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Using light as an external stimulus plays a key role not only in modulating activities of nanozymes, but also
in constructing efficient biosensing systems. This mini-review highlights recent advances in light-respon-
sive nanozyme-based biosensing systems. First, we introduce the light stimulation for regulating nano-
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zymes' activities. Then, several strategies are presented to construct efficient photo-responsive nano-
zyme-based detection systems by using metal-based nanozymes, carbon-based nanozymes, and MOF-
based nanozymes, respectively. Moreover, the detection mechanisms of current biosensors are discussed.
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1. Introduction

Nanozymes, as emerging artificial enzymes, not only exhibit
enzyme-like catalytic properties, but also have their intrinsic
advantages over natural enzymes (such as low cost, high stabi-
lity, and large-scale production). Furthermore, they are
superior to conventional enzyme mimics in multi-functional-
ities and in activities that can be modulated."™ The latter
allow us to modulate the activities of nanozymes via various
strategies. Among them, light stimulation is of great interest
because of its high efficiency and spatial controllability.”**
Moreover, light stimulation is also a fascinating regulation of
natural enzymes,"”™” such as DNA photolyase,'® fatty acid
photodecarboxylase,"® and protochlorophyllide oxidoreduc-
tase.”® In this regard, the introduction of light-responsive func-
tionalities will be a promising way to design new enzyme
mimics (including nanozymes) for further applications.
Nanomaterials with light harnessing capacity can utilize
solar energy in numerous fields,”*'>* including photovoltaic
industry,>* fuel generation,>?® environmental protection,?”
etc. Most of these photoactive nanomaterials have the photo-
induced electron transfer (PET) ability,>®* which is a funda-
mental process of photocatalytic reactions. Therefore, modu-
lating the interactions between substrates and active electrons
can produce on-demand effects.** > The currently developed
light-responsive nanozymes can be mainly classified into two
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Finally, we discuss the current challenges and future perspectives of this research area.

types: for type I, the photocatalytic properties originate from
the nanomaterials themselves, which could generate reactive
oxygen species (ROS) by absorbing light and subsequently oxi-
dizing enzymatic substrates; for type II, the photocatalytic
activities are entirely from functional photoactive molecules
which are modified on the nanomaterials. For instance, photo-
isomerization,*® photo-induced pH changes,** and photother-
mal effects®® can impact the enzyme-like activities of non-
photoactive nanozymes. By taking advantages of the two types
of photo-responsive nanozymes, lots of applications, including
biosensing, degradation of organic pollutants,**** modifi-
cation of DNA,***° and anti-bacteria,*"** have been developed.
With the rapid development of this area, two recent compre-
hensive reviews*>*® on light-activated nanozymes have been
published, whereas none of them focused on the strategies to
construct photoactive nanozyme-based biosensors.

To highlight the strategy of using light-activated nanozymes
for building biosensing systems, in this mini-review, we first
introduced the activity modulation of nanozymes under light
stimulation. Then, several types of nanozymes with light-
induced enzyme-like activities were systematically presented
for developing the photoactive sensing systems. Subsequently,
the mechanisms of detection towards the above-mentioned
sensing systems were summarized. Finally, we discuss the
current challenges of the photoactive nanozymes and further
propose several perspectives of light-responsive biosensing
systems for future applications.

2. Light stimulation for modulating
the activities of nanozymes

As mentioned above, there are two types of light-responsive
nanozymes. For type I, ROS, such as superoxide anion ("O,"),
hydroxyl radical ("OH), singlet oxygen (*O,), and photo-gener-
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ated holes (h"), is involved during the photocatalytic reactions.
The main advantage of photocatalytic nanozymes is their
ability to catalyze challenging reactions that hardly proceed
without light. However, the disadvantage of such nanozymes is
the low efficiency under the sunlight, and thus a powerful
light source such as a Xe lamp is needed. For type II, since
these nanozymes themselves are non-photocatalytically active,
photoactive molecules are needed to facilitate the photocataly-
sis. Unlike photocatalytic reactions, minimal side reactions are
an advantage of this type of nanozymes because of the gene-
ration of less ROS, which is suitable for the construction of
reversible reaction systems. Meanwhile, the limited amount
and types of photoactive molecules are the main drawbacks of
this kind of nanozymes. These two types of light-stimulated
modulations including photocatalytic and non-photocatalytic
are discussed in this section.

