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Abstract
The utilization of AuNPs in therapeutic applications has been accelerated by discovering their
catalytic activity consistent with the activity of natural enzymes. However, to reduce unwanted

activities, it is imperative to fully understand their catalytic mechanisms to increase efficiency



and safety. Therefore, along with other reports, we aimed to classify the enzymatic activity of Au
nanozymes based on recent advance in their applications in biosensing and therapeutic activities.
The results of the reported experiments indicate that the Au nanozymes can be used in
biosensing of a wide range of agents such as molecule (H,O, and glucose), ions, nucleic acids,
proteins, cells, and pathogens. Furthermore, they can be used as potential candidates in inhibition
of neurodegenerative diseases, cancer therapy, and antibacterial activities. Biosensing and
therapeutic activities are generally based on colorimetric assays and the controlling the ROS
level in the targeted cells, respectively. Finally, a brief explanation of the current challenges of
the Au nanozymes in biomedical approaches was discussed. Indeed, this review holds a great
promise in understanding the Au nanozymes properties and their development in biotechnology,

medicine, and related industries.

Keywords: Gold nanozymes, enzyme mimetics, biosensing, therapy

Abbreviation: Gold nanoparticle (AuNPs); Gold nanocluster (AuNCs); Graphene oxide (GO);
Horse radish peroxidase (HRP); Limit of detection (LOD), Silver (Ag), Palladium (Pd), Platinum
(Pt), Superoxide dismutase (SOD); Reactive oxygen species (ROS); Surface-enhanced Raman

scattering (SERS); Surface plasmon resonance (SPR).
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1. Introduction

AuNPs are well-studied nanomaterial, with potential applications in biomedical field due to their
uniqgue plasmonic features at the nanoscale [1, 2]. While Au does not present significant
plasmonic characteristics in bulk form, they tend to show strong SPR features at the nanoscale
[3-5]. Thus, the properties of AuNPs can be easily varied by changing their physicochemical
properties [6]. Given this SPR property, AuNPs have received great attention for applications in
different fields, especially in biomedicine, such as biosensors [7-9] and therapy [10, 11]. AuNPs
also act as a promising agent for modifying detective imaging and selective therapy together for
theranostic healing [12]. For biomedical application, AuNPs have been reported to be
biologically inert as well as their physicochemical properties can be changed to obtain a safe

nanozymes for reducing their side effects against normal tissues [13].



AUNPs represent one of the most important nanozymes [6, 14]. The analytical approaches used
for Au and iron nanozymes characterization have been employed to understand other nanozymes
[6, 14-17]. Furthermore, several research groups are currently using AuNPs as enzyme mimetics
and have expanded the number of novel biomedical applications derived from their enzyme-like
functions [17, 18]. Au nanozyme have been extensively used (Fig.1) in various fields, such as
biosensing [19], immunological assay [20], cancer detection or treatment [21], drug delivery
[22], nerve protection [23], stem cell growth [24] and removal of contaminants [25] based on
their inherent catalytic properties. While several review papers regarding the general physical
features of NPs have been published [6, 14-17, 26], only a few studies have focused on the
intrinsic  enzyme-like characteristics of AuNPs for biomedical applications [27-29]. In this
review, we have systematically surveyed the latest advancements on Au nanozymes to move
forward their application in biosensing and biomedical applications and draw the attention on the
significance of Au nanozymes. The review also discusses the factors influencing the regulation
of Au nanozymes in biosensing, cancer treatment and other medical applications, as well as the

challenges and the development of Au nanozyme.

1.1. Facts
e AuNPs have been widely implemented in medical applications.
e AuNPs show promising enzyme-like activities which may cause the various applications
of AuNPs in different biomedical settings.
e The variation in physicochemical properties of AuNPs can influence their biomedical

responses.



1.2. Opening questions
e Could detection of molecules, especially those are important in medicine be achieved by
the enzyme-like activity of Au nanozymes?
e Could nanozymes control neurodegenerative diseases based on the simulation of the
activity of dismutase and peroxidase?
e Medical therapeutics and biosensing done by natural enzymes can be enhanced with the
use of the Au nanozyme?

e Which mechanism would endow Au nanozymes with antibacterial activities?

2. Biosensing based on Au nanozymes

Common strategies for measuring molecules and biological compounds are the use of
electrochemical, colorimetry and fluorescence biosensors among which the use of biosensors
based on catalytic activity is more conventional. Since, the application of enzymes is expensive
and complex in enzymatic biosensors, the use of compounds with the same enzymatic efficacy
such as nanozymes has attracted much attention. The most important diagnostic biosensors based

on nanozymes are including as following [30]:

2.1. Molecule sensing

Detection of molecules, especially H,O, and glucose [30], because of their crucial roles in
medicine is very vital. H,O, detection is generally obtained by peroxidase mimicking activity of
the Au nanozymes and the detection of glucose by the peroxidase- and the oxidase mimicking

activity of Au nanozymes.



2.1.1. H,O, detection

It is a fact that detection of H,O, was performed by natural peroxidases including HRP) and
Soybean peroxidase (SBP) in many fields of bioanalyses and pharmaceutical assays. However,
several issues such as difficult purification, hard preparation, digestion and denaturation are
accounted as the main disadvantages of peroxidases in industry. To combat these issues,
nanomaterials was developed as the effectual alternatives of natural peroxidases [17, 31, 32]. In
this line, AuNP sensors with positive charge were synthesized to detect H,O, in an acidic buffer
[33, 34]. Similarly, Han, et al. [35] with the generation of functionalized Au nanozymes
containing positive charges, provided a simple, quick and sensitive approach for detecting H,O-
with a LOD of 0.06 mM in the linear range from 0.06 to 4.29 mM. It has also been shown that
the use of nanocomposite containing Au nanozymes, AgNPs and GO, in addition to increasing
the catalytic activity of Au nanozymes with a LOD of 1.26 nM, accelerated the peroxidase-like
activity of Au nanozymes 2.8 times more than the natural enzymes [36]. At the same time, Wu,
et al. [37] by designing an Au-Pt/SiO, platform-based colorimetric biosensor, not only increased
the intrinsic peroxidase-like activity of Au nanozyme, but also provided it possible to detect
H,0O, in human cervical cancer cells (HeLa)without toxicity (Fig. 2A). Likewise, Xu, et al. [38]
by using Au-Pd alloy NPs decorated on quantum dots in GO, could detect H,O» in real time in
breast cancer tissue and increase the catalytic activity of Au nanozymes with a LOD of 500 nM

and a linear range from 1.0 uM to 18.44 mM.

