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Abstract

AuNPs with enzyme-like features have received sgfrattention in different areas, although
limited data is available in literature on theioloigical/industrial functions. NPs especially Au
counterparts have been shown to functionally mitihécactivity of antioxidant enzyme. Indeed,
due to low cytotoxicity and SPR characteristicAaNPs, there are a great number of reports in
which Au nanozymes yield promising responses inmigidical applications. In this review, we
aim to overview the enzymatic activity of Au nanoms along with their regulatory and
controlling mechanisms. We have reviewed the eftdcvarious factors such as dimension,
morphology, functionalization and presence of hybraterials on the catalytic activity of Au
nanozymes as well as a detail survey on the oxigegexidase, SOD, and CAT-like activities
of Au nanozyme. Finally, the significance of Au pagmes in mitigating oxidative stress
followed by conclusion and challenges were reporBased on this paper, we envision that Au

nanozymes can be used as a promising materiaét@ipr oxidative stress-stimulated disorders.

Keywords: Au nanozymes, enzymatic mimic, physicochemical progs, oxidase-like activity,

peroxidase-like activity, superoxide dismutase-bkévity, catalase-like activity.

Abbreviation: Catalase (CAT)Cerium oxide (Ceg); Copper oxide (CuO)Glucose oxidase
(GOD); Gold nanoparticle (AuNPs); Gold nanoclusi&uNCs); Graphene oxide (GO);
Horseradish peroxidase (HRP); Iron (Fe); Limit eftettion (LOD); Platinum (Pt); Palladium

(Pd); Silver (Ag); Single-wall carbon nanotubes (SMT); Superoxide dismutase (SOD);
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Reactive oxygen species (ROS); Surface-enhancedRauoattering (SERS); Surface plasmon

resonance (SPR)
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1. Introduction

Enzymes are protein biocatalysts that have beeaneiqal to RNA by the discovery of ribosomes
since the early 1980s [1]. Generally, catalyticogsses by enzymes always take place under
very specific conditions such as temperature, presand physiological pH. Therefore, the

industrial use of enzymes is associated with camg due to fluctuations in environmental
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conditions [2].Hence, based on catalytic concepts, researchersnemeested in producing
compounds with an enzyme-like behavior that, initémid to the high sustainability and easy
separation of products, have a massive and inekgemsoduction capacity compared to
enzymes [3]. With the first discovery of the catalyactivity of NPs in 2007 [4] (Fig. 1) that
stated similar activity of Fe NPs with HRP, it wa®vided new opportunities and hopes in this
regard. To date, various kinds of NPs have been introdutted show intrinsic enzymatic
activity. The most important of these are Pt NR5[5CeQ NPs [7], AuNPs, CuO NPs [8], Fe-
based hybrid NPs like bismuth ferrite (BiFgQCobalt ferrite (CoF£,), Fe sulfide (Fe-S), and
Fe selenide (Fe-Se) NPs [9-11], and carbon commyuwuth as GO and SWCNT [12, 13]. NPs
have also been used in numerous other applicaitimhsding biomedical application (1), tissue
engineering (2, 3), cellular differentiation (4)pdawound healing (5) [14-18]. Despite the
extensive enzymatic activity of nanomaterials atalgats, their main activity is focused on
oxidases.

AuNPs have been used as a catalyst for some cheraaaions in recent years. For example,
Haruta, et al. [19] exhibited that AUNPs are capatfloxidizing CO at room temperature. Based
on the reported results, the catalytic activityAeiNPs can be described either according to the
multivalent cooperative catalytic activity of AUNQR20, 21] or on the basis of the intrinsic
activity of the small NPs with constant level [23]. In both cases, AUNPs, as artificial enzyme
(named as nanozyme), can be involved in the cataytivity of nuclease, esterase, oxidase and
peroxidase. ROS are produced as a consequenc#ubdircactivities. At lower doses, ROS act
as crucial second messengers in different sign@atgways [24] whereas at higher doses, ROS
display damaging impacts on the cell through oxdatinjury to biomacromolecules and

switching on apoptotic pathways [24, 25]. Thusutation of ROS is crucial for the maintenance
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of cellular homeostasis [24, 26]. Although, celtsguce a number of antioxidant enzymes, the
excessive production of ROS through stress higtdigte significant need of antioxidant agents.
Recently, NPs having enzyme-like activities hateaated substantial attention in biosensor and
medical applications [27-30]. AuNPs with intrinsixidase, peroxidase, SOD, and CAT-like

activities entice notable current attentiveness tdubeir capability to replace targeted enzymes

in enzyme-based implementations.

