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A B S T R A C T

Lack of biorecognition elements significantly hinders the development of rapid detection methods for clavulanic 
acid (CA). To address this, we expressed Class A β-lactamases PC1 in vitro and demonstrated its high affinity for 
CA. Then we investigated the recognition mechanisms of PC1 for CA and identified key contact amino acids: 
Ser70, Lys73, Ser130, Glu166, and Lys234. Furthermore, PC1 was utilized as a novel biorecognition element to 
establish a “pseudo-immuno” lateral flow strip (LFS) for CA detection. Aggregation-induced emission fluores-
cence microspheres (AIE@FM) and biotin-streptavidin (Bio-SA) were integrated to improve the detection per-
formance of PC1-based LFS. Results showed that the sensitivity (cut-off value) of PC1-based AIE(Bio-SA)-LFS was 
enhanced 2-fold and 4-fold compared to basic AIE@FM-LFS and traditional Au-based LFS, respectively. Even-
tually, the proposed PC1-based AIE(Bio-SA)-LFS was successfully verified in milk samples with a cut-off value of 
20 ng mL− 1. This study provides a powerful tool for on-site CA monitoring for the first time.

1. Introduction

Clavulanic acid (CA), a potent naturally occurring inhibitor of bac-
terial β-lactamases, is derived from the organism Streptomyces clav-
uligerus (Neu & Fu, 1978). It exhibits activity against a broad spectrum of 
both Gram-positive and Gram-negative bacteria (Saudagar, Survase, & 
Singhal, 2008). CA has been extensively included in the treatment with 
Amoxicillin (AX) to treat bovine mastitis (Peng et al., 2021). Excessive 
residues of CA in fresh milk not only triggers severe allergic reactions, 
itching, and difficulty breathing, but also enhance the risk of developing 
antibiotic resistance in humans to β-lactam antibiotics (Huttner et al., 
2020; Mancabelli et al., 2021; Torres et al., 2016). Many regulatory 
agencies in various countries have set stringent CA standards in fresh 
milk used for consumption, for instance, the European Union (EU) and 
China have established the maximum residue limits (MRLs) of CA in 
milk as 200 μg/kg. Hence, there is an urgent demand to develop 
detection method for CA screening in fresh milk.

The detection of CA was previously relied on instrumental analysis, 
such as high-performance liquid chromatography (HPLC) (Guo, Chen, 

Yue, & Yu, 2017) and ultra performance liquid chromatography/tandem 
mass spectrometry (UPLC-MS/MS) assay (Liu et al., 2016). Often 
instrumental experimental steps are complex and require many specific 
pre-treatments for samples. However, the relatively time-consuming 
nature of these instrumental techniques is a shortcoming when prompt 
results are urgently needed. In marked contrast, antibody-based im-
munoassays are facile and do not require complicated equipment for 
operation, thus it has been widely employed for small-molecule detec-
tion in the fields of biomedicine, food safety, and environmental sur-
veillance (Bai et al., 2021; Li et al., 2023; Wang et al., 2023). 
Unfortunately, the production of antibody against CA has proven 
remarkably difficult due to the absence of a characteristic spatial 
structure and the poor stability of CA both in vivo and in vitro (Barbero 
et al., 2019; Edwards, Dewdney, Dobrzanski, & Lee, 1988; Meng et al., 
2016; Torres et al., 2016). Therefore, the pursuit of antibody substitutes 
or mimetics against CA has emerged as a viable approach.

So far, many natural macromolecular proteins (e.g. penicillin- 
binding proteins (PBP) (Lu et al., 2024), dihydropteroate synthase 
(DHPS) (He, Liu, & Wang, 2021; He, Liu, & Wang, 2022), tetracycline 
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repressor (TetR)) (Li et al., 2023; Xia, Liu, & Wang, 2023) have been 
utilized as antibody substitutes or mimetics to establish “pseudo-im-
munoassays” (Chen et al., 2018; He et al., 2023). Inspired by the potent 
binding of CA to β-lactamases, it is theoretically plausible that β-lacta-
mases could function as antibodies, thereby establishing a competitive 
detection method for CA. PC1 is a representative class A β-lactamase, an 
enzyme that confers resistance to β-lactam antibiotics by hydrolyzing 
their β-lactam ring (Bush, 2018; Tooke et al., 2019). The structure of PC1 
comprises two distinct domains: a five-stranded antiparallel β-sheet 
domain and a fully α-helical domain. CA works by binding irreversibly to 
the active site of PC1, thereby inhibiting its activity and preventing the 
hydrolysis of the antibiotic (Brogden et al., 1981). Based on this prin-
ciple, we propose utilizing the PC1 β-lactam to develop a “pseudo- 
immunoassay” for detecting clavulanic acid. To our knowledge, no at-
tempts have been reported to establish a detection method that utilizes 
PC1.

