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Abstract
Antimicrobial resistance and the overuse of antimicrobials have driven the search for innovative therapies, particularly 
those based on natural compounds and medicinal plant derivatives, aiming to develop new drugs. This study aimed to 
investigate the antimicrobial and antibiofilm activities of crude ethanolic extract of O. campechianum (CEE-OC), and 
commercial (AgNPs-C), non-commercial (AgNPs-NC), and Ocimum campechianum-biosynthesized (AgNPs-OC) silver 
nanoparticles, against 21 Staphylococcus spp. isolates. Antimicrobial activity of rosmarinic acid (RA) against six isolates 
was also determined. The minimum inhibitory concentration (MIC) of CEE-OC ranged from 6,250 to 781.25  µg/mL, 
showing the highest antimicrobial activity among the substances evaluated. AgNPs-OC exhibited MIC values approxi-
mately fourfold lower than those of CEE-OC. In contrast, AgNPs-C and AgNPs-NC showed no antimicrobial activity at 
the concentrations tested. CEE-OC and AgNPs-OC inhibited biofilm formation but had no effect on established biofilms. 
Molecular docking analysis suggested a potential interaction between RA and the NorA efflux pump protein. The results 
indicated that O. Campechianum extract and biosynthesized silver nanoparticles may represent promising antimicrobial 
alternatives, although further studies are needed to elucidate the mechanisms underlying their activity.

Keywords  Antimicrobial alternatives · Basil · Biofilm inhibition · Green synthesis · Molecular docking · 
Nanotechnology
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Introduction

The ability of Staphylococcus spp. to form biofilms favors 
their survival in different environments, facilitating the per-
sistence and dissemination of resistant strains (Santos et al. 
2025; Rather et al. 2021). Although conventional antibiot-
ics remain the main strategy for bacterial infection man-
agement, the increasing emergence of multidrug-resistant 
strains has highlighted the urgent need for alternative anti-
microbial approaches (Jiang et al. 2023).

Natural products and green nanotechnology have emerged 
as promising strategies due to their structural diversity and 
mechanisms of action distinct from conventional antimicrobi-
als. Among these strategies, plant-mediated synthesis of silver 
nanoparticles (AgNPs) has gained attention because it com-
bines the antimicrobial properties of silver with the chemical 
diversity of plant metabolites, generating nanostructures with 
potential antibacterial and antibiofilm activity (Chinnasamy 
et al. 2024; Jiang et al. 2023; Calvo-Irabien 2025).

Several plant species, including Ocimum tenuiflorum, 
Ocimum gratissimum, Pergularia tomentosa, and Malva 
parviflora, have been explored as biological sources for 
AgNP synthesis, resulting in nanoparticles with enhanced 
biological activities and potential applications against resis-
tant microorganisms (Varghese et al. 2024; Aldayel 2024; 
Al-Audah et al. 2025).

The green synthesis approach is also considered advan-
tageous due to its sustainable characteristics and reduced 
environmental impact compared with conventional chemi-
cal synthesis methods (Shah et al. 2025).

Among medicinal plants, Ocimum campechianum 
(Lamiaceae) has been investigated due to its bioactive 
compounds, such as rosmarinic acid (RA) and eugenol, 
which are associated with antimicrobial and pharmacologi-
cal properties (Tacchinni et al. 2020; Scalvenzi et al. 2019; 
Ruiz-Vargas et al., 2019). These bioactive molecules may 
contribute to the synthesis of plant-mediated AgNPs. How-
ever, despite its phytochemical potential, the application of 
O. campechianum as a biological source for silver nanopar-
ticle synthesis and its possible role in antimicrobial mecha-
nisms remains poorly explored.

Although previous studies have investigated the antimi-
crobial properties of Ocimum species and silver nanopar-
ticles, comparative evaluations of commercial, chemically 
synthesized, and O. campechianum-mediated AgNPs against 
Staphylococcus spp. isolates remain limited. Additionally, 
molecular docking analysis may provide insights into the 
interactions of plant-derived compounds with the NorA 
efflux pump and their potential contribution to antimicro-
bial activity.

We hypothesized that O. campechianum-mediated AgNPs 
would exhibit enhanced antimicrobial and antibiofilm activity 

due to synergistic interactions between silver nanoparticles 
and plant-derived metabolites. Therefore, this study aimed to 
evaluate the antimicrobial and antibiofilm activities of com-
mercial (AgNPs-C), chemically synthesized (AgNPs-NC), 
and O. campechianum-biosynthesized (AgNPs-OC) silver 
nanoparticles, as well as the crude ethanolic extract of O. 
campechianum (CEE-OC) and rosmarinic acid (RA), against 
Staphylococcus spp. isolates. Additionally, molecular docking 
analysis was performed to investigate potential interactions 
between plant-derived compounds and the NorA efflux pump.

