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Abstract

Developnentof a tabletbased sensor for potof-care analyses utilizing pullulestabilized gold
nanoparticles

Muna AlKassawneh

The quckly expanding fields of nanotechnology aadgineered nanomaterialelped
solveserious issuethatenvironmerg and human healtsuffer from for a long period of tim&y
acceleratinghediagnoses and providimprtable sensothat enable the demataan of processes
in biological systems toreviously unattainable degrghis nanotechnologwill havean impact

on clinical researchnd the detection of many analytes

Tabletbased sensors have emerged as a powerful toopdort-of-care analyses,
revolutionizing the way healthcare professionals diagnose and monitor patients. These sensors,
when integrated with tablets, offer numerous advantages and play a crucial role in enhancing
healthcare deliveryThis advancement itabet-based sensors for poiof-care analyseshould
include features such agnabing healthcare professionals to conduct rapid and accurate
diagnosticof various biomarkers, pathogens, and disebggsoviding instant results. This real
time informatiao allows for timely interventions and treatment decisions, reducing the need for
sending samples to a laboratory and waiting for results, which can lead to delays in treatment.
Importantly, he portability and compactness of tablats highly require@specially in remote or
resourcdimited settings.Furthermore, dbletbased sensors offer a cedfective alternative to
traditional laboratorbased diagnosticaherethe need for expensive laboratory equipmient

eliminated reducing the overall cost ofagjnostics.

Additionally, portable tablet sensorsdo not require training, enabling healthcare
professionals to perform tests without extensive specialized expeétigably, mtients can
interact with the sensors and see the results irtirmal] empoweng them to actively participate
in their healthcare. This engagement fosters better pgtiemtder communication, improves
treatment adherence, and increases patient satisfaetnatly, tabletbased sensors not only aid
in diagnostics but also faitdte continuous monitoring of patieriig tracking vital signs, glucose

levels, and drug concentrationsThis routinemonitoring helps healthcare professionals make



informed decisions, promptly adjust treatmeptgventhealthcomplications and save thives

of millions of people.

Following nanotechnology and based on encapsulation of matenalkis work the
fabrication of pullulan stabilized gold nanopatrticles tablet (AulNPab)was useds a poinbf-
care(POQ analytical device utilizing pulluladuNPs solution (AUNRpSol) withoutthe need
for any extra ingredientsyhich were subsequently used asocohetric sensors for glucosad
cysteaminedetection in human salivand serumsamples respectively. Thisnewly offered
AuNPspTab sensorhas demonstrated excellent peroxidiise activity and gives an easy
substitute for AUNPs solution witnhanced catalytiefficiency. Additionally, the AUNRpTab
sensor is a promising platform fpoint-of-caredevices due to its fulfihent of REFASSURED
criteria (Realtime, Ease of specimen collectipAffordable, Sensitive, Specific, Userfriendly,
Rapd and robustEquipmentfree, andDeliverable to end usérsvhich is considered of great
importance in the field of diagnosis and detectibaNPspTabsensor is an attractive tool that
has the potential topen a new horizon in disease diagnosis duistéunctionality in HO»
detectiorwhich is a possible biomarker for many diseaB&gsn thougla range of nanozymesda
been reportedo datefor their enzymemimicking catalytic activityas a solutiorbased sensor.
However, in remote areas, the need partable, coseffective, and ongot preparation is
extremely demanding. Therefore, thiwork is appealingto researchers working in
nanotechnology, and the advancement of innovatoréablebioassays as well gointof-care
devices.
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Chapterl. Introduction and Obijective

In this chapter, a brief introduction to the challenges associated with glucose and cysteamine detection is
presented. This section continues with the objectives of this research project and ends up with the thesis
outline.

1.1 Background
1.1.1 Glucose Detection

Point-of-care (POC) devices propose simple, speedy, accurateosiwand early detection of a

wide range of biomarkers such as gluc@Ressini et al. 202]1)cholesterolAlle et al. 2022)
creatinine(Liang et al. 2022)and uric acidLi et al. 2021)which help to prevent many diseases
such as hyperglycemidiang et al. 2021 )xardiovascular diseas@Rackard et al. 202,1¢hronic

kidney diseased.in et al. 2021)and hypertensiofPiani, Cicero, and Borghi 2Q), respectively.

Based on the variable size and sensing capabilities, numerous attractive detection platforms have
been introduced in the past such as; microfluidic lateral flow pagerd assay®yewunmi,
SafiabadiTali, and Jahanshalinbuhi 2020H. Zhang et al. 2022; lles et al. 202\ intelligent
detection device§Zheng et al. 2021; Khor et al. 2022; Fiore et al. 2038)l, some challenges

are associated with these platforms; for instance, microfluidic lateral flow-paped assays

suffer sample leakage complications, and less sensit{@in et al. 2021)while intelligent
detection devices are costly and less fisendly because of the difficult constructions and
sophisticated data analygigheng et al. 2021)That is why thee is a need to establish new
platforms which address the current challengepaifit-of-care devices whilst maintaining the
ASSURED criteria. A new transformation of this criteria has been estabhswdgwhich added

the RE part in front of the ASSURED® form the word: (REASSURED). The new RE is
established as R: reader or mobile phone to provide the required data to decide about clinical
management devices that facilitate the transportation of data. While E: ease of specimen collection
which is desigad for norinvasive collection of sampl€Bas et al. 2021)Therefore, researchers

are keen to establish novel platforms thee noninvasive human specimens for disease

diagnostics in clinical settings.

Recently, many platforms have been establisbedralyte detection as solutivased sensors. It
is well known that analyte detection in the solution phase is more sensitive as compared 0 a solid

supported system, so reagent encapsulation strategies have been opted which offer quick detection



in a sdution phase by releasing encapsulated reagents at the time of (éstiagshabAnbuhi et

al. 2014a; Esfahani et al. 202This hybrid approach not only offers a sensitive detection method

but also merges the advantageous features of-pbude anlytical devices. Thus, scientists and
researchers are fascinated by research that can discover more new platforms and facilitate disease

detection to serve end users.

The daily life application of POC devices is to monitor glucose levels in blood usingoagter.

A high concentration of blood glucose is correlated with diabetes; a disorder when insulin
production in the individual is not adequate to convert glucose into erfé&/gyld Health
Organization 2016) As such, diabetes mellituriggers many health problems such as
hyperglycemia and microvascular disease of the eyes and kidneys as well as clinical neuropathies
(Balaji, Duraisamy, and Santhosh Kumar 201&¢cording to the World Health Organization,
more than 422 million cases, and 1.5 million deaths are associated with diabetes worldwide till
2022(World Health Organization 2016 onsequently, early detection and frequent observing of
glucose levels irseveral body fluids such as blood, saliva, sweat, tear, and urine are of great
significance to be informed of human health conditions. As known, glucose monitoring in a blood
sample is not attractive or usieiendly because of needle fear and related pdiich restrict its
application in children and elderly patier{tS8emeroglu et al. 2015; Al Hayek et al. 2017; Al
Hayek, Robert, and Al Dawish 201Qn the other hand, glucose detection in sweat, tears, and
urine are challenging because of complicgisztedures to extract the sweat after long hours of
exercising, small tear volumes after using tear enhancenge drops, and the need for a private
space to take the urine sample which is difficult in public places. Therefore, these shortcomings
negatiely influence diabetes management and raise the need foriavasive and useiriendly

detection assay.

In this context, glucose detection in saliva samples fascinates many researchers since the collection
of saliva is easy, effortless, and suitable dovariety of populations. Besides, the correlation
between mean salivary glucose concentration and mean blood glucose level has been studied
recently which indicates glucose can easily pass from the blood vessel membranes of the mouth
through the transellular and paraellular routes to saliva fluid as shownTiableO-1 (Y. Cui et

al. 2022; Jurysta et al. 200@onsequently, the detection of ghse in the saliva is considered an

appealing alternative for a blood sample for diabetes monitoring



TableO-1The normal and diabetic | evels of gl uhumaedulsoncentr

(male and femal@)urysta et al. 2009)

Gender Normal Diabetic
Male 78.7+£9.2 201.9+34.9
Female 80.4+7.9 175.0+22.3

1.1.2 CysteamineDetection

Cysteamine, a type of amino acid medication that is used to treat cystipesmms by
interacting with crystalline cysteine to reduce the buildup of intraliposomal cystirigesouw et

al. 2007) According to some reports, one case per 100,000/200,000 live births suffers from
cystinosi$Emma et al. 2014)n living organisms, the neuronal structure and/or function can be
maintained due to cysteamine's neuroprotective and antioxidgfoperties to treat
neur odegen e r(@trat and Ciccheti G EVea, Khan, and Moskal 2008 he
concentration of cysamine has been documented to be in the low micromolar range in organs

such as the liver, kidney, and br#allegeVillar et al. 2017)

El evated | evels could develop side effects
phosphatase, ulcers/blerdiin the gastrointestinal tract, and idiopathic intracranial hypertension
(IIH) which can cause ringing in the ears, loss of vision along with dizziness and (du3ed.
Besouw et al. 2011)Therefore, the daily intake of cysteamine for patienth wyistinosis based

on body weight is (1:3.95) g/nt/day distributed over-2 dosegFranzin et al. 2022Bouazza et

al. 2011) However, serum/plasma cysteamine levels in healthy cystinosis patients should be
monitored t o b-60minutésff cystddmirefdigestigBtaBhdwicz et al. 1998a)

Due to the adverse effects of cysteamine in clinical settings, it is criticaptovean economic,
transportable, and easy-operate bioanalytical approach for cysteamine detection in serum

samplesNowadays, cysteamine is used to treat a

N

W |

as ParkAmsaabad ,etHunt.( AZgOt20'is et ahd AB20DABami
(Zhang et iJancr a@Xi3ng t heoweérachase sf.orT hcuyss,t eaaatti ank

for cysteamine monitoring wil/ hel p prevent
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The detection and quantification of cysteamine is a challenging task due to the lack of a
chromophore in its structure and its sysim®lity to oxidation before or during the analysis
(Atallah, Charcosset, and Grei@erges 2020 Consequently, several conventional methods have
been used to detect cysteamine such as electrochgRamdf, Ojani, and Chekin 20QHPLC
(Ogony et al. 2006)and liquid chromatography. Kim and Na 2019)However, these platforms
suffer from some disadvantages such as expensive, requireestaplpreparations, and the need

for trained workers to perform the tests. Hence, the detectiopsteamine using a tableased
sensor is considered an attractive substitute for the previous detection methods.

Recentl vy, significant focus has been given ta
surface plasmon r edomand de n@®Pp&dr tdl€dHhtezs@®&Bs)e of
and relatively quick signal reading make col ol

anal ytes and nanoparticles affects t he col ot

nanopeasr,tiwhi ch i s fundament(dét t2a0l0.O 9N e tmed Ira <
accurate contr ol ofpanratniocplaer tdiicsltea nsciez,e wahnidc hi natr
LSRIRased col ori nfeCthraincg tegc hansi.qnigsbségaeémeryat e col o
signals for analyte detection. Additionally,

another | imitation of col ori me(tAlyd éovaascehdi. oent t ahle
Consequentihaegd caltakrymesric techniques for ide

interest as they oy¥awcomée . allds & OR & nibteactai uosnes,

performance of gold nanoparticl es i sopuesrutaild sy
of gol d, which all ows it to act as an el ectr
el ectronsOhptdwebr Bubstrate. The production o
reduction reaction simplifies moni vomsiibmdg e t |

spectrophotome{ Qi o, mMasuapdheHus2014)

A variety of substances are available fbe fabrication of POC devices as many detection
parameters such as sensitivity, speed, and accuracy of the assay are highly dependent on the choice
of functional material. Among different substances, nanomaterials particularly gold nanoparticles
(AuNPs) are considered smart sensing materials due to tunable physical and chemical
characteristics suitable for many different detection metlibdtdsin, Nikolic, and Vidic 2021,

Qiao and Qi 2021) However, the catalytic pr ooffegsraby of



easy and usdriendly detection method fareveral analyteanalysis. The nanozynaetivitiesof

AuUNPs is due to its catalyticapability to oxidize the chromogenic agent at the interface of
nanoparticles(S. Liu, Leech, and Ju 2003Commonc hr omogeni ¢ substances
tetramethylbenzidine (TMB)2,2-azincbis(3-ethylbenzothiazoling-sulphonic ad (ABTS),

and ephenylenediamine dihydrochloride (OPD) that are crucial to generate coleoutau

nanozyme sensors. Many AuNPasechanozyme sensors such as chite&ahPgC. Jiang et al.

2017a) cytidineAu nanoclustergC. Jiang et al. 2021)and AuNPs coated with mexene
nanosheetéX. Cui et al. 2022have been used for disease diagnosis due to their high sensitivity

and compeable activity to natural enzymes like horseradish peroxidase (HRP), galactose oxidase
(GOase), and xanthine oxidase (XO) which has restricted use due to their high cost and stringent

storage requiremenfdeevanandam et al. 2022; Alvara@amirez et al. @21).

The intrinsic peroxidaskke activity of AUNPs is dependent on surface modifications that make
nanoparticles either positively or negatively charged. Cirapped AuNPs are negatively
charged that show high peroxidase activity as comparedsitivety charged aminonodified
AuNPs(S. Wang et al. 2012 he negative surface charge significantly increases the affinity of
nanoparticles for peroxidase substrate (TMB) through electrostatic attraction in slightly acidic
conditions(Yanping Liu et & 2014)compared to positively charged AuNPs. Besides this, AUNPs
and TMB remain functional over a wider temperature rang(8C) which makes them attractive
materials over natural enzym@&nping Liu et al. 2014)Additionally, negatively charged AuNPs

can be easily synthesized with high colloidal stability and monodispersity using natural
biocompatible ligands like plant extra¢B®. S. Li et al. 2016agnd carbohydrates such as chitosan

(F. Lietal. 2021)dextran(Tang, Fu, et al. 2018and pullular(Laksee et al. 2017aAmong other
carbohydrates, pullulan is favorable due to its highest preserving ability which can prolong the
shelf life of materials. Pullulan is used for the synthesis of gold naindpa solution (AuNPs

pSol) where synthesized pullulan is employed as a reducing, stabilizing, capping, and
encapsulating agefitaksee et al. 2017a)he alcoholic groups OH) in the polymeric chain of
pullulan are oxidized to carboxylate functioha(C-OQ'), resulting in the formation of negatively
charged AuNP$Laksee et al. 2017aJhis negatively charged AuN$Sol can be used to detect

many diseases and drugsing a positively charged substrate for color readout.



1.2 Motivation
1.2.1 Glucosemonitoring

The common route for glucose monitoring is by using the glucometer based on donating blood
samples. This method suffers from many disadvantages such as the machine being expensive and
hard to use when it comes to a specific group of lgesych as elders and children. Furthermore,

the huge emotional and psychological impacts when donating blood samples are still the main
concern for many diabetic patients. On the other hand, saliva samples are considered convenient,
costeffective, suitale for frequent monitoring, and reduced risk of infection. Collecting saliva
samples is a simple and quick process that can be done almost anywhere. Usually, patients can
collect their own saliva samples and do not need to go to a medical facility oa haadthcare

professional collect the specimen for them.

In addition, saliva samples collections are ed#tctive and less expensive compared to blood
samples. There is less waste and less need for specialized equipment, which can make the overall
process more economical. Moreso, saliva samples can be collected more frequently than blood
samples, which can be beneficial for individuals who need to monitor their glucose levels
regularly. Because saliva collection is a fiovasive procedure, there is aueed risk of infection

or contamination, which can be important for individuals who have compromised immune
systems. Therefore, to meet the-RESURED criteria, prevent the use of painful needles, and
reduce fear while monitoring glucose levels amongicéi and elders, many methods have been
established in the literature to monitor blood glucose levels. However, these methods present
accurate results while requiring expensive instruments, 4stefi preparation, and need trained

labor to perform the test Nonetheless, the large amount of samples for operation is considered
challenging when dealing with other human specimens such as tears, sweat, and saliva which do
not allow for dynamic POC testing. These features limit the use of these testing metienaiste

areas and some developing countries. However, testing can be made easily and readily available
by fabricating simple, portable, and cheap devices that can also perform the required test with high
accuracy. Thus, the development of a tabketed nalytical device will be of great advantage for

daily glucose monitoring.



Table0-2 Explains whythis work is distinctive by comparing other recently available platforms
for glucose detection. Most of the glucose sensors are not portable and are hard to handle and

perform whle AuNPspTab is completely portable and one person can perform the test.

Table0-2 Evaluation of the colorimetric detection performance of AuldPab with other peroxidéke activity

sensors for KO, and ducose detection.

Materials Analyte Sample LOD Linear range Concerns Ref.

Need multistep synthesis
and complicated

IrO,@NIO . 0.5 &M t , (J. Wang et
NaNowires glucose saliva 0. 31 mM equipments to take the al. 2016)
reading, solutiorbased
sensor
0-2.0 mmol L1 .
e PADS glucose  saliva 2”7 €N .ndG400 & Need multil ayer ¢ (de Castro et
L Lit paper preparation al. 2019)
Need electrochemical
CuO glucose salva 0. 41 ( 5 80225 work station, solution (Chakraborty
mM) et al. 2020)
based sensor
cobalt
phthalocyanine Multistep preparation of
carbon (0. 300561 . .
. - the sensing electrode nee (Adeniyi et
nanotube glucose saliva 0. 12 mM)and(0.50 o .
specific equipment to take al. 2021)
reduced 5.0 mM) )
. the readings
graphene oxide
H20:2
AuNPs-pTab and saliva i6|\3;|‘04 05 M - This work
glucose

To offer low-cost analytical testing platforms for POC analysis, AUNPs have, over the last decade,
become common in the research community. These soloéised sensors use AuNPs as a
colorimetric indication, which can change the color due to surface plasgaonance (SPR) in the
presence of analyté€hu et al. 2008)Many researchers have discovered other features of AUNPs
such as peroxidase and oxidégbeshmukh, Aloui, and Kim 2021 detect various biomarkers
such as glucose and cholesterol. However, most of these AUNPs basedasesstusonsbased

as well as require the use of midtep preparation, toxic chemicals for the synthesis, and need
special requirements for transpadion. To allow for the simplicity of transportation, recent
research rmencapsulated AuNPs which produced a tabéted sensdiSadiq, Safiabadi Tali,

and Jahanshatfinbuhi 2022) This encapsulation not only permitted easy shipping but also

protectshe AuNPs from fungus attack and preserves them for at least one year. This encapsulation



technique using pullulan or dextran emerged in 2014 from the idea of enzyme conservation and

preservation without manipulating their activities or feat@desanshai-Anbuhi et al. 2014b)

Glucose sensors have attracted more researchers in the last fewGadard, Kaufman, and
Wilson 2015) Many available platforms have been developed to provide diabetic patients with
comfort while monitoring their glucose lels. Even though blood is the most extensively
investigated biological fluid for clinical diagnostics, its collection can cause pain, phobia, fright,
and discomfort for patien{®renius et al. 2018Recent psychological studies highlighted the fear

of needles as one of the most worrying problems among diabetic patients, especially children, and

elders(Kalra, Jena, and Yeravdekar 2018)

1.2.2 Cysteaminemonitoring

Cysteamine detection plays a crucial role in diagnosing and monitoring various medical
condifons, such as cystinosis and cysteamine therapy efficacy. However, the accurate detection
of cysteamine often requires the use of expensive equipgnenmultsteps preparationsvhich
presents both advantages and challenges. Expensive equipment usgstefamine detection

often incorporates specialized methodologies and techniques. These may include high
performance liquid chromatography (HPLC), mass spectrometry (MS), or other sophisticated
analytical techniques. These methodologies offer enhancedaseparidentification, and
guantification of cysteamine, enabling a comprehensive analysis of samples. Despite their
advantages, expensive equipment for cysteamine detection can pose challenges in terms of
accessibility and cost implications. Not all hbakre facilities or research institutions may have
access to such equipment due to their high cost and specialized requirements. This limited
accessibility can hinder the widespread use of accurate cysteamine detection methods, particularly
in resourcdimited settings. Moreover, the acquisition, maintenance, and operation costs
associated with expensive equipment can impose financial burdens on healthcare systems,

laboratories, or researchers.

