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Colorimetric sensing strategies as a powerful point-of-care testing (POCT) tool have attracted significant
interest in various chem/biosensing applications. Taking the excellent bare-eye-detectable signaling
feature, nanozymes-based colorimetric sensors enable more potential applications and have been a new
forefront in the colorimetric POCT analysis toward different target analytes. However, the low catalytic
activity of nanozymes in most cases limits their practical application. Recent efforts demonstrate that the
aggregation-induced nanozymes provide a general means to modulate nanozymes activity and enhance
colorimetric sensing performances of some nanozymes-based colorimetric sensors. But there are few
reports are explored to discuss and review such aggregation-induced nanozymes and their colorimetric
sensing applications. To highlight the advances and progress in aggregation-induced nanozymes based
colorimetric assays, we herein summary the fundamentals, classify and applications of this newly-
developing field, focusing on the aggregation-induced activity enhancement of nanozymes (AIAE-
nanozymes) with a significant “signal-on” feature and aggregation-induced activity inhibition of
nanozymes (AlAl-nanozymes) with a dramatical “signal-off” characteristics. Finally, we also propose the
current challenges and the future prospects on both AIAE-nanozymes and AIAl-nanozymes.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction and background

Colorimetric sensing strategies have attracted considerable
attention due to their unique advantages such as simple, low-cost,
easy-to-use, affordable, and good practicality [1-5]. Different from
highly accurate diagnostic related analyses and tests assisted by
complex instruments, these methods exhibit huge application
prospects in practical applications and resource-limited regions.
Recognition of target analytes in different sensing events usually
can be finished relying on the sensitive color change as the sensing
readout, and which can be simply read out by the naked eye
without the assistance of expensive or sophisticated instruments.
It therefore is more suitable for field analysis and point-of-care
testing (POCT) [6-12].

More recently, the introduction of nanozymes further acceler-
ate this attracting colorimetric field and exhibit more promising
application prospects. As an ideal candidate for artificial mimic
enzymes, nanozymes specifically refer to the nanomaterials with
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enzyme-mimetic catalytic activity, which can simulate the cata-
lytical function of natural enzymes well in some important
biochemical and chemical reactions [13-15]. Since the first finding
of intrinsic peroxidase-like activity (POX) of Fes04 nanoparticles
in 2007 [16], diversified nanozymes with intrinsic enzyme-like
catalytic activities were extensively explored [17,18], such as
metal nanoparticles [19-22], carbon nanomaterials [23], metal
oxides [24-26] and so on [27,28]. Compared to natural enzymes,
these developed nanozymes have higher stability, lower cost and
simple preparation [14,15,29]. On the other hand, nanozymes can
provide activity-dependent colorimetric sensing response by using
a number of organic indicators as the peroxidase or oxidase
substrates, such as 3,3’,5,5'-tetramethylbenzydine (TMB), o-phenyl-
enediamine (OPD) and 2,2-azinobis-(3-ethylben-zothizoline-6-
sulfonic acid (ABTS). All these unique merits further enable
nanozymes more potential in colorimetric sensing applications,
as they can provide a series of simple and inexpensive devices
and tools that armed with simple signal color readout [30-34].
Nanozymes-based strategies have been recently demonstrated
that can effectively accelerate and advance the development of
colorimetric sensors for chem/biosensing events. However, the
majority of existing nanozymes-based colorimetric assays are
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Fig. 1. Schematic representation of target-modulated nanozymes activity and their corresponding colorimetric system.

the limited specificities and catalytic activities of nanozymes. It
therefore is highly desirable to develop effective strategies to
improve the performance and advance the practical application
for nanozymes-based colorimetric sensors [35]. Many efforts
have demonstrated that several factors are closely related to the
catalytic activity of nanozymes, such as pH and temperature
[16,36,37], size [21,38], morphology [39,40] and composition
[41,42]. Based on these findings, lots of strategies were recently
explored to tune the catalytic activity of nanozymes by focusing
on the above factors, which greatly accelerating nanozymes-
based colorimetric sensing applications such as quantitative
detection of disease-specific biomarkers [43-45], food safety
monitoring [46-48] and environmental pollution detection
[49,50].