Materials and methods

Ethics committee approval

The research was approved by both CEUA (Comitê de 
Ética em Uso de Animais — Animal Use Ethics Commit-
tee) of the Federal University of the São Francisco Valley 
(UNIVASF), registered under No. 0002/300,823, and CEP 
(Comitê de Ética em Pesquisa — Research Ethics Commit-
tee), registered under No. 6.013353. The isolates were iden-
tified under registration number AEEA0F9 and deposited 
in the Sistema Nacional de Gestão do Patrimônio Genético 
(National Genetic Heritage Management System). Further-
more, all human-derived bacterial isolates were anonymized 
and de-identified, with no access to any patient information; 
therefore, informed consent was not required.

Extraction and characterization of the crude 
ethanolic plant extract of O. campechianum

Wild sweet basil (Ocimum Campechianum - OC) was 
collected in the municipalities of São Gabriel, Irecê, and 
Cotegipe, all located in the state of Bahia. The plant was 
identified and registered under the number AB7B2FE, and 
deposited in the Sistema Nacional de Gestão do Patrimônio 
Genético (National Genetic Heritage Management System). 
Crude ethanol extract (CEE-OC) was produced from the 
whole plant (leaves, seeds, and stem) in the Laboratory of 
Bromatology and Animal Nutrition of the Federal Univer-
sity of the São Francisco Valley, UNIVASF-CCA, and the 
extraction was carried out according to the methodology of 
(Da Silva et al. 2016).

An extract sample was subjected to phytochemical charac-
terization using Ultra-Performance Liquid Chromatography 
(UPLC) at the Laboratory of Phytochemical Bioprospect-
ing, Department of Chemistry, Federal Rural University 
of Pernambuco (UFRPE). For UPLC analysis, five grams 
of the plant extract was used and subsequently dissolved 
in one milliliter (mL) of an acetonitrile: water solution 
with 0.1% formic acid (1:1, v/v). The solution was filtered 
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through a 0.2  μm membrane filter and injected into the 
ultra-performance liquid chromatography system coupled 
with a diode array detector and quadrupole time-of-flight 
mass spectrometry analysis (UPLC-DAD-qTOF-MS/MS). 
The analysis was obtained using the XEVO-G2XSQTOF 
mass spectrophotometer (Waters, Manchester, UK), which 
was connected to an ACQUITY UPLC System (Waters, 
Milford, MA, USA). Data were obtained through UPLC-
DAD-qTOF-MS/MS according to the conditions described 
by (Souza et al. 2018). The compounds rutin and rosmarinic 
acid were compared with their respective standards.

Synthesis of silver nanoparticles

Commercial nanoparticles (AgNPs-C) were obtained from 
Sigma-Aldrich® at a concentration of 20 µg/mL and a size 
equivalent to 20  nm. Non-commercial silver nanoparticles 
(AgNPs-NC), or synthesized chemically, were obtained 
according to the methodology described by Freire et al. 
(2018), with modifications. The process was based on the 
reduction of silver nitrate (AgNO3) and trisodium citrate and 
carried out at the Laboratory of Impedance Spectroscopy of 
Organic Materials (LEIMO) at UNIVASF, Campus Juazeiro. 
The biosynthesis (green synthesis/biogenic synthesis) of sil-
ver nanoparticles using the O. campechianum extract was 
also performed at LEIMO, according to the methodology 
described by Guimarães et al. (2020), with adaptations. A 
green synthesis route was used, with the crude ethanolic 
extract of wild sweet basil as a bioreductive agent.

The silver nanoparticles were then prepared in a neutral 
medium (pH 7) for synthesis using the O. campechianum 
extract (CEE-OC), with the pH adjusted by the addition of 
sodium hydroxide (NaOH, 0.1  M) and hydrochloric acid 
(HCl, 0.1 M) in aqueous solution. The reduction reaction of 
silver ions occurred between 98 and 100 °C, and the reac-
tion kinetics were monitored at fixed time intervals (15, 
30, 45, and 60 min) using ultraviolet-visible spectroscopy 
(UV-Vis). For this analysis, 3 mL aliquots were measured 
by UV-Vis spectroscopy over a wavelength range of 400–
800 nm using a UV-Vis spectrophotometer (Hach DR5000) 

with a resolution of 1  nm to monitor nanoparticle forma-
tion. Nanoparticle formation was confirmed considering the 
SPR (Surface Plasmon Resonance) band characteristic of 
AgNPs. Data were collected and subsequently plotted.