2.1.2. Glucose detection
Glucose can be detected by Au nanozymes when glucose oxidase is combined with a peroxidase-

like nanozyme. This means that due to the activity of glucose oxidase, H,O, is produced which



allows the detection of glucose based on the peroxidase-like activity of AuNPs [39, 40]. In this
regard, Deng, et al. [41] by applying N-acetyl-L-cysteine-protected AUNCSs, designed a platform
having a dual oxidase and peroxidase-like activity that was able to accurately detect serum
glucose by non-invasive method with a LOD of 0.18 uM (the linear range was 0.39-27.22 uM)
and a LOD of 0.002 U m/L (the linear range was 0.01-0.3 U m/L) for H,O,. Likewise, it has
been shown that AuNPs@metal-organic framework (MIL)-101 nanozymes with oxidase and
peroxidase mimicking activity along with plasmonic properties, in addition to the rapid detection
of glucose and lactate in cardiovascular damage and ischemic stroke based on SERS, provides
evaluating the efficacy and drug accumulation in the target tissue [42]. In the following, Vinita,
et al. [43] with the development of a portable nanocomposite kit composed of AuNPs decorated
over molybdenum disulfide quantum dots, in addition to increasing the stability of the kit under
harsh conditions, improved glucose detection in blood, saliva and tear samples with a LOD of

0.068 uM (a linear range from 1 to 400 uM) compared to common sensors (Fig. 2B).

2.2. lon sensing

Given that heavy metal ions such as Hg?*, Pb?*, Cd?**, Co®*, Pd** and Pt** are deleterious and
toxic species in biological systems with significant oxidative damages and carcinogenic effects,
development of a sensing system is necessary to facile detection of metal pollutions. Taking
advantages of recent developments, AuUNPs proposed as the colorimetric sensors to detect a wide
variety of molecules like heavy molecules in living systems and environmental samples [44]. For
instance, detection of Pb" was also performed using AuNPs sensors based on colorimetric
methods through functionalization of AuNPs with appropriate ligands as well as DNAzymes

techniques in several systems [45, 46]. Likewise, DNA-AuNPs were used to detect Hg*? based



on DNA hybridization and ability of T-T mismatches to bind Hg®* ions. As a result of T-T
mismatch interaction with Hg?* ions, a shift in T, was observed and detection of Hg™ was
possible [47, 48]. In another method, amino acid homology and peptide-capped AUNPS sensors
have been provided a colorimetric detection method to emerge Hg?* and other heavy metal ions
[49, 50]. In this line, the selective and sensitive methods were also described to trace Hg®* in
biological samples [51, 52]. In this field, the Au nanozyme-based paper chip (Au NZ-PAD) was
presented for rapid detection of Hg?" in aqueous systems [25]. Meanwhile, Chang, et al. [53] by
developing the sensors of albumin-AuNCs, were able to identify Ag"™ up to 0.204 uM by
reducing the peroxidase-like activity of Au nanozymes. Analogously, it has been shown that the
addition of Cu" reduces the catalytic activity of the histidine-AuNCs, which can indicate the
detection of Cu® in the environment [54]. Recently, Deng, et al. [55] were able to detect a rare-
earth elements such as Ce®" using Au nanozymes based on the change in catalytic activity (Fig.

20).

2.3. Nucleic acids sensing

Several studies have delineated that AuNPs in hybridation with nucleic acids and enzymes were
able to detect DNA and/or miRNA [56]. Deoxyribozymes (DNAzymes) are known to identify
genes and used in therapeutics [57]. For example, “10-25” DNAzymes by suppression of
tumorigenesis genes in cancer cells seems to play a critical role in cancer therapy [58-61].
Despite the remarkable activity, DNAzymes unfortunately possess the problems of delivery and
intracellular  stability [62, 63]. In the light of this evidence, DNAzyme-AuNPs (DZNP)
conjugates were synthesized to regulate gene expression, namely, 10-23 DZ-NPs were designed

to modulate gene expression by cleavage of a target mRNA providing a new horizons in the



development of therapeutic strategies [64]. Another interesting research by Liu and Lu [46] have
been shown that DNAzyme-assembled AuNPs are a colorimetric Pb*? biosensor with high
selectivity implying the high potential of allostric DNA/RNAzymes (aptazymes) to detect a wide
variety of analytes [65, 66]. Apart from these, Sun, et al. [67], synthesized a bimetallic AuxPtx
nanozyme with a C-rich oligonucleotide core possessing peroxidase and thiophilicity mimicking
activity which is able to quantitative detect bio-thioles including cysteine, homocystein and
glutathione with high sensitivity in biological fluidity. Also, Liu, et al. [68] with the design of the
Au nanozymes biosensors loaded on metal-organic frameworks (Fe-MIL-88), were able to
detect single-stranded (sSDNA) and double-stranded DNA (dsDNA) with a LOD of 11.4 nM
with a linear range of 30-150 nM based on the reduced peroxidase-like activity of the Au
nanozymes. Another study was reported that intrinsic peroxidase-like activity of Au nanozymes
could be multiplexed by inserting a sSDNA and/or RNA on a NP surface [69]. With this highly
sensitive mechanism, detection of other analytes such as proteins can be provided using Au

nanozymes-DNA conjugates with a LOD of 10 nM in urine samples (Fig. 3A) [70].

2.3.1. Aptamer sensing

In practice, aptamers are single stranded oligonucleotides with a length of nearly ten bases, high
binding affinity and specificity to other molecules. Conjugates of aptamers with AUNPs (Apt-
AUNPs) take advantages in early diagnosis and drug delivery. Meanwhile, Apt-AuNPs
biosensors were evaluated in fluorescence, colorimetric, electrochemical and chemo
luminescence sensing [71]. A useful application of aptamer-AuNPs was illustrated by
Weerathunge, et al. [72] through the reversible inhibition of Au nanozymes using a 5-18 ssDNA

aptamer for colorimetric detection of Acetamiprid as a potent neurotoxin among pesticides. In



this regard, Hu, et al. [73] identified the level of Abrin with a LOD of 0.05 nM with a linear
range of 0.2 nM to 17.5 nM based on the decrease in the peroxidase-like activity of the Au
nanozymes. Furthermore, an enzyme-free assay was carried out for electrochemical detection of
kanamycin in a highly sensitive and highly specificity manner [74]. It was also shown that the
nanocomposite consisting of GO, Au/Pt NPs, aptamers (Aptl5 and Apt29), and a G-
quadruplex/nemin conjugate can accurately detect thrombin protein at a LOD of 0.15 nM with a
linear range of 0.30 to 100 nM based on the change in the of peroxidase-like activity of Au
nanozymes [75]. Whereas, Wu, et al. [76] showed that increasing Pt levels from below 0.5 to 2.5
% improved the performance of Au@Pt NPs in as enzyme mimicking properties and higher
Raman signal stability up to 2 min. They also showed that increasing Pt amount to 25% reduced
the enzymatic activity of the NPs. Recently, Das, et al. [77] using AuNPs containing the specific
Pseudomonas aeruginosa—aptamer was able to detect bacteria based on the isolation of aptamer
in the presence of P. aeruginosa and the peroxidase-like reactivity of Au nanozymes. Based on
the mechanism of the separation of sSDNA aptamer from Au nanozymes in the presence of
substrate, Tian [78], provided Hg?* and microcystin-LR detection with a LOD of 3.63 nM and

7.14 ng/L with the linear range of 0.01-0.5 uM and 0.01-1.0 ug/L, respectively (Fig. 3B).

