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1. Materials and Methods

1.1 Reagents and materials

The basic ERA kit was purchased from Suzhou GenDx Biotech (Suzhou, China). 

LbCas12a nuclease was offered by Tolo Biotech Co., Ltd (Shanghai, China). 

QuickExtractTM DNA extraction solution was provided as a complimentary sample by 

Zhong Bei Lin Ge Biotech Co., Ltd (Qingdao, China). The ChamQ SYBR qPCR Master 

Mix was acquired from Vazyme Biotech Co., Ltd (Nanjing, China). Acrylamide, Tris 

Base, NaCl, and N, N’-Methylenebisacrylamide were supplied by Aladdin Biochemical 

Technology Co., Ltd (Shanghai, China). Ammonium persulfate and N, N, N’, N’-

Tetramethylethylenediamine (TEMED) were offered by Macklin Biochemical Co., Ltd 

(Shanghai, China). Silver nitrate (AgNO3) and sodium hydroxide (NaOH) were 

provided by Lingfeng Chemical Reagents Co., Ltd (Shanghai, China). RNase-free 

water was purchased from Beyotime Biotechnology (Shanghai, China). The 3D printer 

was acquired from Creative 3D Technology Co., Ltd (Shenzhen, China). The UV LED 

panels (5V, 2W), excitation filters (550/60 nm, 605/55 nm, and 660/40 nm) and heaters 

were ordered from Alibaba. S. pneumoniae, H. influenzae, M. pneumoniae, S. 

agalactiae, S. aureus, E. coli, K. pneumoniae, and P. aeruginosa were obtained from 

the Affiliated Hospital of Nantong University.

Native polyacrylamide gel electrophoresis (PAGE) was performed on an 

electrophoresis apparatus (DYY-6D, China) and visualized on a gel imaging facility 

(Tanon, China). Fluorescence (FL) detections were measured with an FS5 fluorescence 

spectrofluorometer (Edinburgh Instruments Ltd., UK). Real-time fluorescence PCR 

assay was performed using the fluorescence quantitative PCR instrument (Bio-Rad, 

USA).

1.2 DNA extraction and isothermal amplification

Genomic DNA was extracted using QuickExtractTM DNA extraction solution, 

according to manufacturer’s instruction. DNA extraction requires heat treatment to lyse 

pathogens, release the DNA, and degrade compounds that inhibit amplification. 

Following heat treatment, the DNA extracted from pathogen was stored at -20 °C for 

subsequent experiments. 



Enzymatic recombinase amplification (ERA) technique is an upgraded version of 

the recombinase polymerase amplification (RPA). It achieves rapid nucleic acid 

amplification through the simultaneous action of multiple functional proteins under 

constant temperature conditions, without thermal cycling 1. The ERA reaction was 

performed in accordance with the instruction manual of a basic ERA nucleic acid 

amplification kit. The product was used as a template for the Cas12a/engineered crRNA 

detection.

1.3 Primer, probes, and engineered crRNA preparation

The primers were designed according to the cpsB gene of S. pneumoniae 

(GenBank accession JN642323.1), the siaT gene of H. influenzae (GenBank accession 

NC_007146.2), and the P1 gene of M. pneumoniae (GenBank accession AF290001.1) 

using Primer Premier5.0 software. All primers and probes were synthesized by Sangon 

Biotech Co., Ltd (Shanghai, China) and shown in Table S1. The engineered crRNA of 

distinct pathogens was directly synthesized and purified using RNase-free HPLC by 

Sangon Biotech.

1.4 Gel electrophoresis

A polyacrylamide gel was prepared using a solution consisting of 30% acrylamide, 

0.1% ammonium persulfate, 0.01% tetramethyl ethylene diamine, and TBE buffer (89.2 

mM Tris, 89.2 mM boric acid, and 0.2 mM EDTA). Subsequently, 6 μL of nucleotide 

samples with 1 μL loading buffer were loaded onto the gel. Electrophoresis was carried 

out in TBE buffer at room temperature for one hour at 120 V. The gel was fixed 

sequentially in 10% ethanol and 1% nitric acid for 5 minutes each, followed by agitation 

in 0.2% AgNO3 for another 5 minutes. After two rinses with ultrapure water, the gel 

was stained with a solution containing 0.4% formaldehyde and 1.2% NaOH until 

distinct strips were visible. 