To evaluate the particle size distribution, dynamic light 
scattering (DLS) measurements were performed using a 
Malvern Zetasizer Nano particle analyzer. Measurements of 
the polydispersity index (PDI) and hydrodynamic diameter 
of the suspended particles were obtained. The data obtained 
were analyzed using the equipment software (ZetaSizer 
v3.30, Malvern). The morphological characterization of the 
samples was performed by scanning electron microscopy 
(SEM), using a Vega 3XM scanning electron microscope 
(Tescan), operating at an acceleration voltage of 20  kV. 
The images obtained were used for qualitative analysis of 
the morphology, size, and dispersion of the nanoparticles 
using Image J® software. To provide a more comprehensive 
understanding of the interaction between the biomolecules 
present in CEE-OC and the AgNPs-OC, Fourier transform 
infrared spectroscopy (FTIR) was employed. The analyses 
were conducted over the spectral range of 4000 to 500 cm⁻¹, 
allowing the identification of characteristic functional 
groups and possible structural modifications resulting from 
interaction between the components.

Bacterial samples

Twenty isolates of the genus Staphylococcus sp. from dif-
ferent species were used in this study (Table 1), with five 
isolates from each source: food (cheese and meat products); 
bovine mastitis; canine otitis; and human infections. All 
isolates were identified and standardized at the Laboratory 
of Animal Microbiology and Immunology of UNIVASF - 
Campus of Agricultural Sciences (CCA), except for four S. 
aureus bovine mastitis isolates obtained from the bacterial 
collection of the same laboratory and five human infection 
isolates, which were provided and identified by the Univer-
sity Hospital (HU) at UNIVASF. The American Type Cul-
ture Collection (ATCC) strain of S. aureus (ATCC 25923) 
was used as a control.

Table 1  Identification and origin of the isolates analyzed in the study
Isolate identification Genus or species Source
C1; C2; Q1, Q2; Q3 Staphylococcus sp. Food
73853 Staphylococcus sp. Bovine mastitis
AL01; AL02; WE08; WE09 S. aureus Bovine mastitis
TH; ZO; AR; 141/15; FIL Staphylococcus sp. Canine otitis
IMA S. cohnii Human infection
EOC S. epidermidis Human infection
JCS S. capitis Human infection
RPS S. haemolyticus Human infection
HUT S. aureus Human infection
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Evaluation of antimicrobial activity

Antimicrobial susceptibility testing

The agar disk diffusion method was used as a susceptibility 
test, as recommended by the Clinical and Laboratory Stan-
dards Institute (CLSI 2018). Samples were cultured in Brain 
Heart Infusion (BHI) medium and incubated at 37 °C for 24 h 
in a bacteriological incubator. The bacterial suspension was 
then prepared and adjusted to 3 × 107 CFU/mL. Antibacte-
rial activity was evaluated using disks containing clinically 
relevant antimicrobials: Linezolid 10 mcg, Azithromycin 10 
mcg, Levofloxacin 5 mcg, Chloramphenicol 30 mcg, Tetracy-
cline 30 mcg, Rifampicin 5 mcg, Clindamycin 2 mcg, Oxacil-
lin 1 mcg, Gentamicin 10 mcg, Cefoxitin 30 mcg, Cefalotin 
30 mcg, Penicillin G (10 IU), and Norfloxacin 10 mcg. The 
plates were incubated at 37 °C for 24 h, and the results were 
read by measuring the diameter of the inhibition zones. Multi-
resistant isolates were identified according to Schwarz et al. 
2010; and the Multiple Antibiotic Resistance Index (MDR) 
was calculated as described by Krumperman (1983).

Microdilution in broth

The Minimum Inhibitory Concentration (MIC) and the Min-
imum Bactericidal Concentration (MBC) of the substances 
(CEE-OC, AgNPs-C, AgNPs-NC, and AgNPs-OC) were 
determined according to CLSI document M100 from the 
Clinical and Laboratory Standards Institute (CLSI, 2018) 
against 21 Staphylococcus spp. Isolates. The MIC and MBC 
of the isolated compound rosmarinic acid (RA), were also 
determined against five isolates, two of which were suscep-
tible [S. epidermidis (EoC) and S. capitis (JCS)] and two 
resistant [Staphylococcus sp. (Q1) and S. aureus (HUT)], 
as well as ATCC 29,213 (S. aureus). Stock solutions of the 
substances (concentrations of 25,000  µg/mL – CEE-OC; 
20 µg/mL – AgNPs-C; proportionally estimated – AgNPs-
NC and AgNPs-OC; 10  mg/mL – rosmarinic acid) were 
serially diluted in 96-well plates (KASVI) with the final 
volume of 100 µL. The estimated proportions of AgNPs-
NC and AgNPs-OC were based on final dilution ratios of 
1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128 µg/mL, and the 
concentration of bacterial inocula was adjusted to 1.5 × 106 
CFU/mL. The plates were incubated at 37 °C for 24 h. The 
contents of the wells were then inoculated onto plates con-
taining Mueller-Hinton agar (MH agar) and incubated for 
an additional 24 h at 37 °C to determine the MBC. Then, 30 
µL of 1% 2,3,5-Triphenyl-tetrazolium chloride (TTC) was 
added to each well, and the plate was incubated at 37 °C for 
approximately 1 h to determine the MIC. All assays were 
performed in technical and biological triplicates, including 
bacterial viability control and a diluent control.

