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Figure 1. Endogenous and exogenaairces as well as the heatdtated effects of oxidative
stress. ROS are capable of inflicting severe andspecific damage to cellular components
such as membrane lipids, proteins, and DNA.

Figure 2. Various established industrial applications of enzymatic and molecular antioxidants.

Figure 3. Schematic representation of substatéve site binding mechanisms: (a) leskd
key, (b) inducedit, (c) conformational selection. For simplicity, enzymatic and substrate
structures are represented as rigid blocks.

Figure 4. Structures, physicochemical properties, and potential applications of enzyme
mimicking nanomaterials (nanozymes) as alternatives to many natural enzymes of diverse
catalytic roles.

Figure 5. Industrial applications involving colloidal systems. These includeréggapation of
stable colloidal systems or bringing about destabilization of already existing ones.

Figure 6. The nanoscale and the colloidal domain. Both scales include not only inorganic
nanostructures but also biomolecules such as proteins as well as biological systems such as
viruses. Beyond the colloidal domain lies particulate systems, which are characterized by
micronsized components.

Figure 7. The emergence of nanoscale phenomena and their effects on the physicochemical
properties of materials as the particle size approaches the nanoscale.

Figure 8. Interparticle forces that occur within colloidal systems. Vae der Waaldorces
always exist among charged and neutral species and are always attractive among similar
particles (unless the refractive index of thartigles matches that of the medium). The
electrostaticforces play a significant role among the charged particles. The presence of
polymeric chains (neutral or charged) within colloidal systems brings about several other
regimes of interaction forces. Theric repulsioroccurs because of repulsion among extended
neutral polymeric chains adsorbed on interacting particles, while charged macromolecules
(polyelectrolytes) bring aboutlectrosteric repulsion The patchcharge attractionsoccur
between a chaggl surface and patches of oppositely charged polyelectrolyte chains adsorbed
on an approaching surface. Bridging of colloidal particles via adsorbed polymeric chains leads
to the flocculation of particles.Depletioninteractions occur in the presence ofypeeric
macromolecules in a free (ndound) stateHydrophobic interactionsre strongly attractive
forces that occur among hydrophobic surfaces in polar solventssawation forcesare
oscillatory (repulsive or attractive) forces that occur due toré&ructuring of solvent
molecules as two surfaces approach one another.

Figure 9. Schematic representations of the various models of the EDL at thdigaiid
interface. a) In thélelmloltz model, the counter ions are rigidly fixed at some distance from
the surface, forming the outer Helmholtz plane (OHP). The potential varies linearly from the
surface potteonttitad ,pdcdt ent i al GoapChapmarenodé Hle, q.
charged surface gives rise to a cloud of diffuse distribution of counter ions, called the diffuse

l ayer, within whi cohdecayh exporentially to the poterdidl at the bula |
sol ut i o nSternCapprogimatiobdmibines the two modelsh& Stern layer is the layer

of surfacebound counter ions while the diffuse layer consists mostly of counter ions in diffuse
and rapid ther mal mo ty, iisathe .potefitial eat tHe tStern tayerp The e n' t i
slipping plane marks the special volumiethe solution that is dynamically part of the solid
particle (e.g., moves with the particle in Brownian motion and during electrophoresis), and the
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potential at the slipping plane is the el ect

Figure 10. The total interaction potential Y or the DLVO force profile as a function of the
separatiordistance. The magnitude ofrf\depends on the sum of the repulsive EDL and the
attractive vdW forces. The dashed line refers to stamgjed norDLVO repulsion, known as
ABorn repul siono.

Figure 11 (a) The various phases of the aggregation process. Thestags/ aggregation
statistically involves the formation of dimers and mostly occurs in diluted systems. The late
stage aggregation, on the other hand, veslthe formation of higheank aggregates and
occurs in concentrated systems. At given pH and ionic strength, the change in the particle size
over time is used to probe the different aggregation phases at various particle concentrations.
(b) In the earlystage aggregation, the aggregation rate is affected by the salt level in the system.
At low salt levels, the system is stable or very slowly dimerizes (slow aggregation regime),
while at high salt levels, the dimer formation proceeds rapidly (rapid aggregegime). The
system transitions between the two regimes at a characteristic salt concentration, called the
critical coagulation concentration (CCC).

Figure 12 A Schematic illustratiorof heteroaggregation of particles of various sizes and
shapes, where the aggregation of different particles is initiated by careful manipulation of the
experimental conditions, and thus, the variation of the interparticle forces.

Figure 13. The SOD assay for the determination ofthe 9ODk e act ' wenergted The |
via the oxidation of xanthine to uric acid by xanthine oxidase, can reduce the yellow NBT into

a purple product, called fimazan, which possesses a characteristic absorption peak at 565 nm.
The SOD enzyme, nevert h£ totgs whicle lbaves ¢the NBTel vy ¢
unchanged or partially reduced, resulting in the inhibition of the rabiBdl reaction. The

extent ofinhibition is studied via the U\Wis spectrophotometry by probing the emergence of

the formazan absorption peak at 565 nm over time. The inhibition curve of the-fdBitas

constructed as a function of nanozyme concentration using equation (39).

