deviate from
the expected shape. It is also caused by the presence of adsorption/desorption

processes on the electrode surface that alter the current response.

As a result, it can be said that silver nanoparticles are effective in the formation of
oxidation and reduction peak currents and in the increase of peak potential. In addition,

the peak currents of p(AEMA-co-HEMA)PhAgNP modified electrode are deeper and
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more pronounced than those of p(AEMA-co-HEMA)HDbIAgNP electrode. The
electrocatalytic activity of silver nanoparticles obtained from Pistachio Hull is higher

than that of silver nanoparticles obtained from Hibiscus Leaf.

4.3.2 Differential pulse voltammetry (DPV)

The relationship between peak current and H>O> concentration was analyzed by DPV
method. In the Figures 4.2 a and b, the changes on p(AEMA-co-HEMA)PhAgNP and
P(AEMA-co-HEMA)HDbIAgNP electrochemical sensors in measurement media
prepared with 0.01M phosphate buffer solution with pH 7.3 without and with

increasing concentrations of H>O2 were investigated by DPV method.
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Figure 4.10 : a) DPV plots of p(AEMA-co-HEMA)PhAgNP electrode in
measurement media prepared with 0.01M phosphate buffer solution at pH 7.3 with
increasing H,O, concentrations. b) DPV plots of p(AEMA-co-HEMA)HbIAgNP
electrode in measurement media prepared with 0.01M phosphate buffer solution at
pH 7.3 with increasing H,O, concentrations.
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For the sensitive determination of hydrogen peroxide, Faisal et al. (2023) found the
linearity of peak current density with increasing concentration based on consecutive
measurements of 0-57uM H>O: concentrations by DPV technique using silver
nanoparticle doped PPy-C/TiO2 nanocomposite. In addition, the current peak changing

with the H,O, concentration was observed between 0.2 - 0.5V.

In the measurement medium prepared from 0.01M phosphate buffer solution with pH
7.3, DPV peak currents increased for both modified electrodes in response to
increasing hydrogen peroxide concentrations. Since the electrocatalytic activity of the
P(AEMA-co-HEMA)PhAgNP electrode was more effective than the p(AEMA-co-

HEMA)HDbIAgNP electrode, linearity was observed in a greater concentration range.

The relationship between peak current and concentration (OmM, 5pM, 20pM, 80pM,
320pM, 1.5uM, 6uM, 24uM, 96uM, 400uM, ImM, 1.5mM, 2mM, 2.5mM, 3mM,
3.5mM, 4mM, 4.5mM, S5SmM, 6mM, 7mM, 8mM, 9mM, 10mM H>O: concentrations)
was investigated. The regression equations are given below by observing logarithmic

increase.
p(AEMA-co-HEMA)PhAgNP : yip (uA) = 5E-06Inx (mM) + 0.0001 R?>= 0.9896

p(AEMA-co-HEMA)HbIAgNP : yip (uA) = 3E-07Inx (mM) + 0.00001 R?= 0.9855

4.3.3 Chronoamperometry (CA)

Current-time (i-t) graphs were examined with increasing hydrogen peroxide
concentrations by applying -0.75V in the measurement medium prepared from 0.01M

phosphate buffer solution with pH 7.3.

The dynamic measurement range and detection limit of the sensor systems were
calculated based on calibration graphs obtained from increasing concentration graphs

in (i-t) graphs.
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Figure 4.11 : a) (i-t) plots for p(AEMA-co-HEMA)PhAgNP modified electrode at
increasing H,O, concentrations and calibration curve. b) (i-t) plots for p(AEMA-co-
HEMA)HbIAgNP modified electrode at increasing H,O, concentrations and

calibration curve.
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Figure 4.12 : a) p(AEMA-co-HEMA)PhAgNP modified electrode calibration curve.
b) p(AEMA-co-HEMA)HbIAgNP modified electrode and calibration curve.

