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A B S T R A C T

Gold nanoparticles (AuNPs) are increasingly explored as antimicrobial agents for the detection and treatment of 
multidrug-resistant (MDR) bacterial infections. This research tries to establish an eco-friendly, biological process 
for synthesizing AuNPs using Proteus mirabilis and studies their antibacterial efficacy against MDR Gram-negative 
pathogens and their potential to enhance standard antibiotic efficacy. Using the Vitek-2 system, 51 P. mirabilis 
isolates were analyzed, of which 74.5 % were MDR. Netilmicin was effective against 75 % of these isolates. P. 
mirabilis extracellularly biosynthesized AuNPs, which were then characterized by XRD, FTIR, TEM, and FE-SEM. 
Characterization showed AuNPs measuring ~6–12 nm in size; the presence of amino and amide groups from 
FTIR spectra; and predominantly spherical or ellipsoidal morphology. Antibacterial activity, through broth 
microdilution, revealed that biosynthesized AuNPs inhibited Gram-negative bacilli at MICs of 156–1250 μg/mL. 
Moreover, biosynthesized AuNPs enhanced the effectiveness of antibiotics at low concentrations. Notably, when 
biosynthesized AuNPs were combined with ceftriaxone (commercial antibiotic), a marked synergistic effect was 
observed (P < 0.0001), with significantly enhanced prevention of pathogens compared to ceftriaxone used alone. 
These findings marched the function of biosynthesized AuNPs as adjuvants in drug development against MDR 
infections.

1. Introduction

P. mirabilis is an opportunistic bacterium associated with serious 
nosocomial and community-acquired infections, which are often diffi
cult to treat due to its diverse antibiotic resistance mechanisms [1]. 
Among Proteus species, P. mirabilis is the most frequently isolated from 
clinical samples and is a major cause of complicated urinary tract in
fections [2]. This pathogen produces β-lactamases, particularly 
extended-spectrum β-lactamases (ESBLs), and can transfer genetic ele
ments encoding these enzymes. Furthermore, mutations related to 
β-lactamase activity enhance its resistance to antibiotics [3]. Beyond 
acquired resistance to β-lactams, P. mirabilis exhibits intrinsic resistance 

to tetracyclines and polymyxins, facilitating the emergence of MDR and 
even extensively drug-resistant strains, which complicates clinical 
treatment [4]. Globally, antimicrobial resistance accounts for high 
annual mortality, a figure expected to rise without new intervention 
strategies [5]. This challenge is especially critical in developing coun
tries, where limited surveillance and widespread misuse of antimicro
bials accelerate the spread of resistance [6].

On the other hand, nanotechnology is rapidly advancing, offering 
immense potential in various fields, with nanomedicine emerging as a 
promising strategy to address antimicrobial resistance. Nanoparticles 
(NPs) have demonstrated strong antibacterial effects in both in vivo and 
in vitro studies, positioning them as potential alternatives or adjuvants to 
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conventional antibiotics. Their therapeutic potential largely stems from 
their unique physicochemical properties [7]. For instance, the size of 
NPs is comparable to bacterial cells and biomolecular systems, enabling 
enhanced interactions with small-molecule antibiotics [8,9]. In addi
tion, their high surface-to-volume ratio facilitates the attachment of 
multiple functional ligands, leading to multivalent interactions that 
improve binding with target bacteria and biomolecules, making them 
effective self-therapeutic agents [9]. For example, Ahmeda et al. [10] 
prepared green-synthesized tin nanoparticles (SnNPs) using Ziziphora 
clinopodioides extract, which showed excellent anti-hemolytic anemia 
and hematoprotective activity in a mouse model. SnNPs enhanced blood 
and immune parameters, regulated inflammatory cytokines, and boos
ted the activities of antioxidant enzymes, all with controlled cytotox
icity. All these findings demonstrated clearly the effectiveness of SnNPs 
as a potential therapeutic agent for anemia and oxidative stress-related 
disorders. Similarly, Ahmeda et al. [11] prepared the Lens culinaris seed 
extract–conjugated AuNPs that exhibited significant anti-leukemic ac
tivity comparable to that of mitoxantrone by reducing tumor burden, 
altering immune responses, and showing selective cytotoxicity toward 
leukemic cells. These findings revealed the promising potential of these 
NPs as a nontoxic and effective chemotherapeutic supplement for acute 
myeloid leukemia. In the same way, Abassi et al. [12] also prepared a 
green-synthesized silver nanoparticle (Ag-NP) ointment containing Cit
rus lemon leaf extract that demonstrated excellent biocompatibility, 
antioxidant activity, and significantly enhanced cutaneous wound 
healing in pre-clinical models. Additionally, gold nanoparticles 
green-synthesized using Rhus coriaria fruit extract demonstrated potent 
antioxidant activity and notable cytotoxic effects against multiple 
esophageal cancer cell lines, with the strongest efficacy observed against 
human Caucasian esophageal carcinoma. Characterization confirmed 
uniform spherical nanoparticles (19–24 nm), supporting their stability 
and bioactivity.

