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A B S T R A C T

Burkholderia pseudomallei (B. pseudomallei) is the pathogen of fatal tropical infectious disease melioidosis. This 
study screened sRNA BprsO from extracellular vesicles (EVs) of B. pseudomallei as a new biomarker and con
structed a lateral flow strip assay (LFSA) with dual signal amplification for its visual biosensing by coupling 
catalytic hairpin assembly (CHA) with MXene@PtCu nanozymes. The platinum nanoparticles (Pt NPs) in the 
nanozymes provided a large number of active sites for the assembly of nucleic acid and antibodies, and enhanced 
the catalytic activity of Cu NPs through their synergistic effect. The large specific surface area of MXene avoided 
the aggregation of Pt and Cu NPs for improving the signal output. Moreover, CHA technology not only recycled 
the target, but also successfully introduced biotin-labeled probes to the nanozymes surface, ultimately converting 
the nucleic acid concentration into easily accessible visual detection signals. Benefiting from the twofold 
amplification of MXene@PtCu and CHA, the proposed colorimetric assay exhibited superior performance for 
BprsO detection with a dynamic range from 50 aM to 5 nM, and a detection limit of 5 aM. Notably, the method 
was successfully implemented in the context of LFSA, thereby illustrating its capacity for the visual detection of 
BprsO at a concentration as low as 15 fM and achieving a detection sensitivity of 1.26 fM. This work validates 
that the screened BprsO can serve as a specific biomarker for B. pseudomallei, and proposes a strategy with high 
sensitivity and specificity that offers a robust visual platform for early diagnosis and monitoring of 
B. pseudomallei.

1. Introduction

Burkholderia pseudomallei (B. pseudomallei) is a causative agent of 
melioidosis in both humans and animals [1]. Melioidosis manifests with 
various clinical symptoms, a high mortality rate (40 %), and a prolonged 
incubation period, posing challenges for early diagnosis [2,3]. Current 
detection techniques include conventional culture methods [4], poly
merase chain reactions (PCR) based on bacterial nucleic acids [5–10], 
antibodies detection in serum by enzyme linked immunosorbent assay 
(ELISA) [11]. However, these methods are generally expensive, 
labor-intensive, and time-consuming, requiring complicated genome 
amplification processes, strict primer design, verification of antibody 

specificity, yet still exhibit low sensitivity in the early stage of infection 
[12–14]. Therefore, it is of utmost importance to identify a new specific 
biomarker that can be effortlessly detected in body fluids during the 
early stages of infection, as well as to devise a rapid, accurate, and 
ultra-sensitive diagnostic strategy.

As a widespread biomarker both in cells and bacteria, extracellular 
vesicles (EVs) have provided powerful tools for early disease diagnosis, 
prognosis, dynamic monitoring, etc. [15] in recent years. EVs in body 
fluids can indicate corresponding changes according to the development 
of the disease, which can accurately reflect the pathological state in the 
body and its evolution process [16,17]. Moreover, EVs have obvious 
advantages such as non-invasive, easy sampling and real-time 
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monitoring [18]. It contains a variety of bioactive substances, including 
proteins, lipids, and nucleic acids [19]. Among them, sRNAs are pro
tected from RNase degradation in the external environment, making 
them an ideal target for diagnostic biomarker development [20,21]. 
However, its small size, low abundance, and high sequence similarity of 

the sRNA family pose specific challenges to traditional RNA detection 
techniques [22–24]. Therefore, it is necessary to search for new diag
nostic biomarkers from EVs of B. pseudomallei and construct accurate 
and sensitive point-of-care testing (POCT) methods to improve the ef
ficiency of early diagnosis of melioidosis, especially in resource-limited 

Scheme 1. Schematic illustration of POCT biosensor. (A) Preparation of MXene@PtCu nanozymes; (B) MXene@PtCu-based biosensor for the detection of BprsO; (C) 
the principle of paper based LFSA and colorimetric assay.
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environments.
As representatives of POCT diagnostic methods, colorimetric assays 

and lateral flow assays (LFA) offer the advantage of direct result inter
pretation [24]. The simplicity of operation, portability, and 
cost-effectiveness of above methods make them suitable for disease 
diagnosis, environmental monitoring, and food safety in 
resource-limited locations [25,26]. Nucleic acid based POCT biosensors 
have been developed for the detection of circulating tumor cells [27], 
extracellular vesicles [28], pesticide content on food surfaces [29], and 
enzyme activity [30]. However, the limited sensitivity restricts their 
practical application. Moreover, catalytic hairpin assembly (CHA), a 
promising enzyme-free isothermal amplification technology, has shown 
high potential for POCT application due to its rapid and efficient 
amplification, minimal background, and rapid target turnover [31].

