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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A simple aptamer-based colorimetry 
was developed for sensitive detection of 
MRSA. 

• The aptamer is used as the substrate of 
trans-cleavage and modulator of 
colorimetry. 

• With the triple amplification, MRSA as 
low as 8 CFU mL− 1 was detected. 

• The method has potential as a robust 
drug-resistant bacteria detection 
platform.  
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A B S T R A C T   

Detection of methicillin-resistant Staphylococcus aureus (MRSA) with superior accuracy, timeliness, and 
simplicity is highly valuable in clinical diagnosis and food safety. In this study, an aptamer-based colorimetric 
biosensor was developed to detect MRSA by using a CRISPR/Cas12a system and recombinase polymerase 
amplification (RPA). The aptamer of silver ion (Ag+) pre-coupled to magnetic nanoparticles was employed not 
only as the substrate of trans-cleavage in the CRISPR/Cas12a system, but also as the modulator of Ag+–3,3′,5,5′- 
tetramethylbenzidine (TMB) chromogenic reaction, innovatively integrating the powerful CRISPR/Cas12a sys
tem with convenient colorimetry. The utilized aptamer containing consecutive and interrupted cytosine: cytosine 
mismatched base pairs also served as a signal amplifier because of the one-to-multiple binding of the aptamer to 
Ag+. Using triple amplification of RPA, multiple-turnover nuclease activity of Cas12a, and cytosine
–Ag+–cytosine coordination chemistry, MRSA was detected as low as 8 CFU mL− 1. Moreover, its satisfactory 
accuracy in the analysis of real samples, together with visualization and simplicity, revealed the great potential 
of the proposed biosensor as a robust antibiotic-resistant bacteria detection platform.   
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1. Introduction 

Methicillin-resistant Staphylococcus aureus (MRSA) is one of the 
antibiotic-resistant bacteria that cause infections such as pneumonia [1, 
2], bacteremia [3], and endocarditis [4]. Rapid and accurate diagnosis 
of MRSA is the prerequisite for proper infection treatment. Due to its 
simplicity, antimicrobial susceptibility testing is conventionally used as 
the gold standard for MRSA detection [5,6]; however, time costs and 
false-negative results impede its application. The use of an expensive 
antibody hinders the application of immunological methods despite its 
satisfactory specificity [7]. Emerging approaches based on nucleic acids 
seem more advantageous over other methods because of the direct 
identification of the associated antibiotic resistance genes. General po
lymerase chain reaction (PCR) [8] and PCR-based [9,10] and emerging 
isothermal amplification methods, such as loop-mediated isothermal 
amplification [11] and nucleic acid sequence-based amplification [12], 
possess satisfactory sensitivity. However, the PCR-based method in
volves sophisticated equipment and precise temperature cycling, 
whereas isothermal amplification methods are not available to detect a 
single nucleotide. Therefore, the development of a sensitive, specific, 
rapid, and convenient nucleic acid-based strategy for MRSA detection is 
crucial. 

Clustered regularly interspaced short palindromic repeats (CRISPR) 
and CRISPR-associated proteins (Cas) are adaptive immune systems that 
were first found in bacteria and archaea [13]. Although the development 
history of CRISPR-based diagnosis covers a period shorter than 5 years 

only, it largely advanced molecular diagnostics of diverse targets. 
Among its various types, the class 2 type V-A CRISPR/Cas12a (Cpf1) 
[14] is widely used in nucleic acid biosensing and clinical diagnosis. 
Compared to the conventional CRISPR/Cas9 system that only cleaves 
target DNA, the target DNA-activated RNA-guided CRISPR/Cas12a 
system can indiscriminately cleave any nontarget single-stranded DNA 
(ssDNA, termed trans-cleave) [15]. Significantly, the trans-cleavage of 
Cas12a is multiple-turnover, making it capable of being harnessed for 
the amplified detection of nucleic acid targets. In addition, Cas12a has a 
higher specificity than the currently widely used Cas9. Site-specific 
recognition and indiscriminate single-strand DNase activity of CRISP
R/Cas12a impart ultrahigh specificity (single-nucleotide resolution) and 
sensitivity (single-molecule levels) to nucleic acid detection. Various 
CRISPR/Cas12a-based nucleic acid detection thus far include fluores
cence assay [16,17], lateral flow assay [18,19], electrochemical 
methods [20], surface-enhanced Raman scattering (SERS) [21], digital 
microfluidics [22,23], and colorimetry [24–26], and so on [27,28]. Due 
to their device independence, affordability, and visualization, 
CRISPR/Cas12a-based colorimetric methods exhibit the most potential 
for in-field application. These methods commonly use gold nano
particles (AuNPs) as a signal probe and ssDNA as a smart material to 
regulate their dispersion and aggregation for studying color change. 
Despite great success, this ssDNA-regulated state alteration of AuNPs is 
usually realized by DNA hybridization, which is one-to-one signal 
transduction, and its sensitivity is insufficient to detect MRSA with high 
requirements for sensitivity. Therefore, an effective alternative that 

