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A B S T R A C T   

With their advantages in specificity, high stability and easy screening, aptamers are becoming increasingly 
popular recognition elements for biosensor platforms. At the same time, microchips as the new analytical 
detection platforms have achieved significant growth in the past decades. At present, with the intersection of 
aptamer and microfluidic technology, aptamer-based high-sensitivity bioanalysis on microchips exhibits a great 
application potential in biomedical science and environmental fields. In this review, we highlight the recent 
progress in high-sensitivity bioanalytical applications based on aptamer signal amplification strategies on mi
crochips. Furthermore, the main challenges in the practical application are discussed, and the development in the 
future is prospected.   

1. Introduction 

Nucleic acid aptamers are oligonucleotide chains with specific 
recognition functions screened by exponential enrichment system [1]. 
Since RNA aptamers were firstly isolated by Szostak [2] and Tuerk [3] in 
1990, more and more aptamers have been screened, and their targets 
have covered small molecules [4,5], macromolecules [6], microorgan
isms [7–9] and cells [10,11]. Aptamers can fold into various structural 
shapes such as hairpins, stem-loops, pseudoknots, bulges, and G-quad
ruplexes, and they can bind to the targets through complementary 
pairing between bases, hydrogen bonding, van der Waals force, elec
trostatic interaction, etc. [12]. These conformational changes provide a 
structural basis for aptamers binding to specific targets. 

The affinity of the aptamer to its target molecule is thought to 
resemble that of the antibody. Moreover, aptamers have many 
remarkable advantages that make them become a more effective option 
than antibodies [13]. Firstly, the screening of aptamers is relatively 
simple from a synthetic library without cell lines or animals [14]. Sec
ondly, aptamers can easily modify functional groups for different pur
poses without changing their intrinsic characteristics [15]. Thirdly, 

aptamers are much more stable than antibodies, and aptamer-target 
binding is generally reversible through environmental parameters 
such as pH and temperature. They can sustain reversible denaturation 
[16]. These excellent biochemical properties make aptamers ideal can
didates as recognition elements in developing biosensor platforms. 
Furthermore, aptamers can achieve signal amplification aided by their 
own characteristics (e.g., chain reaction, functionalization combined 
with nanomaterials), which exhibit their own unique advantages in the 
fields of biological sensing and disease diagnosis. At present, a variety of 
aptamer-based signal amplification methods have been developed for 
the detection of trace substances, which have been widely applied 
because of their simple operation and high sensitivity. 

Over the past decades, microchips, as potential biosensor platforms, 
have received great attention in fields of biochemical sensing, medical 
diagnostics, and environmental monitoring. Various kinds of microchip 
platforms have sprung up, which mainly include microfluidic chips, 
paper-based microchips, and microarray chips. They have their own 
intrinsic advantages for different applications. For instance, microfluidic 
chips can easily achieve multi-unit integration and automatic operation. 
Paper-based microchips own the advantages of easy fabrication and 
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portability for in-field detection. Microarray chips have a potential 
advantage in high-throughput bioassay. However, to these microchip 
platforms, the high-sensitivity detection is still a leading challenge for 
the biological samples, especially for those with only nL-pL volume. 
With the rapid development of recognition of aptamer along with a 
range of signal amplification strategies, the aptamer-conjugated 
microchip exhibits a promising solution for high-sensitivity bio
analysis [17]. 

At present, there have been several excellent reviews on aptamer 
with different emphases, such as aptamer screening techniques [18,19], 
aptasensors and detection techniques [20,21], signal amplification 
strategies [22,23], and applications [24–26]. But as far as we know, the 
review on the aptamer-based signal amplification for high-sensitivity 
bioanalysis on microchips has not been reported. This review, as 
shown in Fig. 1, firstly briefly discusses the characteristics of 
aptamer-based microchip platforms, which mainly include microfluidic 
chips, paper-based microchips, and microarray chips. Then we focus on 
aptamer-based signal amplification for high-sensitivity bioanalysis on 
microchips, which includes the aptamer-based signal amplification 
strategies on microchips and the high-sensitivity biochemical applica
tions (Table 1). Finally, the main challenges and the development trends 
in the practical application are discussed. 

2. Aptamer-based microchips 

At present, aptamer, either used as an affinity probe or an affinity 
stationary phase on microchips, makes full use of its own high affinity 
and stability characteristics for biochemical applications. Microchips, as 
special platforms of aptamer reaction, have been widely reported, which 
mainly include microfluidic chips, paper-based microchips and micro
array chips [27–30]. 

2.1. Aptamer-based microfluidic chips 

It is convenient to manipulate the processes of extraction, separation 
and enrichment for biological samples on the microfluidic chip. Mean
while, the microfluidic chip can transport a precise amount of biological 
samples, which can make effective use of reagents, especially for those 
enzymes or hormones poorly present in the practical sample. Aptamer- 
based microfluidic chip makes it possible to separate the complex 
sample quickly and accurately because of the affinity interaction be
tween aptamers and analytes [31]. Nguyen et al. [32] introduced a 
microfluidic chip to immobilize the aptamer onto the beads filled in the 
microchamber, which could purify and enrich adenosine mono
phosphate (as a model analyte) from the salt-contaminated mixture. 
They employed thermally induced reversible characteristics of 
aptamer-analyte binding to realize the capture and release of analytes by 
controlling chip temperature. The aptamer-based microfluidic chip 
coupled with mass spectrometric assay could successfully detect aden
osine monophosphate at 10 nmol L− 1 complex sample. The 
aptamer-based microfluidic chip exhibits a great potential to address the 
requirements of detecting low abundance analytes. 

In addition, the microfluidic chip can integrate multiple-operation 
units, which allows many operation processes to be automated [33, 
34]. Sinha et al. [35] proposed an automatic microfluidic chip that in
tegrated with micropumps, micromixers and reagent storage chambers. 
The cardiac troponin I (cTnI) biomarker from six untreated clinical 
serum samples was simultaneously detected by using an aptamer-based 
ELISA-like assay on the microfluidic chip. The whole detection process 
of cTnI could be performed automatically within 35 min including re
agent mixing, transport, and washing, and the detection limit was 0.01 
ng mL− 1 (Fig. 2A1). Man et al. [36] proposed a microfluidic colorimetric 
sensor for detecting salmonella in vegetables by using a smartphone 
imaging APP. Based on the binding between aptamer and salmonella, 
the visible color was changed by the aggregation of thiolated poly
styrene microspheres and gold nanoparticles (AuNPs). The processes of 

mixing, enrichment and detection of salmonella were completed on the 
microfluidic chip in less than 45 min, and the detection limit reached 
6.0 × 101 cfu mL− 1 (Fig. 2A2). 

In recent years, the microdroplet analysis platforms have been 
widely reported, which can efficiently realize droplet generation and 
droplet-based microreaction. Based on this platform, a cell membrane- 
anchored fluorescence aptasensor was proposed for the detection of 
cytokine secretion at a single-cell level [37]. The two ends of an 
IFNγ-specific aptamer, as a recognition element, were modified with the 
fluorophore and quencher respectively. The extended aptamer could 
spontaneously form a hairpin structure, which brought both ends in 
proximity and resulted in fluorescence quenching. When binding to the 
target, the aptamer probe formed a tertiary structure, which separated 
the fluorophore from the quencher, and caused the restoration of fluo
rescence. The response of the cholesterol-linked aptamer to IFNγ was 
demonstrated with a detection limit of 10.0 nmol L− 1. The droplet-based 
microfluidic platform combined with the aptamer sensor exhibits a great 
potential to study immune response at a single-cell level. 

2.2. Aptamer-based paper chips 

Paper, as a porous cellulose fiber with a high surface area, has been 
used in a wide variety of biochemical assays since firstly proposed by 
Whitesides’ group [38]. Paper has its own advantages of portability and 
ease of store compared with other materials. Furthermore, the porous 
microstructure of paper will help to immobilize protein macromole
cules. Currently, there are three main aptamer-functionalized modes on 
the paper-based microchip for biochemical analysis: (i) as a signal 
recognition element for the qualitative or semi-quantitative assay [13], 
(ii) amplifying and triggering a high-efficiency aptamer chain reaction 
to achieve a high-sensitivity quantitative assay, and (iii) building 
aptamer-based cross-linking gel by capturing and releasing analytes to 
develop an equipment-free quantitative assay [24]. 

Due to its inherent white background, the low background interfer
ence and portability enable the paper-based microchip to realize qual
itative or semi-quantitative detection. He et al. [39] constructed 
upconversion nanoparticles (UCNPs) on the paper-based microchip for 
field detecting cocaine combined with a smartphone. (Fig. 2B1). The 
luminescence of UCNPs fixed on the paper was quenched by 
aptamer-modified AuNPs, which could quantify the cocaine with a 
detection limit of 10 nmol L− 1. Moreover, this paper-based microchip 

Fig. 1. Schematic illustration of aptamer-based signal amplification techniques 
and biochemical applications on microchips. 
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can be extended to other targets by replacing the target aptamer, and it 
holds great application potential in the field of drug abuse detection. At 
present, paper-based colorimetric detection coupled with aptamer signal 
amplification has gained popularity because of its simple operation. 
Zhang et al. [40] proposed naked-eye quantitative aptamer-based assays 
for detecting adenosine on the paper microchip. When the target existed, 
a short DNA strand covalently modified on the super-paramagnetic 
particle (SP) could trigger hybridization chain reaction (HCR) for 
signal amplification. As a result, many hairpin probes were captured 
onto the SP to bind glucose oxidase tags, and further cause the 
oxidation-reduction reaction on the paper microchip. The paper length 
of the colored region and the number of colorless microzones based on 
the oxidation-reduction reaction could respectively quantify the aden
osine with the naked eye, which demonstrated the sensitive, specific 
aptamer-based assay. 

In addition, some efforts have been made for equipment-free quan
titative or semi-quantitative aptamer-based assays on the paper micro
chip. Wei et al. [41] proposed an aptamer-cross-linked hydrogel paper 
microdevice which was used as a flow regulator for target-response to 

mediate fluid flow and signal readout. The degree of hydrogel formation 
could affect the travel length of the solution in the flow channel. When 
there was no target in the sample, the hydrogel was formed in the flow 
channel, which prevented the colored indicator from reaching the 
observation spot, thus showing a “signal off”. In contrast, the “signal on” 
was generated without forming hydrogel in the presence of a target. The 
colored indicator corresponding to “signal on/off” readout could 
simultaneously detect adenosine, cocaine and Pb2+ in the complex 
sample. For achieving quantitative analysis and further improving the 
detection sensitivity, they designed a crosslinked sweet hydrogel paper 
microdevice with target-responsive aptamer for visual quantitative 
readout, and the cascade enzymatic reactions were used for signal 
amplification [42] (Fig. 2B2). The “sweet” hydrogel with the aptamer 
cross-linker trapped glucoamylase (GA). When the target was presented, 
the “sweet” hydrogel collapsed and released GA into the sample, which 
resulted in the generation of glucose because of GA-catalyzed amylolysis 
reaction and further induced a cascade reaction on the 
enzyme/substrate-modified paper microchip to generate a distance 
signal of stained stripe. There was a positive correlation between the 

Table 1 
Summary of bioanalytical applications based on aptamer signal amplification strategy on microchips.  

Applications Target Microchip Signal amplification Linear range LOD Ref 

small molecules kanamycin microfluidic chip HCR 1 pg•mL− 1-10 ng mL− 1 0.29 pg mL− 1 [118] 
kanamycin microfluidic chip RCA 0.8–104 ng mL− 1 0.3 pg mL− 1 [159] 
kanamycin microfluidic chip RCA 0.001–10 ng mL− 1 0.32 pg mL− 1 [123] 
kanamycin microfluidic chip MAJR – 0.41 pg mL− 1 [101] 
kanamycin microfluidic chip CHA 0.001–10 ng mL− 1 0.7 pg mL− 1 [117] 
kanamycin microfluidic chip HCR 5.89 × 10− 4-10 nmol L− 1 1.76 × 10− 4 nmol L− 1 [122] 
oxytetracycline microfluidic chip CHA 0.001–10 ng mL− 1 0.9 pg mL− 1 [117] 
chloramphenicol microfluidic chip MAJR 0.001–40 ng mL− 1 0.52 pg mL− 1 [101] 
erythromycin Paper-based RPA 250–500 pmol L− 1 10 pmol L− 1 [83] 
mercury ions microfluidic chip nanomaterials 10− 6-10− 11 mol L− 1 10 pmol L− 1 [120] 
lead ion microfluidic chip HCR 4.29 × 10− 4-3.5 nmol L− 1 1.29 × 10− 4 nmol L− 1 [124] 
lead ions microfluidic chip nanomaterials 0.48 nmol•L− 1-1.2 μmol L− 1 0.64 nmol L− 1 [121] 
lead ions paper-based nanomaterials 10 nmol L− 1-1 mmol L− 1 0.7 nmol L− 1 [122] 
17 β-estradiol microfluidic chip RCA 0.02–2 ng mL− 1 6.8 pg mL− 1 [123] 
17 β-estradiol microfluidic chip HCR 3.94 × 10− 4-3.5 nmol L− 1 1.18 × 10− 4 nmol L− 1 [122] 
aflatoxin M1 microfluidic chip RCA 3–50 pg mL− 1 0.95 pg mL− 1 [123] 

