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ABSTRACT: Pseudomonas aeruginosa (P. aemginosa) is a common opportunistic aDE'EZ"‘Z"”"’”i Blsrginoes o o
Gram-negative pathogen that may cause infections to immunocompromised patients. ™' o, AL+ Q @ @
However, sensitive and reliable analysis of P. aeruginosa remains a huge challenge. In @N @ N
this method, target recognition assists the formation of a self-primer and initiates | “ 4 s
single-stranded chain production. The produced single-stranded DNA chain is @1 Cﬁp’:‘“’?a . ¥
identified by CRISPR-Casl2a, and consequently, the trans-cleavage activity of the o S
Casl2a enzyme is activated to parallelly digest Ag" aptamer sequences that are —'“”O + —

chelated with silver ions (Ag®). The released Ag" reacted with 3,3',5,5'- ® - ® \
tetramethylbenzidine (TMB) for coloring. Compared with the traditional color o ‘EHHO _/ L YA
developing strategies, which mainly rely on the DNA hybridization, the color =l
developing strategy in this approach exhibits a higher efficiency due to the robust 9
trans-cleavage activity of the Casl2a enzyme. Consequently, the method shows a low — ""‘"””

limit of detection of a wide detection of S orders of magnitudes and a low limit of
detection of 21 cfu/mL, holding a promising prospect in early diagnosis of infections.
Herein, we develop a sensitive and reliable method for direct and colorimetric detection of P. aeruginosa by integrating self-primer-
assisted chain production and CRISPR-Casl2a-based color reaction and believe that the established approach will facilitate the
development of bacteria-analyzing sensors.

1. INTRODUCTION enrichment (SELEX), is capable of specifically binding with a
target molecule with high affinity.'®'” The programmability and
availability of the aptamer made it a promising transducer
capable of converting protein signals to nucleic acid signals, and
consequentlg, the aptamer is widely applied in established novel
biosensors.'"” In recent years, a variety of aptasensors have
been developed based on different signal transducers, such as
fluorescence, colorimetry, and electrochemistl’y.zm23 For
example, Li et al. proposed a fluorescence assay for sensitive
and label-free bacterial detection by using an established cascade
signal amplification strategy.”* Based on the Exo-III enzyme-
assisted chain recycle and rolling circle amplification-based
signal amplification, the method exhibited a wide detection
range of 5 orders of magnitudes and a low limit of detection.

Pseudomonas aeruginosa (P. aeruginosa), as an opportunistic
Gram-negative pathogen, has attracted increasing attention in
postoperative infection and posed an emerging threat to human
health.' ™ P. aeruginosa possesses widespread habitats, such as
water, air, animals, and humans, making it hard to control.* The
significant roles of P. aeruginosa in causing osteoarticular
infections and causing long-term chronic diseases in immuno-
compromised patients promote the development of a reliable
and sensitive method.’

The immunological approach, as one of the common methods
for P. aeruginosa detection, is developed based on the high
affinity and selectivity between the antibody and antigen.”* The

1mm.unc.)log1cal P proach has b'een W;‘}SIY used in quant.ltatlve or Despite the fact that fluorescence assay showed a promising
qualitative analysis of P. aeruginosa.” ~ However, the immuno-

logical approach is criticized by the low sensitivity and tedious prospect H; c}eterr‘nmatut)rtl of cfl) q acruginosa, Fhe leslsegzlac}
labor intensity, which greatly hinder its further applications." "> Feqlfllire}rln °n ol'eqt'upme.n o red l.u o es:lzence dslgna s énlll ©
The polymerase chain reaction (PCR) method is also wi dely its further applications in resource-limited conditions. Colori-
utilized in identifying P. aeruginosa by analyzing target gene
sequences.'”~'® Despite the fact that PCR exhibits high Received: June 13, 2023
sensitivity and stability in quantifying P. aeruginosa, it possesses Accepted: August 31, 2023
several shortcomings, including the requirement of thermal Published: September 11, 2023
cycle, complicated primer design, and cumbersome equipment.