Scheme 1. Schematic of aptamer-based colorimetric biosensor using a CRISPR/Cas12a system and RPA. (A) Schematic of binding between aptamer and Ag+. (B) 
Schematic of MRSA detection by aptamer-based colorimetric biosensor using the CRISPR/Cas12a system and RPA. 
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exhibits simplicity and desired sensitivity is needed. 
In the current study, an aptamer-based colorimetric biosensor was 

developed for the rapid, ultrasensitive, and visual detection of MRSA 
using the CRISPR/Cas12a system and recombinase polymerase ampli
fication (RPA). In this sensing strategy, an aptamer was employed to 
chelate silver ions (Ag+) by the interaction between Ag+ and the N3 of 
cytosine (C), which bridge two cytosine residues to form a strong and 
stable “C–Ag+-C” hairpin structure [29–31] (Scheme 1A). Meanwhile, 
this aptamer can be used as a substrate of CRISPR/Cas12a trans-cleavage 
due to its characteristic as an ssDNA. Specifically, DNA extracted from 
clinically isolated colonies was first amplified by RPA and further 
recognized by the CRISPR/Cas12a system. In the presence of MRSA, it 
activated Cas12a to cis-cleave the target DNA and remains bound to one 
of the resulting DNA fragments. This cis-cleavage event causes a Cas12a 
conformational shift that enables a second, nonspecific trans-cutting of 
the aptamer, resulting in the degradation of the aptamer pre-coupled to 
magnetic nanoparticles (Apt–MNPs). By magnetic separation, the sedi
ment would only comprise MNPs. Furthermore, one of the organic dyes 
that can be oxidized by Ag+, 3,3′,5,5′-tetramethylbenzidine (TMB), was 
used as a visualization probe. Thus, Ag+ could not bind to the aptamer 
and instead reacted with TMB for coloring. In this situation, the solution 
containing oxidized TMB (TMBox) exhibited a blue coloration and a 
characteristic UV–vis absorption peak at 652 nm. In the absence of 
MRSA, accessory-cutting would not occur and the aptamer would still be 
intact and pulled down via a magnetic rack. By this process, Ag+ can 
bind to the magnetically enriched aptamer by interacting with cytosine 
to form a “C–Ag+-C” hairpin structure, the solution then becomes 
colorless without TMBox (Scheme 1B). In this strategy, the aptamer 
functions for the first time as both an amplifier and a connector for signal 
amplification and signal readout. In comparison to AuNP-based CRISPR 
diagnostics, the used aptamer contains numerous cytosine residues that 
can bind to multiple Ag+; in addition, the preparation of TMB is 
repeatable and simple, thus has the priority in sensitivity and simplicity 
in MRSA detection. Benefiting from efficient integration and triple 
signal amplification of “RPA”, “CRISPR/Cas12a” and “aptamer-Ag+“, 
this aptamer-based colorimetric biosensor can be a suitable candidate 
for the specific analysis of antibiotic-resistant bacteria. 