macromolecules VEGF microfluidic chip RCA 10–250 pg mL− 1 10 pg mL− 1 [133] 
PSA microfluidic chip HCR 0.001–100 ng mL− 1 0.31 pg mL− 1 [135] 
exosome microfluidic chip CHA – 103 exosomes•μL− 1 [96] 
exosome paper-based HCR 1.7 × 104–3.4 × 108 particles/mL 5 × 103 particles/mL [137] 
peptide paper-based HCR 20 pmol•L− 1-50 nmol L− 1 8.33 pmol L− 1 [139] 
AFP microfluidic chip CHA – 0.1 pg mL− 1 [125] 
CA125 microfluidic chip CHA – 0.2 pg mL− 1 [125] 
CEA microfluidic chip CHA – 0.15 pg mL− 1 [125] 
PDGF-BB microarray nanomaterials 16 pg•mL− 1-250 ng mL− 1 1.4 ng mL− 1 [46] 
PDGF-BB microarray nanomaterials 16 pg•mL− 1-250 ng mL− 1 7.8 ng mL− 1 [46] 
PDGF-BB microfluidic chip PCR 62 fmol L− 1-1 nmol L− 1 62 fmol L− 1 [59] 
c-reactive protein microarray nanomaterials 4–200 nmol L− 1 5 nmol L− 1 [47] 
thrombin microfluidic RCA 0.100–50.000 pg mL− 1 0.083 pg mL− 1 [61] 
thrombin paper-based HCR 50 fmol•L− 1-1000 pmol L− 1 16.7 fmol L− 1 [143] 
thrombin paper-based RCA – 240 pmol L− 1 [144] 
N-glycan paper-based HCR 100-107 cells•mL− 1 21 cells•mL− 1 [90] 

microorganisms E. coli O157:H7 microfluidic chip CHA 2 × 102–2 × 105 cells•mL− 1 75 cells•mL− 1 [116] 
E. coli O157:H7 microfluidic chip RCA – 80 cells•mL− 1 [63] 
E. coli O157:H7 microfluidic chip RCA 102-105 cells•mL− 1 102 cells•mL− 1 [62] 
E. coli O157:H7 microfluidic chip HCR 500–5 × 107 CFU mL− 1 250 CFU mL− 1 [148] 
E. coli O157:H7 microfluidic chip RCA – – [149] 
H1N1 viruses microfluidic LAMP – 3 × 10− 4 HAU/reaction [75] 
HCV microfluidic LAMP – 2 copies•μL− 1 [76] 
HBV microfluidic LAMP – 2 copies•μL− 1 [76] 
HIV microfluidic LAMP – 2 copies•μL− 1 [76] 
noroviruses paper-based nanomaterials 13 ng mL− 1-13 μg mL− 1 3.3 ng mL− 1 [153] 
Vibrio parahaemolyticus Paper-based SDA 10–107 CFU mL− 1 5.6 CFU mL− 1 [79] 

cells CTCs microfluidic nanomaterials – – [154] 
CTCs microfluidic nanomaterials – – [155] 
IL-8 microfluidic RCA 7.5–120 pg mL− 1 0.84 pmol L− 1 [156] 
MCF-7 paper-based nanomaterials 180–8 × 107 cells•mL− 1 8 × 107 cells•mL− 1 [157] 
HL-60 paper-based nanomaterials 210–8 × 107 cells•mL− 1 7 × 107 cells•mL− 1 [157] 
K562 paper-based nanomaterials 200–8 × 107 cells•mL− 1 7 × 107 cells•mL− 1 [157]  
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distance of the stained stripe and the concentration of targets, which 
could realize the quantitative detection of cocaine using the naked eye. 

2.3. Aptamer-based microarray chips 

Microarray can offer several advantages in terms of high speed, 
miniaturization, and automation for biochemical analysis [43]. Phung 
et al. [44] developed a microarray prescreening platform coupled with a 

lateral flow assay for the detection of C-reactive protein. An aptamer 
binding C-reactive protein was immobilized on microarray chips to 
achieve the parallelized and fast screening for binding conditions. At the 
same time, the aptamer-based microarray chip can also allow 
high-precision capturing of different targets for multiple detections in a 
single device [45]. Liu et al. [46] developed an aptamer-based sandwich 
assay in a microarray chip to detect two biomarkers simultaneously by 
constructing a multivalent aptasensor array along with silver aggregated 

Fig. 2. Schematic illustrations of aptamer-based microchips. (A1) The automatic aptamer-based ELISA-like assay on the microfluidic chip. Adapted with permission 
from Ref. [35]. Copyright (2019) IEEE. (A2) 3-dimension structure of the microfluidic colorimetric biosensor for the detection of Salmonella typhimurium by 
smartphone imaging APP. Reproduced with permission from Ref. [36]. Copyright (2021) Elsevier. (B1) The UCNPs-based paper microdevice for on-site testing 
cocaine. Reproduced with permission from Ref. [39]. Copyright (2016) American Chemical Society. (B2) Paper-based microdevice integrated the distance readout 
sweet hydrogel for the visual quantitative analysis of cocaine. Reproduced with permission from Ref. [42]. Copyright (2016) American Chemical Society. (C) The 
aptamer-based sandwich assay in the microarray chip for detecting protein. Reproduced with permission from Ref. [46]. Copyright (2018) Elsevier. 
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amplification strategy (Fig. 2C). The aptamers-modified silver nano
particles dotted in array could specifically identify target proteins. 
Meanwhile, the target proteins could also gather the aptamers-modified 
silver nanoparticles in the microarray, which amplified the fluorescence 
signal through the sandwich structure. The detection limit of 
platelet-derived growth factor-BB reached 1.4 pg mL− 1. 

Aptamers can be modified on the microarray chips to construct 
aptamer arrays for high-throughput detection. However, the assembly 
processes of microarray biomolecules are laborious. To simplify the 
operation steps, Sathish et al. [47] proposed a two-step patterned 
method to create an aptamer-based immunoassay in the microchip. 
Aminosilanes were patterned covalently on the device substrate to 
construct an aptamer array, and the target molecules bound with 
aptamer array could withstand the high shear stresses of flow in the 
device and maintain their biological function. Using this covalent 
coupling method, aptamer-based immunoassays for different bio
molecules can be created in the microarray chip, which exhibits a great 
potential for high-throughput multiplexed bioassays in the future. 

3. Aptamer-based signal amplification strategies on microchips 

At present, a range of aptamer-based high-sensitivity bioanalysis on 
microchips have been developed and coupled with various detection 
techniques such as colorimetry [40], chemiluminescence [48], fluores
cence detection [49], electrochemistry [50], Raman [51], surface plas
mon resonance [52], etc. The aptamer-based signal amplification 
strategy is an important factor in improving the detection sensitivity for 
bioanalysis. In this section, we focus on discussing the aptamer-based 
signal amplification strategy on microchips, which is defined broadly 
as the aptamer-based chain reactions (enzyme-mediated, 
non-enzyme-mediated) and aptamer-functionalized nanomaterials. 

3.1. Enzyme-mediated signal amplification on microchips 

Polymerase chain reaction (PCR), as the “gold standard” for enzyme- 
mediated aptamer chain reaction, has been widely used in the fields of 
diagnostics, biochemistry and molecular biology [53–58]. Csordas et al. 
[59] developed a microfluidic platform coupled with aptamer-based 
PCR to achieve high-sensitivity detection of proteins. They employed 
high-gradient magnetic field to directly capture target-aptamer com
plexes in serum samples. The aptamer was used as an affinity and 
amplification reagent for real-time PCR, which significantly increased 
the assay sensitivity and multiplexing capability. The cancer biomarker 
PDGF-BB could be detected from 62 fmol L− 1 to 1 nmol L− 1 in complex 
serum background. However, PCR is also complex and time-consuming, 
and usually involves temperature cycles and expensive equipment. Now, 
aptamer-based isothermal amplification, as a promising alternative to 
PCR amplification technology, is emerging on microchips. And it in
cludes rolling circle amplification (RCA), loop-mediated isothermal 
amplification (LAMP), strand displacement amplification (SDA), nucleic 
acid sequence-based amplification (NASBA) and recombinase poly
merase amplification (RPA), etc. 

RCA can produce long single-stranded RCA products composed of 
abundant tandem repeats complementary to a circular template under 
the action of DNA polymerase, which can achieve signal amplification 
[60] (Fig. 3A). To aptamer-based RCA on microchips, the aptamers are 
generally modified in the microchannels, which selectively capture 
analytes (e.g., thrombin) and then amplify the signal by RCA and 
G-quadruplex catalyzed ABTS-hemin-H2O2. This method exhibited high 
selectivity for thrombin and the detection limit reached 0.083 pg mL− 1 

[61]. In addition, the products of RCA can also be loaded with some 
signal molecules such as fluorescent probes [62,63] or quantum dots 
[64–66]. Jiang et al. [62] employed RCA amplification to capture E.coli 
O157:H7 cells on the microfluidic chip. Poly (amidoamine) dendrimer 
was immobilized on the PDMS channel for further ligating aminated 
aptamers. The RCA products loaded with numerous fluorescent probes 

could enhance detection signals by up to 50 times. Now, RCA is gener
ally divided into linear RCA [67], multi-primer RCA [68] and hyper
branched RCA (HRCA) [60,69]. HRCA introduces multiple primers 
based on linear RCA to achieve exponential amplification and signifi
cantly improve the amplification efficiency. By combining HRCA and 
the specificity of an aptamer to the target, Zhang et al. [70] developed a 
fluorescent aptamer sensor for the detection of ochratoxin A, and the 
detection limit reached 1.2 fg mL− 1. At present, in the RCA reaction 
process, the ring is used as a template, which is cumbersome and 
time-consuming [71]. Furthermore, RCA is susceptible to background 
signal interference in the amplification process, which may cause false 
positive or false negative cases [72]. 

In 2000, Notomi et al. [73] put forward the concept of LAMP for the 
first time, which has been developed to amplify nucleic acids with 
rapidity and high efficiency. Currently, LAMP employs DNA polymerase 
with strand replacement activity along with four groups of primers at a 
constant temperature (60–65 ◦C) within 40–45 min (Fig. 3B). Huang 
et al. [74] firstly introduced LAMP into the microfluidic chip, and they 
explored the suitable reaction conditions of LAMP in the microenvi
ronment, thereby successfully developing a real-time fluorescence 
detection system based on isothermal amplification. A 1 nL efficient 
reaction volume was carried out on the microfluidic chip. For the rapid 
detection of the H1N1 virus, a reverse transcription LAMP (RT-LAMP) 
was proposed on the self-driven microfluidic chip, which realized sen
sitive and efficient detection of H1N1 virus in 40 min with a detection 
limit of 3 × 10− 4 hemagglutinating units (HAU)/reaction [75]. To 
realize multiplex detection, Xie et al. [76] proposed a LAMP-based 
self-driven microfluidic chip to detect hepatitis C virus (HCV), hepati
tis B virus (HBV) and human immunodeficiency virus (HIV). Due to the 
air permeability of PDMS, there was a pressure difference between the 
reaction chamber and the vacuum chamber in the microfluidic chip. 
Using this characteristic, the self-drive sample loading was completed 
within 12 min and LAMP primers were placed in different reaction 
rooms in advance to achieve multiple detections. 2 copies/μL of HBV, 
HCV and HIV target nucleic acids could be detected by a smartphone. 
LAMP on the microchip presents a promising application for further 
molecular diagnosis and genetic analysis. However, it requires many 
primers, which increases the possibility of primer-primer interactions, 
thereby causing false-positive results [77]. 

In addition, there are several reports of SDA, NASBA and RPA on the 
microchips, which are also enzyme-mediated isothermal amplification. 
Walker et al. [78] firstly proposed SDA in 1992, which used DNA po
lymerase with chain displacement activity to unlock DNA double strands 
and strip the old downstream strands while extending the new strands. 
They achieved 107-fold amplification of a genomic sequence from 
Mycobacterium tuberculosis within 2 h at 37 ◦C. In order to further 
improve the sensitivity and simplify the operation, Wu et al. [79] 
combined SDA with the lateral flow biosensors (LFB) for the visual 
detection of Vibrio parahaemolyticus. Under the optimum conditions, 
the detection limit reached 10 cfu ml− 1. The SDA/LFB platform showed 
great application potential for the rapid screening of Vibrio para
haemolyticus contamination in food and environmental samples. 
NASBA is also a primer-dependent nucleic acid amplification technol
ogy. A single-stranded RNA is used as a template, which is catalyzed by 
three enzymes of AMV reverse transcriptase, RNase H and T7 RNA po
lymerase. The reaction can continuously amplify the template RNA 
about 109-1012 times within 2 h [80]. Won et al. [81] developed an Fc 
region-specific aptamer as a reporter probe to characterize breast tumor 
cells. On the microfluidic chip platform, the aptamer was simply 
amplified by NASBA, and further quantified the marker protein of tumor 
cells. Compared with the other amplification techniques, RPA can 
complete the amplification process at room temperature and the target 
amplification product can be obtained in less time (about 20 min). RPA 
generally requires three main enzymes including a recombinase, an 
ssDNA-binding protein, and a polymerase for DNA synthesis from 
primer-paired target DNA [82]. Du et al. [83] combined RPA 
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amplification with LFB to realize the portable rapid detection of eryth
romycin. They utilized a novel aptamer Ery_06 as a sensing element to 
capture erythromycin, and the signal was further amplified by RPA on 
the lateral flow strip to be visible within 15 min, and the detection limit 
reached 3 pmol L− 1. 

3.2. Non-enzyme-mediated signal amplification on microchips 

Compared with enzyme-mediated aptamer chain reaction, HCR, 
catalyzed hairpin assembly (CHA), and multi-arm junctions recycling 
(MAJR) as new aptamer chain reactions without enzyme participation, 
only depend on the intermolecular hydrogen bonding and simple tem
perature control, which greatly reduce experimental cost and improve 
the reproducibility [84,85]. 