4.3.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was used to see how each material used in
the modification of the electrodes prepared for H2O: determination changed the
conductivity of the electrode. For this purpose, the impedances of bare GCE,
P(AEMA-co-HEMA) electrode, PhAgNP electrode, HblAgNP electrode, p(AEMA-
co-HEMA)PhAgNP and p(AEMA-co-HEMA)HbIAgNP modified electrodes were
analyzed. Measurements were carried out in the presence of 1 mM Hz0O: in 0.01M
phosphate buffer with pH 7.3. Amplitude 10mV was selected and analysis was
performed between 100kHz - 0.01Hz.
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Figure 4.13 : Nyquist curves of Bare GCE, p(AEMA-co-HEMA) electrode,
p(AEMA-co-HEMA)PhAgNP and p(AEMA-co-HEMA)HbIAgNP electrodes.

Nyquist curves are examined to study the electron transfer behavior and interface
properties of modified electrodes. For this purpose, Mattoussi et al. (2018) performed
the determination of hydrogen peroxide in a ferrocene-doped crosslinked polymer.
Similar to our study, a wide semicircle was observed at the bare glassy carbon
electrode, while the high impedance of the polymer was manifested by a curve that
inhibited electron transfer. The curve of the conductive particle doped polymer was

characterized by a straight line representing the limited diffusion process.

The lowest electrical conductivity, i.e. resistance, was observed in the p(AEMA-co-
HEMA) electrode due to its full polymer structure. The conductivity of p(AEMA-co-
HEMA)PhAgNP and p(AEMA-co-HEMA)HbIAgNP electrodes were close to each
other when doped with polymer. This was due to the fact that HblAg nanoparticles did
not adhere well to the composite and could not sufficiently improve the electroactivity

and charge transfer capacity.

4.3.5 Scan rate

The effect of scan rate on the current response of p(AEMA-co-HEMA)PhAgNP and
P(AEMA-co-HEMA)HDbIAgNP electrochemical sensors was investigated by potential
scanning using alternating voltammetry method. The p(AEMA-co-HEMA)PhAgNP
and p(AEMA-co-HEMA)HbIAgNP electrochemical sensors used in this method were
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prepared in 0.01M phosphate buffer solution containing 1 mM H>O> at optimum
conditions and pH 7.3.

Kumar et al. (2018) investigated the effect of scan rate on the hydrogen peroxide
determination system realized with AgNPs-rGO-PANI nanocomposite. They
attributed the deepening of oxidation and reduction peaks with increasing scan rate
and the shift to high potential to faster ion and electron transport between the modified
electrode interface and the electrolyte at higher scan rate, which is in line with our

study.

For the p(AEMA-co-HEMA)PhAgNP and p(AEMA-co-HEMA)HbIAgNP
electrochemical sensors, the scan rate was performed at different scan rates between 5
and 200 mVs™! and alternating voltammograms were recorded in response to the scan

rates as shown in Figures 4.5 a-b.

As a result, it was observed that the faster the scan rate, the more pronounced the

hydrogen peroxide oxidation peaks would be obtained.
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Figure 4.14 : a) Alternating voltammograms obtained from p(AEMA-co-
HEMA)PhAgNP electrochemical sensor at ImM H,0O, in 0.01 M phosphate buffer
solution, pH 7.3 at different scan rates in the range 10-200 mVs™'. b) Alternating
voltammograms obtained from p(AEMA-co-HEMA)HbIAgNP electrochemical
sensor at ImM H,0, in 0.01 M phosphate buffer solution, pH 7.3 at different scan
rates in the range 10-200 mVs-'.

The linear relationship between voltammogram area and scan rate can be expressed by

a linear regression equation:

I (pA) = 0.5789 - 0.8703 V (mVs-1) R = 0.9996, p(AEMA-co-HEMA)PhAgNP

I(nA)=0.113 +3.0324 V (mVs-1) R = 0.9957, p(AEMA-co-HEMA )HbIAgNP
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The results obtained indicate that the electrochemical redox reaction of hydrogen
peroxide is a surface-controlled process on p(AEMA-co-HEMA)PhAgNP and
P(AEMA-co-HEMA)HDbIAgNP sensors.

4.3.6 Effect of pH on modified electrodes

The peak currents of H>O; bin redox reaction on p(AEMA-co-HEMA)PhAgNP and
P(AEMA-co-HEMA)HDbIAgNP sensors were investigated in cyclic voltammogram at
pH 4.3-8.6.