1.1. Facts
* Although Au nanozymes are more stable and recyel#tidn natural enzymes, natural
enzymes exhibit higher catalytic activity due te timique catalytic position.
» Unlike natural enzymes that typically work in a cifie area, Au nanozymes have multi-
purposes and cascading catalytic reactions.
1.2. Opening questions
« Can Au nanozymes show high performance similar e bative enzyme in the
physiological conditions?
* Which parameters may affect the enzyme-like agtiwitAu nanozymes?
» Do multienzyme complexes provide advantageous praaesses catalyzed by individual
nanozymes?

» Can Au nanozymes show outstanding ROS scavengtivity?

2. Tuning gold-nanozyme activity
In addition to controlling the activity of Au nangmes by pH, temperature, surrounding

environment, and metallic ions similar to thosenafural enzymes, they can be regulated by the
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properties of Au nanozymes such as particle saeposition, shape, surface coating and other
factors. In summary, some of the factors contrglline activity of Au nanozymes are discussed

below.

2.1. Size

Since many properties of nanomaterials depend @paiticles size, their catalytic performance
can be adjusted by resizing NPs [31]. Experimestgealed that with increasing surface to
volume ratio, the catalytic activity of nanozymesreases. In this line, GOD activity (Fig. 2A).
Likewise, it was demonstrated that by decreasiegsthe of the Au nanozymes (up to 3-5 nm),
the oxidase activity as well as the stability of @anozymes increased [33]. Also, Han, Choi and
Kwon [23] revealed that despite the higher catalgctivity of Au nanozymes at dimensions
below 10 nm, the Au nanozymes of 20 nm exhibitddgher tendency to detect and remove

Hg®* from the environment.

2.2. Shape and morphology

Based on the results of other metallic nanozymesh sas changing Pd nanozymes from
octahedrons to cubic form which reduce their petageé activity due to reduced surface energy
(Fig. 2B) [34], the shape and morphology of Au remes may be effective on their catalytic
activity. In this regard, Li, Liu, Wu and Gao [38howed improved peroxidase activity of Au
nanozymes in the presence oG4 in both acidic and basic conditions by changing th
morphology of Au nanosheets from the corrugated (A0 and 211) to flat (Au: 111) state, and

by increasing the surface energy for the reaction.
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2.3. Surface coating and modification

In addition to the size and shape, several expetsnghow that the modification of the surface
of the Au nanozymes results in changing their gdtahctivity. In this regard, Lin, et al. [35]
revealed that the modification of Au nanozymes froittate to cysteamine changed their
catalytic activity from GOD to peroxidase. Also,etrsurface modification of AuNPs by
melamine, in addition to increasing LOD of melaminecompounds such as milk and dietary
supplements up to 0.2 nM, enhanced the peroxidesedttivity of AUNPs compared to the bare
AuNPs [36]. In this regard, Shah, et al. [37] shdvikat the modification of the surface of
AuNPs with ATP not only increased the catalyticiatst of the NPs in comparison to natural
enzyme, but also preserved the activity of nanozymée presence of compounds such as
carbonate and sulfate. Moreover, Wu, et al. [38wstd that the modification of Au nanozymes
with purine, as compared with pyrimidine, can erg®arthe activity of Au nanozymes
peroxidase. At the same time, it was found thatifgiod) the level of AUNCs nanozymes with
heparin not only enhanced the activity of peroxedesphysiological pH, but also decreased the
LOD of heparinase to 0.0gg/mL with a range of 0.1 to @g/mL [39]. However, a group of
compounds can reduce the catalytic properties diiPsu For example, McVey, et al. [40]
demonstrated that modifying the level of AUNPs [again protein, reduced the peroxidase
activity of AUNPs down to 77.1% (Fig. 2C). Thus, difging the surface of AUNPs with various
coatings like a protein, enhanced the catalytitvitiets as well as regulated the type and range of

catalytic activity.
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2.4. Composition and hybrid nanomaterials

