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ABSTRACT 

We prepared a biocompatible AuAg nanocages/graphdiyne@ polyethylene glycol 

(AuAg/GDY@PEG) composite. The combination of AuAg and GDY to obtain a 

synergistically enhanced photothermal effect, and the antibacterial effect of GDY and 

AuAg are used in combined anti-infective therapy. The in vitro antibacterial activity of 

AuAg/GDY@PEG was investigated, showing an impressive broad-spectrum 

antibacterial activity with the killing rate > 99.999%. Based on the photothermal 

conversion ability of AuAg/GDY@PEG, a simple photothermal immunoassay for 

pathogenic bacteria was successfully established. Sandwich immune response was 

performed on a microporous plate, the microplate containing the antibody binds 

specifically to the bacterium being tested, which then binds to the material with the 

antibody on its surface, and the signal was a change in temperature under 808 nm near-

infrared light. The limit of detection (LOD) for S. typhimurium detection is 103

CFU·mL-1, with a range of 103–107 CFU·mL-1. This method is accurate, rapid and low-

cost, which can be used for on-site detection of pathogenic bacteria in food. 
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li2106
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  
The final published version (version of record) is available online at DOI:10.1016/j.jcis.2022.01.046. Please refer to any applicable publisher terms of use.




1. Introduction

Infectious diseases caused by either bacterial infections or microbial contamination 

food significantly threaten public health and have been considered as one of the greatest 

global issues [1, 2]. In recent years, a variety of antibiotics have been discovered and 

play a very important role in the treatment of bacterial infections. Due to the abuse of 

antibiotics, a large number of drug-resistant strains continue to emerge, causing 

significant threats on human health [3-5]. If the reproduction and transfer of bacteria 

can be detected at a low level, and they can be effectively eliminated in time, they can 

be effectively inhibited. As a result, researchers around the world are working to 

develop new antimicrobial method [6, 7] and detection method [8-10] to effectively 

combat drug-resistant bacterial infection. 

Photothermal therapy (PTT) and photodynamic therapy (PDT) have become a 

promising anti-infection therapy because of the advantages of low toxicity, good 

selectivity and good repeatability [11]. The therapeutic effect of PDT is affected by 

oxygen content, and the short life span of reactive oxygen species also limits its 

effectiveness [12]. PTT has a deep therapeutic range due to the use of long wavelength 

and deep penetration range of near-infrared light, and photothermal agent does not need 

oxygen to play a role, so it may be an ideal anti-infection treatment method [13]. 

Photothermal effect has been widely studied and applied in antibacterial [14, 15] and 

cancer therapy [16, 17] because of the excellent photothermal conversion property of 

photothermal materials, involving in gold-based materials [11, 18], carbon-based 

materials [19, 20], and organic molecule dyes [21]. Recently, new applications of 

photothermal materials have been explored, in which photothermal biosensing emerged 

as a novel and attractive method in the quantitative detection of pathogenic bacteria and 

biomolecules [22, 23]. This method provides a simple, low-cost, and rapid, in which no 



costly analytical instrument or specialized person is needed.  

Near-infrared (NIR) laser inducing hyperthermia is generally the perfect choice due 

to the excellent tissue penetration capability. Graphdiyne (GDY) is a new carbon 

allotrope consisted of benzene rings and butadiyne linkages [24, 25], attractive 

structural and electronic properties make it a potential material for many applications 

[26], it is widely used in electrochemical energy [27-29], biomedicine [30], sensing [31] 

and catalysis [32, 33]. Studies have shown that GDY has a wide range of absorption 

from visible light to NIR light, and has a good photothermal conversion ability, and has 

a wide range of potential applications in photothermal therapy [30, 34, 35]. In addition, 

