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In 2007, landmark research recognized ferromagnetic
nanoparticles (Fe;O, NPs) as the substitute of horseradish
peroxidase (HRP) for their alike catalytic ability to oxidize
signal molecule 3,3',5,5'-tetramethylbenzidine (TMB) durin%
the classical enzyme linked immunosorbent assay (ELISA).
Shortly, Wei and Wang constructed a cascade assay with
glucose oxidase (GOx) and Fe;O, NPs to monitor the
concentration of glucose, demonstrating the feasibility of
coupling an enzyme and inorganic nanoparticles for cascade
biosensing.2 From then on, a §rowing number of nanomaterials
(such as carbon,®™® metal,®™® metal oxide,”™"" metal—organic
frameworks,"”~'* and others'>™'®) have been demonstrated
with different enzyme-like activities and now are collectively
termed as nanozymes by inte%rating the two concepts of
nanomaterial and enzymes.'””*° Notably, compared with
conventional nanocatalysts, nanozymes emphasize mimicking
the function of enzymes which convert substrates under
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physiological conditions. For other artificial enzymes, nano-
zymes stress the scaffold of nanomaterials, enriching the
discipline of artificial enzymes from organic chemistry”’ into
inorganic chemistry and even their interpenetration. Moreover,
the repertoires of nanomaterials, such as economic cost, high
stability, and multifunctional physicochemical properties,
precisely overcome the intrinsic instability and cost of enzymes
and, in the meantime, offer more potential in rational design
and functionalization, such as magnetic response, photo-
thermal properties,”® surface enhanced Raman scattering
(SERS),” fluorescence,” etc. The above multifunctionality
not only provides possibilities for environmental protection
and healthcare treatment but also conducts multiplatform
based sensing and imaging.

From 2007 to now, thousands of research papers have been
published in the field of nanozymes. Since the landmark
nanozyme was discovered in classical ELISA, it is necessary to
summarize subsequent progress in analytical chemistry and to
further advance the nanozyme research. As illustrated in
Scheme 1, nanozymes with peroxidase-like activity and
oxidase-like activity can be employed in conducting sensing
arrays. In principle, higher activity lowers the limit of detection
(LOD), while better selectivity excludes other interferences,
providing a solid foundation for analytical applications.
Therefore, the strategies to conduct high performance
nanozymes (enhanced activity and specificity) will be
discussed first. Then, miscellaneous analytes both in vitro and
in vivo are discussed. Further, nanozyme assisted diagnostic
imaging technology is also covered. In the final section, we
discussed the current challenges that the field of nanozymes
faces in the hope that researchers provide more efforts to fulfill

those gaps.

B NANOZYMES WITH HIGHER ACTIVITY

One of the distinct features of enzymes are their ultrahigh
reaction rate. Correspondingly, nanozymes with comparable or
even superior activity are long-standing pursuits. Two
strategies are discussed here to improve the activity of
nanozymes: (1) increasing the inherent activity by delicate
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Scheme 1. Schematic Illustration of Nanozyme-Based

Sensing Platforms®
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design and (2) boosting the activity by confinement effect or
external stimulators.

Improving the Inherent Activity of Nanozymes. By
embedding a hemin-like Fe—N, active site into graphene (Fe—
N-rGO), a 700-fold improvement was achieved compared to
the parent graphene.”’ Another record high catalytic efficiency
of peroxidase-like enzymes was reported by Xia and his
collaborators.*> The catalytic constant (k) of the Ni—Pt
nanozyme is 10* times higher than that of natural peroxidases.
Immune detection of carcinoembryonic antigen (CEA) was
employed to manifest the advantage of the Ni—Pt nanozyme
(Figure 1A). The boosted activity of Ni—Pt achieved an
ultrasensitive LOD of 1.1 pg/mL, which is hundreds of times
lower than the traditional enzyme-based and pure Pt
nanozyme-based ELISAs (Figure 1B and C).