Checkerboard

The synergistic potential of CEE-OC with the three sub-
stances (AgNPs-OC, AgNPs-C, and AgNPs-NC) was 
evaluated using the checkerboard assay according to the 
methodology of (Lee et al. 2012) againsts Staphylococ-
cus spp isolates. The initial concentrations of CEE-OC and 
AgNPs-OC were 4x or 2x the MIC, depending on the isolate, 
while AgNPs-C and AgNPs-NC were used undiluted. The 
interaction between CEE-OC and AgNPs-OC was analyzed 
in all isolates, however, for the combinations of CEE-OC 
with AgNPs-C and CEE-OC with AgNPs-NC, two isolates 
considered susceptible (S. capitis and S. epidermidis) and 
one isolate with higher resistance (Staphylococcus sp. and 
S. aureus) were selected. The interpretation of the effects of 
each substance and their combinations was determined using 
the Fractional Inhibitory Concentration Index (FICI), clas-
sified as synergistic (FICI ≤ 0.5), additive (0.5 < FICI ≤ 1), 
indifferent (1 < FICI ≤ 2), and antagonistic (FICI > 2).

Antibiofilm production and activity

Quantification of biofilm production

Quantification of biofilm production was performed by 
microplate adhesion assay. The bacterial inoculum was set 
at 3 × 107 CFU/mL in Trypticase Soy Broth (TSB) supple-
mented with 0.25% glucose (TSBg). The 96-well plate 
(KASVI) contained 195 µL of TSBg, followed by the 
addition of 5 µL of the adjusted bacterial suspension. The 
microplates were incubated in a bacteriological incubator 
at 37  °C for 24 h. After incubation, the microplates were 
washed three times with sterile distilled water and dried at 
room temperature for approximately 5 min (Merino et al. 
2009). To fix the biofilm, 150 µL of methanol P.A. (ACS®) 
was added, and the plates were incubated for 20 min at room 
temperature. The contents were discarded, and the micro-
plates were allowed to dry overnight by inversion on paper 
towels (Stepanovic et al. 2007). Next, the wells were stained 
with 100 µL of 0.25% gentian violet for 5 min. After stain-
ing, the wells were gently washed three additional times 
with 200 µL of distilled water. Finally, 200 µL of an alco-
hol-acetone solution (80:20 ratio) [absolute alcohol 99.8% 
P.A. (NEON, São Paulo, Brazil)] was added, and the absor-
bance was measured at 620 nm using an Expert Plus-UV 
microplate reader. TSBg without bacterial inoculation was 
used as a negative control and all assays were performed in 
technical and biological triplicates. Biofilm production was 
determined according to Stepanovic et al. (2000) as follow: 
No biofilm production (ODs ≤ ODc); Weak biofilm produc-
tion (ODc < ODs ≤ 2 ×ODc); Moderate biofilm production 
(2 ×ODc < ODs ≤ 4 ×ODc); Strong biofilm production (4 
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×ODc < ODa), where ODc is the optical density of the con-
trol and ODs is the optical density of the sample.

Biofilm interference

Interference of CEE-OC, AgNPs-C, AgNPs-NC, and 
AgNPs-OC with biofilm formation and established biofilm 
was determined. The interference protocol in biofilm for-
mation was performed according to the methodologies of 
Merino et al. (2009) and Nostro et al. (2007), with modifica-
tions. The bacterial inoculum was set in TSBg (KASVI) to 
a concentration of 3 × 105 CFU/mL. Following this, 100 µL 
of the adjusted bacterial inoculum was added to a 96-well 
microplate (KASVI) along with 100 µL of each of the sub-
stances mentioned, resulting in final concentrations of ½ 
MIC for: CEE-OC, AgNPs-C, AgNPs-NC and AgNPs-OC; 
and ¼ MIC for CEE-OC and AgNPs-OC. After 24 h of incu-
bation in a bacteriological incubator, the microplates were 
subjected to the same washing, fixation, resuspension, stain-
ing, and reading procedures described for biofilm quantifi-
cation. Similarly, interference with established biofilm was 
assessed using the same procedures as those described for 
biofilm formation, based on the methodologies of Merino et 
al. (2009) and Stepanovic et al. (2007), with modifications.