2.1. Photocatalytic modulation

Improving the production of ROS is a fundamental method for
accelerating photocatalytic reactions.””*° To this end, improv-
ing the light absorption is a promising strategy to enhance the
ROS yield. For example, although carbon-based photosensiti-
zers®® are one kind of attractive photoactive nanozymes, low
efficiency and lack of rational design were the bottlenecks for
the construction of highly efficient photo-oxidative nanozymes.
To rationally design carbon-based photoactive nanozymes, in
2018, the Wu group synthesized a series of nitrogen-doped
carbon dots (C-dots) and studied the correlation between
photo-oxidation activity and phosphorescence quantum
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yield.*" As shown in Fig. 1A, the C-dots exhibited enzyme-like
activity under light irradiation and the photo-generated ROS
was used for antimicrobial chemotherapy. Further experi-
mental results showed that C-dots exhibit better performance
for the activation of oxygen than other carbon-based nano-
materials as well as dyes of phloxine B (PB) and rose bengal
(RB) (Fig. 1B). To provide an insight into the production
mechanism of singlet oxygen, Fig. 1C shows the correlation
between fluorescence and phosphorescence of four types of
C-dots. In addition, the oxidation efficiency of 3,3',5,5-tetra-
methylbenzidine (TMB) indicated that the C-dots had a posi-
tive correlation between the phosphorescence quantum yield
and the photosensitizing ability (Fig. 1D).

In addition, the long excited-state lifetime is another impor-
tant factor of light-responsive nanozymes for increasing the
yield of ROS. In this regard, the Liu group used Mn(u) to com-
municate with C-dots, which promoted the catalysis of C-dots
for TMB oxidation at neutral pH in the presence of singlet
oxygen produced via photosensitization (Fig. 2A).>" Mn(m) can
be oxidized to Mn(u) by the photo-generated singlet oxygen,
enhancing the electron transfer upon light irradiation.
Furthermore, compared with several other metal ions, only Mn
(1) could enhance the oxidation of TMB in a physiological
buffer (Fig. 2B). This Mn-mediated oxidation method solved a
long-standing problem for the nanozymes in lacking the
activity at physiological pH.

Hydroxyl radical is another kind of ROS in photocatalytic
reactions. For example, the Xia group found gold nanoparticles
(Au NPs) exhibited peroxidase-like activity under visible-light
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Fig. 1 (A) Schematic illustration of photo-sensitized oxygen activation with C-dot nanozymes for photodynamic antimicrobial chemotherapy. (B)
Comparison of the oxygen activation performance of various carbon-based nanomaterials and two molecular photosensitizers (PB and RB) for TMB
oxidation under light. All the materials were of 5 mg L™, (C) Fluorescence and phosphorescence (in the PVA matrix) spectra of four types of C-dots.
Inset shows the solution of C-dots at different temperatures of synthesis. (D) TMB photo-oxidation efficiencies of the four C-dots. Reproduced from
ref. 41 with permission from the American Chemical Society, copyright 2018.

This journal is © The Royal Society of Chemistry 2020

Analyst, 2020, 145, 4388-4397 | 4389


https://doi.org/10.1039/d0an00389a

Published on 23 aprile 2020. Downloaded on 30/10/2025 01:59:10.