A lateral flow strip (LFS) is widely employed to detect small molecule 
drug residues in food samples due to its simplicity, rapidity, and user- 
friendliness (Bai et al., 2022; Dou et al., 2022). Many conventional 
LFS employ colloidal gold particles as signal labels. Nonetheless, the low 
sensitivity of colloidal gold particles often fails to meet the demands for 
enhanced sensitivity applications (Liu et al., 2020). A wide variety of 
fluorescence microspheres has been incorporated into LFS to enhance 
detection capability (Wu et al., 2021; Zhou et al., 2022; Zou et al., 2022), 
but they suffer from aggregation-caused quenching (ACQ). To overcome 
the drawbacks associated with ACQ observed in conventional fluoro-
chromes, aggregation-induced emission (AIE) dyes have emerged as an 
alternative approach (Dou, Li, Wang, Shen, & Yu, 2022; Li et al., 2020), 
offering enhanced sensitivity compared to colloidal gold particles.

In this work, PC1 was expressed in vitro and utilized as a recognition 
reagent to develop a “pseudo-immunoassay”. The recognition mecha-
nism was investigated through molecular docking. An AIE fluorescence 
microsphere (AIE@FM) labeled PC1 integrated with a biotin- 
streptavidin (Bio-SA) system was used to establish a lateral flow assay 
(LFS) method for the rapid detection of CA in milk (Scheme 1). Then, we 
evaluated the PC1-based AIE(Bio-SA)-LFS in terms of its quantitative 
standard curve, limit of detection (LOD), linear range (LR), specificity, 
repeatability, and recovery (RC). The proposed PC1-based AIE(Bio-SA)- 
LFS can be used as a sensitive, simple, rapid, and versatile method for 
the quantitative detection of CA in milk samples.

2. Materials and methods

2.1. Materials and apparatus

Sulbactam, and Clavulanic acid standard substances (solid, HPLC- 
grade, purity ≥99.0 %) were provided by Beijing WDWK Biotech-
nology Co., Ltd. (Beijing, China). 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 
Bovine serum albumin (BSA), and 2-(N-morpholino)-ethanesulfonic 
acid (MES) were sourced from Sigma-Aldrich, Inc. (St. Louis, USA). 
AIE@FM was purchased from AIE Institute (Guangdong, China). 
Streptavidin, Biotin, His tag antibody was obtained from Solarbio Sci-
ence & Technology Co., Ltd. (Beijing, China). Nitrocellulose (NC) 
membranes, absorbent pads, glass fibers, and polyvinyl chloride (PVC) 
back plates provided from WDWK Biotechnology Co., Ltd. (Beijing, 
China). The Ultra-pure water was prepared by an ultrapure water system 
(Millipore Co., Ltd., USA). All remaining chemicals reagents were of 
analytical grade and derived from the Sinopharm Group Chemical Re-
agent Co., Ltd. (Shanghai, China).

2.2. Expression and purification PC1 β-lactamase

Amino acid sequences of PC1 β-lactamase were obtained from Gen-
Bank (Accession: TJX78208.1) (Huang, So, Chen, Leung, & Yao, 2020). 
Then, the gene sequence of PC1 β-lactamase was codon optimized for 
E. coli and synthesized by Genewiz Biotechnology Co., Ltd. (Nanjing, 
China). Subsequently, the target fragment was inserted into an express 
vector pET-28a, and the constructed recombinant plasmid was trans-
formed into E. coli BL21 (DE3)-competent cells for expression. Single 
colonies were picked up and inoculated into LB medium containing 50 
μg/mL kanamycin. Cells were grown at 37 ◦C until OD600 reached 0.8, 
then, 0.5 mM IPTG was added to induce expression of the recombinant 
protein. Cells were harvested by centrifugation for 15 min at 3200g. 
Then the cells were resuspended using PBS (containing 10 mM imid-
azole) and lysed by sonication for 15 min. The expressed PC1 β-lacta-
mase was purified by Ni-NTA column purification system. Purified PC1 
β-lactamase was further characterized by SDS-PAGE, Western blotting 
assay and circular dichroism (CD).

2.3. Surface Plasmon resonance (SPR) analysis

The binding affinity between PC1 and CA was evaluated using sur-
face plasmon resonance (SPR) analysis, a critical validation step in the 
construction of the “PC1 based pseudo-immunoassay.” The SPR analysis 

Scheme 1. Schematic of CA detected by PC1-based AIE-LFS(Bio-SA).
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was performed using a Biodot AD1520 array printer to print CA, diluted 
in DMSO, onto a photocrosslinkable sensor chip in quadruplicate. 
Rapamycin (positive control) and DMSO (negative control) were also 
printed on the chip. Following vacuum drying, the chip was subjected to 
UV irradiation for photocrosslinking. It was then sequentially washed 
with DMF, ethanol, and water, dried with nitrogen gas, and placed into 
the Berthold bScreen LB 991 microarray system for SPR analysis. PC1 
was pre-incubated in 20 mM Tris-HCl (pH 8.0, containing 40 mM MgCl2) 
and subsequently diluted in PBS to prepare test solutions at concentra-
tions of 10, 40, 160, 640, 800, and 2560 nM. These solutions were 
injected into the Berthold bScreen LB 991 microarray system under the 
following conditions: flow rate of 0.5 μL/s, association time of 600 s, 
dissociation time of 360 s, and a temperature of 4 ◦C. The dissociation 
constant (KD), association rate constant (Ka), and dissociation rate 
constant (Kd) were then calculated by fitting the association and 
dissociation phases to a 1:1 Langmuir binding model.

