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Abstract
The use of ultrasmall high-entropy alloys (HEAs, ≈5 nm) with unique catalytic properties, integrating them into lateral 
flow immunoassay (LFIA) for the detection of Staphylococcus aureus is proposed. Under optimal conditions, the detection 
limits of the HEAs-based LFIA were 1.5 ×  103 CFU/mL via direct coloration and 15 CFU/mL using the DAB-enhanced 
catalytic signal, representing improvements of  103-fold and  105-fold, respectively. The HEAs demonstrated superior per-
formance compared with traditional AuNPs, including enhanced sensitivity and high peroxidase activity (Km = 0.066 M, 
Vmax = 1.132 ×  10–6 M  min−1), as well as excellent specificity and repeatability, with relative standard deviation (RSD) of less 
than 10%. Moreover, the incubation time for HEAs functionalized with antibodies to bind Staphylococcus aureus was only 
5 min, compared with 20 min for functionalized AuNPs. The method also showed high specificity, effectively discriminating 
Staphylococcus aureus from other foodborne pathogens. The HEAs-based LFIA was successfully applied to food sample 
analysis, including milk and orange juice, demonstrating its robust applicability for real-world detection scenarios. This 
approach not only lowered the detection limit but also reduced the total detection time, making it a highly promising candidate 
for on-site detection of Staphylococcus aureus and other foodborne pathogens by simply changing the recognition element.

Keywords Lateral flow immunoassay · Foodborne pathogens · High-entropy alloys · Peroxidase-mimicking activity · 
On-site detection

Introduction

Staphylococcus aureus (S. aureus) is a common foodborne 
pathogen widely present in natural environments, includ-
ing air, water and soil. Among foodborne pathogens, S. 

aureus stands out due to its high invasiveness and potent 
biological pathogenicity, causing severe health conditions 
such as pericarditis, pneumonia, purulent infections, toxic 
shock syndrome, and sepsis [1–3]. Its widespread presence 
in various food types makes S. aureus a major public health 
concern [4, 5]. There is an urgent need for the development 
of rapid, convenient, and highly sensitive detection methods 
for S. aureus [6]. However, traditional bacterial detection 
techniques, including bacterial culturing, polymerase chain 
reaction (PCR), and enzyme-linked immunosorbent assay 
(ELISA), are limited by complex sample preparation and the 
need for skilled operators [7, 8], which limit their practical-
ity for point-of-care (POC) applications.

The lateral flow immunoassay (LFIA) offers significant 
advantages for the rapid, sensitive, and effective detection 
of pathogenic bacteria, owing to its user-friendly opera-
tion, fast response time, cost-efficiency, and visual readout 
capabilities [9–11]. As a result, LFIA has become a lead-
ing option for point-of-care (POC) testing and is widely 
utilized in applications such as clinical diagnostics, food 
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safety, drug testing, and antibiotic residue [12, 13]. Tra-
ditional LFIA test strips primarily rely on colloidal gold 
nanoparticles (AuNPs) as colorimetric signal reporters, 
which allow for equipment-free detection and have been 
successfully commercialized [14, 15]. However, AuNPs-
based LFIA systems are often limited by poor sensitivity 
and low quantification accuracy, making them inadequate 
for meeting the stringent requirements of food safety 
screening [16, 17]. To overcome these limitations, multi-
functional nanomaterial-based LFIA have been developed, 
incorporating diverse signal mechanisms such as fluores-
cence [18], surface-enhanced Raman scattering [19] and 
photothermal signals [20], to enhance sensitivity. Despite 
their improvements, these approaches face challenges. 
Fluorescent sensors are susceptible to interference from 
internal and external variables, such as background noise, 
excitation source stability, and probe concentration [21]. 
SERS-based LFIA achieves up to a 1000-fold sensitiv-
ity improvement, but its reliance on bulky and expensive 
equipment limits its portability and broader adoption [22]. 
In photothermal approaches, their data acquisition and 
analysis times extend to 10–20 min, while ideal on-site 
evaluation need to complete within minutes [23]. There-
fore, developing rapid and accurate detection methods for 
pathogenic bacteria remains crucial to ensuring human 
safety and public health.

High-entropy alloys (HEAs), consisting of five or 
more component elements in near equiatomic ratios, have 
recently gained widespread attention owing to their unique 
structural features, including the high-entropy effect, lat-
tice distortion effect, slow diffusion effect and “the cock-
tail effect” [24]. These properties endow the HEAs with 
exceptional irradiation resistance [25], high strength [26], 
enhanced stability [27], high catalytic activity [28], and 
efficient photothermal conversion [29]. As a result, HEAs 
are considered strong candidates for applications in energy 
systems [30–32], therapeutics [33], and various other 
fields [34]. Compared with single, bimetallic catalysts or 
medium-entropy alloys, the multi-component adjustability 
of HEAs can provide different desired active sites, endow-
ing them with a new class of catalytic materials across 
various research fields [35, 36]. For instance, HEAs are 
viewed as promising electrocatalytic catalysts [37, 38]. 
Specifically, “the cocktail effect” resulting from multiple 
transition metals dopant can significantly alter the local 
environment of active center, resulting in HEAs with supe-
rior catalytic properties due to interatomic d-band ligand 
effects or crystal lattice strain effects [39]. To date, most 
research on HEAs has focused on their uses as metallic 
structural materials, improving properties such as hardness, 
elastic modulus, shear modulus, tensile strength, radiation 
resistance, and thermal expansion coefficient [40]. How-
ever, studies on HEAs-based LFIA for detecting foodborne 

pathogens and other biomarkers remain scarce. Addition-
ally, HEAs are frequently synthesized through mechanical 
alloying synthesis and fast-moving bed pyrolysis, involv-
ing high temperatures and extended processing times [41], 
which limits their practicality to some extent. Therefore, 
it is necessary to develop a new approach for rapid, simple 
and cost-effective preparation of HEAs and expand their 
application range.