Among the various inorganic NPs explored, such as, silver, titanium, 
copper, zinc, and AuNPs. AuNPs stand out due to their inert, biocom
patible, and non-toxic nature [13,14]. Recent studies report that AuNPs 
of diverse sizes and shapes are widely applied in antibacterial therapy 
and anti-biofilm photothermal treatments [15]. For example, a previous 
study [16] synthesized AuNPs of 35, 70, and 200 nm via citrate reduc
tion and demonstrated potent antibacterial activity of 
carbapenem-loaded AuNPs against carbapenem-resistant Klebsiella 
pneumoniae, Acinetobacter baumannii, and P. mirabilis. Similarly, another 
study [17] synthesized AuNPs from a local P. mirabilis isolate, charac
terized them by XRD, SEM, EDX, and FTIR, and reported excellent ac
tivity against MDR Pseudomonas aeruginosa and Staphylococcus aureus. 
Moreover, Abdoli et al. [18] prepared PVA/Gum tragacanth/graphene 
oxide (PVA/GT/GO) nanofiber loaded with tetracycline exhibited 
excellent biocompatibility, presenting high cell viability in human um
bilical vein endothelial cells (HUVECs). Graphene oxide enhanced the 
mechanical strength, and SEM studies presented uniform fiber 
morphology with diameters less than 100 nm. Antibacterial tests of 
composite nanofiber showed that it had better antimicrobial activity 
compared to pure substances. In another study, Zangeneh et al. [19] 
prepared FeNPs@AS, which exhibited remarkable antioxidant, anti
bacterial, antifungal, cytotoxic, and wound-healing activities. The 
FeNPs@AS exhibited potent antibacterial activity against Gram-positive 
and Gram-negative bacteria, the most effective being against Bacillus 
subtilis, and strong antifungal activity, especially against Candida krusei, 
at P ≤ 0.01. Characterization confirmed its stability and bioactive po
tential, while cytotoxicity tests indicated that it is biocompatible. These 
results show FeNPs@AS to be one of the few green-synthesized nano
materials with considerable multifunctional therapeutic applications, 
including infection control and cutaneous wound healing.

As a result, these NPs have garnered attention in the healthcare 
sector [20–25] as potential substitutes or co-antimicrobial agents. 
Notable examples include the use of NPs to prevent catheter-associated 
infections, inhibit biofilm formation, employ nanoparticle therapeutics, 

utilize NPs in antibacterial wound dressings and coatings, as well as 
incorporate nano drug delivery systems [26]. Additionally, the combi
nation of antibiotics and metal NPs in “combination therapy” has 
emerged as a promising solution to address the MDR crisis [27,28]. The 
synergistic effects of NPs and antibiotics have the potential to circum
vent mechanisms of bacterial resistance to antibacterial. In contrast, 
nano pharmaceutical compounds with antibacterial properties not only 
safeguard antibiotics against molecular resistance mechanisms but also 
enhance the antibacterial efficacy of the antibiotic complex through the 
nanoparticle delivery system. This implies that conventional antibiotics 
can be fortified by synergistically combining them with NPs to combat 
MDR bacteria. In context to AuNP, a multifunctional mode of antibac
terial action that increases the susceptibility of both MDR and 
pan-drug-resistant bacterial strains to conventional antibiotics. By 
forming a nano-antibiotic complex, AuNPs protect the antibiotics from 
the hydrolytic enzymes of the bacteria and surmount resistance mech
anisms such as reduced permeability due to altered outer membrane 
porin proteins. The peculiar structural configuration of the 
nano-antibiotic complex facilitates better cellular intake and thus an 
effective targeting of bacterial components. Conjugation of the thera
peutic agent with AuNPs could be responsible for the synergistic effect in 
disrupting various targets in bacteria. Notably, most traditional antibi
otics and antibacterial nanomaterials induce ROS generation as a way to 
exert their bactericidal activity; AuNPs do not. This reduces collateral 
oxidative stress and makes them safer for antibacterial actions. This 
multi-targeting, ROS-independent mode of action underlines the potent 
efficacy of AuNPs against MDR bacteria [24,26,29]. Therefore, given the 
rising threat of MDR Gram-negative infections and limited antibiotic 
options, this work seeks to establish a sustainable, microbe-mediated 
synthesis of AuNPs and to assess their capacity to enhance antibacte
rial efficacy, alone and in combination with standard antibiotics.

2. Materials and methods

2.1. Collection of bacterial isolates from the clinical samples

This study involved 51 clinically confirmed isolates of P. mirabilis 
exhibiting resistance to multiple antibiotic classes, including carbape
nems. The strains were collected between February 2021 and September 
2022 from different clinical sources: urine (38), sputum (15), wound 
swabs (8), and blood (4). Additional clinical isolates of Escherichia coli, 
Klebsiella spp., A. baumannii, and P. aeruginosa were also obtained from 
Rizgari Hospital, Erbil, Kurdistan Region of Iraq, specifically for evalu
ating the antibacterial activity of biosynthesized AuNPs.

2.2. Clinical bacterial isolation and its molecular identification

The collected clinical samples were first processed for bacterial 
isolation. Cultures were grown on Trypticase Soy Agar (TSA), and pure 
colonies were obtained through repeated sub-culturing using the streak 
plate method. Isolates were identified based on morphological and 
biochemical characteristics, with confirmation performed using the 
automated Vitek-2 system (bioMérieux, USA; GN card) according to the 
manufacturer’s instructions. Confirmed isolates were preserved as single 
colonies in Trypticase Soy Broth (TSB) supplemented with 20 % glycerol 
at − 70 ◦C until use [30].

Bacterial genomic DNA (gDNA) extraction was performed according 
to the manufacturer’s instructions (Promega kit, Promega Corporation 
Madison, WI, USA). The PCR amplification of the 16S rRNA gene was 
performed using primers PA-SS-F (GCGAGTCTGATGTTTGTCGC) and 
PA-SS-R (TAAAGGTGGCGTCGGCATTA), as described by Ref. [31]. Po
lymerase chain reaction (PCR) was carried out in a final reaction volume 
of 25 μL, comprising 3 μL of genomic DNA, 20 μL of GoTaq® Green 
Master Mix (Promega, USA), 1 μL of each primer (10 pmol/μL), and 
nuclease-free water to make up the final volume. The thermal cycling 
conditions included an initial denaturation at 95 ◦C for 2 min, followed 
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by 25 cycles of denaturation at 94 ◦C for 20 s, annealing at 58 ◦C for 20 s, 
and extension at 72 ◦C for 40 s. A final extension step was performed at 
72 ◦C for 1 min [32,33].