Minireview

A

View Article Online

Analyst

T™MB

0,

SN
Q

Carbon dots

Mn(lﬁ /D HoN Q & )~NHz g =285 0m

(102 Mn(|| Neutral pH
. 2 [‘ O Amax = 370, 652 nm
O O

OXTMB

A AVAYATATATAYATATATA')
c oA TAl)
o
@ 121 Mn(Il) BZZ pH = 7.0, C-dots + metal ions
@ pH =7.0, C-dots + EDTA + metal ions
© 0.8
I
£
& 041 AR S S B S R
@ ¢
g ICPCCL P PPN
0.0-

Fig. 2 (A) Schematic illustration of Mn(i) enhancing the photo-oxidase activity of C-dots at neutral pH. (B) Among the tested metals (1 mM each), without
or with 1 mM EDTA, only Mn(i) enhanced oxidation. Reproduced from ref. 51 with permission from the American Chemical Society, copyright 2019.

irradiation.®* Based on the unique localized surface plasmon
resonance (LSPR) property of Au NPs, they revealed that upon
LSPR excitation, hot carriers (electrons and holes) were acti-
vated on the surface of Au NPs. The injection of hot electrons
into the H,O, molecule could produce more hydroxyl radicals,
leading to an enhanced enzyme-like performance. Similarly,
superoxide anion can be generated by the activation of oxygen
through the injection of hot electrons. Apart from Au NPs,
many photocatalytic nanozymes including g-C;N4>* Au-Pd-
Bi,WO,,>* and B-In,S;°® rely on the photo-generated super-
oxide anion for the oxidation of substrates.

2.2. Non-photocatalytic modulation

Unlike the photocatalytic regulation, non-photocatalytic modu-
lation affects nanozymes’ activity in the absence of ROS. As
shown in Table 1, photoisomerization,”® photo-induced pH
change,”” and photothermal effect®® are the currently devel-
oped strategies for activity regulation. In 2017, the Qu group
reported that a photoactive molecule of azobenzene (Azo) with
the ability of light-driven isomerization reversibly regulated
the catalase-like activity of Au nanoparticles (NPs) (Fig. 3A).>°
They used Azo-modified mesoporous silica as a host to encap-

Table 1 Non-photocatalytic modulations of light-responsive nanozymes

sulate Au NPs and cyclodextrin (CD) (Au-Si-Azo). The trans
conformations of Azo in Au-Si-Azo led to catalytic site block-
age by CD, and subsequently inhibited the catalytic activity. As
shown in Fig. 3B, under the irradiation of UV light, azo under-
goes the isomerization from trans to cis conformation, which
enhanced the enzyme-like activity of Au NPs. However, after
the visible light irradiation, transformation of azo from cis to
trans conformation took place, CD was unable to be released
and the catalase-like activity of Au NPs was inhibited (Fig. 3C).
Inspired by this, the Qu group further developed an azo-modi-
fied Pd nanozyme and controlled its catalytic activity by the
light-induced isomerization.®® Likewise, the Prins group
reported that the hydrolysis activity of Au NPs can be reversibly
regulated by switching the light source.®’ The Au NPs were
functionalized with a monolayer of Co-thiol-based molecules
to have a higher affinity towards the trans isomer of the photo-
active molecule. Therefore, the photoactive molecule with the
trans conformation inhibited the absorption of the substrate
2-hydroxypropyl-4-nitrophenylphosphate (HPNPP) and thus
decreased the hydrolysis activity. Upon irradiation at 365 nm,
the trans isomer of photoactive molecule transformed into cis
isomer, lowering their affinity on the surface of Au NPs.

