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Introduction: Bacterial resistance to carbapenems is on the rise, and the failure of common antimicrobials poses a serious challenge 
in treating infections caused by drug-resistant strains. In this scenario, nanomaterials have received widespread attention in medicine.
Methods: In this study, the activity of daidzein-decorated gold nanoparticles (Daidzein_Au NPs) against carbapenem-resistant 
Enterobacteriaceae (CRE) strains was validated via in vivo and in vitro experiments, such as the microdilution broth method, growth 
curves, time-killing assays, and an abdominal infection model in mice. The potential mechanisms involved were examined using 
fluorescence quantification of N-phenyl-1-naphthylamine, propidium iodide, and reactive oxygen species (ROS) levels and transcrip-
tomic analysis.
Results: Face-centered cubic Daidzein_Au NPs with an average size of 25.78 nm and a negative surface charge were successfully 
synthesized. The minimum inhibitory concentration (MIC) of Daidzein_Au NPs against the tested CRE strains was 8–16 μg/mL, and 
they exerted a good antimicrobial effect during the dynamic killing process. In vivo experiments showed that Daidzein_Au NPs can 
significantly enhance the survival rate (100%) and reduce the colony load of ascites in mice (P < 0.05). Furthermore, Daidzein_Au 
NPs destroyed the permeability of bacterial cell membranes, increased the production of ROS (P < 0.05), and affected the metabolism 
of CRE strains to play a role in killing.
Conclusion: Daidzein_Au NPs exhibit excellent antibacterial activity and are expected to become a promising solution to the threats 
posed by CRE strains.
Keywords: Daidzein, gold nanoparticles, carbapenem-resistant Enterobacteriaceae, antibacterial mechanism

Introduction
The abuse of antimicrobial agents has promoted the evolution of bacterial resistance, which has become a significant 
global public health threat.1 In recent decades, the emergence and spread of multidrug-resistant (MDR) and extensively 
drug-resistant (XDR) Enterobacteriaceae have endangered public health.2 Carbapenems, which are β-lactams with broad- 
spectrum antimicrobial effects, are one of the drugs of choice for treating MDR bacterial infections.3 Carbapenems have 
been proven to be valuable in treating severe Gram-negative bacterial and polymicrobial mixed infections.4 However, in 
2017, the World Health Organization listed carbapenem-resistant Enterobacteriaceae (CRE) as one of the top three drug- 
resistant bacteria globally.5 Carbapenem resistance can exert devastating effects as these agents are often the last line of 
defense against drug-resistant bacteria.

The resistance mechanism of CRE is predominantly attributed to the production of carbapenemases, with Klebsiella 
pneumoniae carbapenemase (KPC) and New Delhi metallo-β-lactamase (NDM) being the most common ones.6,7 The genes 
encoding these enzymes often coexist with multiple antimicrobial resistance genes, resulting in the MDR phenotype of these 
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bacteria, which limits the selection of effective antimicrobial agents. In addition, such resistance-encoding genes are often 
transferred horizontally between clinical strains, leading to the spread of drug-resistant bacteria and causing a global health 
crisis.8 Moreover, CRE has a propensity for MDR and is associated with a high mortality rate in bloodstream infections. 
Hence, CRE is classified as the highest threat level.3,9 In recent years, the prevalence of CRE in China has increased. 
According to China’s national bacterial surveillance data, the resistance rate of Enterobacteriaceae to imipenem (IMP) and 
meropenem (MEM) has risen markedly since 2016. MEM-resistant K. pneumoniae has reached 24.2%, with the 2020 
resistance rate increasing by >60% compared with that of 2015.10 The resistance rate to carbapenems is rising; therefore, 
identifying new therapeutic options is crucial.

Nanotechnology offers a cutting-edge solution to today’s pressing challenges,11 and nanoparticles, typically ranging 
in size from 0.2 to 100 nm, can be an effective novel antimicrobial strategy. Of the various nanoparticles, gold 
nanoparticles (Au NPs) are the most effective and biocompatible.12 Traditionally, chemical and physical methods have 
been used to synthesize Au NPs, but their use is associated with the disadvantages of relying on highly toxic reagents, 
polluting the environment, and requiring expensive equipment.13,14 Thus, there is a growing interest in “green” synthesis, 
where biological extracts (bacteria, fungi, plants, etc) are added drop by drop to HAuCl4 salt solution and mixed 
thoroughly to initiate Au NPs synthesis,15 with plant-based metal nanoparticle synthesis being the most popular. Plant- 
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based Au NPs exhibit unique application advantages across multiple fields owing to their small and uniform particle size. 
In addition, their high surface-area-to-volume ratio substantially enhances drug loading efficiency and enables precise 
targeted delivery.16 These nanoparticles can effectively conjugate with biomolecules such as proteins and nucleic acids, 
making them appropriate agents for gene therapy and in vitro diagnostics.17 Metal nanoparticles, especially Au NPs, 
exhibit diversified catalytic activities, such as catalyzing the decomposition of hydrogen peroxide and producing reactive 
oxygen species (ROS) to induce cell death.18 Moreover, their ultrasmall size facilitates the penetration of microbial cell 
walls, resulting in better permeability than conventional antibacterial materials.19 Numerous studies have confirmed the 
appreciable antimicrobial and antibiofilm activities of Au NPs modified with plant-derived compounds such as 
terpenoids,20 flavonoids,21,22 and phenols.23