PCR products were sequenced at the National Instrumentation 
Centre for Environmental Management, Seoul, Korea. The resulting 
nucleotide sequences were analyzed using the BLAST algorithm against 
available sequences in GenBank (NCBI) [34]. Isolates showing >98 % 
identity with previously deposited sequences were considered identi
fied, and the confirmed sequences were subsequently deposited in 
GenBank to obtain accession numbers.

Furthermore, phylogenetic analysis of P. mirabilis isolates was con
ducted in MEGA 11 [35] using the Maximum Likelihood method with 
bootstrap support, based on 16S rRNA partial gene nucleotide sequences 
aligned with closely related reference sequences from GenBank.

2.3. Biosynthesis and characterization of AuNPs

The synthesis and characterization of AuNPs using P. mirabilis were 
carried out following established protocols [36,37]. A bacterial culture 
of P. mirabilis was incubated in 150 mL of sterile TSB. After incubation, 
the culture was centrifuged at 6000 rpm for 10 min at 4 ◦C, and the 
cell-free supernatant was collected. For AuNP synthesis, the supernatant 
was mixed with 10 mM chloroauric acid (HAuCl4) solution (Sigma-Al
drich, USA, 99.9 %) at a 9:1 (v/v) ratio, while TSB with supernatant but 
without HAuCl4 served as the control. Both flasks were further incu
bated in a shaker incubator at 37 ◦C and 200 rpm for 24 h. The synthesis 
of AuNPs by P. mirabilis was confirmed by visual observation, as the 
color of the solution changed from yellow to purple-red as determined 
through UV–Vis spectroscopic analysis. Following this, the prepared 
reaction mixture was subjected to centrifugation at 7500 rpm for a 
duration of 10 min in order to facilitate the separation of cellular com
ponents from the supernatant. The resultant supernatants were then 
carefully transferred into sterile plastic tubes. The supernatants con
taining the nanoparticles underwent a second centrifugation at 13,000 
rpm for 5 min to facilitate the recovery of the synthesized nanoparticles. 
The isolated nanoparticles were subsequently resuspended in sterile 
distilled water and subjected to an additional centrifugation step. This 
procedural methodology was reiterated three times to achieve the sep
aration of purified AuNPs. After obtaining the AuNPs, they were dried 
overnight at 60 ◦C for further characterization and applications.

Gold ion reduction was confirmed by UV–Vis spectroscopy (Perki
nElmer Lambda 35). To further analyze the properties of the synthesized 
AuNPs, UV–visible spectra were recorded for aliquots of the culture 
supernatant in the wavelength range of 300–800 nm. Double-distilled 
water was used as a blank in this analysis. Functional groups associ
ated with AuNP formation were analyzed by FT-IR (JASCO Spectrum 
4600). The spectral range of 4000-400 cm− 1 with a resolution of 4 cm− 1 

was analyzed. Crystalline structure and composition were determined 
by XRD (PAN analytical X’Pert PRO, Cu Kα radiation, λ = 1.5406 Å). The 
XRD measurements were performed in the 2θ range of 20◦–80◦, and dry 
powder samples of AuNPs were deposited on the XRD grid for analysis 
[38,39]. Particle size distribution and morphology were examined by 
TEM (Titan3 G2 60–300, FEI, USA, Cs corrector: image and probe) and 
FESEM (Quanta 4500). The sample for TEM analysis was prepared as a 
thin film by drop casting on a grid coated with Cu TEM holey carbon and 
air-dried. Chemical composition of the AuNPs was further verified using 
FESEM–EDX analysis. The samples were prepared and dried on a 
carbon-coated copper grid for this analysis.

2.4. Evaluation of antibiotic susceptibility and tolerance levels

2.4.1. Antibacterial susceptibility to conventional antibiotics
The antimicrobial panel tested included piperacillin and piper

acillin–tazobactam (β-lactams); ceftazidime, ceftriaxone, and cefepime 
(cephalosporins); gentamicin, tobramycin, and netilmicin (amino
glycosides); ciprofloxacin and levofloxacin (quinolones); imipenem and 

meropenem (carbapenems); trimethoprim/sulfamethoxazole (sulfon
amides); and tigecycline (tetracycline). Susceptibility of P. mirabilis 
isolates was determined using the Vitek-2 automated system according 
to the manufacturer’s instructions [40]. Resistance phenotypes were 
classified as MDR following the criteria described by Ref. [41]. E. coli 
ATCC 25922 was included as the negative control.

2.4.2. Antibacterial susceptibility testing of biosynthesized AuNPs
The antibacterial activity of biosynthesized AuNPs was evaluated by 

determining their minimum inhibitory concentration (MIC) and mini
mum bactericidal concentration (MBC). Susceptibility testing was per
formed against clinical isolates of Gram-negative bacilli (E. coli, 
Klebsiella spp., P. aeruginosa, A. baumannii, and P. mirabilis) using the 
broth microdilution method, following standard protocols [42,43]. As
says were carried out in 96-well microtiter plates, where AuNPs were 
serially diluted in sterile Mueller–Hinton broth (MHB) from 5000 to 
9.765 μg/mL. Each well was inoculated with 100 μL of bacterial sus
pension (0.5 McFarland ≈ 108 CFU/mL), yielding a final volume of 200 
μL. Plates were incubated at 37 ◦C for 24 h. Bacterial growth was 
monitored spectrophotometrically at 600 nm, with untreated bacterial 
cultures serving as growth controls. The MIC was defined as the lowest 
concentration of AuNPs that completely inhibited visible growth, while 
the MBC corresponded to the lowest concentration that prevented bac
terial regrowth. All experiments were performed in triplicate to ensure 
reproducibility.