In this work, we present a general one-pot low-temper-
ature reduction-diffusion strategy to synthesize ultrasmall 
AuPtIrRuRh HEAs and integrate them into LFIA for the 
rapid and cost-effective detection of Staphylococcus aureus. 
The HEAs were electrostatically conjugated with anti-S. 
aureus antibodies to create an ultra-sensitive probe with 
high catalytic activity, eliminating the need for cross-linking 
agents. Three forms of LFIA systems were systematically 
developed and compared: LFIA based on AuNPs, LFIA 
using HEAs, and an enhanced HEAs-based LFIA leveraging 
the peroxidase-like activity of HEAs. Conventional AuNPs 
served as a reference to highlight the superior sensitivity of 
HEAs over conventional AuNPs-based LFIA. The HEAs-
mediated LFIA demonstrated high accuracy, improved 
sensitivity, a straightforward design, and rapid detection 
capabilities. This approach establishes a highly promising 
and innovative strategy for the detection of S. aureus, with 
potential adaptability to other pathogens by modifying the 
recognition elements.

Experimental section

Materials and reagents

Trisodium citrate  (C6H5Na3O7),  HAuCl4·3H2O, Tween-
20, tris-(hydroxymethyl) aminomethane (Tris), DNase/
RNase-free water, and Sodium chloride (NaCl) were 
purchased from Sangon Biotechnology Inc. (Shanghai, 
China). The sample, absorption, and backing layers 
were ordered from JieYi (Shanghai, China), and nitro-
cellulose membranes (CN95) were acquired from Sarto-
rius (Gottingen, Germany).  NaPtCl6·6H2O was ordered 
from Sigma-Aldrich (Merck KGaA, Germany), while 
 Na3IrCl6·XH2O was supplied by Damas-beta (Shanghai, 
China).  K3RhCl6 and  K2RuCl5(H2O) were obtained from 
Aladdin (Shanghai, China). The rabbit monoclonal anti-
body (mAb) against S. aureus was received from Bio-
dragon (Suzhou, China), while the polyclonal antibody 
(pAb) against S. aureus and goat anti-rabbit IgG were 
supplied by Bioss (Beijing, China). Sucrose and Potas-
sium carbonate  (K2CO3) were provided by Zhi Yuan Rea-
gent Co, Ltd (Tianjin, China). Bovine albumin (BSA) 
was acquired from Beyotime (Shanghai, China) and 
PBS was purchased from Boerlab (Chongqing, China). 
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The metal enhanced 3,3′-Diaminobenzidine tetrahydro-
chloride (DAB) substrate Kit was supplied by Solarbio 
(Beijing, China). The single-component 3,3′,5,5′-tetra-
methylbenzidine (TMB, > 99%) substrate solution con-
taining  H2O2 was sourced from Beyotime Biotechnology 
(Shanghai, China).  NaBH4 was obtained from Aladdin 
(Shanghai, China).

Apparatus

An HM3035XYZ platform dispenser was used to prepare 
the test and control lines (Shanghai Kinbio Technology. Co., 
Ltd. Shanghai, China). The CTS300 automatic programable 
cutter was purchased from Jinbiao Biotechnology Co., Ltd. 
(Shanghai, China). The color intensity was measured using 
a GIC-H1 portable colloidal gold immunoassay analyzer 
(Suzhou Hemai Precision Instrument Co., Ltd.).

Mass spectrometry analysis was characterized by Micro-
flex LT/SH (Karlsruhe, Germany). Scanning electron 
microscope (SEM) was performed using a Zeiss Gemini 
300 instrument (Zeiss, Gemini). High resolution transmis-
sion electron microscopy (HRTEM) images and Energy-
dispersive spectroscopy (EDS) images were characterized 
by SU8010 Hitachi (Hitachi, Japan). The Microplate Reader 
was used to measure the absorbance change of the reaction 
system (BioTek, USA).

Preparation of gold nanoparticles, high‑entropy 
alloys, and others

Based on existing literature, AuNPs were synthesized 
following a previously established method with slight 
modifications [42]. Initially, a flask was supplied with 16 
mL of a 0.25%  HAuCl4 stock solution followed by adding 
DNase/RNase-free water to achieve a total volume of 200 
mL. The solution was heated to boiling with mechani-
cal stirring. Subsequently, 12 mL of a 1% (w/w) aqueous 
sodium citrate solution was quickly added. After boiling 
continuously for 15 min, during which the solution’s color 
shifted from transparent to deep burgundy-red, heating 
was stopped, and stirring continued for an additional 15 
min. Ultimately, the colloidal solution was adjusted back 
to the initial volume of 200 mL by adding DNase/RNase-
free water, and the colloidal solution was stored at 4 °C 
for subsequent applications.