An aptamer, as a kind of oligonucleotide sequence that is

screened by systematic evolution of ligands by exponential
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metric assays made it possible to read results directly with the
naked eye.”>™*” These methods usually use signal-stranded
DNA (ssDNA) sequences to regulate the aggregation and
dispersion of gold nanoparticles (AuNPs) and thus to induce
color development. The hybridization between the ssDNA
sequences was one-to-one signal transduction that limited high-
efficient aggregation of AuNPs.””

Clustered regularly interspaced short palindromic repeats/
CRISPR-associated (CRISPR/Cas), which is an RNA-guided
component from the immune system of bacteria, has been
extensively harnessed for developing novel biosensors.”” >’ For
example, Shin et al. developed an enhanced CRISPR/Cas-based
fluorescence assay for reliable and sensitive detection of
bacteria.’® In addition, Han et al. proposed an isothermal
amplification strategy by employing Casl2a-based primer
production for sensitive nucleic acid quantification.”> The
trans-cleavage activity of CRISPR-Casl2a enables highly
efficient digestion of ssDNA sequences after recognizing target
sequences,”® making it a promising tool to develop a sensitive
and reliable colorimetric method.””**

Herein, we propose a novel colorimetric approach for
sensitive and reliable P. aeruginosa analysis by integrating self-
primer-based production of ssDNA and CRISPR-Casl2a-
assisted color development. The two signal-amplifying pro-
cesses, including the chain extension and trans-cleavage of
Cas12a, endow the method with high sensitivity. In addition, the
silver ions (Ag") were chelated by aptamer sequences via the
interaction between Ag* and the N3 of cytosine (C), forming a
strong and stable “C-Ag*-C” hairpin structure.”® The digestion
of the aptamer by the Casl2a enzyme released Ag" to oxidize
3,3,5,5 -tetramethylbenzidine (TMB) for coloring. The sol-
ution 3£}igt contained oxidized TMB (TMBox) had a blue
color.”™

2. EXPERIMENTAL SECTION

2.1. Reagents and Apparatus. Nt.BstNBI, phi29 polymer-
ase, Engen Lba Cas12a (Cpfl, 100 4uM), and deoxynucleotide
(dNTP) solution mix were provided by New England Biolabs
(Beijing, China). SYBR Green I was obtained from Life
Technologies (Carlsbad, CA). Silver nitrate (AgNO;) and
TMB (HPLC, >99%) were purchased from Shanghai Huzhen
Biotechnology Co., Ltd. (Shanghai, China). COOH-MNPs
(carboxyl-modified magnetic nanoparticles, 10 mg/mL, 1000
nm) were obtained from Xi'an Ruixi Biotechnology Co., Ltd.
(Xi’an, China). All chemical reagents used in this research were
of analytical grade. All the oligonucleotides (Table 1), such as
the F23 aptamer and detection probe, were synthesized and
purified by Sangon Biological Engineering and Technology &
Services Co., Ltd. (Shanghai, China). P. aeruginosa, Staph-
ylococcus aureus (S. aureus, ATCC 29213), and Escherichia coli

Table 1. DNA and RNA Sequences Used in This Study

title sequence (5'—3')
Ag* CCT CCC TCC CTC CCT TTT TCC CAC CCA CCC ACC
aptamer
crRNA UAA UUU CUA CUA AGU GUA GAU UU A AAG AAG AUG
GUA UGU GG
chain i AAA GAA GAT GGT ATG TGG AAT CCG ACT CTT TCG
TCCTTT TTT AAG GAC GAA
F23 CCCCCGTTG CTT TCG CTT TTC CTT TCG CTT TTG
aptamer TTC GTT TCG TCC CTG CTT CCT TTC TTG

(E. coli, ATCC 25922) were obtained from the American Type
Culture Collection (ATCC).

2.2. Assembly and Feasibility of the Detection Probe.
The assembly of the detection probe was performed following
the steps: 2 uL of F23 aptamer (10 M) and 2 uL of ssDNA (10
UM) sequences were mixed in a tube containing 16 uL of PBS
buffer. The mixture was then incubated at 90 °C for 10 min and
cooled to room temperature. The fluorescence detection probe
was assembled with the same procedures. To test the feasibility
of the detection probe in detecting target bacteria, 10 uL of
assembled detection probe was incubated with 2 uL of P.
aeruginosa, and the mixture was incubated at room temperature
for 20 min. The fluorescence signals before and after the
addition of P. aeruginosa were recorded.