The key challenge in the design of these nanozymes activity
controllable systems and the corresponding colorimetric sensors is
selectively introducing the target analytes into the nanozymes
system. Based on this, the detection events can be simply achieved by
using the sensitive bare-eye-detectable color readout as shown in
Fig.1[9,51]. To this end, a new route based on aggregation-induced
nanozymes was explored to effectively regulate nanozyme activity,
and greatly accelerate the development of nanozymes-based
colorimetric sensors. To date, more and more evidences have been
made that the catalytic activity of nanozymes could be modulated
and altered upon the aggregation effect of nanozymes. More
significantly, these methods have demonstrated good performance
for constructing activity-controllable nanozymes and better their
colorimetric sensing applications. We herein present this work to
exclusively review the recent progress in the development of
aggregation-induced nanozymes based colorimetric sensors along
with the discussions on the challenges and perspectives of this
rapidly advancing direction. We want to provide critical guidance
with this review for aggregation-induced nanozymes based
colorimetric sensors.

2. Target-induced aggregation used in optical sensors and the
modulation of nanozymes activity

Many efforts have demonstrated that aggregation-induced
nanoparticles systems usually can exhibit excellent optical
properties [52-57], such as the sensitive surface plasmon
resonance (SPR) that extensively used for fabricating noble metal
nanoparticles based colorimetric assays as the plasmon-enhanced
optical detection tools [58,59]. Those smart color readout based
systems perform well based on the analyte-induced formation
of aggregates of noble metal nanoparticles as displayed in
Fig. 2A, which maybe attributed to the changed morphology
and size as well as the resultant external surface area and active
sites affected by aggregation-induced effect [60-62]. It subse-
quently was demonstrated that such aggregation-induced

properties associated with the nanoparticle morphology and size
are more useful for fabricating the corresponding colorimetric
sensing tools for different target analytes.

Another good example is aggregation-induced emission (AIE)
property was developed by Tang on the basis of the fact that
aggregation-induced light emission for silole molecules [63]. The
enhanced emission performance in the aggregation-induced
fluorescent system has been rapidly extended from organic
molecules to polymeric systems and nanomaterials, and resulted
in an extensive and successful fabrication of AIE-based colorimet-
ric sensors [64,65]. In such sensing system, the aggregates both of
organic molecules and polymeric substances, as well as nano-
structures lead to the obvious change on their corresponding size
or morphology, which further results in the optical properties
variation and finally can be used in fluorometric sensing
application as the sensing readout for different target analytes
(Fig. 2B). All these aggregation-induced observations from SPR-
based colorimetric and AlE-based fluorometric strategies both
demonstrated that the dispersion and aggregation status of most
noble metal nanoparticles or nanostructures can promote the
generation of elegant color or fluorescent readout, and further
accelerating the advances and development of the corresponding
colorimetric and fluorometric recognition and sensing events
[66-69]. These SPR-based colorimetric and AIE-based fluorometric
strategies as a direct signal generation method were extensively
used in the fabrication of the sensitive assays. Such aggregation-
induced effect also inspired more researchers to expand other
types of colorimetric sensors such as build the sensing platforms
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Fig. 2. Schematic representation of colorimetric sensors based on (A) surface
plasmon resonance of noble metal nanoparticles, (B) aggregation-induced emission
of nanoclusters and (C) aggregation-induced controllable activities of nanozymes.
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with an indirectly sensing signal generation mode by using
nanozymes-catalyzed process [70-73].

Taking the advantages of SPR effect of noble metal nano-
structures [74] and AIE properties of organic molecules [75,76] and
polymeric systems [77] as well as nanomaterials [78-80], the
aggregation-induced effect was also recommended to first
modulate nanozymes activity and then fabricate the correspond-
ing color readout based colorimetric sensors. As shown in Fig. 2C,
the morphology and size of nanozymes may be significantly
altered through the aggregation-induced procedure, which further
leads to a successful regulation on the surface area and active site
blockages of nanozymes. All these aggregation-induced changes
on the nanozymes inherent properties further lead to the effective
regulation for nanozymes catalytic activity. By linking the resultant
nanozymes with aggregation-induced controllable activity with
some nanozymes catalyzed chromogenic substrates such as TMB,
OPD and ABTS, efforts focused on the fabrication of nanozymes-
based colorimetric assays have been successfully devoted.