Figure 14. The TMB assay for the HRIKke activity. The colorless TMB is oxidized in the
presence of D> and HRP (or its mimetic nanozyme). The oxidized TMB, in the form of a
diamine/diimine corplex, is characterized by a blue color as well as a strong absorption peak
at 652 nm. The increase in the absorbance of the blue complex over time at 652 nm is probed
via the U\tVis spectrophotometry. The molar absorption coefficiongf oxidized TMB is
39.0mMtcm'l,

Figure 15 The Guaiacol assay for the determination of the HilPactivity. In the presence

of HRP-mimicking nanozymes and.B>, the colorless guaiacol is oxidized tbrawn product,

called tetraguaiacol which is characterized by a strong absorption peak at 470 nm.-Vie UV
spectrophotometry is utilized to probe the emergence of such an absorption peak over time. The
0 of tetraguaiacol is 26.6 mMcm' .

Figure 16. The catalase assay for the determination of the-l&Tactivity. The CAT enzyme
breaks down ED: into water and @ The HO: has an absorption peak at 240 nm. By
monitoring the decrease ibsorbance of kD2 at 240 nm over time, the CAlike activity can

be assessed. Thef H,O. is 39.4 M cm' L.

Figure 17. The DPPH assay for the assessment of the antioxidant potentiale@heviolet

DPPH radical has a strong absorption peak at 517 nm. The reduced DPPH, however, has no
such absorption peak. The disappearance of such peak over time in the presence of some
material is a measure of the antioxidant potential of the material.

Figure 18 (a) UV-Vis absorption spectrum of PB NPs at pH 4, the TEM image of PB NPs is
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embedded in the background of the-\\$ absorption spectrum. (b) The XPS survey spectrum
of the PBsample. The Auger transitions within K, L, and M energy levels give rise to O KLL
and Fe LMM peaks. The higtesolution XPS spectra of (c) Fes2p(d) C 1s, (e) N 1s, and (f)

O 1s of the PB sample. The Shirley background estimation serves to distihguisttkground
signal occurring due to energy loss as a result of inelastic scattering.

Figure 19. (a) XPS survey spectrum of the-@gpared Mn@ MFs. The Auger transitions
within K, L, ard M energy levels give rise to O KLL and Mn LMM peaks. The friggolution

XPS spectra of (b) Mn 2p, (c) Mn 2s, (d) C 1s and K 2p, and (e) O 1s regions. The Shirley
background estimation serves to distinguish the background signal occurring due toassergy |
as a result of inelastic scattering. The (f) SEM ang {&EM images of MnQ MFs.

Figure 20. (a) XRD patterns and (b) XPS survey spectrum of the,Q¥es. The Auger
transitions within KL, and M energy levels give rise to O KLL and Ce LMM peaks, and the
presence of Fe is attributed to the sample holder. Therbggiution XPS spectra of (a) Ce 3d,
(b) C 1s, and (c) O 1s regions.

Figure 21 (a) The Raman spectrum (Inset graph: the magnifieecdb2peak), (b) the UV

Vis absorption spectrum, (c) the TEM image, and (d) theTlHRI image of bare CefNPs.

(e) The extracted pattern, obtained by FFT analysis of the squareshsacthe HRTEM

image, the inset images, and lattice spacing values are obtained by inverse FFT analysis of the
FFT pattern, using ImageJ softwafé.

Figure 22 The pH profile of PBNPs. The ionic strength was fixed at 1.0 mM and the PB
concentration was 100 mg/L.

Figure 23 The pH profile of MNQMFs. The ionic strength was fixed at 1.0 mM and the ¥MnO
concentration wa 50 mg/L. (Reproduced from Ref. 193 with permission from the Royal
Society of Chemistry).

Figure 24. The pH profile of Ce@NPs. The ionic strength was fixed at 1.0 mM and thexCeO
concentation was 50 mg/L.

Figure 25.The pH profile of SL particles. The ionic strength was fixed at 1.0 mM and the SL
concentration was 125 mg/L. (Reproduced from Ref. 193 with permission frofRotyed
Society of Chemistry).

Figure 26. Timeresolved DLS measurements of (a) AL (pH 4.0) and (d) SL (pH 9.0) at various
particle concentrations} , and 1.0 M ionic strength. The graladed regions represent the
early-stage aggregation regime within the given time frame. The straight lines represent the
linear fits used to calculate te  and"Yy of (b) AL and (e) SL at the correspondiing. The

TEM images of (c) AL and (f) Sparticles.