The effect of the substances was determined by preparing 
the bacterial suspension in TSBg at 6 × 106 CFU/mL. Next, 195 
µL of TSBg was added to each well of the microplate along 
with 5 µL of the adjusted bacterial inoculum. The plates were 
then incubated in a bacteriological incubator at 37 °C for 24 h. 
After incubation, the microplates were washed three times 
with sterile distilled water. To achieve final concentrations of 
2x MIC, 1x MIC, and ½ MIC, the substances CEE-OC and 
AgNPs-OC were diluted with sterile distilled water, except 
for AgNPs-C and AgNPs-NC, which were used undiluted, as 
no MIC was reached at the tested concentrations. Afterwards, 
the optical density (OD) was measured at 620 nm at 0 (zero) 
and 24 h of incubation. The results for stablished biofilm inter-
ference were interpreted using the following equation: mean 
OD₍₂₄ₕ₎ / mean OD₍₀ₕ₎ ×100 (Adapted from Nostro et al. 2007), 

where: =100 indicates no change; >100 indicates an increase 
in biofilm; <100 indicates biofilm reduction. The assays were 
performed in technical and biological triplicates.

Statistical analysis

The biofilm interference results were analyzed using para-
metric multiple comparisons tests, specifically Two-way 
ANOVA with the posthoc test of Tukey. Statistical analy-
ses were performed using GraphPad Prism 8 software, and 
results were plotted as mean ± standard deviation. For all 
tests, a p-value < 0.05 was considered statistically significant.

Molecular docking of rosmarinic acid

The 3D structure of the NorA protein was retrieved from the 
Data Bank database (RCSB, ​h​t​t​​p​s​:​/​​/​w​w​​w​.​r​​c​s​b​.​o​r​g​/​s​t​r​u​c​t​u​r​e​/​7​
L​O​7​​​​​​)​.​ Data structure was submitted to the MGLtool program 
and the AutoDock interface was used to prepare the receptor. 
Kollman charges were added to the receptor (NorA protein) 
along with the binding sites Phe16, Phe140, Phe303, Phe306, 
Asn137, Arg98, Glu222, Asp307, and Arg310, which were 
selected based on structural studies to guide the docking anal-
ysis (Brawley et al. 2022). The chemical structure of rosma-
rinic acid was obtained from the PubChem database ​(​​​​h​​t​t​p​s​​:​/​/​​
p​u​b​​c​h​e​m​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​c​o​m​p​o​u​n​d​/​5​2​8​1​7​9​2​​​​​​)​ and used as 
a ligand. For the analysis and calculation of binding energy, 
the molecular docking tool AutoDock Vina (Eberhardt et al. 
2021) and the visualization software Chimera were used to 
identify potential hydrogen-bond interactions between the 
ligand and the NorA binding pocket.

Results and discussion

Ultra-Performance Liquid Chromatography (UPLC) revealed 
the predominant presence of phenolic compounds — includ-
ing flavones, quercetin, and rosmarinic acid — in the etha-
nolic extract of O. campechianum (CEE-OC) (Table  2).  

Table 2  Characterization of crude ethanolic extract of O. campechianum (CEE-OC) compounds through UPLC-DAD-qTOF-MS/MS analysis
Compounds RT

(min)
max (nm)ג [M + Na]+

(m/z)
[M + H]+

(m/z)
MS/MS Identification

1 2.64 255.353 633.1406 611.1606 303 Rutin*
2 2.70 255.352 487.0846 465.1027 303 Quercetin glucosides
3 3.38 329- 383.0616 361.0624 - Rosmarinic Acid
4 5.35 288- 355.0747 333.0937 197 Trihydroxy-dimethoxy flavanone I
5 5.44 288- 355.0747 333.0937 197 Trihydroxy-dimethoxy flavanone II
6 6.39 287- 369.0944 347.1125 997 Dihydroxy-trimethoxy flavanone
7 6.48 274.340 367.0788 345.0968 330.312 6-hydroxy-trimethoxy-luteolin
8 7.67 275.340 381.0945 359.1125 298 5-demethyl sinensetin
9 8.37 251.340 411.1051 389.1230 - 5-demethyl nobiletin
* Compared to the standard sample