GDY is an excellent antimicrobial material [36-38]. The synergistic mechanism of 

bacterial membrane encapsulation, insertion, destruction and oxidative stress are may 

the source of the antimicrobial activity of GDY. The localized surface plasmon 

resonance (LSPR) of gold-silver nanocages (AuAg) can be adjusted in the NIR range 

by controlling the thickness of the gold shell [39]. The absorption of the gold cage in 

the near infrared region can be used to convert light into heat energy for photothermal 

treatment, have high efficiency of photothermal conversion. AuAg with hollow interior 

and porous walls have the advantage of easy surface functionalization and have been 

widely used in drug delivery [40], imaging [41], PTT [42] applications. AuAg have also 

been exploited as antimicrobial agents [11]. Silver nanoparticles are higher cytotoxic to 

microorganisms [43]. Therefore, silver-based compounds have been extensively 

studied in biomedical antibacterial research. 

In this study, we combine AuAg, which has a NIR tunable LSPR peak, with GDY, 

which has extensive absorption from the visible to NIR range, enhanced photothermal 

performance is obtained. The LSPR peak of AuAg was shifted to about 800 nm to 

enhance the absorption of the material at 800 nm near infrared band. We investigated 



the broad-spectrum antimicrobial activity of AuAg/GDY@PEG against S. aureus and 

E. coli, bacterial killing rate > 99.999%. The combination of AuAg and GDY to obtain 

a synergistically enhanced photothermal effect and the antibacterial effect of GDY are 

used in combined anti-infective therapy. A simple and convenient method was 

developed for the sensitive, rapid and accuracy detection of S. typhimurium based on 

the photothermal effect of AuAg/GDY@PEG，as shown in the Scheme.1. The excellent 

photothermal effect of AuAg/GDY@PEG was used to improve the detection sensitivity. 

<Scheme 1> 

2. Experimental 

2.1 Synthesis of AuAg/GDY@PEG 

The synthesis of GDY, Ag nanocubes and AuAg nanocages are shown in Supporting 

Information. The GDY (10 mg) was dispersed in 10 mL of water and mixed with 10 

mg of polyethylene glycol (PEG, MW =6000) under sonication for 1 h. After sonication, 

excess PEG molecules were removed by centrifugation at 9000 rpm and washed with 

water for three times. The resulted AuAg/GDY@PEG was re-suspended in pure water 

to form GDY@PEG aqueous solution. The obtained AuAg and GDY@PEG solutions 

were added into the bottle according to the mass ratio of 1:1, stirred for 12 h and 

centrifuged (5000 rpm, 3 min) to remove the unloaded AuAg. The resulting precipitates 

were dispersed in distilled water. 

2.2 Photothermal performance of AuAg/GDY@PEG 

The photothermal properties of the materials were evaluated by heating curve and 

infrared thermal imaging. The AuAg/GDY@PEG, AuAg/GDY, AuAg+GDY(only 

physical mixing), AuAg and GDY solutions with equivalent concentration (AuAg or 

GDY) were irradiated under NIR (808 nm, 0.9 W cm-2) for10 min. The water as the 

control group. Different concentrations (10, 20, 40, 80, 100 μg mL-1) of 

AuAg/GDY@PEG were irradiated under NIR (808 nm, 0.9 W cm-2) for 10 min. 80 μg 



mL-1 of AuAg/GDY@PEG were irradiated under NIR (808 nm) with different powers 

(0.3, 0.4, 0.5, 0.7, and 0.9 W cm-2) for 10 min. All above the temperature was recorded 

every 30 s, infrared thermal images were recorded by an infrared camera. 

2.3 Bacterial cell culture 

Staphylococcus aureus (ATCC 6538) and Escherichia coli (ATCC 25922) were 

purchased from the general microbiological culture collection center (CGMCC). The 

bacteria were cultured in LB medium overnight, in a shaker at 37 ° C at 200 rpm, then 

transferred to LB agar plates. In each experiment, a single colony of S. aureus or E. coli

was taken from LB agar plate and cultured in LB medium at 200 rpm at 37℃ for 12 h. 