Figure 27. The saHlinduced aggregation. The stability ratio (squares) and zeta potential
(circles) values for (a) AL, (b) SL, (c) MnMFs, (d) CeQ@ NPs (pH 4.0), and (e) Ce®IPs

(pH 9.0) as a function of the ionic strength, at the designated pH. The concentrations of AL and
SL were fixed at 25 mg/L and 125 mg/L, respectively, while the concentrations of the CeO
NPs and Mn@MFs were fixed at 100 nig. The dashed lines represent the calculated stability
ratios, based on equations (37) and (38), as shoppendix C. The solid lines represent the
Grahame relation fit, equation (16), for the zeta potemndidat strength data.

Figure 28. Stability ratio (squares) and zeta potential data (circles) of (a):N#F3 and (b)

CeQ NPs in the presence of different amounts of PDADMAC polyelectrolyte at pH 9.0 and
1.0 mM ionic strength, using & In both systems, the metal oxide concentration was fixed at
100 mg/L. The solid lines serve as eye guidance. The polyelectrolyte concentration is expressed
in mg PDADMAC/g metal oxide. (c) The general trend in the change of the stability ratio and
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thezeta potential for participolyelectrolyte systems at various polyelectrolyte concentrations.

Figure 29. The typical immobilization curve (the trend in the stability ratio and zeta pdtentia
upon addition of nanozymes to latex dispersions) for the-ls@ozyme system at fixed latex
concentration and ionic strength.

Figure 30. Trends in stability ratio (squares) and zetaeptal values (circles) of (a) APB

(b) SPMn (c) SECeO and (d) SPCe composites as a function of the nanozyme dose. The
concentration of SL and AL were kept at 125 mg/L and 25 mg/L, respectively. The ionic
strength was fixed at 1.0 mM in all systems. fgg¢g unit refers to mg nanozyme/g latex. The
solid lines are added for exgaiidance purposes only.

Figure 31 (ac) SEM and (¢f) TEM images of ALPB composites at PB doses of 1.0 mg PB/g
AL, 30 mg PB/g AL, and 600 mg PB/g AL corresponding to doses (a, d) below (b, e) at, and
(c, f) above the IEP of the ABB system, respectively.

Figure 32 TEM images of SPMromposites at different PMn doses of 0.1 mg PMn/g SL,

10 mg PMn/g SL, and 100 mg PMn/g SL, corresponding to doses (a) below (b) at, and (c) above
the IEP of the SPMn system, respectively. (d, e) Amplitude AFM images along with height
profiles. The differensamples were prepared at 125 mg/L SL, and 200 mg PDADMAC/g
MnO: (the onset of ASP in the adsorption curvé&igure 28(a).

Figure 33 (a,b) TEM images, as well as (c) amplitude and éajit AFM images, of SICeQ
composite deposited on a mica substrate along with (e) the height profile, corresponding to the
regions indicated by the white lines. The sample was 100 mg/L in SL with 1,000 mCeO

SL (the onset of the ASP of the immobilia curve of the SICeQ system inFigure
30(c)).192

Figure 34. (ac) TEM images of SPCe at different magnifications. (d) Amplitude and (e) height
AFM images of SPCe deposited on a micdsstate along with (f) the height profile,
corresponding to the regions indicated by the white lines. The SL concentration was 100 mg/L,
with 40.0 mg PDADMAC/g Ce®(the onset of ASP in the adsorption curvé-igure 28(b))

and 20 0.gr8g(th€asaof ASP in the immobilization curve iRigure 30(d)).1%

Figure 35 Raman spera of CeQ, SL, PDADMAC, Sl-CeQ, and SPCe. Raman peaks
marked with squares refer to Ce@hile those marked with circles refer to SL. The absolute
Raman intensities (prior normali zatficonms) ar e
per second.

Figure 36. Inhibition of the NBTFsuperoxide reaction (SQlike activity) of (a) PB NPs
containing samples, (b) bare Ma®IFs, and (c) the SPMn composite. The solid liaes
mathematical functions used to calculate the V@lues, located by the dashed arrows.

Figure 37. The guaiacebxidation reaction rate (HRkke activity) at different guaiacol
concentations, catalyzed by PB NPs and-RB. The lines represent the Michadlenten fits
(equation (2)). The graphical schematic inset shows the color of oxidized guaiacol, which
indicates positive HRHke activity for PB NPs and AIPB.

Figure 38 (a) The U\WVis spectra of TMB/Ce®( gr een/ U s p e®@t(rbdm)e,/ bTM
spectrum), and TMB/BD./CeG:( bl ack/ 2 spectrum). The inset g
measured at pH 4.0. (b) The relatreaction rate of TMB oxidation at acidic (pH 4.0), neutral

(pH 7.0), and alkaline (pH 9.0) conditions, the samples were prepared with the following
relevant concentrati ondNPs]1l. &nddds TMBMmMM2H mg/ L

Figure 39. The TMB-oxidation reaction rate at different TMB concentrations catalyzed by
CeQ® NPs, SPCe, or SCeQ at pH 4.0. The lines represent the Michadlisnten fits,
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expressed by equation (2). The graphical inset shows that the intensity of the blue color
(oxidized TMB) gradually increases with the amount of TMB.

