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A B S T R A C T

Multi-resistant bacteria represent a significant public health threat, due to their resistance to many antibiotics 
and their biofilm formation capacity, which are difficult to treat and often lead to prolonged illness. Silver 
nanoparticles are promising antimicrobial agents, penetrating biofilms and serving as potential antimicrobial 
agents against multi-drug resistant bacteria. This study focuses on optimizing the silver nanoparticle synthesis 
based on the extract of Lavandula mairei. The effects of silver nitrate concentration, extract volume, reaction time 
and temperature were investigated. In addition, the nanoparticles were characterized by UV–vis spectroscopy, X- 
ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy, Fourier transform infrared 
spectroscopy, and dynamic light analysis. The synthesized nanoparticles were subsequently evaluated for 
inhibiting and eradicating biofilms formed by multi-resistant strains including Acinetobacter baumannii and ESBL- 
producing and non-ESBL-producing Enterobacteriaceae. Silver nanoparticles were successfully synthesized, 
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exhibiting a crystalline structure that was predominantly spherical, with sizes ranging from 30 to 60 nm at the 
optimum reaction time of 2 hours. They also showed a high silver content and retained functional groups from 
the plant extract. Additionally, dynamic light scattering revealed a bimodal size distribution, with peaks at 
25.10 nm and 124.47 nm. Furthermore, the percentage of biofilm inhibition ranged from 
36.33 ± 0.89–80.07 ± 1.31 % at a sub-minimum inhibitory concentration, while the rate of biofilm eradication 
ranged from 28.04 ± 1.60–71.95 ± 1.99 %. This research addresses the urgent need for new antimicrobial 
strategies and highlights the promise of biological silver nanoparticles as efficient agents against biofilm- 
associated bacterial resistance.

1. Introduction

Presently, there is an increasing apprehension over antimicrobial 
resistance, since some organisms demonstrate resistance to a broad 
spectrum of antibiotics [1,2]. The presence of this resistance in bacterial 
infections is strongly linked to higher rates of illness and death. In 2021, 
bacterial resistance to antibiotics was associated with 4.71 million 
deaths worldwide, among which 1.14 million were directly due to in
fections caused by drug-resistant bacteria (MDR). In the absence of 
effective interventions, this number is expected to rise to 8.22 million 
deaths per year by 2050 [3]. The intricate mechanisms of multidrug 
resistance reported in both Gram-negative and Gram-positive bacteria 
provide difficulties in treatment and may render them impervious to 
traditional antibiotics [1]. Bacterial resistance to β-lactam antibiotics, 
driven by the production of β-lactamases such as extended-spectrum 
β-lactamases (ESBLs) and carbapenemases, poses a critical global 
health challenge. These enzymes hydrolyze the β-lactam ring of the 
antibiotic, resulting in antibiotic resistance [4]. According to the WHO 
[5] report, third-generation cephalosporin-resistant Enterobacterales 
and carbapenem-resistant strains, such as Acinetobacter baumannii (A. 
baumannii), are particularly concerning. These pathogens are associated 
with high mortality rates, especially in low- and middle-income coun
tries, underscoring the urgent need for innovative strategies to address 
these infections [5]. It has also been demonstrated that the mortality 
rate of patients infected with A. baumannii in intensive care units is 
between 45 % and 60 %, and can exceed 80 % in cases of drug resistance 
[6]. In addition to these intricate resistance mechanisms, the develop
ment of biofilms exacerbates the difficulty of the approach.

Biofilm constitutes an organized assembly of bacteria enveloped 
within a self-generated polymer matrix comprising polysaccharides, 
proteins, and extracellular DNA [1]. Bacterial biofilms exhibit notable 
resistance to antibiotics, disinfectant, chemicals and also to processes 
like phagocytosis and other elements of the body’s inflammatory de
fense system [7,8]. Bacteria capable of forming biofilms represent a 
major threat to human health, being implicated in 65–80 % of in
fections, particularly those that persist over time [9]. Biofilm production 
is a frequently used survival strategy by bacteria that are resistant to 
many drugs, such as some strains of Extended spectrum β-lactamase 
(ESBL)-producing Enterobacteriaceae[10] and A. baumannii [11]. Bac
terial biofilms, particularly those produced by A. baumannii, have 
become a significant issue in hospital environments [9]. A study 
revealed that 65.63 % of A baumannii clinical isolates formed biofilms, 
with 41.34 % classified as strong producers, 33.57 % as moderate, and 
27.63 % as weak. These strains were most prevalent in the Western 
Pacific, followed by Asia and Africa [6]. A. baumannii, characterized as a 
Gram-negative bacterium, has notably gained recognition for its effi
cient adhesion of medical surfaces and devices. The capacity of this 
organism to create strong biofilms not only allows infections to persist 
but also presents a substantial danger due to its growing resistance to 
several antimicrobial medications [11]. In addition, ESBL-producing 
Enterobacteriaceae further exacerbate the danger through their capac
ity for robust biofilm formation. The incidence of ESBL-producing 
Enterobacteriaceae has seen a substantial rise in the last decade, 
emerging as a global public health issue of growing concern, due to their 
increased ability to establish resistant biofilms [12]. In France, the 

incidence density of infections caused by these bacteria is approximately 
three times higher than that of methicillin-resistant Staphylococcus 
aureus [13]. In this context, there is an increasing need for alternatives to 
conventional antibiotics to meet the challenge of antibiotic resistance 
and limit biofilm-related diseases.