Furthermore, the use of expensive equipment for cysteamingideteften demands specialized
expertise and trainingskilled personnel are required to operate and maintain the equipment
correctly, as well as to interpret the obtained results accurately. The training and expertise

necessary for utilizing expensivewggment can be a barrier, especially in regions or institutions
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where access to such training opportunities is limited. It is essential to ensure that there is a

sufficient number of trained professionals to handle and interpret the data generated biyexpen

equipment.As such, the development of affordable, portable, and easy to perform tests for

cysteamine detection is considered of high importance in resource limitedTdrisashows that
our catalysisbased method using pAuNHablet has high sensitivity and wide range of linearity

comparable to previously reported methods for the cysteamine detection as shiawie(r3.

Table 0-3 Comparison between this method and some previously reported methods employed in the detection of

cysteamine.
No Material Medium LoD Linear range Concerns Ref.
Polydentate Aromatic Serum/ Solution based/ (Singh et
1 Nanopatrticles urine (0.02-0. 05) (0.2:2 0) & N multistep al 2%19)
Complexed with C# preparation '
i (Apyari
2 Labelfree AuNPs water 0.01 &g E’r?ll_(')llo - 05) Solutionbased etal.
2012)
Solutionbase/  (Konar
3 N-doped carbon do  buffer 75.6 nM (1612 1 0) ¢ multistep et al.
preparation 2019)
bovine serum albumin . Solutionbased/
4 protected Aus serum 150 nM (500110,000) multistep (Shu et
nM . al. 2015)
nanoclusters preparation
Cvsteinestabilized Solutionbased/ (Diamai
5 Y : serum 0.37 &M (061. 8) & multistep and Negi
silver nanoparticles ;
preparation 2019)
This
6 pAuNPs-Tablet serum 82¢eN (0-40)eM - work

The invention otabletbased sensors for cysteamine detection offers significant benefits in terms

of accessibility, coseffectiveness, and patient empowerment. These sensors enable POC

diagnostics, reduce the cost of cysteamine detection, and actively involve patigres pwn

healthcare. By leveraging the power of tablet technology, healthcare professionals can enhance

cysteamine detection, improve patient care, and advance medical diagnostics in the field of

cysteamineelated conditions.



Overall, colorimetric talet-based sensors are attractive tools as a replacement for sblased

and papebased platforms due to their portability and esfé¢ctiveness. The prolonged shelf life

of tablets is another advantage compared to the solution and-hzegeelr devicesince the
chemicals lose sensitivity with time. To provide loast analytical testing platforms for POC
analysis, tablebased analytical devices have become popular in the research community. These
devices use a substrate that is impregnated with resafpergystematic testing of analytes through
colorimetric readout. Thus, the firtgtbletbased colorimetric sensor for glucce®d cysteamine
monitoring, as an eagp-use platform, has been developed. The fabricated tabletaaateof
AuNPscapturedwith pullulan (AuNPspTab) thatdemonstrateatalytic activityrevealedoy the
oxidation of the TMB substrate. This approach to detecting glaraseysteaminkevels in saliva

and serummeda using a tablet sensor is simple and consists of tigpss synthesis and
colorimetric detection assayMoreso, many biomarkers such as cholesterol and glutathione can
be detected easily and accurately using this tablet s@fesog et al. 2017)

1.3 Thesis objective

Employing the same featwwef reagent ecapsulation and searching for challenging diseases to
monitor such as glucose and cysteamine, an innovative peroxidasebte@ddtsensor has been
established. As suctheobjectiveof this workis to fabricate a portable peroxidase tablet for the
detection androutine monitoring of glucose using nenvasive human saliva.ikewise, to
monitor cysteamine overdoses in human serum samples using simple and portable tablet sensors
that can replace éhtypes ofspecified tests usingxpensiveequipment.This work could be
achieved byhe combination of gold nanoparticles and pullytetymerin the synthesisvhich

will produce high catalytic activity AuNPsTab. This AuNPgTab can catalyze the reactiof
glucose into gluconic aciand hydrogen peroxidéi$O2). H-O> can be indirectly used to quantify
glucose concentrations by the oxidation of the TMB subsirdte blue product Thus, this
approach can facilitate not only the detection of glucosealsat other biomarkers that can be
guantified according to #D. productions such as choleste(@uan et al. 2020)creatinine
(Serafin et al. 2013)and uric acidJ. Zheng et al. 2022)/Nhile using the inhibition othe
peroxidasdike activity of AUNPspTab inthe presence of cysteamine cha used to quantify

cysteamine concentrations in human serum samples. Furthermore, to overconsofiectosty
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and sensitivity of AUNPs while storage and to conquer the special packaging of AUNPs during

trarsportation.

1.4 Thesis organization
The content of this thesis tategorizednto five chapterss the following:

1 Chapter 1 gives an introduction platforttmat includes the background knowledgé
peroxidase, glucose, and cysteamine detectimmotivationto produce this researchndthe

objectivesof this research work.

1 Chapter 2 provides a comprehensive literature reineuding the history of nanozymes

and their advantages over natugagymes and the principles of peroxidéike activity. A list of

the most common peroxidase nanozymes, the available platforms and media for glucose and
cysteamine detection, and the fabrication of glucose and cysteamssey using gold

nanoparticles.

1 Chapter 3 aimsit the preparation of the reagents that were used during the experiments,
the experimental techniques that were emplpged thesynthesigprocedures that were utilized

for the analytical testinglatforms. The results obtained from eachpeximentfor glucose
detectionusing thehighest catalytic activity presented pgroxidasdike activity of pullulan
stabilized gold nanoparticles.

1 Chapter 4 outlineghe procedure utilized for cysteamine detection along with the
experiments and ressltsing the inhibition of peroxidadée activity of pullulan stabilized gold

nanoparticles.

1 Chapter 5 gives a conclusion on the research work and future recommendations.
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Chapter 2LiteratureReview

In this chaptersome general information is provided about the peroxitileseactivity of different
inorganic nanoparticlesnddifferent methods ofjold nanoparticlesynthesis. This padontinueswith an
overview d glucose detection in different human fluidsd endsup with some methods for cysteamine
detection and the inhibition dfie peroxidasemimetic activity of gold nanopatrticles using amino acids.

1.5 Introduction

The term Ananozymeso was first been used by
(AAngewarwedd e 200 - Manea - Nanozymes Gol d Nanopar
Transphosphor vyl at iaoadparialarharefgrsstad s oursthfdingenzyiked . )

activity (Shivakumar, BG, and MR 2017)inosier and colleagues first named peroxidase after it

which was isolated from the cells of the bloodstream. AccordifRat@endran et alperoxidase

is an oxidoreductase that catalyzes the breakdowrnp©$ by an electron donor leading to the

oxidation of a variety of organic and inorganic compouiis/eendran et al. 2018)

3H0; + peroxidase mimetic enzym¢ ———>  6HCP

2(TMB/OPD/ABTS) +

6HCO? + 2peroxidase substrates (TMB/OPD/ABT ———— 6H,0

In these reactions, organic hydroperoxides or hydrogen peroxide are reduced while working with
an oxidzed redox substrate as an electron donor. The type of electron donor varies depending on
the structure of the enzyme. The pimgng mechanism is théocumentedohenomenorfor
peroxidase activity. The doubtisplacement response is another name for thisseqoential
process. Similar to a piagong ball, the enzyme will switch to an intermediate form when the
initial substrate transforms into the final product and retorits initial form without being
consumed during the reacti@as shown in Kigure 0-1). Additionally, one product must be
produced and released in@mzymatic reaction based on the ppang process before the second

substrate attaches.
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Figure 0-1 Representation of the pirgong mechanism (E: enzymez:EEnzyme intermediate; A: substrate one; B:
substrate two; C: product one; D: product two. Adapted f{dm et al. 2019)

There are tw@opularcatalysisroutesfor nanozymes in a peroxidase mimic reaction: an electron
transferpathand a hydroxyl radel creationpathbased on the Fenton reaction. For a very long
time, it was thought that the Fenton reagents' reaction with Was the primary source of the
peroxidasdike activity of nanomaterials. Forinstance@dc oul d be conversted in
when ferrous ions are present on the surface
interact with the redox substrate. The reactive sites in nanocarbon oxides' carboxyl groups have
also been discovere@. Chen et al. 2012)First, peroxgarboxyl groups could be created by
oxidizing the carboxyl groups. Second, the homolytic homocarboxylic cleavage of the
peroxycarboxyl groups yields hydroxyl radicals. The redox substrate is finally oxidized by
hydroxyl radicals, which results in a coldrifs. However, it was discovered that some types of
nanozymes did not have peroxiddike activity because of the Fenton reaction as the field of
study continued to deepen and develop. For exampleQs«CNPs demonstrated increased

peroxidasdike activity when compared to k@4 NPs.

The strong redox potential of €Cao, prevented C80s NPs from effectively
production. An electron transport path was suggested in this rgang et al. 204). Due to the

transfer of electrons from lor@air electrons in amino groups to the nanomaterials in this pathway
(Co® becoming Ce¢), the substrate could be directly oxidized. Then, it would encourage the
transfer of electrons to 4@, (converting Ce back into C8"). H,Oz receives two electrons as a

result, and it then breaks down into OBy keeping an eye on both, the creation of oxidized
products and the consumption of®4, their peroxidasdéike activities can be assessed. Some
specific chromophoie (TMB), (ABTS), (OPD), and others, can change color in the presence of

H20O.. The absorbance intensity can be monitored to detect this shift, or it can be seen with the
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naked eye. The Michaelldenten equation is used to calculaeveralparameters forreyme
kinetics investigations, such as the maximum turnover nuriklgy, feaction velocity\{max), and

MichaelisMenten constant{m).

Previousstudies report an intrinsic peroxidd#es activity of nanoparticles to be pH sensitive
where a mildly acidi condition (pH 4.0) is considered as one of the fundamental necessities. Thus,
driving the oxidation of peroxidase substrates (TMB, OPD, ABTS), which finally results in
subsequent colorimetric product formation used in the detection of a variety oéan@hgrefore,

the detection sensitivity is significantly dependent on the capability of oxidation of peroxidase

substrate by nanoparticles in the presence of hydrogen peroxide.

1.6 Nanozymes vs. natural enzymes

Peroxidaes have been extensively used in pharmaceutical and health, food, agriculture, paper and
printing, and chemical industri€Sellami et al. 2022)However, similar to proteins, peroxidase
enzymes are extremely sensitive to environmental conditions sutdngperature, pH, ionic
strength, etc., and their control is not always-edf&ctive(Ashrafi et al. 2021a)With the change

in the above factors, the catalytic activity of peroxidase enzymes is lost due to protein denaturation.
Furthermore, the peradase enzyme displays several activities due to fluctuations in the substrate

concentration, enzyme affinities, optimum pH, and so on.

The enzyme activity can also be stopped significantly by inhibitors such as heavy metals, drugs,
minerals, or other congunds by competing in binding to the active site or reducing the affinity of
the enzyme to the substrate by altering the structure of the erfBy#h@OLA 1969) To reduce

the challenges ahead, researchers have recommended the use of substances tingitanave s
activity with enzymes. One of the most important compounds used is nanozymes, which greatly
reduce the problems in industri@sble0-1 provides a comparison between natural enzymes and

nanozymes.
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Table0-1 A comparison between natural enzymes and nanozymes.

Type Advantages vs. disadvantages

denature quickly at a particular pH and temperature. Required 1
freshly prepared, challenging to transport (need specialized conditic
at most 4°C), pricey, demand special handling and skilled staff.

Natural enzymes
(Ashrafi et al. 2021a)

high activity, high stability against changes in temperature and pH,

Nanozymes tunability, multifunctionality, affordability, high susceptibility to tt
(J. Wu et al. 2019a) substrate, and compatibility with Michaeldenton and Pind?ong
processes.

Over the past few decades, studies have concentrated on nanomaterials with-lgezyme
characteristics (nanozymes) as simple, stable;pégformance substitutes for natural enzymes in

a broad selection of applications. Gao et al. discovered the infeigidase activity of ferrous
nanoparticles in 200{Gao et al. 2007)After this breakthrough, a series of research has been
followed to find the peroxidase mimetic activity of other materials and nanopatrticles. A variety of
inorganic nanomaterials d¢luding Cd, carbotfbased nanomaterials, Ce@ 04, CuO, Au, Fe,

Mn, Pd, Pt, SiQ Ag, VO, and Zn NPs have been considerably used to mimic the activity of
naturally occurring enzymes. These nanomaterials have been shown to mimic widely-Bkeyme
activities, and good improvements have beesdein these approaches due to the immense

progressn nangeresearch and the unigetatesof nanomaterials.

1.7 Peroxidase activity of different nanozymes

As of now, numerous nanomaterials have been created to produce nanozymes systems.
Nanomaterials utilized in intrinsic peroxidase mimics can be looselyatividto four groups

based on the various catalytic compositions and active sites of pereridagesystems: noble
metatbased nanomaterials, transition mdtased nanomaterials, carbons, and other inorganic
materials. This section will give a thoroughtroduction to the fundamental peroxiddike
characteristics and enzyme mimics systems design approaches of these four categories of intrinsic
peroxidase mimics applications. The enzyme mimetic properties of the most common inorganic

nanomat eryimd so Aimawmeo zbeen | i sted bel ow.
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1.7.1 CdS NPs

Maji et al. have synthesized cadmium nanoparticles (CdS NPs) with tunable shapes (rods and
spheres) and sizes which were synthesized through the decomposition of a newly synthesized
precursor complex [Cd(SOCRhputy] utilizing structuredirecting solvents such as
dimethylsulfoxide (DMSQO)ethylenediamine (EN), and ammonia (Hn addition, CdS NPs are

also prepared by the thermal decomposition of the precursor complex underdtreasphere

(Maji et al. 2012) Theperoxidasdike activity of CdS NPs was analyzed based on the degradation

of TMB and HO> substrates. Kinetic analysis showed that the catalysis reaction by CdS NPs
shows typical MichaelidVlenten kinetics. Moreover, regardless of the long period time of
preparation, the synthesized CdS NPs exhibited substantially greater catalytic actititg for

substrate TMB than HRP and were applied for some wastewater treatments.
1.7.2 Carbon-based NPs

Song et al. suggested that GX®MOH showed intrinsic peroxidadike activity and its activity is
greatly improved by physiological constraints similar to H8&ng et al. 2010)In the presence

of H2O2 and TMB, GGCOOH generated a diamine blue color. The sensor possesses high surface
to-volume ratios and a high affinity to organic substrates due to hydrophobic interactions as shown

in Figure0-2. The sensor was able to detect glucose in blood, orange, and apple juice samples.

Glucose

Gluconic

Figure 0-2 Representation of colorimetric detection of glucose by using glucose oxidase (GOx) &DO@®
catalyzed reactions as reported by Song et al. Adapted froniS®ely et al. 2010)

1.7.3 CeO2NPs

Nanocomposites of dispersed @eni oxides (Ceg) on a TiQ nanotube have been synthesized
by Zhao et al(Zhao et al. 2015)The strong peroxidadie activity was calculated for the
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CeQy/nanotubeTiO», which was better than those for Ga@anowireTiO2, CeQ/nanorodTiOa,

or CeQ/NPsTiO2 with a similar molar ratio of Ce/Ti. Regardless of the time of preparation of
these nanoparticles (>20 h), these nanocomposites exhibit a very high catalytic actiVisjite€e
were established as the catalytic active locations for the catedgittion. The first interaction of
surface Ce@with H.O, chemically changed the surface state of Clegtransforming C¥ sites

into surface peroxide species causing adsorbed TMB oxidation as indicakegluire 0-3). The

sensor was applied to the detection of glucose in human serum.

3 Surface peroxide

Figure 0-3 Representation for TMB oxidation ihe presence of #D, over CeQ/NT-TiO.. Adapted fronfZhao et
al. 2015)

1.7.4 Pd NPs

Palladium nanoparticles (PANPs) have been synthesized by Lan et al. and proved to be an effective
catalyst for the bD>-mediated oxidation of TMELan et al. 2014ps depicted inHigure 0-4).

The suggested Pd NPs have a catalytic activity similar to the HRP enzyioeocah be seen by

the formation of blue color in urine samples containing sarcosine and was applied for the diagnosis

of prostatic carcinoma. The Pd NPs were synthesized using Ne&Bireducing agent.

Substrate

@
—_
Substrateon “

SOD %o
Sarcisine ——» 1,02 il

© Nano-Pd

Figure 0-4 Sarcosine detectionsing Pd NPs. Sarcosine triggers a fast release@kHy the catalytic action o
sarcosine oxidase. Adapted frghran et al. 2014)
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1.7.5 CuO NPs

Hue et al. synthesized watgoluble Cu NCs by usingovine serum albumin (BSA) as a stabilizer
and reducefHu et al. 2013 The peroxidaséike activity of Cu NCscan catalyze the oxidation of
TMB by H20:> to producea bluecolor product as shown ir{gure0-5). Then, by coupling GOx
with Cu NCs, glucose detection can be easily appliésinoteworthy that the BS&u NCs have
stronger activity around neutral pH than horseradish peroxidase, which astageous for

biological applications.