Figure 40. The CATlike activity of bare MNGMFs and SPMn at 25 AC,
The MnQ MFs concentration or its content in SPMn was kept at 10.0 mg/L. The solid lines
represent the MichaeliMenten fits, obtained from equatio®)(

Figure 41 The DPPH radical scavenging potential of e&P’s, SI-=Ce, and SPCe. The
concentration of DPPH radical in the final
calculatedaccording to equation (40), and the data was fitted with the Hill equation to obtain
the EGo values. The inset image shows that the intensity of the yellow color of reduced DPPH
increases with the increased nanozyme concentration.

Figure S1 TheHelmholtzSmoluchowskiH ¢, ¢ k e | , raodels fortleercalculation of the
zeta potential from the electrophoretic mobility.
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INTRODUCTION

1 Introduction

Antioxidant enzymeshavenumerous keyunctionswithin living systemsncluding cell
protectionagainst oxidative stres¥he highly intricatechemical structuref the comprising
proteins bring about unparalleled catalytic potential, specificity, and selectivithese
attributes havéed towide use imumeroudields such as pharmaceuticat®smeticsandthe
food industy. Yet, the applicability of these biocatalysis often hindered due teseveral
inherent flaws that are detrimahto thar catalytic potentialFor instanceenzyme suffer from
extremesensitivity to such conditions in their microenvironment as pH, temperature, solvent,
andthepresence of inhibitorédJndesignated conditionthereforelead toirreversiblestructural
alternationsand subsequemermanent los®f catalytic activity Thus, the extraction and
purification processeef enzymesare highly complex and timeonsumingrendeing them

particularly expensivenaterials

These drawbacks have unavoidably given risarteevergrowing demandfor versatile
enzymealternativeswith indistinguishableantioxidantpotential. Among the earliesteported
artificial enzymeswere toinclude cyclodextrins, coordination compounds, and polymeric
substancesHowever, the discovery ahe enzymemimicry of nanostructures, also called
nanozymes, presentedpromising alternativéo antioxidantenzymessince the biocatalytic
potential isexpected to benaintained at pH and temperature conditions, where the mimicked
enzymesare inactivated In addition, nanomaterialdhave highly tunable physicochemical
properties as well as scalable, straightforward, andclost production processes. These
advantages have led to the discovery of numerous nanozymes with highly varying structures
and compositiors including (bi)metallic particles, nanostructured carbon materialstal
oxides/chalcogenideand metalbrganic frameworks (MOFsyuch materials werprovento
possesghe mimetic potential ofseveralessential antioxidanénzymes including catalase
(CAT), superoxide dismutase (SOD), dmaseradish peroxidase (HRP) that play pivotal roles
in living systems and are widely usednmanyindustrialfields.

However, due tdhe tendency to minimize thbi gh sur f ac enu@drobsh 6 s er

nanostructured materiaége prone to aggregatiavhenintroducedinto fluid mede, and the
extent of aggregations is oftemaximized under certain conditignncluding solvents of
different polarity, high ionic strength, a characterisgioint of zero charge (PZC) or an
isoelectric point(IEP), and presence of surfactants or polyelectrolyt®reover, particle
aggregation is expected to adversely affect the catalytic potential sircadtgicaction takes
place ortheparticlesurface Thereforethe prevenion of particle aggregatiois a vital step for
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the efficient useof nanomaterials a®ffective artificial enzyme. One of thecommon
approacksto prevent particle aggregatiatheimmobilization ofthe catalyticnangatrticles

onto larger support matergduchasclays,graphen@xide and latex particleI he formulation

of suchsupportnanozymecompositeprevens aggregatiorof nanozymesendles separation

of the composites after the catalyticle and presensgs he parti cl esliencé,ar ge
preserve their biocatalytic potentialThese composites artherefore expectedo berobust
antioxidantswith superbenzymelike catalytic potentiahs well asustained catalytic surface

andthus,areforeseen to be highly beneficial industriesnvolving the mimicked enzymes.

In the work pertaining to this dissertatjgotential nanozymes including organometallics
(Prussian blue) and metal oxides (Mrn&hd Ce(Q) were synthesized as potential nanozymes
and were further formulated into composites undentrofied heteroaggregation with
polystyrene latex beads. Pritrheteroaggregation, the surfaaed colloidpropeties of both
the nanozymes and the latex were carefully examined under various experimental conditions
andthe formulation of the composites was carried out under the optimal conditions to maximize
the interaction between the nanozyme and the latex, andeh obtainlatexnanozyme

composite with high structurahd functionaktability.
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2 Literature Review

2.1 Oxidative stress

The oxidative stress phenomenothisstateof seriousmbalancebetweerthe production
of reactive oxygerspecieJROS) andhe ability of biological systemmto restore proper ROS
levels resulting in their accumulation in cells and tiss&®3Sincludevariousradical neutral,
and ionicoxygenspeciessuch ashydroxyl radical( A4Q) peroxyl radicall AR), superoxide
( A'Q alkoxyl radical( A Q Ryprogen peroxidéH20y), singlet oxygen(*02), ozone(Os),
hypachlorous acidHOCI), andorganic peroxide( R O O.R% )