Also, numerous inspiring studies developed other effective
strategies to prepare high performance nanozymes even though
they have not been used for analysis. We discussed some
representative studies here owing to instructive insights and
their potential application in analytical chemistry. For instance,
instead of incorporating the identical active site of enzymes
(Fe—N,) in single-atom material, a FeN,P-centerd single-atom
nanozyme (FeN;P-SAzyme) from the metal—organic frame-
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Figure 1. Ni—Pt nanozyme-based ELISA and its improved perform-
ance. (A) Schematics of the three ELISAs of CEA. (B) Representative
photographs taken from the ELISAs of CEA standards. (C)
Corresponding calibration curves (left) along with linear range
regions (right) of the detection results in B. Error bars indicate
standard deviations of eight independent measurements. Reprinted
with permission from ref 32. Copyright 2021 American Chemical
Society.

work (MOF) template was fabricated and demonstrated
superior peroxidase-like activity to that of natural counter-
parts.”® Similarly, a series of MIL-53 (Fe) with different
substituents on the ligands were investigated to imitate the
secondary coordination environment modulation of en-
zymes'?. Finally, oxidase-like activity was found linearly
enhanced by a growing electron-withdrawing ability. The
density functional theory (DFT) calculation revealed a
Hammett-type structure activity linear free energy relationship
(H-SALR) in those MIL-53 (Fe) nanozymes. The greater the
value of the Hammett o, is, the higher the oxidase-like activity
of nanozymes that can be obtained. Additionally, MOF, metals,
and metal oxides are also suitable systems for structure—
activity relationship studies. The peroxidase-like activity of
perovskite transition metal oxides (ABO,) can be predicted by
the descriptor of eg.34 What is more, having benefited from the
booming development of computation, a universal descriptor
(energy) was identified to screen peroxidase-like nanozymes.”
This ab initio calculation strategy not only avoided screening
material dependent descriptors but also systematically
predicted the peroxidase-like activity of nanomaterials,
revealing the versatility of computer-aided design.

Acquired Activity of Nanozymes. Strategies to acquire
the activity of nanozymes are summarized into two parts: (1)
utilizing the nanostructure of nanozymes as the framework to
mimic the subcellular compartments, which is also termed as
the confinement effect in catalysis science; (2) taking physical
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factors (such as light) as a promoter or enhancer to activate the
activity.

MOFs have been viewed as an ideal host to embed guests
because of their high crystallinity and porosity.*® On the basis
of the distinct features of MOFs, GOx and peroxidase-like
hemin were assembled within ZIF-8 (zeolitic imidazolate
framework) to construct an integrated nanozyme (INAzyme),
see Figure 2A.%7 The nanoscale ZIF-8 cages raised the contact
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Figure 2. Acquired activity of nanozymes. (A) Schematic illustration
of the biocompatible one-step synthetic approaches to nanoscaled
ZIF-8 and ZIF-8-based nanozymes in aqueous solution at room
temperature. (B) Normalized cascade catalytic activity of the
INAzyme (1) and the mixture of hemin@ZIF-8 and GOx@ZIF-8
(2). (C) Schematic illustration of the GOx@ZIF-8(NiPd) nanoflower
for tandem catalysis. (D) Illustration of the electrochemical setup and
the principle of plasmon-accelerated electrochemical reaction
(PAER). (E) Generality of the proposed PAER mechanism toward
different electrochemical reactions. A and B reprinted with permission
from ref 37. Copyright 2016 American Chemical Society. C reprinted
with permission from ref 39. Copyright 2017 John Wiley and Sons. D
and E reprinted with permission from ref 40. Copyright 2017
American Chemical Society.