T™MB H,0, Gluconic acid
’ CuNCs GOX’@
' oxTMB H,O0 O, Glucose

Figure 0-5 Representation of colorimetric detection of glucose by using GOx and Cu NCs catalyzed color r
Adapted from{Hu et al. 2013)

1.7.6 Fe NPs

Gao et al. reported ferromagnetic nanoparticles of different sizes (30, 150, and 300 nm) and
spherical shapes (Fe NPs) can catalyze the oxidation of TMB to produce a blue color. These
nanoparticles have an intrinsic enzyme mimetic activity similar to algteroxidases, which was
extensively employed to oxidize organic substrates in the remediation of wastewater or as
detection system&ao et al. 2007)The group has the following findings: (1) the peroxidése

activity of FeOs MNPs was also KD, pH, and temperature dependent; (3) catalysis b@4e
MNPs showed typical Michaeliglenten kinetics; and (4) catalysis by:Be MNPs was consistent

with a pingpong mechanism. 684 MNPs catalyzed the reaction of various peroxidasstsafies

such as TMB, DAB, and OPD. Based on their data, they developed a novel immunoassay with
triple functions FeO4 MNPs in which antibodynodified Fe NPs possess three outcomes: capture,
separation, and detection. In order to make tR®H&NPs (30 m) more biocompatible for use

in these tests, they first treated them using substances sucha3-&inopropyltriethoxysilane
(APTES), polyethylene glycol (PEG), or dextran. Tla@pliedimmobilized protein A on FH©4

MNPs inreplacementf an enzymeconjugated secondary antibody in trgginalimmunoassay.

Similar to a traditional ELISA, they coated a plate with the hepatitis B virus surface antigen (preS1)
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and then incubated the plate with an #tBV preS1 antibody. Nospecific binding was
eliminaked after multiple washes. Following the addition of the substrate TMB and immobilized
protein Acontaining FeO4 MNPs, protein A attached to the primary gmteS1 antibody, and the
H20»-induced color reaction was catalyzed by the MNPs as display€&tjure0-6). An ELISA

reader was used to measure the response at 652 nm.

AL
Devel oping :

Figure 0-6 Based on the peroxidase activity of magnetigdz@anoparticles, immunoassays. b) an immunoas
based on F€. MNPs. AntipreS1 antibody identified the HBV preS1 antigen, areDF®MNPs conjugated tc
protein A, which bindsxclusively to the Fc portion of the antibody, were used to detect it. ¢) An immunoas
capturedetection. Target Tnl in the sample was captured and separated using antibody modifietINes.
When the substrate TMB was introduced whe@:hvas preent, this combination interacted with the second
anti-Tnl antibody that had been coated on the plate. Adapted(f&au et al. 2007)

1.7.7 PtNPs

Platinum nanoparticles (Pt NPs) were synthesized by Fan et al. using apoferritin (apoFt) as a
nucleation substrate in the size afZlhm) to form (RtFt NPs). RtFt NPs possessed both catalase

and peroxidase activitiggan et al. 2011)With HO. as sibstrate, oxygen gas bubbles were
produced from BO. decomposed by Hit; the production of oxygen gas effectively supports Pt

Ft reacts as catalase, other than peroxidase. While with organic dye@urabktubstrates, unique

color results were producedtalyzed by REt, which signifies a peroxidadde activity as
indicated in Figure0-7). These nanozymes showed variance reaction to pH and teanpevaich

was optimal at physiological temperature and acidic pH.

OO Y.
ke W

Pt-Ft

Figure 0-7 lllustration of the formation of PEt NPs where Pions were reduced by adding NaBtd yield zere
valent Pt NPs. Adapted fro(fan et al. 2011)
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1.7.8 AgNPs

Liu et al. have synthesized the medispersed silver nano colloids & with a size of 10 nm
through a colloidal chemical preparation metitgdanjun Liu et al. 2014)it was indicated that

the produced AP NPs exhibit intrinsic peroxidadike activity and perfectly follow the
MichalissMentons equation of enzyme actiit Peroxidasdike activity of the AgPOu
nanocrystals was evaluated in the catalysis oxidation of a commonly used peroxidase substrate
TMB, in the presence of4.. TMB is colorless and can be oxidized slowly yOras explained

in (Figure0-8). Two colored compounds are the visiblegmpducts of oxidation. A blue charge
transfer complex of diamine, which is formed in quick equilibrium with the radatéon, is the

initial end product. Its maximum wavelengths of absorption are between 370 and 652 nm. Another
by-product of further oxidizing the diimine with too much®4 or under strongly acidic conditions

is yellow diimine. The diimine product hasraximum absorption wavelength of 450 nm and is

stable in acidic environments.

H,0, . H,0,,
iy B ot 2 Do

(blue) (yellow)

Figure 0-8 The TMB's oxidation proces&dapted fron{Yuanjun Liu et al. 2014)

1.7.9 AuNPs

AuNPs are excellent metals that exhibit a unique surface plasmon resonance and catalytic activity.
The easy synthesis and long stability of AuUNPs made this metal an attractive material for
researchers in the field of detection. The catalytic activityftérgint AUNPs has been investigated

by Wang et al(S. Wang et al. 2012Yhe bare AuNPs exhibited higher catalytic activity than the
negatively and positively charged types. Moreover, Jiang et al. have demonstrated that the
positively charged gold nanoparticles functioned as a peroxidase mimic e(ydiang et al.

2017b) The synthesis includes the addition of a
stirring and reflux. The positive amine group of chitosan produced the positively charged AuNPs.

It was found that surface functionalization is responsible for tbdugtion of surface charge
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which corresponds to the catalytic activity of AuNPs. The detection glucose mechanism is

demonstrated inHigure0-9).

Glucose in Serum Gluconic acid

vmy/ms
"’**_\.m.

v~ Chitosan  » HAuCl, vé’ Chitosan-AuNPs

Figure 0-9 Detection of glucose using positively charged ChiteaahlPs. Adapted frorfC. Jiang et al. 2017b)

1.8 AuNPs as peroxidase memetic nanozymes

Gold nanoparticles (AuNPs), a huge poterftiaictional nanoparticle in scientific research, have
attained tremendous interest for their unique physical and optical property since they have been
discovered. They have been very popularly used as labels in diagnostics, sensors, etc. The
application ofAUNPs in sensor construction is pervasive, and so several papers have been stated
throughout the past years. The peroxidase mimetic activity of AUNPs used in the sensor has been
explained in the literature. Most of them tend to explain a certain kindeoffigpsize and surface

charge using one kind of synthesis technique. However, few of this research include the synthesis
of positively and negatively charged AuNPs using multistep and complicated methods. Turkuvitch
method was widely used to produce tlegatively charged gold nanoparticles when using sodium
citrate as a reducing and stabilizing agent. While the positive AUNPs were synthesized hy NaBH
reduction of HAuC] in the presence of cysteamine or chitosan. The negatively charged
demonstrated highecatalytic activity than the positively chargé8. Wang et al. 20123s
explained in Figure 210). However, the method needs msli&p preparation and used sodium
citrate in the synthesis of AUNPs. On the other hand, polysaccharides such as pdlalgneat

choice for the green synthesis of AUNPs using astee preparation in less than an hour. To
overcome the challenges of aggregation and lois sensitivity of liquid AuNPs during
transportation, encapsulation of AUNPs using polysaccharidégyisat choice.
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Figure 0-10 Evaluation of the peroxidadie activity of a) aminemodified, b)citrate-capped, and c) unmodifie
gold nanoparticles toward TMB as peroxidase substrate. Adapted(8oivang et al. 2012)

1.9 Glucose detection

The peroxidase mimetic activity of AuNPs has been previously employed for glucose and
cholesterol detection using unmodified AuNPs. The positively and negatively charged AuNPs
were discovered to exhibit different peroxidase activity in the solution folynldawever, recent
studies did not emphasize the development of their peroxidase feature in transportable tablet
platforms. Furthermore, the intricate synthesis procedure and the-stepltipreparation of

nanozymes encourage researchers to find more dewetisoa onstep process.

Glucose is one of the ldfthreatening biomarkers that is responsible for hundreds of deaths every
year. The waiting time in clinics for diagnostic and monitoring of glucose is so long and sometimes
can exceed hours. Additionallthe pain of needles while giving blood samples can add an extra
burden to the patients, especially young children. While giving saliva samples is preferable,
painless, and effortless and everybody can do it without hesitation. Starting from thesednspira

the fabrication of transportable and ed&syse tablets sensor can facilitate the detection and

monitoring of glucose for diabetic patients.

As such, the common glucose sensors based on AuNPs are using the solution platforms which is
problematic inhandling and transportation. Besides, the deterioration of catalytic activity due to
loss in sensitivity over time and the difficulties of preserving the particles well dispersed
emphasized the need to find alternatives for the solb#sed platforms. ikewise, AuUNPs
become more attractive for fungus invasions and aggreg@iamasamy, Lee, and Lee 2017)

Hence, changing the platforms will be of great benefit to the detection systems. Using pullulan as
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a reducing and stabilizing agent (all at once) in the synthesis and as an encapsulation agent will
preserve the AuNPs for a longer time while maintainhmgrtcatalytic activity and contribute to

the fast detection and diagnosis of glucose in clinical and home usage.
1.9.1 Available platforms for glucose detection

At present, many methods have been reported for the detection of glucose, including
electrochemical(M. Chen et al. 202])lateral flow devices(Jingjing Zhang et al. 2016)
immunoassaysgYingshuai Liu, Lei, and Zhang 201 #JuorescencéHammami et al. 2021 and
optical/colorimetric assay&Kap et al. 2021)Between these, colorimetry has thenefits of a

simple procedure, low cost, elevated speed, and robust practicability. Moreover, it can be read out
by the naked eye without complicated instruments or professional knowledge and skills and is
suitable for POC tests. The routine colorimettetection of glucose is based on enzymes and
chromogenic agents. While the more complicated equipment and materials are involved when it
comes to the other platforms for glucose detection. Below is a list of some common platforms for

glucose detection.
1.9.1.1 Electrochemical assays

Following the process of recognizing analytes, chemical information is transformed into an
electrical or optical signal as presentedkig(re0-11). It generates an electrical potential from

the action of a particular ion in a solutilahman et al. 20087An electrochemical sensor makes

use of electrical signals that are produced as output changes by the target materiadc&€ssepr
underlie the electrochemical biosensing of glucose: (1) the redox reaction of mediators bound to
the electrode surface together with the enzyme, and (2) the electrochemical oxidati@y of H
produced by the enzyme. In this instance, it entailetizgme GOx reducing oxygen te®h (S.

Zhang et al. 2005)

Analyte (8 p Electrochemical
signal

Receptor

Figure 0-11 The principles of electrochemical sensors. Adapted {Rahman et al. 2008)
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Another electrochemical glucose sensor degeloped by employing a composite film of plant

like Zinc oxide (ZnO) and chitosestabilized spherical gold nanoparticles (AuNPs) on which GOx
was immobilized. The ZnO was placed on an indium tin oxide (ITO) coated glass and the AuNPs
of an average dian®r of 23 nm were stacked on ZnO as the second layer. The presence of AUNPs
provides significant enhancement of the electron transfer rate during redox reactions. A substantial
protective protein shell surrounds the redox center of GOx, flavin adeningetitide (FAD),

which catalyzes the glucose oxidation processes and prevents the transfer of electrons. The
inclusion of AuNPs surrounding the GOx lessens the protein shell's insulating effect, creates an
electrical route for enhanced electron transfed tierefore boosts the electrode's sensitivity.
Another theory is that the AUNPs operate as a redox mediator, much like the FAD does in natural
systems. This would increase the FAD's surface area and improve the process of electron transfer
between the GOxand the electrode surface. Thus, uniformly dispersed AuNPs on the reactive
surface improve the transport of electrons from glucose oxidation toward the electrode as shown
in (Figure0-12) (Tian et al. 2015)
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Figure 0-12The ZnO/AuNP/GOX/ITO electrode's electrochemical reaction and the produced sensor's desic
on its 450 nm ZnO/AuNP/GOx/ITO wavelength. Adapted ioam et al. 2015)

1.9.1.2 Lateral flow paper-based devices

Due to the benefits of visible readout, simple operation, and improved stability, colorimetric
detection has been the most extensively used approach forljzegmetr analyticalevices (PAD)

The most popular bBnzyme system for cataiyg the reaction beteen glucose and the color
indicator in PADs is GOx and HRMP20. and gluconic acid are the products of the catalytic

reaction between glucose and GOx. The interaction 6% kvith the color indicator is then
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catalyzed by peroxidase, resulting in a visildelor shift. One of the important aspects in the
development of PADs for the detection of glucose concentrations is choosing a suitable color
indication. One type of color indicator frequently employed was potassium iodiddd#ifje is
converted to iothe by HO> when HRP catales the process, changing the subst@oaor from
colorless to brownThe same procedure is implied using other substrates such as TMB as shown
in (Figure0-13).

(A) (Overlap) (Overlap)
[ 2 aLateit Pl
il e
$1: L Sample NC SR
i T flow membrane Iilﬁi B
Sample TMB
pad Tld HRP HRP HRP Absorbent pad
Bu-lcking Adhesive NC membrane
—iEdionotsohiion flow,
(B) £IMB 5 1,0, 5.0, HO,
{A)0 min ‘,u:‘ e o T ﬁ", i

Figure 0-13 H,O; assay representation highlighting its key elements: (top) top view and (bottom)sentiss
(A). The bar code enzyme test reaction technique for producing signals in a ladder bar pattern as dosage t
at various times (B). In this casEMB was usd as an enzyme substrate to produce a blue color in the prese
H.0,. Adapted fronfFung, Chan, and Renneberg 2009)

1.9.1.3 Immunoassays

The unique antigeantibody interaction is the basis of immunoassays, which are highly specific
biochemical techniques. Today, immunoassays boost their sensitivity by labeling either the antigen
or the antibody, or both. A radioisotope, enzyme, fluorescence, or chemical can be used as a
labeling agent. Labeling enzymes and substrate degradatioyzeatiaé process to produce the

colored end product for spectrophotometric and ocular examination.
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Citratecapped AuNPs were successfully aggregated by berizéieronic acid (BDBA) due to

the interaction between thbydroxy carboxylate of citrate artde boronic acids of BDBA. The
boronic acid groups in BDBA were changed into phenol groups J@s-khediated oxidation.
Citratecapped AuNPs could not aggregate when the oxidized BDBA was present. A colorimetric
probe for glucose may be created by combitimeggGOxglucose system with the BDB#&duced
aggregation of citrateapped AuNPs. In addition, a sandwich immunoassay, biotinylated
antibody, and aviditonjugated GOx were merged with anGBDBAAUNP probe for the
selective detection of rabbit immunogldin G (IgG) and humaiprostatespecific antigen with

the naked eye (PSAY. C. Yang and Tseng 2016)his idea is presented iRigure 214).
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Figure 0-14 Plasmonic immunoassay readout via the naked®gedwich immunoassay, aviedmtin interaction,
GOxmediated oxidation of glucose;®b-induced oxidation of BDBA, areDBA-triggered aggregation of citrate
capped AuNPs are all used to detect the target protein. Adapted Yroth Yang and Tseng 2016)

1.9.1.4 Fluorescence assays

The literature is rich with several types of fluorescence sensors for glucose detection. Most
fluorescence assays based on AuNPs take advantage of the inner filter effect of AUNPs on the
fluorescence properties of various fluorophores or metal nanopsi(tlolg et al. 2021)In these
procedures, the target analytes are determined by using enzymatic systems thac©peateh

as glucose/GOx, uric acid/urease, or cholesterol/cholesterol oxidase, which have been employed

as effective fluorescence quérecs. The spectroscopic characteristics of the expanded AuNPSs in
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such applications are strongly influenced by the analyte concent{®&amhan, Akhond, and
Shamsipur 2020a)A fluorescent test for glucose detection has been created by Pezhhan et al.
based on the selfatalyzed, enzymé&ee growth of nanosized AuNPs as describedFAgure

0-15). The bare AuNPs can oxidize glucose to crghieonate and react with HAuClo make

Au® species. Then, the Aparticles settle on the AuNP cores, increasing the size of the AuNPs.
The color of the solution changes from colorless to red as a result of the increased size of AUNPs
produced by higherlgcose concentrations, with an absorbance maximum occurring at 530 nm.
Then, they employed the inner filter effect (IFE) to detect botB.tdnd glucose utilizing His

AuUNC:s as IFE fluorophores and AuNPs as IFE absorbers. Due to the overlap betweeadbe surf
plasmon resonance (SPR) band of the AuNPs and the emission bandAafNdis, the sel

catalyzed expansion of AUNPs affects the emission 6RAHNCSs.
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Figure 0-15 Representation of the (IFEBased assay for the histidigducose nanoclusters (HSGNCs) mediatec
fluorometric detection of glucose based on the-catiflyzed enlargement of AuNPs. Adapted f(®®zhhan,
Akhond, and Shamsipur 2020b)

1.9.1.5 Optical/colorimetric sensors

AuNPs show great capability of construction as a colorimetric seAstNP morphologies,
aggregation behavior, and catalytic activity are just a few examples of the alterations brought on
by the many interactions between segsimits and various analytes. Highly cresactive and
nonspecific receptors are used in the generation of the color signals of pattern response for the
analytes. Utilizing statistical tools or imaging techniques makes it simple to identify different

andytes. AuNPsbased colorimetric sensor arrays may be split into three major types based on the
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various sensing processes (SPR alterations, catalytic activity variations, and multidimensional

sensor arrayjSun et al. 2020a)

In addition to their excepinal optical properties, AUNPs have been used to create sensing devices
due to their exceptional artificial enzymatic activity. Optical signals are also produced by the
peroxidasdike action toward diverse substrates. Surface coating, functional ligandsding

agents can modify the morphology, distance between particles, and even the enzymatic activity of
AuNPs, which can vary the colorimetric signals that are produlEgpir€0-16) is a representation

of the basic principles of the AUNPs colorimetric sensor.

AuNPs Based

Colorimetric

Figure 0-16 Representation of AuNRmsed colorimetric sensor with different sensing mechanisms. Ad
from (Sun et al. 2020b)

1.9.2 Samples for glucose detection

Routine glucose monitors for the nanvasive monitoring of diabetes apensistentlybeing
developed andnhancedAlthough there are several biosensing platforms for monitoring glucose
offered on the market, there is still a strong demand to enhance their accuracy, repeatability, and
accessibility to endisers. Moreso, biosensing technologies are being increastngdigd that use
different body fluids such as saliva, sweat, and tear fluid, etc., that can be calibrated to and
therefore used to measure blood glucose concentrations accurately. To improve the applicability
of these devices, exploring different fluidstasting mediums is crucial and opens the door for the
development of various sensor platforms. Recent improvements have surfaced in the form of

wearable sensors such as contact le@lasZzhang et al. 20119r mouthguard¢Arakawa et al.