These highly active species an@stly acquired through aerobic metabolic pathways that
exclusively or collaterally result in ROS productidn mitochondria,for instance A @ is
generate@sa by-product during the ATP production process, wt@rés normally reduced to
water through a seried electron transfer procességwever,a small proportior1-3%) of O
moleculesacquires an additional electronresulting in the formation of .2 2 Similarly,
cytochrome P450 enzymes, a family of heme monooxygenases located in liver cells, have vital
roles inthe biotransformation of drugsuch as eetaminophenuncoupling of the enzymatic
cycleleads to the formation of ROS includifge) and H.0,.*

g\ec"s Linkedr
/ é\é’a 02 Ca“;ﬁig\;anﬁfyular conditions Aglng
I .”‘%P ‘—g_ ale infertil D b l Asthia
ol RO & Cancer IQ0RIES
DNA Damage % 'OH @ . Parllqnson s disease
Oxygen metabolism £ 0, T F Hobenersdoeas

Radalin ENOsle opesity & .

ol | & =

Lipids Peroxidation Protein Oxidation

Exposure to industrial chemicals %, y wc.
0 glev@

Figure 1. Endogenous andkxegenous sources as well as fiealthrelatedeffects of oxidative
stress. ROS are capable of infing severeand norspecificdamage to cellulacomponents
suchasmembrane lipids, proteins, and DNA.

In addition during an immune responsphagocytic cells such as macrophages and
neutrophils triggea respiratory burstiuring which phagocytic NADPH oxidases genefa@®
that take part inthe eliminaton of invading pathogenghe NADPH oxidasesrea family of

membranebound enzymewhose primary function ithe catalysis of A & production® &
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Besides peroxisomesre organellethatare present in the cytoplasm of eukaryotic cells,
theseoxidative organelles hostwvariety of enzymes thatlay vital roles in the metabolism of
lipids as well asthe generation andletoxification of ROS includindh O HH0,, an d 2. A O
Peroxisomal enzymesclude urate oxidasajtric oxide synthasexanthine oxidase€CAT, and
SOD® 7 ROS can also be produced duritige metabolism ofcertain substances such as
arachidonic acid by lipoxygenases and cyclooxygerfagésile ROS are unavoidably formed
under normal conditiongertainexogenous influencesangreatly contribute televatedROS
levelsas well as shown irFigure 1. Cigarettesmole, for exampleis a significant source of
free radicalsuch as superoxide and nitric oxid®ther external contributors &evated leved
of ROSinclude pesticides, pollutants, hypoxia, heavy mesaldexposure to ionizing radiation

and ozone: 10

At normal levelsROSare essentiab numerougphysiological processefs mentioned
earlier,superoxideproduced during phagocytosis heavily involved in eliminating invading
pathogen$.In fact,adefective NADPH oxidassystem compromises the ability of phagocytes
to produce superoxide giving rise to granulomatous diseasewhere the resulting
immunodeficiency renders diagnosed individuabne to multiple and persistent infectidhs
ROS are also essential in crésking of the extracellular matrix and in the hardening of the
fertilization envelope after eggperm fusiort! They also play a major part in biosynthetic
reactions as well as various cellular regignaling pathway¥ In fact, ROSsuchasH20; play
a major role as a redox signaling agent in many biological functions such as DNA repair,
transcription, protein folding, and genome integtitiExcess or an-regulated accumulation of
ROS however,is associated witseveralserioushealthrelated issue¥. ROSmay adversely
interactwith proteinsand vital components of cell structuresultingin protein denaturation,
lipids peroxidationas well asdamageandfragmentatiorof nucleic acidsl®NA and RNA).2 15
Often, these interactions result mutations andrreversible alterations signal transduction
leadingto altered cell proliferation and ultimatetyggercell deah.'® As Figure 1 showsthese
non-specific damagemay develop and express itountlessomplications and healtelated
issues such asaging, atherosclerosis, canceardiovasculardiseases,diabetes, and

neurodegenerativéisorderssucha® ar ki nsonods diseates’Alf zhei mer 6s

2.2 Antioxidants

2.2.1 Classification of antioxidants
To combatoxidative stress angdreservecell health, biological systems emplegveral

defense mechanisms agaiRDS including prevention, scavenging, and repair mechanisms
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using a vast array of antioxidants, whente highly effectiven theregulation anatlimination
of excess ROS andre, therefore essential tothe well-being of a living systen®? 19
Antioxidants are classified according to different criteria such as strustunee andmode of
action Structurally, antioxidants can be enzymaticomplex proteing or norenzymatic
(simple organianolecues or metal ions such as selenium and mangarfe€eOn the other
hand, nonenzymatic antioxidastcan be endogenous (e.g., glutathiooe)xogenousi.e.,
obtained from di et ar yTocopharal, and sitan(ine®) g. , car ot en

