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A B S T R A C T   

Pathogenic bacteria infections pose a significant threat to global public health, making the development of rapid 
and reliable detection methods urgent. Here, we developed a surface-enhanced Raman scattering (SERS) and 
colorimetric dual-mode platform, termed smartphone-integrated CRISPR/Cas9-mediated lateral flow strip (SCC- 
LFS), and applied it to the ultrasensitive detection of Staphylococcus aureus (S. aureus). Strategically, function
alized silver-coated gold nanostar (AuNS@Ag) was prepared and used as the labeling material for LFS assay. In 
the presence of S. aureus, target gene-induced amplicons can be accurately recognized and unwound by the user- 
defined CRISPR/Cas9 system, forming intermediate bridges that bind many AuNS@Ag to the test line (T-line) of 
the strip. As a result, the T-line was colored and a recognizable SERS signal was obtained using a smartphone- 
integrated portable Raman spectrometer. This design not only maintains the simplicity of visual readout, but also 
integrates the quantitative capability of SERS, enabling the user to flexibly select the assay mode as needed. With 
this method, S. aureus down to 1 CFU/mL can be detected by both colorimetric and SERS modes, which is better 
than most existing methods. By incorporating a rapid extraction procedure, the entire assay can be completed in 
45 min. The robustness and practicality of the method were further demonstrated by various real samples, 
indicating its considerable potential toward reliable screening of S. aureus.   

1. Introduction 

Pathogenic bacterial infections are a major public health threat, 
causing more than 15 million deaths annually (Cesewski and Johnson, 
2020). Thereinto, Staphylococcus aureus (S. aureus) is a common path
ogen that can induce skin infections and even extremely fatal diseases 
(Abbaspour et al., 2015). With the widespread use of traumatic surgery 
and organ transplantation in recent years, clinical infections caused by 
S. aureus have been increasing (Surewaard et al., 2016). The high 
morbidity and mortality of S. aureus infection makes it the leading cause 
of infection-related deaths worldwide (Bai et al., 2022). Currently, the 
gold standard for pathogen detection relies on bacterial cultures and 

biochemical identifications, which provide detailed information on in
fectious agents (Fu et al., 2021). However, in emergency situations that 
require timely test conclusions, alternative methods are urgently needed 
to avoid the extraordinarily long turnaround times involved in culture 
techniques. 

Lateral flow strip (LFS) is a paper-based device that can be operated 
by untrained personnel (Sena-Torralba et al., 2022; Zhang et al., 2021a). 
Due to its portability, short turnaround time, and ability to isolate pa
tients timely, many immunoassay-based LFSs have been developed for 
pathogen detection (Dong et al., 2023; Zhang et al., 2023). However, 
most of these strategies are limited by low sensitivity. Recently, ad
vances in nucleic acid amplification and clustered regularly interspaced 
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short palindromic repeats (CRISPR)/Cas technology have fueled the 
development of LFS as a versatile point-of-care testing tool (Yan et al., 
2022; Zhang et al., 2021b). CRISPR-based LFS employs target 
analyte-induced preamplification such as recombinase polymerase 
amplification (RPA) to activate the trans-cleavage activity of Cas12a or 
Cas13a, providing excellent sensitivity (Chen et al., 2020b; Lu et al., 
2022; Zhou et al., 2022b). Nevertheless, the trans-cleavage activities of 
Cas12a and Cas13a require an additional 30–60 min (Zhou et al., 2022a) 
and may be activated by non-target factors (Jiang et al., 2023). Unlike 
Cas12a and Cas13a, Cas9 has no trans-cleavage activity and can accu
rately recognize double-stranded DNA (dsDNA) with the help of 
single-guided RNA (sgRNA) (Balderston et al., 2021). In view of this, and 
considering that the amplification efficiency of RPA is sufficient for 
sensitive detection of pathogen, our recent works focused on utilizing 
Cas9 to improve the anti-interference of RPA-based LFS (Wang et al., 
2022; Zhu et al., 2023). In this regard, the lack of quantitative capability 
seems to be the main shortcoming limiting the practical application of 
this strategy. 