2.4. Protein sensing

One of the most essential techniques for protein detection is the use of an ELISA technique that
nanozymes, especially Au nanozymes, can be an appropriate alternative as they show similar
catalytic activity. For example, Gao, et al. [79] by designing a nanoprobe based on Au
nanozymes containing peptide, increased the ability to detect integrin glycoprotein Ilb/llla

(GPIIb/INa) on the human erythroleukemia cells. This probe through the bio-conjugation method

10



is attached explicitly to the integrin protein at the cyto-membrane surface and allows the
examination of the integrin GPIIb/Illa by changing the peroxidase and photoluminescence
activity of the Au nanozymes. Similarly, based on the peroxidase-like activity of Au nanozymes
loaded on nanoporous ferric oxide, detection of autoantibody p53 with a LOD of 0.08 U/mL was
achieved in a cheaper and faster approach than common methods [80]. Furthermore, Zhang, et al.
[81] wusing a Hemin-Au nanozymes@metal organic framework composite, in addition to
increasing the peroxidase-like activity of Au nanozymes, detected alpha-fetoprotein (aFP) in
blood with a LOD of lower than 0.02 ng/mL, which is also one of the biomarkers for diagnosis
of cancer. At the same time, it has been shown that the presence of heparin proteins increases the
catalytic activity of Au nanozymes [82]. Since, the presence of heparinase causes the breakdown
of heparine and decrease peroxidase-like activity, heparinase and heparine can be detected by
detecting a catalytic activity of Au nanozymes with a LOD of 0.06 pg/mL and a linear range of

0.1to 3 pgMI (Fig. 3C) [82].

2.5. Cells and pathogens sensing

Excessively expressed protein at the cell surface as well as specific receptors in pathogens can be
used as biological markers for the detection of cancers, bacteria or viruses. Hence, by using
conventional techniques for detection of disease-related biomarkers which are complicated and
time-consuming, innovative approaches based on Au nanozymes were evolved to shed light on
colorimetric monitoring by naked eyes. In the colorimetric method, antibodies or biomarkers are
generally immobilized on Au nanozymes or with other hybrids. Then, Au nanozymes attached to
target cells and with intrinsic peroxidase-like activity in a solution containing 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS) and 3,3',5,5'-tetramethylbenzidine (TMB), by
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breaking the H,O,, causes a discoloration. In this line, bimetalic Au@Ag heterogeneous NRs
were fabricated with the ability of peroxidase-like activity in neutral pH and assembly to form
bio-nanostructures for detecting tumor cells and eventually, targeted therapy [27, 83]. Also, Liu,
et al. [84] with the design of the Au-iron oxide sensors based on colorimetry, in addition to
increasing the catalytic capability of the Au nanozymes, detected Hela cancerous cells with a
LOD of fewer than 100 cells. It was also found that the GO-silicon-folic acid@AuNPs hybrid,
based on the peroxidase-like activity of Au nanozymes, in addition to therapeutic activity
through increasing OH’ radical, is a fast probe for the detection of HelLa cells with a LOD of
fewer than 50 cells and a linear range of 1 to 1x10° cells [85]. Likewise, Tao, et al. [86] with the
development of colorimetric biosensors based on the peroxidase-like activity of AUNCs, not only
accelerated the detection of breast cancer according to HER2 biomarker in human serum rather
than current sensors, but also increase the LOD of breast cancer to 5 cells with a linear range of 5
to 1000 cells (Fig. 3D).

On the other hand, AuNPs with peroxidase-like activity were proposed to detect avian influenza
virus antigens. In this field, Ahmed, et al. [20] obtained a higher LOD (1.11 pg/mL) than the
ELISA method by attaching Au nanozymes to the anti-HA H5N1 antibody. Furthermore, a
highly monodispersed Au nanobipyramids with a Ag shell with Ag ion and 4-aminophenol was
developed to detect ALP and H5N1 influenza virus antigen [87]. Surprisingly, semi-quantitative
detection of other biomarkers is possible with naked eye in this colorimetric assay. For instance,
Khoris, et al. [88] with the development of anti-nov genogroup Il antibodies-containing Kits
immobilized on AwWAg NPs, in addition to increasing the detection of the norovirus (10.8 pg/mL)

between 100 to 1,000 folds more than ELISA method, enhance the rapid detection of the virus

12



based on the enhancement of the activity of peroxidase-like activity of Au nanozymes during the

presence of norovirus.

3. Therapeutic activities based on Au nanozymes

Because, controlling reactive nitrogen and oxygen species should be used in medical activities
according to biomedical models; researchers believe that biocompatible and biodegradable
nanozymes, especially iron and Au nanozymes, can be used to control these species with the
oxidase, peroxidase and even dismutase-like activities. Therefore, the therapeutic effects of Au

nanozymes are discussed in this section.

3.1. Inhibiting neurodegenerative diseases

Because, the activity of peroxidase and dismutase is crucial in controlling neurological diseases,
especially Alzheimer's disease, researchers have been inspired by natural enzymes to develop
nanozymes for controlling neurodegenerative diseases based on the simulation of the dismutase
and peroxidase-like activity of NPs[89]. In general, the main route of treatment and prevention of
Alzheimer's disease is to control the amyloid-p protein aggregation and ROS in the brain tissue.
Also, reducing the copper accumulation in the brain is wvery effective in controlling the
neurodegenerative diseases. The results of Gao, et al. [90] suggested that the use of Au
nanozymes@polyoxometalate-8peptide nanocomplex reduces the ROS based on the SOD-like
activity of Au nanozymes and the aggregation of amyloid-p protein according to the protease-
like activity of the polyoxometalate (Fig. 4A). It was also shown that Au nanozymes act as a
metal chelator and collect Cu from the AP oligomers. As a result, the side effects of Cu

accumulation by inducing toxicity and subsequent protein accumulation, are reduced [90].