Daidzein, known as 4′,7-dihydroxyisoflavone, is a natural phytoestrogenic isoflavone present in leguminous plants such 
as soybean and mungbean. This compound has received widespread attention owing to its antitumor, anti-inflammatory, 
antioxidant, and neuroprotective properties.24 Studies have established that daidzein functions as a phytoestrogen and 
possesses anticancer mechanisms. For example, it prevents breast cancer via estrogen receptor modulation and its 
antiangiogenic properties. In addition, it suppresses ovarian cancer metastasis by regulating the PI3K/Akt signaling 
pathway.25,26 Given its intrinsic antioxidant properties, daidzein exhibits multimodal therapeutic potential for oxidative 
stress-related disorders, especially in alleviating aging-related degeneration and preventing cardiovascular diseases.27 The 
neuroprotective action of daidzein is achieved via receptor interactions (ERβ and GPR30) or PPARγ pathway activation, 
mitigating cellular toxicity in neuronal populations.28 The pleiotropic pharmacological profile of daidzein renders it 
a highly promising candidate for drug development. In addition, the flavonoid has two hydroxyl groups and demonstrates 
reducing properties. The -OH group of flavonoids has been reported to reduce metal ions to Au NPs.29 Flavonoids not only 
help reduce metal ions to nanosize but also play a role in the capping of Au NPs, facilitating their stability and 
biocompatibility.30 Although daidzein has the potential to synthesize Au NPs, no studies have explored the in vivo and 
in vitro antimicrobial effects of Daidzein_Au NPs on CRE. Therefore, this research examined the antimicrobial effects and 
potential mechanisms of Daidzein_Au NPs, which may provide a new reference strategy for antimicrobial therapy.

Methods
Strains
The 15 clinical isolates of CRE used in this experiment were obtained from the First Affiliated Hospital of Wenzhou 
Medical University, which included five strains each of Klebsiella pneumoniae, Escherichia coli, and Enterobacter 
cloacae; these strains were identified by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 
(bioMérieux, Lyons, France). Klebsiella pneumoniae ATCC 700603 was used for quality control of antimicrobial 
susceptibility testing. The strains were defined as “FKXXX” for Klebsiella pneumoniae, “DCXXX” for Escherichia 
coli and “CGXXX” for Enterobacter cloacae, where “XXXX” represents the unique laboratory identification number. 
All strains were cultured in Luria Bertani (LB) broth, stored at −80°C, and resuscitated from cryopreserved tubes on 
blood plates or LB agar plates before each experiment. Ethical review and approval were received from the Ethics 
Committee in Clinical Research of the First Affiliated Hospital of Wenzhou Medicine University (KY2025-R026). 
Owing to the retrospective nature of this study, informed consent was waived.

Preparation of Drugs
MEM, IMP, and ertapenem (ERT) were purchased from Wenzhou Kangtai Biotechnology and dissolved in sterile 
ultrapure water before use. Daidzein was purchased from MACKLIN and dissolved in dimethyl sulfoxide (DMSO). 
The final concentration of DMSO was <1% (v/v).

Green Synthesis
The preparation of Daidzein_Au NPs and Au NPs was performed using the one-pot method.31,32 Briefly, daidzein 
(0.05 mmoL), Tween 80 (30 mg), and triethylamine (50 μL) were dissolved in 10 mL of water and sonicated for 5 min. 
The mixture was stirred at 1000 rpm for 15 min, after which 500 μL of HAuCl4 (0.05 mmoL) was added and the mixture 
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was stirred continuously for 2 h. The solution turned blue-purple, and Daidzein_Au NPs were formed. Furthermore, the 
sodium citrate reduction method prepared Au NPs without any modification. Daidzein_Au NPs and Au NPs were 
dialyzed in double-distilled water for 24 h and filtered through a 0.22-µm filter to remove bacteria.

Characterization
A multifunctional enzyme labeler was used to measure the ultraviolet-visible spectroscopy (UV-vis) absorption of the 
Daidzein_AuNPs. The crystal structure of Daidzein_Au NPs was analyzed by using an X-ray diffractometer (XRD). The 
morphology of gold nanoparticles was characterized by transmission electron microscopy (TEM). The functional groups 
of Daidzein_Au NPs were characterized by Fourier-transformed infrared spectroscopy (FTIR). Nanoparticles charge and 
dispersion properties were assessed by applying a nanoparticles-size zeta-potential analyzer (Dynamic Light 
Scattering [DLS]).