After that, the culture was centrifuged at 4000 rpm for 5 min to pellet cells. The cells 

were rinsed with PBS three times to remove residual macromolecules and other growth 

medium components. The concentration of bacteria was measured by the absorbance at 

600 nm (OD600) via a UV-vis spectrophotometer (UV-1800, Shimadzu, Japan). 

2.4 Bacterial colony counting assay 

AuAg/GDY@PEG (40 μg mL-1) was mixed with bacterial suspension (1 × 107 CFU 

mL-1) in 2 mL sterile water in a sterile culture tube, the mixture of bacteria and 

AuAg/GDY@PEG were irradiated under NIR (808 nm, 0.9 W cm-2) for 10 min and 

stirred 2 h at 37 oC. Then, diluents of bacterial suspensions (1, 10-2, 10-4, 10-6) were 

prepared and 100 µL of each diluent was applied to LB agar. Incubated at 37℃ for 24h 

to form colonies, and then count colonies. The bacteria treated with AuAg/GDY@PEG, 

NIR irradiation, and ultrapure water were prepared as control groups. 

Minimum inhibitory concentration (IC50) determination, investigation of 

AuAg/GDY@PEG bacteria interaction via electron microscope imaging, and 

hemolysis assay are shown in Supporting Information.  

2.5 Preparation of the immune-AuAg/GDY@PEG complexes. 

0.5 mL of 100 μg·mL-1 anti-S. typhimurium antibodies was mixed with 1 mL of 

1mg·mL-1 AuAg/GDY@PEG solution. Reaction was carried out at room temperature 

on a shaker for 2 h, then 3 mL 2% bovine serum albumin (w/v) was added to the mixture. 

Then the mixture was incubated on a shaker for 2 h at room temperature to block the 

residual surface of the AuAg/GDY@PEG, and store at 4 oC. 



2.6 Immunoreaction protocol and photothermal measurement 

Anti-S. typhimurium antibodies-coated 96-well microtiter plate were prepared by 

adding 100 μL of anti-S. typhimurium antibodies (10 μg mL-1) in 50 mM sodium 

carbonate buffer (pH=9.6) to a polystyrene 96-well microtiter plate and coated 

overnight at 4 oC. Then rinsed with 10 mM PBS (containing 0.05% Tween 20, pH 7.4) 

to remove unbounded antibodies. Then 10 mM PBS (containing 1.0wt % BSA, pH 7.4) 

were added and reacted at 37℃ for 60 min. Then rinsed with 10 mM PBS (containing 

0.05% Tween 20, pH 7.4). 50 μL of different concentrations of S. typhimurium or E. 

coli or S. aureus standard to the microporous plate and shaked at room temperature for 

30 min. After washing with PBS, 100 μL of AuAg/GDY@PEG (2 mg mL-1) was added 

into the plate and incubated for 30 min. Then washed with 10 mM PBS, 100μL of PBS 

(10 mM, pH 7.4) was added to each well and irradiated for 10 min under NIR (808 nm, 

0.9W cm-2), after irradiation, the temperature of the solution was measured with an 

electronic thermometer. 

3. Results and discussion 

3.1 synthesis and characterization of AuAg/GDY@PEG 

<Fig.1> 

It was used Ag nanocubes as template which was reported by Xia’s [39], after Ag 

nanocubes reacted with a certain amount of HAuCl4 solution, AuAg with hollow 

interiors and porous walls were produced. The asprepared Ag nanocubes have uniform 

sizes of 59±5 nm (Fig. S1). Fig. 1a and Fig.S2 clearly showed that high-quality hollow 

porous AuAg with thin wall were successfully prepared, the high contrast between the 

core and the shell implies a hollow structure. The AuAg nanocages have uniform sizes 

of 65±5 nm. HRTEM images of AuAg (Fig. 1b) reveal crystal planes with lattice 

spacing of 0.210 nm, which correspond well to the characteristic (200) planes of Au. 

