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a b s t r a c t

As a powerful tool, microfluidics has been widely used in bioanalysis due to the advantages of high
portability, fewer sample requirements and rapid detection time. To achieve selective and sensitive
detection, enzymes are commonly used as biorecognition elements. However, enzymes used in bio-
analysis still suffer from high cost and low stability. Therefore, emerging nanozymes (nanomaterials with
enzyme-like characteristics) have been developed to replace enzymes to address their shortcomings. The
microfluidic devices based on nanozymes have attracted a lot of interest and shown great promise in
bioanalysis via a simple, rapid, and portable approach. This review focuses on recent advances in typical
nanozymes and nanozymes involved in cascaded reactions used in microfluidic bioanalysis. Additionally,
the future challenges and perspectives are discussed for further development.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

The monitoring of human health has always been the goal of
precise analysis of biological molecules [1]. The pursuit of reliable
methods for quantitating drugs and their metabolites is also an
important part for disease treatment. Therefore, a series of classical
bioanalysis technologies have been developed, such as high-
performance liquid chromatography (HPLC) and liquid chroma-
tography tandem mass spectrometry (LC-MS/MS) [2,3]. However,
many conventional bioanalysis methods have been limited by large
sample volumes, long waiting times and high cost of professional
equipment. As an emerging technology, microfluidics has been
regarded as a crucial technology in various fields, ranging from
material science to biomedical engineering [4e6]. In typical
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microfluidics, minute amounts of fluids are manipulated at the
micron scale to perform precise sample preparation, reaction,
separation, and evaluation [7]. Benefiting from their excellent
performance, it is much more accessible to synthesize particles
with controlled morphologies and compositions [8]. Moreover, the
microfluidic system, also known as miniaturized total analysis
system (mTAS) or lab-on-a-chip (LOC), has also been considered as a
powerful analytical tool due to its advantages of portability,
reduced amount of sample, rapid reaction time and less need for
large equipment [6]. Based on this microfluidic technology, lots of
unprecedented bioanalyses have been advancedwith low cost, high
accuracy, high resolution, and simple operation [4,9,10]. And the
microfluidic devices have been applied in many important areas,
such as biomarker detection, high-throughput drug screening,
single cell analysis, and genomic sequencing [4].

Though various novel analytical methods have been expanded
in miniaturized devices, the specific biorecognition elements are
largely limited to enzymes, antibodies, aptamers, molecularly
imprinted polymers (MIPs), etc. [11]. Among these biorecognition
elements, enzymes have been widely used in biosensors including
microfluidic systems due to their high reactivity, sensitivity, and
specificity [12]. Researchers have developed typical immunoenzy-
matical assays based on the above features of enzymes. Horseradish
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peroxidase (HRP), catalase (CAT), and alkaline phosphatase (ALP)
are commonly used as enzymatic labels in classical enzyme linked
immunosorbent assay (ELISA) [13e15]. They transduce the specific
recognition into detectable quantitative signals. Benefiting from
this excellent capacity, ELISA has become the “gold standard” sur-
passing other assays in lots of bioanalysis fields. Many compre-
hensive reviews about this assay have been summarized [16e20].

However, owing to the chemical structure of biological macro-
molecules, the inevitable disadvantages (low stability, high cost,
and low tolerance to harsh environments) of enzymes have
restricted their performance in many microfluidic bioanalysis
conditions [21]. To overcome these shortcomings, the development
of artificial enzymes has been demonstrated as a promising strat-
egy [22]. Among the diverse candidates for artificial enzymes,
nanomaterials with enzyme-like activities have been considered as
the next generation of artificial enzymes [23e27]. In 2007, Gao et al.
found that iron oxide nanoparticles (Fe3O4 NPs) possessed intrinsic
peroxidase-like activity [23]. Numerous nanomaterials were sub-
sequently proved to have the potential to play the same role as
enzymes in many aspects. In 2013, Wei and Wang summarized
these phenomena and formally defined nanozymes as the nano-
materials with enzyme-like characteristics [24]. Since then, nano-
zymes have been intensively employed in various disease
management, such as inflammation alleviation, sepsis treatment,
and tumor therapy [28e30]. Meanwhile, they have also been used
in bioanalysis as the alternatives for enzymes, especially HRP, due
to their advantages of high stability, low cost, and high robustness
over enzymes. For example, a FeeNeC nanozyme was applied in
drug-drug interaction evaluation via both the accelerated and
inhibited biocatalytic activities [31]. Numerous excellent studies
have used nanozymes as the bioreceptors or signal transduction
units [32e34]. By combiningwithmicrofluidic systems, nanozymes
showed great promise in ion detection, biomolecular recognition,
infections diagnosis and tumor monitoring in a simple, rapid, and
portable approach [35e40]. For instance, an ultrasensitive micro-
fluidic paper-based sensing platform toward miRNA could be ach-
ieved by ceria (CeO2) nanozyme [37]. A well-designed
convergence-divergence spiral microfluidic device could be used
to achieve rapid and sensitive detection for Salmonella based on
manganese dioxide (MnO2) nanozyme [41].

In this review, we summarized the recent advances in micro-
fluidic bioanalysis using nanozymes. First, we will introduce
representative nanozymes used in microfluidic bioanalysis ac-
cording to enzyme-like activity. Then, to achieve more sensitive
and specific detection, we will focus on the cascade reaction
coupling enzyme and nanozyme cascaded systems. Meanwhile, the
improved selectivity by cascaded nanozymes in microfluidics will
be discussed. Finally, the challenges and future directions are pro-
posed to stimulate more researchers to make greater progress in
this field.
2. Classification and typical nanozymes used in microfluidic
bioanalysis

Since the unexpected intrinsic peroxidase-like activity of Fe3O4
NPs has been found, numerous nanomaterials were subsequently
proved to possess intrinsic enzyme-like activity and were termed
as nanozymes [23,24]. Besides peroxidase, diverse enzymes can be
mimicked by nanozymes, including oxidase, catalase, superoxide
dismutase (SOD), hydrolase, etc. Many analytical applications have
been performed based on nanozymes [21,32]. Herein, we will
discuss the representative microfluidic bioanalysis according to the
activity of nanozymes.
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2.1. Nanozymes with peroxidase-like activity

The nanozymes with peroxidase-like activity could catalytically
oxidize some enzymatic substrates to their corresponding oxidized
products under the assistance of peroxides especially hydrogen
peroxide (H2O2) (Fig. 1a) [24,25]. Taking typical Fe3O4 NPs as an
example, during the catalytic process, H2O2 was chemisorbed onto
the surface to form two hydroxyl adsorbates, which served as an
intermediate to oxidize chromogenic products [42,43]. For Prussian
blue (PB) NPs, �OH was not involved in the catalytic process. They
served as electron transporters from electron donor to electron
acceptor (e.g., H2O2) [44]. The corresponding products could
generate colorimetric, fluorescence, chemiluminescence or electric
signals to indicate the presence of analytes in determined samples
[32]. This property made peroxidase-like nanozymes as excellent
signal translating modules. Therefore, they could be advanced to
detect hydrogen peroxide or various metabolites and used as labels
in immunoassay to replace HRP [21].