In recent decades, significant attention has been given to the 
research and biomedical evaluation of metallic nanoparticles derived 
from noble metals. This is due to their distinctive chemical, biological, 
and physical properties [14]. Nanoscale materials show distinct prop
erties compared to bulk ones, mainly as a result of the higher 
surface-to-volume ratio [14]. In the realm of metallic nanoparticles, 
silver nanoparticles (Ag-NPs) find extensive applications as agents with 
anticancer, antibacterial, antifungal, antiviral, and anti-inflammatory 
properties. Furthermore, they serve as drug delivery agents and are 
employed in medical devices for the diagnosis and detection of various 
diseases [15]. Ag-NPs may be produced in several ways, such as chem
ical, physical, and biological methods. Among these, the utilization of 
biological substances holds a distinct advantage over alternative 
methods, as it is ecological and does not generate toxic byproducts [16]. 
The eco-friendly approach to synthesizing nanoparticles involves uti
lizing biological entities like algae, plant materials, microbes, and 
similar resources. This strategy has several advantages, such as its 
characteristic of being a single-step procedure that produces nano
particles characterized by stability, cost-effectiveness, and particular 
dimensions [16]. In addition to the advantages of the eco-friendly 
approach, the synthesis of silver nanoparticles is highly dependent on 
several critical parameters. Among these, key factors such as tempera
ture, reaction time, concentration of metal precursors and volume of 
biological reducing agents significantly influence the size, shape, and 
stability of the nanoparticles [17].The utilization of plant materials in 
eco-friendly nanoparticle synthesis presents notable advantages, 
compared to synthesizing nanoparticles using microbes, which may be 
difficult owing to the complexity involved in storing, isolating, and 
maintaining microorganisms [18], In contrast, the plant-based method 
uses various secondary metabolites found in plant extracts, including 
polysaccharides, terpenoids, phenolics, tannins, saponins, alkaloids, and 
flavones. The presence of these chemicals facilitates the efficient 
reduction and stabilization of nanoparticles [19]. This mechanism is 
further elucidated by Vanlalveni et al. [20]. who suggested that the 
oxidation of various biomolecules like tannins, carboxylic acids, ke
tones, flavonoids, aldehydes, and plant come to be primarily involved in 
the reduction of silver ions to metallic silver [20].

The Lavandula L. genus, belonging to the Lamiaceae family, is 
indigenous to the Mediterranean region, India, and the Canary Islands. 
Currently, it is under cultivation in various parts of the globe [21,22]. 
The Lavandula genus is present in the Moroccan flora with nine species 
and subspecies, among which five are endemic. Among the endemic 
lavenders, Lavandula mairei Humbert (L. mairei) is categorized as a 
scarce species [23]. It is a perennial shrub, typically reaching heights of 
0.40–0.80 m, adorned with striking violet flower spikes. L. mairei finds 
extensive application in traditional medicine for addressing diverse 
health concerns, including gastrointestinal ailments, asthma, cough, and 
microbial infections, with notable efficacy in inhibiting biofilm forma
tion [24,25]. It is precisely for these reasons that we have chosen 
L. mairei as the subject of our study. Notably, no previous studies have 
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focused on the antibiofilm activity of Ag-NPs synthesized using L. mairei.
To fill that knowledge gap, our research aims to contribute valuable 

insights into the potential of L. mairei as a novel and unexplored source 
of Ag-NPs synthesis. Consequently, the primary aims of our research are 
to optimize the conditions for the synthesis of silver nanoparticles using 
L. mairei. Subsequently, we aim to conduct a thorough characterization 
of the nanoparticles and determine their MIC and minimum bactericidal 
concentration (MBC). Additionally, we seek to evaluate their capacity to 
inhibit and eradicate biofilms formed by multidrug-resistant bacterial 
strains, such as A. baumannii and Enterobacteriaceae, both ESBL- 
producing and non-ESBL-producing.

2. Materials and methods

2.1. Bacterial strains

In the laboratory, bacterial strains were isolated from surfaces and 
medical instruments in a hospital intensive care unit in Morocco. [26]. 
Among them were seven Enterobacteriaceae strains, including five 
ESBL-producing strains: E. coli 2, E. coli 3, K. pneumoniae 2, 
K. pneumoniae 4, and E. hormaechei [27], as well as two 
non-ESBL-producing strains: E. cloacae and K. pneumoniae 9 (Table A, 
Appendices). In addition, ten multidrug-resistant strains of A. baumannii 
have been identified [21]. The bacterial strains were incubated on 
Tryptic Soy Agar (TSA, Biokar Diagnostics) for 24 hours at 37◦C.

2.2. Preparation of plant extract

The extraction was performed according to the method outlined by 
Qais et al. [28] with slight modifications. Briefly, five grams of plant 
powder were added to 100 mL of distilled water. After that, the whole 
was then heated at 90◦C for 30 minutes. Once the mixture had cooled, 
the extract was filtered and stored for future use [28].

2.3. Optimization of green synthesis of Ag-NPs

In the pursuit of enhancing nanoparticle efficacy, it is crucial to 
optimize the conditions that influence the biosynthesis of these nano
particles from L. mairei. Ag-NPs were synthesized according to Qais et al. 
[28] with partial modifications. Different volumes of the aqueous 
extract of L. mairei were mixed with varying concentrations of silver 
nitrate at different incubation times and temperatures. The resultant 
mixture was subjected to centrifugation at 10,000 rpm for 30 minutes to 
extract the nanoparticles from the reaction mixture. The resulting pellet 
was then repeatedly washed with distilled water to eliminate impurities. 
Following this, the nanoparticle pellet was then dried at 50◦C to remove 
traces of water and obtain a powder. The obtained Ag-NPs powder was 
then stored at 4◦C for subsequent analyses [28].

2.3.1. Influence of aqueous extract volume on the silver nanoparticles 
synthesis

The impact of extract volume on nanoparticle synthesis was inves
tigated by mixing 0.50, 1, 2, 4, and 8 mL of the extract with 20 mL of 
silver nitrate. This parameter variation aimed to clarify the relationship 
between extract volume and Ag-NPs production. UV–visible spectros
copy was used to compare the absorption spectra and investigate the 
nanoparticle formation process.

2.3.2. Influence of silver nitrate concentration on silver nanoparticles 
synthesis

Under constant volume conditions (20 mL), three concentrations of 
silver nitrate (0.25, 0.50, and 1 mM) were used to investigate the impact 
of this concentration on the Ag-NPs production. This experiment aims to 
determine the impact of different silver nitrate concentrations on 
nanoparticle formation. UV–vis spectroscopy analysis was used to 
analyze biosynthesized Ag-NPs that were biosynthesized.

2.3.3. Influence of reaction temperature on silver nanoparticles synthesis
To assess how temperature affects Ag-NPs biosynthesis, the nano

particle synthesis process was conducted at different temperatures 
(25◦C, 40◦C, 50◦C, and 70◦C). Ag-NPs production was examined using 
UV–vis spectroscopy.