https://www.rcsb.org/structure/7LO7
https://www.rcsb.org/structure/7LO7
https://pubchem.ncbi.nlm.nih.gov/compound/5281792
https://pubchem.ncbi.nlm.nih.gov/compound/5281792
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Most compounds identified in CEE-OC were similar with 
those previously reported by Ruiz-Vargas et al., (2019), indi-
cating a comparable chemical profile among samples of O. 
campechianum. These similarities may be related to the pres-
ence of conserved bioactive constituents commonly reported 
in this species; however, variations in phytochemical compo-
sition may occur due to environmental conditions, geographi-
cal origin, and genetic factors.

Furthermore, the results revealed a prominent abundance 
of rosmarinic acid (RA), which stood out compared to the 
other compounds in the max329 ג class (Table 2). Although 
RA is a common metabolite in the Lamiaceae family, not all 
species contain it among their chemical constituents, mak-
ing it a potential distinguishing component contributing to 
antimicrobial activity (Kernou et al. 2023).

According to Abdel-Aty et al. (2023), phenolic acids are 
important components in green synthesis, as they are pres-
ent in the plant extract used for nanoparticle production.

The formation of AgNPs was initially evidenced by the 
color change of the reaction solution, from light yellow to 
brown, characteristic of the reduction of Ag⁺ ions and the 
formation of silver nanoparticles. This observation was 
confirmed by UV-Vis spectroscopy, which revealed a Sur-
face Plasmon Resonance (SPR) band centered at 422 nm, 
characteristic of AgNPs. Monitoring the reaction at different 
time intervals revealed a gradual increase in the intensity of 
the SPR band, reaching a maximum at 60 min (Fig. 1A), 
indicating the evolution of the nanoparticle formation kinet-
ics. This behavior is similar to that described in the literature 
for green syntheses of AgNPs, in which an increase in SPR 
band intensity accompanies the progressive formation of 
nanoparticles until the reaction stabilizes (Guimarães et al. 
2020; Mandal et al. 2024).

Dynamic Light Scattering (DLS) characterization 
revealed a hydrodynamic size distribution ranging from 
50.75 to 458.7 nm, with an average hydrodynamic diameter 
of 147.9 nm, maximum intensity in the 164.2 nm range, and 
a distribution width at half-height of 161.79 nm (Fig. 1B). 
The presence of particles larger than the nanometer range 
may be associated with the formation of aggregates or 
agglomerates, a phenomenon frequently observed in bio-
synthesized systems due to interactions between nanopar-
ticles and biomolecules in the plant extract (Siddiqi et al. 
2018). The polydispersity index (PDI) of 0.297 indicates a 
moderately homogeneous size distribution, with the coexis-
tence of different particle populations.

The evaluation of colloidal stability showed a zeta poten-
tial of − 29.5 mV, indicating a negatively charged surface, 
which may be associated with the adsorption of phytochem-
ical compounds, such as phenolics and flavonoids, onto 
the AgNPs. A similar value was reported by Ashokkumar 
et al. (2024) for AgNPs synthesized with Ocimum sanctum 
(− 29.2 ± 1.04 mV), supporting the production of nanopar-
ticles with relatively good colloidal stability. These metabo-
lities, described by Abdel-Aty et al. (2023) as reducing and 
stabilizing agents in the green synthesis of metallic nanopar-
ticles, contribute to the electrostatic repulsion between the 
particles, favoring the stability of the suspension and reduc-
ing the tendency for aggregation (Ashokkumar et al. 2024; 
Mandal et al. 2024).

SEM characterization revealed nanoparticles with 
distinct morphologies and Energy-Dispersive X-ray 
Spectroscopy (EDS) elemental analysis confirmed the 
characteristic silver signal, complementing the morpho-
logical and compositional characterization of the AgNPs 
(Fig. 2).

Fig. 1  (A) UV-Vis absorption spectrum; (B) Hydrodynamic size distribution and Polydispersity Index (PDI) obtained by Dynamic Light Scattering 
(DLS)
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The FTIR spectra of the O. campechianum extract and 
the AgNPs showed characteristic bands of biomolecules 
frequently associated with the green synthesis of nanopar-
ticles (Fig.  3). In the extract, the bands at 3433.43  cm⁻¹ 
and 3447.90  cm⁻¹ in the AgNPs-OC are attributed to the 
O–H stretching of hydroxyl groups present in alcohols 
and phenolic compounds. This attribution is consistent 
with the band at 3397.8  cm⁻¹ described by Guimarães et 
al. (2020) and with the bands observed in AgNPs synthe-
sized using species of genus Ocimum, such as O. sanctum 
(3406 cm⁻¹) and O. basilicum (3321.39 cm⁻¹), also related 
to the presence of hydroxyl groups from plant metabolites 
(Ashokkumar et al. 2024; Fatima et al. 2024). The bands at 
2924.21–2854.77 cm⁻¹ (extract) and 2929.03–2872.13 cm⁻¹ 