To confirm and verify the above principle and performance, the
modulation of nanozymes activity mediated by nanozymes
aggregates were investigated in the early stages of this attractive
research direction. As a good example, DNA was widely proposed
as the sensitive inducer and modulator to investigate the
corresponding aggregation of nanozymes. As well known, DNA
as an important biomolecule has exhibited a powerful modulating
ability for controlling the peroxidase-like activities of various
nanozymes. For example, the peroxidase-like activity of two-
dimensional (2D) metal-organic framework (MOF) nanosheets-
based nanozymes were demonstrated that could be flexibly
modulated by single-stranded DNA (ssDNA), and exhibited a
significant enhancement for TMB oxidation owing to the good
adsorption of ssDNA on the nanozyme surface [81]. Nanoparticles
as the sensing substrate usually exhibit a high adsorbing ability to
some DNA molecules due to their high specific surface area [82].
The phosphate backbone of DNA and the phosphate group of lipids
both can accelerate the interaction performance between nano-
particles surface and DNA [83,84]. Based on this fact, Zhao and Liu
et al. investigated the promotion and inhibition effect of the
oxidase-mimicking activity of nanoceria in the presence of DNA
[85]. More importantly, it is worth noting that DNA exhibits the
sensitive modulating effect for nanoceria activity but strongly
depending on its concentration, as well as the types of buffer and
substrate as shown in Fig. 3A. It is also observed that the catalytic
activity of nanoceria nanozyme toward TMB oxidation was greatly
enhanced by the low DNA content in the phosphate buffer. All
these results indicate that the effective DNA-induced aggregation
of nanoceria nanozymes can be obtained upon the optimal
conditions, and thus providing a guideline for developing nano-
zymes based colorimetric detection tools for DNA in biological
samples [70-73].

On the other hand, Ogiit et al. recently found that DNA can
significantly and particularly induce the extensive and irreversible
aggregation of nanozymes [86]. Such long-chain biomolecules of
DNA-based clumping effect for nanozymes particles in turn greatly
suppressed the catalytic activity of nanozymes, and preventing the
corresponding colorimetric sensing application of nanozymes
(Fig. 3B). By investigating in detail, they found that DNA-induced
nanozyme aggregates exhibited very limited surface area and lots
of active site blockages due to the adsorption of biomolecule chains
of DNA. All these are largely responsible for inhibiting the
peroxidase-mimetic activity of nanozyme.

Both above two good examples strongly indicate that aggregates
of nanozymes through analytes-mediated design can further trigger
aspecificactivity regulation for nanozymes, attributing to the altered
morphology and size of nanozymes by aggregation-induced effect,
especially due to the accordingly changed surface area and lots of
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Fig. 3. Schematic illustration of DNA-induced aggregation of (A) CeO, nanozyme in
different buffer systems and the resultant enhancement and inhibition perfor-
mance on CeO, activity. Copied with permission [85]. Copyright 2020, Wiley. (B)
Fe3;04NP@pSiO, nanozyme and its activity inhibition for colorimetric hgDNA
sensing. Copied with permission [86]. Copyright 2019, Elsevier B.V.

active site blockages of nanozymes. All these aggregation dependent
properties are likely to be largely responsible for modulating
the catalytic activity of nanozymes, which can further provide a
potential route for advancing the development of nanozymes-based
colorimetric detection tools.

3. Classification of aggregation-induced nanozymes based
colorimetric sensors

To date, more and more new thoughts focusing on the color
readout generation were explored to stimulate and advance
nanozymes based colorimetric detection tools. Typically, the color
readout in an aggregation-induced nanozymes based colorimetric
sensor is built relying on nanozymes activity modulation and their
corresponding catalyzed chromogenic reaction, which further
leads to a successful signal generation and target recognition.
Therefore, it is clear that the flexible modulating effect of
aggregation-induced nanozymes for the catalytic activity of
nanozymes provides a possible chance to fabricate colorimetric
analysis and testing tools in different chem/biosensing fields. As far
as the target-induced or analyte-induced nanozymes aggregates,
diversified substances in various fields such as disease diagnostics
and environmental monitoring have been developed as the new
technique not only for observing the aggregation-induced nano-
zymes effect but also for constructing the corresponding
colorimetric detection tools.