Based on the advantages of nanozymes over enzymes, conven-
tional ELISAs using enzyme labels could be improved. A few pro-
posals were made to improve the assay and a biomimetic
nanozyme-linked immunosorbent assay (NLISA) was developed
by replacing enzyme labels with nanozymes with peroxidase-like
activity [47e49]. As shown in Fig. 1b, Xi et al. reported a type of
nickel-platinum nanoparticles (NiePt NPs) with ultrahigh
peroxidase-like activity by rational design [45]. Additionally, the
detection of carcinoembryonic antigen (CEA) was realized by a
NiePt NP-based immunoassay (NiePt ELISA). During the detection
process, the colorless substrate 3,30,5,50-tetramethylbenzidine
(TMB) was converted into blue or yellow, which was stopped by
H2SO4, like in a classical ELISA. The detection limit of developed
NiePt ELISA for CEA was as ultralow as 1.1 pg/mL, which was lower
than that of traditional ELISA bioassays. The NiePt ELISA showed
that nanozymes could not only replace the role of enzymes, but also
even perform better under certain conditions.

When peroxidase-like nanozymes were applied in microfluidic
platforms, they were usually integrated into both electrochemical
and colorimetric systems, acting as a peroxidase for signal trans-
duction and amplification [37]. Due to the precise sample manip-
ulating and controlling capability, microfluidics could be used to
realize fluid handling, automation, and sample preparation. As
illustrated in Fig.1c, integrating the advantages of microfluidics and
nanozymes, Liu et al. established this kind of dual-mode (electro-
chemical/visual) microfluidic device to determine circulating tu-
mor cells (CTCs) in pheochromocytoma (PCC) rapidly and
sensitively [46]. The automated sample separation, labeling, and
detection were realized by a well-designed microfluidic chip
combined with a signal analysis software on a smartphone. The
electrochemical sensing signals were generated from the catalytical
reduction of H2O2 by covalent organic framework based nanozymes
(COF@Pt) in the presence of TMB. Meantime, the blue color of
oxidized TMB could also reflect the level of PCC-CTCs. Under the
collaboration of nanozyme and microfluidic system, a low detec-
tion limit of 1 cell/mL with a wide linear range of 2 to 105 cells/mL
was realized. This study showed that nanozyme bioanalysis had
unique characteristics, benefiting from the powerful microfluidic
device.

Lateral flow immunochromatographic test strips, also referred
to as lateral flow assays (LFAs), which based on colloidal NPs have
been widely used in commercial point-of-care (POC) diagnosis
method owing to their unique advantages (rapid speed, robustness,
and ease-to-use) [9]. Colloidal NPs (gold, silver, selenium, etc.)
usually served as signal reporters because of their unique optical
(colorimetric, fluorescence, and chemiluminescence) or other
(magnetic and surface-enhanced Raman scattering) properties



Fig. 1. Microfluidic bioanalysis based on peroxidase-like nanozymes. (a) Reaction catalyzed by peroxidase-like nanozymes. (b) Schematic of the NiePt, Pt and HRP ELISA for CEA
detection. (Reprinted with permission from Ref. [45]. Copyright (2021) American Chemical Society) (c) Schematic of electrochemical/visual microfluidic detection with a covalent
organic framework supported platinum nanozyme-based device for early diagnosis of pheochromocytoma. (Reprinted with permission from Ref. [46]. Copyright (2022) Elsevier.).
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[50]. These signal transduction processes could also be achieved
using nanozymes and several important analytes (antibiotic, bac-
terias, viruses, etc.) were successfully detected in a more rapid,
more sensitive, and simpler measure via nanozyme based strip
(nanozyme-strip) [51e55]. Currently, the global coronavirus dis-
ease 2019 (COVID-19) pandemic caused by the novel coronavirus
SARS-CoV-2 could be effectively controlled by early and rapid
detection techniques [56,57]. As shown in Fig. 2a, Liu et al.
demonstrated a CoeFe@hemin nanozyme-strip using luminol as a
chemiluminescence substrate, which could detect recombinant
spike antigen (S-RBD) of SARS-CoV-2 [58]. The strip was con-
structed on the mechanism of traditional double antibody sand-
wich LFA. Generally, once the lateral flow of the sample solution
containing S-RBD contacted with the preloaded CoeFe@hemin
nanozyme labeled with S-dAb (detection antibody of S-RBD) and S-
cAb (capture antibody of S-RBD), the sandwich immunocomplexes
would form. A chemiluminescence signal would generate upon the
subsequent addition of H2O2 and luminol due to the high
peroxidase-like activity of nanozyme. The nanozyme-strip could
achieve a linear range of 0.2e100 ng/mL and a detection limit of
3

0.1 ng/mL (Fig. 2b and c).
In addition, the bacterial infections have received more and

more attention due to the emergence of bacterial multidrug resis-
tance [59]. Therefore, the sensitive detection methods of bacteria
are on greatly demanded and nanozymes have been explored in
this field [60,61]. A sensitive and simple nanozyme-strip developed
by Cheng et al. showed great potential owing to the high perfor-
mance of Pd@Pt nanozyme and the convenience of LFA paper-based
microfluidics [52]. The nanozyme-strip was also advanced to
monitor important biomarkers by the same group [54]. In this
study, total butyrylcholinesterase (BChE) was detected based on the
peroxidase-like PtPd nanozyme, showing the versatility of nano-
zyme based paper microfluidics. Moreover, it not only suggested
that nanozyme-strip had potential wide range of applications as a
universal low-cost paper-based microfluidic platform, but also
illustrated that the nanozyme could also be used as an applicable,
robust, versatile, and universal signal transduction module beyond
artificial enzyme mimics in microfluidic systems.

Other than replacing natural peroxidase to serve as a reporter,
the analytical applications based on nanozymes have attracted



Fig. 2. Microfluidic bioanalysis based on peroxidase-like nanozymes. (a) Schematic of the nanozyme chemiluminescence paper test for SARS-CoV-2 S-RBD antigen. (b) Gradient
paper testing of SARS-CoV-2 S-RBD protein before and after adding luminol and (c) the corresponding calibration curve. (Reprinted with permission from Ref. [58]. Copyright (2021)
Elsevier.) (d) Schematic of DNA-encoded MXene-Pt nanozyme for enhanced colorimetric sensing of Hg2þ. (e) Schematic of designed centrifugal disk-like microfluidic chip and the
automated microfluidic chip detection system. (f and g) Photographs of color change in microfluidic chip after catalytic reaction with various metal ions (f) and anions (g). (d-g,
reprinted with permission from Ref. [35]. Copyright (2022) Elsevier.).
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more and more interest [33]. As an excellent example shown in
Fig. 2d, Shi et al. enhanced the peroxidase-like activity of virginial
transition metal carbide/nitride (MXene) by a simple DNA-encoded
seed-growth strategy [35]. Meanwhile, a multimode (UVevis
spectrometer, naked eye, and microfluidic chip) sensing system for
Hg2þ was developed because the boosted peroxidase-like activity
of MXene/DNA/Pt nanozyme would be inhibited after the specific
4

capture of Hg2þ. It was noted that the centrifugal disk-like micro-
fluidic chip equipped with an automated microfluidic chip detec-
tion system was applied to realize the high-throughput screening
for various samples (Fig. 2e). Simultaneously, microfluidics could
minimize the sample requirement of potential toxic analytes. As the
photographs shown in Fig. 2f and g, the diverse potential inter-
fering anions and cations were tested at the same time, and only
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Hg2þ could effectively inhibit the activity of as-prepared nanozyme.
In addition, other analytes whichwould regulate nanozyme activity
could also be successfully recognized in microfluidic devices.