2.4.2.1. Evaluation of tolerance levels. The tolerance of clinical Gram- 
negative bacilli pathogens to AuNPs and standard antibiotics was eval
uated following a previous method [44]. Tolerance levels were deter
mined using the formula: Tolerance = MBC/MIC.

2.4.2.1.1. Determination of MIC of antibiotics against Gram-negative 
bacilli pathogens. The MICs of antibiotics against Gram-negative bacilli 
were determined using the broth microdilution method in 96-well mi
crotiter plates [45]. Commercially available antibiotics such as, genta
micin (40 mg/mL), ciprofloxacin (2 mg/mL), and ceftriaxone (100 
mg/mL) were used to prepare stock solutions. Each well received 100 μL 
of MHB, and 100 μL of antibiotic solution was added to the wells of the 
first row. Serial two-fold dilutions were carried out across ten wells, 
yielding final concentrations between 512 and 1 μg/mL. Subsequently, 
10 μL of a bacterial suspension adjusted to a 0.5 McFarland standard was 
inoculated into each well. Two columns served as positive and negative 
controls. Plates were incubated at 37 ◦C for 18–24 h, and turbidity was 
assessed visually against a dark background. The MIC was defined as the 
lowest antibiotic concentration showing no visible growth relative to 
controls. All experiments were conducted in duplicate, and mean values 
were recorded.

2.4.2.1.2. Determination of MBC of antibiotics against Gram-negative 
bacilli pathogens. The MBC of antibiotics against Gram-negative bacilli 
was determined according to a previous study [46].

2.4.3. Combined assessment of antibiotics and AuNPs against Gram- 
negative bacilli

The antimicrobial activity of AuNPs (5000 μg/mL) was assessed 
using the standardized broth microdilution method, as described pre
viously [47]. For the combination assay, bacterial cells were grown in 
MHB, and 20 μL of AuNPs (5000 μg/mL) was added to each well of a 
96-well plate containing 160 μL of MHB and 20 μL of antibiotic solution. 
Cultures were incubated at 35 ◦C for 20 h. Bacterial growth was 
measured by optical density (OD) at 600 nm and compared against 
controls with antibiotics alone, AuNPs alone, or no treatment. The an
tibiotics tested were gentamicin (40 mg/mL), ciprofloxacin (2 mg/mL), 
and ceftriaxone (100 mg/mL), evaluated in combination with AuNPs at 
concentrations of 512 + 2500, 256 + 1250, 128 + 625, 64 + 312.5, 32 
+ 156.25, 16 + 78.125, 8 + 39.06, and 4 + 19.53 μg/mL, as previously 
reported [45].
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2.5. Statistical analysis

Data were analyzed using GraphPad Prism, and statistical signifi
cance was determined by the chi-square test at p < 0.05.

3. Results and discussion

3.1. Epidemiological and clinical characteristics of P. mirabilis isolates

The study examined demographic variables and bacterial isolate 
characteristics, confirming 51 MDR isolates of P. mirabilis from various 
clinical samples. Statistical analysis indicated no significant correlation 
between gender, age groups, and clinical sample type (p > 0.05) 
(Table 1). Epidemiological assessment based on sex, age, and specimen 
type showed that 52.9 % of isolates were from female patients and 47.0 
% from male patients. Age-wise, the highest proportion of isolates (41.1 
%) occurred in patients aged 40–60 years, while the lowest (9.8 %) was 
in the 10–20-year group. Specimen analysis revealed urine as the pre
dominant source (64.7 %), followed by swabs (23.5 %) and sputum 
(11.7 %). Previous studies have indicated that urinary tract infections 
(UTIs), such as cystitis and pyelonephritis, are commonly associated 
with asymptomatic bacteriuria, particularly among elderly individuals 
and patients with type 2 diabetes. These infections, if left untreated or 
inadequately managed, may lead to bacteremia and, in severe cases, 
progress to urosepsis, a potentially life-threatening condition. Moreover, 
P. mirabilis has been specifically implicated in the development of uri
nary stones (urolithiasis), further complicating the clinical course of 
UTIs [48,49]. In the present study, the majority of clinical isolates were 
recovered from urine samples, suggesting a predominance of UTIs. 
These findings are consistent with previous research [50] conducted in 
Iraq, that reported a high prevalence of Proteus spp. in urine samples 
collected from 30 clinical cases in hospitals across Baghdad. That study 
also found a slightly higher incidence among female patients (56 %) 
compared to males (43 %), with infections observed across a range of 
age groups. Similarly, a more recent study conducted in 2022 in Thi-Qar 
province, Iraq, reported a female infection rate of 52.4 % and a male 
infection rate of 47.6 %, with individuals aged 44 years and older being 
the most frequently affected by P. mirabilis. Furthermore, the same study 
identified urinary tract infections as the primary source of P. mirabilis 
isolates, accounting for 45 % of cases [51]. However, contrasting results 
were observed in a Taiwanese study by Lin et al. (2019), which found 
that among 101 P. mirabilis clinical isolates, the highest numbers were 
obtained from sputum (9 isolates), followed by urine (8 isolates), and 
swab samples (6 isolates). The predominance of UTI-related isolates in 
our findings may be attributed to the organism’s strong ability to colo
nize the surface of urinary catheters, as well as its natural presence in the 
human gastrointestinal tract, which increases the likelihood of 
ascending urinary infections. This aligns with the classification of 
P. mirabilis as the third most common cause following E. coli and K. 
pneumoniae, of complicated UTIs, contributing to approximately 12 % of 

such infections [52].
Overall, the results indicate that clinical specimen type is the pri

mary determinant of P. mirabilis isolation frequency, followed by patient 
sex and age group.