possibility between the substrate and enzymes by reducing the
mass diffusion barrier and minimizing the active intermediate
loss, accordingly reaching a 6-fold enhancement in catalytic
efficiency (Figure 2B). In addition, the INAzyme had good
stability after 2 months of storage. Benefiting from the above
advantages of INAzyme, Wei et al. successfully conducted a
real-time platform to monitor the dynamic changes of striatum
glucose in living rats’ brains. Encouraged by the above success,
a similar platform was subsequently conducted to measure
glucose and lactate in living tissues through the INAzyme of
AuNPs@MIL-101 @oxidase.”® The detection was carried out
by making use of the plasmonic and biocatalytic properties of
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AuNPs. The H,0, generated from oxidase would oxidize the
Raman-inactive reporter leucomalachite green into the active
malachite green (MG) by peroxidase-like AuNPs. Therefore, a
SERS signal for monitoring the concentration of glucose and
lactate was generated. On the basis of this, the INAzyme was
used to evaluate the therapeutic efficacy of astaxanthin (ATX)
in living rats’ cerebral ischemic injury model. Besides sensing in
vivo, a tandem nanozyme GOx@ZIF(NiPd) was also
successfully demonstrated for monitoring glucose in vitro
(Figure 2C),” suggesting the universal improvement for
analysis both in vitro and in vivo.

Due to the environmentally friendly and noninvasive
properties of light, it has been widely investigated in
optogenetics, healthcare, energy transformation, and catalysis.
Similar to the promoter and enhancer in biological systems,
light responsive nanozymes can also turn on or off their activity
with or without the irradiation of light. Noble metals are classic
plasmonic materials. In addition to the boosted photocatalysis
of AuNPs, the electrochemical reaction of AuNPs to oxidize
glucose like a GOx can also be accelerated upon localized
surface plasmon resonance (Figure 2D).*® However, the
versatile oxidation toward ethanol (EtOH), ascorbic acid
(AA), glucose (Glu), glycerol (Gly), and ethylene glycol (EG)
in Figure 2E indicates the challenge of specificity.

B NANOZYMES WITH BETTER SPECIFICITY

As discussed above, another distinct challenge that is in great
demand to solve is the specificity of nanozymes. Herein, two
strategies are summarized on the recent progress.

Improving the Inherent Specificity of Nanozymes.
For most reported oxidase-like nanozymes, i.e., ceria and noble
metals, peroxidase- and catalase-like activities are exhibited.
Though those nanozymes function as a catalase in a neutral or
alkaline environment, the optimized activity of oxidase and
that of peroxidase are extremely close. On the one hand, the
biactivity yields an inevitable background signal, decreasing the
detection sensitivity. On the other hand, it leaves a dilemma
that the majority of nanozyme-based cascade arrays still cannot
skip the usage of oxidases if discrimination toward homologues
is expected. Namely, such enzyme—nanozyme cascade arrays
still suffer the inherent drawbacks of enzymes. To tackle the
above challenges, a catechol oxidase-like MOF-818 was
developed by replicating the copper center in natural catechol
oxidases (Figure 3A)."" Because of the similar active sites, both
the MOF-818 and catechol oxidase can oxidize phenol
substrates (i.e., 3,5-di-tert-butylcatechol, 3,5-DTBC) and
meanwhile reduce O, to peroxide (Figure 3B) but fail to
oxidize nonphenol substrates (i.e, TMB, as shown in Figure
3C) either with or without the presence of H,0,, manifesting
the negligible peroxidase-like activity and a good substrate
selectivity toward phenols. Owing to such excellent specificity,
two different sensing platforms can be established for detecting
H,0, in Figure 3D and detecting 2,4-dichlorophenol (2,4-DP)
in Figure 3E.