In addition to these detection and diagnosis systems, the
enzyme-free bioassays which integrate the peroxidase-like nano-
zymes and microfluidic systems have made great progress in bio-
analysis [62e68]. For example, Sharafeldin et al. developed an
electrochemical microfluidic platform toward cancer biomarker
proteins based on the peroxidase-like Fe3O4@graphene oxide
nanozyme [65]. Of note, other than the peroxidase-like activity, the
magnetism of Fe3O4 was used to separate samples, suggesting the
unique properties of nanozymes against enzymes. Additionally,
Koo et al. demonstrated that the microfluidic chip could be used for
specific target genes analysis using peroxidase-like nanozyme as a
signal probe [67]. These works showed that, in the microfluidic
bioanalysis area, peroxidase-like nanozymes could be used to
replace natural HRP labels and the interaction between analytes
and nanozymes could be used to set up microfluidic bioanalysis
platforms, enabling nanozymes to be more than artificial enzyme
mimics [69]. The peroxidase-like nanozyme bioanalysis could be
more convenient, more rapid, and portable, by combining the ad-
vantages of microfluidic platforms.

2.2. Nanozymes with oxidase-like activity

Different from the peroxidase-like activity, the nanozyme with
oxidase-like activity can catalyze the oxidation of a substrate to the
corresponding oxidized product in the absence of H2O2, where
molecular oxygen (O2) serves as the electron acceptor (Fig. 3a)
[70e73]. Typically, the activation of O2 is the key step to impart
nanozymes with oxidase-like activities [74]. For noble metal
nanoparticles, such as gold, silver, and platinum, the single atom O
derived from the dissociative adsorption of O2 on themetal surfaces
accounts for their oxidase-like activities [70]. For single-atom
nanozymes, a series of reactive oxygen species (ROS), including
superoxide radicals (O2

�-), singlet oxygen, and H2O2, would form
during the catalytical process [75]. Besides the common substrates
(TMB, ABTS and Amplex red), other substrates such as glucose,
polyphenols, glutathione, and sulfite, were also explored [76e78].
And various kinds of nanozymes with oxidase-like activity have
been exploited in biosensing [79e82]. For microfluidic technology,
Tran et al. developed a paper-based microfluidic device that could
determine diverse phenolic compounds by a facile way using DNA-
copper hybrid nanoflowers (GNFs) with intrinsic laccase-like
(polyphenol oxidase-like) activity (Fig. 3b) [83]. The laccase-like
activity of GNFs was acquired via mimicking the active sites of
natural laccase. In the wax-printed paper microfluidic device, GNFs
could catalyze the oxidation of phenolic compounds to react with
4-aminoantipyrine (4-AP) to generate a color change for colori-
metric detection. Three kinds of phenolic compounds (i.e., dopa-
mine, catechol, and hydroquinone) were demonstrated in the
study. After the data analysis via smartphone, their detection limits
were determined to be 4.5, 3.0, and 4.5 mg/mL, respectively. The
device also exhibited long-term stability over 2 months, showing
the advantage of the combination of nanozyme and microfluidics.

Beyond the paper-based microfluidic platform, as shown in
Fig. 3c, Wu et al. prepared a cupric oxide (CuO) nanozyme with
ascorbate oxidase-like activity and developed a dual-mode micro-
fluidic sensing platform for ultrasensitive detection toward neuron
specific enolase (NSE) [84]. In this study, the photoelectrochemical
(PEC) signal generated from photoactive zinc oxide (ZnO) nano-
flowers has been significantly enhanced by modified gold (Au) and
silver antimony sulfide (AgSbS2) nanoparticles, due to the localized
surface plasmon resonance (LSPR) effect of Au and matching elec-
tronic band structure between ZnO and AgSbS2. After the formation
5

of sandwich structure of Antibody 1 labeled ZnO/Au/AgSbS2, NSE
and Antibody 2 labeled CuO nanozyme, the original signal would be
quenched by the catalytic reaction of CuO nanozyme toward
ascorbic acid (AA), meanwhile a fluorescent signal would be initi-
ated during the process. Of note, ZnO nanoflowers used to produce
PEC signal were also synthesized via a microfluidic reactor, sug-
gesting that microfluidic chips could also be used to synthesize and
engineer nanozymes, another aspect of microfluidics as a powerful
synthesis platform [85].

Other than the nanozyme involving in vitro diagnostics (IVD)
microfluidic techniques, an in vivo online electrochemical detection
platform was advanced by Wang et al. [78]. As described in Fig. 3d,
they presented an engineered metal-organic framework (MOF)
with enhanced oxidase-like activity via a defect-tuning strategy.
The main interference (AA, dopamine, and 3,4-
dihydroxyphenylacetic acid) toward uric acid (UA) detection was
depleted completely, based on the ascorbate oxidase- and laccase-
like activity of developed nanozyme. After flowing through a
microreactor pre-loaded with the oxidase-like nanozyme, the
concentration of uric acid in rat brain was monitored successfully
by the following online electrochemical system during the
ischemia reperfusion injury. As shown in Fig. 3e, in the absence of
microfluidic device containing oxidase-like nanozyme, the elec-
trical signal would be generated with the addition of interfering
substances. This problem was addressed with the aid of nanozyme
(Fig. 3f). The UA level in striatum of living rats was consistent with
other studies and the enhanced current caused by global ischemia
would return to the normal level during the reperfusion. Lin group
also developed an onlinemicrofluidic platform for hydrogen sulfide
(H2S) monitoring using laccase-like molybdenum doped PB analog
nanozyme. The nanozyme would address the low stability issue of
natural laccase that would be affected by the undesirable ions in
cerebrospinal fluid (CSF) [86]. The laccase-like activity of engi-
neered nanozyme would decrease after the etching of H2S. Addi-
tionally, dopamine was used as the oxidase substrate instead of the
commonly-used TMB to avoid the influence caused by potential
reducibility of H2S. Utilizing the similar microfluidic chip shown in
Fig. 3d, the H2S level in CSF was successfully monitored. Besides the
oxidase-like activity could be used to report the H2S level, the
catalase- and peroxidase-like activity could scavenge the radicals in
cells to realize the cytoprotective effect.

In the section of oxidase-like nanozymes involved in micro-
fluidic bioanalysis, the nanozymes could not only be used as novel
signal transduction unit but also had merits in producing or
removing signals based on the oxidase-like activity via the pre-
cisely controlled manipulation of microfluidics. The designed
microfluidic devices based on oxidase-like nanozyme could greatly
extend the scope of bioanalysis because of the various substrates.
The relationship between oxidase-like nanozyme and substrates
could provide more novel sensing strategies and inspire more
possibilities in the future.

2.3. Nanozymes with catalase-like activity

The excess H2O2 in organisms that would cause serious oxida-
tive damage could be degraded into H2O and O2 efficiently by
catalase and its mimics (Fig. 4a) [87e90]. For noble metal nano-
particles, under basic conditions, the acid-like decomposition of
H2O2 on the metal surfaces would generate adsorbed H (H*) and
HO2 (HO2*). Subsequently, the HO2* would transfer a H atom to
another H2O2*molecule, yielding an O2* and converting the H2O2*
to H2O* and OH* [91]. The catalase-like nanozymes could not only
be used for tumor hypoxia suppression, inflammation improve-
ment, and neurodegenerative disease but also could act as an
excellent bridge connecting nanozymes and microfluidics owing to