The AuPtIrRuRh HEAs were synthesized using 
a low-temperature reduction-diffusion strategy. 
The precursor solution was prepared by adding 1% 
 HAuCl4·3H2O,  NaPtCl6·6H2O,  Na3IrCl6·XH2O,  K3RhCl6, 
 K2RuCl5·(H2O) to 40 mL of  H2O. The resulting mix-
ture was sonicated in an ice-water bath for 2 min, fol-
lowed by the addition of 2 mL  NaBH4 (2 mg/mL). The 
mixture was mechanically stirred at 7000 rpm for 5 min, 

resulting in the formation of single-phase HEAs through 
the combined processes of reduction and atomic diffu-
sion. The HEAs solution was stored at 4 °C. Using this 
same method, Au-PtNPs, Au-Pt-IrNPs, Au-Pt-Ir-RuNPs 
were also synthesized. The prepared AuNPs were char-
acterized by scanning electron microscopy (SEM). The 
HEAs were characterized by high-resolution transmis-
sion electron microscopy (HRTEM) and energy-disper-
sive spectroscopy (EDS).

Catalytic activity test

The catalytic activities of AuNPs, Au-PtNPs, Au-Pt-
IrNPs, Au-Pt-Ir-RuNPs, and HEAs were evaluated by 
monitoring color changes in TMB and DAB using a 
Microplate Reader across a wavelength range of 300–800 
nm. For the HEAs colorimetric detection assay, 100 μL of 
TMB or DAB solution was mixed with 100 μL of HEAs 
and incubated for 5 min at 37 °C. Oxidized TMB or DAB 
sediment was yielded by the reaction solution for color 
analysis. The absorbance was measured from 300 to 800 
nm.

Peroxidase‑like activity evaluation

Place 100μL of a solution containing various amounts (from 
1 to 20 µg) of peroxidase nanozyme in 0.2 M NaAc–HAc 
buffer, pH 3.6, into separate tubes. Add 50 µL of TMB solu-
tion (10 mg  mL−1 in DMSO) to each tube and mix thor-
oughly. Incubate the reaction mixture in a thermostatic water 
bath in the dark at a temperature of 37 °C for 5 min. After 
incubation, add  H2O2 to the reaction mixture to achieve a 
final concentration of 1 M, and measure the colorimetric 
response by absorbance at 652 nm every 10 s for up to 400 s 
after  H2O2 addition. The peroxidase-like activity (b, U) was 
calculated by the Eq. (1) [43]:

where  bnanozyme represents the catalytic activity of 
nanozyme expressed in units. One unit is defined as the 
amount of nanozyme that catalytically produces 1 μmol of 
product per min at 37 °C; V is the total volume of reaction 
solution (μL); ε is the molar absorption coefficient of the 
colorimetric substrate, which is typically maximized at 
39,000  M−1  cm−1 at 652 nm for TMB; L is the path length 
of light traveling in the cuvette (cm); A is the absorbance 
after subtraction of the blank value; and ΔA/Δt is the ini-
tial rate of change in absorbance at 652 nm  min−1. Further, 
the specific activity (a, U  mg−1) can be calculated by the 
Eq. (2) [43]:

(1)b =
V

� × L
×
ΔA

Δt
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where  ananozyme is the specific activity expressed in units per 
milligram (U  mg−1) nanozymes, and [m] is the nanozyme 
weight (mg) of each assay.

Steady‑state dynamic parameter measurement

Steady-state kinetic assays were conducted in HAc-NaAc 
buffer (0.1 M, pH 3.6) containing HEAs (35 μg  mL−1) 
and varying concentrations of TMB (0.125 to 0.75 mM), 
with a fixed concentration of  H2O2 (1 M). All reactions 
were monitored by measuring the oxidation of TMB at 
652 nm every 10 s. The catalytic kinetic parameters (Km 
and Vmax) were then determined from Lineweaver–Burk 
plots, which were derived from the double inverse form of 
the Michaelis–Menten Eq. (3) [43]:

where V is the initial velocity,  Vmax is the maximal reaction 
rate, [S] is the concentration of substrate, and Km is the 
Michaelis constant.

Modification of AuNPs and high‑entropy alloys

AuNPs were thoroughly mixed with a  K2CO3 solution, 
and 5 μL of anti-S. aureus IgG was added to reach a final 
concentration of 5 μg/mL. The mixture was shaken on 
a mixer for 60 min, followed by the addition of bovine 
serum albumin (BSA) at a final concentration of 0.1% 
(w/v) as a blocking agent, and then shaken for 30 min at 
room temperature. The mixture was then centrifuged at 
10,000 rpm for 12 min to collect a red pellet of anti-S. 
aureus IgG-modified AuNPs, which was resuspended in 
PB solution (10 mM, pH 7.35) containing 2% sucrose, 
1% BSA, and 0.05% Tween-20, resulting in AuNPs-pAb 
probes for further applications.

To achieve specific lateral flow immunoassay and pre-
cise bacterial recognition, we conjugated anti-S. aureus 
IgG, a rabbit IgG, to the HEAs solution via electrostatic 
interactions. The detailed procedure is as follows: 40 μL 
of BSA (1%, w/v) was added to 1 mL of HEAs solution 
and the mixture was shaken at room temperature for 30 
min. Subsequently,  K2CO3 and 5 μL of polyclonal antibody 
(pAb) (1 mg/mL) were added to the solution with continu-
ous shaking for 1 h. The mixture was then centrifuged at 
8,000 rpm for 15 min and resuspended in PB solution for 
further applications.