13



3.2. Cancer therapy

Because, excessive production of ROS can damage cancer cells, nanozymes can increase ROS
levels in cancer cells by applying oxidase and peroxidase-like activities of NPs. For example,
Maji, et al. [85] using GO-silicon-folic acid@AuNPs hybrid based on the intrinsic peroxidase-
like activity, were able to provide therapeutic activity by increasing the OH" and toxicity in HelLa
cells. While, they revealed that the use of GO-silicon-folic acid@AuNPs hybrid in healthy cells
did not lead to cytotoxicty. This potential approach represents a smart treatment for cancerous
cells. Also, localized hypoxia in solid tumors cause’s problems in treating cancer through
radiotherapy, which Yi, et al. [91] by using Au nanozymes@manganese dioxide NPs, could
increase the oxygen in the radiotherapy-resistant hypoxia tumor tissue despite reducing the toxic
effects of NPs into other tissues. Also, it has been well documented that optical activities such as
photodynamic or photothermal therapy, can induce a synergetic effect in increasing ROS
production [92]. For example, in the treatment of drug-resistant cancers, the efficacy of treatment
is greatly enhanced by the use of PAMAM dendrimer-encapsulated AUNCs (AuNCs-NH;) and
photodynamic therapy to produce oxygen through increased catalase activity in cancerous
tumors [93]. The AuNCs-NH, not only increases the consumption of H,O, optimally by catalase
to produce oxygen, but also maintains the catalase activity in the development of acidic
condition, even up to pH=4. Subsequently, Fan, et al. [94] by designing a nanostructure core (Au
nanozymes)-shell (porous hollow carbon nanospheres) for the production of ROS through the
simulation of the peroxidase and oxidase-like activities of Au nanozymes and its application in

human and animal cellular studies, could significantly reduce the activity of cancerous cells (Fig.
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4B). Also, they described that the use of the photothermal method increases the Au@HCNSs

performance in ROS production and mortality of the tumorous cells.

3.3. Antibacterial activity

Au nanozymes show pH-switchable peroxidase and catalase-like activities. As a result, these
compounds could exhibit a potent antibacterial activity by producing ROS in a defined pH. In
this line, it was found that Au nanozymes immobilized on mesoporous silica with peroxidase-
like activities can eliminate Gram-positive bacteria (Staphylococcus aureus) and Gram-negative
bacteria (Escherichia coli) under physiological condition based on the production of 0, OH",
and O," in an acidic pH [95]. Analogously, Wang, et al. [96] by designing a sheet of Au
nanozymes and ultrathin graphitic carbon nitride, were able to accelerate wound healing not only
by Kkiling Gram-negative and Gram-positive bacteria through OH™ production, but also exposing
high efficiency in breaking biofilm creatures and preventing the formation of new biofilms.
Recently, in a mice model, it has been reported that the use of Au-Ag alloy with isonicotinyl
hydrazide based on ROS generation can Kill the drug-resistant M. tuberculosis, despite its low

toxicity for cells based on MTT and LDH tests (Fig. 4C) [97].

4. Challenges and future perspective

Since, NPs have been explored as a nanozyme, many researchers have drawn attention to NPs
due to low cost of production, easy preparation, stability, and excellent durability in hard
conditions than natural enzymes. Although, nanozymes are widely used as biosensing,

antibacterial, anti-cancer and antioxidants agents, there are some crucial challenges as following:
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1- Because, Au nanozymes are generally produced through test and error strategies, in order to
increase their biomedical performance, we need to have a better understanding the catalytic
mechanisms in both the empirical and computational fields. Also, attention to concepts of active
site and its specificity should be considered.

2- Despite the extensive work of the researchers to enhance the selectivity and specificity of NPs,
there is not enough information on Au nanozymes. For this purpose, it is necessary to consider
the rate of enzymatic activity, selectivity, sensitivity, and higher productivity of Au nanozymes.
3- Although, the main catalytic activity of the Au nanozymes is nearly ascertained, yet not all of
their possible enzymatic reactions have been mentioned. For this purpose, in addition to
increasing the experiments in vitro and in vivo, an appropriate method for combining the
catalytic activity of Au nanozymes in a single unit is necessary to provide a reasonable
prediction of the unwanted reactions and its possible effects.

4- In order to increase the potential effects of the enzyme-like activity of Au nanozymes, all
promising impacts of Au nanozymes in chemistry and biology should be provided.

5- Due to the multifunctional use of AuNPs in biosensing and therapeutic processes, it is pivotal
to explore the probability of using Au nanozymes in multi-purpose activities. Probably, the
simultaneous utilization of magnetic, thermal and optical properties of Au nanozymes can
optimize their application in biosensing and biomedical fields.

5- To advance Au nanozymes in therapeutic applications, all of their potential benefits and risks
about cellular processes, clinical toxicity, immunogenicity, pharmacokinetics, and so on should
be investigated. Also, their possible combination with receptors, substrate-like compounds and

intermediate compounds of biochemical pathways in the long term should be considered.
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6- Researchers need to consider the performance of Au nanozymes in the presence of organic
and non-organic nanozymes. The appearance of new properties due to the combination of
nanozymes can lead to occurrence of a synergic response or multiple reactions simultaneously,

which will be the solution to many health problems.

5. Conclusions

Due to the proper biocompatibility of Au nanozymes and the ability to use them in various
activities such as biosensing, and therapeutic applications, their development as part of an
artificial enzyme would be very appropriate. Most reported studies relate to the catalytic activity
of Au nanozymes in vitro, whereas in vivo reports are more important for potential application of
AuNPs in therapeutic activities. Therefore, providing a brief overview in this article can provide
a new avenue in the optimization of enzymatic-like activities of Au nanozymes in vivo.
Eventually, future developments in Au nanozymes will lead to the formation of new biocatalysts
based on past information and challenges ahead. Thus, in this paper, in addition to presenting

important reports in this field, we tried to address their challenges.

Conflicts of interest

The authors have none to declare.

Acknowledgement

This research was made possible by the grants NPRP10-120-170-211 from Qatar National
Research Fund (QNRF) under Qatar Foundation and GCC-2017-005 under the GCC
collaborative research Program from Qatar University. The statements made herein are the sole

responsibility of the authors.

17



References

[1] M. Hu, J. Chen, Z.Y. Li, L. Au, G.V. Hartland, X. Li, M. Marquez, Y. Xia, Chem Soc Rev,
35 (2006) 1084-1094.

[2] Y. Huang, P.Huang, J. Lin, Small Methods, 3 (2019) 1800394.

[3] Y. Cao, B. Griffith, P. Bhomkar, D.S. Wishart, M.T. McDermott, The Analyst, 143 (2017)
289-296.

[4] G. Wang, L. Yu, Y. Akiyama, T. Takarada, M. Maeda, Biotechnology journal, 13 (2018)
€1800090.

[5] Q. Wang, L. Zou, X. Yang, X. Liu, W. Nie, Y. Zheng, Q. Cheng, K. Wang, Biosensors &
bioelectronics, 135 (2019) 129-136.

[6] F. Attar, M.G. Shahpar, B. Rasti, M. Sharifi, A.A. Saboury, S.M. Rezayat, M. Falahati,
Journal of Molecular Liquids, 278 (2019) 130-144.

[7] D. Herndndez-Séanchez, G. Villabona-Leal, I. Saucedo-Orozco, V. Bracamonte, E. Pérez, C.
Bittencourt, M. Quintana, Physical Chemistry Chemical Physics, 20 (2018) 1685-1692.

[8] M.M. Phiri, D.W. Mulder, B.C. Vorster, Royal Society open science, 6 (2019) 181971-
181971.

[9] A. Hasan, M. Nurunnabi, M. Morshed, A. Paul, A. Polini, T. Kuila, M. Al Hariri, Y.-K. Lee,
AA. Jaffa, BioMed research international, 2014 (2014).