According to the modulating performance of nanozymes
activity by the aggregation-induced process, such systems can
be divided into the following two types, as shown in Fig. 4. One is
aggregation-induced activity enhancement of nanozymes (AIAE-
nanozymes) mediated by different target analytes such as metal
ions [87], small organic molecules [88] and reactive oxygen species
(ROS) species in the biological system [89]. Through this mode, the
proposed nanozymes maybe form aggregates in the liquid
phase solution and exhibit an enhanced mimic catalytic activity,
which can further produce the sensitive sensing unit for target
recognition by generating the color change via nanozymed
catalyzed chromogenic reaction. It is worth to note that the color
signal in this mode can be classified as a “signal-on” model,
because of the enhanced color change readout from catalyzed
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chromogenic reaction of the peroxidase substrate (such as TMB,
OPD and ABTS) by the aggregation-induced activity enhancement
of nanozymes. In addition, it also provides the possible solution for
simply infusing the colorimetric method into another field such as
fluorometric technology by flexibly converting color readout into
the fluorescent signal [90-93]. By following this concept, AIAE-
nanozymes have demonstrated more potential in the development
of multimodal sensing tools for different analysis field.

On the other hand, the formation of nanozyme aggregation in
the solution system sometimes may also exhibit an inhibited
enzyme mimic activity [94,95]. Based on this feature, aggregation-
induced activity inhibition of nanozymes (AlAl-nanozymes) as a
new modulating strategy for nanozymes activity was recently
explored. The emergence of such AlAl-nanozymes not only
enriches the methodology of controllable activity for nanozymes,
but also endows another nanozymes-based colorimetric detection
tool with an obvious sensing performance in a “signal-off” model.
In such systems, the sensing units usually are designed
relying on the inhibited activity and the resultantly decreased
nanozymes catalyzed chromogenic reaction, which further leads to
a suppressed generation of the color response associated with the
target content and the corresponding analyte-induced nanozymes
aggregation. Some target analytes have been demonstrated
to possess such a unique regulation features for the different
nanozymes, such as metal ions, polysaccharide molecules [96],
organic molecules [97] and amino acids [98].

As a steadily growing interest in nanozymes-based colorimetric
field, this newly-developing aggregation-induced nanozymes
based colorimetric sensors with “signal-on” and “signal-off”
features greatly improve the analytical performance, and signifi-
cantly opening the door for fabricating different nanozymes based
sensors and advancing the development in this attractive
direction. It also provides a route to evolve the concept of
nanozymes based colorimetric analysis and testing methods by
using the aggregation-induced modulation of nanozymes activity.
More significantly, it is worth mentioning that the sensing signal
with the turn-off feature in AIAl-nanozymes based sensors usually
is quenched by analyte directly, therefore exhibiting some short-
comings such as high false-positive results caused by the other
quenchers and environmental stimulus, in which the target-
induced color signal often may be affected by environmental
factors [99,100]. However, AIAE-based sensors with turn-on
feature signals often exhibit lower detection background than
“turn off” detection mode.
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Fig. 4. Two types of nanozymes-based colorimetric assays based on the
aggregation-induced activity enhancement and inhibition of nanozymes.

4. Nanozymes-based colorimetric sensors based on
aggregation-induced activity enhancement

Among the superior features of AIAE-nanozymes, the most
prominent is their good activated activity performance for
nanozymes mediated by the aggregation-induced effect. It can
effectively promote the sensing signal accumulation due to the
enhanced nanozymes activity toward chromogenic reaction with
significantly increased catalytic capability. It therefore greatly
accelerate the development of nanozymes-based colorimetric
sensors. To date, metal ions and small organic molecules have been
explored and applied into the fabrication of AIAE-nanozymes
based colorimetric assays.

As a simple and direct method for regulating the peroxidase-
like activity of nanozymes, metal ions induced aggregation
demonstrated more benefits in AIAE-nanozymes based colorimet-
ric sensing applications. Generally, metal ions induced aggregates
of nanomaterials include two key elements, the capping agent of
nanoparticles or other nanostructures surface, and the unique
binding affinity between the metal ions and the capping element.
Very similar to the metal ions induced SPR phenomena, some
metal nanoparticles with enzyme mimic activities also exhibited a
common metal ions induced aggregation effect. More significantly,
through the formation of aggregates, the intrinsic catalytic activity
of nanozymes usually can be greatly enhanced and promoted. The
resultant nanozymes with high catalytic capability then provide
more benefits for broadening the application of nanozymes-based
colorimetric detection tools.