Antimicrobial Susceptibility Testing
The minimum inhibitory concentrations (MICs) of MEM, IMP, ERT, daidzein, Au NPs, and Daidzein_Au NPs against 
the CRE strains (see Table 1) were determined by using the microdilution broth method described by the CLSI, 2023.33 

Briefly, each drug was configured with 4 times the desired concentration, and 100 μL of successive 2-fold dilution 
concentrations of the drug was added into the well of a 96-well microtitre plate. Then, the bacterial suspensions were 
diluted to 106 CFU/mL, and 100 μL was added to each well. The MIC value was defined as the lowest concentration that 
could completely inhibit bacterial growth, as determined through the visual inspection after incubation for 16–20 h at 
37°C, specifically, the absence of visible turbidity in the culture medium upon visual examination.34

Growth Curves and Time Kills
We selected FK9250, DC7114, and CG1038 to further evaluate the effect of Daidzein_Au NPs on CRE, and the strains were 
cultured in an LB medium with a starting inoculum of 106 CFU/mL. Four treatment groups were set up for each strain: a blank- 
control group (phosphate-buffer solution, PBS), a daidzein group (41.3 μg/mL based on the Daidzein_Au NPs concentration), 
Au NPs (32 μg/mL) group, and Daidzein_Au NPs (32 μg/mL) group. The samples were incubated at 37°C, 180 rpm with 

Table 1 Drug Resistance and Mechanism of Clinical Strains (MIC, μg/mL)

Species Strain Antimicrobial Mechanism MEM IMP ERT

Klebsiella pneumoniae FK2836 KPC-2, IMP 64 128 256

FK3006 KPC-2, IMP 128 32 256

FK7112 KPC-2, OmpK37mutation 128 64 512
FK7513 NDM-5 64 32 128

FK9250 NDM-5 128 128 64

Escherichia coli DC5113 KPC-2, TEM, CTX-M-1, CTX-M-9 16 8 128
DC5293 TEM, SHV 64 0.25 128

DC7114 TEM, SHV 32 16 128

DC7706 TEM, SHV 64 32 256
DC8647 NDM-1 32 16 128

Enterobacter cloacae CG1038 KPC-2, AmpC 32 8 128

CG1181 SHV, TEM, CTX-M-1, CTX-M-9, CTX-M-14 <0.25 2 128
CG1257 IMP 4 32 64

CG1330 NDM-1 8 16 128

CG1381 OXA-23 32 32 64
Klebsiella pneumoniae ATCC700603 / 0.25 0.25 0.5

Notes: The antibacterial mechanism was referred to previous studies.35 Strains were defined as “FKXXX” for Klebsiella 
pneumoniae, “DCXXX” for Escherichia coli and “CGXXX” for Enterobacter cloacae, where “XXXX” represents the unique 
laboratory identification number. 
Abbreviations: MEM, meropenem; IMP, imipenem; ERT, ertapenem; KPC, Klebsiella pneumoniae carbapenemase; NDM, New Delhi 
metallo-β-lactamase; TEM, Temoniera; CTX, Cefotaximase; SHV, Sulfhydryl variable; OXA, Oxacillinase.
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shaking, and at predetermined time points (0, 2, 4, 6, 12, and 24 h), 200 μL was removed from each treatment mixture, and the 
absorbance was measured at 600 nm. Meanwhile, 100 μL of the culture fluid was removed at each time point for 10-fold gradient 
dilution, and 10 μL of the fluid was aspirated from the appropriate dilutions and incubated on LB agar plates for enumeration of 
the bacterial colonies (CFU/mL); each experiment was repeated thrice. A bactericidal effect was defined as a decrease by ≥ 
3log10 CFU/mL when compared with the control groups.36,37

Scanning Electron Microscopy (SEM)
To observe the effect of Daidzein_Au NPs on the morphology of bacteria. FK9250 bacterial suspension (approximately 1×108 

CFU/mL) was treated with Daidzein_Au NPs (32 μg/mL) for 2 and 4 h, respectively. The drug-free treatment group (PBS 
group) was used as a control and centrifuged at 6000 rpm for 5 min. The bacterial suspension was removed, dried, and fixed for 
2 h with 2.5% v/v glutaraldehyde. The samples were then treated with a gradient series of ethanol for 10 min and then dropped 
on silicon wafers (soaked in 75% ethanol overnight) to be subsequently gold-plated for observation under SEM.