2. Methods 

2.1. Materials and instrumentation 

Engen® Lba Cas12a (Cpf1, 100 μM) was purchased from New En
gland Biolabs. SYBR® Premix Ex TaqTM II reaction mixture was pur
chased from TaKaRa. The 2 × T5 Super PCR Mix was purchased from 
Tsingke Biological Technology Company. The basic nucleic acid 
amplification reagent was purchased from Hangzhou ZC Bio-Sci&Tech 
Co., Ltd. (Hangzhou, China). The rapid bacterial genomic DNA isolation 
kit, RNase A inhibitor, and all nucleic acid sequences (Table S1) were 
supplied by Sangon Biotech (Shanghai, China). 3,3′,5,5′-tetrame
thylbenzidine (TMB, ≥99%, HPLC) and silver nitrate (AgNO3) were 
obtained from Shanghai Macklin Biochemical Technology Co., Ltd. 
(Shanghai, China). Carboxyl-modified magnetic nanoparticles (COOH- 
MNPs) (1000 nm, 10 mg/mL) were purchased from Invitrogen (USA). 1- 
ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), 2- 
[N-morpholino] ethane sulfonic acid (MES), 2-Amino-2-(hydroxy
methyl) propane-1,3-diol (Tris), Tween-20, ethylene diamine tetra
acetic acid (EDTA) and other chemicals were purchased from Sigma- 
Aldrich (USA). All chemicals and reagents used were of analytical 
grade. Salmonella enteritidis (S. enteritidis, ATCC 13076), Escherichia coli 
(E. coli, ATCC 25922), Listeria monocytogenes (L. monocytogenes, ATCC 
43257) and methicillin-susceptible Staphylococcus aureus (MSSA, ATCC 
29213) were obtained from the American Type Culture Collection 
(ATCC). Trypticase soy broth (TSB) was purchased from Qingdao Hope 
Bio-Technology Co., Ltd. (Qingdao, China). Ultrapure water (resistivity 
≥18.3 MΩ cm) was used in the experiments. Twelve suspected MRSA 

colonies were isolated from clinical samples at a hospital in Wuhan 
(China). 

The SuperMag magnetic separator was purchased from Ocean 
NanoTech (USA). Fluorescence data was collected by multi-model 
microplate reader (BioTek Synergy HTX) using 485 nm excitation and 
520 nm emission. Thermal cycler (Bio-Rad, T100), gel imager (Bio-Rad, 
Gel Doc XR+), microvolume spectrophotometer (Implen, N60 Touch), 
microplates (384 wells, low volume, non-binding surface, black with 
clear flat bottom (Corning, Cat. nos. 3544) were used. The absorbance 
was measured using a UV–vis spectrophotometer (Thermo Scientific). 
Electrophoresis was performed on Beijing JUNYI-Dongfang electro
phoresis equipment Co., Ltd. (JY300HC). The qPCR assay was per
formed on the Real-Time PCR System (Jena, Qtower 2.2). 

2.2. Nucleic acid preparation 

The target DNA for a proof of concept was ordered as two comple
mentary ssDNA molecules and hybridized as the following procedure: 
the hybridization mixture was first prepared by combining 0.5 μL of 5 M 
NaCl, 5 μL of 10 × TE buffer and 22.5 μL of 100 μM ssDNA 1 and ssDNA 
2. Then the two ssDNA sequences were annealed by performing a 5 min 
denaturation and the reaction was slowly cooled to 4 ◦C in a PCR 
thermal cycle. For slow cooling of the samples, the ramp rate was 
adjusted to 0.04 ◦C/s. The hybridized DNA can be used immediately or 
divided into aliquots and stored at − 20 ◦C for up to several months. 

Plasmid DNA was constructed by cloning partial mecA gene into the 
pUC57 vector, and the sequence is shown in Table S1. In real samples 
analysis, bacterial cells from suspected MRSA colonies were first grown 
in TSB medium at 37 ◦C until the optical density of the culture at 600 nm 
reached 0.7. Then 1 mL of bacterial suspension was pipetted to extract 
total genomic DNA using the rapid bacterial genomic DNA isolation kit, 
the products were divided into aliquots and stored at − 20 ◦C for future 
use. 