Fig. 3. Microfluidic bioanalysis based on oxidase-like nanozymes. (a) Reaction catalyzed by oxidase-like nanozymes. (b) Schematic of DNA-copper hybrid nanoflowers as efficient
laccase-like nanozymes for colorimetric detection toward phenolic compounds. (Reprinted with permission from Ref. [83]. Copyright (2021) Elsevier.) (c) CuO nanozymes as
multifunctional signal labels for construction of a dual-mode microfluidic sensing platform. (Reprinted with permission from Ref. [84]. Copyright (2022) American Chemical So-
ciety.) (d) Schematic of an MOF nanozyme regulatory strategy based on selective online electrochemical analysis of uric acid. Typical current signal recorded for UA and other
interfering substances in the online system in the absence (e) or presence (f) of nanozyme microfluidic chip. (d-f, reprinted with permission from Ref. [78]. Copyright (2021)
American Chemical Society.).
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the produced gas in the channels of microfluidic chips [92e94]. As
shown in Fig. 4b, Song et al. developed a quantitative DNA detection
assay using a visual multistage propelled volumetric bar chart chip
(V-Chip) [95]. To detect the target DNA sequence, a classical sand-
wich DNA hybridization principle was applied in the assay.
Commonly, a designed captured DNA strand was modified onto the
assay wells before the detection assay. Following the addition of
target sequence solution, the probe DNA labeled catalase was
loaded into the microchannel to initiate the propellant reaction.
The deposited Pt nanozyme was employed to produce the signal.
Like the work catalyzed by catalase, Pt nanozymewith catalase-like
activity could decompose H2O2 to produce O2, pushing the subse-
quent preloaded red ink in chip channels to realize visual detection
during the signal amplification process [96]. By this amplification
strategy, DNA as low as 20 pM could be easily detected. More
6

importantly, the distance ink traveled could be read by naked eyes
directly. The fully utilized microfluid manipulation reflected the
unique advantages of the integration of microfluidic technology
and nanozymes. This powerful microfluidic chip was improved by
introducing a target-responsive hydrogel embedding a catalase-
like Au@Pt nanozyme by Zhu et al. [97]. Upon meeting the target,
the hydrogel would rapidly decompose and the released Au@Pt
nanozyme could produce enough O2 to drive the ink in the V-Chip.
To avoid the limitations of catalase, a catalase-like nanozyme was
used as the sole signal amplification unit. And the developed
target-responsive hydrogel could be designed to recognize other
substances. The universal POC detection platform could be
expanded by changing the corresponding recognition element. It is
believed that this power-free and portable POC microfluidic chip
would make great contributions in undeveloped areas.



Fig. 4. Microfluidic bioanalysis based on catalase-like nanozymes. (a) Reaction catalyzed by catalase-like nanozymes. (b) Schematic of the multistage V-Chip for visualized
quantification of DNA. (Reprinted with permission from Ref. [95]. Copyright (2013) American Chemical Society.) (c) Preparation process of Pt supernanoparticles. (d) Schematic of
hypoxia-responsive Pt supernanoparticles for urinary microfluidic monitoring of tumors using a V-Chip. (c and d, reprinted with permission from Ref. [40]. Copyright (2022) John
Wiley and Sons.) (e) Schematic of MOF nanocubes decorated with Pt nanozyme for the detection of Salmonella and designed microfluidic chip (f). (e and f, reprinted with permission
from Ref. [98]. Copyright (2021) American Chemical Society.).
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Afterwards, a wide range of analytes were successfully deter-
mined by this principle via catalase-like nanozymes
[38,40,99e109]. Among them, Xu et al. synthesized hypoxia-
sensitive platinum supernanoparticles (PNCAH) which would be
dissociated into catalase-like Pt nanozymes after the response to a
hypoxic microenvironment, an important prognostic factor in
many kinds of cancer (Fig. 4c). [40]. As shown in Fig. 4d, the
7

noninvasive detection of the triple-negative breast cancer (TNBC)
and its lung metastasis was carried out by the Pt nanozyme filtered
through the kidney and the following V-Chip. For tumor detection
in vivo, TNBC model and healthy mice were injected with PNCAHs.
After the hypoxia-responsive degradation of PNCAHs, urine was
collected from different mice. Compared to the healthy group, the
model group showed a significant signal increase, which could be
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read by V-Chip, suggesting the ability of PNCAHs to monitor dis-
ease. Furthermore, the healing process of paclitaxel, a kind of
typical antitumor drug, in TNBC mice was observed on the V-chip.
Moreover, this simple, portable, and noninvasive microfluidic chip
could be adapted to perform a universal diagnostic platform by
replacing corresponding specific recognition elements.

Though the signal transduction strategy in which an ink is
pushed by the generated gas has been constantly improved, other
effective strategies were also proposed. As shown in Fig. 4e, Guo
et al. designed a microfluidic biosensing platform based on the heat
produced from the reaction between H2O and calcium oxide (CaO)
powder [98]. In the process of detection, the immune peroxidase-
like Fe-MOF/Pt nanozyme, bacterial analytes to be determined,
and antibody labeled magnetic nanoparticles (MNPs) flowed
through three channels, respectively (Fig. 4f). After mixing in the
three-dimensional (3D) mixer, they would form the MNPs-
bacteria-Fe-MOF/Pt nanozyme sandwich structure. Then, with the
addition of H2O2, the preloaded H2O in channels would be pushed
into the heating chamber containing CaO by the pressure produced
from the catalase-like nanozyme catalysis. The detection limit for
Salmonella was as low as 93 CFU/mL within 1 h by using the Fe-
MOF/Pt nanozyme. Importantly, a 3D chaotic micromixer was
used for automatic operations, suggesting that the versatile
microfluidic device could enhance the sensing efficiency and ach-
ieve more accurate results. Besides these strategies, other POC
biosensing devices were also constructed using catalase-like
nanozymes [110e113]. For example, Zhu et al. used the pressure
change caused by catalase-like nanozyme to realize the immuno-
detection for prostate specific antigen (PSA) using a handheld
pressure meter [111]. Furthermore, Yu et al., reported the POC
detection using a similar strategy with a commercial digital mul-
timeter [112]. The flexible pressure sensor was mediated by the
multiwalled carbon nanotube-decorated paper. Overall, as the
decomposition products of H2O2 catalyzed by catalase-like nano-
zyme, both H2O and O2 could be used to generate visual signals in
microchannels of microfluidic devices. It was believed that more
and more interesting applications would be explored by using
catalase-like nanozymes in microfluidics.

2.4. Nanozymes with superoxide dismutase (SOD)-like activity

SOD is a collection of important antioxidant enzymes which can
regulate oxidative stress levels in vivo by catalyzing the dismutation
of O2

�- into H2O2 and O2 (Fig. 5a) [114]. For this kind of nanozymes,
Wang et al. found that the catalytic mechanism depends on the
electron occupancy in intermediate frontier molecular orbital
(iFMO) of nanozyme by theoretical calculation. The reaction follows
a lowest unoccupied molecular orbitals (LUMO)-mediated mecha-
nism when the iFMO of nanozyme is unoccupied FMO. Typically,
one O2

�- would be first oxidized to O2 by nanozyme, and then the
reduced nanozyme would be oxidized by another O2

�-, with the
generation of H2O2. In contrast, the mechanism follows a highest
occupied molecular orbitals (HOMO)-mediated type when the
iFMO of nanozymes is occupied FMO. O2

�- would be first reduced to
H2O2 by nanozyme and then the oxidized nanozyme would be
reduced by another O2

�-, with the production of O2. When the iFMOs
are both occupied and unoccupied FMOs, both mechanisms work
together [115]. Like the catalase-like nanozymes, departing from
being used to treat various diseases, the SOD-like nanozymes could
also be applied to develop biosensors toward O2

�- released from
living cells [116e119]. Natural SOD could be used in the electro-
chemical determination of O2

�- owing to the specific molecular
recognition for O2

�- [120]. Inspired by this, the sensing strategy was
proved effective by replacing the SOD with SOD-like nanozymes
[116e119]. Commonly, a sensitive electrochemical method was also
8

employed to construct in-situ biosensors toward O2
�- using nano-

zymes. Therefore, biocompatibility of nanozyme modified elec-
trodes should be considered, because the living cells directly
adhered and grew on the surface of electrodes.