In addition to efficient amplification of CHA biometric events, effi
cient signal output is a key indicator for the development of ultrasen
sitive biosensors [32]. Nanozymes, nanomaterials with enzyme-like 
catalytic activity, typically consisting of metal NPs, especially bimetallic 
NPs [33], have garnered significant interest in biosensor signal ampli
fication [34]. Nevertheless, due to their high surface energy and the 
possible agglomeration and deactivation that can occur during the 
preparation and catalytic reactions, the catalytic activity and selectivity 
of nanozymes are significantly affected [35,36]. To overcome this issue, 
two-dimensional (2D) nanomaterials like graphene, metal-organic 
frameworks, and metal oxides are frequently employed to immobilize 
metal NPs [37,38]. As a 2D transition metal carbonitride, MXene often 
serves as an ideal material for signal amplification and demonstrates 
significant potential in biosensor construction, due to its large surface 
area, abundant surface functional groups and excellent hydrophilicity 
[39]. When used as a supporting material for metal NPs, MXene not only 
enhances the stability and dispersion of the NPs, but also exhibits a 
robust interaction between the composite material components (such as 
metal and carrier, metal and metal) [40,41]. Based on this design, the 
catalytic activity and selectivity of the nanozymes were significantly 
improved [42].

Due to the absence of simple and specific diagnostic biomarkers, the 
challenges confronted by the diagnostic approaches for melioidosis, and 
the significance of EVs content in diagnosis. In this article, RNA 
extraction and sequencing, target gene function prediction, and 
sequence-specific analysis were conducted on B. pseudomallei EVs to 
screen for new diagnostic sRNA markers of melioidodsis. Based on these 
analyses, a highly sequence-specific sRNA, named BprsO, had been 
identified as a potential biomarker for the detection of B. pseudomallei. 
To achieve rapid, sensitive and visual detection of BprsO, a dual-signal 
amplification strategy was developed by integrating CHA and MXe
ne@PtCu nanozymes.

In the designed biosensor, MXene was initially encapsulated with 
polydopamine (PDA) to prevent surface oxidation reactions and ensure 
nanoparticle dispersion. Subsequently, Pt and Cu NPs were deposited in 
situ on MXene to synthesize nanozymes, MXnen@PtCu. Furthermore, Pt 
NPs offered more binding sites for the modification of hairpin probe 2 
(H2) and Ab2 on the nanozymes (Scheme 1A). In the presence of BprsO, 
the biotin-labeled H1 molecule was opened, which subsequently led to 
the activation of H2. The energy barrier associated with base pairing 
facilitated the displacement of BprsO by H2, which achieved the recy
cling of target sequences and successfully introduces biotin labeled H1 
onto the nanozymes. This process resulted in the formation of a signif
icant number of double-stranded assemblies (Scheme 1B). These as
semblies were captured by streptavidin on the test line (T-line), whereas 
the assemblies that did not undergo the CHA reaction were captured by 
Ab1 on the control line (C-line). The corresponding positions exhibited 
significant colorimetric reactions on the LFSA, catalyzed by the nano
zyme in the conversion of TMB, ultimately enabling the visual detection 
of BprsO (Scheme 1C). This innovative design offers robust signal sup
port for biosensing, further enhancing detection sensitivity and 
accuracy.

2. Experimental section

Due to the word limit, experimental sections have been put in the 
supplementary materials.