[10] J.R. Ashton, K.D. Castle, Y. Qi, D.G. Kirsch, J.L. West, C.T. Badea, Theranostics, 8 (2018)
1782-1797.

[11] A. Chaix, K. Rajoua, V. Stojanovic, K. El Cheikh, E. Bouffard, A. Brocéro, M. Garcia, M.
Maynadier, A. Morére, M. Gary-Bobo, F. Favier, J.-O. Durand, F. Cunin, ChemNanoMat, 4
(2018) 318-318.

[12] T. Kim, Q. Zhang, J. Li, L. Zhang, J.V. Jokerst, ACS Nano, 12 (2018) 5615-5625.

[13] F. Correard, K. Maximova, M.-A. Esteve, C. Villard, M. Roy, A. Al-Kattan, M. Sentis, M.
Gingras, A.V. Kabashin, D. Braguer, International journal of nanomedicine, 9 (2014) 5415-5430.
[14] Y. Lin, J. Ren, X. Qu, Advanced materials (Deerfield Beach, Fla.), 26 (2014) 4200-4217.
[15] X. Li, Z. Qi, K. Liang, X. Bai, J. Xu, J. Liu, J. Shen, Catalysis Letters, 124 (2008) 413-417.
[16] L. Gao, K. Fan, X. Yan, Theranostics, 7 (2017) 3207-3227.

[17] H. Wei, E. Wang, Chemical Society Reviews, 42 (2013) 6060-6093.

[18] J. Wu, S. Li, H. Wei, Nanoscale Horizons, 3 (2018) 367-382.

[19] S. Biswas, P. Tripathi, N. Kumar, S. Nara, Sensors and Actuators B: Chemical, 231 (2016)
584-592.

[20] S.R. Ahmed, J.C. Corredor, E. Nagy, S. Neethirajan, Nanotheranostics, 1 (2017) 338-345.
[21] J. Feng, P. Huang, S. Shi, K.-Y. Deng, F.-Y. Wu, Analytica Chimica Acta, 967 (2017) 64-
69.

[22] X. Zhu, X. Mao, Z. Wang, C. Feng, G. Chen, G. Li, Nano Research, 10 (2017) 959-970.
[23] C.-P. Liu, T.-H. Wu, Y.-L. Lin, C.-Y. Liu, S. Wang, S.-Y. Lin, Small, 12 (2016) 4127-4135.
[24] C.K.K. Choi, J. Li, K. Wei, Y.J. Xu, LW.C. Ho, M. Zhy, K.K.W. To, C.H.J. Choi, L. Bian,
Journal of the American Chemical Society, 137 (2015) 7337-7346.

[25] K.N. Han, J.-S. Choi, J. Kwon, Sci. Rep., 7 (2017) 2806.

[26] B. Jiang, D. Duan, L. Gao, M. Zhou, K. Fan, Y. Tang, J. Xi, Y. Bi, Z. Tong, G.F. Gao,
Nature protocols, 13 (2018) 1506.

18



[27] L. Han, C. Li, T. Zhang, Q. Lang, A. Liu, ACS applied materials & interfaces, 7 (2015)
14463-14470.

[28] H.-H. Deng, G.-L. Hong, F.-L. Lin, A.-L. Liu, X.-H. Xia, W. Chen, Anal. Chim. Acta, 915
(2016) 74-80.

[29] J. Golchin, K. Golchin, N. Alidadian, S. Ghaderi, S. Eslamkhah, M. Eslamkhah, A.
Akbarzadeh, Artificial cells, nanomedicine, and biotechnology, 45 (2017) 1069-1076.

[30] H. Wei, E. Wang, Analytical chemistry, 80 (2008) 2250-2254.

[31] Y. Lin, J. Ren, X. Qu, Accounts of chemical research, 47 (2014) 1097-1105.

[32] L. Gao, J. Zhuang, L. Nie, J. Zhang, Y. Zhang, N. Gu, T. Wang, J. Feng, D. Yang, S.
Perrett, X. Yan, Nature nanotechnology, 2 (2007) 577.

[33] Y. Jv, B. Li, R. Cao, Chemical Communications, 46 (2010) 8017-8019.

[34] J. Liu, X. Hu, S. Hou, T. Wen, W. Liu, X. Zhy, J.-J. Yin, X. Wu, Sensors and Actuators B:
Chemical, 166 (2012) 708-714.

[35] T.H. Han, M.M. Khan, J. Lee, M.H. Cho, Journal of Industrial and Engineering Chemistry,
20 (2014) 2003-2009.

[36] S. Kumar, P. Bhushan, S. Bhattacharya, RSC Advances, 7 (2017) 37568-37577.

[37] L. Wu, W. Yin, X. Tan, P. Wang, F. Ding, H. Zhang, B. Wang, W. Zhang, H. Han, Sensors
and Actuators B: Chemical, 248 (2017) 367-373.

[38] Q. Xu, H. Yuan, X. Dong, Y. Zhang, M. Asif, Z. Dong, W. He, J. Ren, Y. Sun, F. Xiao,
Biosensors & bioelectronics, 107 (2018) 153-162.

[39] D. Zeng, W. Luo, J. Li, H. Liu, H. Ma, Q. Huang, C. Fan, The Analyst, 137 (2012) 4435-
4439.

[40] N.J. Lang, B. Liu, J. Liu, Journal of Colloid and Interface Science, 428 (2014) 78-83.

[41] H.-H. Deng, G.-W. Wu, D. He, H.-P. Peng, A.-L. Liu, X.-H. Xia, W. Chen, The Analyst,
140 (2015) 7650-7656.

[42] Y. Hu, H. Cheng, X. Zhao, J. Wu, F. Muhammad, S. Lin, J. He, L. Zhou, C. Zhang, Y.
Deng, P. Wang, Z. Zhou, S. Nie, H. Wei, ACS Nano, 11 (2017) 5558-5566.

[43] Vinita, N.R. Nirala, R. Prakash, Sensors and Actuators B: Chemical, 263 (2018) 109-119.
[44] M.R. Knecht, M. Sethi, Analytical and bioanalytical chemistry, 394 (2009) 33-46.

[45] M. McDonald, 1. Mila, A. Scalbert, Journal of Agricultural and food Chemistry, 44 (1996)
599-606.

[46] J. Liu, Y. Lu, Journal of the American Chemical Society, 126 (2004) 12298-12305.

[47] Y. Tanaka, S. Oda, H. Yamaguchi, Y. Kondo, C. Kojima, A. Ono, Journal of the American
Chemical Society, 129 (2007) 244-245.

[48] J.S. Lee, M.S. Han, C.A. Mirkin, Angewandte Chemie, 119 (2007) 4171-4174.

[49] J.M. Slocik, J.S. Zabinski, D.M. Phillips, R.R. Naik, small, 4 (2008) 548-551.