1.5 Real-time PCR of respiratory pathogens

A commercial real-time PCR kit was utilized to detect S. pneumoniae, H. 

influenzae, and M. pneumoniae. The 20 µL reaction system consisted of 10 μL of 

2×SYBR qPCR Master Mix, 200 nM forward and reverse primers, and varying 

concentrations of genomic DNA. The Bio-Rad CFX96 Mestro instrument was 

https://www.sciencedirect.com/topics/medicine-and-dentistry/nucleic-acid-amplification
https://www.sciencedirect.com/topics/medicine-and-dentistry/nucleic-acid-amplification


employed for the reaction. The real-time quantitative PCR amplification process 

involved an initial pre-heating step at 94 ℃ for 3 minutes, followed by 40 cycles with 

each cycle consisting of 94 ℃ for 10 seconds and 60 ℃ for 30 seconds. Subsequently, 

a melting curve analysis was conducted. The kit's criteria for interpretation were as 

follows: a Ct value of ≤35 was considered positive, while a Ct value of >35 was deemed 

negative. The results of the real-time quantitative PCR detection for the three pathogens 

are presented in Figures S17, S18, and S19. 

1.6 Statistical analyses

Every result was displayed as mean ± SD. A two-tailed Student’s t-test was used 

to establish statistical significance. The p-values below 0.05 were regarded as 

significant.

https://doi.org/10.1021/acs.nanolett.3c04976


2 Supplementary Figures

2.1 PAGE analysis of the original crRNA and the engineered crRNA.

Figure S1. PAGE analysis of the original crRNA and the engineered crRNA. Lane M 

represents the DNA marker. Lane 1 represents the original crRNA, while Lane 2 

represents the en-crRNA.



2.2 Schematic illustration in a single reaction.

Figure S2. Schematic illustration of the engineered crRNA-assisted multiplex detection 

in a single reaction. Illustrations created by Biorender.



2.3 Establishment of the single-tube multiplex detection.

Figure S3. Establishment of the single-tube multiplex detection. (a) Fluorescence 

signals of the CREM system in the absence and presence of target A and/or target B. 

(b) Fluorescence images of reaction tubes after the detection of synthetic targets using 

the CREM system.



2.4 . Sensitivity of the CREM system.

Figure S4. Sensitivity of the CREM system for the detection of (a) target A and (b) 
target B. F represents the fluorescence intensity obtained from the sample, while F0 
represents that obtained from NTC. Values represent mean ± standard deviation (n=3).



2.5 Optimization of the CREM assay.

Figure S5. Optimization of the CREM assay. Fluorescence response towards target dsDNA using 
different concentrations of Cas12a (a) and the engineered crRNA (b). (c) Optimization of the 
different reaction temperature. (d) Optimization of the Cas12a cleavage time. The target dsDNA 
concentration was 1×105 copies/μL. Values represent mean ± standard deviation (n=3). 



2.6 Reaction buffer optimization for the CREM system.

Figure S6. Reaction buffer optimization for the CREM system. (a) The detection 
efficiency of the CREM detection system is compared using five distinct buffers. 
Values represent mean ± standard deviation (n=3). (b) Five buffers using in the CREM 
assay. 



2.7 . Optimization of the engineered crRNA composition.

Figure S7. Optimization of the engineered crRNA composition. Plots depicting the 
reaction of Cas12a with Cy5 double-labeled en-crRNA (a), individual labeled en-
crRNA (b), and combining multiple en-crRNAs (c). Values represent mean ± standard 
deviation (n=3). Illustrations created by Biorender.