3. Results and discussion

3.1. Characterization of MXene@PtCu

To characterize the size and morphology of MXene@PtCu, Trans
mission Electron Microscope (TEM) and High-Angle Annular Dark Field 
(HADDF) techniques were performed. As reported in the literature [27], 
MXene exhibited a 2-D sheet structure (Fig. 1A). The roughly spherical 
NPs exhibited uniformly deposition on MXene nanosheets (Fig. 1B). Two 
NPs with different lattice fringe spacings (0.23 nm and 0.21 nm) were 
observed, corresponding to the d-spacing in the planes of Pt NPs (111) 
and Cu NPs (111), respectively (Fig. 1C) [43,44]. The characteristic 
lattice confirmed the successful synthesis of Pt NPs and Cu NPs within 
2-D MXene. Particle size analysis revealed that the particle sizes of Pt 
and Cu NPs were (2.9 ± 0.9) nm and (5.1 ± 1.5) nm (Fig. S1), respec
tively. This size was optimal for achieving high catalytic activity of Pt 
NPs [45,46]. Additionally, the result of element distribution of MXe
ne@PtCu showed that the Pt and Cu elements were evenly distributed on 
2-D MXene (Fig. 1D-I). Further evidence from X-ray photoelectron 
spectroscopy (XPS) revealed that this heterostructure was composed of 
C, Ti, Cu, and Pt (Fig. 1J). Peaks centered at 931.87 eV and 951.83 eV 
were attributed to Cu 2p, corresponding to metallic Cu 2p3/2 and Cu 
2p1/2 bands(Fig. 1K), respectively. These peaks displayed binding en
ergy differences of atoms to the outermost electrons compared to the 
standard Cu0 (Cu 2p3/2 at 932.7 eV and Cu 2p1/2 at 952.56 eV) [47], The 
Pt 4 f spectrum exhibited two distinct peaks at 71.35 eV (Pt 4 f7/2) and 
74.66 eV (Pt 4 f5/2) (Fig. 1L), which were positively shifted compared to 
the binding energies of standard metallic Pt0 (71.2 eV and 74.4 eV) [48]. 
This result suggested that the doping of Cu NPs results in alterations to 
the distribution of electrons on the surface of Pt NPs, which expedited 
the transfer of electrons beyond the nucleus, thereby influencing the 
catalytic activity of nanomaterials.

3.2. Catalytic activity of MXene@PtCu

Typical 3,3′,5,5′-Tetramethylbenzidine (TMB) oxidation reaction 
was conducted to investigate the peroxidase activity of MXene@PtCu. 
As shown in Fig. 2A, there was no characteristic absorption peak at 
652 nm observed in the presence of MXene and MXene@Cu (curves ii, 
iii), which suggested that MXene and MXene@Cu has no catalytic ac
tivity. However, upon the addition of MXene@Pt, an increased absor
bance was observed (curve iv) compared to curves ii, iii. Surprisingly, 
the addition of MXene@PtCu resulted in a significant absorbance 
enhancement (curve v) compared to MXene@Pt. The inset image illus
trated the corresponding color changes. The results above indicated that 
Pt NPs played the primary catalytic role in nanozymes, and the intro
duction of Cu NPs enhanced catalytic activity, which might be attributed 
to the neighboring metal atoms in binuclear metal catalysts, exerting a 
synergistic effect to reduce the free energy barrier in the transition state 
[49]. In Fig. 2B, the absorbance slope of MXene@PtCu (curve g) was 
higher than that of Pt NPs (curve b) and PtCu NPs (curve c), yet slightly 
lower than that of HRP (curve h). This suggested that MXene@PtCu 
exhibited catalytic activity comparable to HRP.

The generation of reactive oxygen species (ROS) within the catalytic 
system was found to be intimately linked to the catalytic activity. As 
illustrated in Fig. 2C-D, the Electron Paramagnetic Resonance (EPR) 
spectrum displayed characteristic peaks corresponding to the DMPO-OH 
adduct, with an intensity ratio of 1:2:2:1, in conjunction with the 
distinct peaks associated with the DMPO-O2

•¡ adduct. In comparison to 
the pristine MXene material, the composites MXene@Cu, MXene@Pt, 
and MXene@PtCu all exhibited two prominent peaks, suggesting their 
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ability to catalyze the decomposition of hydrogen peroxide into hy
droxyl radicals (OH•) and superoxide radicals (O2

•¡). Notably, the 
MXene@Cu composite generated significantly lower levels of ROS, 
which were nearly negligible when compared to those produced by 
MXene@Pt. The minimal quantity of ROS was not sufficient to elicit a 
direct color change in TMB, resulting in the absence of the characteristic 
peak of oxidized TMB oxTMB at 652 nm (Fig. 2A, curve iii). Following 
the synthesis of the MXene@PtCu nanozyme, a substantial increase in 
ROS production was observed. This observation was consistent with the 
experimental results obtained from the catalysis of TMB, further sub
stantiating that the incorporation of Cu NPs significantly enhanced the 
catalytic efficiency of the MXene@PtCu composite. This outcome also 
lent support to the hypothesis that Cu NPs induced alterations in the 
electronic structure of Pt NPs.