Recently, applying nanoscience to build engineered biosensors has 
led to significant progress in rapid diagnostics. Combining LFS with 
diverse nanomaterials not only retained the simplicity of visual readout 
in colorimetric mode, but also integrated the quantitative capabilities in 
fluorescence, surface enhanced Raman scattering (SERS), or electro
chemical modes, enhancing the overall resilience of the assay (Cheng 
et al., 2023; Li et al., 2023; Liang et al., 2022; Preechakasedkit et al., 
2023). Thereinto, SERS is a vibrational spectroscopy technique that can 
enhance the Raman signal of molecules by 1010–1011 folds by noble 
metals or hybridized nanomaterials (Wang et al., 2021), showing great 
promise for point-of-care signal amplification and quantitative analysis 
(Zhu et al., 2020). Inspired by these works, we here proposed a SER
S/colorimetric dual-mode platform, called smartphone-integrated 
CRISPR/Cas9-mediated LFS (SCC-LFS). As shown in Fig. 1A, the Raman 
reporter 4-aminothiphenol (4-ATP) was modified in the gap between 
gold nanostar (AuNS) and silver (Ag) shell and on the surface of Ag shell. 

Notably, we chose AuNS rather than conventional gold nanoparticle 
(AuNP) because multibranched AuNS have a stronger SERS sensitizing 
ability than spherical AuNP (Su et al., 2021). The Ag-coated AuNS 
(AuNS@Ag) was conjugated with a thiolated DNA probe to form 
AuNS@Ag-probe. In the presence of S. aureus, the DNA templates were 
first collected from the sample and then subjected to RPA using 
biotin-labeled forward primer (biotin-FP) and unlabeled reverse primer 
(RP) (Fig. 1B). The obtained biotin-labeled amplicons (Biotinamplicon) 
contain a protospacer adjacent motif (PAM) site and a binding region 
and can therefore be recognized by Cas9/sgRNA. This resulting the 
formation of Biotinamplicon-Cas9/sgRNA complex with concomitant 
release of the 20-nt non-complementary strand. The 
non-complementary strand of amplicon could bind to AuNS@Ag-probe, 
forming Biotinamplicon-Cas9/sgRNA-AuNS@Ag complex (Fig. S1). When 
this mixture was loaded onto the strip and moved toward the direction 
of absorbent pad, the formed complex can be captured by streptavidin 
(SA) on the T-line (Fig. 1C), inducing a visible color signal. Meanwhile, 
the accumulation of AuNS@Ag-probe on the T-line produced a SERS 
signal that can be measured by a smartphone-integrated Raman spec
trometer (Fig. S2). Notably, the control probe (CP) pre-modified on the 
C-line is partially complementary to the thiolated DNA probe and thus 
can trap AuNS@Ag-probe regardless of the presence or absence of 
S. aureus. 

2. Materials and methods 

More information is provided in the Supporting Information. 

3. Results and discussion 

3.1. Characterization of AuNS@Ag 

The morphologies of AuNS with 4–6 sharp branches were first 
characterized by Transmission Electron Microscope (TEM) (Fig. 2A). 

Fig. 1. Schematic of SCC-LFS for S. aureus assay.  
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Fig. 2. (A–B) TEM images of AuNS and AuNS@Ag, respectively. (C) UV–vis spectra of AuNS and AuNS@Ag. (D) Zeta potentials of AuNS, AuNS@4-ATP, AuNS@4- 
ATP@Ag, and AuNS@4-ATP@Ag@4-ATP. (E) Raman analysis of 4-ATP, AuNS@4-ATP, AuNS@4-ATP@Ag, and AuNS@4-ATP@Ag@4-ATP. (F) Comparison of 
AuNS@4-ATP@Ag@4-ATP with AuNP@4-ATP@Ag@4-ATP. Error bars represent mean ± SD. 