A typical HCR system generally contains an initiator (I) and a pair of 
complementary DNA hairpins with sticky ends (H1, H2). The target can 
be amplified via the repeated production of the target strands based on 
the assembly of H1 and H2 (Fig. 3C). The traditional HCR sequence 
assembly usually takes several hours and even exists insufficient 
amplification, which limits its applications [86]. Chen et al. [87] used a 
three-dimensional chip to realize HCR assembly and signal amplification 
in 15 min. Because the three-dimensional chip was a compact multi
channel structure with a large surface area, it could realize the sensitive 
sensing and multifunctional integration, which greatly reduced the re
action time. The biosensing system has the detection limits of 4 and 8 
cfu mL− 1 for Staphylococcus aureus and Salmonella enterica Typhimu
rium, respectively. For realizing the more sensitive detection, HCR 
combined with hemin/G-quadruplex was employed to detect the hlyA 
gene, where the HCR products could serve as the signal tag with a highly 
efficient catalytic ability benefiting from the associated generation of a 
great deal of hemin/G-quadruplex DNAzyme molecules, and the detec
tion limit reached 1.1 fmol L− 1 [88]. Furthermore, HCR long chain can 
combine with many luminescent materials to induce signal amplifica
tion [89]. Ge et al. [90] developed an ultrasensitive paper-based 
biosensor by combining multibranched HCR (mHCR) with graphene 
quantum dots (GQDs)-induced signal amplification strategies. They 
realized the in-situ detection of N-glycan expression on the cell surface. 

Currently, several new HCR signal amplification strategies are devel
oped including multibranched HCR, localized HCR, migration HCR, 
netlike HCR, in situ HCR, etc [91]. The new HCR strategies have the 
characteristics of simplicity, rapidity, high sensitivity and strong speci
ficity. However, the HCR hairpin probe is still crucial to improving 
signal amplification, and the complexity and imperfection of hairpin 
probe design remain to be solved [92]. 

CHA is a novel DNA self-assembly method by free energy-driven 
firstly proposed by Pierce’s group [93] in 2008. CHA is developed on 
the basis of HCR, and its target chain acts as a catalyst throughout the 
reaction process, which can be replaced and recycled for the next round 
of CHA reaction [94] (Fig. 3D). Li et al. [95] firstly attempted to intro
duce CHA into multiple detection modes including colorimetry, fluo
rescence and electrochemistry, and obtained a high catalytic efficiency, 
which achieved 100-fold signal amplification in a few hours. In order to 
further improve the sensitivity, an agarose-based microfluidic chip 
combined with CHA was proposed to allow high-sensitivity detection of 
exosomes [96]. Exosomes could be rapidly enriched in less than 15 min, 
and the detection limit reached ~103 exosomes in a 1-μL sample. At 
present, the CHA strategy can be easily extended for developing various 
biomolecule assays because of its higher amplification efficiency and 
lower background signal [97–99]. 

The non-enzyme-mediated signal amplification strategy is based on 
DNA toehold-mediated strand-displacement, which is a metastable re
action. That usually suffers a plague of signal leakage because the 
hairpins may be opened in the absence of target. Recently, to amplify 
DNA fragments and minimize the leakage, a non-enzymatic MAJR signal 
amplification strategy with a high energy barrier was proposed [100]. 
Due to the complementary relationships between the hairpins, 
numerous four-arm and three-arm DNA branched junctions could form 
based on a cascade assembly of the hairpins in the presence of triggers. 
Zhang et al. [101] developed a stir-bar assisted MAJR signal amplifi
cation strategy for the simultaneous detection of chloramphenicol and 
kanamycin based on microchip electrophoresis. The aptamers on the 
stir-bar could specifically bind chloramphenicol and kanamycin and 
generated different single-stranded DNA primers, which triggered MAJR 
to produce numerous four-arm and three-arm DNA junctions 

Fig. 3. (A) Schematic illustrations of typical RCA mechanism. Reproduced with permission from Ref. [113]. Copyright (2021) MDPI. (B)Typical maps of primer set 
location and corresponding sequence homology of LAMP. Reproduced with permission from Ref. [114]. Copyright (2020) MDPI. (C) Basic working principle of HCR. 
Reproduced with permission from Ref. [91] Copyright (2020) American Chemical Society. (D) Schematic illustrations of CHA circuit. Reproduced with permission 
from Ref. [115] Copyright (2021) Elsevier. 
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corresponding to the targets. And then the signals were amplified 
accordingly. They employed microchip electrophoresis to separate and 
detect the DNA multi-arm junctions, thereby quantifying the target with 
low detection limits of 0.41 pg mL− 1 kanamycin and 0.52 pg mL− 1 

chloramphenicol. However, to MAJR signal amplification strategy, 
numerous hairpin probes are required for multi-arm junctions, which 
can cause a more complex analysis process. That will hinder its wide 
application to some extent. 

3.3. Functionalized aptamer combined with nanomaterials on microchips 

Since nucleic acid aptamer is composed of synthetic single-stranded 
oligonucleotide sequences, it is easy to modify different functional 
groups without affecting their intrinsic properties. Functionalized 
aptamers can be directly conjugated with nanomaterials to achieve 
signal amplification [102], which mainly embodies the following four 
aspects: (i) the nanomaterials have large surface area, which could be 
loaded with more aptamers and signal molecules to achieve signal 
amplification [103–105]; Zhao et al. [106] proposed a sandwich-type 
electrochemical aptamer sensor for detecting thrombin based on the 
aptamer-AuNPs-horseradish peroxidase (HRP) conjugates. AuNPs have 
large specific surface area which can load much more aptamers. By using 
the large surface area of AuNPs and catalytic reactions of HRP, a 
remarkable signal amplification was achieved with a detection limit of 
30 fmol L− 1. (ii) many nanomaterials have the properties of mimic en
zymes, so they can be used as bridges between aptamer and signal 
molecules for signal amplification [107,108]. Aptamer can inhibit the 
nano-enzyme activity of AuNPs by surface passivation. In the presence 
of target, the aptamer binds the target to leave the surface of AuNPs and 
reactivates the enzyme properties of AuNPs [109]. Based on this 
approach, Weerathunge et al. [109] developed a new colorimetric bio
sensing assay by combining an acetamiprid-specific S-18 aptamer and 
inherent peroxidase-like nanozyme activity of AuNPs. They realized the 
detection of 0.1 ppm acetamiprid within 10 min (iii) many 
two-dimensional nanomaterials have excellent fluorescence quenching 
effects. When the aptamer labeled with fluorophore interacts with the 
nanomaterial, a fluorescence response system can be constructed by 
fluorescence resonance energy transfer (FRET) [110]. Chang et al. [111] 
constructed a graphene-based FRET aptasensor for the detection of 
thrombin. The functionalized aptamer was conjugated to graphene 
oxide (GO) through π-π stacking, which could induce fluorescence 
quenching. The fluorescence was restored in the presence of thrombin 
because the specific binding between aptamer and thrombin kept the 
fluorescence group away from GO. The detection limit of the 
graphene-based FRET aptamer sensor was 31.3 pmol L− 1 (ⅳ) a colori
metric sensor was designed by combining the color characteristics of 
nanoparticles with the specificity of aptamer. Han’s group [112] con
structed a simple and ultrasensitive colorimetric sensor based on 
AuNPs-aptamer to detect saxitoxin (STX). The aptamer on the AuNPs 
could specifically bind STX and result in the aggregation of AuNPs and 
the color change. The biosensor could realize ultrasensitive STX detec
tion with a detection limit of 10 fmol L− 1. 

4. Aptamer-based biochemical applications on microchips 

4.1. Small molecules 

Antibiotics as small molecules are widely researched because the 
residual antibiotics in the environment can enter the human body 
through the food chain and cause harmful effects on human health. 
However, high-sensitivity detection of antibiotics remains a challenge 
due to low concentration and severe matrix interference in the sample. 
Many researchers have carried out the detection of antibiotics based on 
aptamer-based signal amplification techniques on microchips [101, 
116]. Wang et al. [117] developed a high-throughput microchip elec
trophoresis platform for multiplex antibiotic detection. In the presence 

of the target, the binding of aptamer and target could trigger the target 
CHA amplification and produce the strong signals which represented the 
concentrations of kanamycin and oxytetracycline, respectively. With the 
aid of CHA amplification, the signal could be amplified 300 times 
compared with the non-amplified system. Under optimal conditions, the 
detection limits of the microchip electrophoresis platform for kana
mycin and oxytetracycline were 0.7 pg mL− 1 and 0.9 pg mL− 1, respec
tively. In order to efficiently capture the antibiotics from the complex 
matrix, Zhang et al. [118] used a stirring bar carrying a gold-labeled 
aptamer to construct a universal detection system for antibiotics, 
which integrated microfluidic chip electrophoresis and HCR signal 
amplification. The aptamer on the stirring bar could unwind the duplex 
DNA and release the complementary chains (cDNA), which triggered 
HCR in the presence of source strands (H1 and H2 beacons). The amount 
of H1 and H2 was decreased in the reaction, and the decreased signal of 
H1/H2 was used for the quantification of kanamycin. The detection 
range for kanamycin was 1 pg mL− 1 to 10 ng mL− 1 with a detection limit 
of 0.29 pg mL− 1. By using the stir bar assisted sorptive extraction and 
RCA for signal amplification, He et al. [119] developed a microfluidic 
chip electrophoresis-based ratiometric aptasensor for kanamycin 
detection. The primer (hybrid duplex DNA, one primer to trigger RCA 
combined with the aptamer of kanamycin) labeled on the stir bar was 
displaced and released into the supernatant in the presence of kana
mycin. The primer could react with the circular DNA templates (CDT), 
and it could also trigger RCA to produce many single-stranded products 
(RCA product strand, RPS). CDT and RCA were separated by micro
fluidic chip electrophoresis and the ratio of signals was employed to 
quantify kanamycin. The detection process could be completed within 3 
min and the detection limit reached 0.3 pg mL− 1 for kanamycin. 

In addition, several environmental contaminants such as heavy 
metal ions (e.g., mercury ions [120], lead ions [121]), aflatoxin M1, 17 
β-estradiol [122,123] have all gained the attention of aptamer-based 
microdevice researchers. Chung et al. [120] combined microdroplets 
with surface-enhanced Raman spectroscopy for the detection of mercury 
(II) ions, and the aptamer-functionalized nanomaterials were used as 
high-performance sensing probes. In the presence of mercury ions, 
aptamers were released from the surface of nanoparticles to restore the 
Raman enhancement effect of nanoparticles and the detection limit 
reached 10 pmol L− 1, which was three orders below the maximum 
contaminant level defined by the Environmental Protection Agency. 
Park et al. [121] proposed a microfluidic sample pretreatment platform 
with aptamer-linked photoluminescence graphene oxide quantum dots 
(GOQD) for the quantitative detection of lead ions (Fig. 4A). In the 
presence of lead ions, aptamers on GOQD surface could specifically 
capture lead ions and induce FRET between GOQD and lead ions under 
UV light irradiation. The system exhibited high sensitivity for lead ion 
detection with a detection limit of 0.64 nmol L− 1 and a detection range 
from 1 to 1000 nmol L− 1. Although these methods can obtain high 
sensitivity in metal ions detection, most of them need a cumbersome 
operation and large equipment. Fakhri et al. [124] designed a simple 
paper-based microchip to detect lead ions in drinking water. They 
employed a colorimetric assay based on AuNPs aggregation-based 
aptamer. In the presence of lead ions, the aptamer disassociated from 
the surface of AuNPs, which caused the aggregation of AuNPs and the 
color change under the action of NaCl. With this colorimetric quanti
tative method on the nylon filter paper, the detection limit of lead ions 
reached 0.7 nmol L− 1. 

There are usually multiple pollutants in a single food or environ
mental sample. Therefore, the methods based on specific recognition 
molecules for simultaneously detecting multiple chemical contaminants 
are urgently needed. In order to detect multiple targets in complex 
samples, Chen et al. [122] developed a multianalysis method coupled 
with magnetic encoded aptamer probes on the microfluidic chip, which 
realized the simultaneous detection of kanamycin, 17 β-estradiol and 
lead ion (Fig. 4B). The coding probe based on magnetic beads (MB) was 
used to selectively capture multiple targets, and then single-chain 
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primers were generated, which could trigger mHCR signal amplifica
tion. Finally, different lengths of complementary strands (cDNA) were 
hybridized with the arm of mHCR to form three multi-branched DNA 
nanostructures. The decreased signals of cDNA were used to quantify the 
targets. The detection limits of three targets reached 1.76 × 10− 4 nmol 
L− 1 (kanamycin), 1.18 × 10− 4 nmol L− 1 (17 β-estradiol) and 1.29 ×
10− 4 nmol L− 1 (lead ions), respectively. In order to improve the detec
tion sensitivity and analysis speed, He et al. [123] developed a micro
fluidic chip aptasensor, which replaced HCR with RCA based on the 
above similar methods. The magnetic tripartite DNA assembly structure 
probes were used to recognize targets for quantifying the targets in the 
sample. Kanamycin, aflatoxin M1 and 17 β-estradiol could be simulta
neously detected within 3 min and the corresponding detection limits 
reduced to 0.32, 0.95 and 6.8 pg mL− 1. 