The catalytic mechanism of nanozymes was illustrated in Fig. 2E. Pt 
NPs and Cu NPs catalyzed the generation of HO• and O2

•¡ from hydrogen 
peroxide; HO• could further react with HO2

¡, producing O2
•¡ [10]. 

Subsequently, the generated O2
•¡ react with TMB, producing the blue 

oxTMB. Compared to individual components, the synergistic catalysis of 
MXene@PtCu significantly enhances the production of O2

•¡. Addition
ally, TMB could adsorb Pt NPs and Cu NPs on the surfaces, reducing the 
transmission distance of O2

•¡ and enhancing their catalytic capability 
towards TMB [50]. The results indicated that MXene@PtCu, with syn
ergistic and proximity catalytic characteristics, could serve as a 
biosensor probe, significantly improving detection sensitivity.

To ensure the accuracy and repeatability of detection outcomes, we 
conducted a comprehensive assessment the pH-, thermal-, and buffer- 
stability of MXene@PtCu. As depicted in Fig. 2F, after six days of stor
age, the relative standard deviation (RSD) for the catalytic activity of the 
nanozyme remained below 5 % across various pH solutions, suggesting 
that the storage duration has a minimal effect on the catalytic perfor
mance of MXene@PtCu. Notably, as the pH increased, the catalytic 

activity also rose, which indicating that the catalytic efficiency was 
positively correlated with pH elevation. The catalytic activity remained 
above 93.87 % within a temperature range of 30–60◦C and still retained 
83.68 % at 90◦C, signifying those different temperatures exerted mini
mal influence on the material’s catalytic activity (Fig. 2G). Cu NPs could 
easily react with water or ions in buffers to etch out due to corrosion. In 
comparison with HEPES and Tris-HCl, the material displayed the mini
mal impact in phosphate-buffered saline (PBS), with a RSD of 2.6 %, and 
retained 89.91 % of its activity (Fig. 2H). In conclusion, the exceptional 
stability of MXene@PtCu with respect to pH, thermal conditions, and 
buffer solutions qualified it as an ideal multifunctional probe for 
enhancing the detection capabilities of sensors.

3.3. Feasibility assessment of colorimetric assay

EVs were isolated from B. pseudomallei culture medium (Fig. S2), and 
RNA sequencing was performed. The results revealed that EVs contained 
85 known sRNA sequences and 15 previously unrecognized sRNA se
quences, both playing critical roles in bacterial biological activities and 
disease therapeutic mechanisms (Fig. S3A). Further analysis indicated 
that BprsO was closely associated with bacterial biofilm formation, drug 
metabolism, and flagellar generation, thereby regulating bacterial 
metabolism and quorum sensing (Fig. S3B). Sequence alignment on 
NCBI revealed that BprsO mainly existed in the genus Burkholderia with 
high specificity in B. pseudomallei (83 %) (Fig. S3C). Therefore, BprsO 
could serve as a potential novel biomarker for detection of 
B. pseudomallei infection.

12 % PAGE was employed to visually reveal the CHA reaction pro
cess. As shown in Fig. 3A, compared with L1 and L3, L4 displayed 
distinct and uniform bands with lower mobility. It was indicated that the 
hairpin probe H1 could only be opened under the presence of BprsO. L5 
showed a clear band with lower mobility compared to L1, L2 and L4, 

Fig. 1. TEM image of (A) MXene, (B) MXene@PtCu, inset showing TEM image of NPs shape. (C) HR-TEM image of MXene@PtCu. (D) HAADF image of MXe
ne@PtCu. Elemental mapping images of (E) C, (F)Ti, (G) Pt,and (H) Cu, and (I) PtCu in MXene@PtCu. (J) XPS survey spectra of MXene@PtCu composites. High- 
resolution XPS of (K) Cu 2p and (L) Pt 4 f.
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indicating that the free end of H1 opened by BprsO could further open 
the H2 hairpin. Due to the difference in energy between chains during 
binding, H2 would occupy the binding site between the BprsO and H1, 
thereby replacing BprsO from H1 and ultimately accomplishing BprsO 
recycle. These results indicated that CHA could only proceed in the 
presence of target sequence.