As well known, noble metal nanoclusters like Au nanoclusters
(AuNCs) usually have better catalytic activity and have been
extensively applied in chem/biosensing applications. However,
AuNCs system only shows lower activity toward the peroxidase
substrate of TMB as a nanoenzyme. Liao and co-worker found that
Pb2* could induce an obvious AuNCs aggregation effect [87], which
subsequently leads to an interesting aggregation-induced catalytic
activity enhancement for AuNCs. Based on this finding, a reliable
and simple colorimetric assay for Pb?* detection relying on AIAE-
nanozymes was successfully developed, as shown in Fig. 5A. The
developed modulation strategy for the controllable morphology
of AuNCs not only facilitated the deep understanding of AuNCs
aggregation, but also provided a new insight for extending
the nanoparticles-based nanozymes with aggregation-induced
properties in the applications of colorimetric sensors.

To obtain the well-controlled nanoprobes with better sensing
performance, such metal ions induced nanozymes aggregation was
re-creation by converting it into the quantum dots (QDs) system
for observing the corresponding adjustable properties and
improved performance of QDs nanozymes. As displayed in
Fig. 5B, Xia et al. found that Fe** can specifically induce an
aggregation effect for MoS, quantum dots (MoS, QDs) [101].
Further observations suggested that the peroxidase-like activity of
MoS, QDs nanozymes can be precisely regulated through
controlling their existed states of aggregation and dispersion in
solution. Interestingly, Fe>*-induced aggregation based enhance-
ment of MoS, QDs nanozymes activity exhibited an obvious
decreased performance in the presence of pyrophosphate (PPi) due
to the strong interaction between PPi and Fe®*, which further
induces the formation of MoS, QDs dispersions converted from
their aggregates. Based on this finding, a reliable colorimetric
detection method for PPi was successfully developed based on the
Fe>*-induced AIAE-nanozymes system.

Except for metal ions, some small organic molecules also were
proposed to induce the formation of aggregated nanozymes,
leading to the significant enhancement of the catalytic activity for
nanozymes. Such an aggregation effect may also provide a simple
and effective route to fabricate reliable and simple detection tools
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Fig. 5. Schematic illustration of (A) Pb®*-induced aggregation based activity
enhancement of AuNCs nanozyme for colorimetric Pb?* detection. Copied with
permission [87]. Copyright 2017, Royal Society of Chemistry. Schematic illustration
of (B) Fe**-induced aggregation based activity enhancement of MoS, QDs
nanozyme for colorimetric PPi detection. Copied with permission [101]. Copyright
2019, Royal Society of Chemistry.

for molecule recognition. For instance, Ni et al. found that
melamine can specifically induce the aggregation of gold nano-
particles (AuNPs) nanozymes owing to the good conjugation
between melamine and AuNPs [88]. As a result, the ability of bare
AuNPs to catalyze colorimetric reaction of the TMB-H,0, system
was significantly improved due to the formation of AIAE-nano-
zymes. It is seen such AIAE-nanozymes further exhibited a
melamine concentration-dependent optical change with sensitive
color readout, as shown in Fig. 6A. Similar to this finding, Deng et al.
also found that the peroxidase-like activity of Cu,.,Se nano-
particles (Cuy_4Se NPs) can be significantly enhanced when they
are aggregated [102]. By using sodium polystyrene sulfonate (SPS)
as a modifier and stabilizer, SPS capped Cu,_Se NPs (Cu,_,Se@SPS
NPs) were successfully prepared and used to conjugate with
melamine. The resultantly formed Cu,_,Se@SPS NPs aggregates
exhibited a significant acceleration effect for Cu,_4Se nanaozyme
activity. As a result, the obtained AIAE-nanozymes further
catalyzed the TMB-H,O, colorimetric reaction to produce a
sensitive color response (Fig. 6B). Based on these findings, low
cost, sensitive and simple method for sensing melamine
targets based on AIAE-nanozymes system without the assistance
of expensive instruments and complicated modification was
successfully developed.