The effect of pH was studied in 0.01M phosphate buffer under optimum conditions.
Maximum anodic and cathodic peak current was observed at pH 7.3 for both modified

electrodes.

As a result, better results were obtained for sensitivity and peak current profile at pH
7.3 and 0.01M phosphate buffer solution at pH 7.3 was selected as the supporting

electrolyte for further studies.

The peak current of a hydrogen peroxide (H20:) sensor can be affected by different
pH values of the solution for many reasons. At higher pH values, hydrogen peroxide
dissociates into peroxide ion and this can affect the redox potential and reaction
kinetics, leading to a decrease in peak current. Likewise, at low pH values protons
participate in electrochemical reactions and affect the kinetics of electron transfer
processes at the electrode surface. Wang et al. (2017) and Ensafi et al. (2016), in their
hydrogen peroxide sensor system studies, established optimum operating conditions
around pH 7 in common with our study in order to maintain the stability of the
electrode material or the integrity of the sensing layer since they worked in
physiological fluids as well as working at pH values where the peak current is the

highest.
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Figure 4.15 : a) Effect of pH on peak currents of H,O, in p(AEMA-co-
HEMA)PhAgNP. b) Effect of pH on peak currents of H,O, in p(AEMA-co-
HEMA)HbIAgNP.

4.4 Analytical Performance Factors of the Sensor System

4.4.1 Dynamic measurement range

The dynamic measurement range (i-t) curves of the sensor systems were tested with
gradually increasing concentrations of hydrogen peroxide in 0.01M phosphate buffer
with a pH of 7.3, with each measurement made, separately. The cascade plots for
p(AEMA-co-HEMA)PhAgNP and p(AEMA-co-HEMA)HbIAgNP  modified

electrodes are shown in Figures 4.5 a-b.
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In the literature, Chu et al. (2020) discovered a high measurement range with a silver
nanoparticle composite embedded in TiN sub-microspheres, but in this study, a wider
dynamic measurement range was found by working at lower and higher hydrogen
peroxide concentrations. This is due to the successful doping of silver into the polymer
with high adhesion potential in our study. In addition, Chu et. al (2020) also found that
at high hydrogen peroxide concentrations, the surface adhesion and electrocatalytic

activity of TiN particles decreases.

The dynamic measurement range of the p(AEMA-co-HEMA)PhAgNP modified
electrode was found to be between S5pM-10mM, while the p(AEMA-co-
HEMA)HbIAgNP modified electrode was found to be 80pM-10mM. However, the
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P(AEMA-co-HEMA)PhAgNP electrode was able to elicit a significant response at

higher H>O; concentrations.

4.4.2 Limit of detection

The limit of detection of the modified electrodes was also determined by monitoring

the current responses by successive chronoamperometric methods.

The best detection limit was found to be 0.0077 uM in the study by Chu et al. (2020).
This is due to the fact that they worked in the right concentration range and obtained
calibration curves with high linearity. Since many concentration ranges were tested in
our study and a logarithmic increase was observed, a good detection limit was found

compared to the literature.

When the (i-t) curves of the p(AEMA-co-HEMA)PhAgNP modified electrode were
analyzed, the limit of detection was found to be 1.4 uM, while it was 3.9 uM for the
P(AEMA-co-HEMA)HDbIAgNP electrode. The detection limit of the electrode
modified with silver nanoparticles from Pistachio Hull was more successful than the
electrode modified with silver nanoparticles from Hibiscus Leaf because the silver
nanoparticles from pistachio hull were more evenly distributed on the surface, the
surface area of the electrode, the rate of electron transfer and mass transport in the

selected material were affected.

4.4.3 Response time

How rapidly a chemical sensor reacts to a change in the concentration of the target
analyte it measures is determined by its dynamic response. The fundamental
mechanism often involves the straightforward diffusion of chemical species from the

sample to the conductor’s active surface.

In interference experiments for p(AEMA-co-HEMA)PhAgNP and p(AEMA-co-
HEMA)PhAgNP electrochemical sensors, response times to different ions or
molecules in pH 7.3, 0.01M phosphate buffer were measured and determined to be

less than 5 seconds for both sensor systems.