Modulator Mechanism Nanozymes Activity Ref.
Azobenzene Photoisomerization Au-Si-Azo Catalase-like activity 59
Azobenzene Photoisomerization CASP Bioorthogonal catalysis 60
Azobenzene Photoisomerization Au NP Transphosphorylation 61
2-Nitrobenzaldehyde Photoacid effect Nanoceria Oxidase-like activity 63
2-Nitrobenzaldehyde Photoacid effect MoS, Gram-selective antimicrobial 64
Au NPs Photothermal effect Au@HCNs ROS production 65
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Fig. 3 (A) Synthetic procedure for Au_Si_ACD. The UV and visible light reversibly regulate the catalytic activity of Au_Si_ACD by the trans—cis
photoisomerization of Azo molecules to control the host—guest interactions between Azo and CD. The new nanozymes can act as a controllable
ROS scavenger in cells with different catalytic activities. (B) Au_Si_ACD was irradiated with UV light for 0, 120, 300 and 480 s and then incubated
with H,O, for 60 min. The catalase-like activity was normalized to that of Au_Si_Azo sample. (C) After irradiation with UV light for 480 s, Au_Si_ACD
was exposed under visible light for 5, 10 and 15 min. The catalase-like activity was normalized. Reproduced from ref. 59 with permission from John
Wiley and Sons, copyright 2017.

Meanwhile, the transphosphorylation rate of HPNPP was
upregulated.

Besides modifying with photo-isomerized molecules, the
combination with a photoacid molecule is another way to fab-
ricate photo-responsive nanozymes. A photoacid molecule can
induce pH change during the light irradiation, further regulat-
ing the pH-dependent activity of nanozymes. In this regard, a
typical photoacid molecule of 2-nitrobenzaldehyde (2-NBA)®*
was applied to activate the enzyme-like activity of nanoceria®
nanozyme (Fig. 4A) and increase the antimicrobial®* activity of
MoS, nanozyme (Fig. 4B). In addition, nanozymes’ activity
could also be modulated by the photothermal effect. For

Functional enzyme

instance, Au NPs could improve the production of photo-gen-
erated ROS by increasing the photothermal effect, which bene-
fited cancer therapy (Fig. 4C).*

3. Construction of biosensing
systems using light-responsive
nanozymes

Using a light-controllable system for biosensing is a promising
analytical method in recent years.®®™®® To date, various photo-

mimics
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Fig. 4 Schematic illustrations of controllable oxidase-like activity of dextran-decorated nanoceria based on the photo-induced proton release (A),
light-modulated nanozyme of MoS, for a Gram-selective antimicrobial (B), and the catalytic—photothermal tumor therapy with yolk—shell
Gold@Carbon nanozymes (C). (A) Reproduced from ref. 63 with permission from the Royal Society of Chemistry, copyright 2018. (B) Reproduced
from ref. 64 with permission from the American Chemical Society, copyright 2018. (C) Reproduced from ref. 65 with permission from the American
Chemical Society, copyright 2018.

This journal is © The Royal Society of Chemistry 2020 Analyst, 2020, 145, 4388-4397 | 4391


https://doi.org/10.1039/d0an00389a

Published on 23 aprile 2020. Downloaded on 30/10/2025 01:59:10.

Minireview

active materials have been applied for the detection of many
analytes, such as ions,”® thiols,”* and amino acids.”” These
photo-responsive systems have several advantages. First, the
pre-mixture of an inactive sensor and an analyte will not affect
the performance of their active state, thus avoiding the overes-
timation of detection. For instance, the Hecht group has devel-
oped a methodology for the detection of amines using specific
diarylethenes (DAEs), which can be activated not only on the
defined areas by using light irradiation, but also in the desired
point of time.”* Therefore, the influence of local concentration
can be avoided. Second, the light-controllable detection system
possesses high sensitivity and low background since the separ-
ation of signal excitation and detection, such as the analytical
method of photoelectrochemistry.”* Third, the photoactive
system is of great advantage for the detection upon cellular
context due to the ready conversion from an inert to active
state, the short half-life time, and the self-quenching ability.
For instance, the Spitale group introduced a novel strategy for
measuring the RNA solvent accessibility called light-activated
structural examination of RNA (LASER). Due to the exquisite
sensitivity of LASER probing, the understanding of the tran-
sition structure of RNA is more accurate and faster.”” With this
in mind, in this section, the light-responsive nanozymes for
the detection of biomolecules were systematically summarized
and discussed based on the different types of nanozymes,
including metal-, carbon-, and MOF-based ones.