2.3.4. Influence of reaction time on silver nanoparticles synthesis
Incubation time impact on nanoparticle synthesis was examined 

using various times of reaction (0, 2, 4, 6 and 8 hours), and the formed 
Ag-NPs were analyzed using UV–vis spectroscopy.

2.4. Characterization of synthesized nanoparticles

2.4.1. UV–vis spectral analysis
A UV–vis spectrophotometer, specifically the GENESYS 50 (Thermo 

Fisher Scientific, USA), was employed to characterize the Ag-NPs in 
their preliminary phases. Analysis of the UV–vis spectra of the synthesis 
solutions indicated the reduction of silver ions to silver nanoparticles. 
Absorbance spectra (350–800 nm) of the biosynthesized Ag-NPs solu
tion were measured using this instrument [29].

2.4.2. Scanning electron microscopy (SEM)
SEM imaging was employed for investigating the nanoparticles’ 

morphology. Samples were coated with a thin layer of gold using a 
sputtering device to improve conductivity and minimize charging effects 
[30]. SEM imaging was performed using a (JEOL JSM IT-100 Tokyo, 
Japan) scanning electron microscope from Ibn Zohr University. This 
technique was used to analyze the size, and shape of biosynthesized 
nanoparticles at different times, in particular at 2, 4, 6 and 8 h from 
synthesis, in order to determine changes in nanoparticle size and 
morphology over time.

2.4.3. Energy dispersive X-ray spectroscopy analysis (EDS)
The basic composition of the resulting Ag-NPs was analyzed by en

ergy dispersive X-ray spectrometry. This approach makes it possible to 
identify and quantify the elements present in biosynthesized nano
particles. EDS analyses were carried out using a (JEOL JSM IT-100 
Tokyo, Japan) scanning electron microscope with an JEOL-made EDS, 
revealing important details about the chemical composition and purity 
of the sample [30].

2.4.4. X-ray diffraction (XRD)
XRD analysis was carried out following the method of Qais et al. 

[28], with slight modifications. Briefly, a Bruker D8 Advance Twin 
diffractometer (Bruker Corporation, Germany) equipped with Cu Kα 
radiation (λ = 1.5404 Å), was used to scan the 2θ domain of 10◦ to 100◦. 
This analysis was used to examine the crystal structure of the synthe
sized nanoparticles [28].

The Debye-Scherrer equation was applied to calculate the powder 
crystal size of Ag-NPs [31]: 

D = kλ / β cosθ                                                                              (1)

where D = crystallite size (nm), K = Scherer constant (K = 0.94), λ = X- 
ray diffraction wavelength of Cu Ka radiation, β = half-width of the 
peak, and θ = the angle of diffraction.

2.4.5. Fourier Transform Infrared Spectroscopy Analysis (FTIR)
FTIR analysis was used to identify the functional groups involved in 

the green synthesis of Ag-NPs, characterizing both the synthesized Ag- 
NPs and the plant extract within a wavenumber range of 
4400–450 cm⁻¹ [32].

2.4.6. Dynamic light scattering (DLS) analysis
Nanoparticles size distribution was carried out using a Zeta sizer 

dynamic light scattering detector (Malvern Panalytical, UK). A small 
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quantity of synthesized Ag-NPs was dispersed in water and sonicated for 
five seconds to ensure the solution’s homogeneity. The solution was 
diluted many times and analyzed at 25 ◦C until a clear size distribution 
as a function of intensity was produced.

2.5. Antibacterial activity of silver nanoparticles using the microdilution 
method

The MIC was determined according to the protocol outlined [33]
with minor modifications. Initially, a bacterial suspension was estab
lished from a fresh overnight bacterial culture and adjusted to a 0.5 
McFarland standard, equivalent to approximately ~1.50 × 108 

CFU/mL. The suspension was further diluted in Mueller Hinton Broth 
(MHB, Biokar Diagnostics) to obtain 106 CFU/mL. A series of final 
concentrations of Ag-NPs, between 4096 and 16 µg/mL, were prepared 
using a 1:2 dilution factor. In addition, 100 µl of bacterial suspension 
was introduced at each concentration. The plates were incubated with 
agitation for 24 hours at 37◦C. Next, 10 µl of 20 mg/mL 2,3–5 triphenyl 
tetrazolium chloride (TTC, Acros Organics, USA) solution was added to 
each well of the microtiter plate. The plates containing TTC were then 
incubated for 30 minutes at room temperature, and any change from 
colorless TTC to pink-red formazon indicates microorganism growth. 
Afterwards, plates were analyzed to evaluate bacterial growth in each 
well and determine MIC of Ag-NPs, which is the weakest concentration 
where no significant bacterial growth was observed.

After the determination of the MIC, TSA plates were inoculated with 
10 µl of each well that did not exhibit a color change, and the plates were 
then incubated at 37 ◦C for 24 hours. The minimum concentration at 
which the inoculum’s viability was reduced by 100 % was identified as 
the MBC.

2.6. Biofilm formation ability

Biofilm formation was assessed following the approach detailed by
[34] with a few modifications. Briefly, A bacterial suspension 
(~1.50 ×108 CFU/mL) was prepared as described earlier and subse
quently diluted to produce a suspension of around 106 CFU/mL. Each 
well of microplates was inoculated with 200 µl of the bacterial suspen
sion. Control wells consisted of 200 µl of sterile TSB in place of bacteria. 
All tests were repeated in triplicate. After incubation at 37◦C for 
24 hours, non-adherent cells were thoroughly eliminated. The wells 
were carefully washed three times and oven-dried at 60◦ C for 45 mi
nutes. The biofilms formed on the surface of the wells were then stained 
with 0.10 % crystal violet solution (200 µl per well) for 10–15 minutes. 
After staining, the wells were rinsed again 3–6 times to remove excess 
stain. To quantify biofilm formation, the crystal violet staining the 
biofilm was dissolved in 200 µl of ethanol solution in each well. After 
10 minutes, the solution was moved to a new microplate, and its optical 
density at 570 nm was measured with a microplate ELISA reader 
(Thermo Scientific Multiskan, USA). The obtained OD values were 
compared with the predetermined cut-off value using Eq. 2 [35]. 