(2)ananozyme =
bnanozyme

/

[m]

(3)
1

V
=

Km

V
max

×
1

[S]
+

1

V
max

Fabrication of lateral flow immunoassay strip

The sample pads were immersed in 0.05 M Tris–HCl (pH 
8.0) buffer containing 0.15 M NaCl and 0.25% Tween-20 
(v/v) for 1 h, then dried at 37 °C overnight. The test line 
(T-line) and control line (C-line) were generated by dispens-
ing anti-S. aureus IgG (2.5 mg/mL) and goat anti-rabbit IgG 
(1 mg/mL) onto the NC membrane, respectively. The absor-
bent pads and sample pads were sequentially assembled onto 
a PVC backing plate, with an approximate 2 mm gap from 
the NC membrane. The assembled strips were cut to a width 
of 2.5 mm to complete the construction of the LFIA.

High‑entropy alloys‑based LFIA detection

Five microliters of HEAs-pAb probe was added to the sam-
ple solution containing target bacteria and allowed to react for 
5 min in a phosphate buffer (PB) solution containing NaCl and 
0.04% Tween-20. Then, the reaction solution was introduced 
onto the sample pad of the LFIA. After running for 10 min 
under capillary force, the colorimetric results were recorded. 
Following the addition of a DAB mixed solution to the T-line 
directly, the catalytic signal on the T-line was amplified, and 
the images were captured via a smartphone. Finally, the GIC-
H1 portable colloidal gold immunoassay analyzer was used 
for the quantitative analysis of the gray value on the T-line.

Bacterial strain culture

Standard strains, including S. aureus (ATCC 29213 and 
ATCC 25923) and additional clinical bacterial isolates (P. 
aeruginosa, S. epidermidis, E. coli, and E. faecium) were 
obtained from the Microbiology Laboratory of Guizhou Pro-
vincial People’s Hospital (Guizhou, China). The use of clini-
cal bacterial isolates was approved by the Ethics Committee 
of Guizhou Provincial People’s Hospital (No. [2024]171). 
These strains were cultivated on Columbia blood agar and 
incubated at 35 °C with 5% carbon dioxide for 24 h.

Determination of S. aureus in food samples

In order to explore the applicability of the established 
HEAs-based LIFA sensor in real sample analysis, S. aureus 
was introduced into milk and orange juice samples. Each 
1 mL sample of milk or orange juice was spiked with 9 × 
 108 CFU of S. aureus and mixed well. Then 50 μL of milk or 
orange juice mixture was transferred to the sample pad of the 
LFIA immunosensor and its signal response on the T-line 
was recorded. All tests were performed in quintuplicate.
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Results and discussion

Principle of high‑entropy alloys‑pAb‑mediated LFIA 
for S. aureus detection

The detection principle of the high-entropy alloys 
(HEAs)-pAb-mediated lateral flow immunoassay (LFIA) 
is based on a sandwich-like LFIA model, as illustrated in 
Scheme 1. HEAs were synthesized via a low-temperature 
reduction-diffusion strategy, with the synthesis process 
shown in Scheme 1A. The precursor solution was sub-
jected to sonication in an ice-water bath, followed by the 
addition of a reducing agent. Anti-S. aureus polyclonal 
antibodies (pAb) were then conjugated to the HEAs solu-
tion through electrostatic interactions (Scheme 1B). The 
working principle of the LFIA is outlined in Scheme 1C. 
The test line (T-line) and control line (C-line) were pre-
pared by dispensing anti-S. aureus IgG (2.5 mg/mL) and 
goat anti-rabbit IgG (1 mg/mL) onto the nitrocellulose 

(NC) membrane, respectively. In the presence of S. aureus, 
the pathogen binds to the recognition sites on the HEAs-
pAb probe, resulting in the accumulation of the nanoprobe 
at the T-line and an increase in T-line color intensity cor-
responding to the increasing concentration of S. aureus. 
To further amplify the signal and enhance the detection 
sensitivity, a DAB solution was applied to the test area. 
Due to the strong catalytic activity of the HEAs, the ini-
tial gray band transitioned into a distinct brown band. In 
the absence of S. aureus, the HEAs-pAb probe can be 
captured by goat anti-rabbit IgG (1 mg/mL) when they 
migrate upward along the strip, resulting in coloration of 
the control line (C-line). The C-line remained visible in 
all cases, serving as a functional indicator of the LFIA’s 
reliability. The entire LFIA detection process could be 
visually assessed within 10 min. Quantitative analysis was 
achieved using a GIC-H1 portable colloidal gold immuno-
assay analyzer, allowing for accurate measurement without 
specialized personnel or advanced equipment.

Scheme  1  Schematic representation of the multifunctional HEAs-
based LFIA for S. aureus detection. A  Synthesis process of HEAs 
using a low-temperature reduction-diffusion strategy. B  Preparation 
of antibody-modified HEAs via electrostatic interaction between 

HEAs and anti-S. aureus pAb. C  Mechanism of LFIA detection, 
including the generation of T-line and C-line signals and DAB-based 
signal amplification for enhanced sensitivity
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Characterization of AuNPs and high‑entropy alloys