2.3. Detection Procedures of the Established Ap-
proach. Two microliters of P. aeruginosa solution, 2 uL of
detection probe, and 16 uL of PBS buffer were mixed, and the
mixture was incubated for 15 min. Afterward, 2 pL of phi29
enzyme (3 U/L), 2 uL of Nt.BstNBI (0.5 U/L), and 6 uL of
NEB buffer were added in the mixture. The mixture was then
heated to 70 °C for 5 min to inactivate the enzymes. Two
microliters of Cas12a enzyme (50 nM), 2 L of crRNA (2 uM),
and 16 pL of Apt—MNPs were added to the mixture and reacted
at room temperature for 15 min. Ten microliters of AgNO; was
added to the mixture and reacted at room temperature for 10
min. After magnetic-based separation and washing by PBS
buffer, 10 uL of TMB (5 mM) was added to the mixture, and the
mixture was incubated at room temperature for 20 min in a dark
environment.

3. RESULTS AND DISCUSSION

3.1. The Working Mechanism of the Established
Approach. The working mechanism of the established
approach is illustrated in Figure 1. In the method, a detection
probe is designed to be composed of two sequences, one is the
chain i sequence containing four functional sections and the
other one is an F23 aptamer (a P. aeruginosa-specific aptamer)
that can specifically bind the surface protein of P. aeruginosa. In
detail, the ¢’ section is complementary with the ¢ section, and the
b section can transcribe a nicking site. In the detection probe,
F23 aptamer sequences are partially complementary with the ¢’
section, blocking it from hybridizing with the ¢ section. In the
presence of P. aeruginosa, it can specifically bind with the
aptamer sequence, exposing the ¢’ section. The exposed ¢’
section binds with the ¢ section, forming a self-primer. Under the
assistance of the phi29 enzyme, an ssDNA chain containing a
nicking site is added to the 3’ terminal of the ¢’ section. The
nicking site can be cut by an endonuclease, generating a gap and
cooperating with the phi29 enzyme to produce large amounts of
a’ sequences. The a4’ sequences can be recognized by the
CRISPR-Cas12a system and activate the trans-cleavage activity
of the Cas12a enzyme to induce the color reaction.

In the CRISPR-Casl2a-based color reaction, Ag" is chelated
by the Ag" aptamer sequences and the Ag*-Ag" aptamer complex
is pre-coupled to magnetic nanoparticles (Ag*-Apt—MNPs).
When P. aeruginosa exists in the sensing system, the trans-
cleavage activity of Cas12a is activated to cut the aptamer in Ag*-
Apt—MNPs, releasing Ag*. After magnetic isolation, the
sediment comprising only MNPs is removed and the super-
natant containing Ag* is exploited to oxidize TMB for color
reaction. The solution that contained oxidized TMB (TMBox)
had a blue color.”***** If P. aeruginosa is absent in the sensing
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Figure 1. Schematic of the CRISPR-Cas12a-based colorimetric assay. (1) target recognition; (2) hybridization of ¢ and ¢’; (3) single-stranded chain
(Ag* aptamer sequences) production; (4) CRISPR-Cas12a-based cleavage of single-stranded chain (Ag" aptamer sequences); (S) mechanism of the

color reaction.

system, Ag"-Apt—MNPs is removed after magnetic separation,
and TMB cannot be oxidized by the supernatant.

3.2. Feasibility of the Self-Primer-Assisted Chain
Extension and trans-Cleavage Activity of the CRISPR-
Cas12a System. Target recognition initiated the formation of a
self-primer and determined the specificity of the established
approach. Thus, we first investigated the target recognition
capability of the established approach through a fluorescence
assay (Figure 2A). In the fluorescence assay, the fluorescence
moiety (FAM) and corresponding quenching moiety were
labeled on the terminals of the ¢ section and ¢’ section. The F23
aptamer partially bound with the ¢’ section, blocking the
formation of a self-primer. The existence of P. aeruginosa
initiated the formation of a self-primer, causing the quenching of
the FAM signal. As shown in Figure 2B, the FAM signal was
significantly higher when P. aeruginosa was absent in the sensing
system than when P. aeruginosa existed, indicating successful
formation of a self-primer after target recognition. Meanwhile,
no significant change of FAM signals was observed when the
detection probes were incubated with S. aureus and E. coli,
indicating a high selectivity of the detection probe. SYBR Green
Lis a dye that binds to the double helix groove region of dsDNA.
In the free state, SYBR Green I fluoresces weakly, but once
bound to double-stranded DNA, the fluorescence is greatly
enhanced. Therefore, SYBR Green I was exploited to character-
ize the chain extension process. The result in Figure 2C showed
a gradually increased fluorescence signal when P. aeruginosa and
phi29 enzyme existed in the sensing system. On the contrary, the
SYBR signal showed no enhancements compared with the
control group when P. aeruginosa or phi29 enzyme was absent in