The Zeta potential measurements corroborate the surface modifica
tion of MXene (Fig. 3B), demonstrating that the cationic polymer PDA 
successfully coats the surface, leading to an increase in the Zeta potential 
from − 27.70 mV to − 9.24 mV. Upon the loading of PtCu NPs, the Zeta 
potential subsequently increased to − 3.84 mV. Given that both DNA and 
proteins carry negative charges, following the sequential modification of 
MXene@PtCu with h2 and Ab2, there was a progressive decrease in the 
Zeta potential from − 3.84 mV to − 5.87 mV, and subsequently to 
− 8.81 mV. These findings suggested that both H2 and Ab2 had been 

effectively conjugated to the surface of the nanozyme. Similarly, the 
Zeta potential of SMB was found to be − 5.84 mV, indicating the pres
ence of electrostatic repulsion between SMB and MXene@PtCu-H2-Ab2, 
which effectively prevented non-specific adsorption of MXene@PtCu- 
H2-Ab2 onto the SMB surface. Fourier-transform infrared (FT-IR) 
spectra analysis was conducted to further verify the functionalization of 
MXene@PtCu (Fig. S4). The thiol group (- SH) was modified at the 3′-end 
of H2, and this functional group exhibited a distinct characteristic peak 
at 2605 cm− 1. Pt was covalently bonded to DNA through Pt-S bonds 
[51]. Thus, when H2 and MXene@PtCu was connected through Pt-S 
bonds, a clear characteristic peak of thiol groups appeared at 
2605 cm− 1, indicating successful H2 modification on the MXene@PtCu 
nanozymes.

Electrochemical impedance spectroscopy (EIS) was used to confirm 
the layer-by-layer modification on the GE using the electroactive probes 

Fig. 2. Investigation of the catalytic activity of the nanozymes. (A) UV–vis absorption spectra of different reaction system: (i) H2O2 + TMB, (ii) H2O2 + TMB 
+ MXene, (iii) H2O2 + TMB + MXene@Cu, (iv) H2O2 + TMB + MXene@Pt, (v) H2O2 + TMB + MXene@PtCu; insets showing color images. (B) Time-dependent 
absorbance: (a) H2O2 + TMB, (b) H2O2 + TMB + Pt, (c) H2O2 + TMB + PtCu, (d) H2O2 + TMB + MXene, (e) H2O2 + TMB + MXene@Cu, (f) H2O2 + TMB 
+ MXene@Pt, (g) H2O2 + TMB + MXene@PtCu, (h) H2O2 + TMB + HRP. EPR spectra of (C) DMPO-OH adducts and (D) DMPO-O2

•¡ adducts in the different systems. 
(E) Diagram of the possible MXene@PtCu catalytic mechanism. Relative activity of MXene@PtCu for oxidizing TMB under varying conditions: (F) pH, (G) tem
perature, and (H) buffer solutions.
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[Fe (CN)6] 4− /3− . As shown in Fig. 3C, after immobilizing streptavidin on 
the GE surface, a larger electron-transfer resistance (Ret) was observed 
compared to the bare GE. With BSA addition the Ret further increased 
due to BSA hindering electron transfer. Subsequently, upon the addition 
of biotin-H1 and the target, the Ret increased again. However, when 
MXene@PtCu-H2-Ab2 was incubated on the modified GE, a significantly 
reduced Ret was observed (Curve g), attributed to the excellent con
ductivity of MXene@PtCu. The results indicated that in the presence of 
the target sequence, MXene@PtCu-H2-Ab2 successfully combined with 
H1 through complementary base pairing. The feasibility of colorimetric 
assay was further investigated using UV–vis absorption spectra. In 
Fig. 3D, The absence of discernible absorption peaks in both Curve I and 
Curve II provided compelling evidence for the lack of non-specific 
interaction between the nanozyme and SMB. Compared to curves I-III, 
a clear UV absorption peak at 450 nm was detected in the presence of 
BprsO. These results robustly confirmed the feasibility of the proposed 
biosensor.