As shown in Fig. 1A, the colloidal gold solution prepared 
by citrate reduction exhibited a distinct red color. The 
TEM and SEM images of gold nanoparticles displayed 
a well-dispersed spherical structure with an approximate 
diameter of 13 nm in Fig. 1B and Fig. 1C. As seen in 
Fig. 1D, the ultrasmall high-entropy alloys were synthe-
sized using a low-temperature reduction-diffusion strat-
egy, exhibiting an ash-black solution without sediment. 
The morphology of the resulting AuPtIrRuRh HEAs was 
revealed by high-resolution TEM (HRTEM), disclosing a 
distinct elliptical structure as illustrated in Fig. 1E, and the 
size distribution of the HEAs was approximately 5 nm. As 
shown in Fig. 1F, the element maps by energy-dispersive 
X-ray spectroscopy (EDS) suggested that all the elements 
were uniformly distributed in the HEAs. To synthesize 
stable high-entropy alloys via a simple one-pot strategy, 
the preparation temperature was systematically investi-
gated. As displayed in Fig. 1G, no sediment was observed 
in the solution at a preparation temperature of 0 °C, while 
sedimentation occurred at 4 °C and 25 °C. The catalytic 
activities of nanoparticles synthesized at these tempera-
tures were compared (Fig. 1H), and the results demon-
strated that nanoparticles prepared at temperatures of 0°C 
exhibited greater uniformity, a higher concentration of 
generated nanoparticles, and enhanced catalytic activity. 

Thus, 0 °C was determined to be the optimal temperature 
for synthesizing high-entropy alloys in this assay.

Catalytic properties of high‑entropy alloys

Several control experiments were conducted to elucidate the 
catalytic activity of high-entropy alloys in this study. TMB 
and DAB were added to various nanoparticle solutions, 
including AuNPs, Au-PtNPs, Au-Pt-IrNPs, Au-Pt-Ir-RuNPs 
and HEAs. As illustrated in Fig. 2A, after the addition of the 
TMB system, the absorbance and color intensity of HEAs 
(tube e) were significantly greater than those observed in the 
AuNPs (tube a), Au-PtNPs (tube b), Au-Pt-IrNPs (tube c), 
and Au-Pt-Ir-RuNPs (tube d), exhibiting exceptional perox-
idase-mimicking activity. Additionally, as seen in Fig. 2B, 
after the addition of the DAB system, HEAs (tube e) pro-
duced distinct dark brown sediment without an observable 
absorption peak, further confirming the superior catalytic 
activity of HEAs compared to other nanoparticles tested.

To further investigate the catalytic efficiency, apparent 
steady-state kinetic analyses were conducted for AuNPs, 
Au-PtNPs, Au-Pt-IrNPs, Au-Pt-Ir-RuNPs, and HEAs. Sev-
eral key parameters, including the maximum reaction rate 
(Vmax) and the Michaelis–Menten constant (Km), were 
evaluated by constructing Michaelis–Menten equations for 
different TMB concentrations. Figure 3A illustrated the 
reaction-time curves of TMB colorimetric reaction catalyzed 

Fig. 1  Characterization of colloidal gold and high-entropy alloys. 
A  Colloidal gold solution prepared via citrate reduction. B  TEM 
image of colloidal gold nanoparticles. C SEM image of colloidal gold 
nanoparticles. D  High-entropy alloys (HEAs) solution synthesized 
using a low-temperature reduction-diffusion strategy. E High-resolu-

tion TEM (HRTEM) image of HEA. F Elemental mapping results of 
HEAs by energy-dispersive X-ray spectroscopy (EDS). G The effect 
of preparation temperature (0 °C, 4  °C, 25 °C) on HEA stability. 
H Comparison of catalytic activities of HEAs synthesized at different 
temperatures (0 °C, 4 °C, 25 °C)
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by AuNPs, Au-PtNPs, Au-Pt-IrNPs, Au-Pt-Ir-RuNPs and 
HEAs nanozymes over 400 s. As shown in Fig. 3B, the 
magnified initial linear portion of the reaction-time curves 
was analyzed. A length of 60 s was chosen for the initial 
rate period because the R2 coefficients were close to 1 dur-
ing this period after a linear regression analysis. The initial 
reaction rates were measured at different concentrations of 
AuNPs, Au-PtNPs, Au-Pt-IrNPs, Au-Pt-Ir-RuNPs and HEAs 
for  H2O2-TMB reaction. As displayed in Fig. 3C, the spe-
cific activity of HEAs was calculated to be 7.567 U/mg, 
indicating superior enzyme activity compared to the other 

nanoparticles (6.099 U/mg for Au-Pt-Ir-RuNPs, 2.383 U/
mg for Au-Pt-IrNPs, 1.227 U/mg for Au-PtNPs, 1.143 U/
mg for AuNPs). As seen in Fig. 3D, the Km and Vmax of 
the TMB-based peroxidase-mimetic enzyme in HEAs were 
0.066 M and 1.132 ×  10–6 M  min−1, respectively. Compared 
to the catalytic kinetic performance of AuNPs (Km: 0.062 
M, Vmax: 3.511 ×  10–6 M  min−1), Au-PtNPs (Km: 0.186 M, 
Vmax: 1.223 ×  10–6 M  min−1), Au-Pt-IrNPs (Km: 0.205 M, 
Vmax: 1.671 ×  10–6 M  min−1), Au-Pt-Ir-RuNPs (Km: 0.111 
M, Vmax: 1.199 ×  10–6 M  min−1), respectively, HEAs exhib-
ited high catalytic activity (Fig. S7). These results indicated 