In addition to learning from nature, classical material
engineering strategies also enhanced the desired specificity of
nanozymes. For example, by selectively doping the specified
heteroatom nitrogen (N) into reduced graphene oxide (rGO),
a carbon-nanozyme with sole peroxidase-like activity was
obtained, leading to a better linear range for sensing of H,O,
than pristine rGO.*” Additionally, molecular imprinted
polymers (MIPs), which are also described as chemical
antibodies, were coated on the surface of nanozymes, resulting
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Figure 3. Design and catalytic performance of catechol oxidase-like
MOF-818. (A) Catechol oxidase (PDB code 1BT1) inspired MOF-
818 nanozyme. (B) UV—vis absorption spectra of 3,5-DTBC in the
absence and presence of SO pg/mL MOF-818 or MOF-808. (C)
Schematic illustration on the selective oxidizing of 3,5-DTBC by
MOF-818. (D) Scheme of detecting H,0,. (E) Reaction of 2,4-DP
and 4-aminoantipyrine (4-AAP) catalyzed by MOF-818. Reprinted
with permission from ref 41. Copyright 2020 American Chemical
Society.

in a 100-fold improvement in specificity.*> Further, supra-
molecular units as well as an external stimulator (light) assisted
the nanozyme core to recognize chiral monosaccharides and
selectively oxidize the L-configurable monosaccharides only.**

The unrivaled efficiency and specificity of enzymes are
derived from their sophisticated, hierarchical structure, namely
the primary and secondary coordination environment, delicate
tunnel/geometry for substrates, and the assistance from
cofactors/coenzymes. In contrast, too little is known to realize
such an advanced structure within a molecule or a nano-
particle. Recently, mechanical bonds were first adopted in the
covalent organic framework (COF) to mimic the dynamic
conjugation change during the reaction pathway of organo-
phosphorase.*> Novel adventures and substantial efforts are on
the way to create comparable and even superior enzyme
mimics.

Acquired Specificity of Nanozymes. Even though MIPs
endow the desired recognition in nanozyme systems, each of
the substrates requires a customized modification approach for
the variety of templates. Further, the thickness of the MIP
coating may inversely hinder the direct interaction between
substrates and active sites exposed on the surface. To avoid
these disadvantages, the cross-reactive sensor array stands out,
as it recognizes various analytes by increasing the signal
channels and discriminates between them after proper data
processing (such as linear discrimination analysis, LDA).**~**
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By fully utilizing multiple dimensions of output signals
(deriving from either the greater number of nanozymes or
the multifunctionality of nanozymes), accordingly, cross-
reactive sensor arrays not only save time-consuming specific
modification but also reserve the advantages of nanozymes in
facile preparation, low cost, and strong adaptability.

Such enzyme-free cross-reactive sensor arrays have been
verified among a variety of analytes, such as metal ions,"
bioactive small molecules,*”*" cells,***” etc. In a seminal work,
different nanozymes (i.e., Pt, Ru, and Ir in Figure 4A) were
employed with o-phenylenediamine (OPD) as a chromogenic
substrate.* Due to the distinct response of each noble metal
toward biological thiols, proteins, and cancer cells, the
nanozyme cross-reactive sensor array is capable of analyzing
unknown samples and real samples with universality and
accuracy. In addition to utilizing the discriminated activity of
nanozymes, the multiple absorption peaks of the Au frame
nanoparticles and chromogenic substrate TMB (A3, Aysq, and
Agso) can also be applied as LDA arrays.”” More interestingly,
benefiting from the modular design of MOFs, structurally
engineered MOFs with enhanced selectively were developed to
distinguish six different antioxidants (glutathione, GSH;
mercaptosuccinic acid, MA; thioglycolic acid, TA; cysteine,
Cys; ascorbic acid, AA; gallic acid, GA). By varying modulators
during synthesis, MOFs with different morphologies were
obtained (3D, 2D, and dendritic-like MOFs in Figure 4B),>?
resulting in variation of pore size. Finally, a single MOF with
2D structure and dendritic structure (AD-TCPP) can
distinguish six antioxidants separately, as in Figure 4C. Also,
light is introduced to activate and enhance the oxidase-like
activity of the as-prepared MOFs, thereby achieving dual
enhancement in both the activity and selectivity.