Fig. 3. (A) Electrophoresis analysis of various combinations. (B) LFS assay of the amplification products. (C) The corresponding Raman responses of (B). (D) LFS 
assay of S. aureus with various concentrations. (E) Raman responses of SCC-LFS to various S. aureus concentrations. (F) The plotted linear relationship between 
Raman intensity and S. aureus concentration (1–105 CFU/mL). (G–I) are the results of specificity, stability and reproducibility tests, respectively. The inset shows the 
corresponding LFS images. Error bars represent mean ± SD. ****, P < 0.0001; ns, not significant. 
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After Ag deposition, the concave sites of the star-shaped structure were 
filled with Ag shells to form AuNS@Ag (Fig. 2B), which was further 
confirmed by the corresponding EDS mapping analysis (Fig. S3). The 
UV–vis absorption spectrum of AuNS showed clearly absorption peaks at 
522 nm and 705 nm (Fig. 2C), which corresponded to the transverse 
plasmon resonance of the branch and the longitudinal plasmon reso
nance between the neighboring branches, respectively (Su et al., 2011). 
The formation of Ag shell led to an increased absorption in the range of 
360–600 nm due to the Au branches being buried in the Ag polyhedral 
(Zhao et al., 2019). Meanwhile, the absorption peak of AuNS at 705 nm 
disappeared with Ag coating, which could be attributed to the 
high-energy Ag peak masking the longitudinal resonance peak of the Au 
branches (Zhao et al., 2019). As depicted in Fig. 2D, the zeta potential of 
AuNS changed from − 21.4 to − 20.1 mV after binding to the positively 
charged 4-ATP. Upon Ag coating, the potential of particles became 
− 28.8 mV. This makes sense because the large number of acid radical 
ions remaining on the surface of Ag shell made it negatively charged 
(Monga and Pal, 2015). With the binding of the second layer of posi
tively charged 4-ATP, the potential changed to − 23.6 mV. The results of 
Raman analysis in Fig. 2E showed that 4-ATP-adsorbed on the surface of 
AuNS given a weak Raman signal, which was then enhanced by the Ag 
shell. Continued modification of 4-ATP on the Ag shell resulted in a 
substantial enhancement of the Raman signal. Referring to a reported 
method (Trinh and Yoon, 2022), we calculated a SERS enhancement 
factor (EF) of 1.84 × 108 for AuNS@Ag. For comparison, we synthesized 
4-ATP-modified Ag-coated AuNP (AuNP@4-ATP@Ag@4-ATP). As 
shown in Fig. 2F, the Raman signal of AuNS@4-ATP@Ag@4-ATP was 
about 2.1 times that of AuNP@4-ATP@Ag@4-ATP, showing its strong 
SERS sensitizing ability. Notably, the superior SERS sensitizing ability of 
AuNS@Ag than that of AuNP@Ag is attributed to the hot-spot 
enhancement effect of polyhedral structure. 

3.2. Construction of SCC-LFS for S. aureus assay 

To verify the feasibility of SCC-LFS, a primer set targeting the femA 
gene of S. aureus was used for RPA amplification. More information on 
the amplicons was displayed in Fig. S1. Electrophoretic analysis of the 
amplification products was firstly presented in Fig. 3A. We intuitively 
observed that a bright target band (132 bp) appeared in lane 1 (ampli
cons) and no band appeared in lane 2 (blank control), indicating that the 
primer set was available. Besides, Cas9 and sgRNA alone did not impede 
amplicon migration (lane 3), whereas coexistence of them resulted in 
the disappearance of amplicon band (lane 4). This result is reasonable 
because amplicons bound to Cas9/sgRNA were blocked in the gel well, 
while Cas9 and sgRNA alone could not bind to amplicons. Therefore, the 
efficient binding of Cas9/sgRNA to amplicons was confirmed. As 
described in Fig, 3B, the positive group showed clear T-line and C-line, 
while the negative group showed only C-line. The corresponding SERS 
analysis in Fig. 3C showed that the Raman intensity of the positive group 
was 9 times that of the negative group, demonstrating that the method is 
available for S. aureus detection. 