By combining the previous microfluidic chip fabrication tech-
nology (Fig. 5b), Wang et al. successfully developed a sensitive
(1.6 mA/mM) and specific electrochemical detection system using
the SOD-like nano-Mn3(PO4)2-chitosan nanozyme from murine
breast tumor cells (4T1) lines (Fig. 5c) [119,121]. The detection limit
was as low as 9.4 nM, which was more sensitive than the classical
electron paramagnetic resonance (EPR). As shown in Fig. 5d, Bao
group also constructed an in-situ real-time O2

�- monitoring platform
from living cells using a highly biosafe bacterial cellulose@DNA-
Mn3(PO4)2 nanozyme [122]. During the detection process, once the
O2
�- was released from the human breast cancer cell line (MCF-7)

and lung carcinoma epithelial cell (A549) lines, the specific current
signal would be generated. Since no obvious signal appeared upon
the addition of interference, it suggested the good selectivity of
BC@DNA-Mn3(PO4)2 toward O2

�- (Fig. 5e). From Fig. 5f and g, one
could observe the apparent quick stepwise current signals with the
elevated O2

�- concentration. A linear range from 34.7 nM to 7 mM
with a detection limit of 5.87 nM was obtained. In both studies, the
microfluidic channel provided a facile approach for samples going
through toward the detector area, which greatly decreased the
sample requirement, showing the advantages of microfluidic chips.
With the development of nanozymes, it was expected that more
SOD-like nanozymes could be used to construct biosensors and
more sensing principles using microfluidics would be developed
other than the current strategies.

3. Microfluidic bioanalysis based on cascaded systems

Since the enzymes have specificity towards distinct reactions,
the collaboration of multiple enzymes was required in some intri-
cate conditions by concurrent or sequential approaches [123e125].
The multienzyme cascade reaction systems could be used to realize
various applications which could not be reached by individual
enzyme [124]. Multienzyme cascade reactions were also applied to
construct biosensors in microfluidic channels [126].

3.1. Cascade system by enzymes

Like the natural counterparts, though nanozymes have been
widely used as the signal reporters in bioanalysis, the individual
catalytic process still greatly limits the further development of
nanozyme bioanalysis [34,127]. Therefore, like multienzyme
cascade reaction, the combination of nanozymes or other artificial
enzyme mimics with enzymes would further widen the repertoire
of bioanalysis [123]. Wei and Wang provided a strategy to couple a
Fe3O4 nanozyme with glucose oxidase (GOx) that could broaden
the scope of nanozyme biosensing [128]. By combining with en-
zymes, the specific and sensitive detection could be achieved due to
the high efficiency of enzymatic catalysis in microfluidic devices
[129e131]. As shown in Fig. 6a, the produced H2O2 from the
oxidation of substrate 1 catalyzed by an oxidase could act as the
substrate in the later reaction catalyzed by a nanozyme. Similarly,
the role of an oxidase in cascade reaction could also be substituted
by a nanozyme with oxidase-like activity (Fig. 6b).

As described in Fig. 6c, Nguyen et al. rationally developed a Co-
doped mesoporous cerium oxide (Co-m-ceria) nanozyme with
superior peroxidase-like activity at a neutral pH with a higher H2O2
adsorption capacity and easier H2O desorption compared to pris-
tine m-ceria [132]. The optimized Co-m-ceria nanozyme was used
to construct cascaded biosensors using a paper microfluidic device
toward five kinds of biomarkers by loading their corresponding



Fig. 5. Microfluidic bioanalysis based on SOD-like nanozymes. (a) Reaction catalyzed by SOD-like nanozymes. (b) Schematic of microfluidic package process and the optical
photographs. (Reprinted with permission from Ref. [121]. Copyright (2017) Elsevier.) (c) Schematic of nano-Mn3(PO4)2-chitosan in situ electrochemical detection interface for
superoxide anions released from living cells. (Reprinted with permission from Ref. [119]. Copyright (2019) Elsevier.) (d) Schematic of BC@DNA-Mn3(PO4)2 nanozyme for real-time
monitoring of superoxide from living cells. (e) Selective performance of BC@DNA-Mn3(PO4)2, (f) chronoamperometric response and (g) linear calibration curve of BC@DNA-
Mn3(PO4)2 sensors upon continuous addition of different concentrations of O2

�-. (d-g, reprinted with permission from Ref. [122]. Copyright (2020) American Chemical Society.).
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oxidative enzymes into the pores. Upon the addition of target an-
alyte, the oxidase would convert the substrate to its oxidation state
and H2O2, which could serve as the substrate of the following
colorimetric reaction. The developed colorimeter paper micro-
fluidic device, which incorporated oxidase@Co-m-ceria enabled
convenient and simultaneous detection of multiple biomarkers.
The selective, sensitive, and immediate determination for glucose,
galactose, cholesterol, choline, and acetylcholine were realized on
paper-based microfluidic devices owing to the integrated oxidases.
This study fully utilized the advantages ofmicrofluidics and cascade
nanozymes to realize simple and instant POC detection.

The unique and precise microdroplets transfer capability of
microfluidic chip endowed cascaded nanozymes play excellent role
in bioanalysis. As shown in Fig. 6d, Cheng et al. reported an in vivo
analytical system [133]. They designed an integrated nanozyme by
simultaneously loading GOx and hemin into the zeolitic imidazo-
late framework (ZIF-8). The outstanding sensitivity and selectivity
for glucose were obtained because of the proximity effect at
nanoscale and GOx in the cascade reaction. Furthermore, facilitated
with microdialysis and microfluidic technology, the real-time on-
line glucose level in the brains of living rats monitoring systemwas
successfully constructed. Before the detection process, the well-
designed nanozymes were pre-fixed onto the channels of the
microfluidic chip. The dialysates from rat brain were continuously
pumped to the nanozyme immobilized microfluidic chip, along
with the fluorescent substrate Ampliflu Red. The fluorescent signal
would be generated upon the cascade reaction occurred. Contin-
uous and sensitive monitoring was achieved by this platform.
Importantly, diverse biomarkers in in vivo monitoring platform
could be achieved just by changing the oxidase in cascaded nano-
zymes benefiting from the natural enzyme involved.
9

In the paper-based and online analytical platform mentioned
above [132,133], in the presence of specific substrates, the oxidases
could convert them into H2O2 and trigger the subsequent reaction.
The cascade reaction could be used to determine the substrate of
oxidase. Practically, the specific reaction relationship could also be
used to detect or evaluate the activity of enzymes [80,135]. Liu et al.
proposed a microfluidic device to monitor the health status of liver
by three relevant indicators: aspartate transaminase (AST), alanine
transaminase (ALT), and alkaline phosphatase (ALP) (Fig. 6e) [134].
The different reaction substrates and peroxidase-like nanozymes
were embedded into the agarose hydrogel. Upon introducing AST
and ALT, the individual cascade reaction would take place and the
TMB based colorimetric process would describe the produced re-
sults. ALP could catalytically convert ascorbic acid 2-phosphate to
AA, which could discolor the blue oxidized TMB to perform a
signal-off detection [136]. Under the cooperation of microfluidics
and smartphones, the color information could be translated into
digital signals, which realized synchronous quantitative evaluation
of ALT, AST, and ALP with detection limits of 15, 10, and 5 U/L,
respectively. In addition, the disposable hydrogels in the micro-
fluidic chip could be replaced by the new ones for the subsequent
detection.

Benefiting from the unique properties of enzymes, diverse
analytes could be detected sensitively and selectively utilizing the
cascade reaction under the collaboration of natural oxidases and
peroxidase-like nanozymes. And the enzymes could be evaluated
in turn using the corresponding substrates. Furthermore, the flow
of droplets in microfluidics could be easily used to build reaction in
sequence. The product of the first reaction could be easily brought
into the subsequent chamber to start the following reaction, sug-
gesting the advantage of microfluidics to build cascade reactions.