3.2. Sequencing analysis of the 16S rRNA gene of AuNP-producing P. 
mirabilis

BLAST analysis of the 16S rRNA gene sequences from the Erbil-Iraq 
isolates demonstrated a 98.60 % similarity to P. mirabilis reference 
strains from various global sources. Conserved 16S rRNA motifs char
acteristic of the Proteus genus were also identified across all four isolates. 
Pairwise sequence alignments revealed minor nucleotide differences, 
which may indicate regional genetic variations [43]. The sequence 
quality and coverage were adequate to support accurate molecular 
identification, consistent with criteria described in previous studies 
[33]. Phylogenetic analysis further confirmed the classification of these 
isolates as P. mirabilis (Fig. 1). The sequences were deposited in GenBank 
under accession numbers OQ975835, OQ975836, OQ975837, and 
OQ975838, with isolate OQ975835 identified as a novel 
AuNP-producing P. mirabilis strain.

3.3. Preparation and characterization (UV–Visible, XRD, FTIR, FE-SEM, 
EDX, and TEM analyses) of P. mirabilis gold nanoparticles

The cell-free supernatant of P. mirabilis cultures was incubated with 
chloroauric acid (HAuCl4) solution, resulting in the reduction of Au3+

ions to AuNPs within 24 h at 37 ◦C. A visible color change from pale 
yellow to dark red confirmed the extracellular synthesis of AuNPs 
(Fig. 2A).

UV–Visible spectroscopy was performed in the 300–800 nm range to 
characterize the nanoparticles. A sharp absorption peak at 540 nm was 
observed after 24 h, indicative of surface plasmon resonance (SPR) 
associated with AuNP formation. This finding supports earlier reports 
that AuNPs typically exhibit SPR in the 520–560 nm range [53–55]. The 
observed color shift from yellow to pinkish-purple further confirmed 
gold ion reduction and nanoparticle synthesis, likely mediated by 
NADH-dependent nitrate reductase [28].

X-ray diffraction (XRD) analysis revealed four characteristic 
diffraction peaks at 2θ values of 38.00◦, 44.22◦, 64.55◦, and 77.28◦, 
corresponding to the (111), (200), (220), and (311) planes of a face- 
centered cubic (fcc) lattice of gold (JCPDS 98-005-3763) (Fig. 2B). 
The strong (111) reflection indicated preferential orientation and high 
crystallinity of the AuNPs. Using the Scherrer equation [56,57], the 
average crystallite size was estimated at 12.5 nm, which is in agreement 
with previous studies synthesizing AuNPs via P. mirabilis and Arthro
bacter strains [58,59].

Fourier-transform infrared (FTIR) spectroscopy (400–4000 cm− 1) 
confirmed the presence of functional biomolecules associated with 
nanoparticle stabilization (Fig. 2C). Prominent peaks at 3260.07 cm− 1 

(–NH stretching, proteins), 1636.3 cm− 1 (amide I), and 1043.3 cm− 1 

(S=O stretching, sulfoxides) indicated that proteins and other bio
molecules acted as capping agents. These results were consistent with 
earlier findings that proteins contribute to AuNP stabilization by binding 
through amide groups and secondary structural modifications [17,58,
60,61].

Field-emission scanning electron microscopy (FE-SEM) showed that 
the AuNPs were predominantly spherical to ellipsoidal with smooth 
surfaces and uniform distribution (Fig. 2D). Energy-dispersive X-ray 
spectroscopy (EDX) analysis confirmed the presence of gold, with strong 
signals at ~2 eV and 9 eV, alongside copper peaks attributed to the 
supporting TEM grid [62,63].

Transmission electron microscopy (TEM) further characterized the 
AuNPs at a 50 nm scale (Fig. 2E). The nanoparticles exhibited spherical, 
rod-like, and irregular morphologies, with slight agglomeration due to 
electrostatic interactions. ImageJ and Origin 9 analysis estimated an 

Table 1 
Clinical and demographic characteristics of P. mirabilis isolates (n = 51).

Variables No. %

Sex
Male 24 47
Female 27 52.9
Age
10–20 5 9.8
20–40 14 27.4
40–60 21 41.1
60–80 11 21.5
Clinical specimen
Urine 33 64.7
Swab 12 23.5
Sputum 6 11.7

p-value 0.058.
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Fig. 1. Phylogenetic positioning of the four Proteus mirabilis isolates was determined using the Maximum Likelihood method with bootstrap analysis in MEGA 11, 
based on 16S rRNA partial gene sequences compared with similar sequences available in GenBank.