2.4. Conjugation of AIE-PC1

The conjugation of AIE-SA: A 10 μL AIE@FM was mixed with 104 μL 
MES solution (50 mM, pH 6.0) and then the mixture was sonicated for 
60 s. Then, 63 μL Sulfo-NHS (1 mM) and 63 μL EDC (1 mM) were added 
sequentially to the mixture. The tube containing mixture was placed on 
a plate shaker for 15 min at room temperature. After that, 0.1 % Tween- 
20 was added to the mixture and then centrifuged for 15 min (15,000 g). 
The obtained precipitate was resuspended in coupling buffer (borax/ 
boric-acid solution, 40 mM, pH 8.0). 0.1 mg streptomycin was added to 
the coupling buffer containing AIE@FM and the mixture was incubated 
in a plate shaker for 1 h. Afterward, 0.1 % Tween-20 was added to the 
mixture, and then the mixture centrifuged, and discard the supernatant 
fraction. 50 mM ethanolamine (pH 7.4, containing 2 % BSA) was added 
to block the precipitate at room temperature for 1 h. After centrifuga-
tion, the sediment was resuspended in 400 μL Tris-HCI (0.1 M, pH 8.0). 
The obtained AIE-SA was stored at 4 ◦C for further use. The biotinylation 
of PC1 β-lactamase was conducted following the protocols outlined in 

Fig. 1. Characterization of PC1 β-Lactamase (A) Agarose gel electrophoresis result of the express vector pET-28a(+)-PC1 (Lane 1). (B) SDS-PAGE results of the PC1 
(lane 1, before IPGT induction; lane 2, after IPGT induction; lane 3, supernatant; lane 4, purified supernatant). (C) Western blotting result of the PC1. (D) Far-UV 
circular dichroism spectra of PC1 β-Lactamase (blue line) at 25 ◦C (the inset figure was the reported CD spectrum). The concentration of PC1 β-Lactamase was 0.5 
mg/mL, and the solutions contained 0.1 M potassium phosphate at pH 7.4. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

X. Wang et al.                                                                                                                                                                                                                                   Food Chemistry: X 24 (2024) 101950 

3 



the “Crosslinking Technical Handbook” provided by Thermo Fisher. 
Finally, the AIE-PC1 probe was obtained by incubating AIE-SA with 
biotinylated protein for two hours at room temperature. The obtained 
AIE-PC1 was characterized using UV–vis, dynamic light scattering (DLS) 
and zeta potential measurements (Zeta).

2.5. Synthesis of capture antigen (CA-BSA)

CA-BSA was synthesized according to literature (Wen et al., 2020). 
Briefly, 15 mg EDC and 25 mg NHS were added to 1 mM CA which was 
dissolved in 500 μL DMF. After stirring for 12 h, the activation was 
completed and the mixture was regarded as Solution I. Dissolve 0.001 
mM BSA in 10 mL PBS completely, and then place it in the refrigerator at 
− 20 ◦C for 2 min. After cooling, the mixture was regarded as Solution II. 
Take the solution I slowly added to the corresponding solution II, and 
the mixture was stirred for 24 h. The resultant solution further subjected 
to the dialysis, and the dialysis solution was changed every 12 h. After 
72 h of dialysis, the captured antigen CA-BSA was obtained and subse-
quently measured using MALDI-TOF-MS. The coupling ratio of hapten to 
BSA was determined by the eq. (1): 

Coupling ratio =
(
Mconjugates − MBSA

)/
Mhaptens (1) 

2.6. Development the PC1-based AIE(bio-SA)-LFS

As illustrated in Scheme 1, the PC1-based AIE(Bio-SA)-LFS was 
constructed by sequentially assembled nitrocellulose (NC) membrane, 
sample pad, absorbent pad, and PVC backing pad. The CA-BSA and anti- 
his tag antibody were dispensed on to the NC membrane to form Test 
line (T) and Control line (C), respectively. The prepared blocking buffer 
was used to treat the sample pad for 2 h, and then the sample pad was 
dried at 37 ◦C overnight. The absorbent pad and PVC backing pad were 
used without additional treatment. After systematically assembling all 
modules, ensuring an approximate 2 mm overlap between adjacent 
parts, the final product was cut into 3 mm sections and stored at 4 ◦C 
until needed.