2.8 Combination of multiple en-crRNAs.

Figure S8. Combination of multiple en-crRNAs to improve the sensitivity of the 
CREM system. The en-crRNA1 and en-crRNA2 were designed (a) to detect the target 
individually and in combination at three distinct concentrations (b). (c) Comparison of 
the fluorescence intensity and the (F – F0)/F0 ratio between the individual labeled en-
crRNA and the combining en-crRNAs assay. Values represent mean ± standard 
deviation (n=3). The statistical significance of the data in b and c (inset) was determined 
using two-tailed unpaired Student's t-test (*** p < 0.001).



2.9 Schematic illustrations of three gene en-crRNAs.

Figure S9. Schematic illustrations of the cpsB (a), siaT (b), and P1 (c) gene maps 
depicting the selected loci for combined engineered crRNA.



2.10 The PAGE electrophoretic images of ERA products.

Figure S10. The PAGE electrophoretic images of ERA products. (a) The amplification 
of cpsB gene in S. pneumoniae is 248 bp. (b) The amplification of siaT gene in H. 
influenzae is 227 bp. (c) The amplification of P1 gene in M. pneumoniae is 202 bp. 
Lanes 1, 2 and 3 correspond to no target control, the ERA product of target gene, and 
the corresponding gene plasmid, respectively. Lane M1 represents the DNA marker 
(25-500 bp). Lane M2 represents another DNA marker (100-5000 bp).



2.11 Schematic illustration of respiratory pathogen detections.

Figure S11. Schematic illustration of respiratory pathogen detections. (a) Experimental 
protocol and (b) detailed schematic illustration of cpsB gene, sia T gene, and P1 gene 
identification using the CREM system. Illustrations created by Biorender.



2.12 The structure and image of the 3D printed device.

Figure S12. Detailed design of the 3D printed assembled equipment.



2.13 Results of three gene detections on chip.

Figure S13. Results of three gene detections on chip. (a)Fluorescence images of cpsB 
gene were acquired with a 550/60 nm band pass emission filter. The Alexa Fluor 488 
green fluorescent signal represents the cpsB gene of S. pneumoniae (2, 5, 6, and 8 
wells). (b) Fluorescence images of siaT gene were obtained with a 605/55 nm band pass 
emission filter. The Alexa Fluor 568 orange fluorescent signal represents the siaT gene 
of H. influenzae (3, 5, 7, and 8 wells). (c) Fluorescence images of P1 gene were captured 
with a 660/40 nm band pass emission filter. The Cy5 red fluorescent signal represents 
the P1 gene of M. pneumoniae (4, 6, 7, and 8 wells).



2.14 Scatter plots of respiratory pathogen samples.

Figure S14. Scatter plots showing (F-F0)/F0 of 21 negative and 7 positive samples for 
H. influenzae in the Alexa Fluor 568 channel (a) and for M. pneumoniae in the Cy5 
channel (b). The statistical significance of the data in a and b was determined using 
two-tailed unpaired Student's t-test (*** p < 0.001).



2.15 On chip detection of clinical samples.

Figure S15. Results of clinical samples on chip. (a) Fluorescence images of S. 
pneumoniae were captured with a 550/60 nm band pass emission filter. (b) 
Fluorescence images of H. influenzae were acquired with a 605/55 nm band pass 
emission filter. (c) Fluorescence images of M. pneumoniae were acquired with a 660/40 
nm band pass emission filter.



2.16 Fluorescence images of the clinical samples using the CREM system.

Figure S16. Fluorescence images of reaction tubes after the diagnosis of clinical 
samples using the CREM system. The specimens numbered 1-7 represent negative 
samples, while specimens numbered 8-14 indicate positive results for S. pneumoniae. 
Additionally, specimens numbered 15-21 show positive results for H. influenzae and 
specimens numbered 22-28 demonstrate positivity for M. pneumoniae.



2.17 qPCR of S. pneumonia detection. 

Figure S17. Clinical analysis of S. pneumonia by qPCR detection.



2.18 qPCR of H. influenza detection.

Figure S18. Clinical analysis of H. influenza by qPCR detection.



2.19 qPCR of M. pneumoniae detection.

Figure S19. Clinical analysis of M. pneumoniae by qPCR detection.