(AgNPs) correspond to the C–H stretching of aliphatic 
groups in agreement with the bands described by Guimarães 
et al. (2020) (2949.3 cm⁻¹), Ashokkumar et al. (2024) (2939 
and 2849 cm⁻¹) and by another study with Ocimum species, 
which reported bands at 2924.72 and 2853.53 cm⁻¹ attrib-
uted to the same vibrations (Alex et al. 2024).

In the region of lower wavenumber, the AgNPs showed 
bands at 1384.94, 1105.3 e 1049.3  cm⁻¹. The band at 
1384.94  cm⁻¹ corresponds to the same spectral region 
described by Guimarães et al. (2020), who based on Halan-
wani (2017), attributed it to the presence of carboxylate/car-
boxylic groups. Similar bands were also observed in AgNPs 
synthesized from species of the genus Ocimum such as the 
bands at 1384.53 cm⁻¹ described by Alex et al. (2024) and 
at 1396.65 cm⁻¹ reported by Fatima et al. (2024). The bands 
at 1105.3 and 1049.3  cm⁻¹ are compatible with vibrations 
involving C–O/C–C and C–OH groups, in agreement with 
Guimarães et al. (2020), and are also consistent with the 
band at 1105.71 cm⁻¹ observed by Fatima et al. (2024) and 
with the bands between 1107.80 and 1124.83 cm⁻¹ described 
by Alex et al. (2024). Together, these bands indicate that 
metabolites from the extract remained adsorbed onto the sur-
face of the AgNPs after synthesis, acting as capping agents 
and contributing to the stabilization of the nanoparticles.

Regarding the susceptibility test, isolates from food and 
animal sources (mastitis and otitis) exhibited the highest 
resistance rates to the antimicrobials penicillin G (80.00% 
-12/15) and oxacillin (46.67% -7/15) from the penicillin 
class, followed by tetracycline (43.75% -7/15) and doxy-
cycline (18.25% − 3/15) from the tetracycline class. Addi-
tionally, 33.33% (5/15) of the isolates were resistant to 
gentamicin and rifampicin (aminoglycoside and macrolide 
classes, respectively), 26.67% (4/15) to norfloxacin, azithro-
mycin, and chloramphenicol (fluoroquinolone, macrolide, 
and amphenicol classes, respectively), and 20.00% (3/15) to 
clindamycin and levofloxacin (lincosamide and quinolone 

Fig. 3  Analysis by Fourier transform infrared spectroscopy (FTIR) 
of the O. campechianum extract (green curve) and biosynthesized 
AgNPs-OC (blue curve)

 

Fig. 2  (A) Scanning Electron 
Microscopy (SEM) image 
showing the morphology of 
the nanoparticles; (B) Energy-
Dispersive X-ray Spectroscopy 
(EDS) spectrum superimposed on 
the SEM image
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classes, respectively). No resistance was observed for line-
zolid (oxazolidinone class), cefalotin and cefoxitin (cephalo-
sporin class). The high bacterial tolerance observed against 
the tetracycline and penicillin classes is likely attributable 
to the extensive use of antimicrobials from these classes in 
the treatment of Staphylococcus infections. This is particu-
larly evident from the elevated resistance rates detected in 
isolates of food origin.

However, resistance is not only associated with these fac-
tors (Machado et al. 2020), but also with genetic factors and 
the ability of the bacteria to produce biofilm — a structure 
that provides protection, reducing antimicrobial penetra-
tion (Almatroudi et al. 2020). The high resistance rate of the 
isolates to the aminoglycoside class may be related to the 
presence of enzymes that modify the antimicrobial target 
(Bourbour et al. 2022; Wang et al. 2022; Khosravi et al. 2017; 
Szymanek- Majchrzak, et al., 2018). These findings are con-
cerning, given the limited treatment options for severe cases 
and considering that this is the most used class of antimicro-
bials in hospitalized patients (Khosravi et al. 2017).

Similar resistance results were observed for the macro-
lide, amphenicol, and fluoroquinolone classes, which may 
be associated with genetic mutations that may contribute to 
bacterial survival (Kang et al. 2020; Manoharan et al. 2021; 
Huynh et al. 2023). However, the lack of resistance among 
the isolates to the cephalosporin and oxazolidinone classes 
may suggest the absence of resistance mechanisms associ-
ated with these antimicrobial classes.