Sensitivity is mainly influenced by the amount of CA-BSA and bio-
tinylated PC1 β-lactamase in the competitive format. Thus, firstly, we 
need to optimize the molar ratios between AIE@FM-SA and biotinylated 
PC1 β-lactamase, different ratios (AIE@FM-SA: biotinylated PC1 β-lac-
tamase = 10:1, 100:1, 1000:1, 10,000:1) were prepared and employed 
in LFS. The changes in fluorescence intensity and competitive inhibition 
ratio were quantified. Considering the inhibition ratio and the fluores-
cence intensity of the C line and T line, the appropriate ratio between 
AIE@FM-SA and biotinylated PC1 β-lactamase was selected for subse-
quent tests. Secondly, different concentration (4, 2, 1, 0.5, 0.25, and 
0.125 mg/mL) of CA-BSA were diluted in 10 mM PBS and sprayed on the 
T line. Antigen concentration screening also involved assessing both the 
fluorescence strength of the C-line and T-line, as well as the inhibition 
ratio. Different buffers, including H2O, phosphate buffer saline (PBS), 
britton-robinson buffer solution (BB), carbonate buffer solution (CB), 
and FL diluent (10 mM PBS, pH 8.0, containing 0.25 % BSA, 0.5 % 
Tween-20, and 1 % sucrose) were prepared by our laboratory. Lastly, 
appropriate reaction time (1, 5, 10, 15 min) also evaluated to enhance 
sensitivity.

2.7. Analytical performance of LFS based on AIE@FM and colloidal gold 
particles in PBS

The CA standard was spiked into PBS (0.01 M, pH 7.4) at a final 
concentration of 0, 2.5, 5, 10, 20, 40, and 80 ng mL− 1. A total of 200 μL 
of the spiked solution was added into a low-attachment tube, followed 
by the addition of either 5 μL the probe. After incubating for 3 min, the 
test strip was placed into the mixture for 10–15 min. Subsequently, the 
test strips were read, and the resulting data were collected. A calibration 
curve was generated by plotting T line fluorescence intensity as the Y- 

axis and CA concentration as the X-axis. The standard curve was con-
structed using the Y-axis values and the logarithmic transformation of 
the X-axis values, and a linear regression equation was derived for 
quantitative analysis.

2.8. Application of PC1-based AIE(bio-SA)-LFS for CA assay in real 
samples

Analysis in real samples was conducted by adding known concen-
trations of CA standards into blank samples. The CA-free raw milk 
samples were provided by WDWK Biotechnology Co., Ltd., and the raw 
milk was pretreated through simple dilution (5-fold). The specificity of 
PC1-based AIE(Bio-SA)-LFS was evaluated by detecting other chemical 
analogues, including sulbactam, amoxicillin, and norfloxacin at a con-
centration of 100 ng mL− 1.

2.9. Molecular docking

The obtained PC1 gene was translated into an amino acid sequence 
using DNAman software, and homology modeling was conducted uti-
lizing the obtained sequence. The 100 % homologous model (PDB ID: 
3BLM) was used for molecular docking by using Discovery Studio. 
Firstly, the PC1 model was docked with CA to locate the binding pocket 
for this study, then several important parameters were determined 
(including key contact amino acids and specific binding sites).

3. Results and discussion

3.1. Characterization of the PC1

As shown in Fig. 1A, the expression vector yields both parts of the 
vector (5369 bp) and the genes of the PC1 (843 bp) after enzyme 
digestion, demonstrating that the construction of the recombinant 
plasmid was successful. The PC1 β-Lactamase consists of 281 amino 
acids, with a calculated molecular mass of 31,350 Da. As illustrated in 
Fig. 1B, SDS-PAGE analysis revealed that the target protein predomi-
nantly exists in a soluble formation, with an observed molecular weight 
of approximately 30 kDa, aligning with theoretical predictions. Addi-
tionally, the target protein incorporates a His tag, enables its detection 
through a Western blotting (WB) assay utilizing an anti-His tag anti-
body. As shown in Fig. 1C, the WB experiment demonstrated that the 
desired PC1 β-Lactamase was obtained. Subsequently, the Circular di-
chroism (CD) in the far UV range (190–260 nm) was employed to pro-
vide whether the secondary structure of PC1 changed upon expression 
and purification. As shown in Fig. 1D, by CD, the purified PC1 β-Lac-
tamase exhibited a similar amount of secondary structure to that re-
ported previously (Pieper, Hayakawa, Li, & Herzberg, 1997). After 
performing a series of structural characterizations on the expressed PC1, 
its binding capacity to CA was confirmed through SPR assay (Fig. S1). 
The equilibrium dissociation constant (KD) of PC1 binding to CA was 
calculated to be 9.72*10− 9 M (Ka = 2.75*104, Kd = 2.68*10− 4, KD=Kd/ 
Ka). The KD is inversely related to affinity, indicating that a lower KD 
value (corresponding to a lower concentration) signifies a higher affinity 
of the recognition element for the target. High affinity antibodies are 
typically regarded as being in the low nanomolar range (10− 9 M), while 
those with very high affinity are in the picomolar range (10− 12 M) 
(Patten et al., 1996). SPR analysis results show that PC1 exhibits high 
affinity levels for CA, comparable to high affinity antibodies, making it 
suitable for the development of “pseudo-immunoassay.” These results 
altogether revealed that the desired PC1 β-Lactamase was obtained, so it 
can be used for the following experiments.