Inner and Outer Membrane Permeability
Based on the morphological changes of SEM, the damage of Daidzein_Au NPs on the inner and outer membranes of bacteria was 
further verified. Bacteria were cultured overnight in LB broth, adjusted to an OD600 of 0.3–0.4 after washing twice with PBS; 
a total of 900 μL of the bacterial solution and 100 μL of the drug (drug concentration designed as 8 μg/mL and 16 μg/mL) were 
added to each treatment group without adding any drug as a blank control and treated with shaking for 2 or 2.5 h. Centrifugation 
was performed at 4,000 rpm, 5 min and then washed with PBS twice, after which 1 mL of the prepared N-phenyl-1-naphthy-
lamine (NPN) solution (30 μΜ) or 1 mL of propidium iodide (PI) solution (50 μg/mL) were added and the solution was incubated 
at 37°C for 0.5 h.38 The fluorescence intensity was measured by using an enzyme marker at an excitation/emission wavelength of 
NPN of 350 nm/420 nm to determine the permeability of outer membranes, with the excitation/emission wavelength set to 535 
nm/615 nm to determine the permeability of the inner membrane by using the PI. The experiment was repeated thrice.

Reactive Oxygen Species (ROS) Assay
In order to determine the effect of the Daidzein_Au NPs on the levels of ROS in bacteria, we used a commercial kit (Beyotime, 
Beijing, China) to test the ROS generation.39,40 Briefly, bacterial suspensions (OD600 0.3–0.4) were incubated with 10 μM of 
dichlorodihy drofluorescein diacetate (DCFH-DA) probe for 45 min, and the cells were washed twice with PBS to remove the 
free probe. The cells were then resuspended in the same volume of PBS and treated with the daidzein (20.6 μg/mL and 41.3 μg/ 
mL), Au NPs (16 μg/mL and 32 μg/mL), and Daidzein_Au NPs (16 μg/mL and 32 μg/mL) for 2 h at 37°C. PBS was used as 
a control. The fluorescence intensity was measured by using a microplate reader (Bio Tek, Synergy NEO2) at excitation/emission 
wavelengths of 488 and 535 nm.

Red Blood Cell Hemolysis Test and CCK8 Assay
Briefly, 5% of the RBC suspension was prepared by obtaining fresh blood from healthy mice, incubated with different 
concentrations of Daidzein_Au NPs (1–64 μg/mL) for 2 h at 37°C, and centrifuged at 3000 rpm for 5 min, after which the 
OD450nm was determined. PBS was used as a negative control, and the positive control contained 0.1% Triton X-100. 
A hemolysis rate of <5% was considered to be safe. To 100 μL (1 × 105 cells) of RAW 264.7 mice macrophages, human kidney- 
derived HK-2 cells or human HepG2 cells were added, and 10 μL of different concentrations of Daidzein_Au NPs (1–64 μg/mL) 
were added for 24 h to each well. After incubation, 10 μL of the Cell Counting Kit-8 (CCK-8) reagent (Solarbio, China) was 
added to each well. The cells were then incubated for 1 h at room temperature, away from light, and the OD450nm was measured. 
The cell viability was calculated using the following formula:

Abdominal Infection Model
We established a mice model of acute abdominal infection to assess the therapeutic efficacy of Daidzein_Au NPs using specific- 
pathogen-free (SPF) grade male ICR mice (age: 6–8 weeks). Ethical review and approval were obtained from the Ethics 
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Committee of the First Affiliated Hospital of Wenzhou Medical University (Approval No.: SYXK 2021-0017). In the text 
animals, a bacterial suspension (100 µL, 2×108 CFU/mL) supplemented with 5% yeast extract was injected into the abdominal 
cavity to create an infection, followed by drug administration 2 h later.23 PBS was used as a control, and 2.5 mg/kg colistin served 
as the positive control. The remaining daidzein, Au NPs, Daidzein_Au NPs three groups of animals were injected intraper-
itoneally with 2.5 mg/kg of different drugs and monitored to observe the 3-day survival rate, followed by colony counting in 
peritoneal lavage fluid to assess the treatment efficacy.

Bioinformatics Analysis
The total RNA of FK9250 from the blank-control group and the Daidzein_Au NPs treatment group (3 biological 
replicates for each group) was extracted with trizol (Invitrogen, USA) as per the instructions. After quality control and 
mRNA enrichment, the cDNA was synthesized using RNA as a template for subsequent RNA-seq library preparation. 
Next-generation sequencing was performed to sequence the ends of the library based on the Illumina sequencing 
platform.41

Differentially expressed genes (DEGs) were identified using a transcriptome analysis console (fold change > 1.5, 
P < 0.05). Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO)42 were performed using 
KOBAS and DAVID. KEGG (Kanehisa et al 2008) is a database resource for interpreting high-level functions and utilities 
in biological systems (http://www.genome.jp/keg/).

Statistical Analysis
The figures were drawn using GraphPad Prism 8, and the data in the graphs are presented as the mean and standard 
deviation. Unpaired t-test was performed for comparing between two groups, and one-way ANOVA and Tukey’s multiple 
comparison test were performed for comparing multiple groups, while the survival curves were constructed by using the 
Kaplan–Meier method. Statistical significance was set at P < 0.05.