The catalytic activity of AUNPs, in addition to tseze and surface of the NPs, is significantly
increased by changing the ratio of the componentise hanomaterials [41]. The combination of
two or more nanomaterials to adjust catalytic atgtivelative to surface modification by other
compounds is very economical [42]. In this regatrdvas determined that Au-Pt alloy as core-
shell NPs could improve the activity of Au nanomaddase [33, 43]. Analogously, Wu, et al.
[44] showed that by increasing the ratio of Pt 1o iAcould be possible to improve the SERS
activities of Au-Pt NPs in addition to increasimgitr catalytic properties. Likewise, Dehghani, et
al. [45] revealed that modifying the surface of AR8\with Pt (Au/Pt NCs) not only enhanced the
activity of their peroxidase compared to bare Anaryme in detection of lead (Pb) in milk, but
also increased the LOD to 16 nM with detection ea@§ nM to 1uM. Recently, it was found
that the modification of the AuNP composition wi@uO not only resulted in nanozymes
stability of up to 2 months, but also enhancedattterity of the Au-Cu nanozymes oxidase [46].
Because of the fact that nanocomposites exhibib@d goerformance in biological activities,
researchers have applied this composite structucerttrol catalytic activity of nanozymes. For
instance, the R®;-Au alloy exhibits better peroxidase activity comgzh to bare F©, and
AuNPs, due to the change in the specific struateselting from the accumulation of §& and
AuNPs [47]. Moreover, Tao, et al. [48] with the dgsof Au clusters-GO nanocomposites, were
able to maintain the catalytic activities of Au pagmes in a wide range of pH compared to
natural peroxidase. Whereas, it has been determivedpH changes of the environment can
greatly limit the activity of the Au nanozyme peidases [33]. It has also been shown that Au-Pt
alloy exhibits higher levels of peroxidase activigmpared to AuNPs and Pt NPs [49]. In

addition, in this research, He, Han, Jia, Cai, ZAod Zheng [49] revealed that the changing the
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Au/Pt ratio is highly effective in the catalytic tatity of nanozymes, and with increasing the
amount of Pt NPs, its catalytic level is also im@o (Fig. 2D). Besides, Ma, et al. [50] showed
that increasing the peroxidase activity of molyhgtardisulfide-Au nanocomposites is due to the
increase in the large surface of nanozymes andyhergistic catalytic effect of molybdenum

disulfide and AuNPs.

2.5. Other factors

Similar to the activity of natural enzymes, theiatt of nanozymes, in particular Au
nanozymes, also depends on the pH of the envirohrtenperature and presence of ions [23,
33, 41, 51]. In this regard, Li, Liu, Wu and Gad]3evealed that Au nanozymes exhibit
oxidative-like activities under acidic conditionsada in basic conditions, peroxidase-like
activities. Likewise, it was determined that a amim the pH of the environment could change
the catalytic activities of AuNPs, and the optimantivity of oxidase occurs at pH of 6 [52].
Various studies have shown that the oxidase-likeviacof Au nanozymes is prominent in the
neutral and basic state, whereas, their peroxitleseactivity is leading in poorly acidic
conditions [35, 53, 54]. In addition, Xu, Bing, WarRen and Qu [52] showed that increasing or
decreasing temperatures from the optimum point°@®)reduces the catalytic activity of Au
nanozymes. On the other hand, the temperaturggHhef the environment and the ions around
Au nanozymes can further inhibit or increase traagtivity. For instance, Long, et al. [55]
described that Hg could enhance peroxidase-like activity of Au names coated with citrate.
Likewise, it was determined that £and Hg" in the presence of bismuth {Biion and Pt

increase the peroxidase-like activity of the Auamymes [56]. In this line, Han, Choi and Kwon
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[23] have been able to detect #ign water by changing the peroxidase-like activify Au

nanozymes due to the high tendency of reduced roettle surface of Au.

3. Enzymatic activities by gold-nanozymes

As shown, AuNPs provide a distinguished catalytitively concerning the size, shape and
distribution effects. AUNPs Also possess a highinetibn coefficient and strong SPR [57]. The
unique optical features of AuNPs have also beemeaddd as a potential sensitive detection
system as well as catalytic activity. These prapertan be coupled with enzyme assays and/or
with metal deposition for signal amplification @l nanozyme. Nanozymes have shown great
interest owing to the potential of easy fabricatieimple, and cost-effective production and
detection. However, artificial nanozymes are aghlie to passivate in complex biotechnological
and medical areas (e.g., serum), which may dedtrieycatalytic activity and consequently
reduce the application in biosciences analysis. thar purpose, despite the large catalytic
activity of AUNPs coated with monolayer organic gmuands such as nuclease [58] and esterase
[59], in order to reduce possible disturbancesqiendccurrence of the enzymatic activity of bare
AuNPs, their catalytic activity was classified intb general categories including oxidase,
peroxidase, SOD and CABome catalytic activity of AUNPs coupled with enzyassays, were

summarized in Table 1.