3 Supplementary Tables

3.1 DNA sequences used in this study.

Table S1. DNA sequences used in this study.

Name Sequence (5’-3’)

A-primer-F GCATTCCCAGTAGCACCCTT
A-primer-R TCCCAATCTTCCTAACCACTGT
B-primer-F
B-primer-R
cpsB-primer-F
cpsB-primer-R
siaT-primer-F
siaT-primer-R
P1-primer-F
P1-primer-R

ACAGAATACTTATTAAGTGCTGGCA
ACACTAAGCAACTAGTAGCGAA
TGATGTTGGGAATCACGCCA
TGGAGGTCTACTGTCTAAATTGTG
TGCGTGATGCTGGTTATGACG
CTTGTGGCTTTTGGTGTACGTG
ACCAAGTCGGCCCACACC
CAGCAACTGCCATCCGTG

A-en-crRNA1

A-en-crRNA2

UAAUUUCUACUAAGUGUAGAUGCGCGCAGCAGGAG
ACAGCA(Alexa Fluor 488)TCCCCCCTGCT(BHQ1)
UAAUUUCUACUAAGUGUAGAUCGCAUAUACAGCGA
AGAAGA(Alexa Fluor 488)TCCCCCCTCTT(BHQ1)

B-en-crRNA1 UAAUUUCUACUAAGUGUAGAUAAUAUUACUUAUAG
GGAUGG(Cy5)TCCCCCCAT(BHQ3)

B-en-crRNA2

en-crRNAⅡ

UAAUUUCUACUAAGUGUAGAUGAAAGAACAAUACG
CAAAGA(Cy5)TCCCCCCTCTT (BHQ3)
UAAUUUCUACUAAGUGUAGAUAAUAUUACUUAUAG
GGAUGG(Cy5)T(Cy5)TCCCCCCCAT(BHQ3)

cpsB-en-crRNA1 UAAUUUCUACUAAGUGUAGAUGAGAAUAACGAAAA
ACGUGU(Alexa Flour 488)TCCCCCCACACGT(BHQ1)

cpsB-en-crRNA2

siaT-en-crRNA1

UAAUUUCUACUAAGUGUAGAUGUUCAUGUAGUUGC
AAGUGA(Alexa Flour 488)TCCCCCCTCACT(BHQ1)
UAAUUUCUACUAAGUGUAGAUCGGUGUCAUCGCCA
AUGAAU(Alexa Fluor 568)TCCCCCCATTCAT(BHQ2)

siaT-en-crRNA2

P1-en-crRNA1

UAAUUUCUACUAAGUGUAGAUGCUUUAAUGGCAAU
GAAUUA(Alexa Fluor 568)TCCCCCCTAATT(BHQ2)
UAAUUUCUACUAAGUGUAGAUGGGUGCGCUAUAAU
GCAACU(Cy5)TCCCCCCAGTT(BHQ3)

P1-en-crRNA2 UAAUUUCUACUAAGUGUAGAUACAAUAACCGCUGG
UUUGAA(Cy5)TCCCCCCTTCAAT(BHQ3)

Target A plasmid ATGGCTTTTTCTATCGGTGAATTTTCCGAACTAGTAG
GCATTCCCAGTAGCACCCTTAGATTCTACGAAAAAGA
AGGCTTAATAACCCCTGACCGCGACAAGAATAATTT
GCGCATATACAGCGAAGAAGACGCCAATTGGCTAA
AATTTTTACTGCACTTAAAAGGCGCCGGGTTATCGGT
AGAAGAATTAAAGCAGTACACAATTTGGCGCGCAG
CAGGAGACAGCACTATTTCCGAACGATTAAATATGT