Fig. 2. Characterization of synthesized Au NPs. (A) UV–Vis absorption spectrum showing a surface plasmon resonance peak at 540 nm, inset shows the color change 
of the solution. (B) X-ray diffraction (XRD) pattern indicating crystalline nature with (111), (200), (220), and (311) planes. (C) FTIR spectrum showing functional 
groups involved in NPs stabilization. (D) Energy-dispersive X-ray (EDX) spectrum confirming elemental composition, inset displayed SEM image of Au NPs. (E) TEM 
image displayed particle morphology and size distribution, with average particle size of 6.21 ± 0.09 nm.
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average particle size of 6.21 nm. High-resolution TEM revealed clear 
lattice fringes, consistent with previously reported nanostructures syn
thesized by bacterial and plant systems [64–66].

3.4. Resistance patterns and tolerance characteristics

3.4.1. Resistance profiles to conventional antibiotics
Analysis using the Vitek-2 automated system revealed that all 51 

clinical isolates of P. mirabilis exhibited high resistance levels. The 
resistance and susceptibility profiles of these isolates are summarized in 
Table 2. Notably, significant variation was observed in their resistance 
patterns across the different antimicrobial agents tested (p < 0.0001).

The resistance rates of P. mirabilis isolates to different antibiotic 
classes were as follows: tigecycline (88.2 %) > imipenem (70.5 %) >
ceftriaxone (58.8 %) > piperacillin (56.9 %) > gentamicin (54.9 %) >
cefepime (52.9 %) > ceftazidime (50.9 %) > piperacillin/tazobactam 
(49 %) > ciprofloxacin (35.8 %) > trimethoprim/sulfamethoxazole and 
meropenem (27.4 %) > tobramycin (23.5 %) > levofloxacin (21.5 %) >
netilmicin (15.6 %). Overall, 74.5 % of the isolates were classified as 
MDR (Table 2).

The present analysis demonstrated that the highest level of resistance 
was recorded against tigecycline, with 88.2 % (45/51) of isolates 
exhibiting resistance within the tetracycline class of antibiotics 
(Table 2). This observation is consistent with earlier reports [2,51] that 
similarly revealed that all P. mirabilis isolates tested displayed resistance 
to tigecycline. Such findings reinforce growing concerns regarding the 
persistence and spread of antimicrobial resistance in this species. Recent 
studies have highlighted the role of plasmid-mediated gene transfer in 
facilitating the dissemination of resistance determinants among P. mir
abilis populations. Coupled with its well-documented intrinsic resistance 
to colistin, nitrofurans, tigecycline, and tetracycline, as well as its 
increasing resistance to extended-spectrum β-lactamases (ESBLs), P. 
mirabilis is increasingly being recognized as a clinically significant 
pathogen and an emerging threat to healthcare systems [67].

Notably high resistance to tigecycline may be linked to the AcrAB 
efflux pump (resistance-nodulation-division family), which confers 
resistance to multiple antibiotics, dyes, detergents, and lipophilic agents 
[68,69]. For instance, in May 2019, researchers in Jiangsu, China, iso
lated a tigecycline-resistant P. mirabilis strain (RGF134-1) from swine 
fecal samples carrying a tmexCD1-toprJ1-like gene. Confirmation by 
PCR, MALDI-TOF MS, and WGS revealed multidrug resistance, including 
resistance to tetracycline, kanamycin, amoxicillin, streptomycin, enro
floxacin, oxytetracycline, doxycycline, and tigecycline [70]. Similarly, a 
previous study [71] reported a 10.57 % prevalence of P. mirabilis among 
500 clinical samples in Bangladesh, with resistance rates of 27.03 % for 
tigecycline, 24.32 % for fosfomycin, 21.62 % for imipenem, and 78.38 % 

for amikacin. Alarmingly, 75.68 % of the isolates were MDR, 13.51 % 
XDR, and 10.81 % PDR. Resistance determinants identified included 
fosA (77.78 %), fosA3 (44.44 %), fosA4 (22.22 %), NDM-1 and OXA-10 
(62.5 %), NDM-2, OXA-23, and OXA-48 (50 %), and OXA-58 (25 %).

In the present study, 15.6 % of the isolates exhibited resistance to 
netilmicin. Notably, netilmicin retained effectiveness against nearly 75 
% of P. mirabilis isolates, suggesting its potential as one of the most 
effective therapeutic agents against MDR-P. mirabilis and as a viable 
treatment option for carbapenem-resistant strains. However, these re
sults contrast with findings from Iraq, where netilmicin displayed only 
modest activity (16.6 %) against P. mirabilis isolates, highlighting 
regional variations in susceptibility patterns. In addition, our analysis 
revealed a high resistance rate to imipenem, with 70.5 % (36/51) of 
isolates demonstrating resistance (Table 2). This outcome is particularly 
alarming given the clinical importance of carbapenems as last-resort 
antibiotics. Comparisons with previous research emphasize this 
concern: a study from Iraq reported that only 15 % of isolates were 
resistant to imipenem [72], while another study [2] found resistance in 
just four isolates using the disk diffusion method. Furthermore, another 
study [50] reported complete susceptibility of all P. mirabilis isolates to 
imipenem. The discrepancies across these studies may reflect differences 
in geographic distribution, antibiotic usage patterns, and methodolog
ical approaches. In contrast, cephalosporins such as ceftazidime, cefe
pime, and ceftriaxone showed moderate sensitivity (>50 %), consistent 
with previous results [51]. However, resistance to imipenem was 
alarmingly high at 70.5 % (Table 2), underscoring the rising prevalence 
of carbapenem resistance, which is a critical global public health threat 
[73]. Collectively, 74.5 % of isolates were resistant to at least three 
antimicrobial classes, confirming their MDR status, findings consistent 
with previous reports of high MDR prevalence in P. mirabilis [51].In 
recent years, the global prevalence of multidrug-resistant P. mirabilis 
isolates has shown a marked increase. Plasmids have been identified as 
playing a central role in mediating antimicrobial resistance in this spe
cies. Notably, many of these plasmids may possess a hybrid origin 
(cointegrate or mosaic structures), which significantly contributes to the 
dissemination of multiple antibiotic resistance genes across Enter
obacterales populations [74]. This high prevalence of carbapenem 
resistance in the current study underscores a serious public health 
threat. Considering that carbapenems are often reserved for infections 
unresponsive to other antibiotic classes, the emergence of resistance in 
P. mirabilis significantly limits treatment options and calls for stricter 
antimicrobial stewardship, enhanced surveillance, and exploration of 
alternative therapeutic strategies [75].