The above efforts not only demonstrate the new concept of
AIAE-nanozymes design and their corresponding colorimetric
sensing application toward both metal ions and organic molecules,
but also indicate that AIAE-nanozymes can provide new insights
into developing novel sensing strategy by using nanozymes
activity modulated systems. So there are good reasons to believe
that AIAE-nanozymes can effectively accelerate the development
of nanozymes-based colorimetric sensors. In addition, the superior
advantages of the simple principle and easy operation of the recent
AIAE-nanozymes system exhibit more valuable in the design of
very suitable nanozymes-based platform for disease diagnosis and
therapy fields.

Though lots of inorganic nanozymes not only exhibit high
selectivity and catalytic efficiency but also harbor well-designed
biocompatibility and biodegradability, the biosafety issues of them
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Fig. 6. Schematic illustration of melamine-induced aggregation based activity
enhancement of (A) AuNPs nanozyme for colorimetric melamine detection. Copied
with permission [88]. Copyright 2014, Elsevier B.V. Schematic illustration of
(B) Cup«Se NPs nanozyme for colorimetric melamine sensing. Copied with
permission [102]. Copyright 2016, Royal Society of Chemistry.

existed in the in vivo applications further limit their practical
utilization [103,104]. Therefore, it is more significant to develop
organic-derived nanozymes with good biocompatibility and
biodegradability. But the low delivery efficiency and the loss of
enzyme activity further limit the implementation of organic-
derived nanozymes in disease diagnosis and therapy [105,106].
Taking the advantages of AIAE-nanozymes system with effective
aggregation-induced modulating performance, He et al. recently
developed an ultrasmall organic nanozyme with more reductive
and catalytic sites to treat ROS-related diseases in the central
nervous system [89]. The good ROS-induced aggregation effect
endows the highly effective multienzyme-like activities for the
obtained organic-derived nanozymes in the ROS-rich environ-
ment, and therefore provides a solution for ROS-related brain
injury.

As a short summary, the recently developed AIAE-nanozymes
systems have exhibited more precise, simple and effective
modulation performance for nanozymes activity, depending on
an aggregation-induced strategy that encouraged from traditional
SPR and AIE principles. Furthermore, with the appropriate
introduction of the target analyte, the resultant AIAE-nanozymes
demonstrated more powerful and potential applications in
nanozymes based colorimetric sensing field. We also have reason
to believe that AIAE-nanozymes can be further extended into the
significant exposure of other readout based sensing applications.

5. Nanozymes-based colorimetric sensors based on
aggregation-induced activity inhibition

Different from the aggregation-enhanced nanozymes activity,
some analyte-induced formation of nanozymes aggregation
exhibit an obvious inhibition effect for the catalytic activity of
nanozymes. As an AlAl-nanozymes mode, though the catalytic
activity of nanozymes usually is demonstrated with an inhibited
performance, but which can further provide an alternative route
for fabricating the selective and sensitive colorimetric method by
providing the color readout with a dramatic “signal-off” feature. It
therefore may advance the development of the nanozymes-based
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colorimetric sensors as the new strategy for nanozymes activity
regulation.

Recent efforts have suggested that different target analytes
explored such AlAl-nanozymes properties, such as metal ions
[107], polysaccharide molecules, organic molecules and amino
acids. Fu and Li selected Ag* as a model target and investigated its
effect on the catalytic activity modulation of Glutathione (GSH)-
capped Pd nanoparticles (PdNPs) nanozymes [107]. The obtained
observations suggested that Ag* ions can directly and selectively
bind to GSH-capped PdNPs through metallophilic interactions,
resulting in a significant aggregation of PdNPs. The peroxidase
mimicking activity of PANPs was greatly inhibited by this Ag"
content-dependent aggregation-induced effect. As a result, a
sensitive and simple aggregation-induced nanozymes based
colorimetric detection method with a significant “signal-off” color
readout for Ag* was successfully developed (Fig. 7A).

For different nanozymes substrates, the appropriate target
analyte can be selected and used for tunning the catalytic
performance of nanozymes to obtain AlAl-nanozymes and the
resultant colorimetric detection method. Following on this
thought, the key role to successfully obtain an AIAl-nanozymes
relying on the unique interaction between nonozymes surface and
target molecules were attracted great attention. In this regard,
different target molecules were proposed to firstly induce the
aggregation of nanozymes, and further to investigate the perfor-
mance of the obtained AIAl-nanozymes.