Results
Au NP Synthesis and Characterization
Daidzein possesses two reducing hydroxyl groups and has the potential to synthesize Au NPs. In this study, Au NPs and 
Daidzein_Au NPs were synthesized using a one-pot method. UV absorption spectra revealed that the absorption peak of 
Daidzein_Au NPs was at 533 nm (Figure 1A). The results of the XRD analysis of Daidzein_Au NPs were presented in 
Figure 1B. Based on the diffraction pattern, the characteristic peaks at 2θ values of 38.1° (111), 44.3° (200), 64.6° (220), 
and 77.7° (311) were consistent with the face-centered cubic gold planes reported in the literature (JCPDS file no: 
04–0784).43 The sharp XRD peaks indicate excellent crystallinity, and no impurity peaks are observed, confirming the 
high purity of Daidzein_Au NPs, a high crystallinity of 79% is achieved. In addition, TEM images (Figure 1C) indicated 
that Daidzein_Au NPs exhibited a spherical morphology, showing good monodispersity and uniform size distribution. 
Which indicates that the successful production of Daidzein_Au NPs.

FTIR analysis further validated the successful synthesis of Daidzein_Au NPs. As depicted in Figure 1D, daidzein was 
replete with polar groups and possessed a conjugated aromatic ring system characterized by high electron density. The 
absorption peak at 3200 cm⁻¹ could be attributed to the O-H stretching vibration mode derived from the phenolic 
hydroxyl structure. Meanwhile, the absorption peak at 1633 cm⁻¹ could be primarily associated with the stretching 
vibration mode of the ketone carbonyl C=O. When examining the infrared spectra of Daidzein_Au NPs, the absorption 
peak shift at 3080 cm⁻¹ suggested that the phenolic hydroxyl group of daidzein was adsorbed and crosslinked to the Au 
surface via coordination or hydrogen bonds. The stretching vibration peak of C=O, originally around 1735 cm⁻¹, shifted 
to 1686 cm⁻¹. This shift indicated that the carbonyl group donates lone pairs of electrons and engages in weak 
coordination with the gold surface. The absorption peaks near 1261 cm⁻¹ and 1098 cm⁻¹ could be ascribed to the 
bending vibration of daidzein C-OH and the stretching vibration mode of C-O in Au NPs, respectively. The presence of 
these absorption peaks asserted that daidzein undergoes coordination adsorption and hydrogen bonding with the surface 
of Au NPs via its phenolic hydroxyl and carbonyl groups, forming stable complexes.
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In addition, the structure was characterized using DLS, which demonstrated that the average particle size was 25.78 
nm and that the polydispersity index was 0.433, implying that the particles were small in size and relatively uniformly 
dispersed. The average zeta-potential value was −18.5 mV with a negative charge (Figure 1E and F), providing stability.

Determination of MIC
To test their antimicrobial effects, 15 CRE strains (Table 1) whose MICs are known to be 8–256 μg/mL were included. 
The main types of resistance genes were those encoding Ambler class A, such as KPC, TEM, SHV, and CTX-M type. In 
addition, other resistance mechanisms, such as NDM, IMP, AmpC, and OXA-23, were identified. The antimicrobial 
effects of Daidzein_Au NPs against CRE strains were further investigated (see Table 2). Daidzein and Au NPs showed 
poor antimicrobial effects against these CRE strains with drug sensitivity >256 μg/mL, whereas Daidzein_Au NPs 
showed good antimicrobial effects with an 8–16 μg/mL MIC.

Figure 1 Characterizations of Daidzein_Au NPs. (A) Ultraviolet absorption spectrum of Daidzein_Au NPs; (B) The XRD pattern of Daidzein_Au NPs; (C) TEM image of 
Daidzein_Au NPs; (D) FTIR spectra of Daidzein_Au NPs, daidzein, and Au NPs. (E) Characterization of the Zeta potential of Daidzein_Au NPs; (F) Particle size of 
Daidzein_Au NPs, as analyzed by DLS.
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Verification of the Antibacterial Effect of Daidzein_Au NPs
One strain was selected from each type of bacterium. When using a concentration of 32 μg/mL, compared with the other 
three groups, bacterial growth was significantly inhibited in the Daidzein_Au NPs-treated groups of FK9250, DC7114, and 
CG1038 (Figure 2A). Colony counting showed that the bactericidal process started at 4 h, and the count decreased by at least 
3 log10 CFU/mL at 24 h compared with the other three groups, signifying a good bactericidal effect (Figure 2B). SEM 
analysis of the bacterial cells to determine the morphological changes revealed that those in the PBS group were regular and 
rod-shaped, with an intact cell membrane. However, after treatment with Daidzein_Au NPs, FK9250 exhibited membrane 
rupture at 2 h, with more severe rupture at 4 h (Figure 3), proving the rapid bactericidal effect of the formulation.