B NANOZYME-ENABLED ANALYTICAL CHEMISTRY
IN VITRO

So far, nanozyme-enabled detection covers various targets
ranging from small molecules,”**™¢ jons®’ ™' to macro-
molecules,> ™7 cells,*®°° and microorganisms.m_75 And, these
versatile in vitro detection targets are summarized in Table S1.
Because of the limitation of space, we took the multifunctional
nanozyme-enabled in vitro detection, nanozyme powered
strips/devices, and newly emerged drug analysis as examples
to illustrate recent developments in nanozyme-enabled
analytical chemistry in vitro.

Multifunctional Nanozyme-Enabled in Vitro Detec-
tion. In our previous review,”® we summarized two
representative multifunctional nanozymes with magnetic
properties (iron based nanozymes) in detection, separation,
enrichment and enhancement, and surface plasmon resonance
(noble metal nanozymes) in enhanced sensing platforms.
Thus, we complemented photothermally featured nanozymes
for thermometer detection here.

The photothermal effect has been widely studied in
noninvasive tumor treatment. Coincidentally, the classical
photothermally active materials, such as Prussian blue’’ and
noble metals,”””” also showed prominent enzyme-like activity,
indicating a bridge to link a thermal signal to enzyme activity.
Prussian blue NPs were first utilized as a photothermal probe
in immunoassays to give out a heat signal, which was detected
by a thermometer.”” Then, as displayed in Figure 5A, the DNA
hybridization induced aggregation of AuNPs can convert the
specific DNA binding into heat. Therefore, a quick response
was visualized, and the polymerase chain reaction (PCR) free
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genetic detection technique was developed by using common
thermometers with AuNPs with a sensitivity up to 0.28 nM.”’
Subsequent research constructed an aggregation-activated
oxidase mimic AuNP@p-CD (Figure 5B) to detect the Hg**
ions in blood samples.”” During the detection, the oxidase-like
activity of AuNP@p-CD could be activated once Hg** existed.
Then, the oxidized TMB yielded heat under the irradiation of a
laser. The concentration dependent absorbance spectrum in
Figure 5C and D corresponds well with the temperature
changes in Figure SE and F. Considering the noninvasive
characteristic of light, it is promising to develop such
photothermal featured biosensing for in vivo detection.

Nanozyme Powered Strips/Devices. One of the distinct
features of nanozymes that can be afforded is relatively higher
stability or higher tolerance in processing and storage. Herein,
nanozyme powered strips and devices are introduced.

The global pandemic of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is a major public concern.
Therefore, developing a fast, accurate, and facile approach to
detect SARS-CoV-2 is crucial to controlling epidemic spread.
As shown in Figure 6A, Yan and co-workers built a sensitive
and rapid paper test platform, utilizing nanozyme powered
chemiluminescence.”> With the optimized antibody toward
spike-receptor binding domain (S-RBD) protein, they achieved
a similar detection limit of SARS-CoV-2 antigen (360 TCIDs,/
mL in Figure 6B, by chemiluminescence paper and 360
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TCIDs,/mL in Figure 6D, by ELISA) and wider detection
range (360 TCIDs,/mL to 1.14 X 10° TCIDsy/mL, by
chemiluminescence paper and from 360 to 2850 TCIDs,/mL,
by ELISA). Moreover, the strips recognized pseudo-SARS-
CoV-2 specifically, while the commercial influenza A antigen
testing kits failed (Figure 6E).

Choi and co-workers also established a microfluidic device
(Figure 6F and 6G) to quantify H,0, and glucose in real time
in which the metal-free nanozyme, K" modified graphitic
carbon nitride performed good oxidase- and peroxidase-like
activities.*® As shown in Figure 6G, the microfluidic device was
irradiated first to oxidize glucose and generate H,O, with near
100% quantum efficiency. Then, in the dark, this bifunctional
mimic can catalyze H,0, to oxidize chromogenic substrate
gradually with the increase of glucose and finally achieving a
good linear response.