28



2016) Chalenges still present themselves in the form of sensitivity, especially at very high or low

glucose concentrations, which is critical for a diabetic person to monitor.
1.9.2.1 Blood

Blood is the most often used biofluid for diagnostic purposes, followed by uriile, saliva has

only lately attracted substantial interest, for example in relation to quick diagnostic tests for
COVID-19 (Pasomsub et al. 2021yWhile blood samples are the most accurate method for
measuring blood glucose, it still causes discomfartiie majority of patients. Diabetic patients

are exposed to needles during health care routine checkups. Therefore, needles are reported as one
of their most feared and painful experience during daily glucose moni{@negius et al. 2018)

Many glucse sensors have been used to measure glucose in blood samples. Chen et al. used
Tungsten disulfide (WS2) nanosheets which were discovered to possess the intrinsic peroxidase
like activity and catalyze the peroxidase substrate TMB to produce a color ¢hang@resence

of H20. Centered on this result, a colorimetric procedure and a transportable test kit for the visual
detection of blood glucose have been established by using glucose oxidase (GOx) and WS2
nanosheetatalyzed reaction®. Chen et al. 2(H).

1.9.2.2 Urine

Urine is a fluid naturallyyielded by the body, the analysis of which does egpectimposed
extraction from the body, nor an implant to access it, such as in the case of blood. Therefore, this
solution permits the practical and Rmvasive detection of glucose levels, which has been
demonstrated to relate to blood glucose levels, by utilizing the shifting refractive index of urine
concerningglucose concentratiofRobinson and Dhanlaksmi 201 Nevertheless, the detected
glucose concentrain is an average of the glycemia for fieriod that urine stays in the bladder
before being expelled, where it is collected. Therefore, the measurement will be more accurate and
the association with blood glucose variation will be stronger the shoet@otlection intervals.

For example, Prasad et al. have developed a glucose monitoring system that takes advantage of
copper's capacity to stimulate catalytic reactions with high efficidayeen Prasad et al. 2021)

The catalytically active copper naparticles were applied to cotton fabric thread. Cu Nanozyme's
high catalytic efficiency was demonstrated by its capacity to encourage the oxidation of TMB to
its second oxidation product (yellow), as opposed to the more typical blue-tteargfer compbe

product.
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1.9.2.3 Saliva

Due to the vast sample collection and relative lack of interfering molecules compared to blood
plasma, saliva has attracted the attention of numerous researchers. The ease of collecting saliva
samples (even in quite large amounts) ardniiture of the stregsee method for glucose testing

make it perfect for daily glucose monitoring anéhimme testing. When the glucose levels increase

in blood vessels, it will be secreted into the capillary membranes of the mouth causing its diffusion
into saliva. Hence, saliva medium is considered a huge advantage for glucose nwprfiiguire

0-17) shows the transportation of glucose frolmod vessels (when glucose concentration is high)

into saliva causing an increase in salivary glucose.

Saliva

Glucose Glucose

Figure 0-17 Movement of glucose molecules from blood vessels to saliva medium.

The use of saliva asmaedium for detecting glucose was first presented as a bienzyme and carbon
nanotubes combined with a thin filfw/. Zhang, Du, and Wang 2019}he detection mechanism

uses a combination of GOx and HRP working in parallel with mvdtled carbon nanotubide

and AuNPs by entrapping the enzymes in a chitosan matrix, whose role is to house the bienzymatic
reactions. Polyphenol is employed as a semipermeable membrane whose function is to reject any
interferences that would otherwise hinder accurate glucoseunse@asnt and shows extremely

good selectivity.
1.9.2.4 Tears

Tear fluid, because of its easy accessibility and possible correlation to blood glucose, is becoming
increasingly used as a fluid medium in glucose tesfingkim et al. 2019)However, major

disadvamages of tear sample collection include difficulty in tear pooling and a relatively low
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volume of the gathered sample. In addition to the requirement of using stimulants for tear

production such as specific eye drops.

Many studies have proved a relatiomsbetween blood glucose and tear glucose. Golamatri et al
investigated the glucose concentration between the blood and the tear and found these two values
have positive correlation&olamari et al. 2019)Other studies focused on the development of
biosensors that utilizes the properties of oxyges) €@nsing membrane and an immobilized layer

of GOx on supporting materials to produce an enzymatic sensor displaying high sensitivity to low
concentrations of glucog®uong, Sohn, and Rhee 202Based on the oxygen levels used in the
glucose oxidation reaction, which was catalyzed by GOXx, ratiometric fluorescent ghersseg
membranes were created. Am-§&nsitive fluorescent dye, such as platinum nriesa
(pentafluorophenyl) porphyrin (PtRyas used to quantify thex@oncentration by quenching the
fluorescence of the dye. In the ratiometric fluorescence measurements, coumarin 6 (C6) was

utilized as a reference dye.
1.9.25 Sweat

Given that most people produce sweat passively, sweat is a vehlesuitadium for measuring
glucose levelgJohnston et al. 2021)owever, the way of obtaining the sample is complicated as

it needs lots of exercises to achieve a good amount of sample for detection. Furthermore, many
other factors should be consideretien taking the sweat samples such as the availability of
contaminants in the skin, the quantity of sweat readily available, deviations in results because of
pH differences, sweat gland's periodic activation, skin topography, sweat rate per gland, and the
number of active sweat glands, as well as between measurement locations on the same person
(Zafar et al. 2022)

Muchresearch was done on sweat samples for glucose detection. Alayeglgraphendased
sensor coated in gold nanoparticles that cont&x @&nd take advantage of the characteristics of

a glassy carbon electrode andhéxanethiol as an electron transfer medium is used to detect
glucose in swedtYuan et al. 2019)The manufacturing of the sensor was made easier due to the
use of chemicalapor deposition for the AUNPs. A clean surface also improved the immobilization
ability of GOx and made the ductility monolayer graphene ideal for the detection of low glucose

concentrations.
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1.9.2.6 Serum

The medium of serum is effective for the detection ofcgde. Although caution must be
considered due to the various proteins and biomarkers contained in the fluid, it is frequently
accurate and trustworthy. However, the need for a machine to separate blood hemoglobin to extract
the serum makes this method cdicgted. Taking into consideration the fact that obtaining the

serum sample must pass through the fear of needles which is painful and bothersome.

Human blood serum samples have been used with a device based on functionalized reduced
graphene oxide to dett glucose molecules. The electrocatalytic activity of glucose serves as the
basis for this sensdGuler, Turkoglu, and Kivanc 2017Jhe sensor was fabricated based on a
modified glassy carbon (GC) electrode and functionalized reduced graphenaGXdeRTES)

with rGO-APTES immobilized GOx. Another invention uses polypyrrole nanowires and graphene

oxide technology to create fiber electrochemical transigtrgvang et al. 2017)

Overall, the use of saliva samples for glucose detection can beeacorofortable, convenient,
and costeffective alternative to other sampling, with the added benefit of potentially allowing for

more frequent monitoring of glucose levels.

1.10 Common chemicals methods of AuNPs synthesis

Many different synthesis methods have been developed to produce gold nanoparticles (AuNPS).
The "bottomup" method and the "tegown" method are two categories into which techniques for
creating various AuNPs can be divided. The bottgm strategy comprise chemical,
photochemical, and nanosphere thermal, sonochemical, electrochemical, and templating reducing
strategies. This technique entails the assembly of atoms (resulting from ion reduction) inte sought
after nanostructures. Tafown techniques, like ettron beam lithography and photolithography,
needthat matter to be removed from the bulk material to have the nanostructure that is wanted.

While both approaches can produce Each AuNP has its ideal shape and size. limitations, such as
weak monodispersitin bottomup model approaches, as well as significant material waste-in top
down methods). The simplest and most used method of synthesigéshimgue whichnvolves

turning gold ions (Ag") chemically into AuNPs AU The production of gold nanopites
depends on two processes: reduction and stabilization. Na&¥dium citrate, sugars, and

polymers are a few examples of reducing agents. While the stabilizing agents include trisodium
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citrate, polymers, dendrimers, and surfactants such as cetyftylicam@monium bromide (CTAB).
The Turkevich method and Brust method are the most common methods used for the chemical
synthesis of AuUNP&Shah et al. 2014)

1.10.1 Turkevich method

The Turkevich method, which was first introduced in 1951, uses chemicals to synthesize AUNPs.
It is one of the most weknown methods for creating spherical AUNPs with a size between 10 and
30 nm. The foundation of this technique is the reduction of dfe grecursor utilizing reducing
agents like polymers, ascorbic acid, trisodium citrate, and ascorbic acid. The gold precursor is
heated until it boils, and then, while being vigorously stirred, 1% trisodium citrate solution is
quickly added. The transitioof the solution's color from pale yellow to wine red indicates the
creation of AuUNPs. This approach produces AuNPs that are roughly 20 nm in size. The role of
sodium citrate is to provide stability for the colloidal gffdmling et al. 2006)

1.10.2 Burst Method

Brust first presented this technique in 1994. This technique was used to produce smafer (1.5
nm), low dispersal, and thermally stable AuNPs by adjusting the proportion of thiol to gold in
organic solvents. The aqueous gold precursor is movedd@anic solvent like toluene using the
phase transfer agent tetraoctylammonium bromide (TOAB) in thisptvase method. The
reduction is then carried out by (NaBHn the presence of alkanethiol. After the addition of
reducing agents, the organic phasel®r changed from orange to brown, signaling the synthesis
of AUNPs(E et al. 2014)The general approach for the gold nanoparticles synthesis is presented
in detail in(Figure0-18).

In general, as this procedure involves gradual enlargement of the dimension, it enables the
regulated production of AUNPs in the preferred shape and size. However, the considerable quantity
of significant variables pose challenge to the management and enhancement of the process, such
as the degree of warmth, the concentration of the reducing agent and precursor, the seed density,

and the pace of the reducing agent's incluégadiq et al. 2023)

33



/A \/ B Peptide \/ c N
Shape (o
Protein ; Drug e g
4 ,JJ N = T N
- @ L fF b
Spherical Star Rod Cube . i i Al hn A
P Antibody 7/ \ st N%DNA A = i
.—Pr Electrostatic Steric
; stabilization stabilization
Triangle Hexagonal Cluster Shell Fliisrasaanit Enzyme
dye o
Size -
Functional groups e e
- el oy
5nm 15nm 30nm  50nm 80nm 100 nm @@ Elsctrostanic
o@ stabilization
Color PO Surface charge
S 3
/D ‘ \ /E AuNPs-based sensors \
1
r T T T T 1
1 Optical Thermal Electrical Magnetic Acoustic  Nanozyme
1
Top-down I T T T T 1
approach SPR Fluorescence SERS Absorbance DLS  Luminescence
) T
Colorimetric
anna 1
(LK o N S
Biological Inorganic  Organic
/
I 1 1
r T T 1 L T T T 1
‘ Amino Microorganisms/ Nucleic acid/  peptides; | Pesticides Drugs Allergens Mycotoxins Small
Bottom-up ‘ acids Pathogens  Oligonucleotides  poteins/ toxins
approach “ Enzymes
[ T T 1
I Transition Anions Rareearth  Alkali and alkaline
® 9o metal ions metalions  earth metal ions
%9 ——
s Heavy Coinage
\_ > -/ \ metal ions __metal ions /

Figure 0-18 A summary of the features of AUNPs emphasizing their principal attributes. (A) Depiction of diverse

configurations, dimensions, and hues of AuNPs; (B) modification of the surface of AUNPs using 4 ligagel$

comprising diverse chemical groups; (C) various sorts of stabilizing forces and surface charge surrounding AuNPs;
(D) synthetic methods grouped into tdpwn and bottorup classes for generating AuNPs; (E) the primary

classifications of sensorsabed on AuNP#\dapted fron{Sadiq et al. 2023)

1.11 Green methods of AUNPs synthesis using polysaccharides

Compared to conventional chemical approaches, a green biosynthesis strategy for noble metal
nanoparticles has many advantages. These includeesnoirces that are safe, simple, and
affordable; don't require the usage of high pressure or temperatures@miime dangerous or
poisonous chemicals; and don't need any artificial ligands, cappings, or stabilizing agents for the

biosynthesis of AUNPs. Most of these reducing and stabilizing agents were obtained from plants,

algae, bacteria, and fun@ambo, Macedo Krause, and Moutloali 2017)
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Usually, plant extracts or microorganisms are used as reducing agents to reduce gold ions during
the green production of Au NPs from Hinto Au’. Typically, the extracts are made by soaking
green materials in water der favorable climatic conditions (different green substances have
different optimum conditions). Then, heat is applied-96) °C to enhance the reaction in the
solution. The extracts are then combined with a gold ion solution, and when the solutioedurns
AuNPs start to forn(Ying et al. 2022) Table 0-2 explained the difference between using the

chemical and the green synthesis of AUNPs.

Table 0-2 Comparison between the chemical and green methods of AUNPs synthesis.

Synthesis method Advantage Disadvantage
- Uniform size and shape - Multi-step preparation
Chemical - Straightforward and fast - Needs stabilizing agents
preparation _ - Harmful, and toxic for human
(Shabnam and Behboodi 2016| - Excellent quality of nanoparticle health and the environment
- Long shelf life of the - Not degradable by nature
nanoparticles
- Safe, simple, and facile - Precise preparation steps are
Green using polysaccharides | - Easy to control the size and shal  peeded
- Rapid and coseffective - The shelf life of the particles is
(Lee et al. 200) - Ecoriendly, organic/easily short

degradable by nature

Furthermore, other several polysaccharides, such as dextran, guar gum, cellulose, chitosan,
carrageenan, and heparin, have been investigated for the manufacture of AUNPs. However, some
of these polysaccharides and biopolymers cannot be used irstaigproduction due to their
inherent issues with high viscosity and low solubility, which necessitate derivatig@btureau,
Dellacherie, and Durand 200Gy contrast, due to its highater solubility and low viscosity,
biocompatibility, and biodegraddity, pullulan is utilized in a wide range of industrial
applications, including as a food additive, a blood plasma substitute, a film, and an adhesive. Other
numerous commercial and industrial uses for pullulan, including in the sectors of medicine, food
science, biotechnology, and healthc@Peajapati, Jani, and Khanda 2018he rich structure of

pull ul an which is made of maltotriose-(14)i n whi
glycosidic bond and the maltotriose units are connected 4¥,6) glycosidic bond made it an
attractive research polyméd Moubasher 2014)Overall, pullulan is an attractive encapsulation

material that was used to create a simple;fgeadly, effective process for producing stable
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AuUNPs in a mild environnme (Uryupina et al. 2011)Hence, the use of pullulan will be of great

advantage in the field of sensors and detection.

1.12 Some methods foICysteamine detection

Several analytical techniques have been proposed in the literature to identify and measure cys i
biological specimens such as plasma and urine. These methods encompass enzymatic analysis,
high-voltage electrophoresis, i@xchange column chromatography, hgrformance liquid
chromatography (HPLC) with UV and fluorescence detection, and gas cbgyapaty with
photometric and flame ionization detection. This section will introdusemmaryof some of

these methodologies
1.12.1 Cysteaminederivatization

As cygeaminelacks a chromophore in its structure, conventional analytical techniques that rely
on UV absorbance or fluorescence detection pose a formidable task when it comes to quantifying
this compound. Hence, the separation or quantification eéagsneis acconplished through its
derivatization. In order to achieve this, a multitude of derivatizagents have been employed

and finetuned based on the analytical approach empi@&tadhowicz et al. 1998b)
1.12.2 Pivaldehyde

Cystamineis modified with pivaldehyde prior to its examination via gas chromatography
(Lépinay et al. 2012)

1.12.3 Bis (trimethylsilyl) trifluoroacetamide (BSTFA)

The specimen, which includes ¢g®e is deposited into a reaction vial with a threaded cap. Then,
dimethylformamide and BSTFA are introduced. The amalgamation is permitted to settle for the

duration of the night before the examinafidtallah, Charcosset, and Greigerges 2020)
1.12.4 Ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulphonate (SBDF)

SBD-F wasformulated in a solution of borate buffer. The tegninesample solution was
supplemented with borate buffer (125 mM; pH 9.5) that also contained 4 mM EDTA. The mixture
was subjected to vortaxixing for 30 seconds, and then the reaction mixture wascigioj to heat

at 60°C for 60 minutes. Finally, the labeling reaction was halted by cooling the mixture at 4°C for
15 minutegStachowicz et al. 1998b)
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1.12.5 Enzymatic assay

This test involves hindering the-8mino acid oxidase enzyme function by theécome of the
response that arises betweentegmineand bromopyruvateThe enzyme function is in direct
proportion to the quantity of cysteamine employed in the reaction, which is calculated by the
decline in absorption at 324 nm. The test is advantegéw quantifying the obstruction of-D
amino acid oxidase by diverse substa(@tslah, Charcosset, and Grei@erges 2020)

1.12.6 lon-exchange chromotography

Hsiung et al. conducted research on identifying ®emine through iorexchange column
chromatograpy employing an amino acid analyzer that included a brief column from Beckman
analyzer. The detection of agaminewas accomplished after 268 minutes, a duration that could
result in product oxidation during analysis and consequently, an underestinfaternpooduct's
concentratior{Hisung et al. 1978)

1.12.7 Fluorescent assay

Fluorescent sensing. HPLC employing fluorescent sensigextensively utilized for
sensing.cysteine. Numerous derivatizing agents are emplayemhduce distinct analysis
conditions ancklution duratiofStachowicz et al. 1998b)

1.128Col ori metric methodsusing EIlIIl manés reagent

Ellman devised a quick and straightforward technique for measuring sulfhydryl groups using
colorimetric analysis. The process involves a reaction between DTNBwWiydryl groups,

which yields a yellow product {Bitro-5-thiobenzoic acid). The concentration of cys is determined

by measuring the absorbance of this product at a wavelength of 412 nm using a spectrophotometer
(Atallah, Charcosset, and Grei@erges 200).