Figure 2 The antimicrobial ability of Daidzein_Au NPs in vitro. Growth curves (A) and time-kill curves (B) of clinical CRE strains after treatment with Daidzein_Au NPs (2 
MIC).

Table 2 Drug Sensitivity of Daidzein_Au NPs to CRE Strains (MIC, μg/mL)

Species Strain Daidzein Au NPs Daidzein_Au NPs

Klebsiella pneumoniae FK2836 ≥256 ≥256 16
FK3006 ≥256 ≥256 16

FK7112 ≥256 ≥256 16

FK7513 ≥256 ≥256 16
FK9250 ≥256 ≥256 16

Escherichia coli DC5113 ≥256 ≥256 8

DC5293 ≥256 ≥256 16
DC7114 ≥256 ≥256 16

DC7706 ≥256 ≥256 16
DC8647 ≥256 ≥256 16

Enterobacter cloacae CG1038 ≥256 ≥256 16

CG1181 ≥256 ≥256 16
CG1257 ≥256 ≥256 16

CG1330 ≥256 ≥256 16

CG1381 ≥256 ≥256 16

Notes: Strains were defined as “FKXXX” for Klebsiella pneumoniae, “DCXXX” for Escherichia coli 
and “CGXXX” for Enterobacter cloacae, where “XXXX” represents the unique laboratory 
identification number.
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The Bactericidal Mechanism of Daidzein_Au NPs
To further explore the mechanism of bactericidal action of Daidzein_Au NPs based on the SEM results of cell 
membrane disruption, NPN and PI fluorescent dyes were applied to quantify the permeability of the bacterial outer 
and inner membranes and incubated for 1.5 h and 2 h, respectively. The findings showed that the fluorescence 
intensities of NPN and PI were higher in the Daidzein_Au NPs-treated groups of 1/2 MIC (8 μg/mL) and MIC 
(16 μg/mL) of FK9250, DC7114, and CG1038 than those in the PBS group (Figure 4A and B). These observations 
agreed with the SEM results. Subsequent ROS measurements of these three strains indicated that the elevation of 
ROS within the bacterial cells was increased in the Daidzein_Au NPs treatment group (Figure 4C).

The Biocompatibility of Daidzein_Au NPs
Before evaluating the in vivo bactericidal effect, biocompatibility assays for Daidzein_Au NPs were performed. 
The results of the hemolysis assay illustrated that hemolysis did not occur at Daidzein_Au NPs concentrations of 
≤64 µg/mL (Figure 5A). Regarding the cytotoxicity assay (Figure 5B–D), RAW 264.7 mouse macrophages, human 
kidney-derived HK-2 cells, or human HepG2 cells were used for cytotoxicity experiments. The results confirmed 
that Daidzein_Au NPs did not exert cytotoxic effects on macrophages, hepatocytes, or kidney cells at the 
experimental concentration. Significant effects on cell viability were not noted in the concentration range used 
in the experiment. Overall, Daidzein_Au NPs were preliminarily found to be safe at sterilizing concentrations.

Antimicrobial Effect in vivo
The mouse model of acute abdominal infection was used for the in vivo assessment of antimicrobial efficacy, and 2×107 CFU 
FK9250 was administered to infected mice for 2 h. Subsequently, the corresponding therapy was initiated. Daidzein_Au NPs 
were administered at a concentration of 2.5 mg/kg, and the survival rate of the mice was monitored every 12 h. The PBS group 
served as the control group. As portrayed in Figure 6A, the 72 h survival rate of mice treated with Daidzein_Au NPs was 100%, 
the same as that of the positive control group (the Colistin group). In contrast, the survival rates of the PBS, daidzein, and Au NPs 
groups were only approximately 30% at 72 h, establishing that the survival rate of mice treated with Daidzein_Au NPs was 

PBS 2h 4h

A

B

Figure 3 Morphological changes of FK9250 strain under SEM after 2 h or 4 h treatment with Daidzein_Au NPs (2 MIC) when compared with the PBS-treatment group. The 
morphology changes of FK9250 strain multiple bacteria (A) and single bacteria (B) were observed after 2 h or 4 h of treatment with Daidzein_Au NPs (2 MIC).
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significantly improved. In addition in the Daidzein_Au NPs-treated group, the colony counts in the intraperitoneal lavage were 
higher than those in the Colistin group (positive control) but significantly lower than those in the control, daidzein, and Au NPs 
groups (Figure 6B), confirming that Daidzein_Au NPs also exhibit a certain antibacterial activity potential in vivo.