2.3. Preparation of aptamer-functionalized MNPs 

The COOH-MNPs were first resuspended by rolling the vial for 30 
min. Then 1 mL of them was transferred to a new tube and placed on a 
magnet for 2 min to remove the supernatant. Subsequently, COOH- 
MNPs were washed twice with 1 mL of MES buffer (100 mM, pH 4.8) 
and resuspend in 100 μL of the same buffer. In a separate tube, 5′ amine 
modified aptamer (5 nmol) and 40 μL of 1.25 M EDC in MES buffer were 
mixed to a total volume of 100 μL. This aptamer/EDC solution was 
added to the COOH-MNP and mixed by vortex for 10 s. The suspension 
was incubated on a roller mixer at room temperature for 3 h. Finally, the 
complex was washed 3 times again with 1 mL of TT buffer (1 M Tris-HCl, 
pH 8.0, containing 10% Tween-20) (each round incubated 30 min) and 
resuspended in TE buffer (1 M Tris-HCl, pH 8.0, containing 100 mM 
EDTA). The prepared aptamer-functionalized MNPs (Apt–MNPs) were 
stored at 4 ◦C for further use. 

2.4. Recombinase polymerase amplification 

Primers for recombinase polymerase amplification (RPA) were 
designed using NCBI Primer-BLAST. All RPA primers are listed in 
Table S1. The RPA reactions run as instructed with a Basic nucleic acid 
amplification reagent. 50 μL reactions containing 41.5 μL of A buffer, 2 
μL of plasmid DNA with concentrations from 10 nM to 1 aM or extracted 
DNA, 2 μL of 10 μM forward and reverse primer, and 2.5 μL of B buffer 
were sequentially added to the reaction dry power-presenting tube, 
followed by incubation at 39 ◦C for 30 min. After amplification, 50 μL of 
DNA extraction reagents (saturated phenol: chloroform: isopentyl 
alcohol = 25: 24: 1) were added to the reaction solution, gently vortexed 
and thoroughly mixed. Following centrifugation at 10,000 r/min for 2 
min, 5 μL of supernatant was used for agarose gel electrophoresis to 
determine the optimal primer set. For subsequent fluorescence and 
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colorimetric signal readout, 5 μL of the RPA reaction solution was 
transferred to CRISPR/Cas12a system as template. 

2.5. CRISPR/Cas12a-based fluorescence detection 

A calibration curve was prepared with the series of diluted plasmid 
DNA present at decreasing concentrations between 100 nM and 0.5 fM. 
First, Cas12a (200 nM) and gRNA (250 nM) were mixed in 1 × NE buffer 
r2.1 at 37 ◦C for 15 min, followed by the preparation of another signal 
mixture which contains 1 × NE buffer r2.1, 1 μM quenched, fluo
rescently labeled reporter ssDNA and amplicons. Then 5 μL of the 
Cas12a-gRNA complex and 15 μL of signal mixture were transferred to 
the 384-well microplate to obtain final concentrations of 50 nM Cas12a, 
62.5 nM gRNA and 750 nM FQ reporter in 1 × NE buffer r2.1. Twenty 
microliters of mixture were incubated in a 384-well microplate in the 
microplate reader. Fluorescence readings were recorded every 5 min 
(excitation: 485 nm; emission: 520 nm) for 120 min at 37 ◦C. 

2.6. Aptamer-based colorimetric detection of MRSA 

The Cas12a-gRNA complex was assembled by incubating Cas12a 
(200 nM) with gRNA (250 nM) in 1 × NE buffer r2.1 at 37 ◦C for 15 min. 
Subsequently, the Cas12a-gRNA complex was mixed with 5 μL of 
different concentrations of double-stranded DNA trigger (without RPA) 
or 5 μL of RPA reaction solution (with RPA) and 25 μL of Apt–MNPs in a 
1.5 mL centrifuge tube, then they were reacted at 37 ◦C for 15 min. After 
magnetic separation and washing twice with ultrapure water, 25 μL of 5 
mM AgNO3 were added and reacted at 37 ◦C for 10 min. Then 35 μL of 5 
mM TMB was added to the mixture and reacted at room temperature for 
25 min again with light-avoidance. Finally, absorbance at 652 nm was 
measured while coloration can be easily observed by the naked-eye. The 
limit of detection (LOD) was calculated based on the calibration curve 
with 3S/M, where S is the value of the standard deviation of blank 
samples and M is the slope of the standard curve at a low concentration 
range. 