4.2. Biological macromolecules 

Aptamers can bind a huge range of biomacromolecules, among these, 
tumor markers [125], such as proteins [126], antigens [127] and miR
NAs [128], have potential clinical value for the early-stage diagnosis of 
cancer [129]. The integration of aptamers and microchips can be a light 
on biomarker diagnosis that is significant in early-stage diagnosis and 
treatment of cancer. For example, vascular endothelial growth factor 
(VEGF) leads to the growth of many solid tumors, and therefore it could 
be served as a typical marker of liver and oral cancer [130,131]. Lin’s 
group [132] developed a G-quadruplex specific probe complex 1 

(iridium (III) complex 1) for the quantitative analysis of VEGF165 from 
cell metabolism on the microchip. And they could achieve the dynamic 
analysis of aptamer-protein interaction using luminescence spectrum. 
Based on the RCA reaction and sandwich immunoassay structure, their 
group constructed an open-space microfluidic chip with fluid walls to 
integrate cell culture for on-line detecting VEGF with fluorescence im
aging, and the detection limit reached 10 pg mL− 1 [133]. In order to 
monitor bioaffinity adsorption of VEGF, Chen et al. [134] developed an 
RNA aptamer microarray by the surface transcription reaction of T7 
RNA polymerase on a microfluidic chip. The nonspecific adsorption 
(<0.2%) was observed on the RNA aptamer microarray with surface 
plasmon resonance imaging. Prostate-specific antigen (PSA) is regarded 
as a vital marker for the diagnosis of prostate cancer. A magnetic 
controlled photoelectrochemical (PEC) sensing system was constructed 
for the quantitative detection of PSA [135], which used a reduced 
GO-functionalized BiFeO3 as the photoactive material and 
target-triggered HCR for signal amplification. Under optimal conditions, 
the detection limit toward target PSA was 0.31 pg mL− 1. Additionally, 
exosomes are also recognized as promising biomarkers for noninvasive 
diagnosis and prognosis [136]. However, because of their low concen
tration and small size (30–150 nm), efficient and rapid detection of 
exosomes remains a challenge. Qian et al. [96] achieved simultaneous 
in-situ detection of exosomal miRNAs and intact exosomes on the 
agarose-based microfluidic chip, which had an on-line enrichment 
function based on strong water permeability and the capillary effect. 
They integrated the CHA strategy into the agarose-based microfluidic 

Fig. 4. Small molecule assays on aptamer-based 
microchips. (A) Schematic illustration of the 
microfluidic sample pretreatment platform with 
aptamer-linked GOQD for the quantitative 
detection of lead ions. Adapted with permission 
from Ref. [121]. Copyright (2015) American 
Chemical Society. (B) Schematic illustration of 
simultaneous determination of multiple chemical 
contaminants by coupling aptasensor and HCR. 
Adapted with permission from Ref. [122]. Copy
right (2019) American Chemical Society.   
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chip, and the target exosomes could be automatically enriched at the 
end of the microchannel. The high detection sensitivity with ~103 

exosomes in a 1-μL sample could be achieved. Benefiting from the 
powerful signal amplification of HCR, a paper-based electrochemical 
sensor for ultrasensitive detection of exosome was also proposed by Liu 
et al. [137]. By recognizing exosomes based on Zr-metal-organic 
frameworks and aptamer, HCR was triggered to form G-quadruplex 
DNAzymes, which converted the exosome detection to 
DNAzyme-catalyzed signal amplification. The paper-based biosensor 
could realize the ultrasensitive exosome assay with a detection limit of 5 
× 103 particles/mL. 

In recent years, more and more attentions have been paid to pep
tides, which are also important clinical indicators [138]. Ma et al. [139] 
proposed a paper-based microchip for peptide electro
chemiluminescence (ECL) detection based on aptamer specific recog
nition along with HCR signal amplification method (Fig. 5A). The 
aptamer/initiation strand (AP/IS) was used to recognize the target 
peptide. When the target peptide bound the AP, the AP/IS could release 
IS. HCR could allow the target peptide to induce IS and form long dsDNA 
polymers. Numerous ECL probes embedded into the grooves resulted in 
a significant signal output. The paper-based ECL microchip could ach
ieve a detection range of 25 pmol L− 1 to 50 nmol L− 1 with a detection 
limit of 8.33 pmol L− 1 for MUC1 (a model peptide). 

Thrombin, as a vital macromolecule, plays a key role in cardiovas
cular disease, senile dementia, and the regulation of immune and in
flammatory reactions [140–142]. Lin et al. [61] constructed the 
aptamer-modified microchannels which could specifically capture 

thrombin. The aptamer-based specific recognition microchip along with 
the dual-amplification strategy of RCA and hemin/G-quadruplex system 
could achieve high-throughput and ultra-sensitivity colorimetric assay. 
The detection range for thrombin was 0.100–50.000 pg mL− 1 with a 
detection limit of 0.083 pg mL− 1. Meanwhile, the HCR signal amplifi
cation method combined with a paper-based electrochemical detection 
microdevice also exhibited high sensitivity and excellent specificity for 
thrombin with a detection limit of 16.7 fmol L− 1 [143] (Fig. 5B). To 
simplify operation and reduce the complexity, a paper-based RCA in
hibition assay system for thrombin detection was proposed [144]. 
Aptamer was used as a primer to initiate RCA reaction and bind fluo
rescent dyes (SYBR Gold or QuantiFluor dyes). When thrombin existed, 
aptamer could specifically bind thrombin and inhibit RCA reaction. 
Otherwise, in the absence of thrombin, the aptaprimer could initiate 
RCA and produce long DNA products which were detected by binding 
fluorescent dyes. The paper-based RCA inhibition assay system could 
realize the detection of thrombin in 15 min with a detection limit of 240 
pmol L− 1. 

4.3. Microorganisms 

Rapid and high-sensitivity detection of foodborne pathogens is 
greatly important to food safety and public health because it can lead to 
foodborne illnesses and even death. E. coli O157:H7, as a highly 
threatening pathogen, is commonly detected by ELISA or PCR. However, 
the traditional detection methods are usually tedious, time-consuming, 
and cause large expenses. Recently, aptamer-based detection methods 

Fig. 5. Macromolecule assays on aptamer-based microchips. (A) Schematic illustration of the aptamer-based paper microchip for the detection of peptides. Adapted 
with permission from Ref. [139]. Copyright (2017) John Wiley and Sons. (B) Schematic illustration of HCR signal amplification method combined with a paper-based 
electrochemical detection microdevice. Adapted with permission from Ref. [143]. Copyright (2017) American Chemical Society. 
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of E. coli O157:H7 have been reported due to their rapid, high- 
sensitivity, cost-effective analysis [145–148]. For example, a 
dendrimer-aptamer modified microfluidic chip was employed to detect 
E. coli O157:H7 cells [62]. Poly(amidoamine) dendrimer was immobi
lized on the PDMS channel and further modified with E. coli O157:H7 
capturing aptamer. Based on the sandwich structure of capturing 
aptamer | bacterium (E. coli O157:H7) | aptamer-primer, when the 
target bacteria were present, the RCA reaction was triggered to enhance 
the fluorescence signals, which resulted in a 50-fold increase in signal 
intensity than that of without RCA. The detection limit was reduced to 
100 cells•mL− 1. Meanwhile, in situ capturing RCA aptamer surface 
modification approach in microfluidic channels could also improve the 
capturing performance of E. coli O157:H7 [149], which allowed for 
rapid and sensitive pathogen detection. Furthermore, a double RCA 
signal amplification system, including capturing RCA (cRCA) and 
signaling RCA (sRCA), could further cause the fluorescence signal 
enhancement by up to 250 times compared with the system without RCA 
(Fig. 6A) [63]. The detection limit of 80 cells•mL− 1 was achieved. 

Currently, the highly infectious viruses, such as H1N1 viruses, 
human immunodeficiency virus (HIV), hepatitis B virus (HBV), hepatitis 
C virus (HCV) [76], etc, have caused a huge threat to human health and 

the social economy. H1N1 viruses, as one of the most infectious diseases 
in the past decade, the specificity and sensitivity of detection are still 
relatively low. A reverse transcription LAMP approach on a self-driven 
microfluidic chip was introduced to detect H1N1 viruses [75] 
(Fig. 6B). The microfluidic chip integrated virus isolation, lytic virus, 
LAMP, and colorimetric detection, and the whole detection process was 
only 40 min. The limit of detection reached 3 × 10− 4 hemagglutinating 
units/reaction. Noroviruses are the major causes of acute gastroenteritis, 
which can be usually detected with many methods, including 
enzyme-linked immunosorbent assay (ELISA) [150], western blot [151], 
and nucleic acid-based methods [152], etc. However, rapid, simple, and 
ultra-sensitive detection methods are still urgently need as an alterna
tive to the traditional assays. An aptamer-based fluorometric detection 
method for norovirus on the paper-based device was reported [153]. The 
norovirus-specific aptamer was labeled with 6-carboxyfluorescein, 
which could be quenched by multiwalled carbon nanotubes (MWCNT) 
or GO. When noroviruses were present, the fluorescence was restored 
due to the good specificity of the aptamer. The quantitative detection of 
norovirus could be successfully performed about 10 min, and the 
detection limits reduced to 4.4 ng mL− 1 (using MWCNT) and 3.3 ng 
mL− 1 (using GO), respectively. 

Fig. 6. Microorganism assays on aptamer-based microchips. (A) Schematic illustration of a dual-RCA for detecting E. coli O157:H7 cells. Adapted with permission 
from Ref. [63]. Copyright (2020) Elsevier. (B) Schematic illustration of a reverse transcription LAMP for detecting H1N1 viruses on a self-driven microfluidic chip. 
Adapted with permission from Ref. [75]. Copyright (2019) Elsevier. 
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4.4. Human cells 

The combination of aptamer and microchip in cell detection has the 
advantages of high sensitivity and high accuracy. Circulating tumor cells 
(CTCs), as a key biomarker for cancer diagnosis, follow-up and treat
ment monitoring, exist in various solid tumors. However, the numbers of 
CTCs in complex samples are extremely low, and the detection faces 
great challenges. Sheng et al. [154] developed an 
AuNPs-aptamer-mediated cell microfluidic device, which was used to 
improve the capture efficiency of CTCs. The microchannel was firstly 
coated with avidin and then bound the biotinylated aptamer-conjugated 
AuNPs by biotin-avidin interaction. Aptamers, as efficient affinity car
riers, could capture the target cancer cells when the sample passed 
through the channel. The binding affinity of AuNP-aptamer conjugates 
was 39 times higher than that of aptamers alone, and the cell capture 
efficiency was increased from 49% to 92% in the laminar flow flat 
microchannel. Furthermore, biomimetic nanoparticles combined with a 
microfluidic chip could also achieve efficient and specific capture of 
CTCs [155] (Fig. 7A). Leukocyte membrane fragments were camou
flaged onto Fe3O4 magnetic nanoclusters, which were modified with 
aptamer SYL3C to load into the microfluidic channel with the help of 
magnets. The device could rapidly detect 90% rare CTCs in the blood 
within 20 min. 

In addition to improving cell capture efficiency by combining func
tional aptamers with nanomaterials, detection sensitivity can also be 
improved through the isothermal amplification of nucleic acid aptam
ers. Zhang et al. [156] proposed a dual-function microfluidic chip for 
cell culture and online interleukin 8 (IL-8) detection simultaneously. The 
microfluidic chip was designed with two high microchannels connected 
by several narrow microchannels. One microchannel was used to culture 
cells and the other microchannel was used to immobilize capture the 

antibody for IL-8 detection. By building the sandwich structure of an
tibodies, IL-8, and aptamers, the immunoassay of IL-8 based on the 
biotin-streptavidin linkage and RCA was successfully performed in 
tumor-derived endothelial cells and human umbilical vein endothelial 
cells. The detection range for IL-8 was 0.84 pmol•L− 1-13.44 pmol L− 1 

with a detection limit of 0.84 pmol L− 1. 
Although the above methods have high sensitivity, accuracy and 

specificity in the detection of cell, the fast, simple, multiplex detection 
methods are still needed for clinical diagnosis. Liang et al. [157] com
bined GO and aptamer to realize multiple detections of cancer cells by 
FRET effect based on the paper-based microdevice (Fig. 7B). The mes
oporous silica nanoparticles coated with quantum dots were modified to 
the aptamer chain, and the fluorescence of MSNS/QDs-aptamer bio
conjugates could be quenched by GO. When the target cells existed, the 
fluorescence was restored, and the changes in color could be directly 
observed using the naked eye. On the paper-based microdevice, the 
three-color fluorescence output signals based on three cancer cells cor
responding to different colored quantum dots were achieved for the 
rapid, simple, high-sensitivity and multiplex detection of cancer cells. 
The detection limits reached 62, 65 and 70 cells•mL− 1 for MCF-7, K562 
and HL-60 cells, respectively. 

5. Conclusions 

In recent years, aptamer, as a recognition element in the microchips, 
is gaining widespread attention, and aptamer-based signal amplification 
techniques on microchips are evolving at a rapid pace. Since the tradi
tional signal amplification methods based on enzyme-mediated have 
some drawbacks such as high cost, strict temperature control and 
complex operation. Several aptamer-based non-enzyme-mediated signal 
amplification techniques have been proposed to achieve aptamer chain 

Fig. 7. Cell assays on aptamer-based microchips. (A) Construction of aptamer-magnetic nanoclusters and the schematic illustration of a biomimetic microfluidic 
system for capturing tumor cells. Adapted with permission from Ref. [155]. Copyright (2019) American Chemical Society. (B) The detection process of cytosensor by 
FRET based on paper microchips. Adapted with permission from Ref. [157]. Copyright (2016) Elsevier. 
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reaction with characteristics of constant temperature, easy operation, 
stable reaction and specificity [158]. Meanwhile, the signal amplifica
tion can also be achieved by combining functionalized aptamers with 
nanomaterials aided by the size effect, magnetism and enzyme catalytic 
activity of nanomaterials. Based on the integration of aptamers and 
microchips, ultrasensitive trace bioassays can be realized. It exhibits a 
promising application in the detection of small molecules, macromole
cules, microorganisms and cells. 

However, aptamer-based signal amplification on microchips will still 
face many challenges as well as opportunities for researchers: (i) the aim 
of ultra-trace bioanalysis is to discover the key biomarkers to realize 
early-stage diagnosis and therapy. However, at present the real appli
cations of aptamer-based signal amplification strategy on microchips are 
still relatively few. Firstly, the sufficient sensitivity and specificity of 
these methods in clinical settings still need to be validated further. 
Secondly, there are still many important biomarkers that do not have 
corresponding aptamers with high specificity and affinity. Thirdly, the 
fabrication process of traditional microchips is still complex. Simplifying 
the production process of microchips or constructing a new production 
system is desirable. The above three aspects will be future important 
development directions; (ii) Although these techniques can achieve 
high-sensitivity detection, they require a long waiting time to realize 
enough binding and signal amplification between the aptamer and 
target molecule, making them unsuitable for the demands of rapid and 
high-throughput assay on microchips. Improving the efficiency of signal 
amplification reaction process and reducing the reaction time are very 
essential in bioanalysis; (iii) an effective and fast non-target removal 
process will be beneficial to the aptamer-based microchips in achieving 
high sensitivity. However, most of the microchips (especially the paper- 
based materials) are difficult to be washed thoroughly in the process of 
experiment. Thus, the background interference will degrade the detec
tion sensitivity, which needs to be further resolved [21]; (iv) the aim of 
developing aptamer-based microdevices is to make them become the 
powerful analysis tools in biomedical science and environmental fields. 
Therefore, the intelligent levels of the whole microdevice need further 
improvement, which achieves its potential application to the maximum 
extent. 