3.1. Oxidase mimic

Similar to the activity of natural enzymes, NPs aatalyze the conversion of analytes to
oxidized compounds. Today, due to the importanceowidase reaction in biosensors,
pharmaceutical compounds, food, chemotherapy, @tddhnology a wide range of attentions

have been devoted to this subject [41, 60, 61]pibeshe well-known oxidase activity of metals,
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unexpectedly, Comotti, et al. [62] discovered theate AUNPs could oxidize glucose with &nd

lead to the formation of gluconic acid andd4. Subsequent studies have confirmed the oxidase-
like activity of Au nanozymes, based on the mecsramf generating a negative charged AuNPs
by glucose [63-65]. In this line, Li, et al. [66]omitored the glucose oxidation reaction using
plasmonic imaging techniques (Fig. 3A). It has alsen shown in this study that with
decreasing the size of AuNPs, the catalytic agtiatso increases. However, due to the
instability of AUNPs, the catalytic activity of Amanozymes is extremely short [54]. Therefore,
the use of Au nanozymes in the oxidase activityeddp on the preparation of NPs by

stabilizers.

3.2. Peroxidase mimic

Peroxides (especially HRP and cytochrome C persgidare enzymes that generically catalyze
the oxidation product with peroxide. For the fitshe in 2007, it was found that & NPs,
show peroxidase-like activity [4]. The catalytic chanism is based on the peroxide bonding on
the surface of Au nanozymes and the formation of tydroxyl radicals [67]. Radicals produced
by AuNPs are stabilized through a sectorial electe@achange interaction, which could also
contribute to the catalytic capability of Au nanoms. In this regard, AUNPs with a positive or
negative charge easily show peroxidase-like agtiitg. 3B) [68]. By modifying the surface of
the AuNPs, their peroxidase activity can be altdygccontrolling their surface dependence on

the substrate [61].

11



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

3.3. Superoxide dismutase mimic

Metal nanozymes such as Fe, Pt, and Au simildrdee of natural enzymes eliminatg @y the
dismutation of @ to H,O, and Q [69]. Some nanozymes can eliminate not on}y,®ut also
other free radicals to protect the ROS-associatannmation and damage. However, He, et al.
[70] exhibited that the dismutase activity of AuNiRsphysiological pH can easily destroy O

(Fig. 3C), while, their SOD-like catalytic activity acidic conditions is reduced [71].

3.4. Catalase mimic

Generally, CAT can break down,&; into water and oxygen. Several NPs can providendss
activity to CAT, which results have shown that Rtl&d demonstrate CAT activity better than
Au and Ag (Fig. 3D]33]. Also, similar with SOD-like activity, the CATike activity of Au and

Pt nanozymes increases in alkaline conditions &ededses with the acidic condition [51].

4. Significance of Au nanozymes in mitigating oxidéve stress

ROS results in the induction of oxidative stresd anbsequent pathogenesis of many hallmark
disorders. Therefore, using nanozymes with outstgndnzyme-like activity against oxidative
stress can be considered as a useful replacemeatioé enzymes. Wang, et al. [72] reported a
simple and unique route for fabricating activégtjustable nanozymes (Fig. 4A). They used the
light-driven isomerization of azobenzene (Azo) and hagtsgreaction to control the function of
nanozyme by irradiation. AUNP as a representatid@ @mimic nanozyme were encapsulated
and dispersed with Azmodified mesoporous silica combined with cyclodex{CD) as an
inhibitor [72]. The data showed that the Au nanoeyrould reversibly control ROS production