In addition the defense mechanism of antioxidawmkspend on the way, in whichthe
oxidative damage imhibited.Like anyfree-radicalchain reaction, the autoxidation of cellular
substrates such as membrane lipids, proteins, or DNA involves initiation, propagation, and
termination phased/arious pathwaysead to the formation ahitiating radicals which can
trigger the propadeon of the freeradical chain oxidation of sulvates. For example, the Fenton
reaction leads to the formationAfO Bk initiating radicalsPreventiveantioxidantprevent the
formation of initiating radicals by the conversiontleéir motheiROS into larmless chemical
species For example, the SODAT enzymecascadeatalyzes the conversion of superoxide
( A'®into Oz and water, and thus, prevehth e f or mati on of A®Gn vi a t
the other hand;hain-breakingantioxidantge.g., glutathione and vitamin Bt by competing
with the substrate for thmtermediate radicalsgeneratediuring chain propagation Thus,
chainbreaking antioxidants terminate fresdical chain reactions throughe elimination
(scavenging) of radical intermediatibsoughelectron donationNaturally, these antioxidants
are converted taewradicals during the antioxidaton action,but the newly formed radicals
are largely less harmfdi.?! Also, repair systemsplay maintenance roles by repairing the

oxidativedamagealreadycaused to biomolecules such as DRA.

2.2.2 Applications ofantioxidants

Apart from oxidative stress prevention, antioxidants are widely appliedmerous fields
such agpharmaceutical, cosmetic, textile, food, fuel, lubricants, plasticruaoker industries
as shown irFigure 2.2 22|n pharmaceuticals, for example, antioxidants are added to prevent
degradation and improve the stability of therapeutic agents that are prone to oxXfdhtion
addition, bBnthanides, lycopene, glutathione, and flavonoids are antioxidants that are reported
to have potentiads anttancerougsgentsAntioxidans arealsoused as additives commercial
cosmetigroducts®* For exampleyitamin A derivativesphenolic compoundsnd carotenoids
are addedo commercial skincare productss antiaging agents to prevent inflammation,

premature aging, and pigmentation disorder€ Vitamin B5 panthenol)s used in haircare
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products to improve hair elasticjtwhile retinaldehydgvitamin A derivativeg can also serve
asa stabilizerto prevent lipid rancidity’® In addition the combination ofitamins C and E in
recentlymanufactured cosmetits expected tgrovideenhancedkin protection against UV

radiationas well agphotooxidaton.?’

In the food industry, atioxidants
are widelyusedin food processing and
food packaging material® 2° They
have thepotential to slowdown the
autoxidation process of biological

- . g
moleculessuch as lipidsand proteins &
a

that can lead to rancidityreduced
sheltlife as well agthedevelopment of
undesirable taste and fragrance(% :
resulting inthedeterioration otexture %%
and quality of nutrient substanc¥s
Examples of antioxidantsusedin the

food industry include propyl gallate,

tertiary butyl hydroquinone, andFigure 2. Various established industrial appliiats

butylated hydroxytoluen¥. Thus, the of enzymatic and moleculantioxidants.

prevention of oxidatiorof biological molecules in food productsn effectively extend the
sheltlife and preservethe texture, color freshness fragrance,and quality of nutrient
substances.

Moreover antioxidants aralsofrequently used as additives and stabilizers in numerous
other industrial applications. For instance, antioxidants previeatoxidation of fuelsand
polymerization of gasolinevhich leads to the formation of engifieuling residues! Also,
they preventphooxidative degradationas well as thdoss of strength and flexibility in

polymericmaterialssuch asubber andgolyolefinsespeciallypolyethylene®

On the other hand,ndioxidant enzymes ardneavily usedin industrial applications as
well.23 For example peroxidase enzynseare used in foodmanufacturingto improve food
quality, as well aproduce flavor, colormandtexture They arealso used in biosensors, polymer
synthesismanagement of environmental pollutants, treating phenolic effluents from industries
and antimicrobial products 3 The CAT enzyme on the other hand, issedin the textile
industry to remove exce$$0O. from fabric. In the food industry the glucose oxidas€AT
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combination is useduring milk processingandfor the elimination ofO. from wine priorto
bottling. In thebaking industrythe CAT enzymeis alsoadded taemoveH20. from milk, as
well asglucose from egg whitdn addition,the CAT enzymas alsoincorporated infood
wrappers to prevent oxidation and contiioé quality of food34 In the textile industry,the
peroxidase an@AT enzymes are used ftre removal ofexcess dye and bleach termination,
respectively’®> The SODenzymeis usedas an antiaging additive in cosmeticproductsto
reduce fregadical damage to the skin, and thiesseliminatesigns of aging such awrinkles
and hyperpigmentatiomhe SOD enzymealso exhibited potential iprevening hair graying,
promotng hair growth,wound healing, proteicin against UV rays, anduppressindibrosis
after radiation treatment. In addition, he SOD enzyme isrdquently appliedn medical
treatments due to its anticanoes antioxidant, and antnflammatory effects® 37