2.7. PCR and qPCR assays 

PCR was performed on Thermal cycler (Bio-Rad, T100). 1 μL of 
extracted DNA from 12 suspected samples were employed as the tem
plate, following the program: initial denaturation at 98 ◦C for 2 min, 
then 98 ◦C for 10 s, 59 ◦C 13 s, and 72 ◦C 10 s for 30 cycles, followed by 
final extension of 72 ◦C for 2 min. The PCR products were run on 1% 
agarose gel electrophoresis for 45 min with a voltage of 100 V to pre
liminarily judge whether the sample is positive or negative. 

The sensitivity of the qPCR method with SYBR Green was tested 
using a dilution series of plasmid DNA (from 1 nM to 1 aM) as the 
template. The assay was performed on the Real-Time PCR System (Jena, 
Qtower 2.2) with the same program as PCR. For real sample analysis, 
genomic DNA extracted from suspected samples was qualified according 
to the amplification curve. 

3. Results and discussion 

Ag+ can oxidize colorless TMB to colored TMBox. TMBox is a one- 
electron transfer product of TMB, showing blue coloration while 
exhibiting characteristic UV–vis absorption at 652 nm [32]. Ag+ also 
selectively coordinates cytosine residues via N–Ag bonds to form the 
“C–Ag+-C” pair [30]. Therefore, when there exists an aptamer of Ag+

containing numerous cytosine residues, the original free Ag+ in the so
lution is reduced because of aptamer binding, resulting in correspond
ingly decreased interaction with TMB. With this principle, the 
chromogenic reaction of Ag+-TMB can be modulated using the aptamer. 

In this study, three aptamers were used to investigate the effect of 
aptamer sequence on UV–vis absorption of the colorimetric system: two 
of the aptamers have been reported in the literature (Aptamer 1 and 

Aptamer 2) [30,31], while the other one was designed by ourselves 
(Aptamer 3) (Table S1). The optimal aptamer sequence was Aptamer 2: 
CCTCCCTCCCTCCCTTTTTCCCACCCACCCACC (Fig. S1), which per
formed better than Aptamer 1 and was more cost-effective than Aptamer 
3. The interaction between Ag+ and multiple aligned C: C mismatched 
base pairs, Ag+ specifically bound to each C: C mismatched base pair at a 
1: 1 M ratio with 106 M/L binding constant [33,34], demonstrating the 
high affinity and specificity of the employed aptamer for Ag+. The 
oxidative ability of aptamer-bound Ag+ on TMB was then explored. 
MNPs were introduced as a vehicle for separating aptamer-bound and 
-unbound Ag+. Aptamer-bound Ag+ was removed by magnetic separa
tion, leaving only free Ag+ to react with TMB. The successful prepara
tion of Apt–MNPs was characterized by a zeta potential analysis 
(Fig. S2), in which the decreased potential was attributed to the conju
gation of a negatively charged aptamer. Notably, no difference in 
characteristic UV–vis absorption of colorimetric solution was observed 
between the “with magnetic separation” and “without magnetic sepa
ration” (Fig. 1A), suggesting that the same amount of Ag+ involved in 
chromogenic reaction in the two cases, and aptamer-bound Ag+ could 
no longer react with TMB. Unlike free Ag+, the aptamer-bound Ag+

cannot oxidize TMB, and the separation of the aptamer-bound Ag+ and 
free Ag+ was unnecessary. Moreover, the signal readout of this 
aptamer-modulated colorimetry is homogeneous, simplifying the 
detection procedure. 

The effect of this aptamer-modulated colorimetry was then evalu
ated. In the proposed strategy, the aptamer acts as a connector between 
signal recognition and signal readout. On the one hand, it serves as 
substrates for connecting the CRISPR/Cas12a signal recognition system. 
On the other hand, it can affect the colorimetric readout of Ag+-TMB 
system by interacting with Ag+. Thus, an excellent signal response upon 
slight variations in the aptamer is vital for ensuring the sensitivity of the 
method. In this study, the aptamer containing 11 consecutive and 
interrupted double C: C mismatched base pairs was employed; theoret
ically, numerous Ag+ would be constrained in the formed secondary 
hairpin structure of the aptamer via “C–Ag+-C” coordination chemistry. 
With this one-to-multiple binding feature of the aptamer to Ag+, 
“aptamer–Ag+” can act as an efficient signal amplifier. The optical 
response of different volumes of Apt–MNPs (0, 5, 10, 15, 20, 25, 30, and 
45 μL) were thus examined. The results showed that the coloration of the 
solution gradually changed from dark blue to white as the volume of 
Apt–MNPs increased (Fig. 1B), and the ultraviolet absorbance at 652 nm 
was inversely proportional to the volume of the Apt–MNPs present 
(Fig. 1C and D). This occurrence was mainly attributed to the presence of 
more Ag+ interacting with cytosine residues; meanwhile, less was used 
for colorimetry. Ag+ and TMB dosages were also optimized, and the best 
analytical performance was observed in 5 mM AgNO3 and 5 mM TMB 
(Fig. S3). 