for several cycles and reduce the cell mortali] [7
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In biological media, multienzyme systems play vitaks in catalyzing crucial processes of key
metabolic reactions such as oxidative phosphooratand protein synthesis. It is well
documented that metabolic reactions associated mithienzyme systems provide a number of
positive points over processes catalyzed by indaddcatalyzers. A promising nanozyme
representing multienzyme like features has evatedstientists in the nanoscience group for
several years. In the recent year, some functiomdtienzyme in terms of AuNPs has been
designing. For example, Bhagat, et al. [73] regbtteat Au (core)-Ce®(shell) NPs (Au/Ce®
CSNPs) working as an exceptional multienzyme corfilat are manipulated easily by varying
the pH of the medium (Fig. 4B). The kinetic paraengtindicated that the peroxidase-like
activity of Au/CeQ CSNPs is close to natural HRP. Dissimilar to patase-like activity
revealed by other NPs, Au/CeGSNPs demonstrated a reduction in°@eneration, indicating
that the biocatalytic processes are carried outpbtential electron transfers. An excellent
enzyme-like function of Au/CeOCSNPs was preserved over a pH range and tempssatur
understandably proposing the advantage over natumimes [73]. Furthermore, Dashtestani, et
al. [74] reported that riApoferritin-Au-Ag nanocagate (Au-Ag-AFT) as a nanozyme could
show significant antioxidant activity (Fig. 4C). @8hshowed that Au-Ag-AFT nanohybrid have
remarkable SOD, CAT and peroxidase-like activit\th corresponding ; values of 1.4x19
1x10" and 9x16s%, respectively, indicating that Au-Ag-AFT nanozyen serve as a potential
ROS scavenger. Moreover, they showed that Au-Ag-A&iiozyme provided a protective effect

against oxidative stress human sperm [74].

5. Conclusion and challenges
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In this article, we reviewed the enzymatic actiwfyAu nanozymes along with their regulatory
and control mechanisms, the effect of various facteuch as dimension, morphology,
functionalization and presence of hybrid materaisthe catalytic activity of Au nanozymes, as
well as their oxidase, peroxidase, SOD, and CA®@-ldctivities. The review indicated that
physicochemical properties of AuNPs can influenbeirt catalytic activity. The utility of
oxidase, peroxidase, SOD, and CAT-like activitie®A\oNPs can be exploited for mitigating the
oxidative stress induced by ROS. Also, it was reagt¢hat multi-enzyme complexes give more
interesting data regarding catalyzing crucial psses like antioxidant reaction relative to
reaction accelerated by individual nanozymes. Algio it was determined that AuNPs as
nanozyme have important advantages over naturghew as well as other synthetic enzymes,
they are still confronted with limitations. Thesestrictions will be vital for use in biomedical
activities. For example, despite the controlling ginysicochemical and optoelectronic properties
of AuUNPs based on size, shape, composition, arfdceumodification using target ligands are
often encountered by loss of catalytic activitytloe presence of uncontrolled activity in medical
and biological activities [75, 76]. For this purppsome researchers have focused on preventing
the active positions of Au nanozymes and releasamge of them for catalytic activities [77, 78].
Also, in order to prevent the removal of enzymatitivity of AUNPs, the use of coatings and
multi-agent linker dependent on environmental cbons, such as pH and heat, is recommended
and implemented [79]. The next major challengeh@ tise of Au nanozymes is the lack of
catalytic efficiency similar to that of natural gmzes, in which the use of auxiliary compounds
on the surface of AUNPs as hot-spots can apprepriaéduce this drawback. In addition, in
biological processes, natural enzymes have higmel @ore selectable power than Au

nanozymes because of their specificity. While irs thaper, it was shown that AuNPs with
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peroxidase-like activities can be used to detegtage. Further, the lack of uniformity in the
shape and size of AuNPs produced in the industeator, and even the possibility of their
changes during the implementation in biologicaliviits, has caused their physical and
chemical properties to be constantly fluctuatednew&h minimal variations. Ultimately, the
toxicity/cytotoxicity of AuNPs in biotechnology andiomedical applications should be
vigorously addressed which is still confronted wittany uncertainties. Despite the use of a
variety of polymers and proteins coatings to redineetoxicity/cytotoxicity of Au nanozymes,
many of them are still unlikely to be used due minown hazards. Therefore, critical efforts to

investigate the possible changes in the activigualPs will be critical.
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Table 1. Some catalytic activity of AUNPs as nanozyme