As shown in the Fig. 1c, AuAg is uniformly loaded on GDY, which proves the 

successful preparation of AuAg/GDY@PEG. The STEM elemental mapping (Fig. 1d 



and Fig. S3) shows four elements involving Au, Ag, C, and N in N-GDQDs/AuAg NCs. 

The more crystalline and phase information could be identified by powder X-ray 

diffraction (XRD) patterns. Fig. 1e included the XRD patterns of pure Ag nanocubes, 

AuAg. Due to the similar lattice constants between Au and Ag, Ag nanocubes, AuAg 

and AuAg/GDY@PEG have almost the same pattern. The diffraction peaks of 

AuAg/GDY@PEG are (111), (200), (220), (311) and (222), which are the same as those 

of AuAg and Ag nanocubes. The UV-vis spectra in Fig. 1f show the transformation of 

Ag nanocubes into AuAg was also accompanied by the red shift of the longitudinal SPR 

peak from blue to the NIR region. AuAg and AuAg/GDY@PEG show the strong 

absorption in the range of 300-1200 nm and the SPR peaks around 808 nm. The 

chemical structure of AuAg/GDY@PEG was analyzed by Raman spectroscopy. As 

shown in Fig. 1g, two prominent peaks at 1395 and 1593 cm-1 stand for the D and G 

bands of GDY, two weak peaks at 1945 and 2155 cm-1 were attributed to the vibration 

of conjugated diyne. The surface composition and elemental state of AuAg/GDY@PEG 

were studied by X-ray photoelectron spectroscopy (XPS) (Fig. 1h). The two peaks of 

83.2 and 86.8 eV were correspond to the Au 4f7/2 and 4f5/2 spin-orbit peaks and the 

doublets of 367.3 and 373.3 eV were index to Ag 3d5/2 and 3d3/2 spin–orbit peaks (Fig. 

1g and k), respectively. The characteristic peaks of C=C (283.9 eV), C≡C (285.2 eV), 

C-O (287.4 eV), and C=O (288.2 eV) in the high-resolution C 1s spectra of GDY (Fig. 

1i).  

<Fig.2> 

3.2 Photothermal property of AuAg/GDY@PEG 

The photothermal property of this therapeutic system was checked under the 

irradiation of an 808 nm NIR (0.9 W cm-2, 10 min). As shown in Fig. 2a and b, the 

temperature of AuAg/GDY@PEG gradually rose with the irradiation time, whereas the 



temperature of water hardly increased under the same condition. The temperatures of 

the AuAg/GDY@PEG, AuAg/GDY, AuAg+GDY, AuAg and GDY increase by 45.6, 

43, 40, 38.6 and 17.8 oC under 808 nm NIR light irradiation after 10 min, this indicates 

that AuAg/GDY@PEG has good photothermal conversion ability, and enhanced 

photothermal effect is obtained through the combination of AuAg and GDY. The 

modification of PEG enhanced the biocompatibility of the material, and also improved 

the dispersion of the material, and further improved the photothermal conversion ability 

of the AuAg/GDY. The temperature change of AuAg/GDY@PEG can be better 

visualized by real-time thermal imaging photos in Fig. 2f. The nanomaterials we 

prepared can be heated up rapidly to more than 60 oC during NIR irradiation, which 

was enough to kill bacterial. Besides, the photothermal conversion capability was 

dependent on NIR irradiation power and sample concentration. The temperature of the 

AuAg/GDY@PEG solution increased with the enhanced NIR irradiation power (Fig. 

S4). After 10 min, the temperatures of the AuAg/GDY@PEG increase by 6.7, 13.6, 

20.5, 30.6, and 45.6 oC with the powers of 0.3, 0.4, 0.5, 0.7, and 0.9 W cm-2, respectively. 