3.1. Using metal-based nanozymes

3.1.1. Metal halides. In 2014, chitosan (CS)-modified silver
halide NPs (AgX, X = Cl, Br, I) with light-responsive oxidase-
like activities were developed by the Wang group for cancer
cell detection.”® A 500 W Xe lamp with a cut-off filter (4 >

ALE Cells o Y ;-Immuno-\ ¥ 4
‘r{_&_, fixed :\_°_.] reactlon S TMB

A

Ag\((‘l Br.l)
nght

@-~FA-Agl == TMB 3 oxTMB

o —<@
\\o
Abs(652 nm)

e Cell Y Folate receptor

View Article Online

Analyst

420 nm) was applied as the irradiation source. CS-AgX NPs
could oxidize three colorless enzymatic substrates (i.e.,
3,3',5,5-tetramethylbenzidine  (TMB), o-phenylenediamine
(OPD), and 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (ABTS)) to their colored products upon irradiation
(Fig. 5A). Kinetic studies of oxidizing TMB suggested a ping-
pong catalytic mechanism of CS-AgX NPs. Moreover, the excel-
lent oxidase-like activity was retained over a broad pH range
(3.0-7.0) (Fig. 5B). In addition, mechanistic studies indicated
that the photo-generated 'O,” and holes were the reactive
intermediates for oxidizing TMB. Subsequently, CS-Agl NPs
were modified with folic acid (FA) via the formation of an
amide bond between FA and CS. The as-prepared FA-CS-Agl
was employed for cancer cell detections as folate receptors
were usually overexpressed on cancer cell membranes
(Fig. 5C). Therefore, different types of cancer cells were
detected according to their different numbers of folate recep-
tors (Fig. 5D).

3.1.2. Metal. Because of the unique optical property of
noble-metal NPs, several noble metal-based light-responsive
sensing systems were explored. In 2015, the Wang group used
bovine serum albumin (BSA) to stabilize Au nanoclusters to
control their size-dependent optical properties.”” With the
help of BSA, the obtained BSA-Au NCs exhibited excellent
oxidase-like activities under visible light irradiation. Since
trypsin can digest BSA and decrease the catalytic activity of
BSA-Au-NCs, a facile colorimetric sensing system for trypsin
was developed (Fig. 6A). The photoactive trypsin sensing plat-
form showed excellent selectivity and a limit detection of
0.6 pg mL ™" (Fig. 6B and 6C). Inspired by this, the Wu group
developed an ascorbic acid (AA)-regulated Ag;PO, nanozyme
for multiple biological detections.”® Ag™ on the surface of
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Fig. 5 (A) Color evolution of TMB, OPD, and ABTS oxidation by visible light-stimulated CS-AgX (X = Cl, Br, I). (B) Relative catalytic activity of the
CS-Agl NPs under visible light irradiation (1 > 420 nm) at a range of different solution pH values. (C) Proposed process of cancer cell detection by
using FA-CS-Agl. (D) Response of different cells using FA-CS-Agl to TMB under visible light irradiation. The error bars represent the standard devi-
ation of five measurements. Reproduced from ref. 76 with permission from the American Chemical Society, copyright 2014.
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Fig. 6 (A) Schematic representation of the colorimetric sensing mechanism for trypsin based on the enzyme-like activity of BSA—Au NCs. (B)
Change in absorption and the linear relationship (inset shows the curve) between (A — Ag) of oxTMB at 652 nm and the concentration of trypsin. (C)
The effect of different substances on the colorimetric detection of trypsin. Reproduced from ref. 77 with permission from Elsevier, copyright 2015.

Ag;PO, NPs can be reduced by AA to form a Ag°/Ag;PO, hetero-
structure, which in turn enhanced its oxidase-like activities
due to the effect of surface plasmon resonance (SPR).
Therefore, AA and AA-related biomolecules were detected
using this photo-responsive sensing system.