3.4.2. Activity profiles of AuNPs against clinical pathogens

3.4.2.1. Determination of MIC and MBC of AuNPs against Gram-negative 
bacilli pathogens. The antibacterial potential of the biosynthesized 
AuNPs was assessed by determining their MIC and MBC against Gram- 
negative bacilli pathogens. The results of the MICs, MBCs, and MBC/ 
MIC ratios are presented in Table 3. The MIC assays revealed that AuNPs 
exhibited the strongest antibacterial activity against A. baumannii and P. 
mirabilis, with MIC values of 156 μg/mL and 312 μg/mL, respectively. In 
contrast, Klebsiella sp. showed higher resistance, with a MIC of 1250 μg/ 
mL. Both E. coli and P. aeruginosa displayed intermediate susceptibility, 
with MICs of 625 μg/mL. The corresponding MBCs for E. coli, Klebsiella 
sp., P. aeruginosa, A. baumannii, and P. mirabilis were 1250, 2500, 1250, 
625, and 312 μg/mL, respectively. Importantly, the MBC/MIC ratio was 
consistently 2 for all tested isolates (Table 3).

Overall, these findings indicate that AuNPs synthesized from P. 
mirabilis possess strong antibacterial activity against Gram-negative 
pathogens, particularly A. baumannii and P. mirabilis. Their effective
ness can be attributed to their nanoscale size, which facilitates pene
tration and disruption of bacterial membranes [76]. In addition, the 
nanoparticles inhibited ATP production, with the highest suppression 

Table 2 
Antimicrobial resistance profiles of P. mirabilis clinical isolates determined using 
the Vitek-2 automated system.

Antibiotics classes Antibiotics Resistance rates

Carbapenem Imipenem 36 (70.5 %)
Meropenem 14 (27.4 %)

Cephalosporin Ceftazidime 26 (50.9 %)
Cefepime 27 (52.9 %)
Ceftriaxone 30 (58.8 %)

Penicillin Piperacillin 29 (56.9 %)
Piperacillin/tazobactam 25 (49 %)

Sulfonamides Trimethoprim/Sulfamethoxazole 14 (27.4 %)
Tetracycline Tigecycline 45 (88.2 %)
Quinolones Levofloxacin 11 (21.5 %)

Ciprofloxacin 13 (25.4 %)
Aminoglycoside Gentamycin 28 (54.9 %)

Tobramycin 12 (23.5 %)
Netilmicin 8 (15.6 %)

Resistance profile (MDR) 38 (74.5 %).
(p < 0.0001).
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observed in P. mirabilis, followed by A. baumannii, E. coli, and P. aeru
ginosa. When compared with a previous study [58], notable differences 
were observed, as that work reported much lower MIC (31.25 μg/mL) 
and MBC (500 μg/mL) values for P. aeruginosa.

3.4.2.2. Evaluation of the synergistic effect between antibiotics and bio
synthesized AuNPs. The current study investigated the synergistic po
tential of biosynthesized AuNPs in combination with conventional 
antibiotics against Gram-negative bacilli pathogens. The antibacterial 
activities of ciprofloxacin (2 mg/mL), gentamicin (40 mg/mL), and 
ceftriaxone (100 mg/mL) were assessed individually and in combination 
with AuNPs using the microdilution broth method. The synergistic po
tential of biosynthesized AuNPs in combination with conventional an
tibiotics against Gram-negative bacilli pathogens demonstrated a 
reduction in optical density (OD 600 nm) compared with the control 
groups, confirming inhibitory effects on bacterial growth. Importantly, 
the antibiotics exhibited enhanced antibacterial activity when combined 
with AuNPs, resulting in a more pronounced suppression of Gram- 
negative bacilli growth (Fig. 3). The strongest inhibitory effect was 
recorded against P. aeruginosa isolates when ciprofloxacin, gentamicin, 
and ceftriaxone were used in conjunction with AuNPs. In contrast, the 
weakest inhibition under the same conditions was observed against 
Klebsiella sp. isolates. These findings align with previous work where 
bio-fabricated AuNPs conjugated with gentamycin, ciprofloxacin, 
rifampicin, and vancomycin showed enhanced efficacy against Staphy
lococcus epidermidis and Staphylococcus haemolyticus relative to antibi
otics alone [77]. Collectively, these results reinforce the capacity of gold 
nanoparticles to potentiate the effects of β-lactams, cephalosporins, and 
aminoglycosides, validating earlier conclusions that AuNPs conjugated 
with small molecules such as drugs, vaccines, or antibodies are more 
effective than their unconjugated counterparts [78].

Moreover, the synergistic antibacterial effects observed are further 
supported by evidence from ceftriaxone-mediated AuNPs, which dis
played potent activity against all tested bacterial pathogens in this 
study. Comparable findings were reported by an earlier study [79], who 

observed enhanced efficacy of ceftriaxone–AuNP conjugates against A. 
baumannii compared with either ceftriaxone or AuNPs alone. Similarly, 
another study [80] documented significant synergistic interactions (P <
0.05) between AuNPs and various antibiotics against A. baumannii, 
reporting excess inhibition zones of 24.79 %, 26.39 %, 22.99 %, 31.1 %, 
and 10.65 % for ceftazidime, ceftriaxone, ciprofloxacin, imipenem, and 
gentamicin, respectively.