[50] G.K. Darbha, A.K. Singh, U.S. Rai, E. Yu, H. Yu, P. Chandra Ray, Journal of the American
Chemical Society, 130 (2008) 8038-8043.

[51] Y.-W. Wang, S. Tang, H.-H. Yang, H. Song, Talanta, 146 (2016) 71-74.

[52] R. Zhy, Y. Zhou, X.L. Wang, L.P. Liang, Y.J. Long, Q.L. Wang, H.J. Zhang, X.X. Huang,
H.Z. Zheng, Talanta, 117 (2013) 127-132.

[53] Y. Chang, Z. Zhang, J. Hao, W. Yang, J. Tang, Sensors Actuators B: Chem., 232 (2016)
692-697.

[54] Y. Liu, D. Ding, Y. Zhen, R. Guo, Biosens. Bioelectron., 92 (2017) 140-146.

[55] H.-H. Deng, B.-Y. Luo, S.-B. He, R.-T. Chen, Z. Lin, H.-P. Peng, X.-H. Xia, W. Chen,
Anal. Chem., 91 (2019) 4039-4046.

19



[56] H. Zou, T. Yang, J. Lan, C. Huang, Analytical Methods, 9 (2017) 841-846.

[57] A.A. Fokina, M.l. Meschaninova, T. Durfort, A.G. Venyaminova, J.-C. Frangois,
Biochemistry, 51 (2012) 2181-2191.

[58] J. Niewiarowska, I. Sacewicz, M. Wiktorska, T. Wysocki, O. Stasikowska, M. Wagrowska-
Danilewicz, C. Cierniewski, Cancer gene therapy, 16 (2009) 713.

[59] M. Elahy, C.R. Dass, Chemical biology & drug design, 78 (2011) 909-912.

[60] A. Mitchell, C.R. Dass, L.Q. Sun, L.M. Khachigian, Nucleic acids research, 32 (2004)
3065-3069.

[61] J. Zhou, X.-Q. Yang, Y.-Y. Xie, X.-D. Zhao, L.-P. Jiang, L.-J. Wang, Y.-X. Cui, Virus
research, 130 (2007) 241-248.

[62] C.R. Dass, P.F. Choong, L.M. Khachigian, Molecular Cancer Therapeutics, 7 (2008) 243-
251.

[63] D. Baum, S. Silverman, Cellular and molecular life sciences, 65 (2008) 2156-2174.

[64] K. Yehl, J.P. Joshi, B.L. Greene, R.B. Dyer, R. Nahta, K. Salaita, ACS nano, 6 (2012) 9150-
9157.

[65] J. Liu, Y. Lu, Journal of Fluorescence, 14 (2004) 343-354.

[66] W. Zhao, J.C. Lam, W. Chiuman, M.A. Brook, Y. Li, Small, 4 (2008) 810-816.

[67] Y. Sun, J. Wang, W. Li, J. Zhang, Y. Zhang, Y. Fu, Biosensors and Bioelectronics, 74
(2015) 1038-1046.

[68] Y.L. Liu, W.L. Fu, C.M. Li, C.Z. Huang, Y.F. Li, Anal. Chim. Acta, 861 (2015) 55-61.

[69] M.S. Hizir, M. Top, M. Balcioglu, M. Rana, N.M. Robertson, F. Shen, J. Sheng, M.V. Yigit,
Analytical chemistry, 88 (2015) 600-605.

[70] J. Yang, Y. Lu, L. Ao, F. Wang, W. Jing, S. Zhang, Y. Liu, Sensors Actuators B: Chem.,
245 (2017) 66-73.

[71] J. Zhang, B. Liu, H. Liu, X. Zhang, W. Tan, Nanomedicine, 8 (2013) 983-993.

[72] P. Weerathunge, R. Ramanathan, R. Shukla, T.K. Sharma, V. Bansal, Analytical chemistry,
86 (2014) 11937-11941.

[73] J. Hu, P. Ni, H. Dai, Y. Sun, Y. Wang, S. Jiang, Z. Li, Analyst, 140 (2015) 3581-3586.

[74] C. Wang, C. Liu, J. Luo, Y. Tian, N. Zhou, Analytica chimica acta, 936 (2016) 75-82.

[75] L. Wang, W. Yang, T. Li, D. Li, Z Cui, Y. Wang, S. Ji, Q. Song, C. Shu, L. Ding,
Microchimica Acta, 184 (2017) 3145-3151.

[76] J. Wu, K. Qin, D. Yuan, J. Tan, L. Qin, X. Zhang, H. Wei, ACS Applied Materials &
Interfaces, 10 (2018) 12954-12959.

[77] R. Das, A. Dhiman, A. Kapil, V. Bansal, T.K. Sharma, Anal. Bioanal. Chem., 411 (2019)
1229-1238.

[78] J. Tian, Sensing and Bio-Sensing Research, 22 (2019) 100258.

[79] L. Gao, M. Liu, G. Ma, Y. Wang, L. Zhao, Q. Yuan, F. Gao, R. Liu, J. Zhai, Z. Chai, ACS
nano, 9 (2015) 10979-10990.

[80] M.K. Masud, S. Yadav, M.N. Islam, N.-T. Nguyen, C. Salomon, R. Kline, H.R. Alamri,
Z.A. Alothman, Y. Yamauchi, M.S.A. Hossain, M.J.A. Shiddiky, Anal. Chem., 89 (2017) 11005-
11013.

[81] L. Zhang, C. Fan, M. Liu, F. Liu, S. Bian, S. Du, S. Zhu, H. Wang, Sensors Actuators B:
Chem., 266 (2018) 543-552.

[82] L. Hu, H. Liao, L. Feng, M. Wang, W. Fu, Analytical chemistry, 90 (2018) 6247-6252.

[83] C. Li, L. Sun, Y. Sun, T. Teranishi, Chemistry of Materials, 25 (2013) 2580-2590.

20



[84] J. Liu, W. Zhang, H. Zhang, Z. Yang, T. Li, B. Wang, X. Huo, R. Wang, H. Chen, Chem.
Commun., 49 (2013) 4938-4940.

[85] S.K. Maji, A.K. Mandal, K.T. Nguyen, P. Borah, Y. Zhao, ACS Applied Materials &
Interfaces, 7 (2015) 9807-9816.

[86] Y. Tao, M. Li, B. Kim, D.T. Auguste, Theranostics, 7 (2017) 899-911.

[87] S. Xu, W. Ouyang, P. Xie, Y. Lin, B. Qiu, Z. Lin, G. Chen, L. Guo, Analytical chemistry,
89 (2017) 1617-1623.

[88] I.M. Khoris, K. Takemura, J. Lee, T. Hara, F. Abe, T. Suzuki, E.Y. Park, Biosens.
Bioelectron., 126 (2019) 425-432.

[89] J. Wu, X. Wang, Q. Wang, Z. Lou, S. Li, Y. Zhy, L. Qin, H. Wei, Chemical Society
Reviews, 48 (2019) 1004-1076.