3.1.3. Metal oxides. Besides the noble metal nano-
materials, metal oxide nanomaterials such as TiO, NPs could
be used for photoactive sensing as well. In 2015, the Wang
group reported that coordinating CA on TiO, NPs”® extended
their absorption range from ultraviolet to visible, which acti-
vated the oxidase-like activity of TiO, NPs under visible light
stimulation (Fig. 7A). Upon light irradiation, TiO,-CA NPs
exhibited a typical Michaelis-Menten kinetics, and the activity
could be easily controlled by switching “on/off” state of light.
In this way, CA correlated biomolecules including alkaline
phosphatase (ALP) and ALP inhibitor were effectively detected.
Later, another photoactive peroxidase mimic was constructed
by using dihydroxyphenylalanine (DOPA) to coordinate with
TiO, NPs® (Fig. 7B). The DOPA-TiO, nanozyme produced
more reactive species than the non-coordinated TiO, NPs
under visible light irradiation. Subsequently, since tyrosinase
(TYR) could catalyze tyrosine to generate DOPA, the TiO, NP-
based photoactive sensor was applied for TYR detection.

3.2. Using carbon-based nanozymes

3.2.1. GO. Another typical photoactive nanozyme was a
carbon-based nanomaterial. In 2014, chitosan functional gra-
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phene oxide (CS-GO)*" was shown to exhibit oxidase-like
activity under visible light irradiation (Fig. 8A). Kinetics and
mechanistic studies indicated that the CS-GO nanozyme pos-
sessed higher affinity towards TMB than HRP and the photo-
generated holes (h") represented the active species in TMB oxi-
dation. Interestingly, the photo-responsive activity of CS-GO
can be inhibited through the aggregation of GO, which was
induced by the interaction between CS and concanavalin A
(Con A). Meanwhile, glucose could compete against CS for
interacting with Con A, which led to the recovery of the
enzyme-like activity. Therefore, a selective and sensitive photo-
stimulated sensing system was developed by CS-GO nanozymes
for the detection of glucose (Fig. 8B).

3.2.2. C3N4. To further functionalize the carbon-based
nanozymes, a photoactive sensing system by combining acid
phosphatase (ACP) with C3;N, was established.®” ACP can
hydrolyze pyrophosphate (PPi) to liberate copper ion (Cu**),
which subsequently triggers C;N, nanosheets to generate the
enzyme-like activity under light irradiation. Switching “on/off”
state of light can easily control the activity of Cu®‘/C3N,.
Moreover, ACP can be effectively detected via this photoactive
sensing system.

Besides, another carbon-based photoactive sensing system
has been developed by the Choi group in 2019.** The C;N,
nanozyme modified with KOH and KCIl possessed excellent
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glucose oxidase (GOx)-like activity under the light stimulation,
which could catalyze glucose to produce H,0, (Fig. 8C). With
the help of in situ generated H,0,, the C3;N, nanozyme oxi-
dized TMB via the HRP-like activity under dark conditions. By
taking such advantages of the C;N, nanozyme, a cascade
photoactive biosensor was developed for the detection of
glucose. Moreover, using a microfluidic device could highly
accelerate such biosensing processes, enabling the real-time
monitoring of glucose with a detection limit of 0.8 pM in 30 s
(Fig. 8D).

3.3 Using MOF-based nanozymes

To overcome the limited absorbance of photoactive nano-
materials under visible light, recently, a photo-sensitized MOF
(PSMOF) has been reported as an oxidase mimic for bio-
medical applications by our group (Fig. 9A).** An organic dye
of Ru(bpy);>” with a stronger visible-light absorption® was
used as a PS linker for the construction of PSMOF. The PSMOF
showed excellent oxidase-like activity under light irradiation,
and the enzyme-like activity could be controlled by switching
light on and off. Mechanistic studies indicated that the dis-
solved oxygen could be activated by the PSMOF under light
irradiation to form ROS including ‘O, and "OH. Based on the
production of ROS, the PSMOF nanozyme was used to detect
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the reducing molecule of glutathione in both normal and
cancer cells (Fig. 9B).