ODcut-off = Average OD of the negative control + (3 × standard devi
ation (SD) of Ods of negative control)                                             (2)

To interpret the results, the strains can be classified into the 
following classes: Negative biofilm production, Weak biofilm produc
tion, Moderate biofilm production and Strong biofilm production 

(Table 1), according to the OD values calculated above.

2.7. Antibiofilm activity of silver nanoparticles

Antibiofilm effect of silver nanoparticles was assessed through wells 
treatment before (biofilm inhibition) and after (biofilm eradication) 
biofilm formation using different concentrations of Ag-NPs.

2.7.1. Biofilm inhibition
Biofilm inhibition was evaluated using the approach outlined by [36]

with some modification. A range of Ag-NPs concentrations was pre
pared, including MIC, MIC/2, MIC/4 and MIC/8, by mixing Ag-NPs with 
TSB medium to obtain the specified concentration. Afterward, 100 µl of 
each prepared Ag-NPs concentration was added to each well. Subse
quently, an equivalent volume (100 µl) of the bacterial suspension 
(~106 CFU/mL) was added to the different Ag-NPs concentrations, 
giving a final volume of 200 µl per well. For the Biofilm formation 
control, the bacterial suspension was combined with TSB medium only. 
All tests were repeated in triplicate. The plates were left to incubate at 
37◦C for 24 hours without agitation. Then, they were washed three to six 
times to eliminate unattached cells.

2.7.2. Biofilm eradication
In the biofilm eradication assay, preformed biofilms were first 

developed according to Elsaid et al., 2023. as described in the “Biofilm 
formation” section [34].

The contents of each well were removed after incubation. To elimi
nate unattached cells, the wells were rinsed three to six times, then 
refilled with 200 µl of Ag-NPs at MIC, MIC/2, MIC/4 and MIC/8 con
centrations. The untreated control consisted of a 200 µL solution of 
sterile physiological water alone. All tests were repeated in triplicate. 
Following this, the microplates were again incubated under biofilm- 
maintaining conditions, usually at room temperature, for 24 hours. 
After incubation, the Ag-NPs solution was then withdrawn and the wells 
were washed.

For both biofilm inhibition and eradication, the plates were dried at 
60◦C for 30 minutes. After this, the wells were then stained with 0.10 % 
crystal violet solution (200 µl per well) for 10–15 minutes and washed 
3–6 times to remove excess colorant. The crystal violet associated with 
the biofilm was solubilized by adding 200 µl of ethanol solution to each 
well, and the contents of the wells were transferred to a new microplate 
for measurement of OD at 570 nm with a microplate ELISA reader 
(Thermo Scientific Multiskan). After determining mean absorbance of 
the samples, the percentage of biofilm inhibition and eradication was 
estimated using the following equation [37]: 

Percentage of inhibition or eradication = (OD Negative control-OD 
Experimental)/OD Negative control x 100                                      (3)

2.8. Statistical analysis

All tests were carried out in three replicates. A one-way ANOVA was 
conducted to assess the antibacterial activity of Ag-NPs against various 
bacterial strains at different concentrations. A two-way ANOVA with 
interaction factors was conducted to assess the biofilm inhibition and 
eradication effects of Ag-NPs against various bacterial strains at 
different concentrations. The ANOVA test employed was parametric, 
following an affirmative assessment of data normality (via normality 
plot of residuals and Shapiro-Wilk test) and equality of variances (via 
residuals versus fits plot and Levene’s test). Data transformation using 
the natural logarithm transformation (ln(x + 1)) was applied to improve 
normality. Subsequently, homogeneous groups were determined 
through pairwise multiple comparisons using the TukeyHSD function. 
Statistical analyses were performed using R-4.2.1 [64].

Table 1 
Classification of biofilm-forming ability [35].

Biofilms formation capacity Cut-off value calculation

Negative OD ≤ ODcut-off
Weak ODcut-off < OD ≤ 2 × ODcut-off
Moderate 2 × ODcut-off < OD ≤ 4 × ODcut-off
Strong OD > 4 × ODcut-off
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3. Results

3.1. Visual observation of Ag-NPs synthesis

Aqueous extract of L. mairei efficiently reduced silver ions to Ag-NPs, 
as indicated by the shift in mixture color from colorless to dark brown 
(Figs. 1–2). However, the silver nitrate solution incubated under the 
same conditions without the L. mairei extract did not exhibit any color 
change, as illustrated in Figs. 1–1.

3.2. UV–Vis spectral analysis

UV-Vis spectral analysis validated the biological synthesis of Ag-NPs. 
The analysis showed a strong absorption peak at around 440 nm (Fig. 2), 
demonstrating the effective production of silver nanoparticles. The in
tensity and position of the absorption peak were influenced by the 
various synthesis parameters, underscoring the need of optimizing these 
conditions to get a better understanding of their impact on Ag-NPs 
production.

3.3. Optimization of green synthesis of Ag-NPs

3.3.1. Influence of aqueous extract volume on the silver nanoparticles 
synthesis

Among the different volumes evaluated, a strong influence was 
revealed as shown in Fig. 3. In particular, the 0.50 mL volume showed 
the best synthesis results, with an intense absorption peak in the UV-Vis 
spectral analysis. Furthermore, a reduction in peak intensity was 
observed as the volume of the extract increased. Thus, it was determined 
that the optimum volume for Ag-NPs synthesis is 0.50 mL. This finding 
highlights the need for particular attention when choosing the extract 
volume for Ag-NPs synthesis, as higher volumes correlate with lower 
peak intensity, which has a negative effect on the synthesis process.

3.3.2. Influence of silver nitrate concentration on silver nanoparticles 
synthesis

The effect of silver nitrate concentration was examined with the aim 
of optimizing Ag-NPs synthesis. It was found in Fig. 4 that 1 mM was the 
ideal concentration for efficient Ag-NPs production. The UV-Vis ab
sorption spectra revealed a significant absorption peak at this concen
tration. Importantly, as the silver nitrate concentration decreased below 
this optimal value, a reduction in the intensity of these absorption peaks 
was noted

3.3.3. Influence of reaction temperature on silver nanoparticles synthesis
Analysis of the UV–vis absorption spectra in Fig. 5 indicated that the 

reaction temperature of 70◦C was the most appropriate of the temper
atures tested. It was also observed that a lower temperature was 
accompanied by a corresponding reduction in the absorption spectrum. 
This suggests that lower temperatures could not be adequate for 

optimum absorption, affecting the synthesis process. These results un
derline the critical necessity of precisely controlling the reaction tem
perature in order to assure perfect synthesis of silver nanoparticles.