2.2.3 Enzymekinetics

Generally, azymesprimarily consist ofhighly complex protein structuresith one or
moreactive sits, wherethe enzymatic reaction takes pladéhe structure of the active site is
highly specific to the substrafthe substance®n whichthe enzyme actsuch as ROSwhere
the binding is enabled throughuniquecombination of hydrogen bonding, electrostatic forces,
and van der Waals interactioamongthe variousfunctional groups on the substrated the
active site’®®**° The complexity oenzymatic structurs, and thus, the binding interact®have
rendered many enzymecatalyzed reactionsstereoselectiy and stereospecificsuch as

hydrolysisreactions catalyzelly C. cyindracea lipasgacylasepig liver esterasgé®

The substratactive site binding is believed to occur severalbinding mechanisms,
shown inFigure 3. In thelock-and-key model proposed by German chemist Emil Fischer
(1852 1919) inthe 1890s, the active site and substrate have complementary 3D structures and
docking occurswithout the need for major structural chasgdowever, the experimental
evidence orthe flexibility of proteins in solution and the distortion in the conformation of the
transition state upon biding suggetite inducedfit mechanisnmand conformationalselection
mechanisms. In the former, the binding of the substrate induo@sformational change in the
active site,resulting in the ideafit, after which the enzymatic reaction takes pldoethe
conformational selection mechanismon the other handihe active site undergoes a

conformationathange prioto the binding otthe substraté!

The kinetics of enzymeatalyzed reactions is among the most studied aspects -of bio
catalysis for it provides critical information on thewechanismof biocatalysis Studies on
enzyme kinetictypically involve monitoring theinitial rate of product formatioat very low
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enzyme concentration since significant acceleration may be observewen when their

concentration is more than three orders of magnilimer than that of the substrate

a) Lock-and-key Mechanism

O Active site
&Y
=
L
Substrate

b) Induced-fit Mechanism

—

Enzyme

c) Conformational selection

= - 0—-(0

Figure 3. Schematic representation of substatéve site binding mechanisms: (a) leskd

key, (b) inducedit, (c) conformational selection. For simplicity, enzymatic and substrate
structures are represented as rigid blocks.

Experimental studies on enzyme kinetics revealed several obses/tion

1. The initial rate of product brmation, v, is proportional to the totaenzyme
concentration,H]. (for agiveninitial substrate concentratipf§).
2. Converselyfor a giveninitial enzyme concentratioffE]; v is proportional tdg (at

low [§) and independerdf [§ (athigh[]]). In the latter case, all enzyme molecules

are bound to the substrate molecules, and the rate becomesdmro §.

Based on these observatioaspathematical analysis shows that the relationship between

vand [§ can be represented byeequation of a rectangular hyperhola

WY
1
Y D)

where a and b are constarie.account for these observations, German biochemist Leonor

Michaelis (18751949) and Canadian biochemist Maud L. Menten (1L8980) proposed a
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mechanism in 1913 to explain the dependence of the initial rate of ertataigzed reactions
ontheconcentrabn by assuming that enzyme and substrate are in thermodynamic equilibrium
with the enzymesubstrate compleXE S that can separate back into substrate and enzyme or
proceed to produck, formation Laterin 1925 British biologists George Briggs (180B978)

and John Haldane (1802964)alternatively usedhe steadystateapproximatiorto obtainthe

MichaelisMentenequationof enzyme kineticé?

. o Y
b T 2
The derivation ofthe MichaelisMenten equation based on both assumptisniilly

described imMppendix A. The vma represents the maximum possible reaction rate, where the
total enzyme concentration equals thathaf enzymesubstrate complex, i.ea)l the enzyme
molecules are bound with the substrat&&30n the other hand{n, is the Michaelis constant
and represeastthe [§, at which the initial rate is half that @fax or the [§ at which half the
enzyme active sites are occupied by substrate molediie&n is different for eaclenzyme
and dependson the substratet is a measure of the affinity between the enzyme and the
substratewherelower Km values indicate higher affinity between the enzyme and the substrate,
and vice versaHence, thevmax and Km of the MichaelisMenten model are the commonly
reported kinetic constants characterizing enzgattalyzed reactions including thassalyzing

ROS scavenging.