Heparin as a typical polysaccharide in the biological system,
plays a key role in the regulation of some physiological and
pathological processes [96]. It therefore is important for
developing a more rapid, sensitive and reliable colorimetric
detection tool to monitor heparin concentrations in the biological
system. You et al. found that citrate-capped platinum nano-
particles (PtNPs) have good oxidase mimetics and could catalyze
the oxidation of organic substrates to produce colored products
with a sensitive color readout response [108]. To achieve an AIAI-
nanozymes based colorimetric detection tool, they used prot-
amine as the modifier to prepare the protamine-modified PtNPs
nanozymes through the direct adsorption between protamine and
citrate that capped on the PtNPs surface. As shown in Fig. 7B, such
design further enables the effective PtNPs aggregation in the
presence of heparin and induces the inhibition of PtNPs nanozyme
activity. Based on these observations, they successfully developed
a sensitive and portable AlAl-nanozymes based colorimetric
tool for heparin detection.

On the design of AlAl-nanozymes and the fabrication of their
resultant colorimetric detection tools, some organic molecules also
attracted great interest from researchers owing to their rich
reaction types in different chem/biosystems. Wang et al. prepared
a protein conjugated AuNCs with a good peroxidase mimic activity
[109]. The subsequent investigation indicated that the addition of
tea polyphenols (TPs) in the AuNCs nanozyme system can further
induce the formation of aggregated AuNCs. Due to this reason, it
thus exhibits a dramatic inhibition for AuNCs nnaozymes activity
and results in a sensitive TPs-content dependent color response by
using TMB-H,0, colorimetric reaction (Fig. 8A). The observed
colorimetric sensing performance may be attributed to the unique
interaction between the TPs target and the modifier of AuNCs
nanozyme surface, which further leads to the significant nano-
zyme aggregation and the resultant target-dependent color
readout based response.

Above example both on metal ion and organic molecules
induced nanozymes aggregation indicate that the appropriate
reaction system can help us to achieve AlAl-nanozymes. It also can
break the limitation of nanozymes in the practical application as
the signal amplifier with poor abilities of target recognition. As far
as the selectivity promotion for nanozymes-based colorimetric
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Fig. 7. Schematic illustration of (A) Ag'-induced aggregation based activity
inhibition of PANPs nanozyme for colorimetric Ag* determination. Copied with
permission [107]. Copyright 2015, Royal Society of Chemistry. Schematic illustration
of (B) Heparin-induced aggregation based activity inhibition of PtNPs nanozyme for
colorimetric heparin detection. Copied with permission [108]. Copyright 2017,
Elsevier B.V.

tools, the modulation of nanozymes activity such as AIAE-
nanozymes and AlAl-nanozymes have been demonstrated to be
more useful due to the specific interaction and recognition
between target and nanozymes surface.

Except for the smart design using specific interaction between
metal ions or organic molecules and the corresponding nanozymes
surface, amino acids recently were also proposed to fabricate the
AlAl-nanozymes system. Because amino acids possess some active
sites to selectively combine with the given modifier on the
nanozymes surface, which can be applied to form nanozyme
aggregation, resulting in the successful biomolecules-based
modulation for nanozymes activity. Li et al. explored that cysteine
can effectively induce the aggregation of kiwi juice-prepared
AuNPs [98]. The obtained aggregated AuNPs nanozyme exhibited
an obviously inhibited activity over the dispersive AuNPs system.
Such amino acids-based AlAl-nanozymes provided a simple and
practical route for fabricating the colorimetric detection tool for
the detection of cysteine (Fig. 8B). On the other hand, amino acids
with different structures and active groups themselves may
provide more chances to directly regulate the activity of nano-
zymes via absorbing on the nanozyme surface. It further opens the
door for directly colorimetric sensing them through the newly
developing AlAl-nanozymes or AIAE-nanozymes.

As a conclusion in AlAl-nanozymes based colorimetric
methods, recent efforts have shown more potential in the
applications of nanozymes related analysis and testing. In
addition, such type of nanozymes with suppressed activity
theoretically can be easily obtained by using various large-size
biomolecules or long-chain biomolecules such as DNA and
proteins, which may be attributed to the good absorbing effect
of nanozymes toward these molecules and the resultant decrease
on the surface area and active sites of nanozymes. Therefore, it
further allows the potential prospect of biomolecules-based
strategies for fabricating AlAl-nanozymes and expanding their
practical colorimetric sensing applications.
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Fig. 8. Schematic diagram of (A) TPs-induced aggregation based activity inhibition
of AuNCs nanozyme for colorimetric TPs sensing. Copied with permission [109].
Copyright 2015, Royal Society of Chemistry. Schematic diagram of (B) cysteine-
induced aggregation based activity inhibition of AuNPs nanozyme for colorimetric
cysteine detection. Copied with permission [98]. Copyright 2016, Royal Society of
Chemistry.