3.3.4. Influence of reaction time on silver nanoparticles synthesis
A study of the influence of reaction time on the biosynthesis of silver 

nanoparticles revealed that a reaction time of 2 hours was identified as 
sufficient for successful Ag-NP synthesis (Fig. 6). The selected reaction 
time of 2 hours produced a pointed and intense absorption peak in the 
UV-Vis spectral analysis. In contrast, the other reaction times, while 
producing exceptionally intense absorption peaks, lacked the pointed, 
well-defined character observed at 2 hours. These broader peaks indi
cate perhaps a larger nanoparticle size compared with the pointed-peak 
Ag-NPs obtained with the 2-hour reaction time. This implies the need for 
microscopic observation to explain this difference in absorption peaks.

3.4. Scanning electron microscopy

SEM analysis was employed for characterization of size and 
morphological of the synthesized silver nanoparticles. Fig. 7a–d shows 

Fig. 1. Visible observation of (1) 1 mM silver nitrate solution and (2) Ag-NPs 
biosynthesis by aqueous extract of L. mairei.

Fig. 2. UV–vis spectra of Ag-NPs biosynthesized from L. mairei aqueous extract, 
silver nitrate alone and plant extract alone.

Fig. 3. UV–vis spectra of the effect of aqueous extract volume on Ag- 
NPs synthesis.
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the findings, which provide light on how the properties of nanoparticles 
changed during the synthesis process

In Fig. 7a, which corresponds to a synthesis duration of 2 hours, the 
SEM images reveal silver nanoparticles with a consistently spherical 
morphology. The particles exhibit a well-defined and uniform shape, 
and their typical size is ranging between 30–60 nm. As the reaction time 
progresses, there is a noticeable increase in particle size. Specifically, 
Fig. 7b (4 hours) and Fig. 7c (6 hours), show a slight size increase, while 
Fig. 7d (8 hours) reveals more substantial growth beyond the initial 
range. Interestingly, the change in shape becomes more apparent as the 
response time increases. In contrast to the more heterogeneous struc
tures shown in Fig. 7b, c, the 2 hours synthesis (Fig. 7a) retains an 
essentially spherical form.

3.5. Energy dispersive X-ray spectroscopy analysis

To assess the purity and composition of the sample in terms of its 
elemental constituents, EDS elemental analysis was conducted, as 
depicted in Fig. 8a. The resulting spectrum revealed distinct peaks 
corresponding to various elements. In particular, a strong peak at 3 keV 

was identified, attributed to silver. Subsequently, the atomic percent
ages of each detected element were determined, and these results are 
illustrated in Fig. 8b. Specifically, the elemental composition indicated 
the presence of Carbon (C) at 16.20 %, Oxygen (O) at 4.83 %, Chlorine 
(Cl) at 6.67 %, and a predominant amount of Silver (Ag) at 72.30 %.

3.6. X-ray diffraction

The crystallinity of Ag-NPs biosynthesized from L. marei aqueous 
extract was confirmed through X-ray diffraction. Fig. 9 displays the 
diffraction pattern of Ag-NPs at 2θ values of 38.18◦, 44.38◦, 64.57◦, 
77.55◦ and 81.71◦ across the entire spectrum of the 2 Theta range from 
10◦ to 100◦, indicated by reflections (111), (200), (220), (311) and (222) 
of metallic silver. Moreover, Eq. (1) provided the mean crystal size of the 
biosynthesized silver nanoparticles, which was 11,328 ± 4505 nm.

3.7. Fourier Transform Infrared Spectroscopy Analysis (FTIR)

Infrared spectroscopy was used to examine the chemical composition 
of L. mairei extract and green synthesized Ag-NPs. The goal of this 
analysis was to identify potential biomolecules contributing to the cre
ation of a protective layer, acting as a cap on the surface of the silver 
nanoparticles. The IR spectrum of L. mairei aqueous extract and silver 
nanoparticles exhibits common peaks at around 3208.95, 2355.13, 
1529, 1370, 1260, 1040.78, and 697.94 cm− 1, and all these peaks are 
shown in Fig. 10.

3.8. Dynamic light scattering (DLS) analysis

Analysis of particle size using DLS revealed the presence of two 
peaks. One, displaying low intensity, was centered around 25.10 nm, 
while the other, with higher intensity, was centered around 124.47 nm 
(Fig. 11).

3.9. Antibacterial activity of silver nanoparticles

The results revealed that the Ag-NPs biosynthesized from the 
aqueous extract of L. mairei exhibited considerable efficiency against 
Acinetobacter strains as shown by the MICs presented in Table 2. The 
A. baumannii 1, A. baumannii 2, and A. baumannii 4 exhibited the highest 
antibacterial activity, with a MIC of 64 µg/mL. In contrast, the other 
A. baumannii strains needed a slightly higher concentration (MIC =
128 µg/mL) to be inhibited. Statistical analysis revealed highly signifi
cant differences (P < 0.001) among all the tested bacteria. Furthermore, 

Fig. 4. UV–vis spectra of the effect of silver nitrate concentration on Ag- 
NPs synthesis.

Fig. 5. UV–vis spectra of the effect of reaction temperature on Ag- 
NPs synthesis.

Fig. 6. UV–vis spectra of the effect of reaction time on Ag-NPs synthesis.
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it was shown that certain Acinetobacter strains needed to be in presence 
of concentrations above 512 µg/mL of Ag-NPs to exert bactericidal ac
tivity. On the other hand, some strains exhibited an MBC of 512 µg/mL, 
while others demonstrated MBC values of 256, 128 and 64 µg/mL 
(Table 2).