1.12.9 Ultra -high performance liquid chromatography-electrospray

5-AminoisoquinolytN-hydroxysuccinimidyl carbamate IQC) and N(acridin9-yl)-2-
bromoacetamide (AYBA) weremployedas derivatization agents foysteaminequantification
utilizing UHPLC-ESFMS/MS (Xiao et al. 2019)
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1.12.10Electrochemicaldetection of cyseamine

Chemical reactions that entail the loss or acquisition of electrons are succeeded by ensuing
reorganizations or responses. When these reactions transpire on metals that are physically isolated
in a conductive environment, an elecali potential discrepancy is produced. The electrical

indication is subject to the concentration of the anéll@einay et al. 2012)

1.13 Inhibition of the peroxidaselike activity of AUNPs-pTab by amino acids

Nanozymes anraenoimaotregranailcs t hat are credited to
enzymelp to now, various naonxozdyeme smeitnacll usduilnfg dn
based materials have been documentedWf &€hemnhei
et al.. AR0rlé9¢cent assessment reveal ed that mor e
engaged in enhancing the devel opment ofJnovel
Wu et al .AmdOng@ bt)yhe var i orucsh,u sae sp aarntdi chbual sairc arsepses
guick recognition is the capacity to regul ate
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To this end, emetdal dilsceemsg O, 2thiaolmol 2Cud)ey ®uchal a
2020)cyssRei ®e Li, eanal g( 22d04 todbt) oamlee 20017 peen ef
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chalytic effic(¥alclyamdadninankaryartkesswher aasd Sy ntgd
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Chapter 3GlucoseDetection

This chaptefocuseson the experimental and results analyses carried ogtuonse detectiom human
salivaand explains the golslynthesisandthetablet fabrications in detail

1.14 Chemicals and materials

The following chemicals were purchasedn different resources to perform the synthesis and the

overall experiments for the detection of®4 and glucose:

Gold (1) chloride solution (30 wt.% in dilute HCI), 3,3',518tramethylbenzidine (TMB), sodium
carbonate (N£COs), copper (I1) sulfate gntahydrateGuSQ;-5H20), sodium citrate (6HsNazOy7),

and sodium borohydride (NaB} Horseradish peroxidase (HR®¥re purchased from Sigma
Aldrich, USA. Pullulan (average Mw. ~200 kDa) was obtained from Polyscience, Inc, USA.
Trisodium citrate (€HsNazO7), sodium phosphate monobasic monohydrate @R&kH-0),
sodium phosphate dibasic (M#Qs), hydrogen peroxide (#D. 30%), maltose, fructose, lactose,
glucose, glucose oxidase (GOx) frofspergillus niger,sodium hydroxide (NaOH)Sodium
borohydride (NaBH), 4-Nitrophenol CsHsNOz3), sulphuric acid (HSQy), citric acid (GHsOy),
hydrochloric acid (37%), anditric acid (65%) were purchased from Sigma Aldrich, Canada.
Artificial unstimulated saliva (99.99% purified) was obtained from Biochemazone, USA.
Deionized water from Sigma Aldrich, USA was used to prepare all solutions. A carbon steel tray
(Betty Crockey was purchased from a local store, in Canada.

1.15 Synthesis of pullulan stabilized gold nanoparticles solution (AuNPgSol)

With few adjustments, monodispersed AuNfBol was created using the literatueported
method described bifaksee et al. 2017aln a beaker, a mixture of 3% (w/v) pullulan (30 mL)
and 1% (w/v) NaOH (12.5 mL) was heated at 70 °C for an hour to obtain the treated pullulan
solution. To this solution, 2.5 mM HAug&$olution (7.5 mL) was added, and the reaction mixture
was stirred at 90C for another hour to get the red wine color pullulan stabilized gold nanoparticles
(AuNPspSol). The full synthesis was accomplished in a beaker with a plastic cover as displayed
in (Figure0-1). The concentration of AuUNRs Sol was esti mated to be
(A= ¢ U Wwhere A is the absorbance recorded at 520 nm using -&isJ¥pectrophotometer
(BioTek, Cytation 5, imaging readeb)is themolar extension coefficient of 10 nm diameter gold
nanoparticles, antdis the path length of one well of the-@&ll plate. The extinction coefficient

(§ of 10 nm AuNPs is 9.4 X I04"*cm* (Tang, Gao, et al. 2018)
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Figure 0-1 Synthesis of AUNRsSol in a beaker with plastic cover.

1.16 Preparation of pullulan stabilized gold nanoparticles tablet (AUNPspTab)

To determine how temperature affects tablet productiorsythignetic AUNPgSol was utilized to

cast the tablets under two distinct settings. In order to obtain ApN&s, a preneasured
encapsulated AuNPs colloidal solution, (100 L) AuNiS®l was pipetted out and dropped in a
carbonsteel tray.The first batchof tablets was dried in a laboratory oven (Thermo Scientific,
Model# PR30525G, USAyithout forced air convectioat 50 °C for ® minuteswhile the second

batch was dried in an ambient condition for 24 hours. Both batches of tablets were collected and

stored at room temperature in a glass vial for further use.

Particle size and zeta potential of AuNPRab wereevaluatedpplyingLitesizer 500 Particle Size
Analyzer on a zeta universal dip cell and polystyrene cuvettes in a Malvern Zetasizer Nano ZS
equipnent (Malvern, England) at 25 °@n infrared spectrm of AuNPspTab wasachieved from

a NicoleE iS20 FTIR Spectrometer (Thermo Scientific Instrument Co., USA) in the range of
4000 to 400 cm to identify potential chemical interactions or the formationnefv bonds.
Transmission electron microscopy (TEM) was performed using an FEI Titan KriosSTEybl

system (working at 200 kV) for particle morphology and s{gegure 0-2) exhibited the whole
synthesis and fabrication method of AuN#3ol and AuNP$Tab.
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Figure 0-2 Making pullulanstabilized gold nanoparticle tablets (AuNpEab) (AuNPgSol). First, treated pullulan

was created by degrading it with NaOH for an hour at 70 °C. This step was followed by the addition of HAuCI
solution and heating the reaction medie@8t°C for another hour to synthesize AuNPS ol . Lastly, a 100
of AuNPspSol was pipetteut on a nosstick tray to cast AUNPgTab. The tablets took 24 hours to dry at room
temperature, compared to 30 minutes in a 50 °C oven to dry them.

The assessment of various methods of drying such as oven and room temperature drying is
displayed in Figure0-3). The AuNPsp Tab 6s f or mat reonoch affected lsylihe pe we
drying method. It was observed that the tablets produced in the oven have a moreroucar

shape than the ones obtained from drying in ambient air. However, the shape ofpldbRwes

not affect the sensitivity of tablets tavd glucose detection.

Oven dry at 60 °C for 30 min

\ Circular-round shape

Oval shape

it

Figure 0-3 AuNPspTabs dried in different conditions. Oven drying at 60 °C for 30 minutes producecbumedied
circular shape tablets whereas ambient condition drying at room teryerproduced quasiound-shaped tablets.
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1.17 Preparation of Mcllvaine and PB buffers

Mcllvaine buffer is a mildly acidibuffer thatrangesbetween (pH= 5) and is necessary when
usingthe TMB as a substrate and enhancing the blue color. While PB is the medium suitable for

GOx enzyme and required to perform glucose detection.

Mcllvaine (citrate-phosphate)buffer preparation (0.15 M):

First, in a beaker, 0.2 M of sodium phosphate dibasicadded to 25.7 ml water followed by a
vortex of the produced solution. Second, in a separate beaker, 0.1 M of citric acid was combined
into 24.3 ml water and vortex. Third, 12.85 ml of the sodium phosphate dibasic was taken and
mixed with the previously ppared solution of 12.15 ml citric acid followed by the addition of 25

ml water. The pH of the solution was adjusted by adding either sodium phosphate dibasic or citric

acid solutions. A pH meter was used to measure the pH until obtaining the requirddeH va

PB solution preparation (10 mM):

To prepare 10 mM PB solution, in a beal8B6 g of sodium phosphate monobasic and 1916 g
sodium phosphate dibasic were dissolved in 10 L distilled water. The final pH was adjusted using
the pH meter to obtain 720.2.

Preparation of TMB substrate:

First,1 mg of TMBwas added td ml of DSMOsolution until completely dissolved. Second, 9
ml of Mcllvainebufferwas added to the previous solution of TMB/DSMQil completely mixed.

Finally, the obtained solution was kept in the fridge &€ 4or further use.

Preparation of Benedictbds reagents

To perform the test that can indicate the presence of reducing sugar and proof the existence of
reducedsugarinak-t r eat ed pul l ul an, Benedictds test is
of reagent preparation was followed1&.3 g of copper stdte (CuS@), 173 g of sodium citrate
(NagCsHs50y7), and 100 of anhydrous sodium carbonate(Q@) were weighed. The dacel in a

volumetric flask of 1000 mlof distilled water. The solution was vortexed properly to make sure

that all the chemicals are completely dissolved.

For the test of reducing sugdrmL of the sample solutioof alkali-treated pullulan or AUNPs
pSol or AuNPspTab) was addetb a clean test tub&econd, 2ZnLof Benedi overé s r e a ¢
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pouredover the sampleFinally, the test tubecontaining the reagents was warmed up and
submerged in a beaker that contabwling water for(3-5) minutes.The color change was

observed by the naked eye as showrFigure0-4).

Benedict's reagents + Alkali-treated pullulan Benedict's reagents + Alkali-treated pullulan
(Blue) (Green)

5 "

Heating at 100
°C for (3-5 min)

—

Figure0-4Benedictds test was performed t o dtiesded plluban. THehe pr e
same procedure was folved using AUNRPpSol or AuNP$Tab.

1.18 Preparation of catalytic activity test reagents

The catalytic activity test reagents were prepared according to the literature procedure indicated

by Qiu et al. with some modificatiq®iu, Ma, and Hu 2014) 5 0dd 0.1eniM of 4nitrophenol

was prepared and addesThe dolation205 (ditrophenole+ NaBk- Na B H
nitrophel oate). Typi cal iSglutionavasdispensed & foonfasidgke0 € L
tablet, but for optimization investigationsyg@g nt i ti es of 25, 5 0-pSol7 5, an
were also employed to produce quarter, half, Hopesarter, and one tablet. A different portion of
AuNPspTab (1/4, 1/2, 3/4, and 1 tablet) was added to the solutionngfephenolate. The

estimated weighof AUNPspTab was measured to be 1.2 mg using a Sartorius digital scale. UV

Vis spectroscopy was used to measure the resulting color transformation from yellow (peak at 400

nm) to colorless (peak at 298 nm).

1.19 Procedure for glucose detection in buffer solion using AUNPspTab sensor

The catalytic activity oAuNPspTabwas assessed by first testing its potential to oxidize TMB

substrate to its blueolored product using #. as an oxidizing agent. The reactisnoheme
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composed ol 00 € kO35 0HD) ceoMicentrati ons, 3 3 (itrateL o f M
phosphate buff¢rpH 4.2), one AuNRp Tab (100 e€L), and 300 &L TMB
30 minutes followed by UWis (BioTek, Cytation 5, imaging reader) spectroscopic measurements

on Costar plate reder (Ulti Dent Scientific, Canada) as a function of tifhike buffer pH was

measured using a pH meter (AB200 pH/mV/conductivity made from Fisher Scientific accumet,
Singapore)Reaction conditions such as the AuNP&b nanozyme concentration, buffer phida

reaction temperature were optimized. This experiment was followed by the deteajionaxe
concentrations (0:-5 0 0 ¢ aphosphate buffefPB) solution (pH 7.4). In a typical procedure,

80 €L glucose and 20 &L GOxtionwehereas dnenAUNHsTalh ed i n
(100 ¢€L), 300 ¢eL TMB and 330 €L Mcllvaine buf

minutes at room temperature.

Finally, both the solutions were mixed using vortex (Model# 945FIALUS, 50/60 Hz Fisiat,
USA), and theabsorption spectra at 652 nm were measured after 30 minutes to record the color
intensity of the solution. To confirm the enzymatic activity of Aulab, catalytic parameters

were calculated by fitting the absorbance values to the Michaelis Mentelckimetdel.

1.20 Procedure for glucose detection in artificial and real saliva using AUNRPpTab

The peroxidasenimicking catalytic activity of AUNPgTab was evaluated in an artificial saliva

solution (pH 6.8) using different glucose concentrations$0®0 ¢ M) as de88r i bed
Detection of glucose ithereal saliva of diabetic patienfgH 6.57.0) was also conducted to show

the practical application of tablet sensors in real situations. The limit of detection (LOD) was
calculated using the formula 30/¢, where 0 ani
measurements and thlope of the linear calibration plot, respectively. Further, a spiking test was
performed and percent recovery (% R) was calculated to validate the mBEtieoflll detection

procedure in the saliva sample is showrFigre0-5).
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Figure 0-5 Using an AuNP$Tab sensor, glucose may be detected calorimetrically in saliva. First, the glucose assay
involves, to release hydrogen peroxide, the saliva sample was treated with glucose oxidase (GOXx) in PB solution at
pH 7.4 for 15 minutes ({D.). One AuNP$Tab tablet was dissolved in TMB solution at pH 4.2, which was sustained

by Mcllvaine buffer, in theneantime. To see the visible color shift, both solutions were combined and incubated for
30 minutes. The #.-TMB system was employed in this procedure to assess glucose levels. The presence of glucose
in saliva was detected by the blue color complex fdrmigen the peroxidase substrate TMB was oxidized:0y iH

the presence of AuNR®roxidase pTab's mimicking activity (a diabetic condition). In the absence of glucose, the
solution remained colorless or faint grey indicating a +thabetic condition.

1.21 Preparation of interference materials with glucose assay using AuNRsTab sensor

Other than glucosehe effect of potential interferantisat might exist in salivauch as fructose,
maltose, and lactoseasexamined The same procedure mentioned in secBohwas followed
for this proposed glucose assa& 1 mM of interferants was used in this experimerand the

absorption spectra were recorded at 652 nm usingyis'gpectroscopy.
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1.22 Results and discussion
1.22.1 Principles of peroxidaselike activity of AUNPs-pTab

Peroxidases are a group of enzymes that catalyze the oxidation of a subdgttaDe-pgoducing
water and hydroxyl radicaPQH). These catalysts outperform normal enzymes, which quickly
denature and lose their activity at temperatures of 40 °C and higbeauseof their wide
temperature range and rigid structiHlégh catalytic activity AUNP$Tab is produced through the
synthesis of gold nanopatrticles with pullulan. The conversion of glucose into gluconic #2id, H
and water can be cataBd by AuNPspTab.H20. can indirectly be used to quantify glucose
concentrations by the oxidation of TMB causing the production of blue cdtauré 0-6)

descrbes the principles of AuNRsTab synthesis and glucose sensing.

o Qé’

- S 0
/00 o
. 0o, Cp, .
()
O
%

) Pullulan + NaOH —— Oxidized-pullulan -
i) HAUCl; + Oxidized-pullulan ——» AuNPs-pSqution.
iii) AUNPs-pSolution ——— AuNPs-pTablet @

. GOx . .

iv) Glucose + H,0 + 0, —— Gluconic acid + H;0,

v) TMB + H.0; m oXTMB + H,0

Figure 0-6 The reaction theory or process linked to glucose detection using synthetically produced AuNPs that are
negatively charged. pullulan is oxidized when pullulan and NaOH are combined. ii) the emergence of a carboxylate
group with a negative charge when gold nanopatrticles are introduced to the mixture. iii) From-pSNP&uUNPs

pTab is formed. iv) the production of®b from glucose when water, oxygen, and GOx are present. This process emits
also gluconic acid. v) addition of AuN#pg ab into a solution of TMB and.8; triggers the oxidation of TMB and

the production of water.

1.22.2 The characterization of the AUNPspSol and AuNPspTab

Utilizing the catalytic feature of AUNPs, the AUNF§ab sensor was created for the colorimetric
detection of glucose in saliva. Pullulan that had undergone alkali treatment and gold salt were
combined to create AuNRsSol in an aqueous phase without tiee of external reducing or
capping agentélLaksee et al. 2017aJhe pullulan chain's alcoholic groups were changed into
aldehyde and-hydroxyketonefunctionalities via the NelsbelFRichards mechanism, which is
NaOHmediated ring opening of the polymé@nill and Kennedy 2002)To form AuNPs

surrounded by pullulan fragments with carboxyl groups C(=0) OH following oxidation,
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tetrahydroauric chlorielis usedto disintegrate pullulan as an effective reducing agent. Different
chlorohydroxyaurate complexes, including AlCIAu (OH)', AuCI(OH)', AuCL(OH),', and
AuCI3(OH)', were produced in a reaction mixture, leading to the production of AuNPs. The
negatively charged carboxylate iof @00 framethe AuNPsefficiently andthusact as a capping
ligand. In addition to being a reducing and stabilizing agent, the long polymeric chains of pullulan
also act as tabldbrming reagents because of the fifarming property of pullulan upon

drying(Luis, Ramos, and Domingues 2020; Pan et al. 2021)

AuNPs formation is a quick redox reaction because wined rédpaticles have been formed
within 3 minutes confirmed by absorbance peak at 520 nm. The peak intgasdiially improved
within 40 minutes and remained persistent after 60 minutes as shokigureQ-7 A and B).
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Figure 0-7 A) AuNPspSol reaction development. a) after 10 minutes of adding HA)Gifter 20 minutes. c) after
30 minutes. d) after 40 minutes. e) after 50 minutes. f) after 60 minutes. and g) after 70 B)nAbsrbance at
520 nm corresponds to the peak development and particle growth of dA@dPshowing no change in absorbance
was reported after 60 minutes.

The pH and temperature thfereaction media have a great impact on particle shape and size. The
optimal pH is 6.7 which produced a narrow and sharp absorption peak at 520 nm indicating a
uniform particle size whereas a weak peak appeared at pH <6.7. On the other hand, AuNPs
formation was observed at alkaline pH, but particles get aggregatealbtack solutionwithin

minutes The reaction went well at 90 °C whereas a slight decrease in temperature (70 °C)
produced a purple color solution indicating the bigger size particles as shown by the absorption
peak at 80 nm (Figure 0-8A). Then,the successful synthesis of AuNPSol was followed by
AuNPspTab formation at ambient conditions anéiroven at 50 °C. Solicablets were collected

and characterized using FTIR, TEM, and DLS analysis.
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Finally, the zeta potential dfie AUNPspTab solution was compared with AuUNpSol to see the
changes i n t he p altristworthimenliaingsthato fchearmmge in zalpaientgle .
value in both samples which w&s7 mV indicated the similar reactivity of AUN#p3 ab particles
as of AuNPspSol In DLS analysis, the hydrodynamic diameter of AuNH&b and AuNPpgSol
was found to be 80.20 nm with 22% PDI (polydispersiggekx) and 70.23 nm with 25% PDI,
respectively The size of particles in dry and solution formatsalmost similar which indicated

our AuNPspTab as a potential replacemé&mt AuUNPspSol.which is presented i(Figure0-8B).
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Figure 0-8 A) The influence of temperature on the particle size formation of Ay$®k a) the color of the solution
was winered with a peak at 520 nm specifying smaller size particles. While b) purple color A8¥Pis obtained
with a peak at 540 nm signifying lamggize particlesB) The hydrodynamic diameter vs the apparent zeta potential
for AUNPspSol and AuNRgTab indicates almost the same features.