Although challenges abound at present, many researchers have 
devoted efforts to the development and innovation of aptamer recog
nition along with signal amplification approaches on the microchips. We 
believe that there is a promising future for aptamer-based microchips 
across biomedical science, environmental monitoring, and a wide range 
of other fields. 

CRediT authorship contribution statement 

The manuscript was written by Ranran Xu and Yongqiang Cheng, 
along with the structural and linguistic contributions provided by all 
authors. All authors have given approval to the submission of the 
manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

Financial supports from Natural Science Foundation of Shandong 
Province (No. ZR2021MB082), Fundamental Research Funds of Shan
dong University (No. 2020GN022), Natural Science Foundation of China 
(No. 21207080), National Key Technology R&D Program of the Ministry 
of Science and Technology (No. 2012BAF14B04) are gratefully 
acknowledged. 

References 

[1] A. Prodeus, A. Abdul-Wahid, N.W. Fischer, E.H. Huang, M. Cydzik, J. Gariepy, 
Targeting the PD-1/PD-L1 immune evasion axis with DNA aptamers as a novel 
therapeutic strategy for the treatment of disseminated cancers, Mol. Ther. Nucleic 
Acids 4 (2015) e237. 

[2] C. Tuerk, L. Gold, Systematic evolution of ligands by exponential enrichment - 
RNA ligands to bacteriophage-T4 DNA-polymerase, Science 249 (1990) 505–510. 

[3] A.D. Ellington, J.W. Szostak, Invitro selection of RNA molecules that bind specific 
ligands, Nature 346 (1990) 818–822. 

[4] D.E. Huizenga, J.W. Szostak, A DNA aptamer that binds adenosine and ATP, 
Biochemistry 34 (1995) 656–665. 

[5] R.F. Macaya, P. Schultze, F.W. Smith, J.A. Roe, J. Feigon, Thrombin-binding DNA 
aptamer forms a unimolecular quadruplex structure in solution, Proc. Natl. Acad. 
Sci. Unit. States Am. 90 (1993) 3745–3749. 

[6] S. Eissa, M. Zourob, In vitro selection of DNA aptamers targeting beta- 
lactoglobulin and their integration in graphene-based biosensor for the detection 
of milk allergen, Biosens. Bioelectron. 91 (2017) 169–174. 

[7] N. Duan, W. Gong, Z. Wang, S. Wu, An aptasensor based on fluorescence 
resonance energy transfer for multiplexed pathogenic bacteria determination, 
Anal. Methods 8 (2016) 1390–1395. 

[8] R. Chinnappan, S. AlAmer, S. Eissa, A.A. Rahamn, K.M. Abu Salah, M. Zourob, 
Fluorometric graphene oxide-based detection of Salmonella enteritis using a 
truncated DNA aptamer, Mikrochim. Acta 185 (2017) 61. 

[9] G. Oliviero, M. Stornaiuolo, V. D’Atri, F. Nici, A.M. Yousif, S. D’Errico, 
G. Piccialli, L. Mayol, E. Novellino, L. Marinelli, P. Grieco, A. Carotenuto, 
S. Noppen, S. Liekens, J. Balzarini, N. Borbone, Screening platform toward new 
anti-HIV aptamers set on molecular docking and fluorescence quenching 
techniques, Anal. Chem. 88 (2016) 2327–2334. 

[10] Y.-C. Tsai, C.-S. Lin, C.-N. Lin, K.-F. Hsu, G.-B. Lee, Screening aptamers targeting 
the cell membranes of clinical cancer tissues on an integrated microfluidic 
system, Sensor. Actuator. B Chem. 330 (2021). 

[11] D. Shangguan, Y. Li, Z.W. Tang, Z.H.C. Cao, H.W. Chen, P. Mallikaratchy, 
K. Sefah, C.Y.J. Yang, W.H. Tan, Aptamers evolved from live cells as effective 
molecular probes for cancer study, Proc. Natl. Acad. Sci. Unit. States Am. 103 
(2006) 11838–11843. 

[12] O. Kadioglu, A.H. Malczyk, H.J. Greten, T. Efferth, Aptamers as a novel tool for 
diagnostics and therapy, Invest. N. Drugs 33 (2015) 513–520. 

[13] M. McKeague, M.C. Derosa, Challenges and opportunities for small molecule 
aptamer development, J. Nucleic Acids 2012 (2012) 748913. 

[14] M.R. Dunn, R.M. Jimenez, J.C. Chaput, Analysis of aptamer discovery and 
technology, Nat. Rev. Chem 1 (2017) 16. 

[15] F.V. Oberhaus, D. Frense, D. Beckmann, Immobilization techniques for aptamers 
on gold electrodes for the electrochemical detection of proteins: a review, 
Biosensors 10 (2020). 

[16] B.M. Walton, G.W. Jackson, N. Deutz, G. Cote, Surface-enhanced Raman 
spectroscopy competitive binding biosensor development utilizing surface 
modification of silver nanocubes and a citrulline aptamer, J. Biomed. Opt. 22 
(2017) 75002. 

[17] M. You, Y. Chen, L. Peng, D. Han, B. Yin, B. Ye, W. Tan, Engineering DNA 
aptamers for novel analytical and biomedical applications, Chem. Sci. 2 (2011). 

[18] C.H. Weng, C.J. Huang, G.B. Lee, Screening of aptamers on microfluidic systems 
for clinical applications, Sensors 12 (2012) 9514–9529. 

[19] H. Lin, W. Zhang, S. Jia, Z. Guan, C.J. Yang, Z. Zhu, Microfluidic approaches to 
rapid and efficient aptamer selection, Biomicrofluidics 8 (2014), 041501. 

[20] D.N. Mazaafrianto, M. Maeki, A. Ishida, H. Tani, M. Tokeshi, Recent microdevice- 
based aptamer sensors, Micromachines 9 (2018). 

[21] N.I. Khan, E. Song, Lab-on-a-chip systems for aptamer-based biosensing, 
Micromachines 11 (2020). 

[22] F. Li, H. Zhang, Z. Wang, A.M. Newbigging, M.S. Reid, X.F. Li, X.C. Le, Aptamers 
facilitating amplified detection of biomolecules, Anal. Chem. 87 (2015) 274–292. 

[23] P.J. Asiello, A.J. Baeumner, Miniaturized isothermal nucleic acid amplification, a 
review, Lab Chip 11 (2011) 1420–1430. 

[24] L. Wu, Y. Wang, X. Xu, Y. Liu, B. Lin, M. Zhang, J. Zhang, S. Wan, C. Yang, 
W. Tan, Aptamer-based detection of circulating targets for precision medicine, 
Chem. Rev. 121 (2021) 12035–12105. 

[25] N. Li, W. Zhang, Y. Li, J.-M. Lin, Analysis of cellular biomolecules and behaviors 
using microfluidic chip and fluorescence method, TrAC Trends Anal. Chem. 
(Reference Ed.) 117 (2019) 200–214. 

[26] L. Wu, L. Zhu, M. Huang, J. Song, H. Zhang, Y. Song, W. Wang, C. Yang, Aptamer- 
based microfluidics for isolation, release and analysis of circulating tumor cells, 
TrAC Trends Anal. Chem. (Reference Ed.) 117 (2019) 69–77. 

[27] J. Xue, F. Chen, M. Bai, X. Cao, W. Fu, J. Zhang, Y. Zhao, Aptamer-functionalized 
microdevices for bioanalysis, ACS Appl. Mater. Interfaces 13 (2021) 9402–9411. 

[28] A.W. Martinez, S.T. Phillips, G.M. Whitesides, Three-dimensional microfluidic 
devices fabricated in layered paper and tape, Proc. Natl. Acad. Sci. Unit. States 
Am. 105 (2008) 19606–19611. 

[29] E. Azuaje-Hualde, M.M. de Pancorbo, F. Benito-Lopez, L. Basabe-Desmonts, Paper 
based microfluidic platform for single-step detection of mesenchymal stromal 
cells secreted VEGF, Anal. Chim. Acta 1199 (2022) 339588. 

[30] H. Yang, H. Li, D. Xu, High-density micro-well array with aptamer-silver 
conjugates for cell sorting and imaging at single cells, Anal. Chim. Acta 1063 
(2019) 127–135. 

[31] Q. Lin, J. Kim, J. Zhu, J. Yang, J. Hilton, N. ThaiHuu, R. Pei, K.-A. Yang, 
M. Stojanovic, Ieee, Integrating Aptamers and Microfluidics for Biological 
Manipulation and Sensing, 8th Annual IEEE International Conference on Nano/ 

R. Xu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0003-2670(22)00464-0/sref1
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref1
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref1
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref1
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref2
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref2
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref3
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref3
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref4
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref4
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref5
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref5
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref5
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref6
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref6
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref6
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref7
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref7
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref7
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref8
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref8
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref8
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref9
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref9
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref9
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref9
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref9
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref10
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref10
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref10
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref11
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref11
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref11
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref11
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref12
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref12
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref13
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref13
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref14
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref14
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref15
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref15
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref15
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref16
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref16
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref16
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref16
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref17
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref17
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref18
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref18
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref19
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref19
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref20
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref20
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref21
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref21
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref22
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref22
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref23
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref23
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref24
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref24
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref24
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref25
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref25
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref25
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref26
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref26
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref26
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref27
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref27
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref28
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref28
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref28
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref29
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref29
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref29
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref30
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref30
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref30
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref31
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref31
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref31


Analytica Chimica Acta 1209 (2022) 339893

13

Micro Engineered and Molecular Systems (NEMS)Suzhou, 2013, pp. 1245–1248. 
PEOPLES R CHINA. 

[32] N. Thai Huu, P. Renjun, Q. Chunmei, J. Jingyue, M. Stojanovic, L. Qiao, An 
aptameric microfluidic system for specific purification, enrichment, and mass 
spectrometric detection of biomolecules, J. Microelectromech. Syst. 18 (2009) 
1198–1207. 

[33] J.P. Hilton, T. Olsen, J. Kim, J. Zhu, T. Nguyen, M. Barbu, R. Pei, M. Stojanovic, 
Q. Lin, Isolation of thermally sensitive protein-binding oligonucleotides on a 
microchip, Microfluid. Nanofluidics 19 (2015) 795–804. 

[34] V. Srinivasan, V.K. Pamula, R.B. Fair, An integrated digital microfluidic lab-on-a- 
chip for clinical diagnostics on human physiological fluids, Lab Chip 4 (2004) 
310–315. 

[35] A. Sinha, P. Gopinathan, Y.-D. Chung, S.-C. Shiesh, G.-B. Lee, Ieee, an Aptamer 
Based Sandwich Assay for Simultaneous Detection of Multiple Cardiovascular 
Biomarkers on a Multilayered Integrated Microfluidic System, 20th International 
Conference on Solid-State Sensors, Actuators and Microsystems and Eurosensors 
XXXIII (TRANSDUCERS and EUROSENSORS), 2019, pp. 1075–1077. Berlin, 
GERMANY. 

[36] Y. Man, M. Ban, A. Li, X. Jin, Y. Du, L. Pan, A microfluidic colorimetric biosensor 
for in-field detection of Salmonella in fresh-cut vegetables using thiolated 
polystyrene microspheres, hose-based microvalve and smartphone imaging APP, 
Food Chem. 354 (2021) 129578. 

[37] L. Qiu, F. Wimmers, J. Weiden, H.A. Heus, J. Tel, C.G. Figdor, A membrane- 
anchored aptamer sensor for probing IFNgamma secretion by single cells, Chem. 
Commun. (Camb.) 53 (2017) 8066–8069. 

[38] A.W. Martinez, S.T. Phillips, M.J. Butte, G.M. Whitesides, Patterned paper as a 
platform for inexpensive, low-volume, portable bioassays, Angew. Chem. 119 
(2007) 1340–1342. 

[39] M. He, Z. Li, Y. Ge, Z. Liu, Portable upconversion nanoparticles-based paper 
device for field testing of drug abuse, Anal. Chem. 88 (2016) 1530–1534. 

[40] Y. Zhang, D. Gao, J. Fan, J. Nie, S. Le, W. Zhu, J. Yang, J. Li, Naked-eye 
quantitative aptamer-based assay on paper device, Biosens. Bioelectron. 78 
(2016) 538–546. 

[41] X. Wei, T. Tian, S. Jia, Z. Zhu, Y. Ma, J. Sun, Z. Lin, C.J. Yang, Target-responsive 
DNA hydrogel mediated "stop-flow" microfluidic paper-based analytic device for 
rapid, portable and visual detection of multiple targets, Anal. Chem. 87 (2015) 
4275–4282. 

[42] X. Wei, T. Tian, S. Jia, Z. Zhu, Y. Ma, J. Sun, Z. Lin, C.J. Yang, Microfluidic 
distance readout sweet hydrogel integrated paper-based analytical device 
(μDiSH-PAD) for visual quantitative point-of-care testing, Anal. Chem. 88 (2016) 
2345–2352. 

[43] S.A.P. Pereira, P.J. Dyson, M.L.M.F.S. Saraiva, Miniaturized technologies for 
high-throughput drug screening enzymatic assays and diagnostics – a review, 
TrAC Trends Anal. Chem. (Reference Ed.) 126 (2020). 