Fig. 2  Comparison of the catalytic activity of various nanoparticles 
using TMB and DAB substrates. A  Catalytic activity comparison 
using the TMB substrate, demonstrating the superior catalytic per-
formance of HEAs (tube e) compared to AuNPs (tube a), Au-PtNPs 
(tube b), Au-Pt-IrNPs (tube c), and Au-Pt-Ir-RuNPs (tube d). B Cata-

lytic activity comparison using the DAB substrate, where HEAs (tube 
e) exhibited a distinct dark brown sediment, further highlighting their 
superior catalytic activity over AuNPs (tube a), Au-PtNPs (tube b), 
Au-Pt-IrNPs (tube c), and Au-Pt-Ir-RuNPs (tube d)

Fig. 3  A Reaction-time curves 
of the TMB colorimetric 
reaction catalyzed by AuNPs, 
Au-PtNPs, Au-Pt-IrNPs, 
Au-Pt-Ir-RuNPs and HEAs 
in 400 s. B Magnified initial 
linear portion of the nanozyme 
reaction-time curves. C Specific 
activity of AuNPs, Au-PtNPs, 
Au-Pt-IrNPs, Au-Pt-Ir-RuNPs 
and HEAs. D Enzymatic kinet-
ics fitting curve and double-
reciprocal fitting curve of HEAs 
for TMB
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that HEAs hold significant potential as a high-performance 
label for signal amplification on the LFIA platform.

Feasibility of LFIA based on high‑entropy alloys 
for S. aureus detection

To verify the conjugation of nanoparticles with pAbs, the 
stability of nanoparticle before and after functionalization 
was evaluated by monitoring color changes in a salt solu-
tion (Fig. 4). And the corresponding changes of UV–Vis 
spectroscopy were recorded by using a microplate reader. 
In the assay, 200 μL of AuNPs and HEAs solution was 

mixed with different concentrations of NaCl solution. As 
illustrated in Fig. 4A, when the gold nanoparticles were 
not conjugated to antibodies, the addition of salt (40 
mmol/L in tube b, 80 mmol/L in tube c, and 120 mmol/L 
in tube d) caused the color transition of nanoparticles 
solution from red to blue, accompanied by a decrease in 
absorbance. In contrast, the gold nanoparticles conjugated 
with antibodies have no changes in the solution’s color 
and absorbance after adding salt solutions. Furthermore, 
the AuNPs-pAb conjugates can be captured by goat anti-
rabbit IgG (1 mg/mL) when they migrate upward along the 
strip, resulting in a red line on the strip (f’) as illustrated in 

Fig. 4  Verify the conjugation of gold nanoparticles and HEAs with 
pAb’s. A Changes in the color and absorbance of colloidal gold solu-
tions. B  Changes in the solution color and absorbance of colloidal 
gold conjugated with pAb’s and the capture situation of the func-
tionized nanoparicles on the test strip. C  Changes in the color and 
absorbance of high-entropy alloys solutions. D Changes in the solu-
tion color and absorbance of high-entropy alloys conjugated with 
pAb’s, and the capture situation of the functionized nanoparicles on 
the test strip. (a and a’:0 mmol/L, b and b’:40 mmol/L, c and c’:80 

mmol/L, d and d’:120 mmol/L, f’:Au-pAb probe and HEAs-pAb 
probe were captured by goat anti-rabbit IgG on the test strip). Feasi-
bility of the HEAs-pAb probe for detecting various bacteria verified 
by visual observation and corresponding catalytic signals. E Catalytic 
signals of DAB substrate, showing rapid and strong signal develop-
ment. F Catalytic signals of TMB substrate, with slightly slower and 
weaker signal development (a: Blank; b: S. aureus ATCC 29213; c: S. 
aureus ATCC 25923; d: Clinical bacterial isolate-1; e: Clinical bacte-
rial isolate-2)
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Fig. 4B. These results confirmed the successful conjuga-
tion of gold nanoparticles with antibodies. Similarly, the 
stability of HEAs before and after conjugation with pAb’s 
was tested. Althogh the absorbance of the HEAs solution 
has negligible chang after the addition of salt in Fig. 4C, 
precipitation can be significantly observed. After the addi-
tion of salt solution, the HEAs-pAb conjugates are still 
stable and generate little precipitation in Fig. 4D. And the 
HEAs-pAb probes can be immobilized by goat anti-rabbit 
IgG as they migrated upward along the strip, resulting in a 
black line on the strip (f’). These results further indicated 
the successful conjugation of HEAs with antibodies.

To evaluate the feasibility of the HEAs-pAb probe-
based lateral flow test strips, a comparative assay was 
performed using standard bacterial strains and clinical 
isolates. Figure 4E and F illustrated the effectiveness of 
LFIA employing high-entropy alloys for S. aureus detec-
tion, along with catalytic responses using DAB and TMB. 
Under the DAB system, color development occurred 
within approximately 1 min, while TMB required about 
5 min. Furthermore, the DAB system generated a stronger 
signal than TMB, leading to the selection of DAB as the 
substrate for subsequent test strip experiments.