To demonstrate the sensitivity of SCC-LFS, various concentrations of 
S. aureus were tested. The images in Fig. 3D showed a concentration- 
dependent increase in T-line intensity over the range of 1–107 CFU/ 
mL. The SERS analysis of the T-line in Fig. 3E–F revealed an acceptable 
linear relationship (R2 = 0.9827) between Raman intensity and S. aureus 
concentration ranging from 100 to 105 CFU/mL. Considering that 1 
CFU/mL of S. aureus was capable of inducing a visible T-line and a 
recognizable Raman signal, a limit of detection (LOD) of 1 CFU/mL was 
achieved. Compared to previous methods, SCC-LFS is superior in terms 
of sensitivity (Table S3), which is attributed to the strong SERS sensi
tizing ability of AuNS@Ag and the high amplification efficiency of RPA. 
More importantly, our method enables rapid on-site quantitative anal
ysis with a smartphone-integrated portable Raman spectrometer, which 
is impractical for previous SERS-based LFSs relying on bulky in
struments (Su et al., 2021). By incorporating a rapid extraction 

procedure (80 ◦C, 3 min), the entire assay could be completed in 45 min 
(Fig. S4), which is comparable or even superior to existing methods 
(Chen et al., 2020a; Shin et al., 2022; Yin et al., 2022). 

The specificity of SCC-LFS was evaluated in Fig. 3G, revealing that 
SCC-LFS selectively produced a visible T-line and a distinguishable 
Raman signal in the presence of S. aureus, but did not respond to other 
pathogens. As depicted Fig. 3H, the Raman signal is slightly weakened 
with increasing storage time at room temperature (25 ◦C). Considering 
that the Raman signal of T-line remained almost unchanged after storage 
at 4 ◦C (Fig. S5), the method still has considerable potential for practical 
application. Subsequently, we performed five parallels with 103 and 0 
CFU/mL of S. aureus, respectively (Fig. 3I). The relative standard de
viations (RSDs) of the Raman intensity at 103 and 0 CFU/mL of S. aureus 
were 3.2% and 5.4%, respectively, indicating that SCC-LFS has a good 
reproducibility. The robustness of SCC-LFS was examined by testing 
S. aureus-spiked samples (Fig. S6), and a series of acceptable recoveries 
were obtained (Table S4). We then tested 36 elderly urine samples by 
SCC-LFS and gold standard culture method, respectively. As shown in 
Table S5, the results of SCC-LFS and culture method are in good 
agreement, indicating that SCC-LFS has a good accuracy. In addition, as 
a universal analytical method, SCC-LFS has also been successfully 
applied to the detection of Mycoplasma pneumonia (Fig. S7). We can find 
that no false positives were generated even in the presence of non- 
specific amplification, as the introduction of CRISPR/Cas9 helps to 
distinguish between target amplicons and by-products. 

4. Conclusion 

We have developed a dual-mode platform and applied it to the rapid 
and sensitive detection of S. aureus. This platform integrated the 
simplicity of visual readout and the quantitative capability of SERS, 
enabling the user to flexibly select the assay mode as needed. The 
method showed a LOD of 1 CFU/mL in both colorimetric and SERS 
modes, which is better than most existing methods. By incorporating a 
rapid extraction procedure, the entire assay can be completed in 45 min. 
Nevertheless, the current work is still limited by multi-step operations, 
which could be solved by creating an integrated module. In some cases, 
additional amplification steps may be difficult to implement in some 
cases, which could be addressed by developing new strategies that do 
not require pre-amplification. Additionally, the accuracy of the method 
should be validated with more real samples, which needs to be realized 
in our future work. In a nutshell, we hope that SCC-LFS can be developed 
as a routine tool for the detection of infectious pathogens. 
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