[44] N.L. Phung, J.G. Walter, R. Jonczyk, L.K. Seiler, T. Scheper, C. Blume, 
Development of an aptamer-based lateral flow assay for the detection of c- 
reactive protein using microarray technology as a prescreening platform, ACS 
Comb. Sci. 22 (2020) 617–629. 

[45] C.K. Dixit, G.R. Aguirre, Protein microarrays with novel microfluidic methods: 
current advances, Microarrays 3 (2014) 180–202. 

[46] X. Liu, H. Li, Y. Zhao, X. Yu, D. Xu, Multivalent aptasensor array and silver 
aggregated amplification for multiplex detection in microfluidic devices, Talanta 
188 (2018) 417–422. 

[47] S. Sathish, S.G. Ricoult, K. Toda-Peters, A.Q. Shen, Microcontact printing with 
aminosilanes: creating biomolecule micro- and nanoarrays for multiplexed 
microfluidic bioassays, Analyst 142 (2017) 1772–1781. 

[48] K.W. Chang, J. Li, C.H. Yang, S.C. Shiesh, G.B. Lee, An integrated microfluidic 
system for measurement of glycated hemoglobin levels by using an aptamer- 
antibody assay on magnetic beads, Biosens. Bioelectron. 68 (2015) 397–403. 

[49] J.P. Hilton, T.H. Nguyen, R. Pei, M. Stojanovic, Q. Lin, A microfluidic affinity 
sensor for the detection of cocaine, Sens. Actuators, A 166 (2011) 241–246. 

[50] Y. Du, C. Chen, M. Zhou, S. Dong, E. Wang, Microfluidic electrochemical 
aptameric assay integrated on-chip: a potentially convenient sensing platform for 
the amplified and multiplex analysis of small molecules, Anal. Chem. 83 (2011) 
1523–1529. 

[51] C. Fu, Y. Wang, G. Chen, L. Yang, S. Xu, W. Xu, Aptamer-based surface-enhanced 
Raman scattering-microfluidic sensor for sensitive and selective polychlorinated 
biphenyls detection, Anal. Chem. 87 (2015) 9555–9558. 

[52] D.S. Wang, S.K. Fan, Microfluidic surface plasmon resonance sensors: from 
principles to point-of-care applications, Sensors 16 (2016). 

[53] Y.L. Jung, C. Jung, H. Parab, D.Y. Cho, H.G. Park, Colorimetric SNP genotyping 
based on allele-specific PCR by using a thiol-labeled primer, Chembiochem 12 
(2011) 1387–1390. 

[54] S. Nickbakhsh, F. Thorburn, V.O.N.W. B, M.J. Mc, R.N. Gunson, P.R. Murcia, 
Extensive multiplex PCR diagnostics reveal new insights into the epidemiology of 
viral respiratory infections, Epidemiol. Infect. 144 (2016) 2064–2076. 

[55] K. Wernike, M. Keller, F.J. Conraths, T.C. Mettenleiter, M.H. Groschup, M. Beer, 
Pitfalls in SARS-CoV-2 PCR diagnostics, Transbound. Emerg. Dis. 68 (2021) 
253–257. 

[56] H.F. Ng, Y.F. Ngeow, A simple spreadsheet-based method for relative 
quantification using quantitative real-time PCR, Biochem. Mol. Biol. Educ. 50 
(2021) 99–103. 

[57] K.J. Kim, J. Kwak, J.H. Lee, S.S. Lee, Real-time qRT-PCR assay for the detection of 
miRNAs using bi-directional extension sequences, Anal. Biochem. 536 (2017) 
32–35. 

[58] S.A. Lapa, A.S. Pavlov, V.E. Kuznetsova, V.E. Shershov, M.A. Spitsyn, T. 
O. Guseinov, S.P. Radko, A.S. Zasedatelev, A.V. Lisitsa, A.V. Chudinov, Enzymatic 
preparation of modified DNA: study of the kinetics by real-time PCR, Mol. Biol. 53 
(2019) 460–469. 

[59] A. Csordas, A.E. Gerdon, J.D. Adams, J. Qian, S.S. Oh, Y. Xiao, H.T. Soh, 
Detection of proteins in serum by micromagnetic aptamer PCR (MAP) technology, 
Angew. Chem., Int. Ed. Engl. 49 (2010) 355–358. 

[60] P.M. Lizardi, X.H. Huang, Z.R. Zhu, P. Bray-Ward, D.C. Thomas, D.C. Ward, 
Mutation detection and single-molecule counting using isothermal rolling-circle 
amplification, Nat. Genet. 19 (1998) 225–232. 

[61] X. Lin, Q. Chen, W. Liu, H. Li, J.M. Lin, A portable microchip for ultrasensitive 
and high-throughput assay of thrombin by rolling circle amplification and hemin/ 
G-quadruplex system, Biosens. Bioelectron. 56 (2014) 71–76. 

[62] Y. Jiang, S. Zou, X. Cao, A simple dendrimer-aptamer based microfluidic platform 
for E. coli O157:H7 detection and signal intensification by rolling circle 
amplification, Sensor. Actuator. B Chem. 251 (2017) 976–984. 

[63] Y. Jiang, Z. Qiu, T. Le, S. Zou, X. Cao, Developing a dual-RCA microfluidic 
platform for sensitive E. coli O157:H7 whole-cell detections, Anal. Chim. Acta 
1127 (2020) 79–88. 

[64] Z. Qiu, J. Shu, Y. He, Z. Lin, K. Zhang, S. Lv, D. Tang, CdTe/CdSe quantum dot- 
based fluorescent aptasensor with hemin/G-quadruplex DNzyme for sensitive 
detection of lysozyme using rolling circle amplification and strand hybridization, 
Biosens. Bioelectron. 87 (2017) 18–24. 

[65] P. Tong, W.W. Zhao, L. Zhang, J.J. Xu, H.Y. Chen, Double-probe signal enhancing 
strategy for toxin aptasensing based on rolling circle amplification, Biosens. 
Bioelectron. 33 (2012) 146–151. 

[66] L. Yao, Y. Chen, J. Teng, W. Zheng, J. Wu, S.B. Adeloju, D. Pan, W. Chen, 
Integrated platform with magnetic purification and rolling circular amplification 
for sensitive fluorescent detection of ochratoxin A, Biosens. Bioelectron. 74 
(2015) 534–538. 

[67] R. Wang, L. Wang, H. Zhao, W. Jiang, A split recognition mode combined with 
cascade signal amplification strategy for highly specific, sensitive detection of 
microRNA, Biosens. Bioelectron. 86 (2016) 834–839. 

[68] F.B. Dean, J.R. Nelson, T.L. Giesler, R.S. Lasken, Rapid amplification of plasmid 
and phage DNA using Phi 29 DNA polymerase and multiply-primed rolling circle 
amplification, Genome Res. 11 (2001) 1095–1099. 

[69] S.V. Hamidi, H. Ghourchian, Colorimetric monitoring of rolling circle 
amplification for detection of H5N1 influenza virus using metal indicator, 
Biosens. Bioelectron. 72 (2015) 121–126. 

[70] Y. Zhang, L. Yang, C. Lin, L. Guo, B. Qiu, Z. Lin, G. Chen, Fluorescence aptasensor 
for Ochratoxin A in food samples based on hyperbranched rolling circle 
amplification, Anal. Methods 7 (2015) 6109–6113. 

[71] C.M. Clausson, L. Arngarden, O. Ishaq, A. Klaesson, M. Kuhnemund, K. Grannas, 
B. Koos, X. Qian, P. Ranefall, T. Krzywkowski, H. Brismar, M. Nilsson, C. Wahlby, 
O. Soderberg, Compaction of rolling circle amplification products increases signal 
integrity and signal-to-noise ratio, Sci. Rep. 5 (2015) 12317. 

[72] Z. Wang, Q. Yang, Y. Zhang, Z. Meng, X. Ma, W. Zhang, Saltatory rolling circle 
amplification (sRCA): a novel nucleic acid isothermal amplification technique 
applied for rapid detection of Shigella spp. in vegetable salad, Food Anal. 
Methods 11 (2017) 504–513. 

[73] T. Notomi, H. Okayama, H. Masubuchi, T. Yonekawa, K. Watanabe, N. Amino, 
T. Hase, Loop-mediated isothermal amplification of DNA, Nucleic Acids Res. 28 
(2000) E63. 

[74] G. Huang, X. Yang, J. Zhu, S. Xu, C. Deng, C. Han, Detection and application of 
microfluidic isothermal amplification on chip, J. Innov. Opt. Health Sci. 1 (2008) 
257–265. 

[75] Y.-D. Ma, Y.-S. Chen, G.-B. Lee, An integrated self-driven microfluidic device for 
rapid detection of the influenza A (H1N1) virus by reverse transcription loop- 
mediated isothermal amplification, Sensor. Actuator. B Chem. 296 (2019). 

[76] C. Xie, S. Chen, L. Zhang, X. He, Y. Ma, H. Wu, B. Zou, G. Zhou, Multiplex 
detection of blood-borne pathogens on a self-driven microfluidic chip using loop- 
mediated isothermal amplification, Anal. Bioanal. Chem. 413 (2021) 2923–2931. 

[77] Y.P. Wong, S. Othman, Y.L. Lau, S. Radu, H.Y. Chee, Loop-mediated isothermal 
amplification (LAMP): a versatile technique for detection of micro-organisms, 
J. Appl. Microbiol. 124 (2018) 626–643. 

[78] G.T. Walker, M.S. Fraiser, J.L. Schram, M.C. Little, J.G. Nadeau, D.P. Malinowski, 
Strand displacement amplification - an isothermal, invitro dna amplification 
technique, Nucleic Acids Res. 20 (1992) 1691–1696. 

[79] W. Wu, M. Zhou, H. He, C. Liu, P. Li, M. Wang, Y. Liu, X. Hao, Z. Fang, A sensitive 
aptasensor for the detection of Vibrio parahaemolyticus, Sensor. Actuator. B 
Chem. 272 (2018) 550–558. 

[80] P. Wang, Nucleic acid-based rapid methods for the detection of foodborne 
pathogens, J. Phys. Conf. Ser. 1759 (2021). 

[81] J. Yeong Won, J.W. Choi, J. Min, Micro-fluidic chip platform for the 
characterization of breast cancer cells using aptamer-assisted 
immunohistochemistry, Biosens. Bioelectron. 40 (2013) 161–166. 

[82] J. Li, J. Macdonald, F. von Stetten, Review: a comprehensive summary of a 
decade development of the recombinase polymerase amplification, Analyst 144 
(2018) 31–67. 

[83] Y. Du, D. Liu, M. Wang, F. Guo, J.S. Lin, Preparation of DNA aptamer and 
development of lateral flow aptasensor combining recombinase polymerase 
amplification for detection of erythromycin, Biosens. Bioelectron. 181 (2021) 
113157. 

[84] H. Wang, C. Li, X. Liu, X. Zhou, F. Wang, Construction of an enzyme-free 
concatenated DNA circuit for signal amplification and intracellular imaging, 
Chem. Sci. 9 (2018) 5842–5849. 

R. Xu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0003-2670(22)00464-0/sref31
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref31
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref32
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref32
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref32
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref32
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref33
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref33
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref33
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref34
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref34
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref34
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref35
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref35
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref35
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref35
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref35
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref35
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref36
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref36
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref36
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref36
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref37
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref37
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref37
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref38
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref38
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref38
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref39
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref39
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref40
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref40
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref40
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref41
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref41
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref41
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref41
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref42
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref42
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref42
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref42
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref43
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref43
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref43
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref44
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref44
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref44
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref44
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref45
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref45
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref46
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref46
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref46
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref47
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref47
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref47
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref48
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref48
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref48
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref49
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref49
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref50
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref50
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref50
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref50
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref51
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref51
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref51
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref52
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref52
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref53
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref53
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref53
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref54
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref54
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref54
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref55
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref55
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref55
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref56
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref56
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref56
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref57
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref57
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref57
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref58
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref58
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref58
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref58
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref59
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref59
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref59
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref60
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref60
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref60
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref61
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref61
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref61
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref62
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref62
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref62
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref63
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref63
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref63
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref64
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref64
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref64
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref64
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref65
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref65
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref65
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref66
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref66
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref66
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref66
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref67
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref67
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref67
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref68
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref68
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref68
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref69
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref69
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref69
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref70
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref70
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref70
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref71
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref71
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref71
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref71
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref72
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref72
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref72
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref72
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref73
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref73
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref73
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref74
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref74
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref74
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref75
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref75
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref75
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref76
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref76
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref76
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref77
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref77
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref77
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref78
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref78
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref78
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref79
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref79
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref79
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref80
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref80
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref81
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref81
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref81
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref82
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref82
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref82
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref83
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref83
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref83
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref83
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref84
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref84
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref84


Analytica Chimica Acta 1209 (2022) 339893

14

[85] C. Zhang, T. Belwal, Z. Luo, B. Su, X. Lin, Application of nanomaterials in 
isothermal nucleic acid amplification, Small (2021), e2102711. 

[86] R. Zeng, L. Zhang, L. Su, Z. Luo, Q. Zhou, D. Tang, Photoelectrochemical 
bioanalysis of antibiotics on rGO-Bi2WO6-Au based on branched hybridization 
chain reaction, Biosens. Bioelectron. 133 (2019) 100–106. 

[87] J. Chen, Z. Huang, Z. Luo, Q. Yu, Y. Xu, X. Wang, Y. Li, Y. Duan, Multichannel- 
structured three-dimensional chip for highly sensitive pathogenic bacteria 
detection based on fast DNA-programmed signal polymerization, Anal. Chem. 90 
(2018) 12019–12026. 