the system. The result in the presence or absence of Nt.BstNBI is
shown in Figure. S1. We recorded the SYBR Green I signals in in
the presence or absence of Nt.BstNBI at 30 min and obtained no
significant difference between the two groups due to the fact that
the chain production process was terminated. To test the trans-
cleavage activity of CRISPR-Cas12a, an ssDNA probe that is
labeled with FAM and BHQ on the two terminals was added to
the sensing system. In the existence of P. aeruginosa, a greatly
elevated FAM signal was observed, indicating that the ssDNA
probe was cut by the active Casl2a enzyme (Figure 2D). A
fluorescence assay was used to characterize the assembly of
Apt—MNPs. In this assay, the terminal of aptamer sequences
was labeled with the FAM moiety. After the assembly of Apt—
MNPs, the fluorescence signals were recorded. The result in
Figure. S2 showed significantly higher fluorescence signals of the
Apt—MNPs complex compared to aptamer sequences alone,
indicating the successful assembly of Apt—MNPs.

3.3. Optimization of Experimental Parameters. For a
better detection performance, we optimized the experimental
parameters, including the concentrations of phi29 enzyme and
endonuclease and incubation time for CRISPR-Casl2a-based
color reaction. The approach was applied to detect S X 10° cfu/
mL P. aeruginosa, and the parameters were optimized. To
quantitatively compare the detection performance, the charac-
teristic UV—vis absorption peak at 652 nm was recorded. The
result in Figure 3A showed a gradually increased absorbance
when the concentration of the phi29 enzyme ranged from 1 to 3
U/L, and no more increments could be observed when the
sensing system was incubated with more phi29 enzyme. Thus, 3
U/L phi29 enzyme was selected in the following experiments.
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Figure 2. Construction of the detection probe and feasibility of trans-
cleavage activity of the CRISPR-Casl2a system. (A) Schematic
mechanism of the fluorescence assay. (B) Fluorescence spectrum of
the detection probe when P. aeruginosa existed or not. (C) SYBR Green
I fluorescence during the chain extension process when P. aeruginosa
and phi29 enzyme existed in the sensing system or not. Data were
expressed as the mean + standard deviations; n = 3 technical replicates.
(D) Fluorescence spectrum of the sensing system when the Casl2a
enzyme was activated or not.

With constant 3 U/L phi29 enzyme, we then optimized the
concentration of endonuclease. From the result in Figure 3B, the
absorbance of the approach elevated when the concentration of
endonuclease ranged from 0.1 to 0.5 U/L. When the system was
added with more endonuclease, no significant increments could
be recorded. Therefore, 0.5 U/L endonuclease was used in the
following experiments. Meanwhile, the incubation time for
CRISPR-Casl2a-based color reaction was 30 min (Figure 3C).
The concentration of the Casl2a enzyme is crucial for the
cleavage of Ag" aptamer sequences, thus affecting the color
reaction. The result in Figure 3D showed a gradually increased
absorbance when the concentration of the Casl2a enzyme
ranged from 0 to 2 U/L and reached an equilibrium with more
Casl2a concentrations. The result in Figure. S3 demonstrated
that the optimized number of bases selected for F23 aptamer
binding with chain i was 10.