Additionally, point of care testing (POCT) devices are also
explored with nanozymes. Li and co-workers used a glucose
meter as a platform to detect different size substrates ranging
from molecules to proteins (Figure 6H).*" Electrochemical
measurements with lateral flow immune strips gave sensitive
and accurate results for the detection of disease biomarkers.

Nanozyme-Enabled Drug Analysis. In the majority of
analytical applications of nanozymes, the higher activity is
primarily considered as it directly correlates with a higher
conversion rate. However, few works focus on the brake, i.e,,
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termination of enzymatic reaction which also contributes to
signal pathways with negative feedback. Recently, a Fe—N—-C
nanozyme was reported to resemble the cytochrome P450
(CYP) with both accelerated and inhibited activity.** Owing to
the precise copy of Fe—N centered coordination within
carbon, the as-prepared Fe—N—C nanozyme exhibited similar
inhibition behavior and close ICy, with CYP3A4 after the
treatment of ketoconazole (Figure 7A). More inhibitors were
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employed in Figure 7B. Strikingly, neither erythromycin, the
inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA), nor enoxacin, the inhibitor of CYP1A2, showed
prominent inhibition toward the Fe—=N—C nanozyme relative
to that of ketoconazole and grapefruit juice. Both the identical
activity of converting 1,4-dihydropyridine (1,4-DHP) and the
similar inhibition behavior by ketoconazole confirmed the
structure and function resemblance between CYP1A2 and Fe—
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Anal. Chem. 2022, 94, 312—323


https://pubs.acs.org/doi/10.1021/acs.analchem.1c04492?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c04492?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c04492?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c04492?fig=fig5&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c04492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

REVE

A

2

Co-Fe@Hemin NOn

Sample +H202

¢ ‘

o

S-dAtx 3
Sample pad SReD
— S-cAb
L ']
T-line C-line

Conjugate pad

Flow direction

045

¥=0,0055+ 0179

y

4.0%10” 80X107 1210

T/C ratio

10°TCIDso /mL.

T T
1.5%10¢ 30x10¢ 45x10

Pseudovirus (TCIDso /mL) E

¥ =0.0008x + 0.2351

Re=0.9979

1.0x10°

0D450

20%10°  30x10°

0 30x10°  60x10°  90x10°  1.2%10°

Pseudovirus (TCIDso /mL)

(2.0x10° TCIDso /ML)

Signal acquisition

NH, © NH, ©
Luminol ( )
v s Sl
NH 0" Glucose ™8
H,0,
\ Time
o o 20min( AKCN B0 min
,0

Smartphone

K TN SRR NN
S I A S S

F

(

Abs @ 652 nm (ox-TMB)

Biomimetic cascade reaction =
04 06 08 10
Glucose (M)

2 i
Glucose A\ \ P
AKCN o
~ ¢
Intet &~ <

x
0xTMB detection S
Outlet

Biotin-Ab

e

STV-AuNPs Invertase/Ab-AuNPs

8-OHAG or
PSA sample

Sample Nitrocellulose

membrane

ER e —
v T + v
A:;orpllon

Backing

Conjugation

Invertase/Ab-AuNPs

BSA/S
or Mouse anti-PSA Ab2

Figure 6. Nanozyme powered strips and devices. (A) Schematic illustration of the nanozyme chemiluminescence paper test for SARS-CoV-2 S-
RBD antigen. (B) Calibration curve of pseudovirus test. (C) Gradient detection of pseudo-SARS-CoV-2 samples using nanozyme
chemiluminescence test paper. (D) ELISA detection of the pseudo-SARS-CoV-2 samples. (E) Nanozyme chemiluminescence strip specifically
recognized the pseudo-SARS-CoV-2. The inactivated samples of HIN1, H3N2, HSN1, and H7N9 with the same titer were tested positively using
the commercial Influenza A antigen testing kits. (F) Left: scheme of the cascade reaction with continuous O,-purging in a batch mode. Right: the
concentration—response curve with the linear calibration plots (inset) and color change (inset) for glucose detection in the batch reactor. (G)
Scheme of the cascade reaction in a microfluidic device and actual device image (inset). (H) Design of test strips for quantitative detection of 8-
hydroxy-2'-deoxyguanosine (8-OHdG) or prostate specific antigen (PSA). A—E reprinted with permission from ref 75. Copyright 2021 Elsevier. F
and G reprinted with permission from ref 80. Copyright 2019 Springer Nature. H reprinted with permission from ref 81. Copyright 2019 Elsevier.