Nanozym catalytic activit Ref.
Chiral Nanozyme#\uNP Nanozyme-based transphosphorylati [80]
catalysts capable of enantiomeric
discrimination
Amphiphilic protein/AuNP hybri Peroxidas-like activity and Ag-mediatec [81]
inhibition
Palladiun-Au Excellent peroxidase mimetic activity wi [82]
O-phenylenediamine in the presence | of
hydrogen peroxide
Triazacyclonan-functionalized thiols| Cleavage of phosphate es [83]
— AuNP/ Znli
B-cyclodextrir-modified AUNF Esterase mimi [84]
AuNF Intrinsic peroxidas-like activity [85]
AuNF Glucose oxidatio [62, 86
Bismutt—AuNF Peroxdasrlike activity [87]
Unmodified, AmineModified, and| Peroxidas-like activity [68]
CitrateCapped AuNP
55-atomAu cluster: Selective oxidation of styrene by dioxyc [88]
Polyme-StabilizedAu Nanocluster | Aerobic AlcoholOxidation in Wate [89]
Mesoporous Silic&upported AUNPs| Intrinsic oxidase and peroxidase catal [90]
activities
AuNF Enhancing the catalytic activity ¢ [91]
manganese oxides
AuNF Reduction of -nitrophenol to - [92]
aminophenol by excess NaBH
Zone-activatecAg- Au alloys Selective alcohol oxidatic [93]
Fe;O:@AUNP anchored nitrog Methanol oxidatio [94]
AuUNPs supported oFe,0s Co oxidatiol [95]
AuNF 4-nitrophenol into -aminophenc [96]
Bio-organic AuN¥ Degiadation of the organic pollutan [97]
Methylene blue, Methyl orange, Eosin
yellowish and 4-Nitrophenol.
AuUNP/GC nanocomposi Oxygen reduction reactis [98]
Biosynthesized AuN Reduction of -nitrophenc [99]
Biosynthesized AuN Dye reduction [100]
AuNF Reduction of -nitrophenc [101]
Biosynthesized AuN Reduction of -nitrophenc [102]

19




493

494

495

496

497

498

499

500
501

1993  1996-1997 2006 2008  2010-2011 2012 2015 2016  2017-2018

3 ‘o & e

“ Nano magneto-

DNA Rare earth Graphene asidliasd Bioorthogonal L
cleavage Fullerene nan(xpatmdcles and | i for grated -
induced hy derivatives prevente: cell imaging nanozymes
fullerene as SOD retinal ::::;anarysis Porcskine ;ﬂlr::; I:: etin St prodey aiiad Fatioc
derivatives | mimics degeneration. mimics 98U | activation bioassays
v v
Fe,0 Fullerene Prussian blue
nano‘p aikiiis Vi0sasa derivatives for as a multi- Elucidation of
Fullerenes g paroxidase P el 2 p I enzyme mimic | the active site of
aloperoxidase | jn nonhuman methane

“nanozyme” mimics mimic for

primates monooxygenase-
w% was coined. @ . wﬁ antifouling - k like Fe-zeolite
1946 970 1996 2004 2007 2010 2011-2012 ‘014 2016 2016

@ Natural enzymes & Atificial enzymes 4 Nanozymes
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listed for comparisonReproduced with permission from Rpf1].
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Figure 2. Tuning AuNPs for catalytic activities. (A) Effect of size on catalytic activity AUNPs, (a):
Schematic illustration of the AUNZ-PAD colorimetsgensing mechanism for Bigons based on the Hg-
promoted nanozyme activity of AUNPs, (b): effectitud size of AUNPSs, on the colorimetric response in
the absence and presence of Hgns, (c): photographic image of an AUNZ-PAD usedimultaneously
test samples with Hg levels ranging from 0.2 to®0g, (d): calibration plot of colorimetric respessor