The FTIR spectrm of AuNPspTab was related with pristine pullulanand alkalidegraded
pullulan which indicatedthe successful incorporation of pullulan chaiheoughoutAuNPs as
shown in Figure0-9). The FTIR spectrshowed a broad absorption band 28@cm' ! due to G

H stretching whereas other common absorption peaksiINPspTab and pristine pullulawere

at 220and 290 cri trespectivelyrelated to sphybridization of GH stretchingThe prominent
absorption bad at 1620 cit was due to the @ bending of HO molecules in alkatireated
pullulan. The absorption at 1360 Chwas related to @©-H bending, while the peaks at 751 and
990 cmi' r eveal ed t he-(1,4Db-gbanoosi dgf6)rDidgunodidic bods
respectively in AuNRpTab (Y. Wu, He, and Zhou 2022Yhe FTIR spectrum of AuNRsTab
displays new absorption bands at 1354 and 159% due to symmetrical and asymmetrical
stretching vibrations 0iCOO (Prasad et al. 2012)
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Figure 0-9 The FTIR analysis of a) Pullulan powder. b) Alkia#ated pullulan. and ¢) AuNFAsTab showing the
different functional groups.
The nanoparticle sizef AUNPspSol andAuNPspTab were confirmed byV-vis spectroscopy
showing a peak at 520 nm as shown Finggre 0-10A). While the size of AuNRpTab was
confirmed bythe TEM image as shown {Rigure0-10B). The image illustrates an avergugaticle

size of D+1.5nm witha spherical shape which was also confirmed by thevid\Absorption peak
at 520 nm.

e AuNPs-pSol
b

AUNPs-pTab

Absorbance (a.u.)

0 r T T r ! 50 nm g
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Figure 0-10 A) The absorption spectra of AuNPBSol and AuNRpTab show almost the same peak at 520 B)m.

Transmission lectron microscopy (TEM) analysis of AuNpPEab showing the spherical shape and nanosize of
particles.

Finally, to examine the pAuNPEablet surface morphology and its surroundings in a solid state,
high-resolution surface images of the pAuNRablet wereacquired using AFM scanning probe

microscopy. The pullulan matrix contained dispersed AuNPs, resulting in@l@ed tablet as
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depicted in(Figure0-11A). The phase trace image in the figure revealed that the mean height of
the AuNPs was between -BD nm, indicating that they were uniformly distributed and well
preserved throughout the exopolysaccharide substance. The largest gold particle in the image had
a diameter of 89.40 nm. For a surface roughness and texture description of the {JAabMPm

2D and 3D height profiles, refer (igure0-11B, C,and D.
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Figure 0-11 The AFM images of the pAuN/ablet particles show a height trace of the tablet surfA¢&D image

of height profile of pAuNR%ablet in an amplitude traceB and C) 3D image of height profile of AD) Height

distribution as surface roughness and texture description along the black line area of image A. The average roughness
was ~1.8 nm, thev@rage maximum height of the roughness was ~10 nm, the average maximum roughness valley
depth was ~6.6 nm, the maximum peak to valley roughness was ~18 nm and the waviness average was ~1.15 nm. The
results confirmed that the strong binding between pullalaesh AUNPs occurred.

Benedict's Test, a chemical analysis technique, is used to evaluate how much sugar has been

reduced in a solution. A qualitative test called Benedict's Test is frequently used to distinguish
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between reducing and neaducing forms otarbs (sugars and carbohydrates). Sugars that have
free aldose or ketose groups are considered reducing sugars because they can give electrons to
other molecules that are oxidizing them. Their molecules have a free carbon atom at the end of
them. Reducingsugars are present in all monosaccharides as well as some disaccharides,

oligosaccharides, and polysaccharides.

Benedictds test is frequently applied to dist
reducing sugars. It is substituted for Fehbrg'st. The appearance of a bsrekl color brought on

by the chemical interaction between Benedict's reagent and reducing sugar serves as the basis for
identification. Based on the strength of the reaction mixture, the sugar concentration can be
calculatel, but its precise value cannot be predicted. As a result, this test is bothusanrtiiative

and qualitativdHernandez 6pez et al. 2020)

The principles of Benedictods test are based or
reagents whig is raised by the presence of sodium carbonate. Reducing sugars become powerful
reducing agents called enediols when exposed to alkaline and hot environments. These enediols
change the cupric ions (€l of the Benedict reagent, which are present as capjifate (CuSQ),

into cuprous ions (CV, carbon dioxide, and water. Red cuprous oxide@ucommonly referred

to as insoluble copper (I) oxide, is the form in which the cuprous particles are present. Red copper
oxides precipitate in this manngr Elzagheid 2018)The amount of reducing sugar in the sample

affects the color and intensity of the reaction mixture. Then, the amount of reduced sugar in the
sample can be calculated based on the hue of this color. The color progressively shifts from green

to yellow to orange to brick red as the number of reduced sugar increases.

In this research, the presence of aldehydd = O) Hh yadirdo x k et one RCRNj( C
species in treated pullulan was confirmed by
dgr aded pullulan while wuntreated pullulan sh
solution of AuNPsSol and AuNP$Tab turned greenisbrown which was in agreement with

previous research as shown Fgure0-12) (Amornkitbamrung et al. 2014; Ng and Hashimoto

2020)
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Figure 0-12Benedi ct 6s test shows t hes upgraesgiroxfcketone and aldersyden ce o f
functional groups) in pullulan polymer. The Benedict solution did not undergo any color change and remained blue

(2) with untreated pullulan showing the absence of reducing sugars. The solution turned green (2sa tialkak

treated pullulan indicating the pr esengreencoléryirtdleuci ng s
presence of AuUNPsSol or AuNPgTab solution.

1.22.3 The mechanism of glucose assay using AuNP3ab sensor

The principle of glucaes assay is based on the detection gdHvhich is necessarily produced as

a by-product of glucose oxidation in the presence of GOx. In the thbksd colorimetritest the
peroxidasemimicking enzymatic activity of AUNRPpTab wasexaminedstudyingH20. as an
oxidizing agent and TMB as a perdase substrate. Peroxidase is an enzyme used to break up
peroxides. Hence, AuNRsTab was employed to cleave®4 to generatéOH radical as a reactive
oxygen species (ROS) in the detection system. Ti@&-FIMB system works well in the acidic

condition whch was maintained using Mcllvaine bufi@rozd et al. 2016)

The generatedOH radical is unstable due to the presence of an unpaired electron which was
stabilized by the interactions with conduction band electrons of AyNBb. These interactions

may contribute to the peroxidadi&ge catalytic activity of AUNPgTab as visualized by the
oxidation of TMB (oxTMB) into a blue color product. Moreover, the positive charge on oxTMB
may accelerate this process by attracting negatively charged AnilN#sasconfirmed by
obtainingalowKmv al ue of Mi ¢ h ae (YanpingMie etale281d)s ki net i c s

The peroxidase behavior of AuNB3ab was confirmed by adding a stop solution of 1)&&

which quickly terminated the oxidation of TMB; hence, the blueraol@xTMB was changed to
yellow. This inhibition caused a shift in the absorbance peak from 652 to 450 nm whereas no peak
was observed for the TMB20O, system without AUNRpTab as indicated inF{gure 0-13A).
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Hence, the peroxidadi&ke nanozyme behavior of AUNRSIab was confirmed and employed for
glucose detection. In addition to this, the catalytic performance of ApNRS was compared

with AuNPspSol and absorbance spectra was recorded for both samples usingD$HEMIB

system under similar conditions. The peroxidase activity of Ay was 25% higher than
AuNPspSol as shown by the intense blue color of oxTMBFigre0-13B). This is anticipated

by the dehydrated layer of a polymer around the nanopatrticles which increases the catalytic activity
of the gold in the case of AuNPI ab(Machida et al. 2022)
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Figure 0-13 The catalytic activity of AuNRsTab and their comparison with AuNBSol.A) The TMBH>O; solution
was colorless and showed no absorption peak in the abséAceNPspTab whereas an intense blue color formed
having absorption peak at 652 nm in the presence of AygNBb. When 1M 8Q was added in the blue solution,
the color turned to yellow having an absorption peak at 450B¥iThe peroxidasdike activity ofAUNPspTab was
higher than AUNRpSol due to having concentrated AuNPs in FNUB, system.

1.22.4 Optimization of glucose assay using AuNPgTab sensor

Glucose detection using the peroxidéike activity of AUNPspTab involves the oxidation of

TMB using HO2 under specific conditions because this colorimetric assay is sensitive to pH
changes and temperature. Moreover, the concentration of nanozyme and substrate is also important
to achieve the best performance of the tablet sensor. In the following sedtenent reaction

parameters were optimized using 1MOAfor tabletbased glucose assay.
1.22.4.1Effect of pH

The TMB substrate has two amino groups attached to the benzene ring which are sensitive to acidic
conditions, so pH changes have a great impact on thavioe of the enzymeubstrate. The

experiment was screened at different acidic pHs from 3.5 to 5.5 using PB solution as illustrated in
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(Figure0-14A). Unreacted TMB was colorless whereas oxidized TMB showed blue color which
was confirmed byheabsorbance value at 652 nm. The development of the blue color is due to the
formation of a chage transfer complex which indicated the peroxidase behavior of ApN&s

and can be quantified using UXs spectroscopy. The higher absorbance value was achieved at
pH 4.2 while the system remaichworking till pH 5whereas the solution turned purplepét 7,
mauve at pH 8and colorless at pH herefore, unless stated, pH 4.2 was chosen in the following
experimentsThehighly acidic condition®r pH <4.2disfavored the TMB oxidation indicating the
inability of AuUNPspTabto catalyze this reaction. €manoparticles may not be fully dispersed in
highly acidic conditions due to the protonation of carboxylate ions of pullulan. Resultantly, the

negative charge on pullulan fragments may neutralize and cannot stabilize the AuNPs efficiently.
1.22.4.2Effect of temperature

Temperature is an important parameteremzymaticreactions becausthe performance of
enzymes aresensitive to heat changes anthy lose their activity at elevated temperatare
(Jeevanandam et al. 2022; Alvara@amirez et al. 2021 )Natural enzymes rapidly denature at a
temperature above 40 {Bshrafi et al. 2021hhowever artificial enzymes like AUNRS ab can
tolerate higher temperatures. So, the effect of temperature on reaction time in thiel,O¥B
system was observed at vénlia temperature ranges (29 °C). It was observed that TMB
oxidation leading to the generation of blue color was slower at room temperature and took 30
minutes while the reaction happened quickly-{B3minutes) with increasing the temperature up

to 70 °C This might be attributed to the faster dissolution of AulgPab which releases the
nanoparticles faster in the solution and increases their energy capacity which decreases the reaction
time for the development of blue col@Roper, Ahn, and Hoepfner 200 However, no further

color change was observed in the solution at above 70 °C as display@dure 0-14B). To
confirm this temperature effec test tube was placed in the fridge(4t °C). The color

development took around 3 hours to turn into blue.
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Figure 0-14 Optimization of pH of TMB and temperature of the reaction condifip&ffect of pH on the development
of blue color;B) Effect of temperature on reaction time for TMIBO, system showing the increase in peroxidase
activity of AuNPgpTab with increasingemperature (55 °C).

1.22.4.3Effect of TMB concentration

Substrate concentration is a crucial parameter in describing the effective collision in substrate
enzyme compleXReuveni, Urbakh, and Klafter 2014hcreasing substrate concentration can
increase the aurrence with which the enzyme and substrate collide according to the Michaelis
equation. Five different TMB concentrations including 0.004, 1, 5, 10, and 12 mM were tested
using one tablet of AuNPs to find the optimal amount of substrate that coulcceraduntense

blue color. The color intensity was gradually increasétth wmcreasingTMB concentratioras
shown in Figure0-15A). The maximum absorbance peak was obtained for 10T and a
further increase in concentration did not change the intensityegfeak. Hencel0 mM TMB

was used in all the experiments.
1.22.4.4Effect of the number of AuNPspTab

Different numbers of AUNRpTab were usetb investigate the effect of nanozyme concentration
in the catalysis of the KHD.-T M B Ge n er a-pSolwas pipedtedoutgaol
5p&ol was disaigpensed L
to get the half and threguarter tablet. Results showed ttietamount of AuNPgTab has a direct

system. of

cast one tablet but for the optiraiz i on st udi es, of
effect on the development of blue color. Less amount of AuUNPs would partially catalyze the

readion andthelight blue color develogdwith 0.75 tablets as indicated (Rigure0-15B). While
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the bluishblack color wagleveloped with two and thedabletsindicatingan unprefered color

changeThereforepne tablet wassed in all the experiments
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Figure 0-15 Optimization of TMB concentrations and number of AulPabs for the detection o8, and glucose.
C) The effect of TMB concentrations in the development of blue color having absorbance maximum at®62 nm;
The effect of a different number of tablets showing deeper blue color with increasing the concentration of AUNPs.

1.22.5 The reaction kineics of AuNPsp Tab using Michaelis Menten?os

The kinetic studies for the oxidation of TMB using 1M(4 and 1 AuNPspTab were conducted

to see the affinity of the substrate TMB towards AufgfPab. For this purpose, 1, 5, and 12 mM
TMB were used. Absorbance at 652 nm was recorded till the maximum time duration and the
effect versus time (33 minutes with aeaminute interval) was examined. Of note, the amount of
oxidized TMB was increasedver time © 30 minutes. After that, the absorbance value was
consistent, and no further color change was observed as displd¥eglLire0-16A). Therefore, a
concentration of 10 mM TMB was chosen for the kinetics anal@sisulating the slopes d@iitial
absorbance over time, yielded a clear stestde reaction rai& various substrate concentrations.
Using a molar absorption coefficient of 39000'Mm?, the BeelLambert Law was used to

calculate the concentration of TMdBerived oxidation products.

Data presented inF{gure 0-16B ) indicated hyperbolic kinetics
which is the proof of the enzymatic behavior of gold. This model relates the reaction velpcity (

57



of an enzyme to its subate concentrations [S]. At the start, there is almost a direct proportionality
between [S] andvj till the enzyme concentration becomes limiting and a steady state is achieved.
Michaelis constanteflects the affinity of an enzyme for its substrate anddistinguishing
propertiesof a particular enzymewards itssubstrate. Therefore, the set of parameters of the
maximum reaction velocitywmay) and the Michaelis Menten constalitj was then calculated as
follows: Km,t7mve = 0 . 1 4 2 vmaMD.075xIT M mint. Furthermore, kinetic factors are very
important for analyzing an enzyme's affinity for its substrate. A Kighndicates a weak affinity,

while a lowKm indicates a strong affinit{D. Yu et al. 2021)The afinity between AuNP$Tab

and TMB was very high which is anticipated by the presence of electrostatic attraction between
negatively charged AuNRsTab and the substrate TMB. Thus, produce a ldevalue and a
higher attraction.
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Figure 0-16 The reaction kinetics study for the TMHBO, system involves AuUNRS ab as a peroxidase catalysi)

The absorbance at 652 nm was recorded for various TMB concentrations withhQMo¥er 33 minutesB) The

reactionvelocity was evaluated by changing the concentration of TMB substrate withQMTHe points represent

real experimental data while the curve was fittdgth a nonlinear function of the Michaelidvienten equation.
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1.22.6 Colorimetric detection of glucose using AuNPgTab sensor

The colorimetric approach has been utilized to detect glucose using peroxidase mimicking the
activity of AuNPspTab. The first step of glucose assay involves the oxidation of glucose into
gluconic acid which is catalyzed BOx and produced 1> as a byproduct of this reaction. The
detection of the generated®b plays a key role in glucose assay because the amount of produced
H20Oz is directly proportional to the amount of glucose. There is a stoichiometric ratio between

glucose and hydrogen peroxide production that shows each mM of glucose produces paM of H
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(Tao et al. 2009)So, TMB was used to capture the produce@zih the second step as indicated
by the development of blue color in the®J-TMB system.

Following the detection principle, #D. was detected initially in a buffer medium using TMB and

one tablet of AUNPs. Various concentrations eOHrangingfrom85 00 & M wer e test e
the effect of HO. concentration on the oxidation of 10 mM TMB. The blue cahbensity of

oXxTMB was quantified by recording the mxbsoropt
at 652 nm with increasing2 concentrations. The amount of oxXTMB is directly proportional to

the amount of BED, present in the systerithout HO>( 0 & M) no absorbance
spectrum indicated the essential role e®kin the oxidation of TMB. A negligible peak appeared

usi ng 20:whidl bedame higher gradually with increasing the concentration@f thtil
reached a pl at eau Figure0-578)0. eHW waesv esrh, o whahati65& b(s or b
nm) remained unchanged by further increasing theeaatration of HO> which indicated that

TMB has been completely oxidized. A calibration curve of enzyme mimic activity of ApNRis

was plotted of the original #D> concentrations on theaxis and the absorbance at 652 nm on the

y-axis which resulted im hyperbolic curve fitted using the dessponse model as shown in
(Figure0-17B). The relative absorption intensity is linearly proportional todbiecentration of

H20- at the first six concentrations as displayed in the insétigti(e0-17B) with a LOD of 28.7

e M.
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Figure 0-17 Detection of HO, using AuNPspTab sensor. A) Absorption spectra showing a gradual increase in peak
intensity with increasing ¥D», concentration; B) The absorbance at 652 nm showing a linear relationship between
the first $x peak values overoncentration of k5.
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Next, the peroxidasmimicking enzymatic activity of AUNRpTabs was evaluated for glucose
assayusinPfBas a reaction medium. When glucose conc
colorless indicated by a fldine in the spectrum. The reaction media turned blue progressively
with increasing gl ucose c qmgareOAl8A). dtlte chorclange o 500
of peroxidase substrate TMB was used to calculate the amount of glucose in the calibration curve
which was plotted against relative absorbance intensity at 652 versus the glucose concentration as
shown in (Figure 0-18B). At smallerc o nc e nt r a ¢ wan Enearly telated to ehe
concentration of glucose. The curve was fitted using a-desgwnse model and a limit of detection

of 3 8wag caleulted.
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Figure 0-18 Detection of glucosa bufferusing AUNPgpTab sensorA) Glucose detection in PB using AuNpBab

and the absorption spectra at a variable concentration of gluce$e@30  B)NIihe;calibration curve was obtained

using an average absorbance of three tests which shows the relationship between the relaptiemls@nsities

versus the concentration of glucose. The linear relationship in the first five concentrations of glucose. The error bars
represent the standard deviation of three independent measurements.