4.4.4 Repeatability

To determine the reliability and reproducibility of the measurement results of the

pP(AEMA-co-HEMA)PhAgNP and p(AEMA-co-HEMA)HbIAgNP sensor systems, 5

58



consecutive measurements were performed in 1 mM hydrogen peroxide solutions in

the measurement medium prepared from 0.01M phosphate buffer with pH 7.3.

Aparicio-Martinez et al. (2019) and Zhao et al. (2009), working with materials similar
to the sensor system in our study, support our work with similar relative standard

deviation values for hydrogen peroxide sensor system repeatability.

As a result of 5 consecutive measurements, the relative standard deviation for the
P(AEMA-co-HEMA)PhAgNP electrode was 0.7% at low H2O> concentrations and
5.3% at high concentrations. For the p(AEMA-co-HEMA)HbIAgNP electrode, the

relative standard deviation was 3% at low H>O> concentrations and 3.8% at high

concentrations.
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Figure 4.17 : a) Cyclic voltammograms of p(AEMA-co-HEMA)PhAgNP modified
electrode at 5 cycles at 10uM H,0O, b) Cyclic voltammograms of p(AEMA-co-
HEMA)HbIAgNP modified electrode at 5 cycles at 10uM H,0,
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4.4.5 Stability

In order to determine the stability of p(AEMA-co-HEMA)PhAgNP and p(AEMA-co-
HEMA)HbIAgNP electrochemical sensors, measurements were taken under optimum

operating conditions at regular intervals for 15 days.

Govindhan et al. (2018) and Tian et al. (2014) achieved highly stable sensor systems
with similar sensor electrodes containing silver nanoparticles. In our related study,
although a sharp drop in peak current was observed at the beginning, the stability
stabilized as the study progressed. The reason for the lower stability compared to the
literature is that silver nanoparticles bound with affinity to the polymer are quickly

detached from the surface.

The current responses of p(AEMA-co-HEMA)PhAgNP and p(AEMA-co-
HEMA)HDbIAgNP sensors in the measurement medium containing 1 mM H2O; using
0.01 M phosphate buffer with a pH of 7.3 were examined. As a result of 15 days, it
was observed that the p(AEMA-co-HEMA)PhAgNP electrochemical sensor lost
18.9% of its initial activity after 3 days, 17.7% after 7 days, 1.7% after 10 days and
2.1% after 15 days. Similarly, p(AEMA-co-HEMA)HbIAgNP sensor lost 20.7% of its
initial activity after 3 days, 7.5% after 7 days, 3% after 10 days and 5.3% after 15 days.
Although it was observed that there was a rapid decrease in the initial activity for both
sensors after 3 days, it can be said that it became more stable in the following process

and continued to maintain its stability for 15 days.
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Figure 4.18 : a) Changing stability of the p(AEMA-co-HEMA)PhAgNP electrode
over 15 days. b) Changing stability of the p(AEMA-co-HEMA)HbIAgNP electrode
over 15 days.
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4.4.6 Sensitivity

The  sensitivities of p(AEMA-co-HEMA)PhAgNP and p(AEMA-co-
HEMA)HbIAgNP electrochemical sensors were determined by chronoamperometric
method. The (i-t) curves were recorded at different hydrogen peroxide concentrations
by applying a potential of -0.75 V in 0.01 M phosphate buffer at pH 7.3. The H>O>
concentration was analyzed against the current obtained from these graphs. The H20O:
sensitivity of the electrodes was determined using the slopes of the calibration graphs

obtained.

The sensitivity value, a very important performance parameter that indicates how
effectively the sensor can convert changes in hydrogen peroxide content into
measurable signals, usually displayed as electrical signals or changes in current or
voltage, was average in our study compared to the literature. According to Habibi et
al. (2015), the best sensitivity value was obtained in his study, but it worked in a narrow

measurement range and generally at low H>O> concentrations.

The sensitivity of the p(AEMA-co-HEMA)PhAgNP sensor was 77.5 pAmM™! cm2,
while the sensitivity of the p(AEMA-co-HEMA)PhAgNP sensor was 103.7 pAmM!

cm™.