[88] Q. Shang, Y. Su, Y. Liang, W. Lai, J. Jiang, H. Wu, C. Zhang, Ultrasensitive cloth- 
based microfluidic chemiluminescence detection of Listeria monocytogenes hlyA 
gene by hemin/G-quadruplex DNAzyme and hybridization chain reaction signal 
amplification, Anal. Bioanal. Chem. 412 (2020) 3787–3797. 

[89] C. Zhang, P. Miao, M. Sun, M. Yan, H. Liu, Progress in miRNA detection using 
graphene material-based biosensors, Small 15 (2019), e1901867. 

[90] S. Ge, F. Lan, L. Liang, N. Ren, L. Li, H. Liu, M. Yan, J. Yu, Ultrasensitive 
photoelectrochemical biosensing of cell surface N-glycan expression based on the 
enhancement of nanogold-assembled mesoporous silica amplified by graphene 
quantum dots and hybridization chain reaction, ACS Appl. Mater. Interfaces 9 
(2017) 6670–6678. 

[91] C. Zhang, J. Chen, R. Sun, Z. Huang, Z. Luo, C. Zhou, M. Wu, Y. Duan, Y. Li, The 
recent development of hybridization chain reaction strategies in biosensors, ACS 
Sens. 5 (2020) 2977–3000. 

[92] R. Zhou, Z. Zeng, R. Sun, W. Liu, Q. Zhu, X. Zhang, C. Chen, Traditional and new 
applications of the HCR in biosensing and biomedicine, Analyst 146 (2021) 
7087–7103. 

[93] P. Yin, H.M. Choi, C.R. Calvert, N.A. Pierce, Programming biomolecular self- 
assembly pathways, Nature 451 (2008) 318–322. 

[94] S. Bhadra, A.D. Ellington, Design and application of cotranscriptional non- 
enzymatic RNA circuits and signal transducers, Nucleic Acids Res. 42 (2014) e58. 

[95] B. Li, A.D. Ellington, X. Chen, Rational, modular adaptation of enzyme-free DNA 
circuits to multiple detection methods, Nucleic Acids Res. 39 (2011) e110. 

[96] C. Qian, Y. Xiao, J. Wang, Y. Li, S. Li, B. Wei, W. Du, X. Feng, P. Chen, B.-F. Liu, 
Rapid exosomes concentration and in situ detection of exosomal microRNA on 
agarose-based microfluidic chip, Sensor. Actuator. B Chem. 333 (2021). 

[97] Y. Wang, L. Yao, G. Ning, Y. Wu, S. Wu, S. Mao, G.Q. Liu, An electrochemical 
strategy for tetracycline detection coupled triple helix aptamer probe with 
catalyzed hairpin assembly signal amplification, Biosens. Bioelectron. 143 (2019) 
111613. 

[98] H. Wu, W.J. Zhou, L. Liu, Z. Fan, H. Tang, R.Q. Yu, J.H. Jiang, In vivo mRNA 
imaging based on tripartite DNA probe mediated catalyzed hairpin assembly, 
Chem. Commun. (Camb.) 56 (2020) 8782–8785. 

[99] Z. Tian, P. Peng, H. Wang, J. Zheng, L. Shi, T. Li, Aptamer-braked multi-hairpin 
cascade circuits for logic-controlled label-free in situ bioimaging, Anal. Chem. 92 
(2020) 10357–10364. 

[100] S. Kotani, W.L. Hughes, Multi-arm junctions for dynamic dna nanotechnology, 
J. Am. Chem. Soc. 139 (2017) 6363–6368. 

[101] K. Zhang, N. Gan, Z. Shen, J. Cao, F. Hu, T. Li, Microchip electrophoresis based 
aptasensor for multiplexed detection of antibiotics in foods via a stir-bar assisted 
multi-arm junctions recycling for signal amplification, Biosens. Bioelectron. 130 
(2019) 139–146. 

[102] V. Pavlov, Y. Xiao, B. Shlyahovsky, I. Willner, Aptamer-functionalized Au 
nanoparticles for the amplified optical detection of thrombin, J. Am. Chem. Soc. 
126 (2004) 11768–11769. 

[103] S. Wang, H. Wang, J. Jiao, K.J. Chen, G.E. Owens, K. Kamei, J. Sun, D.J. Sherman, 
C.P. Behrenbruch, H. Wu, H.R. Tseng, Three-dimensional nanostructured 
substrates toward efficient capture of circulating tumor cells, Angew. Chem., Int. 
Ed. Engl. 48 (2009) 8970–8973. 

[104] N. Sun, J. Wang, L. Ji, S. Hong, J. Dong, Y. Guo, K. Zhang, R. Pei, A cellular 
compatible chitosan nanoparticle surface for isolation and in situ culture of rare 
number CTCs, Small 11 (2015) 5444–5451. 

[105] N. Sun, M. Liu, J. Wang, Z. Wang, X. Li, B. Jiang, R. Pei, Chitosan nanofibers for 
specific capture and nondestructive release of CTCs assisted by pCBMA brushes, 
Small 12 (2016) 5090–5097. 

[106] J. Zhao, Y. Zhang, H. Li, Y. Wen, X. Fan, F. Lin, L. Tan, S. Yao, Ultrasensitive 
electrochemical aptasensor for thrombin based on the amplification of aptamer- 
AuNPs-HRP conjugates, Biosens. Bioelectron. 26 (2011) 2297–2303. 

[107] L. Gao, J. Zhuang, L. Nie, J. Zhang, Y. Zhang, N. Gu, T. Wang, J. Feng, D. Yang, 
S. Perrett, X. Yan, Intrinsic peroxidase-like activity of ferromagnetic 
nanoparticles, Nat. Nanotechnol. 2 (2007) 577–583. 

[108] H.Q. Zheng, C.Y. Liu, X.Y. Zeng, J. Chen, J. Lu, R.G. Lin, R. Cao, Z.J. Lin, J.W. Su, 
MOF-808: a metal-organic framework with intrinsic peroxidase-like catalytic 
activity at neutral pH for colorimetric biosensing, Inorg. Chem. 57 (2018) 
9096–9104. 

[109] P. Weerathunge, R. Ramanathan, R. Shukla, T.K. Sharma, V. Bansal, Aptamer- 
controlled reversible inhibition of gold nanozyme activity for pesticide sensing, 
Anal. Chem. 86 (2014) 11937–11941. 

[110] S. Yoon, J.J. Rossi, Aptamers: uptake mechanisms and intracellular applications, 
Adv. Drug Deliv. Rev. 134 (2018) 22–35. 

[111] H.X. Chang, L.H. Tang, Y. Wang, J.H. Jiang, J.H. Li, Graphene fluorescence 
resonance energy transfer aptasensor for the thrombin detection, Anal. Chem. 82 
(2010) 2341–2346. 

[112] L. Qiang, Y. Zhang, X. Guo, Y. Gao, Y. Han, J. Sun, L. Han, A rapid and 
ultrasensitive colorimetric biosensor based on aptamer functionalized Au 
nanoparticles for detection of saxitoxin, RSC Adv. 10 (2020) 15293–15298. 

[113] K. Zhang, H. Zhang, H. Cao, Y. Jiang, K. Mao, Z. Yang, Rolling circle amplification 
as an efficient analytical tool for rapid detection of contaminants in aqueous 
environments, Biosensors 11 (2021). 

[114] S. Panno, S. Matic, A. Tiberini, A.G. Caruso, P. Bella, L. Torta, R. Stassi, A. 
S. Davino, Loop mediated isothermal amplification: principles and applications in 
plant virology, Plants 9 (2020). 

[115] Y. Wu, C. Fu, W. Shi, J. Chen, Recent advances in catalytic hairpin assembly 
signal amplification-based sensing strategies for microRNA detection, Talanta 235 
(2021) 122735. 

[116] F. Luo, Z. Li, G. Dai, Y. Lu, P. He, Q. Wang, Ultrasensitive biosensing pathogenic 
bacteria by combining aptamer-induced catalysed hairpin assembly circle 
amplification with microchip electrophoresis, Sensor. Actuator. B Chem. 306 
(2020). 

[117] Y. Wang, N. Gan, Y. Zhou, T. Li, F. Hu, Y. Cao, Y. Chen, Novel label-free and high- 
throughput microchip electrophoresis platform for multiplex antibiotic residues 
detection based on aptamer probes and target catalyzed hairpin assembly for 
signal amplification, Biosens. Bioelectron. 97 (2017) 100–106. 

[118] K. Zhang, N. Gan, F. Hu, X. Chen, T. Li, J. Cao, Microfluidic electrophoretic non- 
enzymatic kanamycin assay making use of a stirring bar functionalized with gold- 
labeled aptamer, of a fluorescent DNA probe, and of signal amplification via 
hybridization chain reaction, Mikrochim. Acta 185 (2018) 181. 

[119] L. He, Z. Shen, Y. Cao, T. Li, D. Wu, Y. Dong, N. Gan, A microfluidic chip based 
ratiometric aptasensor for antibiotic detection in foods using stir bar assisted 
sorptive extraction and rolling circle amplification, Analyst 144 (2019) 
2755–2764. 

[120] E. Chung, R. Gao, J. Ko, N. Choi, D.W. Lim, E.K. Lee, S.I. Chang, J. Choo, Trace 
analysis of mercury(II) ions using aptamer-modified Au/Ag core-shell 
nanoparticles and SERS spectroscopy in a microdroplet channel, Lab Chip 13 
(2013) 260–266. 

[121] M. Park, H.D. Ha, Y.T. Kim, J.H. Jung, S.H. Kim, D.H. Kim, T.S. Seo, Combination 
of a sample pretreatment microfluidic device with a photoluminescent graphene 
oxide quantum dot sensor for trace lead detection, Anal. Chem. 87 (2015) 
10969–10975. 

[122] X. Chen, J. Wang, H.Y. Shen, X. Su, Y. Cao, T. Li, N. Gan, Microfluidic chip for 
multiplex detection of trace chemical contaminants based on magnetic encoded 
aptamer probes and multibranched DNA nanostructures as signal tags, ACS Sens. 
4 (2019) 2131–2139. 

[123] L. He, Z. Shen, J. Wang, J. Zeng, W. Wang, H. Wu, Q. Wang, N. Gan, 
Simultaneously responsive microfluidic chip aptasensor for determination of 
kanamycin, aflatoxin M1, and 17beta-estradiol based on magnetic tripartite DNA 
assembly nanostructure probes, Mikrochim. Acta 187 (2020) 176. 

[124] N. Fakhri, M. Hosseini, O. Tavakoli, Aptamer-based colorimetric determination of 
Pb2+ using a paper-based microfluidic platform, Anal. Methods 10 (2018) 
4438–4444. 

[125] L. Xie, Y. Cao, F. Hu, T. Li, Q. Wang, N. Gan, Microfluidic chip electrophoresis for 
simultaneous fluorometric aptasensing of alpha-fetoprotein, carbohydrate antigen 
125 and carcinoembryonic antigen by applying a catalytic hairpin assembly, 
Mikrochim. Acta 186 (2019) 547. 

[126] A. Diaz-Fernandez, R. Miranda-Castro, N. Diaz, D. Suarez, N. de-Los-Santos- 
Alvarez, M.J. Lobo-Castanon, Aptamers targeting protein-specific glycosylation in 
tumor biomarkers: general selection, characterization and structural modeling, 
Chem. Sci. 11 (2020) 9402–9413. 

[127] M. Sadasivam, A. Sakthivel, N. Nagesh, S. Hansda, M. Veerapandian, 
S. Alwarappan, P. Manickam, Magnetic bead-amplified voltammetric detection 
for carbohydrate antigen 125 with enzyme labels using aptamer-antigen-antibody 
sandwiched assay, Sensor. Actuator. B Chem. 312 (2020). 

[128] H. Wang, H. Wang, M. Zhang, Y. Jia, Z. Li, A label-free aptamer-based biosensor 
for microRNA detection by the RNA-regulated fluorescence of malachite green, 
RSC Adv. 9 (2019) 32906–32910. 

[129] S. Aydin, A short history, principles, and types of ELISA, and our laboratory 
experience with peptide/protein analyses using ELISA, Peptides 72 (2015) 4–15. 

[130] P. Sampath, C.E. Weaver, A. Sungarian, S. Cortez, L. Alderson, E.G. Stopa, 
Cerebrospinal fluid (vascular endothelial growth factor) and serologic (recoverin) 
tumor markers for malignant glioma, journal of the Moffitt Cancer Center, Cancer 
Control 11 (2004) 174–180. 

[131] S. Dehghani, R. Nosrati, M. Yousefi, A. Nezami, F. Soltani, S.M. Taghdisi, 
K. Abnous, M. Alibolandi, M. Ramezani, Aptamer-based biosensors and 
nanosensors for the detection of vascular endothelial growth factor (VEGF): a 
review, Biosens. Bioelectron. 110 (2018) 23–37. 

[132] X. Lin, K.H. Leung, L. Lin, L. Lin, S. Lin, C.H. Leung, D.L. Ma, J.M. Lin, 
Determination of cell metabolite VEGF165 and dynamic analysis of protein-DNA 
interactions by combination of microfluidic technique and luminescent switch-on 
probe, Biosens. Bioelectron. 79 (2016) 41–47. 

[133] S. Feng, S. Mao, J. Dou, W. Li, H. Li, J.M. Lin, An open-space microfluidic chip 
with fluid walls for online detection of VEGF via rolling circle amplification, 
Chem. Sci. 10 (2019) 8571–8576. 

[134] Y. Chen, K. Nakamoto, O. Niwa, R.M. Corn, On-chip synthesis of RNA aptamer 
microarrays for multiplexed protein biosensing with SPR imaging measurements, 
Langmuir 28 (2012) 8281–8285. 