3.1. Feasibility of aptamer-based colorimetry using the CRISPR/Cas12a 
system 

In MRSA, the primary mechanism for antibiotic resistance is the 
acquisition of a mobile cassette of genes known as the staphylococcal 
cassette chromosome mec (SCCmec). Within this cassette is the mecA 
gene that endows β-lactams, including methicillin, with resistance [35, 
36]. Thus, this extensively reported antibiotic-resistant gene of MRSA, 
mecA, was chosen as the target nucleic acid. In this study, a 20 bp target 
sequence in mecA adjacent to a TTTG protospacer adjacent motif (PAM) 
site was recognized by the complementary gRNA of the CRISPR/Cas12a 
system (Fig. 2A). Guided by the PAM sequence, the gRNA of CRISP
R/Cas12a specifically recognized the target sequence, which would 
induce the alteration of Cas 12a. The effectiveness of the designed gRNA 
was first verified using the fluorescence method. Strong fluorescence 
was observed when a target was present (Fig. 2B), indicating that the 
programmed gRNA could be assembled with Cas12a and specifically 
recognized the target sequence. 
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For a proof-of-concept, aptamer-based colorimetric detection of 
MRSA was performed using the CRISPR/Cas12a system. To achieve the 
desired detection results, several critical parameters were explored, 
including trans-cleavage time and volume of Apt–MNPs. The trans- 
cleavage time is particularly important for analytical performance. This 
time should be limited between the uncut and the complete cut, and the 
optimal time point should be determined. With longer time, the cleavage 
was excessive, hence the thorough degradation of the aptamer. Thus, no 
C base was conjugated in MNPs, and Ag+ was entirely reacted with TMB. 
With shorter time, the difference in cleavage as a function of the target 
was not exhibited, causing a change in Ag+ irrespective of the target. As 
such, unsuitable trans-cleavage time cannot allow the aptamer to change 
with the target and thus cannot modulate the subsequent colorimetry 
ideally. The trans-cleavage of the aptamer over different lengths of 
cleavage time was evaluated by using UV–vis analysis and 12% dena
tured polyacrylamide gel electrophoresis. Based on the experimental 
results, the desired result was obtained in 15 min of trans-cleavage time 
(Fig. 2C and D). In addition, 25 μL of Apt–MNPs provided not only the 
optimal optical response but also the least reagent usage, which was 
used in the subsequent experiments (Fig. S4). 

Under optimal conditions, different concentrations of the double- 
stranded DNA (dsDNA) trigger (0, 0.1, 0.5, 5, 20, 80, 200, and 400 
nM) were used to activate the collateral cleavage activity of Cas12a. As 
shown in Fig. 2E, the aptamer in the trigger-presenting lane is digested 
into random short fragments, unlike the opposite counterpart. This 
aptamer digestion was gradually strengthened with increased dsDNA 
trigger, confirming that aptamer was cleaved. The results of aptamer- 
based colorimetry revealed color darkening and an increase in absor
bance at 652 nm as the dsDNA trigger increased from 0.5 nM (Fig. 2F). 
The occurrence was mainly attributed to the weak binding between the 
cleaved aptamer and Ag+, resulting in more Ag+ reacting with TMB for 
coloring. These results revealed the feasibility of the constructed 
aptamer-based colorimetric biosensor using the CRISPR/Cas12a system. 