Experimental optimization of LFIA based on AuNPs 
and high‑entropy alloys

To develop rapid and accurate LFIA sensors, parameters 
related to detection conditions were systematically opti-
mized, including the volume of  K2CO3, the concentration 
of NaCl, and the incubation time of HEAs-pAb or AuNPs-
pAb probes with bacteria. Optimal testing conditions were 
identified when the colorimetric intensity of both the C-line 
and T-line reached stability. All parameters were optimized 
using S. aureus ATCC 29213 as a model bacteria. The vol-
ume of K₂CO₃ was first optimized, as it directly affected the 
coupling efficiency of HEAs or AuNPs with anti-S. aureus 
IgG, influencing key parameters within the LFIA system. 
As illustrated in Fig. 5A and Fig. 5B, the signal intensity of 
AuNPs or HEAs increased as the volume of  K2CO3 ranged 
from 0 to 20 μL, but decreased at 25 μL. This reduction in 
intensity was likely due to excess  K2CO3 inhibiting the bind-
ing between anti-S. aureus antibodies and AuNPs or HEAs. 
Consequently, a  K2CO3 volume of 20 μL was selected for 
further experiments. Moreover, NaCl concentration, critical 
for HEAs-pAb probe and S. aureus binding, was then opti-
mized. As depicted in Fig. 5C and Fig. 5D, the signal inten-
sity peaked at 80 mmol/L, then declined beyond this point. 

Fig. 5  Optimization of experi-
mental parameters. A Volume 
of  K2CO3 required for conjugat-
ing AuNPs with anti-S. aureus 
IgG. B Volume of  K2CO3 
required for conjugating HEAs 
with anti-S. aureus IgG. C NaCl 
concentration required for opti-
mal binding between AuNPs-
pAb probes and bacteria. 
D NaCl concentration required 
for optimal binding between 
HEAs-pAb probes and bacterial 
IgG. E Incubation time required 
for AuNPs-pAb probes and 
bacterial binding. F Incubation 
time required for HEAs-pAb 
probes and bacterial IgG
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This decrease may result from excessive salt concentration 
compromising the integrity of S. aureus, and weakening 
HEAs-pAb probe and S. aureus binding. Thus, 80 mmol/L 
of NaCl was adopted for subsequent experiments. Finally, 
the incubation time of AuNPs-pAb or HEAs-pAb and S. 
aureus was evaluated. Figure 5E and F indicated that the 
optimal incubation time was 20 min for AuNPs-pAb, while 
HEAs-pAb required only 5 min to achieve distinct signal 
intensity. Accordingly, incubation times of 20 min and 5 min 
were selected for these subsequent experiments.

Sensitivity of LFIA based on AuNPs 
and high‑entropy alloys

To evaluate the sensitivity of AuNPs- and high-entropy 
alloys (HEAs)-based LFIA for S. aureus detection, stand-
ard S. aureus suspensions were tested under optimized 
conditions. Standard S. aureus suspensions with concen-
trations ranging from 1.5 ×  105 to 15 × 10⁸ CFU/mL for 
AuNPs-based LFIA and from 1.5 ×  101 to 9 × 10⁸ CFU/mL 
for HEAs-based LFIA in PB solution were tested. The PB 
solution served as the negative control. To minimize false-
positive results, the cutoff value was set at 99.9 without DAB 
and 254.5 with DAB (Mean + 3SD). As shown in Fig. 6A, 

no color was observed on the T-line for negative samples, 
with T-line signal intensities near zero. For positive sam-
ples, T-line color intensity progressively increased with ris-
ing S. aureus concentrations. As illustrated in Fig. 6D, the 
red band intensity on the T-line was directly proportional 
to the logarithm of S. aureus concentration, described by 
y = −788.36 + 176.37 lgx (R2 = 0.977), where x represents 
the concentration of S. aureus and y represents the intensity 
of the test line. Based on visual assessment, the detection 
limit for AuNPs-LFIA was approximately 1.5 × 10⁶ CFU/
mL (Fig. 6A). The intensities for HEAs-LFIA also showed 
strong linear correlations with the logarithm of S. aureus 
concentration, represented as y = 120.48 + 40.95 lgx (R2 = 
0.988, Fig. 6F) and y = −816.5 + 159.8 lgx  (R2 = 0.977, 
Fig. 6E). Additionally, the colorimetric signal generated by 
catalysis displayed a linear relationship with the logarithm of 
S. aureus concentration, expressed as y = 395.63 + 68.06 lgx 
(R2 = 0.953, Fig. 6H) and y = 3.94 + 107.34 lgx (R2 = 0.993, 
Fig. 6G). The detection limits for HEAs-LFIA and DAB-
enhanced HEAs-LFIA were approximately 1.5 ×  103 CFU/
mL (Fig. 6B) and 15 CFU/mL (Fig. 6C), respectively. These 
results demonstrated significant potential for field assays 
and rapid screening without the need for additional instru-
mentation. This makes the HEAs-LFIA, particularly the 

Fig. 6  Investigation of sensitivity. A  AuNPs-LFIA strip results at 
various concentrations of S. aureus and corresponding color inten-
sity, (a: 15 ×  108 CFU/mL; b: 1.5 ×  108 CFU/mL; c: 1.5 ×  107 CFU/
mL; d: 1.5 ×  106  CFU/mL; e: 1.5 ×  105  CFU/mL; f: Blank). B and 
C HEAs-LFIA strip at different S. aureus concentrations with corre-
sponding color intensity and catalytic signals, (a: 9 ×  108  CFU/mL; 

b:3 ×  108  CFU/mL; c: 1.5 ×  108  CFU/mL; d: 1.5 ×  107  CFU/mL; 
e: 1.5 ×  106  CFU/mL; f: 1.5 ×  105  CFU/mL; g: 1.5 ×  104  CFU/mL; 
h: 1.5 ×  103  CFU/mL; i: 1.5 ×  102  CFU/mL; j: 1.5 ×  101  CFU/mL; 
k: Blank). D  Calibration curves of T-line intensity versus the loga-
rithm of S. aureus concentration. E Standard curves prior to catalysis. 
F Standard curves post-catalysis
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DAB-enhanced test, a promising tool for highly sensitive 
and portable detection of S. aureus.