[90] N. Gao, K. Dong, A. Zhao, H. Sun, Y. Wang, J. Ren, X. Qu, Nano Research, 9 (2016) 1079-
1090.

[91] X. Yi, L. Chen, X. Zhong, R. Gao, Y. Qian, F. Wu, G. Song, Z. Chai, Z. Liu, K. Yang,
Nano Research, 9 (2016) 3267-3278.

[92] C. Zhang, X. Cheng, M. Chen, J. Sheng, J. Ren, Z. Jiang, J. Cai, Y. Hu, Colloids Surf. B.
Biointerfaces, 160 (2017) 345-354.

[93] C.-P. Liu, T.-H. Wu, C.-Y. Liu, K.-C. Chen, Y.-X. Chen, G.-S. Chen, S.-Y. Lin, Small, 13
(2017) 1700278.

[94] L. Fan, X. Xu, C. Zhy, J. Han, L. Gao, J. Xi, R. Guo, ACS Applied Materials & Interfaces,
10 (2018) 4502-4511.

[95] Y. Tao, E. Ju, J. Ren, X. Qu, Advanced Materials, 27 (2015) 1097-1104.

[96] Z. Wang, K. Dong, Z. Liu, Y. Zhang, Z. Chen, H. Sun, J. Ren, X. Qu, Biomaterials, 113
(2017) 145-157.

[97] P.N. Nawya, H. Madhyastha, R. Madhyastha, Y. Nakajima, M. Maruyama, S.P. Srinivas, D.
Jain, M.H. Amin, S.K. Bhargava, H.K. Daima, Materials Science and Engineering: C, 96 (2019)
286-294.

21



CANCER CELL

4 Peroxidase
e, @  Substrate
'o o' (TMB)
HA NPs >
Visible cell upon

Cell expressing Uptake of:IA-CN Ps oxidation of TMB
high CD44 receptor  through CD44 receptors by CNPs
Cancer detection
1 W
o e H:0: H:0: ™8 u,, . .\./' °
" A\ - ' Y}.lmmuno-.\\}‘ y Y £
Al C ﬁ °°”"“"‘° r‘ NN ) ¢ ‘ reaction W8P H0, WeK
N ) = —.—> [
] . . / ﬁ or hv
‘ ’j ——\ Nanocage . 4 @ FA-Agl > TMB 3 oxTMB o Cell Y Folate receptor
oXTMB  High activity H:0 HO Lowacﬁvlty oxTMB Nanocluster SI/ |mmUn0|Ogica| assay
Biosensing : ( 'l

Nanosphere , & Nanostar
Nanoshell
/ Nanorod \

. -#G0 &2 5-e

M
Alzheimer’s disease

- @ N @ S
= @ VOB > ‘

Identlfy and removal ) Healthy
contamination Nerve protection

Figure 1. The application of Au nanozymes in different fields.

22



3
S

/a;sﬁ C H0, () d H,0, (VM) :
0 10P1010910010° 105 107 0 104 105 10° 107 0.1 05 1

Tl i

»
S

e e e e o
—_—eoo T

[ M—d»—«;«—qﬁ

10410° 104 10° 10710 1 10

£ o
s S

Cell viability (%)
B

0

'7'-“ :A X w i
oy ”

sct @ Living cell
AuNPs ~ PMA Phorbol myristate acetate %

Glucose

L XX XL

R -
L

42410 8 6 4 200 300 350 400 450 S00 550 600 650 700 750
18CH202 (M) Wavelength (nm)

C 08
GOx ’

é % ." N J
‘ 9 Aul
Gluconlc acid Q0 >

HOz —r.nzoz -

Y4Ee00
04 N

1 2 T T T T
. PETIE R @ W W T W C T T
Wavelength (nm) Wavelength (nm) Wavelength (nm)

~
n

\ c -
AT ¢ W O ©
“\,‘\ _— == T = -~ 20
T™B b Dt e ;
B e '1 215
P o ¥ 9
IE_OH')ﬁ | i <
y 4 , " i 310
H & ot 3 1 ”‘ &
A - ]
¥ o]
4 _J Jf ' < 05
\"\' = E Bare GNPy
o NH, — HIF w
v 10, -
Y Paravid Lo Aptivit H, 00 500 600 700 800

High Peroxidase-Like Activity L e Wavelength (nm)