4.4.7 Interference effect

The current responses of some inorganic ions and organic compounds (NaCl, MgCl.,
Lactose (monohydrate), Urea, Glucose, Citric acid (monohydrate), L-ascorbic acid,
Dopamine) at 1 mM concentration in pH 7.3 medium were monitored on p(AEMA-

co-HEMA)PhAgNP and p(AEMA-co-HEMA)HbIAgNP electrodes.

Many substances that can interfere with hydrogen peroxide sensors have been studied.
Wang et al. (2013), Yusoff et al. (2017), and Tian et al., (2014), as well as their work,

our sensor system has not caused any interference against any substance.

As shown in Figures 4.6 a-b, 1 mM H>O; NaCl, MgCl,, Lactose (monohydrate), Urea,
Glucose, Citric acid (monohydrate), L-ascorbic acid, Dopamine, H>O> were added
respectively in the measurement medium prepared with 0.01M phosphate buffer at -
0.75 V and pH 7.3. No interference for H,O» determination was observed in both

amperometric measurements.
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In the prepared solutions, the p(AEMA-co-HEMA)PhAgNP electrode changed the
current value of hydrogen peroxide by 40% initially and by 15% when the probe was

added. Likewise, the p(AEMA-co-HEMA)HbIAgNP electrode changed the current
value by 12% initially and 9% when the probe was added.
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Figure 4.19 : a) Amperometric response of p(AEMA-co-HEMA)PhAgNP
electrochemical sensor. b) Amperometric response of p(AEMA-co-
HEMA)HDbIAgNP electrochemical sensor.
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5. CONCLUSION AND RECOMMENDATIONS

In this study, two types of enzyme-free electrodes were prepared for H>O»

determination by coating silver nanoparticles obtained by green synthesis from

Pistachio Hull and Hibiscus Leaf on glassy carbon electrode surfaces on p(AEMA-co-

HEMA) cryogen polymer. The results obtained for these two amperometric electrodes

are briefly summarized below.

When the p(AEMA-co-HEMA)PhAgNP sensor was examined;

A wide dynamic measurement range (5x10° — 10mM) and a low limit of

detection (1.4uM) were achieved.

The ease of production and the ability to produce new content with different

designs is high.

High reproducibility. Relative standard deviation was 0.7% and 5.3% at low

and high hydrogen peroxide concentrations, respectively.

It is sensitive enough to avoid any interference with body fluids. Its sensitivity
was determined as 77.5 pA mM! cm, a good result compared to the literature

samples.

Inhibitory zones of 1.14 + 0.0159 cm? for E. coli, 0.5550 = 0.0027 ¢cm? for S.
aureus, and 1.08 £ 0.0073 cm? for A. niger were obtained from silver
nanoparticles obtained by green synthesis from Pistachio Hull. The results

indicate active antimicrobial activity.

When the p(AEMA-co-HEMA)HbIAgNP sensor was examined;

A wide dynamic measurement range (8x10® — 10mM) and a low limit of

detection (3.9uM) were achieved.

The ease of production and the ability to produce new content with different

designs is high.
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e High reproducibility. Relative standard deviation was 3% and 3.8% at low and

high hydrogen peroxide concentrations, respectively.

e [t is sensitive enough to avoid any interference with body fluids. Its sensitivity
was determined as 103.7 pA mM™! cm?, a good result compared to the

literature samples.

e Inhibitory zones of 0.67 + 0.020 cm? for E. coli and 0.40 + 0.0021 c¢m? for S.
aureus were obtained from silver nanoparticles obtained by green synthesis

from Hibiscus Leaf. The results indicate active antimicrobial activity.

The fact that these enzyme-free electrodes are not sensitive to numerous species found

in living settings is a significant advantage.

In particular, silver nanoparticle doped electrodes made utilizing various modification
techniques and electrodes are successful as sensors for determining H>O». In this
regard, it was believed that the study’s findings might significantly advance the field

of literature.

Since this non-enzymatic amperometric sensor application allows many material
combinations, it can operate in a wide dynamic measurement range without
interference effect in similar molecules thanks to its antibacterial and biocompatible
content. In addition, it is strengthened with different material contents and prepares the

environment for different biocomposite designs with superior features.
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