3.4. Optimization of detection conditions

To achieve excellent analytical performance, key parameters of 
colorimetric assay, including the ratio of H1 to H2 (H1: H2), CHA 

reaction time, streptavidin-labeled magnetic beads (SMB) concentra
tion, and SMB reaction time, were optimized. Under the conditions of a 
CHA reaction time of 60 minutes, an SMB concentration of 2 mg mL− 1, 
and an SMB reaction time of 25 minutes, the ratio of H1 to H2 was 
determined. In Fig. S5A, as the H1: H2 ratio decreased, the positive 
signal gradually increased until reaching a plateau at H1: H2 = 1:1, with 
no significant change in the background group, and the signal-to- 
background ratio (S/B) was highest at H1: H2 = 1:1. This might be 
attributed to the fact that the fixed concentration of H1 has been fully 
utilized. Consequently, the H1:H2 ratio of 1:1 was chosen as the optimal 
probe ratio for all subsequent experiments. With all other parameters 
held constant, the signal intensity progressively increased with the 
extension of the CHA reaction time; nonetheless, a notable increase in 
background signal was observed when the reaction time surpassed 
60 minutes. The maximum S/B was achieved at a reaction time of 
60 minutes (Fig. S5B). The signal gradually increased with the rising 
concentration of SMB, reaching a plateau at 3 mg mL− 1. However, 
further increased in SMB concentration led to an elevated background, 
resulting in a significantly lower S/B (Fig. S5C). This might be attributed 
to excessive nonspecific adsorption on the SMB surface, eventually 
resulting in an increased background. In Fig. S5D, the binding time of 
CHA product and SMB was optimized, with the optimal binding time 

Fig. 3. Evaluation of the feasibility of colorimetric assay. (A) PAGE image. (B) Zeta potential of MXene, MXene@PDA, MXene@PtCu, MXene@PtCu-H2, MXe
ne@PtCu-H2-Ab2 and SMB. (C) EIS profiles of (a) bare GE, (b) streptavidin / GE, (c) BSA / streptavidin / GE, (d) biotin-H1 / BSA / streptavidin / GE, (e) BprsO / 
biotin-H1 / BSA / streptavidin / GE, and (f) MXene@PtCu-H2-Ab2 / BprsO / biotin-H1 / BSA / streptavidin / GE in 5.0 mmol/L [Fe(CN)6]− 3/− 4 and 0.1 mol/L KCL. 
(D) UV–vis absorption spectra of (I) SMB, (II) MXene@PtCu-H2-Ab2 / SMB, (III) biotin-H1 / MXene@PtCu-H2-Ab2 / SMB, and (IV) BprsO / biotin-H1 / 
MXene@PtCu-H2-Ab2 / SMB. Error bar represents Standard Deviation (SD, n = 3).
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determined to be 25 minutes.
Based on the experimental verification above, the optimal experi

ment parameters were: a 1:1 concentration ratio of H1 and H2, 60-min
ute CHA reaction time, SMB concentration at 3 mg mL− 1, and 25-minute 
binding time for the CHA products and SMB.

3.5. Analytical performance of colorimetric assay

The biosensor’s sensitivity was investigated under optimal experi
mental conditions by adjusting the concentration of BprsO. In Fig. 4A, as 
the concentration of BprsO increased, the absorbance also increased. 
The ΔA (ΔA=ABprsO-A0, A0: absorbance without BprsO) showed a robust 
linear relationship with the logarithm (lg) of corresponding target 
concentrations, ranging from 0 to 5 nM (ΔA = 0.0224 ×lgCBprsO +

0.0422, R2 = 0.9953, and C: the concentration of BprsO, Fig. 4B). 
Concentration of target BprsO as low as 5 aM could be detected, with a 
distinct increase in the absorption spectrum compared to the negative 
control curve. In other words, the designed method was able to detect 
several-copies synthetic target in the 10 µL reaction system, revealing 
higher sensitivity than reported RNA assays (Table S2). We had reported 
several effective methods for B. pseudomallei detection, including 
ratiometric fluorescence biosensor based on energy transfer, electro
chemistry, ECL, and LFSA based on PCR (Table S3). However, despite 
achieving sensitive detection, these methods targeted bacterial DNA or 
PCR amplification products and required complex operation, expensive 
instruments and professional technical personnel, which limited their 
clinical translation. Compared to previous B. pseudomallei DNA detec
tion methods, the biosensor developed in this work directly detects EV- 
sRNA. It offers simple operation, portability, normal temperature 
application, and results readable by the naked eye. Additionally, it 
provides high sensitivity and a wide detection range without needing 
sophisticated equipment or stringent lab conditions. This relied on 
signal amplification from the target cycle of CHA and secondary 
enhancement from the high peroxidase activity of nanozymes.