Figure 2. Molecule and ion sensing. (A): Detection of intracellular hydrogen peroxide. a; schematic illustration
of the direct reduction of HAuClI, for the visual detection of intracellular H,O,. b; a magnified version of Au-Pt/Si
NPs for above plan and HRTEM image of Au-Pt/Si NPs for under plan. c; colorimetric detection of H,O, with the
proposed HAuCI,/H,0, system and, d; TMB/H,0, systemin the presence of APS NPs. d; calibration curves of UV-
vis absorbance vs different H,O, concentrations on a logarithmic scale. e; the corresponding UV-vis absorption
spectra of TMB-H,O; reaction system (TMB: 0.6 mM) with different concentrations of H,O; in the presence of Au-
Pt/Si NPs. g; relative viability of HeLa cells incubated with a series of gradient concentrations of Au-Pt/Si NPs (1.0-
25 g/mL). h; fluorescence imaging of HelLa cells cultured with Au-Pt/Si NPs for 24 h [37]. (B): Peroxidase
mimetic for detection of glucose. a; TEM image of AuNPs@Mo0S,-QDs composite. b; AFM image of
AUNPs@Mo0S,-QDs. c; the catalytic mechanism of TMB oxidation in presence H,0, catalyzed by AuNPs@MoS;-
QDs. d; UV-Vis spectra of test of glucose level in serum by portable test kit and inset change the color of wells
hydrogel with presence glucose level, with typical colorimetric chart with level glucose (in order to 0, 2, 4, 5, 8, 10,
11, 12 mM). e and f; absorption spectra of test of glucose level in tear by portable test kit and inset change the color
of wells hydrogel with presence glucose level (50, 100, 250, 400 600, 800 uM and 1 mM) in tear and saliva [43].
(C): Ultrasensitive colorimetric detection of rare earth Ce®* ion. a; TEM images of the bare AuNPs before
(above plan) and after (under plan) treatment with 200 nM Ce3*. Inset: HRTEM image of the bare AuNPs. b;
illustration of the Ce®" enhanced peroxidase-like activity of bare AuNPs. c; photographs of (a) 0.25 M H,0,+0.4
mM TMB, (b) bare AuNPs+0.25 M H,0,+0.4 mM TMB, (c) 200 nM Ce3*+0.25 M H,0,+0.4 mM TMB, and (d)
bare AUNPs+200 nM Ce3*+ 0.25 M H,0,+0.4 mM TMB; Bottom: bare GNP-catalyzed reaction of TMB with H,0,.
d; UV-vis absorption spectra of (a) 0.25 M H,0,+0.4 mM TMB, (b) bare AuNPs+0.25 M H,0,+0.4 mM TMB, (c)
200 nM Ce®*+0.25 M H,0,+0.4 mM TMB, and (d) bare AUNPs+200 nM Ce3*+0.25 M H,0,+0.4 mM TMB [55].
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Figure 3. Biosensing based on AuNPs. (A): Colorimetric sensor array for proteins
discrimination. a; schematic illustration of proteins recognition by using colorimetric sensor
array based on enzymatic amplification of AuNPs absorbed with different single-stranded DNA.
b; canonical score plot for discrimination mixtures of BSA and HRP at different molar ratios at
total protein concentration of 50 nM. c; canonical score plot for the discrimination of proteins at
the 100 nM levels picked in human urine by using the colorimetric sensor array based on
AUNPs-DNA catalytic reaction in the presence of substrate TMB and H,O, [70]. (B): Aptamer-
based colorimetric detection. a; schematic illustration of the colorimetric determination of
targets based on the peroxidase-like activity of AUNPsS/GO. b; TEM image of AuNPs/GO (inset
are the TEM image and EDX spectrum of the AuNPs in AuNPs/Gr). c; time-dependent
absorbance changes of ABTS oxidation solution with H,O, catalyzed by AuNPs/GO at various
concentrations of Hg?* (0.1, 0.5, 1, 3, and 5 pM). d; effects of coexisting ions on Hg?* detection.
The final concentrations of Hg** and interferences were 5 pM [78]. (C): Peroxidase-like
activity of Au nanoclusters for colorimetric detection of heparin. a; schematic illustration of
the method for heparin and heparinase detection. b; absorption spectra of the TMB/H,O2/Au-
NCs system in the presence of different heparin concentrations (from a to k: 0, 0.5, 1, 2, 2.5, 7.5,
15, 20, 25, 50, 100 pg/mL). c; plots of the absorbance of the system at 652 nm versus the heparin
concentrations. Inset: linear plot of heparin, each point is the average of three measurements. d;
the absorbance value and corresponding photograph of the catalytic oxidation of TMB-H,0, by
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Au-NCs in the presence of various anions and biomolecules. Concentrations: citric acid, CO3%,
Ac’, S%, NO3', GSH, ATP, glucose, 10 mM; BSA, CS, HA, Heparin, 100 py/mL [82]. (D):
Colorimetric sensor for HER2-positive breast cancer cell detection. a; schematic
representation of preparation of anti-HER2 conjugated liposome-AuNCs hybrid (BSA-AUNCs-
LPs-anti-HER2) and HER2-positive breast cancer cell detection by using BSA-AuNCs-LPs-anti-
HER2. b; the absorbance spectra and visual color changes upon analyzing different number of
SKBR3 cells. c-d; selectivity analysis for HER2-positive breast cancer cell detection using BSA-
AUNCs-LPs-anti-HER2 by monitoring the absorbance spectra and color changes [86].
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Figure 4. Therapeutic activity based on AuNPs. (A): Polyoxometalate-based nanozyme for
treatment of Alzheimer’s disease. a; synthetic route of the nanozyme. b; AUNPs@POMD-8pep
acted as a multifinctional nanozyme to modulate multiple facets of Alzheimer’s disease. c;
determination of the AUNPS@POMD-8pep on the formation of AP fibrils by native PAGE. Lane
1: control 1 (AP 1-40 after ncubation for 7 days); lane 2: control 2 (AP monomer only); lane 3:
AB1-40/AuNPs@POMD after incubation for 7 days; lane 4: AB1-40/8pep after incubation for 7
days; lane 5: AB1-40/AUNPs@POMD-8pep after incubation for 7 days; lane 6: the supernatant
in lane 5 (nanozyme removed) continuously incubated for an additional 7 days. All incubations
were performed at 37 °C. d; determination of the AUNPS@POMD-8pep on the hydrolysis of AP
preformed fibrils by native PAGE. Lane 1: control 1 (AP 1-40 after incubation for 7 days), lane
2: AP preformed fibris/ AuNPs@POMD-8pep for 1 day, lane 3: AP preformed fibrils/
AUNPs@POMD-8pep for 3 days. e-f, the hydrolyzing effect of AUNPS@POMD-8pep on AR
preformed fibrils was determined by TEM. Scale bars equal 100 nm. All incubations were
performed at 37°C. g; AP fibrils visulaized by TEM [90]. (B): Tumor catalytic-photothermal
therapy. a; schematic diagram of AU@HCNSs synthsis and TEM images of AU@HCNSs. b-d;
peroxidase-like activity (reaction time: 3 min, laser irradiation time: 1 min); c-e; oxidase-like
activity (reaction time: 30 min, laser irradiation time: 5 min). f, the power of NIR was 2.0
Wi/cn?’. Relative viabilities of CT26 cells incubated with Au@HCNs with and without 808-nm
laser irradiation for 10 min. g; fluorescence intensity of DCFH determining the concentration of
ROS (808-nm, 3min). h; absorbance of WST-1 showing the presence of superoxide in cells (808-
nm, 3min). The concentrations of HCNs and Au@HCNs were both 50 pg/mL. The power of
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NIR was 2.0 W/en?. i; fluorescence images of cells treated with Au@HCNs and control. g IR
thermal images of CT26 tumor-bear mice with the NIR laser irradiation (808 nm, 2.0 W/cm*, 10
min) after intravenous injection with PBS,HCNs and Au@HCNs. k; the body weight after
various treatments during 21 days. Photos of tumors from (1) control, (2) HCNs, (3) AU@HCNSs,
(4) HCNs+Laser, (5) Au@HCNs+Laser. I; the tumor weight after various treatments indicated
over 21 days [94]. (C): biocompatible bimetallic alloy NPs of Au and Ag. a; illustration of
single step synthesis of mono and bimetallic alloy NPs of Au and Ag using iso-nicotinyl
hydrazide (INH) as reducing and stabilizing agent. b; absorbance spectra of INH-mediated Au,
bimetallic Au-Ag alloys, Ag NPs and INH. ¢; TEM micrographs of (1-5) Auigo INH, AuzsAgzs
INH, AusoAgso INH, AusAgrs INH and Agioo INH NPs. d; digital photographs of (1-5) Auigo
INH, AuzsAgs INH, AuspAgso INH, AusAgrs INH and Agioo INH NP solutions synthesized
using INH. e; elemental mapping images obtained by STEM-EDS of Auigo INH (1), AuzsAgzs
INH (2), AU5oAg5o INH (3), AU25Ag75 INH (4) and AglOO INH (5) The scale bar in all
micrographs represents 50 nm. g; LDH assay to determine the released amount of lactate
dehydrogenase as a result of cytotoxicity; h; fibroblast cells viability determined by 3-(4,5-
dimethyl thiazolyl-2)-2,5-diphenyltetrazolium bromide assay [97].

Highlights

Biosensing based on gold-nanozymes
Molecule sensing

lon sensing

Nucleic acids sensing

Protein sensing

Cells and pathogens sensing

Therapeutic activities based on gold-nanozymes

27