[135] Q. Zhou, Y. Lin, K. Zhang, M. Li, D. Tang, Reduced graphene oxide/BiFeO3 
nanohybrids-based signal-on photoelectrochemical sensing system for prostate- 
specific antigen detection coupling with magnetic microfluidic device, Biosens. 
Bioelectron. 101 (2018) 146–152. 

[136] R. Xu, A. Rai, M. Chen, W. Suwakulsiri, D.W. Greening, R.J. Simpson, 
Extracellular vesicles in cancer - implications for future improvements in cancer 
care, Nat. Rev. Clin. Oncol. 15 (2018) 617–638. 

R. Xu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0003-2670(22)00464-0/sref85
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref85
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref86
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref86
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref86
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref87
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref87
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref87
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref87
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref88
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref88
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref88
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref88
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref89
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref89
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref90
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref90
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref90
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref90
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref90
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref91
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref91
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref91
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref92
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref92
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref92
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref93
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref93
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref94
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref94
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref95
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref95
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref96
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref96
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref96
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref97
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref97
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref97
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref97
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref98
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref98
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref98
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref99
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref99
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref99
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref100
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref100
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref101
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref101
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref101
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref101
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref102
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref102
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref102
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref103
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref103
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref103
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref103
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref104
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref104
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref104
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref105
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref105
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref105
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref106
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref106
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref106
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref107
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref107
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref107
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref108
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref108
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref108
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref108
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref109
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref109
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref109
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref110
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref110
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref111
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref111
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref111
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref112
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref112
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref112
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref113
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref113
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref113
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref114
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref114
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref114
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref115
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref115
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref115
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref116
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref116
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref116
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref116
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref117
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref117
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref117
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref117
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref118
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref118
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref118
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref118
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref119
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref119
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref119
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref119
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref120
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref120
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref120
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref120
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref121
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref121
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref121
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref121
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref122
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref122
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref122
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref122
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref123
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref123
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref123
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref123
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref124
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref124
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref124
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref125
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref125
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref125
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref125
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref126
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref126
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref126
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref126
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref127
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref127
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref127
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref127
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref128
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref128
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref128
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref129
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref129
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref130
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref130
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref130
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref130
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref131
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref131
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref131
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref131
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref132
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref132
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref132
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref132
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref133
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref133
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref133
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref134
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref134
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref134
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref135
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref135
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref135
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref135
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref136
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref136
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref136


Analytica Chimica Acta 1209 (2022) 339893

15

[137] X. Liu, X. Gao, L. Yang, Y. Zhao, F. Li, Metal-organic framework-functionalized 
paper-based electrochemical biosensor for ultrasensitive exosome assay, Anal. 
Chem. 93 (2021) 11792–11799. 

[138] Z.L. Lu, Y.J. Chen, X.Y. Jing, N.N. Wang, T. Zhang, C.J. Hu, Detection and 
identification of serum peptides biomarker in papillary thyroid cancer, Med. Sci. 
Mon. Int. Med. J. Exp. Clin. Res. 24 (2018) 1581–1587. 

[139] C. Ma, H. Liu, L. Zhang, L. Li, M. Yan, J. Yu, X. Song, Microfluidic paper-based 
analytical device for sensitive detection of peptides based on specific recognition 
of aptamer and amplification strategy of hybridization chain reaction, 
Chemelectrochem 4 (2017) 1744–1749. 

[140] S. Centi, S. Tombelli, M. Minunni, M. Mascini, Aptamer-based detection of plasma 
proteins by an electrochemical assay coupled to magnetic beads, Anal. Chem. 79 
(2007) 1466–1473. 

[141] C. Wu, D. Fan, C. Zhou, Y. Liu, E. Wang, Colorimetric strategy for highly sensitive 
and selective simultaneous detection of histidine and cysteine based on G- 
quadruplex-Cu(ii) metalloenzyme, Anal. Chem. 88 (2016) 2899–2903. 

[142] J. Chen, Y. Liu, G.C. Zhao, A novel photoelectrochemical biosensor for tyrosinase 
and thrombin detection, Sensors 16 (2016). 

[143] F. Lan, L. Liang, Y. Zhang, L. Li, N. Ren, M. Yan, S. Ge, J. Yu, Internal light source- 
driven photoelectrochemical 3D-rGO/cellulose device based on cascade DNA 
amplification strategy integrating target analog chain and DNA mimic enzyme, 
ACS Appl. Mater. Interfaces 9 (2017) 37839–37847. 

[144] R.M. Bialy, M.M. Ali, Y. Li, J.D. Brennan, Protein-mediated suppression of rolling 
circle amplification for biosensing with an aptamer-containing DNA primer, 
Chemistry 26 (2020) 5085–5092. 

[145] W. Wu, J. Zhang, M. Zheng, Y. Zhong, J. Yang, Y. Zhao, W. Wu, W. Ye, J. Wen, 
Q. Wang, J. Lu, An aptamer-based biosensor for colorimetric detection of 
Escherichia coli O157:H7, PLoS One 7 (2012), e48999. 

[146] D.O. Demirkol, S. Timur, A sandwich-type assay based on quantum dot/aptamer 
bioconjugates for analysis ofE. ColiO157:H7 in microtiter plate format, Int. J. 
Polym. Mater. Polym. Biomater. 65 (2015) 85–90. 

[147] X. Yan, W. Li, K. Liu, L. Deng, Highly sensitive fluorescent aptasensor for 
Salmonella paratyphi A via DNase I-mediated cyclic signal amplification, Anal. 
Methods 7 (2015) 10243–10250. 

[148] T. Li, G. Ou, X. Chen, Z. Li, R. Hu, Y. Li, Y. Yang, M. Liu, Naked-eye based point- 
of-care detection of E.coli O157: H7 by a signal-amplified microfluidic 
aptasensor, Anal. Chim. Acta 1130 (2020) 20–28. 

[149] S. Li, Y. Jiang, X. Yang, M. Lin, H. Dan, S. Zou, X. Cao, In situ rolling circle 
amplification surface modifications to improve E. coli O157:H7 capturing 
performances for rapid and sensitive microfluidic detection applications, Anal. 
Chim. Acta 1150 (2021) 338229. 

[150] J.A. Xi, W. Min, D.Y. Graham, M.K. Estes, Expression, self-assembly, and 
antigenicity of the norwalk virus capsid protein, J. Virol. 66 (1992) 6527–6532. 

[151] Y. Hayashi, T. Ando, E. Utagawa, S. Sekine, S. Okada, K. Yabuuchi, T. Miki, 
M. Ohashi, Western blot (immunoblot) assay of small, round-structured virus 
associated with an acute gastroenteritis outbreak in Tokyo, J. Clin. Microbiol. 27 
(1989) 1728–1733. 

[152] J. Vinje, H. Vennema, L. Maunula, C.H. von Bonsdorff, M. Hoehne, E. Schreier, 
A. Richards, J. Green, D. Brown, S.S. Beard, S.S. Monroe, E. de Bruin, L. Svensson, 
M.P.G. Koopmans, International collaborative study to compare reverse 
transcriptase PCR assays for detection and genotyping of noroviruses, J. Clin. 
Microbiol. 41 (2003) 1423–1433. 

[153] X. Weng, S. Neethirajan, Aptamer-based fluorometric determination of norovirus 
using a paper-based microfluidic device, Microchim. Acta 184 (2017) 4545–4552. 

[154] W.A. Sheng, T. Chen, W.H. Tan, Z.H. Fan, Multivalent DNA nanospheres for 
enhanced capture of cancer cells in microfluidic devices, ACS Nano 7 (2013) 
7067–7076. 

[155] F. Zhang, L. Wu, W. Nie, L. Huang, J. Zhang, F. Li, H.Y. Xie, Biomimetic 
microfluidic system for fast and specific detection of circulating tumor cells, Anal. 
Chem. 91 (2019) 15726–15731. 

[156] W. Zhang, Z. He, L. Yi, S. Mao, H. Li, J.M. Lin, A dual-functional microfluidic chip 
for on-line detection of interleukin-8 based on rolling circle amplification, 
Biosens. Bioelectron. 102 (2018) 652–660. 

[157] L. Liang, M. Su, L. Li, F. Lan, G. Yang, S. Ge, J. Yu, X. Song, Aptamer-based 
fluorescent and visual biosensor for multiplexed monitoring of cancer cells in 
microfluidic paper-based analytical devices, Sensor. Actuator. B Chem. 229 
(2016) 347–354. 

[158] L. Kashefi-Kheyrabadi, J. Kim, H. Gwak, K.A. Hyun, N.H. Bae, S.J. Lee, H.I. Jung, 
A microfluidic electrochemical aptasensor for enrichment and detection of 
bisphenol A, Biosens. Bioelectron. 117 (2018) 457–463. 

[159] L. He, Z. Shen, Y. Cao, T. Li, D. Wu, Y. Dong, N. Gan, A microfluidic chip based 
ratiometric aptasensor for antibiotic detection in foods using stir bar assisted 
sorptive extraction and rolling circle amplification, Analyst 144 (2019) 
2755–2764.  

Ranran Xu is currently a graduate student in the Institute of 
Eco-Environmental Forensics at Shandong University. Her cur
rent research interest is the aptamer-based signal amplification 
methods on the microdevices.  

Yongqiang Cheng received his Ph.D. degree from the Institute 
of Microanalytical Systems of Department of Chemistry, Zhe
jiang University in 2010, and is experienced at biochemical 
analysis on microfluidic chips. He continued his research in the 
development for new biochemical analysis methods based on 
microfluidic chip in the Institute of Oceanographic Instrumen
tation of Shandong Academy of Sciences after Ph.D graduation. 
Since 2020, he has been a professor in the Institute of Eco- 
Environmental Forensics at Shandong University. His research 
focuses on the development of high-sensitivity and high- 

throughput detection for lab-on-a-chip applications for biology and environment; bio
sensors based on microfluidic chips.  

Xiaotong Li is currently a graduate student in the Institute of 
Eco-Environmental Forensics at Shandong University. Her cur
rent research interest is focus on the rapid and high-sensitivity 
detection of marine toxins.  

Ziwei Zhang is currently a PhD candidate in the Institute of Eco- 
Environmental Forensics at Shandong University. He received 
his Master’s degree from the University of Melbourne 
(Australia) in 2020. His research interest is focus on single- 
molecule detection techniques and their biochemical applica
tions on the microfluidic chip.  

Meijia Zhu is currently a PhD candidate in the Institute of Eco- 
Environmental Forensics at Shandong University. She received 
her Master’s degree from the University of Chinese Academy of 
Sciences in 2019. Her current research interest is focus on the 
isolation and detection methods of microorganisms on micro
fluidic chip.  

R. Xu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0003-2670(22)00464-0/sref137
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref137
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref137
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref138
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref138
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref138
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref139
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref139
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref139
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref139
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref140
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref140
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref140
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref141
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref141
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref141
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref142
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref142
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref143
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref143
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref143
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref143
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref144
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref144
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref144
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref145
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref145
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref145
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref146
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref146
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref146
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref147
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref147
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref147
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref148
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref148
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref148
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref149
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref149
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref149
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref149
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref150
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref150
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref151
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref151
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref151
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref151
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref152
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref152
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref152
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref152
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref152
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref153
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref153
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref154
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref154
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref154
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref155
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref155
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref155
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref156
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref156
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref156
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref157
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref157
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref157
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref157
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref158
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref158
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref158
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref159
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref159
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref159
http://refhub.elsevier.com/S0003-2670(22)00464-0/sref159


Analytica Chimica Acta 1209 (2022) 339893

16

Xiaoxiao Qi is currently a graduate student in the Institute of 
Eco-Environmental Forensics at Shandong University. Her cur
rent research interest is focus on the rapid and high-sensitivity 
detection of antibiotics in food.  

Longyu Chen is currently a graduate student in the Institute of 
Eco-Environmental Forensics at Shandong University. His cur
rent research interest is focus on the high-sensitivity detection of 
microorganisms based on microfluidic chip.  

Lin Han received her Ph.D. degree from the Department of 
Electrical Engineering at Princeton University in 2011, and is 
experienced at micro- and nano-fabrication. As a postdoctoral 
researcher, she continued her research in the development for 
single-cell bio-information analysis system based on micro
fluidic chip in Department of Biomedical Engineering of Yale 
University after Ph.D graduation. In 2015, she appointed as a 
chief scientist in a biotech company of Isoplexis. Since 2016, she 
has been a professor at Shandong University. Her research fo
cuses on ultrasensitive, high-reliable, and high-throughput 
detection of bio-molecules, especially disease-related bio
markers (exosome, miRNA, DNA, antigen, antibody etc.); high 

throughput chip and system for single cell analysis; development of sensing chip, system 
and equipment. 

R. Xu et al.                                                                                                                                                                                                                                       


	Aptamer-based signal amplification strategies coupled with microchips for high-sensitivity bioanalytical applications: A review
	1 Introduction
	2 Aptamer-based microchips
	2.1 Aptamer-based microfluidic chips
	2.2 Aptamer-based paper chips
	2.3 Aptamer-based microarray chips

	3 Aptamer-based signal amplification strategies on microchips
	3.1 Enzyme-mediated signal amplification on microchips
	3.2 Non-enzyme-mediated signal amplification on microchips
	3.3 Functionalized aptamer combined with nanomaterials on microchips

	4 Aptamer-based biochemical applications on microchips
	4.1 Small molecules
	4.2 Biological macromolecules
	4.3 Microorganisms
	4.4 Human cells

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