3.2. Characterization of CA-BSA

The hapten CA was covalently coupled to BSA using the active ester 
method to produce hapten-protein conjugates (CA-BSA), which served 
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as “antigens,” and were subsequently analyzed by MALDI-TOF-MS 
(Fig. S2). A shift in molecular weight was observed when compared to 
the carrier protein (BSA), indicating successful coupling of the CA to 
BSA. The approximately 10:1 coupling ratio of CA to BSA was deter-
mined by the eq. (1) in the 2.5 section.

3.3. Principle of PC1 based AIE(bio-SA)-LFS

E+ I⇌E⋅I→(E − I)

(E is the PC 1 β-lactamase and I is the β-lactamase inhibitor CA. E⋅I, 
reversible complex; E-I, stable acyl enzyme)

As previously shown, the general reaction mechanism between 
β-lactamase and β-lactamase inhibitors involves the initial formation of 
a reversible complex, E⋅I, between PC 1 β-lactamase and the inhibitor 
CA. Subsequently, this complex may proceed to a stabilized acyl enzyme 
E-I due to the reaction of the inhibitor with a serine residue in the en-
zyme's active site. Our PC1-based AIE(Bio-SA)-LFS is based on the in-
direct competitive mode between PC1 and irreversible β-lactamase 
inhibitor CA. Dyes inherent with AIE features are utilized to fabricate 
AIE fluorescence microspheres (AIE@FM) for the purpose of enhancing 
detection performance. To enhance the sensitivity of the LFS, we further 
introduced the streptavidin-biotin signal amplification system alongside 
AIE@FM, as we all know, the interaction between streptavidin and its 
ligand biotin is the strongest receptor-ligand interaction. Such a Bio-SA 
system has been effectively utilized in the development of methods for 
amplifying the signal, thereby expanding the sensitivity range for the 
target. The PC1 β-lactamase was labeled with AIE@FM through 
streptavidin-biotin system functions as a sensitive fluorescence reporter 
(AIE-PC1). T-line was immobilized with CA-BSA, wherein CA-BSA was 
intended to competitively with free CA to bind to the labeled PC1 
β-lactamase. Mixed solution containing the AIE-PC1 probe can flow in 
the direction of the absorbent pad due to capillary force. For CA-free 
samples, the AIE-PC1 probes migrate along the NC membrane until 

they bound by immobilized CA-BSA. Unbounded AIE-PC1 probe con-
tinues to migrate and is subsequently captured by the anti-His antibody 
immobilized on control line. Hence, two fluorescent bands are visible on 
the test strip when illuminated with UV light, and quantification of 
fluorescent signal intensities was conducted using a portable immuno-
fluorescence reader. In the presence of CA, the AIE-PC1 probe bind with 
CA first in the sample and limited β-lactamase's binding sites was 
occupied. Thus, CA-BSA on the T line cannot capture the AIE-PC1 probe, 
only control line was detectable with the naked eye under UV light. In 
light of this rationale, the T line fluorescence intensity decreases grad-
ually with the increase in CA concentration, and the obvious changes in 
intensity can be easily seen by naked eyes.

3.4. Characterization of AIE@FM and AIE-PC1

The aggregation-caused quenching ACQ phenomenon was first re-
ported by Förster and Kasper (1954) and refers to the intense intermo-
lecular π − π stacking interactions experienced by adjoining 
luminophores, which result in the quenching of their emission (Bakalova 
et al., 2006; Förster & Kasper, 1954; Zhelev, Ohba, & Bakalova, 2006). 
To overcome the issue, aggregation-induced emission (AIE) agents have 
emerged and provided new choices for fluorescence sensing (Mei, 
Leung, Kwok, Lam, & Tang, 2015). In this study, various characteriza-
tion techniques were employed to validate the AIE@FM, including SEM, 
TEM, UV–Vis spectroscopy, and fluorescence spectroscopy. Micrographs 
obtained by SEM (Fig. 2A) and TEM (Fig. 2B) revealed that the AIE@FM 
were homogeneous spherical, with a consistent diameter averaging 
approximately 190 nm. In general, larger particle sizes result in greater 
surface areas, allowing for more amount of PC1 to be coupled. Previous 
literature also indicated that FM with particle sizes of 200 nm or 300 nm 
are typically chosen for use in small molecule competition methods (Li 
et al., 2015; Li et al., 2019). Therefore, the particle size of AIE@FM was 
appropriate for the construction of the LFS. As depicted in Fig. 2C, the 
left pale purple curve represents the excitation spectra of AIE@FM, 