In addition to the efficacy against Acinetobacter strains, Ag-NP were 
also evaluated for their antibacterial activity against MDR Enterobac
teriaceae species. The findings, detailed in Table 3, showed that strains 
2, 4 and 9 of K. pneumoniae along, with strains 2 and 3 of E. coli had a 
MIC value of 128 µg/mL. In addition, the MIC values for E. hormaechei 
and E. cloacae were 256 µg/mL. Moreover, the MBC value for E. coli 2, 
K. pneumoniae 2, and K. pneumoniae 9 was determined to be 128 µg/mL, 
whereas, E. coli 3 and E. cloacae exhibited an MBC of 256 µg/mL. 
Furthermore, E. hormaechei and K. pneumoniae 4 displayed an MBC of 
512 µg/mL. There is a significant difference among the tested strains (p 
value < 0.001).

3.10. Biofilm formation

The ability of the strains tested to form a biofilm on the titration 
microplates was assessed and the results are illustrated in Fig. 12. In
cubation of bacterial suspensions for 24 hours revealed that ten 
(58.82 %) strains were strong biofilm producers with OD values above 
0.36, three (17.64 %) strains were moderate biofilm producers with OD 
values between 0.18 and 0.36, and four (23.52 %) strains were weak 
biofilm producers (OD < 0.18). The strong and moderate biofilm- 
producing strains were selected for antibiofilm activity testing.

3.11. Antibiofilm activity of silver nanoparticles

3.11.1. Biofilm inhibition
The inhibitory effect of silver nanoparticles was tested on thirteen 

strains (Fig. 13). Results were expressed as biofilm inhibition percent
ages with the interaction effect strain-concentration demonstrating a 

very highly significant difference (p value < 0.001). Ag-NPs demon
strated a marked dose-dependent inhibitory effect on biofilm formation 
for al tested strains, except for E. hormaechei and K. pneumoniae 9 which 
was dose-independent. At MICs, the percentage of inhibition ranged 
from 40.50 ± 1.77 % to 95.22 ± 4.18 %. Among the strains, 
A. baumannii 1 proved to be the most susceptible to Ag-NPs at this 
concentration. Furthermore, when the Ag-NP concentration was 
reduced to MIC/2, inhibition percentages ranged from 36.33 ± 0.89 % 
to 80.07 ± 1.31 %, with A. baumannii 5 being the most sensitive among 
the strains. Additionally, Ag-NPs at MIC/4 exhibited inhibitory rates 
vary between 3.39 ± 0.76 and 70.37 ± 2.30 %. Once again, 
A. baumannii 5 was found to be more sensitive than the other strains. 
Finally, the inhibition percentages of Ag-NPs, for MIC/8 varied from 
2.01 ± 1.13 % to 34.92 ± 2.43 %, with A. baumannii 6 displaying the 
highest sensitivity among all strains.

3.11.2. Biofilm eradication
Biofilm eradication studies were performed to validate the capabil

ities of the green synthesized Ag-NPs to eliminate preformed biofilm. A 
total thirteen strains were used to verify their biofilm-eradication ca
pacity by adding different concentration of Ag-NPs such as MIC, MIC/2, 
MIC/4 and MIC/8. The biofilm eradication percentages after 24 h of 
incubation, as shown in Fig. 14, showed significant different (p value <
0.001) and indicated an increasing eradication in Ag-NPs concentration- 
dependent manner for all tested strains. Moreover, the most sensitive 
bacterium to the Ag-NPs among the strains tested was A. baumannii 6, 
which showed an eradication percentage of 46.95 ± 1.54 %, at a very 
low concentration corresponding to MIC/8. On the other hand, E. coli 2 
biofilm was the most resistant, requiring the highest concentration 
(MIC) to be eradicated by only 38.32 ± 1.09 %.

4. Discussion

Numerous researches have explored and validated the biosynthesis 

Fig. 7. SEM images of the biosynthesized Ag-NPs using L. mairei at different incubation times: 2 hours (a), 4 hours (b), 6 hours (c), and 8 hours (d).
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of nanoparticles as an effective antibacterial and antibiofilm agent [38, 
39]. In this investigation, Ag-NPs were synthesized employing L. mairei. 
The marked shift in color from clear to dark brown, provides a visual 
indication of the success of silver nanoparticle production. This color 
change is due to the reduction of Ag+ ions to Ag0, accompanied by the 
excitation of surface plasmon resonance (SPR) [40]. The biosynthesis of 
Ag-NPs was validated using UV–vis analysis, revealing a distinct peak at 
440 nm. This peak is typical of spherical Ag-NPs and is attributable to 
the SPR band of Ag-NPs [41]. Specific synthesis conditions are a key 
factor in determining the efficiency of nanoparticle biosynthesis, as 
highlighted in the literature. Therefore, our study aims to systematically 
optimize key synthesis parameters, notably extract volume, AgNO3 
concentration, temperature, and reaction time, to minimize production 
costs and obtain nanoparticles of uniform size with well-defined 
morphology.

SEM stands out as a highly potent surface analysis technique, offer
ing valuable insights into the composition, and topology of sample. This 
method proves exceptionally effective for scrutinizing the surface 
morphology of nanoparticles [39]. The production of Ag-NPs was 

Fig. 8. EDS analysis of Ag-NPs synthesized by the aqueous extract of L. mairei, 
a) EDS. 
spectrum of biosynthesized Ag-NPs; b) atomic percentage of atoms present in 
biologically. 
synthesized Ag-NPs.

Fig. 9. X-ray diffraction pattern of Ag-NPs synthesized from L. mairei.

Fig. 10. FTIR spectrum of silver nanoparticles synthesized from L. mairei.

Fig. 11. Particle size distribution profile of biological silver nanoparticles.
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studied by MEB imaging. Four images were captured at various times to 
observe the evolution of the size and form of the nanoparticles. The 
results demonstrate that the properties of nanoparticles depend on the 
synthesis conditions. In particular, MEB images show that the nano
particles formed at the initial stage of the synthesis process (after 
2 hours incubation) are spherically approximately uniform and have a 
size range of 30–60 nm (Fig. 7.a). However, as the synthesis progresses, 
the size and morphology of the nanoparticles change, resulting in 

particles of a different shape and larger size than those biosynthesized in 
the early stages. These results indicate that synthetic conditions have an 
important role to play in determining the characteristics of nano
particles, and optimizing these conditions can lead to the production of 
Ag-NPs with particular size and shapes. These findings are consistent 
with the results of a previous study, which showed that as reaction time 
increased, the mean diameters of Ag-NPs progressively increased [42]. 
The EDS profile of the biosynthesized Ag-NPs (Fig. 8.a) reveals the 
presence of a peak at 3 keV, which corresponds to the typical absorption 
of silver [43]. Additionally, as illustrated in Fig. 8.a, the biosynthesized 
silver nanoparticles are primarily composed of silver (72.30 %), with the 
remaining percentages attributed to carbon (16.20 %), oxygen (4.83 %), 
and chlorine (6.67 %). This indicates that the synthesis of nanoparticles 
was successful with an abundant amount of silver in the sample, 
providing valuable insights into the high purity of these silver nano
particles biosynthesis. Similar findings were obtained by Qais et al. [28]
who reported that the elemental composition of their biosynthesized 
Ag-NPs was 60.86 % silver, 19.84 % carbon, 12.53 % oxygen and 
6.77 % chlorine by weight [28].