Single-base mismatch (SBM), double-base mismatch (DBM), triple- 
base mismatch (TBM), and known B. pseudomallei sRNAs (sRNA- 
11614, sRNA-1579, sRNA-4562, sRNA-5324, and sRNA-638) were used 
to assess the specificity of our biosensor. In Fig. 4C, compared with other 
sRNA, the detection system was able to produce a significant absorbance 
only when BprsO was present, indicating a high recognition ability for 
BprsO in this colorimetric assay. This primarily relied on the specific 
recognition and opening of hairpin probe H1 by BprsO.

Additionally, a recovery experiment was performed by introducing 
different concentrations of BprsO into diluted human serum samples. As 
shown in Table 1, the recovery rates ranged between 97.04 % and 
104.39 %, and the relative RSD ranged from 4.74 % to 7.40 %. These 

results fully confirmed the reliability and practical application potential 
of the proposed strategy.

3.6. Feasibility and analytical performance of LFSA

LFSA was performed to achieve convenient on-site detection without 
instrument and improve signal readout convenience. As shown in 
Fig. 5A, two bright blue lines appeared on the test strip in the presence of 
the target; whereas without target, the test strip showed solely one 
bright blue C line. These results confirmed the successful detection of 
BprsO by LFSA.

To improve the detection performance of the developed LFSA, the 
experimental conditions was optimized. This optimization process 
involved adjusting the concentrations of MXene@PtCu and streptavidin 
on the T-line, as well as the reaction and coloration times for the test 
strips (Fig. S6). Under optimal conditions, the test strips were utilized for 
the detection of BprsO within the concentration range of 0–1.5 nM. The 
color intensity of the T-line increased progressively with the increasing 
concentrations of BprsO. Notably, a distinct blue band was clearly 
visible on the T-line at a concentration as low as 15 fM. However, at a 
concentration of 1.5 fM, the T-line was imperceptible, signifying a visual 
limit of detection (vLOD) of 15 fM for the LFSA (Fig. 5B). By plotting the 
optical density values of the T-line against BprsO concentrations, a 
calibration curve was obtained (I = 2221.8965 ×lgCBprsO + 10204.8565, 
R2 = 0.9841, I: the intensity of T-line, and C: the concentration of BprsO, 
Fig. 5C). The LOD, defined as the average optical density of blank 
samples plus three times the SD, was determined to be 1.26 fM. The 
proposed LFSA exhibited ultra-high sensitivity and a broad linear range. 
The high sensitivity was attributed to the high catalytic activity of 
MXene@PtCu nanozymes and the efficient chain replacement capacity 
of CHA.

The following test utilized serum samples that were free of BprsO as 
the negative control, and those that included BprsO (0.2 pM) as the 
positive control. The LFSA results for various known sRNA originating 
from B. pseudomallei and BprsO mutants demonstrated that the blue 
band on the T-line was exclusively observed in the presence of BprsO 
(Fig. 5D). The corresponding T-line intensities also demonstrated a 

Fig. 4. Analytical performance of colorimetric assay. (A) UV–vis absorption spectra of different BprsO concentrations ranging from 50 aM-5 nM. (B) The linear 
relationship of ΔA vs lgCBprsO. (C) Investigation of the specificity of the colorimetric assay by comparing absorbance to different sRNAs. Error bar represents 
SD (n = 3).

Table 1 
The recovery experiment of colorimetric assay using synthetic BprsO strands 
piked serum sample.