Specificity and stability of LFIA based 
on high‑entropy alloys

The specificity of the HEAs-LFIA was evaluated by test-
ing it against several potential interfering organisms, 
including S. epidermidis, E. coli, P. aeruginosa, E. fae-
cium (Fig. S1 and Fig. S2). As shown in Fig. 7A, only 
S. aureus produced a signal response in the HEAs-LFIA 
and DAB-enhanced HEAs-LFIA, while other bacteria 
were virtually undetectable. These findings confirmed the 
excellent specificity of HEAs-LFIA. Storage stability, an 
essential factor for LFIA test strips, was also evaluated. 
The test strips were stored in a desiccator at room tem-
perature, and the strips were tested again four weeks later. 
As illustrated in Fig. 7B, the strips maintained a clear and 
consistent response to the target bacteria, with no signifi-
cant changes in the T-line signal intensity. These results 
demonstrated that the test strips exhibited good stability 
under general storage conditions.

Detection of S. aureus in food samples using 
HEAs‑based LFIA

To evaluate the practical applicability of the proposed 
HEAs-based LFIA test strips, they were applied for rapid 
bacterial detection in milk and orange juice samples 
(Fig. S3). Pretreated sample solutions were mixed with 
labeled probes and analyzed using the test strips. Quan-
titative assessments were performed using the previously 
established linear working curves. As summarized in 
Table 1, no S. aureus was detected in the selected milk and 
orange juice samples. To investigate the repeatability in 
food samples, five identical probe-HEAs nanozymes were 
prepared and measured individually in separate solutions 
containing 9 × 10⁸ CFU/mL of the target bacteria [44, 45]. 

The study demonstrated satisfactory repeatability, with a 
low relative standard deviation (RSD) in milk (8.1%, n = 
5) and orange juice (7.3%, n = 5). No significant change 
was observed,  tcalculated = 2.57 <  tcritical,4 = 2.78 and 
 tcalculated = 2.02 <  tcritical,4 = 2.78, with a desirable recovery 
of 102.2% and 118.0%, respectively. Additionally, interday 
variability (over 5 days, Table S2) and intraday variability 
(five measurements within a single day, Table S1) were 
assessed by recording the signal response of the probe-
HEAs nanozymes in the presence of target bacteria at a 
concentration of 1.5 ×  106 CFU/mL [46, 47]. The observed 
|t| values for intraday and interday measurements (0.781 
and 1.195, respectively) were both lower than the critical 
value at P = 0.05 (|t|Critical,4 = 2.78), confirming that there 
was no evidence of systematic error.

We also summarized the recently published results for 
various pathogen detection by different LFIAs (Table 2). The 
comparison results revealed that the assay performance of 
the HEAs-based LFIA could match or exceed those previ-
ously reported LFIAs for pathogen detection. These results 
demonstrate that the proposed HEAs-based LFIA exhibits 
strong tolerance to matrix interference and high quantitative 
precision. The findings confirm that the HEAs-based LFIA 
test strips offer substantial potential for on-site, accurate, 
and rapid bacterial detection in food samples, making them 
suitable for practical applications in food safety monitoring.

Fig. 7  A Specificity evaluation 
of HEAs-LFIA against various 
interfering bacterial strains, 
(a: Blank; b: S. aureus ATCC 
29213; c: S. epidermidis; d: 
P. aeruginosa; e: E. coli; f: E. 
faecium). B Stability assess-
ment of HEAs-based LFIA test 
strips after 4 weeks of storage 
under standard conditions. Error 
bars indicate ± SD from five 
independent measurements

Table 1  Real sample assay for S. aureus detection using HEAs-based 
LFIA test strips (n = 5)

Sample S. aureus concentration (×  108 CFU/mL)

Measured Spiked Measured RSD (%) Recovery 
(%)

Milk undetect-
able

9.0 9.20 8.1 102.2

Orange 
juice

undetect-
able

9.0 10.62 7.3 118.0
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Conclusion

In conclusion, we successfully synthesized the ultrasmall 
high-entropy alloys via a low-temperature reduction-dif-
fusion strategy and integrated them into the LFIA for the 
sensitive detection and specific discrimination of Staphylo-
coccus aureuss. Compared to the catalytic kinetic perfor-
mance of AuNPs, Au-PtNPs, Au-Pt-IrNPs, Au-Pt-Ir-RuNPs, 
HEAs exhibited high catalytic activity. These results indi-
cated that HEAs hold significant potential as a high-perfor-
mance label for signal amplification on the LFIA platform. 
The LoD for S. aureus reached 1.5 ×  103 and 15 CFU/mL 
with HEAs-LFIA and DAB-enhanced HEAs-LFIA, which 
exceeded those of conventional AuNPs-based LFIA by 
 103- and  105-fold. Moreover, the recoveries of S. aureus 
in milk and orange juice were 102.2% and 118.0%, dem-
onstrating good applicability for real sample analysis. This 
work underscores the potential of HEAs-based LFIA as a 
versatile and robust platform for the on-site detection of S. 
aureus and other foodborne pathogens, offering a promising 
new technological approach for food safety monitoring and 
pathogen detection in practical applications.
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