Fig. 6. Microfluidic bioanalysis based on cascade system. (a) Cascade system involving enzymes and (b) cascaded nanozyme system. (c) Schematic of the rational development of
Co-m-ceria, which exhibits high peroxidase-like activity under a neutral pH, and its application in a paper microfluidic device for the quantitative determination of several bio-
markers. (Reprinted with permission from Ref. [132]. Copyright (2022) John Wiley and Sons.) (d) Schematic of integrated nanozymes with nanoscale proximity for in vivo
neurochemical monitoring in living brains. (Reprinted with permission from Ref. [133]. Copyright (2016) American Chemical Society.) (e) Schematic of hydrogel-involved colori-
metric platforms based on layered double oxide nanozymes for POC detection of liver-related biomarkers. (Reprinted with permission from Ref. [134]. Copyright (2022) American
Chemical Society.).
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Overall, the cascade strategy between enzymes and nanozymes not
only made it possible to perform selective and sensitive bioanalysis
in microfluidics but also improved the stability compared to
multienzyme cascade reactions [34].
3.2. Cascade system by nanozymes

Though the cascade reaction catalyzed by the combination of
enzyme/nanozyme has achieved great progress, the shortcomings
of enzymes still exist in such hybrid cascade systems. To minimize
the use of enzymes, researchers designed the nanozyme-nanozyme
cascade system,which did not involve enzymes (Fig. 6b) [137e139].
10
For example, Zhang et al. found that the Kþ modified graphitic
carbon nitride (AKCN) exhibited oxidase- and peroxidase-like ac-
tivities at the same time (Fig. 7a) [140]. As illustrated in Fig. 7b, the
designed microfluidic chip provided a platform to perform
sequential reactions. During the catalysis of AKCN (GOx-activity)
under visible light, O2 would be continuously purged in the
oxidation process of glucose, and the produced H2O2 would be
brought into the following channel and serve as the substrate in the
subsequent reaction (still catalyzed by AKCN with the peroxidase-
like activity) in the reactive chamber. Under the teamwork of
microfluidic technology and multienzyme-like AKCN, a real-time
POC biosensor toward glucose was developed. The initial reaction



Fig. 7. Microfluidic bioanalysis based on cascaded nanozymes. (a) Schematic of glucose detection using a self-cascade nanozyme. (b) Schematic of the cascade reaction in a
microfluidic device and actual device image (inset). (c) Kinetic curves of TMB oxidation in the microfluidic channel for glucose detection and (d) corresponding linear calibration. (a-
d, reprinted with permission from Ref. [140]. Copyright (2022) Springer Nature.) (e) Synthesis process of self-cascade V2O5 nanozyme. (f) Online optical detection platform obtained
by directly integrating a visible light absorption-based probe generated by the self-cascade catalysis. (e and f, reprinted with permission from Refs. [32,141]. Copyright (2020 and
2022) American Chemical Society.).
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Fig. 8. Improved selectivity by cascaded nanozymes in microfluidics. (a) Schematic of
operation principle of the nanozymes cascade. Two of three potential substrates can be
catalyzed by Nanozyme1, while only one of them can be further screened out from the
second cascaded reaction by Nanozyme2. (b) Schematic of cascade nanozyme re-
actions in a spatially confined reactor. (c) Comparison of the enhanced selectivity by
nanozymes reported herein with those described in the literature (d) Schematic of
cascade nanozyme reactions in a spatially confined microfluidics. (e) The calibration
curves of oxidation and detection of AA in a microfluidic device compared to that in an
open reactor. (a-e, reprinted with permission from Ref. [150]. Copyright (2021) John
Wiley and Sons.).
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rate could be conducted from the kinetic curves of oxidized TMB
(Fig. 7c). Combining the linear calibration in Fig. 7d, a low detection
limit of 0.8 mM within 30 s would be realized. This study showed
that the enzyme-free sensing system could be established
completely by nanozymes.

Beyond the nanozyme-nanozyme cascade systems, the nano-
zyme with multienzyme-like activities could be used to develop
self-cascade sensing system [142,143]. To achieve the continuous
monitoring of glucose solely using a self-cascade nanozyme, Ding
et al. prepared a vanadium pentoxide (V2O5) nanozyme that
possessed both GOx- and peroxidase-like activities using a facile
solvothermal method (Fig. 7e) [141]. Revised Perdew-Burke-
Ernzerhof (RPBE) density functional calculations were performed
to prove that the glucose molecule could be adsorbed on the V2O5
nanozyme. Afterwards the first continuous monitoring enzyme-
free online optical detection platform for glucose in rat brain us-
ing self-cascade V2O5 was developed via a microfluidic chip similar
to the one mentioned above (Fig. 7f) [78]. The artificial cerebro-
spinal fluid (aCSF), V2O5, and TMB solution were mixed to initiate
the cascaded colorimeter reaction. Then, the real-time light in-
tensity profile of samples in capillary-based microfluidic system
was recorded to monitor dynamic changes of glucose in the rat
brain. In the self-cascade process, diffusion-limited kinetics need
not be considered, demonstrating the advantages over highly
specific natural enzymes. Based on microfluidics and self-cascade
nanozyme, the glucose level could be detected successfully.

Since lots of nanozymes were proved to possess oxidase-like
activity, it was possible to realize the cascade reaction between
nanozymes. The cascade without enzyme participating could fully
exhibit the advantages of nanozymes. The cost of microfluidic
bioanalysis constructed by nanozyme would be greatly reduced.
The ability of microfluidics to build reactions in sequence was even
more convenient to construct biosensors by nanozymes solely. It
was expected that more and more nanozymes with other oxidase-
like activities would be used in bioanalysis.

3.3. Improved selectivity by cascaded nanozymes in microfluidics

Unlike the enzymes with exquisite structures, the lack of fine
structures around active centers of nanozymes causes poor speci-
ficity. Therefore, many strategies have been considered to enhance
the selectivity of nanozymes [34]. Except for combining the bio-
recognition elements such as coupling with enzyme, aptamer, and
antibody, an efficient approach for engineering nanozymes with
intrinsic specificity is to immobilize molecular imprinting sites
onto nanozyme surface to serve as substrate binding pockets [144].
However, the polymer on the surface of nanozymewould lead to an
undesirable decrease in activity. Thus, Liu et al. developed three
kinds of light-responsive oxidase-like MOF-based nanozymes, with
totally distinct structures. The different substrate specificity was
obtained, and the unshielded active sites indicated unaffected
oxidase-activity [145].

Chen et al. found that the bound M¼O intermediate played an
important role in the substrate selectivity of peroxidase-like
catalysis of metal-N-C nanozymes [146]. Moreover, the bionic
strategy of mimicking the natural active sites of enzymes is also an
effective strategy to endow nanozymes with intrinsic specificity
[147,148]. Inspired by HRP, Kim et al. designed a FeeN4 single site
embedded graphene (FeeN-rGO) with remarkable selectivity to
H2O2 without any oxidizing activity [149].