As the concentration increased from 10 to 100 μg mL-1(Fig. 2c), the temperatures of 

the above samples were increase by 16.1, 22, 34.6, 45.6, and 49.4 oC, respectively. In 

order to measure the performance of photothermal property quantitatively, the 

photothermal conversion efficiency of the AuAg/GDY@PEG solution was calculated, 

and the value was 47.7%, which is higher than the AuAg (η = 36.9%) and GDY (η = 

22.5%) (Fig. 2d and S5). The photostability of AuAg/GDY@PEG was further 

investigated by performing six cycles of laser on/off with NIR irradiation (808 nm, 0.9 

W cm-2) (Fig. 2e). Compared to the temperature change after the first NIR irradiation, 

negligible fluctuation of the temperature elevation of sample solution was observed for 

next four additional cycles which shows that it has good stability and excellent 



photothermal conversion ability. The high NIR absorbance and strong photothermal 

performances of AuAg/GDY@PEG make them superior as an encouraging 

photothermal agent. 

<Fig.3> 

3.3 Elimination of bacterial by photothermal effect of AuAg/GDY@PEG 

The antibacterial activity of AuAg/GDY@PEG against Gram-positive S. aureus and 

Gram-negative E. coli was investigated under conditions with or without 808 nm NIR 

irradiation. The antibacterial effect of GDY alone on bacterial activity is greater than 

that of AuAg (Fig. S6 and S7). When bacteria come into contact with GDY, physical 

adsorption may lead to wrapping of bacterial membranes. The sharp edges of GDY 

nanosheets can insert into the bacterial membranes and cause the leakage of 

intracellular matrix. Concurrently, GDY can induce ROS chemically that interferes with 

specific microbial processes [36]. The activity of AuAg is associated with the release 

of Ag+ and the interaction between the high-energy surface of AuAg and the bacterial 

surface [44, 45]. In the absence of NIR light, the antibacterial action of GDY plays a 

major role. The decrease degree of bacterial activity in the GDY+NIR system is less 

than that in AuAg+NIR system under infrared irradiation. Since the temperature rise of 

GDY under NIR irradiation is limited, the increase of its antibacterial activity is low. 

The combination of AuAg+NIR can produce a large amount of heat to eradicate bacteria. 

Thus, the heat generated by AuAg under NIR irradiation has a dominant impact. 

AuAg/GDY@PEG treatment without laser irradiation caused obvious reduction in 

bacterial viability, while bacteria treated with NIR alone showed almost unchanged in 

bacterial viability (Fig. 3a, b, c and d). We attributed this to the antibacterial activity of 

AuAg/GDY@PEG may be contributed to a synergistic mechanism of wrapping, 

insertion, disruption, and oxidative stress on bacterial membrane by GDY, Remarkably, 



808 nm NIR irradiation further strengthened th interaction between the high-energy 

surface of AuAg and the bacterial surface and release of Ag+. e bactericidal effect of 

AuAg/GDY@PEG, no bacteria could be even found when AuAg/GDY@PEG 

concentration was higher than 40 µg mL-1. AuAg/GDY@PEG exhibits an approximate 

effect on S. aureus and E. coli AuAg/GDY@PEG against S. aureus and E. coli bacterial 

killing rate > 99.999%. Under NIR, AuAg/GDY@PEG can be quickly released a large 

amount of heat, which was enough to further kill bacteria. Additionally, the half-

maximum inhibitory concentrations (IC50) of the AuAg/GDY@PEG determined as 

32.68 μg mL-1 and 27.08 μg mL-1 for S. aureus and E. coli (Fig. S8). To explore the 

morphological change of bacteria, SEM analysis was performed after different 

treatments (Fig. 3e and f). It was clearly observed that a large portion of S. aureus and 

E. coli were bound to the nanosheets and the nanosheet was combined with the hollow 

nanocage, indicating the strong interactions between bacteria and nanosheets. 