Added 
(aM)

Detected I 
(aM)

Detected II 
(aM)

Detected III 
(aM)

Recovery 
(%)

RSD 
(%)

1.0 × 103 1.11 × 103 1.06 × 103 0.96 × 103 104.39 7.40
1.0 × 105 0.98 × 105 1.01 × 105 1.08 × 105 102.52 5.32
1.0 × 108 0.96 × 108 0.93 × 108 1.02 × 108 97.04 4.74
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distinct signal response to BprsO (Fig. 5E). These finding underscored 
the high selectivity of the developed LFSA. To assess the repeatability of 
the LFSA, continuous monitoring of serum samples containing BprsO 
(0.75 pM) was conducted. The insignificant variations in optical density 
values on the T-line (RSD = 1.86 %, Fig. S7) suggested that the devel
oped LFSA exhibited high repeatability.

To evaluate the accuracy and precision of the proposed LFSA, re
covery experiments were performed utilizing serum samples with BprsO 
at concentrations of 0.03, 3, and 300 pM, respectively. The average 
recovery rates ranged from 95.90 % to 101.68 %, with RSD values be
tween 2.60 % and 4.92 % (Table 2). These results indicated that the 
developed LFSA exhibited acceptable accuracy and precision for the 
quantification of BprsO in serum. Therefore, our new detection strategy 

had high sensitivity, specificity, and anti-interference capability, and 
was expected to be useful for the detection of B. pseudomallei EVs sRNA 
in clinical serum and environmental samples.

3.7. Testing of the real samples

To further validate the practical application value of this strategy 
and the specificity of potential sRNA biomarker in B. pseudomallei, EVs 
RNA from B. pseudomallei, B. cepacia and four ATCC standard bacteria 
strains were extracted using Trizol. There is a significant absorbance 
difference between B. pseudomallei with other strains of bacteria 
(Fig. 5F). Only B. pseudomallei showed a band in the T-line of LFSA, 
while the reference strain of B. cepacia and four ATCC standard strains 
showed a band only in line C, all negative for T-lines (Fig. 5G). Fig. 5H 
revealed that the LFSA T-line intensity of B. pseudomallei was signifi
cantly distinct from those of other strains. These indicated that this new 
biomarker has good species specificity of B. pseudomallei. Compared to 
previous detection methods for B. pseudomallei, LFSA offers the advan
tages of no instrumentation, simple operation, and easy result 
interpretation.

Fig. 5. (A) Feasibility of the LFSA. (B) Photographs of the test strips for detection BprsO at concentrations ranging from 0 to 1.5 nM. (C) Calibration curves of the T- 
line intensity. (D-E) Selectivity of test strip photographs and their corresponding T-line intensity, respectively. (F) Colorimetric assay, (G) test strip photographs and 
(H) their corresponding T-line intensity in the real samples analysis. Error bar represents SD (n = 3).

Table 2 
The recovery experiment of LFSA using synthetic BprsO strands piked serum 
sample.

Added 
(fM)

Detected I 
(fM)

Detected II 
(fM)

Detected III 
(fM)

Recovery 
(%)

RSD 
(%)

3.0 × 101 2.93 × 101 2.77 × 103 3.05 × 103 97.23 4.92
3.0 × 103 3.16 × 103 2.97 × 103 3.01 × 103 101.68 3.27
3.0 × 105 2.82 × 105 2.96 × 105 2.85 × 105 95.90 2.60
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4. Conclusion

In this study, a novel biomarker, BprsO, has been identified through 
analysis of EVs from B. pseudomallei. LFSA has been constructed by 
combining BprsO with a dual signal amplification strategy involving 
MXene@PtCu and CHA for simple, rapid, and ultra-sensitive visual 
detection of B. pseudomallei. Through the catalytic reaction of hydrogen 
peroxide, it was found that Pt NPs play a major catalytic role in MXe
ne@PtCu. The addition of Cu NPs can enhance catalytic activity, due to 
synergistic catalytic effects between Pt NPs. The nanozymes’ catalytic 
activity, comparable to HRP, and CHA’s capability to cyclically target 
has been contributed to the biosensor with a broad linear range and high 
sensitivity. The chosen BprsO can act as a specific biomarker for diag
nosing B. pseudomallei. Consequently, with high sensitivity, good spec
ificity, convenient operation and acceptable recovery, the 
MXene@PtCu-based biosensor shows potential for the early diagnosis 
of melioidosis and holds promising prospects for clinical translation in 
visual detection. Future work will focus on implementing POCT in real 
clinical samples.
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