The underlying mechanism of this enhanced antibacterial activity is 
thought to arise from microbe–metal interactions. The positive charge of 
nanoparticles promotes electrostatic attraction to the negatively 
charged bacterial cell surface, disrupting membrane permeability and 
facilitating nanoparticle entry. Once inside, nanoparticles may interfere 
with critical cellular processes including DNA, RNA, and protein syn
thesis [54]. Additionally, AuNPs may release ions that bind to thiol (-SH) 
groups of bacterial membrane transport proteins, thereby disrupting 
membrane function, respiration, and electron transport, ultimately 
leading to bacterial cell death [80]. Importantly, most studies indicate 
that functionalization of AuNPs with biomolecules such as antibiotics, 
peptides, or targeting ligands is critical for antibacterial efficacy. While 
bare AuNPs generally exhibit minimal effects on bacterial growth, 
conjugated forms significantly suppress bacterial proliferation and 
enhance drug performance [78]. This synergistic effect not only 
broadens the antimicrobial spectrum but also reduces antibiotic toxicity, 
restoring activity against resistant strains [81]. For instance, 
ampicillin-functionalized AgNPs and AuNPs demonstrated potent ac
tivity against MDR strains of P. aeruginosa, Enterobacter aerogenes, and 
MRSA, with ampicillin-capped AuNPs showing particularly strong 
bactericidal effects against resistant isolates (Brown et al., 2012).

Taken together, these findings highlight the promising potential of 
antibiotic-AuNP conjugates as novel therapeutics. By enhancing the 
effectiveness of conventional antibiotics and overcoming resistance 
mechanisms, AuNP-based nanocarrier systems may represent a crucial 
step forward in the development of alternative strategies to address the 
growing challenge of multidrug resistance.

Table 3 
The MIC and MBC (μg/mL) as well as the tolerance ratio of strains of Gram-negative bacilli against AuNPs.

Nanoparticles E. coli Klebsiella sp. Pseudomonas aeruginosa Acinetobacter baumannii P. mirabilis

MIC MBC Tolerance 
ratio

MIC MBC Tolerance 
ratio

MIC MBC Tolerance 
ratio

MIC MBC Tolerance 
ratio

MIC MBC Tolerance 
ratio

Au 625 1250 2 1250 2500 2 625 1250 2 312 625 2 156 312 2

Fig. 3. Antibacterial activity of antibiotics alone and combined with gold nanoparticles against different bacterial strains. The optical density at 600 nm was 
measured for E. coli, Klebsiella sp., Pseudomonas aeruginosa, Acinetobacter baumannii, and Proteus mirabilis after treatment with ciprofloxacin, gentamycin, and cef
triaxone alone and in combination with AuNPs. Lower ODs in antibiotic + AuNP treatments reflect higher antibacterial potential as compared to the action of 
antibiotics alone. Control and AuNP alone have been included for comparison.
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4. Conclusion and future direction

Accordingly, AuNPs synthesized by the bacterial isolate P. mirabilis 
hold tremendous potential as potent antibacterial agents against MDR 
Gram-negative pathogens. In the clinical analysis, the rate of bacterial 
isolation was highest in the sex distribution group (52.9 %) and lowest in 
the age group (9.8 %). Antimicrobial susceptibility testing indicated a 
high resistance rate to tigecycline at 88.2 % among the P. mirabilis iso
lates. The crystallite size of biosynthesized AuNPs as estimated for 
structural characterization was 12.5 nm, indicating diffraction planes 
for (111), (200), (220), and (311) as typical of a face-centered cubic 
lattice. Later, from the SEM study, an ellipsoidal morphology was 
evident, and FTIR spectroscopy confirmed the presence of amide and 
protein functional groups. The TEM analysis was performed and also 
showed the formation of nanoparticles with average sizes of ~6.21 nm. 
Functionally, P. mirabilis–derived AuNPs showed notable antibacterial 
activity against MDR Gram-negative strains, such as P. aeruginosa, E. 
coli, A. baumannii, and P. mirabilis. Synergistic studies also indicated 
increased inhibition of bacterial growth when AuNPs were used in 
combination with conventional antibiotics such as ceftriaxone, cipro
floxacin, and gentamicin, with the greatest synergy being observed 
against P. aeruginosa. In general, these findings establish that bio
synthesized AuNPs are stable, biocompatible, and with the potential to 
enhance the efficacy of conventional antibiotics, hence acting as an 
adjuvant to antibiotics. Although the present study isolated 51 strains of 
P. mirabilis from various clinical specimens (blood, sputum, urine, etc.), 
therapeutic potential (wound healing, anaemia, antioxidant or 
oxidative-stress related disorders, and anti-cancer), optimization of 
dosage, safety, and pharmacokinetic profiles need further in vivo in
vestigations and mechanistic studies. Therefore, the present study forms 
a foundational step toward the development of sustainable, green- 
synthesized nanomaterials in the fight against MDR bacterial in
fections and toward advanced antimicrobial therapies of the future.

4.1. Study limitations

Absence of in vivo toxicity data: The study did not assess in vivo 
biocompatibility, systemic toxicity, or pharmacokinetics of the bio
synthesized AuNPs, which are critical for translational potential. This 
should be addressed in future studies.
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