Fig. 2. Characterization of the AIE@FM and synthesized AIE@FM-PC1. SEM of the diluted AIE@FM (A), TEM of the AIE@FM (B), Fluorescence excitation spectrum 
(Ex) and emission spectrum (Em) of AIE@FM. The inserted image shows the fluorescence color of AIE@FM (C). UV–vis absorption spectra of the AIE@FM and 
AIE@FM-PC1 (D), Zeta potential values of AIE@FM and AIE@FM-PC1 (E); Particle size percentage of AIE@FM and AIE@FM-PC1 (F);
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while the right yellow curve represents the emission spectra of AIE@FM. 
The AIE@FM exhibited red fluorescence with an emission peak at 610 
nm, which provides higher sensitivity and lower background signals, 
making them highly suitable for fluorescence-based detection applica-
tions. To verify the PC1 successful conjugates to the AIE@FM by Bio-SA 
system, UV–vis spectra, Zeta potential, and size distribution were per-
formed. It can be seen that the positions of the absorption peaks of the 
AIE@FM did not change before or after PC1 labeling, which indicates 
that the basic structure of the AIE@FM is not affected by PC1 labeling 
(Fig. 2D). Zeta potential analysis indicated a surface potential of − 38.3 
mV for AIE@FM and − 33.3 mV for AIE-PC1. The change in zeta po-
tential upon PC1 labeling demonstrated that PC1 was successfully con-
jugated to the surface of AIE@FM (Fig. 2E). As shown in Fig. 2F, the 
increased particle size distribution of AIE-PC1, further verifying the 
successful synthesis of AIE-PC1. This condition arose because the protein 
conjugated to AIE@FM altered the refractive index (Hu et al., 2023). 
Additionally, the AIE-PC1 remained well-dispersed.

3.5. Optimization of analytical parameters

Given the fluorescence signal derived from the specific PC1-CA 
identify binding, crucial parameters including the ratios between bio-
tinylated PC1 and AIE@FM-SA, “antigen” concentration, reaction buffer 
types, and reaction time were investigated. Typically, the results of 
analytical factors, where T0 stands for the fluorescence signal intensity 
of T line without analytes, Tx stands for the corresponding intensity at 

analyte with a concentration of 20 ng mL− 1 for CA, respectively. The 
evaluation criteria are founded on the signal intensity, inhibition ratio 
(1-signal intensity (Tx)/ signal intensity (T0) *100 %, a higher value of 
inhibition ratio indicated better inhibition effect), and the signal in-
tensity of T line should be strong enough to meet the requirements of 
visual inspection in the field. The ratio of biotinylated PC1 and 
AIE@FM-SA was an important initial factor as the amount of PC1 
directly influences signal intensity. As shown in Fig. 3A, excess amount 
of PC1 could cause a decreased inhibition ratio and a low sensitivity, 
which was unfavorable for the screening. Considering factors of T line 
signal intensity and inhibition ratio, 1000:1 was chosen as the optimal 
ratio between AIE@FM-SA and biotinylated PC1. The “antigen” (CA- 
BSA) concentration on the T line influenced the capture ability of the 
AIE@ PC1 probe. T0 intensity increased with the increased CA-BSA 
concentration, and the inhibition ratio decreased when the CA-BSA 
concentration was over 0.5 mg/mL (Fig. 3B). Therefore, 0.5 mg/mL 
was used as the optimal CA-BSA concentration of AIE@PC1-LFS. A 
suitable buffer would favor the binding of PC1 with CA and resulting in 
higher sensitivity. As illustrated in Fig. 3C, compared with the different 
buffer types, the signal intensity and inhibition ratio achieved the 
highest value when the buffer was FL diluent. Finally, as seen from 
Fig. 3D, the signal intensity was increased following increased reaction 
time and the signal intensity reached plateau when reaction time was 10 
min. Thus, 10 min was chosen in this study. The detection performance 
of the PC1-based AIE(Bio-SA)-LFS, AIE@FM-LFS, and colloidal gold 
particles was compared. For the AIE@FM-LFS, and colloidal gold 

Fig. 3. Optimization results of the PC1-based AIE(Bio-SA)-LFS. Ratios between biotinylated PC1 β-lactamase and AIE@FM-SA (A). Concentration of “antigen” (B). 
Different buffer types (C)and reaction time for the proposed LFS.
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particles (Au) based LFS, a variety of experimental conditions such as 
concentration of PC1 β-lactamase, buffer types and reaction time are 
depicted in Fig.S3 and S4. In addition, the experimental conditions, 
including the composition of the blocking buffer, the rate of dispensing, 
and the concentrations of anti-His antibody (C line) for the manufac-
tured LFS, are listed in Table S1.