XRD is one of the techniques commonly employed to determine 
parameters like the crystal size of materials in powder or thin film form 
[44]. During the XRD measurement analysis, X-rays are aimed at the 
sample specimen and subsequently interact with the electron clouds of 
atoms within the sample. A detector is employed to gauge the X-ray 
intensity while varying the angle of beam diffraction [45]. In this study, 
the XRD pattern of nanoparticles displayed prominent peaks in the 2θ 
range from 10◦ to 100◦. Indeed, Ag-NPs, synthesized from L. mairei, 
exhibited distinct XRD peaks with 2θ values at 38.18◦, 44.38◦, 64.57◦, 
77.55◦ and 81.71◦, corresponding to the characteristic peaks of 
face-centered cubic silver, as referenced in the Open Crystallography 
Database with number of 9011607. Previous studies have also reported 
comparable patterns for the Ag-NPs [43,46]. The mean size of the silver 
nanoparticles, determined using the Debye-Scherrer formula, was found 

Table 2 
Antibacterial activity of Ag-NPs against Acinetobacter stains.

Pathogens MIC (µg/mL) MBC (µg/mL)

A. baumannii 1 64 > 512
A. baumannii 2 64 512
A. baumannii 3 128 256
A. baumannii 4 64 64
A. baumannii 5 128 > 512
A. baumannii 6 128 > 512
A. baumannii 8 128 128
A. baumannii 9 128 256
A. baumannii 10 128 512
A. baumannii 11 128 128

Table 3 
Antibacterial efficacy of Ag-NPs against Enterobacteriaceae species.

Pathogens MIC (µg/mL) MBC (µg/mL)

E. coli 2 128 128
E. coli 3 128 256
K. pneumoniae 2 128 128
K. pneumoniae 4 128 512
K. pneumoniae 9 128 128
E. cloacae 256 256
E. hormaechei 256 512

Fig. 12. Optical Density (OD) and biofilm formation capacity of MDR A. baumannii strains and Enterobacteriaceae species after 24 hours of incubation.
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to be 11,32 ± 4,50 nm, strongly in line with average size of approxi
mately 12.10 nm reported by Sun et al. [47].

FT-IR stands out as an extensively utilized technique for qualitatively 
characterizing diverse molecules, determining the molecular structure 
of provided substances, and identifying functional groups within a 
molecular structure. Its principle lies in atoms’ vibrational response to 
infrared radiation, gauging absorption quantities and qualities of 
emitted radiation in the sample [48]. The FTIR spectrum revealed 
distinct peaks demonstrating the existence of diverse functional groups 
in both L. mairei aqueous extract and the synthesized nanoparticles, 
suggesting their persistence after the synthesis process. A broad peak in 
3208.95 cm− 1 suggests the existence of O-H or H-bonded bands found in 
phenolic or alcoholic compounds [49]. The peak observed at 
2355.13 cm⁻¹ may arise from the stretching vibrations of C––O in 

proteins and carboxylic compounds [40]. Additionally, the observed 
peak at 1529 cm− 1 represents the N–H bond found in amides, while the 
peaks at 1370 cm− 1 indicated the existence of CH3-CH bonds in alkanes 
and alkyl groups [28], and the peaks found at 1260 cm− 1 and 
1040.78 cm− 1 can be attributed to C-O bonds in carboxylic acids, al
cohols ester and ethers covalently bound to nanoparticles [48]. 
Furthermore, the peak at 697.94 cm− 1 was associated with C-H bonding 
in aromatic compounds [28]. In addition to their stabilizing role, the 
presence of these functional groups in biosynthesized nanoparticles can 
reduce aggregation and simultaneously act as reducing agents [41].

Particle size analysis by DLS revealed two distinct peaks, with values 
centered around 25.10 nm and 124.47 nm. The particle sizes measured 
by XRD were found to be much smaller than those found by DLS anal
ysis. This discrepancy may be due to the fact that XRD measures only the 
size distribution based on physical parameters, not accounting for any 
capping agent. In contrast, a particle-size analyzer determines the hy
drodynamic diameter, including the particle size of molecules or ions 
attached to the surface, leading to larger measurements compared to 
XRD [50].

The antibacterial effectiveness was assessed using the microdilution 
technique with different concentrations of Ag-NPs. This test reveals the 
MBC and MIC against various MDR strains. As detailed in Tables 2 and 3, 
the selected strains, including A. baumannii, E. hormaechei, E. coli, K. 
pneumoniae, and E. cloacae, demonstrated significant sensitivity to the 
Ag-NPs synthesized through green methods. The MIC values, between 
from 64 and 256 µg/mL, further underscore the substantial and prom
ising antibacterial activity exhibited by the Ag-NPs synthesized with 
L. mairei aqueous extract against the tested strains. In a comparable 
study, the antibacterial property of Ag-NPs was tested against 
A. baumannii, E. coli, and K. pneumoniae, revealing an inhibitory con
centration of 250 µg/mL [38]. Furthermore, a study found that silver 
nanoparticles biosynthesized from Senna alata bark extract exhibited 
notable antibacterial efficacy against A. baumannii. The MIC and MBC 
values were determined to be 62.50 and 250 µg/mL, respectively. The 
researchers hypothesized that these nanoparticles could potentially 
interact with DNA, transporter proteins, and intracellular enzymes, 
inducing cell damage. Additionally, they suggested that silver ions could 
bind with DNA, leading to its fragmentation [51]. Moreover, Avirdi 
et al., 2023. highlighted that the antibacterial efficacy of Ag-NPs against 
E. cloacae was observed at 250 µg/mL, demonstrating a comparable 
result to the biosynthesized silver nanoparticles in our study (MIC of 
256 µg/mL) [52]. It is crucial to emphasize that the elevated effective
ness of nanoparticles typically associated with their small size, as 
smaller particles are able to interact rapidly and readily with the cell 
surface penetrate the cytoplasm due to a lower spatial barrier [53].