3.4. Analytical Performance of the Established
Approach. Under the optimized experimental conditions, the
detection performance of the established approach is evaluated.
To test the sensitivity of the approach, different concentrations
of P. aeruginosa samples were prepared. The established
approach was then applied to quantify P. aeruginosa. Figure.
S4 shows the color changes of the method when target bacteria
existed or not, and the result in Figure 4A showed that the
absorbance gradually elevated with the concentration of P.
aeruginosa ranged from 10® to 10° cfu/mL. The recorded
absorbance of the approach was correlated with the concen-
trations of the target.”"** The correlation equation between the
absorbance and logarithmic concentrations of P. aeruginosa was

Concentration of phi29 (U/L) Concentration of Nt.BstNBI (U/L)

C 1.0 D 1.0

08— T T T 08_
@ @
E 0.6 L § 0.6+
Qo o
2 2
<] o
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< <

0.2+ 0.2+

[
0.0 1 1 1 1 1 1 0.0 1 T T
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Incubation time (min) Concentration of Cas12a (U/L)
Figure 3. Optimization of experimental conditions. A Absorbance
(absorbance when the target existed minus absorbance of the blank
group) of the approach with different concentrations of phi29 enzyme
(A) and Nt.BstNBI (B), different incubation times (C), and Casl2a
concentration (D). Data were expressed as the mean + standard
deviations; n = 3 technical replicates. The concentration of P. aeruginosa
was 5 X 10° cfu/mL.

Y = 0.1448 X Ig C + 0.008, with the correlation coefficient of
0.9965 (Figure 4B). The limit of detection of the colorimetric
approach was determined to be 21 cfu/mL, which is superior or
comparable to former strategies for P. aeruginosa detec-
tion.'”””* To investigate the selectivity of the established
colorimetric approach, the method was employed to detect P.
aeruginosa and other pathogens, including E. coli and S. aureus.
The concentration of each bacterium is 10° cfu/mL. The result
in Figure 4C showed a significantly enhanced absorbance in
comparison with the negative controls when detecting P.
aeruginosa. The absorbance of the approach exhibited
neglectable enhancements when detecting other bacteria,
suggesting a high specificity of the approach.

3.5. Real Sample Analysis. To verify the potential
feasibility of the established colorimetric approach in real
sample analysis, artificial samples were prepared by diluting P.
aeruginosa using commercial serum. The method and traditional
colony counting method were used to quantify P. aeruginosa.
The result in Figure S showed that the calculated amount of P.
aeruginosa by the established approach was positively correlated
with the detected result by the colony counting method with a
high correlation coefficient of 0.9897, indicating that the
established approach could be potentially an alternative method
for P. aeruginosa determination.

4. CONCLUSIONS

P. aeruginosa is a common pathogenic bacterium in nosocomial
infection and causes osteoarticular infections in immunocom-
promised patients. Early determination of P. aeruginosa infection
assists the management of disease. Herein, a sensitive and
reliable approach has been constructed for direct and efficient
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Figure 5. Correlation between the calculated amounts of P. aeruginosa
by the method and colony counting method. Y: P. aeruginosa amount
calculated by the method; X: P. aeruginosa amount obtained by the
colony counting method. Data were expressed as the mean + standard
deviations; n = 3 technical replicates.

detection of P. aeruginosa by integrating self-primer-assisted
chain extension and CRISPR-Casl2a-assisted color reaction.
Compared with the traditional color develo}l)in§ strategies,
which mainly rely on the DNA hybridization,'”~" the color
developing strategy in this approach exhibits a higher efficiency
due to the robust trans-cleavage activity of the Casl2a enzyme.
With the chain extension and trans-cleavage activity of Casl2a
enzyme-based signal amplification, the method exhibited a wide
detection of 5 orders of magnitudes and a low limit of detection
of 21 cfu/mL. We believe that the proposed approach could be
extended to diagnose disease biomarkers and assist the
management of infections. Considering that the magnetic
separation step is essential in the proposed system, which can

34856

interfere with the widespread practical application, we will focus
on improving the stability and repeatability of the sensing system
in the future by following standardized working practices or

using novel separation procedures.
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SYBR Green I signals of the chain extension process when
Nt.BstNBI existed or not (Figure. S1); FAM signals of
aptamer sequences before and after assembly with MNPs
(Figure. S2); A/A, result of the approach with different
complementary numbers between the F23 aptamer and
chain i (Figure. S3); color change and corresponding
absorbance spectra of the TMBs when target bacteria
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