2.2.4 Atrtificial enzymes

Despitethar flawless catalytic performangcantioxidant enzymes possess severdldrent
drawbackssuch ashigh sensitivity to operational conditions including pH and temperéture.
When subject to undesignated conditions, the vital structures of the comprising proteins
gradudly denature leading tapermanent loss of enzymatic activifyFor exampletheoptimal
operating temperatusef SOD and CAT enzymes wererepoe d t o be whereund 3
their activities rapidly deteriorate when the operation temperature is significantly different from
30 . "M@ SOD lost 90% and 100% of its activity
and7 0 AC, r es p e €ATi enzgmeyndergdens80% reductior inactivity when
the operating temperatuiseither7 0 A C  §°0On thelthek andhe optimal operaticad
pHof SOD and CATenzymesre6-7 and6.5-7, respectivelylLike the operational temperature,
the activitiesof both enzymes significantlgeteroratewhenthe pHis substantiallydifferent
from the optimal pH rangeThe SOD beconsinactive whenthe pH is reduced to 3.0 and
undergoes around 60% losfactivity whenthepH is 9. The CAT enzyme on the other hand
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loses around 95% of its activity at pH 3, and 80%+h©° In addition thethermalstability of

the SOD enzymes reported to baighly affected byncubationtemperatureln fact, he SOD
enzymeunderwenta total loss of activitywhen incubated a80  A0€ 60 min*® For the
horseradish peroxidase (HRP) enzythepptimal operation pH was reported to be around 4.8,
and the ativity rapidly deteriorates when the pH is altered, the HRP loses activity as the pH
approaches 3 or 5.5, leaving a small window of operatioaddition, he optimaloperating
temperat ur e oSimilaHt®FOD iarsl CATS thekt®ity of HRP is sinificantly

affected by the change in temperatuvbere a total loss of activityas observed t 60 A C.

Thus, wth such high sensitivity to experimental conditiotiee enzyme production and
purification processes are considerably complicated, expensive, arcolimeming'>: 44: 48,49
Theselimitationshavepaved the wajor the exploration andubsequentiscovery of artificial
enzymes, which are neenzymatic substances with enzyiile biocatalytic potentialThese
enzyme mimics are foreseen to have low sensitteigxperimentatonditionsandyet deliver
equally effective enzymelike catalytic potentialln fact, the investigatiorof the enzymelike
catalysis of cyclodextrin inclusion compounds in 1#6&mong the earlieseportson artificial
enzymes?® Later, othestructures of artificial enzynsevere slowly emerging such pslymers
with enzymelike potential in 1971, catalytic antibodies in 19&&talytic RNAin 1992,
catalytic DNA in 1994 and SOD mimicry and DNAcleavage potential ofullerene
derivatives’®>? Furtherworks revealedenzyme mimicf diverse structurecluding metal

complexes, polymeranddendrimer$*56

However, since the reports on peroxidase mimicry ok@enanoparticles in 2007,
extensive research hbsen devoted to the exploration of the enzyikeantioxidantpotential
of nanomaterialswhich revealedmmensepotentialin mimicking a vast array of enzymes
including antioxidant ones such @AT, HRP, andSOD>% ®’ These nanostructurésclude
metallic nanoparticles such as Au,>® Pt and P! metal oxidesuch ag0:04,%2 Ce,,%3
and CuOnanospheré$ as well as YOs nanowires$® metal chalcogenides such as F&S,
Mo0S,,6” and WS nanosheet® carbon derivativeasfullerenes, carbon nanotubes, nanogots
andMOFs>" 8% P Unlike natural antioxidants, enzymatically acthanomateria(nanozymes)
have lowcost and often simple synthesis procesagsyell agobust structural and functional
stability in wide pH and temperature ranges, typically well outside the operational range of the
mimicked enzymedMost importantlymanynanozymesre biocompatible and biodegradable
materials withhighly tunable physicdemical propertiesThus nanozymesare expected to

possessutstandingantioxidant potentiain variousbiomedical andndustrialapplicatiors, as
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well asin conditionswherethe native enzymes are inactiVe "2Nanozymeswith antioxidant
potentialhaveindeedbeen applied in numerobgomedicalapplicationsuch as tumor thapy,
bioanalysis, disease diagngdisosensorsandcytoprotectiorf® 3 “For instance, F©s-PtFe
compositesexhibited antitumor potentiakhile boron oxynitrideshowed potentiain breast
cancer therapy® "®In addition, the peroxidase activity of nanozymes has been heavily explored
in the clinical diagnosis of numerous target molecules suchsas(ACP/hemin@ZAVIOF),
chloramphenicol (C4), andMiRNA-141 (Co304-Au polyhedron)as wellasin theremoval
of a large variety of pollutastin water including phenolgZr-MOF), atrazine (F€Ds-
TiO2/rGO), methyl blue(Au@cuxs/ZnO)andnatural organic matt¢Carbondoped FeOa).”’
A summary of the advantages, scope, and potential applications of nanozyshesisin
Figure 4.

Figure 4. Structures, physicochemicalroperties, and potential applications of enzyme
mimicking nanomaterials (nanozymes) as alternatives to many natural enzymes of diverse
catalytic roles.

As seen abovenanozymes areftenapplied incomposite fornrather than bare materials
Hence the formulation of such composites via tleesitu method for example requires a
thorough understanding dhe colloidal behaviorof nanoparticlesand the interparticle
interactions governing the colloidal behavi@ince numerous industrial and biomedical

applicationgequiretheir introduction intdluid, typically aqueousmedia
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