N—-C nanozymes. It is hoped that such nanozymes will
substitute CYP1A2 in accessing the interaction between drugs
and therefore decreasing part of the cost during drug discovery.

B NANOZYME-ENABLED ANALYTICAL CHEMISTRY
IN VIVO

In Vivo Sensing Platforms. Previously, an INAzyme-
based platform was demonstrated to monitor the dynamic
changes of glucose and lactose in living brain or tissues
benefiting by the enhanced activity.”® Subsequently, a self-
cascade nanozyme (V,0;) was conducted to achieve a
nonenzymatic online optical detection platform (OODP).*
Specifically, the as-prepared V,0O;5 can mimic dual enzyme-like
activity (GOx and peroxidase) which can couple into tandem
reactions for glucose sensing (Figure 8A). As demonstrated in
Figure 8B, three components, artificial cerebrospinal fluid
(aCSF), V,0s, and TMB, were pumped and reacted in order.
Then, the color change of TMB was recorded by an objective
lens-based optical detector which monitored the dynamic
change of glucose through light intensity profile. Apart from
glucose, H,S, a critical neuromodulator in the central nervous
system, has also been exploited by using a similar online optical
detection platform based on Prussian blue analog nanocubes
(PBA NCs).** What is more, an online electrochemical
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platform was further developed by Lin to detect 3,4-
dihydroxyphenylacetic acid in living brains.*’

Of note, such nanozyme-enabled studies in living systems
provide an additional opportunity to investigate the function of
organisms/signal molecules and also shed insights into the
bioeffects of nanoparticle based biosensors.

In Vivo Diagnosis and Imaging. Nanozymes with
magnetic properties have been widely studied as magnetic
resonance imaging (MRI) probes.gé_88 However, to highlight
the characteristics of nanozymes versus common nanomateri-
als, we here discussed mainly the cases utilizing the enzyme-
like activity instead of other physical features. Since the
generation and consumption of reactive oxygen species (ROS)
are found to be closely related to metabolism and illness, ROS
related nanozymes with catalase-, peroxidase-, and oxidase-like
activities are all proved helpful for in vivo diagnosis and
imaging.

The catalase-like nanozyme is capable of generating O,
bubbles with the presence of H,O,, which is overaccumulated
around tumors or inflamed tissues. By utilizing the generated
bubbles, the ultrasound (US) signal can be enhanced and thus
realize a stronger contrast in tumor®’ (Figure 9A) or inflamed
tissues.””
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In vivo colorimetric diagnosis of tumors by peroxidase-like retention (EPR) effect.” As illustrated in Figure 9B—D, the
gold nanoclusters (AuNCs, around 2 nm) was realized through peptide linker between AuNCs and biotin would be cleaved
passive targeting based on the enhanced permeability and when protease (i.e., metalloproteinase 9, MMP9, a specific
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protease in cardiovascular disease or cancer) is overexpressed.
Once disassembled, the ultrasmall AuNCs would be efficiently
cleared by the kidneys via urine. With the addition of H,O,
and TMB, the disassembled AuNCs could yield a colorimetric
readout by its peroxidase-like activity. A 13-fold enhancement
was observed within 1 h in colorectal cancer rats compared to
health groups, offering a reliable and facile method for early
diagnosis.