6. Summary and future perspectives

In this review, we summarize the recent developments in
aggregation-induced nanozymes based colorimetric bio/chemo-
sensors. The findings from lots of recent efforts on aggregation-
induced enhancement and aggregation-induced inhibition for
nanozymes activity (AIAE-nanozyme and AlAl-nanozymes) exhib-
ited more advantages in the fabrication and practical application of
the corresponding nanozymes based colorimetric sensors. First, as
a typical label-free chromogenic substrate, aggregation-induced
nanozymes exhibit simple yet diversified routes to regulate their
mimic activities, resulting in a significant acceleration for nano-
zymes-based colorimetric detection tools. Second, similar to
conventional SPR-format based colorimetric sensors, both AIAE-
nanozymes and AlAl-nanozymes in aggregation-induced nano-
zymes family have low technical and instrumental demands,
further leading to the successful simplification on nanozymes-
based colorimetric methods. Third, the newly developed aggrega-
tion-induced modulation for nanozymes activity sometimes can
break the limitation of nanozymes in the special application
fields such as in vivo samples and biological detecting events at
neutral pH. It thus is very important for expanding the practical
application of nanozymes-based colorimetric assays.

Though great efforts have been made in the development of
aggregation-induced nanozymes and the advances of their
corresponding colorimetric detection tools, some critical issues
we think still need to be considered and resolved to further
broaden the application of such nanozymes systems. These critical
issues may be attracted the great attention as the future
developing directions in this field.

(i) The existing strategies for aggregation-induced nanozymes
usually are developed relying on the unique interaction
between the active groups that capped on the nanozymes
surface and the target species. Though the corresponding
detection events for target analytes have recently been
developed successfully, the regulation principles of such
systems for enhancing or inhibiting nanozymes activity need
to be further investigated deeply. For example, AuNPs
nanozyme may present AIAE- or AlAl-nanozymes features
in different cases. The deep and comprehensive understand-
ing of the same nanozymes substrate would greatly help us to
develop more potential sensing platforms, and to further
expand the practical application of such newly explored
aggregation-induced nanozymes.

(ii) To further advance the practical application of aggregation-
induced nanozymes, more particular efforts with good
synthesis reproducibility we think should be devoted in the
future, not only to prepare standard nanozymes-based
analytical materials, but also to build more practical colori-
metric devices with standardized response performance. For
example, it is very promising to develop ultrasmall nano-
zymes substrate with aggregation-induced controllable activ-
ities through some standard methods by using different
chemical or physical technologies, so as to treat diseases well
in vivo applications such as cancer therapy, radiation
protection and neuronal injury recovery.

(iii) The color readout in all aggregation-induced nanozymes in
the developed methods are generated on the basis of some
specific chromogenic reaction that catalyzed by aggregation-
induced nanozymes, such as for the TMB, OPD and ABTS
oxidation related reaction systems. Though some superior
advantages such as simple, cost-effective, facile and portable
have been demonstrated fully, the enhanced sensing perfor-
mance and promoted selectivity based on effective amplifi-
cation and signal conversion are scarce and need to be
strengthened further. For instance, using such activity
controllable nanozymes to build temperature readout-based
detection tools, could effectively break the low-resolution
limitation of color change-based readout in the traditional
nanozymes-based colorimetric methods. For another exam-
ple, using aggregation-induced nanozymes system to cata-
lyze gas-generation reaction for achieving pressure readout-
based sensors. Both temperature and pressure signals as the
simple, portable and powerful sensing readout would be
more potential for expanding the practical application of
aggregation-induced nanozymes.

Overall, as a new strategy for nanozymes activity modulation,
aggregation-induced nanozymes demonstrated more advantages in
the fabrication of nanozymes-based colorimetric sensors. Though
great advances and remarkable progresses have been made, it still
remains plenty of room for the promotion and development of
aggregation-induced nanozymes as the next frontier of nanozymes
modulation and regulation.
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