AuAg/GDY@PEG was attached to the surface of the bacteria, and the bacteria had 

obvious deformation and the cell membrane became rough, indicating that 

AuAg/GDY@PEG+NIR caused bacterial damage. The biocompatibility was evaluated 

by hemolysis test and MTT assay (Fig. S9 and S10), compared with the 2% Triton X-

100 positive group, there was no obvious hemolysis phenomenon even when the 

material concentration reached 100 μg mL-1. After treatment with AuAg/GDY@PEG 

at a concentration of 100 µg ml-1 for 24 or 48h, the cell viability remained above 85%, 

showing no obvious cytotoxicity, indicating that AuAg/GDY@PEG had good 

biocompatibility.  

<Fig.4> 



3.4 AuAg/GDY@PEG-based photothermal immunoassay for S. typhimurium

detection 

S. typhimurium is one of the major pathogens that cause acute gastroenteritis and 

food poisoning [46]. Therefore, it is very important to detect trace S. typhimurium. 

AuAg/GDY@PEG-based photothermal immunoassay was employed for the 

determination of S. typhimurium standards with different concentrations on the anti-S. 

typhimurium antibodies-coated microplates with a sandwich structure. The 

temperatures were recorded on a digital thermometer after 10 min NIR irradiation (808 

nm, 0.9W cm-2). The procedure of S. typhimurium detection was shown in the Fig. 4a. 

In the case of the presence of only anti-S. typhimurium antibodies or anti-S. 

typhimurium plus S. typhimurium, no significant temperature change under the 

irradiation of NIR. After the addition of AuAg/GDY@PEG, an obvious temperature 

change was observed. The effect of immunoreaction time was optimized to obtain the 

best detection signal, the results was shown in Fig. 4b, when the immunoreaction time 

was less than 30 min, a rapidly temperature rise with the increase of immunoreaction 

time, the temperature changes can be ignored after 30 min, thus, 30 min was selected 

as the optimum immunoreaction time. Fig. 4c displays the temperature responses of 

AuAg/GDY@PEG-based photothermal immunoassay toward target S. typhimurium

standards with various concentrations. The temperature variations were not obvious at 

low concentrations (1×101-1×102 CFU·mL-1) and high concentrations (1×107-1×108

CFU·mL-1), a good linear relationship between ΔT and the decimal logarithm of S. 

typhimurium concentrations were achieved within the range from 1×103 to 1×107

CFU·mL-1. The LOD was defined as 3 times the noise level, obtained with 10 blank ΔT 

measured under optimal experimental conditions. The standard deviation of the mean 

blank ΔT was 0.28 °C and was considered as the value of the noise. Therefore, the LOD 



was calculated to be 103 CFU·mL-1. The regression equation was ΔT (oC) = -6.8 + 2.9 

× log (CFU mL-1). We compared our method with photothermal immunoassay methods 

and other methods, our method shows a great reliability, and has the advantages of high 

detection sensitivity and wide detection range (Table. 1).  

S. aureus and E. coli were chosen as non-target bacteria to evaluate the specificity of 

this method. As shown in Fig. 4d, the ΔT of S. typhimurium was higher than with S. 

aureus and E. coli, these results indicate that AuAg/GDY@PEG-based photothermal 

immunoassay has satisfactory specificity. Tap water, juice and milk were selected to 

evaluate the accuracy of the photothermal immunoassay developed (Fig. 4e), with no 

S. typhimurium after sterilizing at 120 oC for 20 min. Different known amounts of S. 

typhimurium (103, 104, 105, 106 CFU·mL-1) within the linear range of the 

AuAg/GDY@PEG-based photothermal immunoassay were spiked into the real 

samples and prepared as described above. The data in Fig. 4e showed that the recovery 

ranged from 96.4±4.4% (n = 3) to 105± 4.5% (n = 3) in tap water, 90.4 ± 3.5% (n = 3) 

to 109.2 ± 4.2% (n = 3) in milk and 97.8 ±3.2% (n = 3) to 107.2 ± 4.9% (n = 3) in juice. 