The majority of bacterial species prefer to live in biofilm commu
nities instead of planktonic cells. Indeed, the biofilms formation is a 
crucial element in the pathogenicity of bacteria, enabling them to evade 
the human immune system and resist to the effects of antibiotics [53]. 
They are often at the root of chronic nosocomial infections in clinical 
environments. The formation of biofilm not only shields bacteria from 
the effect of antibiotic, but also promotes the spread of infections. 
Additionally, biofilm development is a significant issue in clinical set
tings where medical devices like urine catheters and hemodialysis ma
chines are used. Around 70 % of cases of bacterial infection result from 
biofilm, whether or not they are related to medical devices [54]. 
Therefore, this research evaluated the formation of biofilms by various 
bacterial strains of A. baumannii and Enterobacteriaceae was evaluated. 
The results indicate that 58.82 % of the strains exhibited strong biofilm 
production, 17.64 % displayed moderate biofilm production, while 
23.52 % demonstrated weak biofilm production. This observation sug
gests that, for strains with weak biofilm, the 24 hours incubation time 
might be insufficient to allow the formation of a strong biofilm [11]. 
Additionally, the medium culture and the support can also lead to the 
formation of smaller biofilms compared to in situ biofilms. In another 
study by Yang et al., 15.60 % of the bacterial strains evaluated were 

Fig. 13. Inhibition of biofilm formation by Ag-NPs against A. baumannii and 
Enterobacteriaceae strains.

Fig. 14. Biofilm eradication activity of Ag- NPs against A. baumannii and 
Enterobacteriaceae strains.
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found to be weak biofilm producer, whereas 32.50 % and 45.40 % were 
capable to form moderate or strong biofilms, respectively [55].

Developing new strategies to combat the major risk caused by 
Biofilm-associated MDR bacteria is vital. [56]. The antibiofilm activity 
of Ag-NPs showed varied effects against the diverse tested microor
ganisms. Indeed, these silver nanoparticles exhibited a considerable 
effect against biofilm formation and eradication of all tested strains, 
with inhibition and eradication percentage varying according to bacte
ria and concentration. These variations in antibiofilm activity could 
result from variations in biofilm structure and composition between the 
different strains examined [53]. In agreement with our findings, 
Mohanta et al., revealed a remarkable antibiofilm activity of 
plant-produced Ag-NPs against the human pathogen E. coli [39]. 
Moreover, Barabadi et al., reported that Penicillium chrysogenum-Derived 
Ag-NPs at MIC/2 exhibited greater potency in inhibiting biofilm for
mation of pathogenic A. baumannii than did tetracycline [57]. Further
more, Singh et al., showed that biological Ag-NPs effectively eradicated 
the preformed biofilm of A. baumannii AIIMS 7. Furthermore, the 
eradication of mature biofilm was enhanced by their exposure to Ag-NPs 
in combination with the antibiotics [58]. In another study, Xia et al., 
reported that at concentration of 60 µg/mL, the biofilm inhibition rate of 
the biosynthesized Ag-NPs on strong biofilm-forming 
XDR-K. pneumoniae strains was higher than 80 % [59]. The observed 
biofilm inhibition and eradication at concentrations below the MIC 
value could be attributed to non-lethal damage or to inhibition of gene 
expression involved in motility and formation of biofilm [60]. Further
more, Mohanta et al., suggested that antibiofilm action of Ag-NPs might 
be due to inhibition of bacterial EPS production, which is a necessary 
step in the formation of biofilms [39]. It should be also noted that the 
anti-biofilm activities can be attributed to the functions of the Ag+ ions 
released by the silver nanoparticles, which are adsorbed onto the surface 
of bacterial cells and injure cells by modifying the properties of enzymes 
and structure of proteins [61]. In addition, our findings also showed that 
the elimination of preformed biofilm needed a higher concentration 
than the biofilm inhibition concentration for most of the tested bacteria. 
This observation is valid for all bacteria, with the exception of 
A. baumannii 6, and 10 and the three strains of K. pneumoniae. These 
findings are similar to those previously reported by Toranzo et al. in 
their study of Yersinia enterocolitica. [53]. Mature biofilms have a com
plex structure which renders them more resistant. The extracellular 
matrix encasing the biofilm functions as a protective barrier, which 
means that higher concentrations may be required to penetrate and 
eradicate the preformed biofilm [62]. Additionally, previous research 
has shown that when bacteria are subjected to extreme conditions, such 
as being exposed to antibiofilm agents, they are more inclined to exist in 
a planktonic state [63]. This phenomenon explains the high efficacy of 
these green synthesized Ag-NPs in inhibiting the formation of biofilms.

5. Conclusion

MDR bacteria represent a significant and growing threat to public 
health worldwide, owing largely for their resistance to antibiotics and 
their capacity to form long-lasting biofilms. This study highlights, for the 
first time, the potential of L. mairei-mediated silver nanoparticles as an 
effective strategy against biofilm-forming multidrug-resistant bacteria. 
The optimized synthesis parameters allowed the production of highly 
stable and uniform nanoparticles, which exhibited strong antibiofilm 
activity against A. baumannii and Enterobacteriaceae. Indeed, further 
research is needed to understand the mechanisms behind the antimi
crobial and antibiofilm action of these Ag-NPs. Furthermore, under
standing how they interact with bacterial cells and disrupt biofilm 
formation will help to better define their therapeutic action and accel
erate their adoption in clinical practice, thus contributing to the global 
fight against antimicrobial resistance. These findings hold significant 
translational potential, as the Ag-NPs could, after further testing (e.g. 
biocompatibility, toxicity, in vivo antimicrobial activity among others), 

be integrated into wound dressings, medical device coatings, or topical 
antimicrobial formulations to combat MDR infections in hospital 
settings.
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