The methods above could be applied to engineer nanozymes
with intrinsic specificity for performing selective detection. Unex-
pectedly, cascaded microfluidics could be used to solve the vital
problem in the nanozyme field. Recently, Zhou et al. proposed a
strategy that enhanced the reaction selectivity by screening
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substrates via cascade nanozymes. Under the ideal conditions,
various substrates would be catalyzed by Nanozyme1 due to its poor
selectivity. To overcome this challenge, Nanozyme2 was introduced
to carry out the following process using product with higher priority
by Nanozyme1 as the substrate (Fig. 8a) [150]. Based on this prin-
ciple, a cascade reaction between oxidase-like NeC and peroxidase-
like PB nanozymewith exceptionally high reaction selectivity for AA
was achieved (Fig. 8b and c). By using the unique spatially confined
microfluidic device, a more than 100-fold enhancement of the re-
action efficiency was realized (Fig. 8d and e). In this study, the
cascaded reaction in sequence provided by the microfluidic device
endowed nanozymes with improved selectivity. The universal
strategy provided by cascaded reactions in microfluidics made great
contributions to selectivity of nanozyme systems. However, it was
still a long way to go to fully tackle the selectivity problem.

The sensitive and selective detection could be achieved by
cascaded reaction regardless of whether enzymes were involved or
not due to the combination of microfluidics and nanozymes.
Additionally, the cascaded system could be used to achieve the
selectivity of nanozymes. Moreover, similar to the unexpected
selectivity, more possibilities between microfluidics and cascaded
nanozymes still need to be explored. Above all, the applications,
analytical performances, and the role of microfluidics according to
the nanozyme's type were listed in Table 1.



Table 1
Typical microfluidic bioanalyses based on nanozymes.

Nanozyme Analyte Mode Detection range LOD Microfluidics Ref.

Peroxidase-like
nanozyme

ZnFe2O4emultiwalled
carbon nanotubes

CEA Colorimetric 0.005e30 ng/mL 2.6 pg/mL Microfluidic paper-based analytical device (mPAD) [151]

Au@PdPt NPs K562 cells Electrochemical 1 � 102e2 � 107 cells/mL 31 cells/mL Paper-based electrode [152]
INAzyme Glucose Colorimetric 0e250 mM 1.7 mM Online microfluidic chip [133]
PdAu NPs CEA PEC 0.001e90 ng/mL 0.33 pg/mL Paper-based electrode [64]
Pd/Fe3O4@C MNPs CEA Colorimetric 0.005e30 ng/mL 1.7 pg/mL mPAD [62]

a-AFP 0.005e30 ng/mL 1.7 pg/mL
FA-pPdAu/GO H2O2 Fluorometric 0.3e1 mM 0.1 nM mPAD [153]
ZnFe2O4 MNPs Bisphenol A Colorimetric 10e1000 nM 6.18 nM mPAD [154]
CuFe2O4/GQDs MNPs Chlorpyrifos Colorimetric 32e600 nM 10.7 nM Microfluidic chip for samples mixing and analysis [155]
MIL-101 Glucose Colorimetric 10.6e150 mM 2.5 mM mPAD [66]
Fe3O4@GO PSA Electrochemical 61 fg/mL e 3.9 pg/mL 15 fg/mL Microfluidic system for capturing analytes [65]

PMSA 9.8 fg/mL e 10 pg/mL 4.8 fg/mL
Co2(OH)2CO3eCeO2 CEA Smartphone-based 0.002e75.0 ng/mL 0.51 pg/mL mPAD [156]
Iron oxide Targeted Gene Electrochemical 0�1000 copies 50 copies- Biochip for sample extraction, signal amplification and transduction [67]
Mn3(PO4)2 H2O Glucose Smartphone-based 0.1e20 mM 0.1 mM mPAD [130]
CeO2 miR-21 Electrochemical 1e1000 fM 0.434 fM mPAD [37]

Colorimetric 10e1000 fM 7.382 fM
Cys-Au nanoclusters Citrate Colorimetric 1.0 mM�10 mM 0.4 mM mPAD [157]
Co3O4eCeO2 nanosheets Glucose Smartphone-based 0.005e1.5 mM 0.21 mM mPAD [158]
Pt/Ni@NGT Glucose Colorimetric 43 pMe220 mM 1 pM mPAD [159]
Au@PtNP/GO H2O2 Electrochemical 1 mMe3 mM 1.62 mM Microfluidic chip for sample handling and transduction [160]
Co0.25Zn0.75Fe2O4 CYFRA 21-1 Electrochemical 3.9e1000 fg/mL 0.19 fg/mL Microfluidic chip for sample reaction, “Stop-Flow” controlling, and signal

transduction
[161]

Apt/g-C3N4 NS STR Fluorometric 0.05e30 ng/mL 23 pg/mL mPAD for pH controlling, targets acquisition, “Stop-Flow” controlling. [39]
TOB 0.1e150 ng/mL 69 pg/mL
KANA 0.05e150 ng/mL 45 pg/mL

Au/Pt nanoclusters S. aureus Colorimetric 102e108 CFU/mL 80 CFU/mL mPAD [162]
Ag/Pt nanoclusters miR-21 Colorimetric 10e1000 pM 4.1 pM mPAD [163]
MoOx quantum dots H2O2 Colorimetric 1e20 mM 175 nM mPAD [164]
b-Co(OH)2 CMK Cytochrome c Colorimetric 50 nMe1 mM 1 nM mPAD [165]

Chemiluminescent 0.1 pMe1 nM 0.01 pM
NH2-MIL-53(Fe) Prostate specific

antigen
Chemiluminescent 1e30 ng/mL 0.3 ng/mL mPAD [166]
Fluorometric 0.5e30 ng/mL 0.2 ng/mL

CeO2 @Au NPs Pb2þ Electrochemical 10 pMe5 mM 3.1 pM Microfluidic chip for sample reaction, and signal transduction [167]
Fe3O4/C Dots Parathion-methyl Electrochemical 50 Pme20 nM 11.6 pM mPAD [68]
N-CDs Total cholesterol Colorimetric 2.5e7.5 mM 676 mM Laminated 3D-mPAD [129]
NH2-MIL-101(Fe) Salmonella Raspberry Pi based 1.5 � 101 to 1.5 � 107 CFU/

mL
14 CFU/mL Microfluidic chip for sample mixing and incubation [168]

Fe-UiO-66 Glucose Electrochemical 2e24 mM 130 mM Microfluidic channels for fast, accurate, and effective sampling [131]
Lactic acid 0.05e6 mM 3 nM
Cholesterol 0.1e10 mM 6 nM

MnO2 NFs Salmonella Smartphone-based 4.4e4.4 � 106 CFU/mL 44 CFU/mL Microfluidic chip for convergence�divergence spiral mixing [41]
COF@Pt PCC-CTCs Smartphone-

based
and
electrochemical

2e105 cells/mL 1 cells/mL Microfluidic chip for automatic cell sampling and detection [46]

MOF (FeeCu) Choline Colorimetric 20e200 mM 6 nM mPAD [169]
PtNZHG Glucose Smartphone-based 0.01e10 mM 3.9 mM Maintaining unidirectional liquid flow. [170]
Co-doped mesoporous
ceria

H2O2 Smartphone-based 0.1e1.5 mM 5 mM Multichannel mPAD [132]
Glucose 0.1e1.5 mM 7 mM
Galactose 0.1e4 mM 20 mM
Cholesterol 0.1e1.5 mM 8 mM
Choline 0.1e2 mM 7 mM
Acetylcholine 0.1e2 mM 11 mM

Au@Pt NCs Salmonella Smartphone-based 3.5 � 102e3.5 � 105 CFU/
mL

350 CFU/mL Finger-actuated micromixer [171]

Pt NPs Glucose Smartphone-based 0.01e5.0 mM 4 mM Multichannel mPAD [172]
Uric acid 0.01e2.5 mM 3 mM

(continued on next page)
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Table 1 (continued )

Nanozyme Analyte Mode Detection range LOD Microfluidics Ref.