These results indicated that the proposed AuAg/GDY@PEG-based photothermal 

immunoassay hold a promising for the detection of S. typhimurium in real samples. 

4. Conclusions

In summary, we have developed AuAg/GDY@PEG as an effective photothermal 

agent based on its excellent photothermal conversion capability. AuAg/GDY@PEG-

based photothermal immunoassay was employed for determination of S. typhimurium. 

Moreover, AuAg/GDY@PEG demonstrated impressive broad-spectrum antibacterial 

properties due to the NIR-mediated hyperthermia, against S. aureus and E. coli with the 

killing rate >99.999%. In comparison with conventional approaches, the proposed 

photothermal immunoassay method displays advantages involving speediness, 



simplicity, and low cost. This rapid detection method has the potential for applications 

in the on-site detection of pathogenic bacteria in food. 
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Scheme.1 Antibacterial study of AuAg/GDY@PEG and its detection of trace bacteria. 



Fig. 1. (a, b) TEM and HRTEM images of AuAg. (c) TEM image of AuAg/GDY@PEG. 

(d) Scanning transmission electron microscopy (STEM) elemental mapping of 

AuAg/GDY@PEG. (e)XRD patterns of Ag nanocubes, AuAg and AuAg/GDY@PEG. 

(f) UV-vis spectra of Ag nanocubes, AuAg, GDY, AuAg/GDY@PEG. (g) Raman 

spectra of AuAg/GDY@PEG. High resolution XPS spectra of (h) AuAg/GDY@PEG. 

(i) C 1s, (j) Ag 3d, (k) Au 4f. 



Fig. 2. (a, b) Comparison of photothermal conversion capabilities of different materials. 

(c)The corresponding temperature change curves of AuAg/GDY@PEG with gradient 

concentrations under NIR irradiation (808 nm, 0.9 W cm-2, 10 min). (d) Calculation of 

photothermal conversion efficiency of AuAg/GDY@PEG. (e) The photothermal 

stability. (f) Infrared thermal images AuAg/GDY@PEG aqueous dispersions with 

different concentrations under 808 nm NIR irradiation.



Fig. 3. (a,b)  Photographs of the bacterial colonies formed by S. aureus and E. coli

after different treatments. (c,d) Cell viability corresponding to (a,b). SEM images of the 

(e) S. aureus and (f) E. coli samples. 



Fig. 4. (a) Procedure of S. typhimurium detection. (b) Effect of immunoreaction time 

on temperature. (c) Standard curve of the ΔT and the logarithm of the number of S. 

typhimurium concentration for the photothermal immunoassay. (d) Assessment of 

specificity. (e) Detection of S. typhimurium in water, milk and juice.



Table. 1. Comparation with other detection methods of pathogenic bacteria. 

materials Methods Bacterial  Linear range (CFU mL-1) LOD (CFU mL-1) Ref 

AuAg/GDY@PEG Photothermal S. Typhimurium 103-107 103 This 

work

GO Photothermal S. Typhimurium 103-109 103 [47] 

GOs Photothermal  S. Typhimurium 104-108 104 [46] 

MoS2@Au Photothermal S. Typhimurium 102-107 102 [23] 

4-MBA MoO3-x NPs Photothermal E. coli O157:H7 1.4×101-1.4×106 14 [48] 

rGO Photothermal  E. coli O157:H7 5×10⁵-5×10⁷ 5 × 10⁵ [49] 

SPE Electrochemical S. Typhimurium 103-108 103 [50] 

Ap6–AuNPs Colorimetric S. Enteritidis 105-108 105 [51] 

Aptasensor SERS S. Enteritidis 1.4×103-1.4×107 1.4×103 [52] 

CPA PP SPR S. Typhimurium 105-108 105 [53] 

QCM-based aptasensor Piezoelectric S. Typhimurium 7.9×102-7.9×106 7.9×103 [54] 
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