RNA-Seq Results
Transcription analysis was performed for FK9250 in control and Daidzein_Au NPs-treated groups. Compared with the control 
group, a total of 187 transcripts were significantly differentially expressed in the Daidzein_Au NPs-treated group (|fold 
change| >1.5, p < 0.05), of which 125 were upregulated and 62 were downregulated (Figure 7A). These DEGs were subjected 
to GO enrichment analysis, and the GOs were classified into three main categories: biological processes (BPs), cellular 
components (CCs), and molecular functions (MFs). According to the results of GO analysis presented in Figure 7B, the 
methionine metabolic process, methionine biosynthetic process, phosphoenolpyruvate-dependent sugar phosphotransferase 
system, and carbohydrate import across the plasma membrane were the BPs intricately linked to the DEGs. Regarding CCs, 
the enriched subcategory was exodeoxyribonuclease VII complex. Finally, in MFs, 5-methyltetrahydropteroyltriglutamate- 
homocysteine S-methyltransferase activity, diamine N-acetyltransferase activity, D-glucosamine phosphotransferase system 
(PTS) permease activity, and carbohydrate-binding were the most enriched subcategories. Furthermore, metabolic pathways 
related to carbohydrate binding and transmembrane transport were enriched. The KEGG results suggested that the DEGs were 
associated with PTS; alanine, aspartate, and glutamate metabolism; arginine and proline metabolism; porphyrin metabolism; 
and valine, leucine, and isoleucine degradation pathway (Figure 7C). These pathways were associated with metabolic 
alterations. The heatmap (Figure 8) illustrated that most metabolism-related genes were downregulated, including asnA, 
asnB, cbiH, puuA, and glaH, whereas glnA, speG, hemF, etc., were upregulated.

Figure 4 Changes in the membrane permeability and reactive oxygen species after treatment with Daidzein_Au NPs. The fluorescence intensity of NPN (A) and PI (B) after 
treatment with different drugs. (C) Fluorescence intensity analysis of intracellular ROS in CRE strains. ***P < 0.001.
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Figure 5 The Biocompatibility of Daidzein_Au NPs. (A) The hemolytic effects of Daidzein_Au NPs at different concentrations; (B) Safety assessment of different 
concentrations of Daidzein_Au NPs in macrophages; (C) Safety assessment of different concentrations of Daidzein_Au NPs in human kidney-derived HK-2 cells; (D) Safety 
assessment of different concentrations of Daidzein_Au NPs in human HepG2 cells. ***P < 0.001. 
Abbreviation: ns, no significance.

Figure 6 The therapeutic effect of Daidzein_Au NPs on mice with abdominal infection. (A) Survival of mice in different treatment groups; (B) Colony loading results of 
peritoneal lavage fluid in mice of different administration groups. The dotted line represents the minimum detection limit. ***P < 0.001.
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Figure 7 Bioinformatics analysis in Daidzein_Au NPs treatment and control FK9250 strains. (A) Visualization of volcano plots of DEGs; (B) GO enrichment analysis of 
DEGs. Right: up, left: down. (C) KEGG analysis of DEGs between Daidzein_Au NPs treated and control groups. Right: up, left: down. 
Abbreviations: BP, biological process; CC, cellular component; MF, molecular function.
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Discussion
Antibiotic resistance has become a global concern, and there is an urgent need to identify novel therapeutic strategies for 
CRE strains with limited options for antibiotic use. Nanogold, which is widely used in the medical industry because of its 
unique properties, exhibits multiple potential mechanisms for sterilization. In this study, Daidzein_Au NPs were 
synthesized by reducing Au3+ to Au0 using the plant compound daidzein as a reducing agent. In vitro and in vivo 
experiments verified the antimicrobial effect and biosafety of the Daidzein_Au NPs, paving the way for their application 
in antimicrobial therapy.

The size and shape of Au NPs considerably affect their antimicrobial activity. Spherical particles have high absorption 
efficiency; the smaller the particle size, the stronger the antimicrobial effect.44 Characterization studies revealed that 
Daidzein_Au NPs were successfully synthesized and that they displayed a small particle size (25.78 nm) and a round-like 
shape. The MIC of Daidzein_Au NPs against the tested CRE strains was 8–16 μg/mL. Both growth curves and time–kill 

Figure 8 Heat map of some of the metabolism-related genes.
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experiments confirmed their antimicrobial activity. Colony counting showed that the bactericidal process started at 4 h, 
and the count decreased by at least 3 log10 CFU/mL at 24 h compared with the control, daidzein, and Au NPs groups. To 
ensure safety and biocompatibility, hemolysis and CCK8 assays were performed, and the results indicated that 
Daidzein_Au NPs were preliminarily safe at sterilizing concentrations. In addition, an acute abdominal infection 
mouse model was established for in vivo experiments, which revealed that the survival rate of the Daidzein_Au NPs 
treatment group was significantly increased and the colony load of abdominal infection was reduced. Based on these 
observations, Daidzein_Au NPs are expected to become a novel and promising antimicrobial material.