Very recently, Song et al. reported a ratiometric nanozyme
platform for predicting tumor therapeutic effects by detecting
the acid-dependent oxidase-like activity of manganese-semi-
conducting polymer-based oxidase-like nanozyme (MSPN)."’
In particular, oxidase-responsive molecule (ORM) was
conjugated with the semiconducting polymer (PFODBT).
Once the oxidase-like activity is activated by acidic micro-
environment around tumor, ORM would be oxidized, resulting
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in the effective fluorescence resonance energy transfer (FRET)
between PFODBT (emission at 695 nm) and ORM (emission
at 825 nm). Therefore, the ratio of FLgys/FLg,s and
photoacoustic (PA) ratiometric signal PAg/PA;g, increased
(Figure 9E). Further, the oxidase-like activity would also
generate ROS to kill cancer cells. Accordingly, the recovered
tumor is sure to alleviate the acidic microenvironment and
further inhibit the oxidase-like activity, leading to decreased
signals from two channels. Hence, the good relevance between
therapeutic effects and ratiometric near-infrared fluorescent
(NIRF)-PA signaled nanozyme activity is promising in the
future to guide clinical, precise cancer treatment and evaluate

therapeutic outcomes.
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B CONCLUSIONS AND PERSPECTIVES

Since the date when the first case applied Fe;O, NPs to
substitute the peroxidase in commercial ELISA, nanozymes
started creating a picture of an elegant blueprint for cheaper
but more stable enzyme analogs. More than a decade past, the
blueprint of nanozymes, thought to be finished, still showed us
the remarkable establishment achieved. In this Review, we
concentrated on the substantial efforts that nanozymes made in
analytical chemistry. First of all, the prosperous development in
catalysis science, materials chemistry, and computation
contributes to advancing nanozymes with higher activity,
which is the prerequisite for nanozymes to replace enzymes or
surpass enzymes. With some record high activity that
nanozymes reported, the lack of specificity becomes prom-
inent, as it may be interfered with by analogues and thus
hinder a real enzyme-free cascade sensing array. Chemical
recognition such with as MIPs and supramolecular chemistry
and multichannel based fingerprint-like recognition were
introduced into the nanozyme world. More importantly,
emerging materials, such as single-atom carbon,”’ MOF,”>
and COF" with adaptive bonds, also exhibited enormous
potential to delicately imitate nature. Such high performance
nanozymes, together with their multifunctionality, depict the
versatile analytical targets and analytical approaches that
nanozymes can reach, from in vitro sensing and drug
assessment to in vivo detection, diagnosis, and imaging.
However, as a developing field, despite the inspiring efforts
achieved, it is still necessary and instructive to discuss here the
demanding challenges of such a young field, in regard to
clearing the gap between nanozymes and enzymes and trying
to give a hint on the direction to pursue subsequent efforts.

Mechanism Studies of Nanozymes. Even though a
similar Michaelis—Menten constant can be derived from the
Michaelis—Menten kinetic equation, it is still difficult to obtain
the true TOF of a nanozyme for the problem to measure the
exact number of active sites with a single particle.”®
Additionally, more and more evidence suggests that the
mechanism for nanozymes not only depends on the category
of materials but also relies on the substrates, leading to a more
complicated situation.”” Only the combination of experimental
data and deeper mechanism study can better guide researchers
to screen nanozymes with good activity and better specificity.

Commercial Products with Nanozymes. As discussed in
the beginning, two of the distinct features of nanozymes are
their stability and ease of processing. Applying nanozymes
inside devices not only can make full use of the multi-
functionalities of nanozymes (i.e., conductivity) but also
extend the life-cycle of enzyme based biosensors. However,
few commercial nanozyme-powered strips or portable devices
have come to the market. Ongoing progress is remarkably
encouraged to make a deep understanding of nanozymes both
in mechanisms and in practical applications.

The nanozymes are the cross products of artificial enzymes
and nanomaterials. However, investigating the inherent
enzyme-like activity of nanomaterials (especially inorganic
nanomaterials) may not only aid a cheaper, more stable, or
faster detection approach but also shed light on the origin of
life since catalytic minerals must have arisen prior to primitive

life.
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