Once the peroxidase behavior of AuNFPRab was cofirmed for glucose detection in buffer, the

same assay was performed in artificial saliva to acquaint with close4oogdlsituations. In this

work, artificial saliva was spiked with different concentrations of glucose5@50 ¢ M) , and
absorptionspet r a wer e recorded whi c &withindréeasing glecase a gr a
concentrations. The calibration curve presents the data between relative absorbance intensity at
652 and glucose concentration as presentdéFigure 0-19A). The absorption spectra linearly

correlated to glucose concentration in the first four concentrations of glucose as described in the
inset of (Figure 0-19B). The oD was cal cul ated to be 163.04
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concentrations of glucose required in saliva for diabetic diagaos (201.%3 4. 9) € M i n me
and (175.0+2 2. 3) eM in femal es. Thus, r epdabddri ng t
different glucose levels in artificial saliva sampl€¥. note, the AuNRpTab performance in

glucose assay was better in the PB as compared to saliva which matbetgusalivary viscosity

that caused less effective molecular collision due to the slow motion of molecules in viscous media,
hence affecting the oxidation rate of TMBRavikumar, Ramani, and Gayathri 2021)
Consequently, a longer time was required to observe the blue color. However, the blue color was
obtained in 30 minutes without heat assistance.
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Figure 0-19 Detection of glucose in an artificial saliva spha. A) Absorption spectra of variable concentration of
glucose0.5 00 ¢ M i n a B)tThefcalibratican turve showing the;relationship between relative absorption
intensity (blue color intensity) versus the concentration of glucose. The emraignifies the standard deviation of

three independent measurements. The linear relationship in the first four concentrations of glucose.

Overall, this newly proposed tablet sensor can efficiently detect glucose as w&has different

media usinghe catalytic properties of AUNPs. The detection gDHs also important not only
because of its role in cell balance but also as a signal molecule that controls several vital
developments. The presence ofddis associated with various diseases sucRakinson'qJ.

Yang et al. 2022)Huntington'yY. F. Wei et al. 2021) Al z h e i m@urWwidyanuli etele a s e
2021) and cance(Ren et al. 2021)Hence our AuNRpTab has many potential applications in

the disease diagnosis adetection field. Moreover, our approach is portable-tmst, and user

friendly, which introduces a new platform for the development of POC devices.
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1.22.7 Analysis of the interference studies

To investigate the specificity dhe AuNPspTab sensor towards gloge detection, some other

forms of sugars including monosaccharides like fructose, and disaccharides like maltose and
lactose were tested in a buffer solution. For this reason, 1 mM of each fructose, maltose, and lactose
was incubated with glucose oxidassparately for 15 minutes. Results indicated that there was no
obvious color change in the TMB solution and the absorbance peak for fructose, maltose, and
lactose was less than glucose. In addition to this, the PB was also tested as an interfereat but ther
was no absorbance recorded agaimsbuffer as shown igFigure0-20). This study confirms

specificity ofthis AuNPspTab sensor for the detean of glucose.
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Figure 0-20The interference study used glucdse;tose, maltose, lactose, and buffer solution. The higher absorption
is detected for glucose which implies the sespecificity for glucose detectiohesting procedure: 300 uL TMB+330

uL citrate buffer+1 tablet of AuNPgTab. In another tube, 20 uL glucose oxidase+(1 mM) of 80 uL (glucose, fructose,
maltose, lactoséyicilvaine buffej + 200 uL PB (pH 7.4).

1.22.8 Application of AuNPs-pTab sensor in real saliva samples

Saliva is considered an attractive alternative to blood tests for glucose detection due to its painless
and noninvasive sample collection, as well as a reduction in possible interferences. To evaluate
the practtal applicability of our proposed AuNfF ab sensor, glucose detection was performed

in real saliva samples. Sample collection was done from two female volunteers between 30 to 40
years old. Before taking the samples, the volunteers were asked to fB3tHours to minimize

the risk of possible interfering substances, especially ascorbic acid, and lactic acid, which could
have a significant impact on the pH of sali@hong et al. 2012) The sample was collected
according to the literature procedurettwsome modificationgC. Liu et al. 2015)1) wash the

mouth with water five times, 2) reduce swallowing and hold saliva in the mouth as much as
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possible, 3) place the saliva in 1.5 mL test tube. The collected saliva was tested to measure glucose
concem r ati on bef or e sspfolldwednby spiing withisEedfic toacantrations-

of glucose as shown ifable0-1 based on 3 readings. It is worth mentioning that the samples were
used without any purification or treatment and stored in test tubes in-el@ssd plastic container

at 4 °C and used withithree days.

Table0-1 The results of glucose levels in real saliva samples (n = 3) are presented here.

Samples Spi ked Found ( RSD (%) Recovery (%)
Nondiabetic 0 85.36 + 3.67 - -
Spikednondiabetic 90 85.61 £ 1.37 1.6% 93.6- 96.6
Diabetic 0 175.25+0.81 - -
Spiked diabetic 170 175.64 + 7.49 4.26% 98.9- 107.7

The color development of oxTMB was less intense or faint blutercase of real saliva as
compared to artificial saliva and buffer solution. To overcome this issue, the saliva samples were
diluted using water usingl:1 ratio. Resultantly, blue coloraied from faint blue to dark blue,

and absorption spectra were measuaed presented if-{gure0-21). To assess the validity of our
tablet sensorthe recovery percentage was calculated for real saliva samples including non
diabetic, spiked ncediabetic, diabetic, and spiked diabetic. Th&%an help to give an estimation

of the amount of glucose available in the real saliva samples with an unknooumt of glucose.

While percent standard deviation (%RSD) helps to analyze the precision of the method by
calculating the dispersion of the values with the meétamce the calculated %R and %RSD of

spiked samples shathatour sensocanbe used for gloose detection in real saliva samples.
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Figure 0-21 Detection of glucose in real saliva samplébe absorption spectra of different glucose levels in real
saliva samples and inset show color changeelfs with the presence and absence of glucose.
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1.22.9 Comparison of the performances of AuUNP$Tab and HRP in catalyzing the
oxidation of TMB

An assessment test was done to evaluate the performance of-AuiblP$>6 months old tablets)

and HRP (freshly prepargth catalyzing the oxidation of TMB. The obtained results (absorbance

at 652) show an almost equal catalytic activity at the lower concentrations of glucose. Whereas at
higher concentrations of glucose, the HRP produced grebhishcolor with more absbance

and a higher peak at 652. While a purely blue color was obtained by using fAtUEPBsvhich
reflected less absorbance. Furthermore, the time was monitored to see which catalyst obtained the
faster blue color. HRP gave the blue color in 26 minutestwihias faster than AuNPs which took
approximately 27 minutes to show results. To evaluate the performafAodlBspTab and HRP,

Mi chael i s Me Kt of enzyene affmity sowvaads TMB (substrate was compared. The
(Km) value of the freshly mad&uNPspTab was 0.142 mM while it was 0.434 mM in the case of
HRP. These results confirm the catalytic activity of the fabricated AylNBb. Furthermore, the
performance of the >6 months old AuNPBab and the newly made HRP was plotted and
displayed in Eigure0-22).
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Figure 0-22 A comparison between peroxidase mimic activity of AuyNIRs and horseradisperoxidase (HRP) in
catalyzing the TMBH,0. system. The absorbance at 652 nm shows that the artificial nanozyme-puNBsb  ( JU6
months old tablets) catalytic activity was similar to the natural enzyme HRP. The error bar represents the standard
deviation @ three independent measurements (n=3).

1.22.10'he catalytic activity test analysis

The reduction of <hitrophenol to 4aminophenol in the presence of excess Nafbls used to
test the catalytic efficacy of AUNRsIab. It is straightforward to track the development of the

reaction using UWis spectrophotometric measurements since this reduction process only
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produces one kind of produ€Eigure0-23A andB) depict the absorption band of about 317 nm
before the addition of NaBHand the band around 400 nm following the addition of NaBH
solution, which is the fyical band for 4nitrophenol. The solution'solor changed from bright
yellow (4-nitrophenol) to colorless during this operatiorafinophenol)The catalytic activity

of 4 differentportionsof AuNPspTab (1/4, 1/2, 3/4, and 1yvas further examined usirtte
conversion of 4hitrophenol(yellow color) into 4-aminophenol(colorless) usingNaBHs. The
conversion was too fast and obtained in 30 seconds when using one tablet ofpNieidRghile

60 seconds when using 3/4 tablet. An increase in time for fullezsion was noticed in the case

of half and a quarter of the tablet indicating a decrease in catalytic activity due to the presence of

fewer AuNPs.
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Figure 0-23 The catalytic activity test fodifferent concentrations of AuNfPSab using the conversion of44
nitrophenol (yellow color) into aminophenol (colorless) using sodium borohydridga) quarter tablet, b) half
tablet, c) threequarter tabletand one tablet of AuNRsTab.B) The corresponding absorbance spectra show a high
catalytic activity (high conversion ofditrophenol (yellow color) into “aminophenol (colorless) ithe presence of
one tablet of AUNRpTab. While the catalytic activity is less when using quarter AyiNRb.

1.22.1The stability test of AuNPspTab

The AuNPspTabs were stored at 4 °C but can be stored at room temperature with controlled
humidity because the variations in humidity level resulted in sticky tablets. The stability profile of
AuNPspTab was measured for 16 ntbs by taking an absorbance ratio of 520/650 and compared
with AuNPspSol. (Figure0-24) shows that the AuNPsTab remained stable for 16 months with

a little decrease in stability while a gradual decrease in colloidal dispersity of AfbdPsvas

observed which is in agreemaenith the literature findinggLaksee et al. 2017bBesides being
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ultra-stable, the tablet platform has other advantages over ApS&issuch as eastoringand
transporias well as the preneasured mass of AUNIPSol in each tablet which eliminates tieed

for a weighing balance, pipettes, and other labor extensive calibration steps.

The stability of AuNPgTab was compared with AuN®P$Sol overl6 months stored at 4C.
Interestinglythe 16 months old AuNPsTab were used to test their catalytic attiby measuring
the absorbance at 652 nm usihg 1M HO2-TMB system There was no change their catalytic

activity which makes them an amazing candidate as portable sensors for glucose detection.

120

B AuNPs-pTab AuNPs-pSol
100 4 gk

o]
(=]

% Stability
=)
o

40

20 -

7 8 9 10 11 12 13 14 15 16
Time (month)

Figure 0-24 The stability profile of AUNRpTab over siteenmonths shows a gradual decrease in the stability of
AuNPs.
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Chapter 4Cysteamine Detection

This chapteaimson the experimentgroceduregarried out for cysteamine detectiorhuman serum
and explains in detail the results analyses

1.23 Chemicals

All reagents and chemicals were analytical grade and used as received. Gold (IIl) chloride solution
(30 wt.% in dilute HCI), Cysteamine §8/NS), 3,3', 5,5tetramethylbenzidine (TMB), Dimethyl
sulfoxide (DMSO)(GHsOS), sulfuric acid (E5Qs), Trisodium citrate (eHsNazOy), sodium
phosphate monobasic monohydrate (BREk-H20), sodium phosphate dibasic @N&Qs),
hydrogen peroxide (¥D.), citric acid(CsHsOy7), sodium hydroxide (NaOH), sodium borohydride
(NaBHs), 4-nitrophenol (GHsNOs), methionine, asparagine, glycine, glutathione, aspartic acid,
cysteine, and arginine were purchased from Sigihdaich, USA. Pullulan (average Mw. ~200

kDa) was obtainetfom Polyscience, Inc, USA. Artificial serum (99.99% purified) was purchased
from Biochemzone, USA. Real human serum samples were attained from a clinical lab in
Montreal, CA. Deionized water from Sigma Aldrich, USA was used to prepare all solutions. A

cabon steel tray (Betty Crocker) was obtained from a local store, in Canada.

1.24 Synthesisand fabrication of pullulan-stabilized gold nanoparticles

The procedure for pullulan capped gold nanoparticles solution synthesis and fabrication of tablets
is thesame as reported in section 3.2 and 3.3. A summary of the method is preseRigare (
0-2A).

1.25 Sensing of cysteamine in Phosphate buffer

First, the peroxidase activity gbAuNPsTabletwas evaluated by investigating its ability to oxidize
TMB substrate to a blueolored productt s i aQga H an o0 x i dhe deteatign sysigm n t .
i nvol ved i nc ubbadt imkbdvaine buffe3 Whith is a citrazghosphate buffer (pH

4), 1 pAuNPsTabl et (100 €L, 1.2 mg), 300 20:Lwecef 10
incubated at 25 °C for 20 minutparsuedby UV-vis spectroscopic measurements on an@ll

plate reader (Ulti Dent Scientific, Canada) as a function of tithe.pH of the Mcilvaine buffer
solution was adjusted between 2 andsinGgapii t h
meter (AB200 pH/mV/condzivity made from Fisher Scientific Accumet, SingapoRgaction
conditions such as pAuNFsblet nanozyme concentration, buffer pH, reaction temperature,
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TMB concentration, the colloidal ratio of pAuNPs to cast the tablets, and the cysteamine ratio to
cause inhibition were optimized. This experiment was followed by the detectiopstdamine
concentratons@ 00 € M) in phosphate buffer (PB) (pH 7)
of cysteamine with various concentration2(®@ 0 & M) w an$B pHr7eThen,rl pAUNPS

Tabl et and 100 eL <cysteamine were incubated
945FIALUS, 50/60 Hz Fisherbrand, USA) followed by the addition of 80010 mM TMB),

(300¢L, 50 mM Mcilvaine buffer), and (106L, 1 mM HxO,). The absorbance was collected at

652 nm after 20 minutes to measure the color intensity of the solltion. d et er mi ne r e
kinetics, di fferent concentgM)atweornes uosfe dc-ywsitteha n
Tabl et . -oftter zemtbe weomes tcdet er mi ned by plotting
nm agai nst r3elacnmiim@n. rteiamd i 0 vel oci t-yamwkaer tcal
Law where the absorbance valwue of oxidized
concentr ahieomobusarngxtinction cloelnfi ThenMi chae
Mentends pomasdanni tKal maxi mumax vedrnoe idal odl 4 the
nolini near curve fitting soft Wwaree c(aGtuariwdtiEycpteactt |
done using t hN\ei tcroonpviedrsa |0 n(e 4Alima vh)o pth@dBp | ( ¢d1l or | e
in the pres@dabkebf wpAbDONWRBt hout cysteamine. The
to the literature pr dBaduwrka mairt leltrs ashe p aBAdd2tiod) i tc
1 mL of ONP amMdpf 045 mL swér &. di Ms olf veNdh BiIHh d e i
water. Ne-Xabl ptAcNd®@® , 1 G® , cM)cydteathiGeOvere incubated and

added. UWvis spectroscopy was used to measure the absorbance values and the kinetics of ratios
was monitored based on the color change of the solution at 400 nm (yellow) and 300 nm
(colorless). The apparent reaction cons{&rdy was calculated using the formula reported by
Azzem(aAlzzam etn(AA)=-KdPt2 1)

1.26 Sensing of cysteamine in artificial serum

The catalytic activity of pAuNR3ablet, which mimics peroxidase, was assessed in an artificial

serum solution (pH 6.8) with varying cysteamine concentratio@s@0 ¢ M) as out !l i ne
4.2. The limit of detection (LoD) was determined usingthefoima 3 0/ ¢, wher e O ar
the relative standard deviation of absorbance measurements and the slope of the linear calibration

plot, respectively.
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1.27 Interference study for the colorimetric detection of cysteamine

The effect of potential interferants such as methionine, asparagine, glycine, glutathione, aspartic
acid, cysteine, and arginine was studied for our proposed cysteamine assay following the procedure
mentioned in sectior.2. All the interferants were usedt 100 pM concentration in this

experiment.

1.28 Analysis of cysteamine in human serum

To demonstrate the practical application of the pAulN&slet sensor in redife conditions, the
detection of cysteamine was also conducted in real human serum samplesotakeystinosis
patients (pH 6.%.0). Furthermore, a spiking test was conducted in actual human serum, and the
method was validated by calculating the percent recovery (%R) using the formula reported by
Sasikumaet al(Sasikumar and Illanchelian 20ZRate of recovery (%) = (Amount of cysteamine
found (eM))/ (Amount of cysteamine added (&g M)

1.29 Results and discussion
1.29.1 Mechanism of cysteamine detection using pAuNPEablet

It is well known that the catalytic activity of gold nanoparticleprisnarily influenced by their

surface charge characteris{@sWang et al. 2012puring heterogeneous catalysis, the chemical
bonds within the reacting molecules that are adsorbed on the active solid surface are broken and
reformed, leading to the euvteral release of products back into the liquid or gas phase. As a result,
the presence of negatively charged carboxylate groups occupying the gold surface using the
pullulan polymer as a labeling/capping agent can have an impact on the catalytic acgeity of
nanoparticles. Thus, TMB was chosen in the assay because they have opposite charge
characteristics Ya n pi ng L iQonsequentlydullulanzdpded gold nanopatrticles, which

are negatively charged, attract positively charged amino groUpg®ivia electrostati@ttraction

These anionic pAuNPs will exhibit a strong affinity to the TMB as a reaction substrate. Therefore,

facilitating the charge transfer between pAuNPs and TMB.

The colorimetric test using tablets examined the enzjkeeacivity of negatively charged
pullulan gold nanoparticles tablet, which mimics peroxidase, by utilizi@p Hs an oxidant and
TMB as a substrate. Peroxidase is an enzyme that decompg@3eslhus, pAuNPslablet was

utilized to decompose 4@, and produce hyroxyl radical {OH), which are reactive oxygen
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species (ROS), in the detection system. The acidic conditions required for thél7®4ABystem
were maintained using Mcilvaine buffer. Tf@H produced was unstable due to the presence of
an unpaired electrorwhich was stabilized by interacting with the conduction band electrons of
pAuNPsTablet. These interactions resulted in the peroxilgsecatalytic activity of pAuUNPs
Tablet, leading to the oxidation of TMB and the formation of a-bllered productHowever, in

the presence of cysteamine, tBgl group of cysteamine attracts to the surface of pAuNPs via
electrostatic attracti¢Apyari et al. 2012)resulting in the formation of a pAuNHSblet
cysteamine complex. As such, the aggregation of pAulNdPdet in the presence of cysteamine is
further examined. It was observed that the presence of cysteamine concentradiadsNO d i d
not cause any aglgarbe geat dampentiatldn reaohed BEM |s displayed

in (Figure0-1). Therefore, a hypothesis of a complex formation rather than an aggregation was
suggested to inhibit the catalytic activity of pAuNPablet.

a

pAuNPs-Tablet + 200 uM cysteamine

----- pAuNPs-Tablet + 500 UM cysteamine

b

Absorbance (a.u.)

0

450 550 650 750 850

Wave length (nm)
Figure 0-1 The U\vis spectra of pAUNPEa b | et in the presence of (200 and 5
cysteamine could not cause the aggregation of pAUNBsb | et whil e 500 €M caused the

the higher concentrations of cysteamicause aggregation of pAuNPablet based on LSPR, the peroxidiike

activity method is the resolution for cysteamine detection to achieve lower LoD.