3.6. Methods performance

The detection capabilities of PC1-based LFS utilizing AIE@FM, both 
with and without the Bio-SA system, as well as with Au Labels, were 
evaluated in terms of sensitivity and linear range. Sensitivity and linear 
range of PC1-based AIE(Bio-SA)-LFS were determined by standard 
spiked recovery experiments using various CA concentrations, as they 
are crucial evaluation criteria for assessing the performance of PC1- 
based AIE(Bio-SA)-LFS detection. Here, the cut-off value (COV) was 
introduced for the semi-quantitative detection of CA, where COV was 
recognized as the minimum CA concentration that makes T line invis-
ible. Traditional PC1-based Au-LFS and PC1-based AIE@FM-LFS 
without Bio-SA system were also measured. As depicted in Fig. 4A, B and 
C, the fluorescence or color intensity of the T-line exhibited a gradual 
decrease concurrent with increasing CA concentration, consistent with 
findings from prior studies. The results (Fig. 4A, C and E) revealed that 
the COVs of PC1-based LFS for CA detection using the AIE@FM labels 
integrated Bio-SA system, AIE@FM and the conventional Au label were 
20, 40, and 80 ng mL− 1, which suggested 2-fold and 4-fold enhance-
ments compared with AIE@FM-LFS and traditional Au-based LFS, 
respectively. The observed increase in sensitivity could be primarily 
attributed to the signal amplification of AIE@FM replacing Au, which 
highlights the superiority of AIE@FM in LFS for CA detection. Addi-
tionally, the contribution of streptavidin-biotin signal amplification 
strategy in PC1-based AIE(Bio-SA)-LFS deserved a brief discussion 
owing to the high affinity of streptavidin-biotin binding (each strepta-
vidin can bind four biotin molecules). Leveraging its unique binding 
advantage, Bio-SA has previously been used as a “cross-linker” to effi-
ciently couple biorecognition elements to signal labels (Sun, Zhang, 
Zhao, Xia, & Liu, 2020; You, Lim, & Gunasekaran, 2020). Moreover, 

Lakshmipriya et al. utilized streptavidin-conjugated Au nanoparticles to 
enhance the detection of clotting protein factor IX (FIX), achieving a low 
limit of detection (LOD) of 100 pM (Lakshmipriya et al., 2013). Thus, 
higher coupling efficiency in the proposed Bio-SA assisted AIE-PC1 
probe significantly enhanced the utilization efficiency of PC1, which 
contributed to improved sensitivity in competitive-type LFS. Further-
more, the regression equations and linear relationship of the PC1-based 
AIE(Bio-SA)-LFS, PC1-based AIE@FM-LFS, and PC1-based Au-LFS were 
fitted before applying the proposed LFS in real sample. In Fig. 4B, the 
regression equation of PC1-based AIE(Bio-SA)-LFS (y (a.u.) =103.05+
15,254.95/(1 + (x/6.78)2.59), R2 = 0.99) was obtained for the dynamic 
range from 0 to 20 ng mL− 1. Additionally, a linear relationship was 
observed for concentrations ranging from 0 to 10 ng mL− 1, expressed as 
y (a.u.) = − 1311[CA] + 17,382, with an R2 value of 0.99 (Fig. 4c inset). 
For the conventional PC1-based Au-LFS, the regression equation was 
obtained and the linear relationship could be fitted as y (a. u.) = − 12.5 
[CA] +395 (R2 = 0.90, Fig. 4D) within the concentration range of 0 to 
20 ng mL− 1. For the PC1-based AIE@FM-LFS, the regression equation 
was obtained and the linear relationship could be fitted as y (a. u.) =
− 191[CA] +8038 (R2 = 0.98, Fig. 4E) within the concentration range of 
0 to 40 ng mL− 1. In the above linear equations, where y represented the 
fluorescence signal intensity of the T-line measured by Reader software, 
[CA] represented the concentration of the target analyte. Collectively, 
these results validated the efficacy of incorporating the Bio-SA signal 
amplification strategy into the PC1-based AIE@FM-LFS system.

3.7. Analysis in actual samples

To simulate the complicated sample matrix, several of potential 
interfering structural analogues including sulbactam, amoxicillin, and 
norfloxacin (chemical structures were given in Fig. S5) were chosen to 
assess the specificity of proposed method. As shown in Fig. S6, T line 
intensity displayed significant decrease toward CA (100 ng mL− 1), while 
neither these potential interfering structural analogues cannot cause 
obvious changes. Simultaneously, the coexistence of structural ana-
logues and target analytes were tested and similar T line intensity were 
observed. Specificity results indicated the the satisfactory selectivity and 

Fig. 4. Fig. 4: Analysis performances of the three patterns based LFSs: (A). Analysis performances of the PC1-based AIE(Bio-SA)-LFS and correspondingly regression 
equation and linear relationship (B). Analysis performances of PC1-based AIE@FM-LFS without SA-bio system (C) and correspondingly regression equation and linear 
relationship (D). Analysis performances of the PC1-based Au-LFS (E) and correspondingly regression equation and linear relationship (F).
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robust ability to resist potential coexisting structural analogue in-
terferences in CA sensing. After performing specificity of PC1-based AIE 
(Bio-SA)-LFS toward CA sensing, the actual milk sample was employed 
to verify the screening capability of the proposed method. Known con-
centrations of CA (0–80 ng mL− 1) were spiked in milk. After sample 
pretreatment, the acquired sample solution was measured using the 
PC1-based AIE(Bio-SA)-LFS. As showed in Fig. S7, the FL intensity of T 
line decrease gradually with the raising of CA concentration. Fig. S7 
demonstrated the COV in actual sample was 20 ng mL− 1, which was well 
consistent with anticipate results. Furthermore, standard spiked method 
was used to assess the accuracy and reliability of PC1-based AIE(Bio- 
SA)-LFS in actual milk sample through recovery experiments. The 
average recoveries of the PC1-based AIE(Bio-SA)-LFS ranged from 78.5 
% to 83 % with RSD values (4.2 %–8.6 %) lower than 15 % (Table S2), 
indicates that the PC1-based AIE(Bio-SA)-LFS method demonstrates 
satisfactory accuracy and high reliability for detecting CA in milk 
samples.