3.2. Sensitivity and specificity of aptamer-based colorimetric biosensor 

To further improve sensitivity, the equipment-free, time-saving, and 

simple RPA was deployed for target amplification. Standard PCR was 
first used to select a positive sample as a positive control (named P) 
(Fig. S5). Subsequently, three pairs of primers targeting mecA gene were 
designed, and their amplification efficiencies were evaluated by agarose 
gel electrophoresis. As shown in Fig. 3A, both Primer 1 and Primer 3 lead 
to amplified DNA bands, Primer 1 has the strongest band, hence its se
lection for RPA amplification. Amplification-enhanced colorimetry was 
then performed to detect the mecA gene with three replicates, each with 
107–10− 3 fM plasmid DNA. The results showed that with RPA, 10 aM 
and 100 aM plasmid DNA can be reliably detected by UV–vis analysis 
and naked-eye observation, respectively. By contrast, this colorimetric 
biosensor without RPA could only detect 0.1 nM of plasmid DNA by 
UV–vis analysis (Fig. 3B). The sensitivity of this RPA-assisted colori
metric biosensor (10 aM) increased by seven orders of magnitude than 
that without PRA (0.1 nM), demonstrating the effectiveness of RPA 
signal amplification. Similarly, 10 CFU mL− 1 MRSA can be quantified 
with a linear range of 10 CFU mL− 1 to 105 CFU mL− 1. The correlation 
equation is Y = 0.064X + 0.094 {X = log [MRSA] (CFU mL− 1), R2 =

0.98} with a LOD of 8 CFU mL− 1 (S = 0.184, M = 0.072) (Fig. 3C). The 
sensitivity of RPA-amplified CRISPR/Cas12a-based fluorimetry and 
qPCR method for mecA gene detection was also assessed for comparison 
(Fig. S6). The proposed method mainly resulting from triple amplifica
tion exhibited sensitivity that was comparable or superior to that of 
CRISPR/Cas12a-based fluorimetry and qPCR method. 

Compared to previously reported CRISPR-based colorimetry 
(Table S2), the sensitivity of this aptamer-based colorimetric biosensor 
is superior to another CRISPR-mediated lateral flow assay and inferior to 
the plasmonic AuNPs-based CRISPR method. The higher sensitivity of 
the plasmonic AuNPs-based CRISPR method is attributed to the higher 
molar extinction coefficient of AuNPs than the TMB that was used in our 
study. However, the AuNPs-based CRISPR method exhibits a “signal-off” 
detection mode, in which the color changes from red to blue. Differently, 
our method presented an opposite “signal-on” detection format—that is, 
a colorless-to-blue color change which is more easily perceived. 
Compared with classical CRISPR-based instrumental method such as 
CRISPR-based SERS and electrochemical method (Table S2), the sensi
tivity of our method increased by two orders of magnitude and one order 

Fig. 1. Feasibility of aptamer-modulated colorim
etry. (A) UV–vis absorption at 652 nm of the aptamer- 
modulated colorimetric system with and without 
magnetic separation, “ns” represents no significance. 
Photograph (B), UV–vis analysis (C), and UV–vis ab
sorption at 652 nm (D) of a colorimetric system with 
different volumes of Apt–MNPs. ΔA = A-A0, A rep
resents the absorbance at 652 nm in the presence of 
target, A0 represents the absorbance at 652 nm in the 
absence of target. Error bars represent the standard 
deviation of three replicates (n = 3).   
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of magnitude, respectively; moreover, our method has a more portable 
and simple signal readout than these instrument-dependent method, 
thus is suitable for point-of-care testing. 

Additionally, analytical specificity was evaluated by analyzing four 
common bacteria, including MRSA, methicillin-susceptible Staphylo
coccus aureus (MSSA), Escherichia coli (E. coli), Listeria monocytogenes 
(L. monocytogenes), and Salmonella enteritidis (S. enteritidis). As shown in 
Fig. 3D, at the same concentration, only MRSA can induce a significant 
change in characteristic UV–vis absorption, whereas other bacteria exert 
negligible effects. This outcome proved the high specificity of the 
method for MRSA detection, which was mainly attributed to the 
endogenous sequence-specific recognition of the CRISPR/Cas12a sys
tem. The excellent sensitivity, specificity, and simplicity, in addition to 
its visualization, endow the proposed method with superiority in point- 
of-care testing for bacterial resistance. 