Oxidase-like
nanozyme

CuO NPs NSE PEC 0.0001e150 ng/mL 28 fg/mL Microfluidic chip for sample reaction, and signal transduction [84]
Fluorometric 0.001e150 ng/mL 250 fg/mL

Nickel�iron
PBA-incorporated
MoSx

H2S Colorimetric 0.1e15 mM 33 nM Online microfluidic chip [86]

Guanine-copper hybrid
flower

Dopamine Smartphone-based 5e2.5 mg/mL 4.5 mg/mL Multichannel mPAD [83]
Catechol 5e2.5 mg/mL 3 mg/mL
Hydroquinone 5e2.5 mg/mL 4.5 mg/mL

ZIF-L-Co-Cys Uric acid Electrochemical 200 nMe50 mM 67 nM Online microfluidic chip [78]

Catalase-like
nanozyme

Pt NPs Target DNA Distance 0e2 nM 20 pM Microfluidic chip for signal amplification and transduction [95]
Au@Pt NPs Cocaine Distance 0e500 mM 0.06 mM Microfluidic chip for signal amplification and transduction [97]
Pt NPs CEA Digital readout 0.1e1000 pM 0.1 pM Microfluidic chip for signal amplification and transduction [100]
Pt NPs CEA Distance 0.05e250 ng/mL down to ~50 pg/

mL
Microfluidic chip for signal amplification and transduction [104]

CYFRA 21-1 0.05e375 ng/mL
SCCA 0.05e250 ng/mL

Pt NPs Aflatoxin
B1

Distance 0.25e40 mM 1.77 nM Microfluidic chip for signal amplification and transduction [101]

Pt NPs PSA Distance 25e150 pM 12 pM Microfluidic chip for signal amplification and transduction [102]
HCG 10 pMe1 nM 10 pM

Pt NPs Cu2þ Distance 1.5e258 nM 1 nM Microfluidic chip for signal amplification and transduction [107]
Pb2þ 1.5e258 nM 1 nM
Hg2þ 2e200 nM 1.8 nM

Pt NPs E. coli Distance 1e10 � 107 CFU/mL 1 CFU/mL Microfluidic chip for signal amplification and transduction [38]
S. aureus 1e10 � 107 CFU/mL 10 CFU/mL

Fe-MOF/PtNPs Salmonella
typhimurium

Temperature 1.01 � 102e1.01 � 106

CFU/mL
93 CFU/mL Microfluidic chip for sample reaction, and signal transduction [98]

Pt NPs HCG Colorimetric
counting

10e250 mIU 2 mIU Automatic washing and rapid analysis [108]
CEA 1.28e173.75 ng/mL 1 ng/mL

SOD-like nanozyme CTS-Mn3(PO4)2 O2
�- Electrochemical 57.9 nMe5 mM. 9.4 nM Microfluidic chip for culturing cells and in situ electrical detection [119]

BC@DNA-Mn3(PO4)2 O2
�- Electrochemical 34.7 nMe7 mM 5.87 nM Microfluidic chip for simultaneously culturing cells and in situ electrical

detection
[122]
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4. Conclusions and outlook

In this review, we summarized the recent advances in micro-
fluidic bioanalysis based on nanozymes. The nanozymes with
different enzyme-like activities and the cascade reactions involving
nanozymes have made great progress in microfluidic bioanalysis.
With the rapid development of the nanozyme field, it has attracted
increasing interest and lots of excellent research has been per-
formed [32]. Among them, LFA based test strips, V-chip, micro-
fluidic covered electrode, and other microfluidics could fully utilize
the advantages of nanozyme as significant labels to perform signal
amplification. And various analytes (including heavy ion, biological
macromolecule, virus, bacteria, etc.) could be successfully analyzed
in sensitive, simple, cheap, and portable microfluidic devices.
Meanwhile, the nanozymes possessed their own advantages as
nanomaterials compared to their natural counterparts. Beyond
artificial enzyme mimics, the unique optical, electrical, magnetic,
and acoustic properties of nanozymes should also be explored to
make more progress in microfluidics [85]. Moreover, different from
the highly specific enzymes, the multienzyme-like activities of
nanozymes could be regarded as a double-edged sword. On one
hand, based on this, self-cascade biosensors could be constructed.
On the other hand, the lack of specificity induced the poor selec-
tivity for different analytes. Fortunately, the microfluidic technol-
ogy and other strategies have been proposed to endow nanozymes
with higher selectivity. For sensing strategies, the interaction
(promote or inhibit) between analytes and nanozymes could be
used to construct biosensors and pharmaceutical analysis
[31,33,69].

For nanozymes, there are still some bottlenecks to be overcome
for developing more smart biosensors in microfluidic bioanalysis.
(1) More sensitive detection usually needs nanozymes with higher
activity. In recent years, with the deepening of understanding to-
ward nanozymes’ mechanisms, nanozymes could be rationally
designed to achieve higher activities [73,77]. In addition, it may be
considered to construct a microfluidic chip composed of a nano-
zyme embedding polymer. (2) A higher specificity usually means
more accurate detection, which should be carefully considered.
More attention should be paid to the structure design of nano-
zymes to address this problem [173]. (3) The quality control and
standardization of nanozymes should also be considered as soon as
possible. Based on the standardized micro/nanofabrication tech-
nology, the commercial microfluidics could be easily fabricated.
Considering further translational potentials to perform POC and
bedside tests, the uniform nanozymes are strongly demanded. (4)
More importantly, most efforts have been made to optimize and
enhance sensing performance based on the existing principles
rather than developing innovative strategies. Improving the system
integration could synergize the advantages of microfluidics and
nanozymes to realize more innovative applications. More types of
nanozymes could be involved in microfluidic bioanalysis. For
example, hydrolase-like nanozymes may be used in the analysis
toward their substrates [174].

For microfluidic technology, the excellent reagents and analytes
handling, sample processing and analysis, and easy-to-read capa-
bilities have made microfluidics ideal candidates for sensing and
detection. Though relying on these advantages, rapid and simple
strips, sensitive and portable V-Chips, and real-time in vivo online
monitoring have been advanced, the promise of microfluidics has
not been fully explored yet. For example, ultrahigh-throughput
screening using nanozymes could be realized. Moreover, single-
cell metabolite analysis could be advanced using the unique sam-
ple isolating and manipulating properties [175,176]. Additionally,
the nanozymes could be used in organ chips to refer to disease
modeling, drug screening, and precision medicine [177,178]. In
15
turn, existing microfluidics may be improved by the reaction
catalyzed by nanozymes. For instance, fluids flow in microfluidic
channels could be driven by the O2 generated from catalase-like
nanozymes. Nanozyme engineered polymers may provide micro-
fluidic chips with enhanced performance, such as mechanical
property and chemical stability.

Overall, the microfluidics will play an essential role in the POC
diagnosis, such as in the global COVID-19 pandemic. Though
considerable progress has been made in existing microfluidics, other
components (enzyme and spectrometer in particular) are still needed
under most complex circumstances. The all-nanozyme microfluidics
are encouraged to be developed to make full use of their advantages.
The realization of all-nanozyme microfluidics is required to develop
multifunctional nanozymes with the ability of signal recognition and
transduction. The surface engineering of nanozymeswould be a good
choice for signal recognition of nanozymes. Moreover, the self-
reporting of nanozyme microfluidics in bioanalysis should be given
enough attention, which will benefit their promotion among pop-
ulations. For signal transduction, the distance droplets travelling is an
excellent example. In addition, the therapeutic applications of
microfluidics are now emerging. Therefore, based on themicrofluidic
bioanalysis, the theranostics could also be achieved by therapeutic
nanozymes. Though there are still a few problems to be addressed,
withmore efforts of researchers of nanozymes andmicrofluidics, this
field will embrace a promising future.
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