3.8. Comparison with previous methods for CA detection

This study developed a lateral flow strip for CV detection based on 
PC1 β-lactamase for the first time. The assays that have been reported for 
CA detection in milk were summarized in Table 1. For comparison with 
the present method, some essential parameters of those methods were 
collected. First, the PC1 based AIE(Bio-SA)-LFS developed in this study 
exhibits high sensitivity, with a cut-off value that rivals UPLC-MS/MS 
but is relatively lower than HPLC. Second, the milk sample pretreat-
ment was simple and fast, diluting is all that is needed for testing. Third, 
the designed sensor strip here is applicable for visual colorimetric 
detection with the aid of a handheld UV lamp, making it suitable for 
outdoor applications. Overall, the present PC1-based AIE(Bio-SA)-LFS 
showed generally better performance than the previously reported 
assays.

3.9. Intermolecular interaction of PC1 and CA

The crystal structure of PC1 has been elucidated; however, the 

crystal structure of the PC1/CA complex has not yet been determined. 
To further understand the binding mode and binding sites between CA 
and PC1, we constructed a PC1 model using homology modeling and 
simulated the final docking conformation of PC1 and CA (the lowest 
energy conformation) through molecular docking. PyMOL software was 
used to analyze and visualize the docking results. The molecular docking 
results revealed that the active pocket of PC1 presents a groove-like 
shape, with the β-lactam moiety of the CA molecule penetrating into 
the groove (Fig. 5A and B). The nucleophilic amino acid Ser70, located 
at the junction of the β-sheet domain and the α-helical domains, acts as 
the catalytic site. Additionally, Ser70 interacts with another conserved 
seryl residue, Ser130, which is positioned between the two functionally 
important lysine residues, Lys73 and Lys234. Overall, most of the key 
catalytic residues are situated within 5 Å of the CA ligand, including 
Ser70 (green), Lys73 (red), Ser130 (pale-purple), Glu166 (pale-cyan), 
and Lys234 (mazarine). These amino acids form an active pocket during 
the catalytic process, consistent with previous reports (Pieper et al., 
1997). As previously reported, the opening of the β-lactam ring does not 
lead to substantial alterations in the relative positions of the atoms 
involved in class A β-lactamases-substrate binding (Herzberg & Moult, 
1987; Moews, Knox, Dideberg, Charlier, & Frère, 1990; Strynadka et al., 
1992). Hence, while the conformation of the complex formed by the 
β-lactam ring-opened CA molecule and PC1 is not provided in this study, 
it can be inferred that the PC1/CA complex is not likely to differ 
significantly between the states before and after the opening of the 
β-lactam ring of CA. Though the molecular docking applied in the cur-
rent work could not fully characterize these interactions, they provide a 
more intuitive and convenient approach compared to crystallography.

4. Conclusion

Lateral Flow Strips (LFS) are commonly used for screening small 
molecule drug residues in foodstuff sample, and the choice of recogni-
tion elements and signal systems is crucial for determining their sensi-
tivity and specificity. Due to the lack of distinctive spatial structure and 
the poor stability of CA, the production of anti-CA antibodies is noto-
riously challenging, which impedes the development of antibody-based 

Table 1 
Comparison with previous methods for CA detection.

Method sample Target LOD (ng mL− 1) Detection range Sample pretreatment References

HPLC milk CA 140 – Acetonitrile 
dried with nitrogen gas

Guo et al.

UPLC-MS/MS milk CA 20 20–1000 Acetonitrile 
dried with nitrogen gas

Liu et al.

LFS milk CA 20 (cut-off) 0–20 Dilution This work

Fig. 5. Close observation of the docking complex with CA: (1) PC1/CA (orange), (B) Catalytic pocket: Lys represented in green, Lys 73 represented in red, Ser130 
represented in pale-purple, Glu represented in pale-cyan, and Lys 234 represented in mazarine. Pale-orange represents residues within the range of ligand 5 A. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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immunoassays for CA detection. In this study, we used natural PC1 
β-lactamase as the recognition element for the first time and constructed 
a “pseudo-immuno” LFS for detecting CA. Molecular docking confirmed 
the binding conformation of PC1 and CA. Additionally, AIE@FM-based 
fluorescent signaling and the SA-biotin system were introduced to 
enhance the performance of the CA-LFS. Results demonstrated that the 
proposed PC1-based AIE(Bio-SA)-LFS exhibited a 4-fold increase in 
sensitivity compared to traditional Au labels CA-LFS. This method could 
be used for screening CA residues in large-scale milk samples. Further-
more, this approach provides a new and promising strategy for 
enhancing sensitivity, particularly for target analytes of interest where 
antibody production is challenging.
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