3.3. Real samples analysis 

The practicability and accuracy of this aptamer-based colorimetric 
biosensor in the real world were challenged by analyzing 12 suspected 
MRSA samples isolated from clinical patients. Notably, ΔA = 0.1 was 
used as the cutoff value to distinguish positive samples from negative 
samples, which is calculated using the linear equation Y = 0.064X +
0.094 {X = log [MRSA] (CFU/mL)} when MRSA is at the detection limit 
(8 CFU mL− 1). ΔA > 0.1 thus represent the MRSA-positive, while ΔA <
0.1 is MRSA-negative. The results show that samples 3, 6, 8, and 12 were 

tested as MRSA-positive (ΔA > 0.1, blue coloration) using the developed 
method and the remaining samples were detected as MRSA-negative 
(ΔA < 0.1, colorless) (Fig. 4A and B). For comparison, these samples 
were determined by the qPCR method. The samples are quantified by 
the cycle threshold value (Ct), which represents the number of cycles 
through which the fluorescence signal in each reaction tube reaches a set 
value. Not surprisingly, samples 3, 6, 8, and 12 were measured to be 
positive for MRSA with Ct values of 23, 18, 28, and 26, respectively, 
while no classical amplification curve was found in other samples 
(Fig. S7). The consistent results between aptamer-based colorimetry and 
the standardized qPCR method (Fig. 4C) demonstrated the reliability 
and accuracy of our method in a real-world application. Significantly, 
unlike qPCR, our method can be implemented without the cumbersome 
thermal system and thus is more suitable for off-laboratory testing. 

4. Conclusions 

In conclusion, an efficient aptamer-based colorimetric biosensor was 
developed by integrating the powerful CRISPR/Cas12a system and RPA 
for MRSA detection. With triple amplification, this approach achieved 
rapid, visual, ultrasensitive, and specific detection of MRSA with a LOD 
of 8 CFU mL− 1. Satisfactory accuracy in analyzing clinical MRSA col
onies also indicated its robust applicability. We envision that this 
biosensor can be easily extended to diagnose disease biomarkers by 
programming the corresponding gRNA, and it may be amenable to 
bacterial identification and typing. The fully integrated, sample-to- 

Fig. 2. Feasibility of aptamer-based colorimetry 
using the CRISPR/Cas12a system. (A) Schematic di
agram of site-specific recognition of target sequence. 
(B) Verification of the effectiveness of designed gRNA 
using fluorescence method. (C) Polyacrylamide gel 
electrophoresis of the aptamer with different cleavage 
time. (D) UV–vis absorption at 652 nm of aptamer- 
based colorimetric system with different cleavage 
times. (E) Agarose gel electrophoresis analysis of 
aptamer with different concentrations of mecA dsDNA 
trigger. (F) UV–vis absorption at 652 nm and corre
sponding photograph of colorimetric solution initi
ated by different concentrations of mecA dsDNA 
trigger. Error bars represent the standard deviation of 
three replicates (n = 3).   
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Fig. 3. Sensitivity and specificity of aptamer-based 
colorimetric detection of MRSA by using CRISPR/ 
Cas12a system and RPA. (A) Screening of RPA primer. 
P and NTC represent MRSA-positive sample and 
negative control, respectively. (B) Sensitivity of 
aptamer-based colorimetric detection of MRSA with 
and without RPA, inset is the corresponding photo
graph of detection system. (C) Linear range for MRSA 
detection using aptamer-based colorimetric 
biosensor, inset is the corresponding photograph of 
detection system. (D) Specificity of aptamer-based 
colorimetric detection of MRSA. Two-tailed Stu
dent’s t-test; “ns” represents no significance, ****p <
0.0001. Error bars represent the standard deviation of 
three replicates (n = 3).   

Fig. 4. Capacity of aptamer-based colorimetric biosensor for MRSA detection in real samples. UV–vis absorption at 652 nm (A), and photograph (B) of this aptamer- 
based colorimetric system. (C) Consistency of the proposed method and qPCR in real samples analysis. ΔA = A-A0, A represents the absorbance at 652 nm in the 
presence of target, A0 represents the absorbance at 652 nm in the absence of target. Error bars represent the standard deviation of three replicates (n = 3). 
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result, and multiplexed CRISPR-based strategy is expected to provide 
further improvement and development. 
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