4. Detection mechanisms

As mentioned above, most of the photoactive sensing systems
were based on the following two sensing mechanisms. One
was that the analytes affect the activity of the photo-responsive
nanozymes by non-ROS-involved interactions. Therefore, the
detection is mainly based on the effects of analytes on the
photoactivity of nanozymes. For example, ACP could catalyze
the hydrolysis of PPi to liberate Cu®* and the released Cu®" in
turn enhances the photo-responsive enzyme-like activity of
C;N, nanozyme. In this way, ACP could be detected by moni-
toring such variations of enzyme-like activity and the detection
limit was 8.8 x 107° U L™".%% On the other hand, due to the cor-
relation between photoactivity and light absorption ability,
analytes with the ability of affecting the light absorbance of
nanozymes could be detected. For instance, BSA-stabilized Au
NCs endowed themselves with the ability of light absorption
and exhibited enzyme-like activities under visible light
irradiation. As the TYR could decrease the light absorption
ability of BSA-Au NCs through the digestion of BSA, TYR could
be detected by measuring the reduction of their enzyme-like
activities.®°

The other principle of sensing is based on ROS-mediated
interactions, meaning the analytes need to be reacted with
photo-generated ROS. Due to the strong oxidizing ability of
ROS, biomolecules with reductive activity could be detected
such as glutathione (GSH). However, the selectivity of this reac-
tion is limited. For example, the reductive molecules of
ascorbic acid (AA) and cysteine could interfere the detection of
GSH.** Therefore, constructing more specific ROS-involved
photosensing systems is of great interest. Recently, glucose
could be oxidized to generate hydrogen peroxide by the modi-
fied C3;N; nanozyme under light irradiation, demonstrating
the glucose oxidase-like activity of C3N, nanozymes. Since the
modified C3;N; nanozyme also exhibited peroxidase-like
activity, glucose could be detected by exploring the C3N, nano-
zyme-catalyzed GOx- and peroxidase-like cascade reactions.*

This journal is © The Royal Society of Chemistry 2020

5. Conclusions and future
perspectives

In this mini-review, we summarize the recent progress in
photoactive nanozyme-based biosensors, including enzyme-
like activity regulation, types of photo-responsive biosensors,
and mechanism of detection. Although these effective and
controllable biosensors had been demonstrated for multiple
biomolecule detections, most of these studies were proof-of-
concept. Therefore, there is still plenty of room for future
development. Several possible opportunities for future
improvements have been given as follows. (1) More reaction
types of photoactive nanozymes are needed. To date, almost
all photoactive nanozyme-based biosensors rely on the
oxidase- and peroxidase-like activities, limiting the range of
analytes of interest. Since light stimulation is extensively
applied in chemical synthesis and biomedical applications,
searching for new kinds of photoactive enzyme-like activities
for constructing biosensing systems is reasonable and attrac-
tive. (2) Using photoactive nanozyme-based sensors for in vivo
detection. Nanozyme-based in vitro sensing systems had been
successfully developed, while none of the photo-responsive
nanozymes were applied for in vivo detection yet. (3) Sensing
systems with high selectivity need to be further improved for
detection. Substrate specificity is a long-standing challenge
for designing nanozymes. Therefore, developing photoactive
nanozymes with high specificity for analytes is a promising
direction for the construction of biosensors. (4) Developing
controllable photoactive sensing systems is attractive for por-
table detection. The most fascinating feature of light stimu-
lation is that it is controllable, and is useful to control the
detection process. However, building controllable detection
systems by using photo-responsive nanozymes are limited
and difficult. (5) Exploring more nanomaterials with photo-
active enzyme-like activity for the development of biosensing
systems. The photo-responsive nanozymes are far less than
traditional nanozymes and photocatalytic nanomaterials
both in quantities and types. We expect that this review will
benefit the modulation of light-activated nanozymes and
inspire the exploration of more functional photoactive bio-
sensors in future.
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