According to pr eviaomisnloy arceipdosr tae@oodaKbam @ms i, 0 X i
Moskal 2008)a n d cat al (sStay peits.ommlF.og2Be&eimnor e, recent
demonstrated that amino acids could interact
bet ween amino acids and the substiflLatyasmage Bbtr
2021)As such, we investigated the catpl@deMBIlI i ty o
HO2systAecrs.or ding to the above t heToMB ,s uWChyssttreaatnd
bind to the sTablaete odu MALUNECSh ©Td bat gsAleMPS ne

compl ex. This complex should inhibit the Dbl uce
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Tabl et and in(WBured2B). Bunlkenwaree n t he current case, t
of the-TmhAuMRs does not i mprove with time in ca:
enough to block the eMniThias Sudggesnayy tladdcit aansg se
i nhi bitor of the catTalbylteitc ialtcitkvenditsyo toifc & ch et hpaAt

formed in the absence of cysteamine exhibitin
of cysteamine, a f Ilwats pdeea ke cwietdh arsodr cesrqd aarcsd sa/ dygsrioec
A
( pullulan N PAUNPs pAUNPs-Solution
60 minutes degradation ®0 SyntheS|S
o —>
oH & o §ﬁ0H
o ¢ HO Ha o 6
HAuCl, O “C%SF?“ N°C  apiotie M Lo
T e 2 o, |
chloroauric oo another 60 HO&;@". Ly . HOT O®
acid o \@Hoﬁg';ri minutes no' I Ho J=O: AU
o oo
_ v ® pAuUNPs-Tablet
B e o - TMB (blue)
~ ~ No cysteamine ‘ 3//H\ —~
—> - H N NH,
pAUNPs-Tablet H,C CHs
serum TMB+H,0: —» oxTMB HaC CHs
HN= = '
pAuNPs-Tablet pAUNPs Tablet o —
TMB + H,0, + cysteamine — , TMB s chy
\ +TMB + H202 — Charge-transfercomplex
+ 4 S OXTMB (imay = 370, 652 nm)
@ X Hydrogen A =
’ peroxide N X pAuNPs-Tablet-
07:00u \ 4 ’3(9 & cysteamine complex
cee @ ‘.‘. ] N/st\s‘& H3C CHjy
Y ) cysteamine 2 ? HaC CH, '
vy z TMB (e =285 M) TMIB (grey)

Figure 0-2Repr esent ati on of -$dleutsiyoit/apesePsohd ptAid&dNPmechani sm
det e At)Tihoen .pr oducti on of tablets containing -Tgaohllde tn)ya nwapsa r
achieved by-SobuhgoppAUdNeidsatna rwa,s tmread tad e dwidtelg rMad@H i on at

for 60 minutes. The neandsheptingolthedraddtitng

of 70 AC

AC for another 60 minSpéstionsyBimlasi yenpwas pgBiupl®st ed o
tray to cr ehabel @th.e TphAeu NtPassb |l et s were then dried for 30 m
temperatureB)Tbe Mméchaoi sridckfe mertdwiidaessgennhciebiafi omy s tne anh
the absence of <cysteamine, the active sites of pAuNPS
surface. Consequently, the char g@genanst esOHreseling aké calr
in the formation of oxidized TMB (oxTMB) (blue col or)
cysteamine compbéwrchks &dorimed swhied on the surface of p
the surface iteabmi omekedowicthhargyes transfer can | eave the
the formation of oxdirtMBy dHelnare,witlhle motl odd weslsop i nto a b
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1.29.2 Optimization of cysteamine ratio

It is commonly understood th&DH is produced through the reaction of peroxidése mimics

with H2O2, which can facilitate the oxidation of peroxidase substrates. According to the literature,
competition between amino acids and the substrate for tfeeswwf nanozyme is the main reason

for inhibition(Kalhor and Yahyazadeh 201®ased on the principles of enzyme kinetics, these
inhibitors bind to the natural enzyme with a perceived affinity that is similar to the concentration

of the enzyme's activates. This suggests that when the concentration of the inhibitor increases,

there will be a point where the enzyme activity is entirely lost. In the case of nanozymes, the active

site is believed to be the surface atoms, which may result in numerowssaEs/within a single

nanozyme particle. Therefore, to completely deactivate a single nanozyme, a high concentration

of inhibitor molecules would be necessary to drive the readimfurther investigate the catalytic
mechanism of the peroxidabke activity of pAuNPsTablet, cysteamine was utilized as an

inhibitor that formed a stable complex on the surface of pAtiNEget which inhibits the

oxidation of TMB. Based on the abowacfts, the concentrations and ratios of cysteamine have a
significant impact on the quantity of oxTMB in the system. As such, various ratios (25, 50, 75,
and 100 eL) of 200 &M cysteamine were empl oye:
of pAUNPsT a bl et . It was observed that the maxi mum

cysteamine. Thus, this ratio was used for the detection of cysteamine as skiBigari0-3).

1.6

a b c d —a o5,
-! b 50 L

C..75 HL
=9 100yl

)
-
[N]
1
ay

Absorbance (a.u.
o
co

......
.........

500 550 600 650 700 750 800
Wave length (nm)

Figure 0-31 nhi bition effect usi ng vehr iod aM2 (offa tcd yosst e(a2nbi,n e5 0s,h 07
maxi mum inhibiticech oxstue a midnreas iilkog nwda€s0 atphpilsi ed t o t he re
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1.29.3 Inhibition of the peroxidase-like activity of pAUNPs-Tablet in presence of cysteamine

The peroxi dase -Tadtlieti twa so fv egp AU N RSIQ@sbtyo p nst orloudtuic
which quickly stopped the oxidation process o0
color. The test is based on the hypothesis th
presence -Toafb IpeAu NWhser eagst @ampnespneeenfsct he f
As a result, a change in the S&®@tan bé ox&WMBa
indicator of the presence of oxTMB. Since int
the surfaclkabet, paANM8B8 could not be formed. A:
absorbance pé@dakl of PATMBsshifted from 652 to
observed fpdAru NPkl @aMBsyst em wihowrigyedid)é.a mi mes a
the yell ow colboyhe ndccdhiStQt gn dafusi@d!l v proportio
of oxTMB which was not produced when cysteami

--2--TMB + pAuNPs-Tablet
251 b TMB +pAuNPs-Tablet +H,SO,
«ws+Lees TMB + pAuNPs-Tablet + cysteamine + H,SO,

s 27
g b
c 15 b
8 [\ ¥ 3
a8 1 \ \ 27N
< \ P “
) ’ ~
\ 27 ~
0.5 4 \ P G ™
\ ” -
c \\-__- ﬂﬂﬂﬂﬂ - T
Y i bbb T eesessssasssnannas LETRIPPPSRPRP
380 480 580 680 780

Wave length (nm)
Figure0-4The TMB response in the presence and absefi@e of <cy

as a color indication for oxTMB. I n t-habedhsanhe ghf abpot
peak was observed at 652 nm. eMVha fl ec ynsot epaenai kn ew avsa so basdedr evde ¢
effect 8®GorusTMB HTpBULUBPsand ITMB|l etpAuNRsteamine. The TN
to 450t hnem siynst em cont adTabhgt T MW®h & pSqpeAn,N FaidBd i+Argp LAHI eNtP s +

cysteamine did not cause any color change since the ox’
1.29.4 Reaction kinetics in the presence and absence of cysteamine

To setytthiemasstahe ti me for blue color saturat:.
was measur®d susiprgtUdd¥scopy ovehe akipreetiioad stfu di
oxidation of ©TOB usp-AaiNPRetM Hh,d «MPd co20@ yst eam
was investigated. -dlehpee nrdeesnul tksi nsehtaw a ntail mes i s
bet ween-TmAUNMNRs and TMB substrat esM) nofbodyhs tceoanmnai
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Based on the fu®idshM gdidy,s ttehaemiancet ipvrioocyeeds r api dlI
at 20 minut(Esg@ise s Whwh eeMiI sciyrsg e@ini ne, | bhgereac
time tildl saturation ~2 hours. emM dfh ec yodthea mitl
showed no colamd dreemdiopené nper manently wunchan
investigation of the type tod oadurmiitn otnhd rerves
200M ecysteamine. | f w e consider t he potenti
concentrati esnt aotne tkhienedtiecasdyof Mi gdradnd)V sofMerhtee r
pAuNPasbl et , we s honuol dalatsesruame ctreo itsteet he rlever si |
200M ecysteamine -Tabltente ipnAutNPes i ni ti al phase
i nstantaneous bi nding of substrate mol ecul es
consideringumbaet afr édbeedtrd surface atoms w
Ssubstrate, it inaxf @eX pesathesd rahat okhdatVi on cat ¢
di mi(nYiasnh Li u et Tal comrRflilbjfRrantiaMet beadry er Ki ned
presence and absence oFfi g8 eBmsrd, oasthlibuat
decl i nea@gfn TMER SsYubstrates as the concentration
whi Ine ehai ns unchangeM cwhsetne aursiinneg 2M@@enrde.avs di f

were obt ai aM dc yusstienaggmi6nOle i ndicating a reversib
results | ead to the observation that doubl e t
concentration®verfalcdy stiemmtcartrast to natur al
mol ecul e typically |l eads t d etchud ed dactiint &triacn ic
site, in the case of nanozymes, the surface a
as the enzynmnmeN.s Caetni veet Waktne spalBIPs i s expose:q
concentrationexpércgnsteamonky partial |l oss of
i's not completely bl ocked. However, hi gher co
of catalytic activity. According to erhzezy me Ki
nanozyme to ntsesmabsedatcencEKant while the cat

indicates that more than one cysteamlalkl ento,] ec
obstructing thbhepsaskiagddtligat o mé
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Figure0-5The reaction kinetics icWM) t bk ¢@yAdklea nmkeinredt i(d0s, s6t0u d ye
detection time of 20 min. The reaction in the absence
absorbance) whilnd ntggMe& Oy slt etaimo mec esmtoavis | ess bl ue col or
the other hand, no color taMamyfsermati n@n wha € hachind v & ansu ¢
B)Mi ¢c haMelniten parameters were dbpa#Mdned whert easnimg @&,cob
replicas. A reversible (competitive) mnmdchfanée gt € dhiuree s\
the inhibition-cwanspeitrirteivvelt)soiibslicenpg(tn@odn®i ne (red triangl es

To lertconfirm the reversi blTea/bilrerte vheyredd (o Faen d nz
cysteamine, we employed FTIR spectroscopy af
pAuNPasbtegst eami ne compdteaitfeiddges) e dhel FI | Krepect
the washed pAuNPs exhi bi-BEHdberNH antdreeatkcsh ,a rwhsii o
absent in the cashd.eaf pristine pAuNPs

==& pAUNPs-Tablet + 60 uM cysteamine
b pure Cysteamine

—L— pAUNPs-Tablet +200 pM cysteamine

% Trnasmittance

-NH _sH

3800 3300 2800 2300 1800 1300 800 300
Wave number (cm-')

Figure 0-6 The FTIR analyses after centrifugal and washing of the pAulPBtetcysteamine solutions. The FTIR

spectrum of the washed pAUNPa bl et + 200 &M cyst epeaksarigng fomthiSbibendke d e xt r
and -NH stretch due to the presence of pAuNRBbletcysteamine complex even after washing the catalyst. The

absence ofSH and-NH peaks in the pristine pAUNHAsa b | e t + 60 &M cysteaTablene i ndic
cysteamir complex formation is dependent on cysteamine concentration.
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Moresohe DLS anal yses wmtrial andlydrooynamic diantetersofu dy 1
the same colloidal complex as presentedFigure 0-7). Theanal yses show a dec
potentiat e2 mV and an increase in the hydrodynamic

with PDI % of 46% of the nanoparticl eTsabwheitc h ¢

cysteamine compl ex.

These findings confirm thargdgest eéehie a@fAUINRPIStY | o
establi shment of a durable complex between th
20M.¢e While wgspAaamMmPae compl ex &Masc ombcseenrtwread i Ww
cysteamine resultiomg in reversible inhibit

A B
3.5 12

Sl 10 -

2.5 1

% Intensity
o

Total counts

1 .
05 - IJ 2 J\
T T 0 T r T T Y
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Zeta Potential (mV) Hydrodynamic diameter (nm)

Figure 0-7 The DLS analyses of the pAuNPabletcysteamine compleXd) T h epotentialanal ysi s di spl a
decr eapstentiaivra | ue9 f&oomyAn i ncrease in the PBYAnowithPDmMi ¢ di a
of 24%t @85 nm with 46%, respectivedlyn di cat i ng t he formation of a compl ex
Next, we performed the catalyticOact0peMahnpdt2a
cysteamine. Briefly, the tesNitirsop®rdl( pE@4 b0 w)
t o-Adhi noph-ARpI|l (¢dl orl ess) in the prfisegtm@yr of a
a very fast codusiag(HElo np AveSoP sudlipfudiiséablet) while a

sl ow conversion was o0 bSolatiorv=edartantable).g (25 €L pAu

The catalytic activityinthepresere and absence of 20Fieglh8Bey st eam
The conversion of MNP into 4AP was fully completed using pAuNH®blet alone.

While the conversion was blocked in the prese

rate presented ifF i g @8Cg
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Moreso, the LangmuiHinshelwood model was used to calculate the apparent reaction constant

(Kapp @as shown ink i g 8D Thekpphas a hi gher value in the cas
a small value was observed using 20TableeM cys-
cysteamine complex prevented the conversiongP4o 4AP.

A B
: 4 ) 35
35 —a_25uL 5 -+ 8... pAUNPs-Tablet + 4-NP + NaBH,
3. --B_ 50 -2 cysteamine + pAuNPs-Tablet + 4-NP + NaBH,
5 ! S 100 L ~25 =
......... =
825 4 F] 4-NP + NaBH,
@ Y 2
£ 27 b 2
8 a c 8
5 215 A
g 15 4 5
< 2
1 14
0.5 0.5
. 0

280 330 380 430 480 530 580 280 330 380 430 480
Wave length (nm) Wave length (nm)
© =
L O No pAuNPs-Tablet © 200 uMcysteamine . Ono pAuNPs-Tablet 200 uM cysteamine
0.8 60 pM cysteamine A 0 pMcysteamine 60 UM cysteamine A0 M cysteamine
i “Kapp = 0.1456
EW
20.6 " S
& gy T Kopp = 0.22531
$ g
<04 g 2 z
=
£ 5 §.4543
0.2 A
<
-K 4pp= 0.61204
0 T T T T . -5
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Figure 0-8 The catalytic activity test using the conversion-dfitophenol (4NP) (yellow) to 4Aminophenol (4AP)

(colorless) in the presence of pAuNPablet.A)A hi gher catalytic activity was ol
Solution to cast pAuNPBablet.B) The catalytic activity in the presence
conversion of NP into 4AP was completed using pAuNPablet. While the conversiavas blocked in the presence

of 200 e M QP ylse ememactei on rate in the presence of (0, 6 C
conversion when 0O €M cysteamine. Whereas a sl ower reac
Almosmo conversion was achieved in the case of 200 &M cys

D) The LangmuiHinshelwood model to calculate the apparent reaction constag) 8hows a fast reaction in the
case of 0 &M cyydowékagmi waes whbh s er medein 200 &M -Jablett eami ne
cysteamine complex prevented the conversiorN? 40 4AP.

1.29.5 Colorimetric detection of cysteamine in buffer and artificial serum

The colorimetric det eaxplomr eod uwsyisage atiMtcen apcehraX |
of pADLa&WIset. The react i-mendii antveod viEMBT aithye epAu MR
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presemfe ©DheHTMB was used to capture the el ect
i ndi catdcedadv eéolyoprment of the blue color of the s\

the establishment of a charge transfer compl €
Hence, -paAlIN&Pts was used as a peroxi daistei adat a
experi ments, cyst éatmdMne owaentdetanecbad in @ buf
mM TMB. The blue color intensity of oxTMB was
at 652 nm. There I Somaxd@t o®Y2 o m®T edaesti imega sney sitne
concentrations. Whi |l e KHiOgvh ecry specaakm na&p pveha rcehd b
gradual with increasing the concentraMiaosnn of

show@iig9Ar However, & hpee naabisnoerdb aunneéeti f ebeedi wict |
in cysteamine ¢otgiteendompli otne i mldocladage of oxi de

A cal icburate oonf enzyme mi-mabkbl actwastpgl of t @A udNF:
concentratdaans amdticbdargr) | walabes r & nabxBi2s( n m

resulting in a hyperbolic curve wfigadBwas fit

The rel ative absorption intensity is Ilinearly
first four concemtt dte(FangBeGewiodh sah adMe B Omnfc e6 9

the peroxidase -Dalhlat owaodfc @mfuiNPmed f or cyste

saem protocols were followed in awoifdcsiatuatei o
Next, t hemipmirco xa odtaisweT alyl etf wa s N€val uated usi ng
concent r280tdM) nisn (Ohe arti fici al serum medi um.

<4 0Meproduced the high blue color intensBity sc¢

vis spectrum. The reaction media turned to th
cysteamine concedMnbsatFdw@entTihle 2c000l or of t he
was changed according to cysteamine concentr a
cysteamine inn ctulrevec alTihlker actuirove was plotted <co

absorbanceA)i mtte n6shi2t ynwn( ver sus the cysteamine ¢

An LoD e¢Wf w88 <calculated in a(FtghDbEi aAt sleorwen
concentratwasnsl,i nteheer |l y proportional to the cor
i (Fi g@9F)e
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Il n conclusion, our -TAdwley preoaoposedfpAcNRat | vy

di fferent media using the peroxidase catalyti

t hirordupeisseani al amino acid that was fGamld to
2003 )However, abnor mal concentrations of cyst
conditions. Therefore, it i csy shtiegahmi yn ei ntcpoonrcteannt t

r etail me monikHemde,g apAeNPswoul d be a potenti al
di agnostic and detecti dmabt eel &.enbloFrceodsH e, rp,arsttelad
friendly, and ofduatrhs ctholpareismenttrsi ca rgendoddr ¢ andi

anal ytical devices.

Figure0-9Det ecti on of cysteamine i n ApbWys phatpe clhufaf ef amiB an
buffer pHefemnomethfe @rdi fferent -20dM)cBe)hhe at albinbowdt icyrst er
obtained using variousC)tbeckhheati nasgefotysheamunee s|
(@ 0M) of cysteamine. They @i pBa smetal cdi | aart MDAV f sund t c
spectra of TMB in artificial serum pH= 6. 82DdM)Ehe pres:
The calibration curve was obtaineB8)Thei dg neari awsn geo mde
shows good | i mM&M)i by bgsweami (@. The l9d D pwea snemehaosdu rwehce r
val ue Smmz&@AmMsén(cAsz,mynste)amine

79























































