Antibiotics used in the clinic have specific targets, and the antibacterial mechanism can be divided into five categories 
according to the biological function of their target: inhibition of cell wall, protein, and nucleic acid synthesis; 
depolarization of the cell membrane; and inhibition of metabolic pathways.45 Nanomaterials have a smaller diameter 
than conventional antibiotics and their size is significantly different, accounting for the differences in their bactericidal 
mechanisms. The currently known antibacterial mechanisms of nanomaterials include membrane disruption, electron 
transport chain disruption, catalytic killing, inhibition of protein and DNA synthesis, and dysregulation of bacterial 
metabolism.44,46 Of these, membrane disruption is one of the key antimicrobial mechanisms of nanomaterials. In this 
study, SEM showed that after treating FK9250 with Daidzein_Au NPs for 2–4 h, the bacterium underwent obvious 
disruption of cell membranes. In addition, quantitative determination of inner and outer membrane permeability revealed 
that the permeability of the Daidzein_Au NPs-treated group was significantly higher than that of the other three groups, 
which aligns with the SEM findings. This observation confirmed that membrane disruption is one of the antimicrobial 
mechanisms of Daidzein_Au NPs. Redox reactions are involved in various biological processes in microorganisms47 and 
are one of the main pathways for ROS production. The entry of Au NPs into the microbial cell and interference with the 
propagation of the electron transport chain can enhance ROS production.48 ROS induces cellular oxidative stress, leading 
to cell death. In this study, 1/2 MIC and MIC concentrations of Daidzein_Au NPs caused a significant increase in ROS 
within the bacteria, asserting that the increase in ROS production is one of the antimicrobial effects of Daidzein_Au NPs.

In addition, cellular metabolism has a profound impact on bacterial growth. Transcriptomic studies demonstrated that 
Daidzein_Au NPs downregulated several metabolic pathways in bacteria. Alanine, aspartate, and glutamate metabolism; 
arginine and proline metabolism; and amino sugar and nucleotide sugar metabolic pathways were closely linked to 
energy metabolism. Furthermore, glaH expression was significantly downregulated, and in KEGG enrichment analysis, 
this gene was involved in regulating the conversion of glutaraldehyde to succinate. The latter is a crucial intermediate in 
the tricarboxylic acid cycle and may reduce energy synthesis,49 affecting bacterial growth and reproduction. Moreover, 
studies have confirmed that altering the metabolic state of bacteria is beneficial in countering drug resistance.50,51 

Exogenous metabolites can reprogram the bacterial metabolome from a drug-resistant to a drug-sensitive phenotype.52,53 

Huang et al found that L-glutamine could act synergistically with rifampicin against persistent mycobacteria.54 Moreover, 
L-glutamine has been documented to augment the antibacterial effect of gentamicin against resistant E. coli and 
methicillin-resistant Staphylococcus aureus.55,56 This study found that glnA was significantly upregulated, which may 
increase glutamine synthesis and enhance the antibacterial effect of Daidzein_Au NPs as an adjuvant. In summary, 
Daidzein_Au NPs can effectively destroy cell membranes, accentuate ROS production, and alter the metabolic state of 
bacteria, exhibiting the potential to be applied clinically as antibacterial drugs.

Conclusion
Exploring nanomaterials with potential bactericidal effects can aid in combating the serious threat posed by rapidly 
evolving CRE strains. In this study, Daidzein_Au NPs were successfully synthesized. Systematic in vitro experiments 
and animal model studies established their significant antibacterial efficacy against CRE. Mechanistic investigations 
elucidated that this nanomaterial exerts its antibacterial effects via multiple pathways, including disruption of bacterial 
cell membrane integrity, induction of ROS generation, and interference with bacterial metabolic homeostasis. Safety 
evaluation revealed the absence of significant biotoxicity at effective antibacterial concentrations. Thus, Daidzein_Au 
NPs broaden the biomedical applications of daidzein and serve as a promising novel nano-antibacterial agent with 
translational potential for the clinical treatment of CRE infections. Their multi-mechanistic synergistic action offers new 
avenues to develop therapies for bacterial infections caused by CRE strains.
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Abbreviations
Daidzein_Au NPs, daidzein-decorated gold nanoparticles; CRE, carbapenem resistant Enterobacteriaceae; NPN, 
N-phenyl-1-naphthylamine; PI, Propidium iodide; ROS, Reactive oxygen species; MIC, Minimum inhibitory concentra-
tion; MDR, multidrug-resistant; XDR, extensively drug-resistant; Au NPs, gold nanoparticles; LB, Luria Bertani; 
DMSO, dimethyl sulfoxide; DLS, dynamic light scattering; TEM, transmission electron microscopy; MEM, meropenem; 
IMP, imipenem; ERT, ertapenem; PBS, phosphate buffer solution; NGS, Next-Generation Sequencing; DEGs, 
Differentially expressed genes; PDI, polydispersity index; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes 
and Genomes.
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