Hg levels in the range of 0.02-2000 ng [38) Influence of NP shape on catalytic activity, (AEM
images of NPs, (b): schematic image of the enzynstiivity changes during NP deformation, (c): the
guantification of oxygen production from superoxtdenover by Pd nanocrystals [34{) Peroxidase-
mimicking AuNPs coated by casein, (a): overall schedemonstrating the switching of peroxidase-
mimicking activity of casein coated AuNPs for thetettion of enzyme biomarkers, (b): relationship
between normalized absorbance at 370 nm and ifiegepmotease concentration spiked into urin@ £R
0.97), demonstrating potential applications of Hiesensor in food safety analysis and clinical and
veterinary diagnosis of bacterial infections, (cgimparison of catalytic efficiency of HRP, uncoated
AuNPs and casein-AuNPs [4@D) CAT-like activities of Au (a): TEM images of pufaNPs (top) and
AuPt bimetallic nanostructures (down), (b): coleolkation of TMB oxidation in the absence ob®
catalyzed by different NPs, (c): concentration dejemt effect of HS on inhibiting the activities of
enzyme HRP, and Pt or AuPty s alloy NPs [49]. Reproduced with permission fronf.R@82, 34, 40, 49]
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Figure 3. Enzymatic activity by AuNPs. (A) Au nanohalo for catalysis, (a): synthetic scheoretlie
preparation of Au nanohalo through the self-assgroblAuNPs of different diameters modified with
complementary oligonucleotides, (b): number of atigcleotides per particle of different kinds ofdrd
S-AuNPs. Inset shows the colored product catalymedd- and S-AuNPs that loaded different amounts of
oligonucleotides, respectively, as tested by a HB&aded colorimetric reaction [66R) Au core/ceria
shell-based redox active nanozyme mimicking, (&@MTimages of unmaodified (left), amino-modified
(middle), and citrate-capped (right) AUNPs, (bJluance of citrate ions on the peroxidase-likeatgtiof
unmodified AuNPs; concentration of sodium citrate0, b) 0.5, ¢) 0.75, d) 1.25 mm (c): comparisbn o
the peroxidase-like activity of (a) amino-modifigt) citrate-capped, and (c) unmodified AuNPs talvar
TMB as peroxidase substrate [68T) Intrinsic catalytic activity of AUNPs with respetd H,O,, (a):
effect of HO, concentration on the generation of OH induced biXRs, (b): effect of AUNPs size on the
generation of hydroxyl radicals induced by AuNPsr@itions: 50 mM DMPO, 1.0 mM j@,, 10 mM

pH 1.2 buffer 0.1 mg/mL PVP coated AuNPs havindedint sizes), the red square dot represents the
control and inset shows the ESR spectra obtaineabgence and presence of 0.1 mg/mL PVP coated
AuNPs (10 nm), (c): UV-vis spectra of AuUNPs in firesence of 10 mM 4D, at pH 1.2 before and after
30 min reaction. Insets show the absorption in 200-nm range in the presence and absence of AUNPs
[70]. (D) CAT-like activities of Au (a): TEM images of the NRb): 20 mM HO,, 0.4 mM OPD and for
CAT with 20 mm HO,, (c): 20 mM HO, 0.4 mM OPD and fo€AT [33]. Reproduced with permission
from Ref. [33, 66, 68, 70]
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Figure 4. Oxidative stress.(A) Light-mediated reversible modulation of ROS leya); TEM images of
Au_Si_ACD, (b): the UV and visible light reversibiggulate the catalytic activity of Au_Si_ACD by
using thetrans—cis photoisomerization of Azo molecules to control tiest—guest interaction between
Azo and CD. The new nanozyme can act as a coritelROS scavenger in cells with different catalytic
activity, (c): the changes of the ROS level in MTEells along with the different irradiation timader
the condition of exogenous [74B) Au core/ceria shell-based redox active nanozynmicking, (a):
average particle size distribution, (b): peroxidlilse activity monitoring by change of pH, (c): detion

of different concentrations of glucose using theopiglase-like activity of Au/Ce©NPs. Inset tubes 3, 4,
5, 6, 7 and 8 respectively represent the coloxafiped TMB generated in presence of different ghe
concentration (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1 mMJ @&vB and HO, and GOD. Tube 1 and 2 contain only
glucose and GOD, respectively in similar reacti@anditions as above [73]C) Ag-Au-apoferritin
nanozyme, (a): TEM images of Au-Ag-AFT nanozyme; tbe illustration for the synthesis of Au-Ag-
AFT nanozyme and its triple-enzyme like activityr f@2" scavenging and #D, reduction. (1)
Electrostatic absorption of cations by negativergharesidues in AFT active site, (Il) formation of
nanozyme via reduction of metallic cations to NPslanging the charges in active site to positiie,
electrostatic absorption of superoxide negatives iby positive charges in nanozyme active site, (IV)
Functions of nanozyme [74]. Reproduced with perioisf’2-74]
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