TAAAAAAGAAAAAGGTTATTTTGGAGCAAGAGATTG
AAGACTTGCAGAAGAATTTGGATACAGTGGTTAGGA
AGATTGGGATTTATGAAGAGAAGGTTAAGACTAGAC
GAGTTTAG

Target B plasmid CAGAATACTTATTAAGTGCTGGCATATGTATGGCAAT
TGTTTCAATATTACTTATAGGGATGGCTATCAGTAA
TGTTTCGAAAGAACAATACGCAAAGAGGTTTTTCTT
TTTCGCTACTAGTTGCTTAGTGTTAACTTTAGTTGTAG
CTTCAAGTCTAAGTAGCTCAGCAAATGCATCACAAAC
AGATAATGGCGTAAATAGAAGTGGTTCTGAAGATCC
AACAGT

CpsB plasmid

siaT plasmid

P1 plasmid

AGCAATATTTTGATGTTGGGAATCACGCCAGTAATTG
CTCATATTGAACGTTATGATGCTTTGGAGAATAACG
AAAAACGTGTTCGTGAACTGATTGATATGGGGTGCT
ATACTCAGATAAATAGTTATCATGTTTCAAAACCTAA
GTTCTTTGGTGAAAAATATAAATTCATGAAAAAGAGA
GCTCGGTATTTTTTGGAACGTGATTTAGTTCATGTAG
TTGCAAGTGACATGCACAATTTAGACAGTAGACCT
CAGGAGGAATGGGACACGTTAATATCGGCGCAAGTT
TATTATTTTCAGGTATGTCAGGATCCGCATTAGCTGA
TGCAGGCGGTTTAGGTCAGCTTGAGATTAAAGCAA
TGCGTGATGCTGGTTATGACGATGATATTTGCGGAGG
AATTACTGCTGCTTCTTGTATTATTGGGCCATTAGTTC
CACCAAGTATTGCAATGATTATTTACGGTGTCATCGC
CAATGAATCTATCGCAAAACTCTTTATTGCAGGTTTT
ATTCCCGGTGTATTAATTACTTTAGCTTTAATGGCAA
TGAATTATCGCATTGCAAAAAAACGAGGTTATCCAC
GTACACCAAAAGCCACAAGAGAACAACTTTGCAGCA
GCTTTAAACAATCTTTTTGGGCAA
ACCTGGTTCGGGCAAGCGCTTTTGGTGTTTGGTGGCA
ATGGCCATGTTACCAAGTCGGCCCACACCGCGCCTTT
GAGTATAGGTGTCTTTAGGGTGCGCTATAATGCAA
CTGGTACCAGTGCTACTGTAACTGGTTGACCATATGC
CTTACTGTTCTCAGGCATGGTCAACAAACAAACTGAC
GGGTTAAAGAATCTACCCTTTAACAATAACCGCTGG
TTTGAATATGTACCACGGATGGCAGTTGCTGGCGCTA
AGTTCGTTGGTAGGGAACTCGTTTTAGCGGGTACCAT
TACCATGGGTGATACCGCTACCGTACCTCGCTTACTG
TACGATGAACTTGAAAGCAACCTGAACTTA

3.2 Comparison of other CRISPR-Cas assays.

Table S2. Comparison of different nucleic acid diagnostic techniques in pathogen 



detection (unit: copies/μL).

Methods Target Pre-amplification Turnaround 

time (min)

Limit of 

detection

Portable 

Detection

Ref.

mCARMEN Respiratory 
viruses

RT-PCR > 120 10 No 2

- Salmonella PCR 120 10 - 3
LAMP-LFA M. pneumoniae LAMP 90 600 Yes 4
ERA/ Cas12a M. pneumoniae ERA 50 200 Yes 5
Cas-gold ASFV* RPA > 90 200 Yes 6
TL-LFA SARS-CoV-2* RT-RPA 60 100 Yes 7
LIAMT SARS-CoV-2; RT-RPA 90 100 Yes 8

HIV*
Plasmonic 
RPA chip

Coronavirus
hMPV*

RT-RPA 40 1000 No 9

CREM S. pneumonia; 
H. influenza; 
M. pneumoniae

ERA 80 100 Yes This 
study

*ASFV: African swine fever virus; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 
2; HIV: Human immunodeficiency virus; hMPV: Human metapneumovirus. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/coronavirinae
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/human-metapneumovirus
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