Of the 15 isolates analyzed in this study, nine exhibited 
a Multiple Antibiotic Resistance Index (MDR) > 0.2. These 
included: four isolates from canine otitis — 141/15 (0.36), 
TH (0.27), AR (0.45), and ZO (0.45); three from food 
source — Q1 (0.45), Q3 (0.36), and C2 (0.36); and two from 
bovine mastitis — 73,853 and AL02, both with a MARI 
of 0.27. These same isolates were classified as multidrug-
resistant (MDR). The values found in this study suggest that 
there is a relationship between the resistance characteristics 
of the different isolates and their various origins, such as 
food and animal sources, possibly indicating that the misuse 

of antimicrobials in food-producing animals may contrib-
ute to the dissemination of antimicrobial resistance among 
these different sources. Thus, the distribution of resistance 
and virulence genes is inferred based on the multiple drug 
resistance (MDR) profile of the isolates analyzed in this 
study. Regarding the five human-derived isolates (Table 3), 
laboratory reports revealed a 100% prevalence of resistance 
markers associated with beta-lactamase production and 
methicillin resistance.

The antimicrobials classes used (Table  3) differ from 
those employed in the Laboratory of Microbiology - UNI-
VASF, Campus of Agricultural Sciences (CCA) due to the 
high level of resistance typically expected in infections 
among hospitalized patients. However, similar to the resis-
tance profile observed in animal- and food-derived isolates, 
the human-derived isolates also showed high resistance to 
antimicrobials from the penicillin and macrolide classes, 
with rates of 100% and 90%, respectively. In contrast, no 
resistance was observed to the oxazolidinone, lipopeptide 
and glycopeptide classes.

The resistance profile to the penicillin class observed 
among the isolates analyzed in this study may be related to 
horizontal transmission between hosts (Pugazhendhi et al. 
2020). Therefore, it is plausible to suggest the existence of 
a cycle of transmission of bacterial resistance factors and the 
probable transmission of MRS from infected humans to pets. 
The suggested transmission cycle may be related to direct 
contact between these infected hosts, or even inadequate 
cleaning and processing practices, as well as the consumption 
of food contaminated after processing (Cotter et al. 2023).

The resistance markers identified in the human-derived 
isolates were assessed through phenotypic characteriza-
tion using the BD Phoenix™ M50 automated identification 
system, which is based on inhibitory microdilutions of the 
antimicrobial oxacillin (1 mcg). The markers BLACT (beta-
lactamase phenotype) and MRS (methicillin resistance) 
indicate a potential for increased pathogenicity of the strains, 
possibly associated with the exchange of genetic material 
between mutant bacteria (Urban-Chmiel et al. 2022). It is 

Table 3  Resistance profile presented by human-derived isolates
Classes Antibiotics No. of resistant

isolates
(%) Resistance markers

Penicillin Ampicillin 5 100 BLACT
Glycopeptide Vancomycin 0 0 MRS
Lipopeptide Daptomycin 0 0.00 MRSA
Macrolides Erythromycin 4 90 STAMLS
Oxazolidinone Linezolid 0 0 -
Penicillin Oxacillin 4 90 -
Penicillin Penicillin G 5 100 -
Macrocycles Rifampicin 0 0 -
MRS Methicillin−Resistant Staphylococcus, MRSA Methicillin−Resistant Staphylococcus aureus, STAMLS MLSB Phenotype of Staphylococ-
cus spp,BLACTStaphylococcus producing beta−lactamases



1 3

International Microbiology

further suggested that the development of adaptive processes 
may be stimulated by indiscriminate exposure to antimicro-
bials and/or the administration of sublethal doses.

In addition, the presence of the constitutive resistance 
marker MLSB (resistance to macrolides, lincosamides, and 
streptogramin B) mediated by the MRSA gene was observed 
in four of the five isolates. This phenomenon is associated 
with modification of the target site and antimicrobial inac-
tivation, and is considered a rare phenotype (Miklasinska-
Majdanik 2021). Macrolide resistance was corroborated by 
antibiogram results (Table 3).

Regarding the antimicrobial activity of the compounds, 
when the inhibitory and bactericidal potential of CEE-OC 
against the isolates was analyzed, a wide variation of results 
was observed for both the MIC and MBC, with a high sus-
ceptibility observed in most isolates, except for 73,853 (S. 
aureus), C1, and C2 (Staphylococcus spp.), which exhibited 
bactericidal effects only at high concentrations, showing 
susceptibility only at the highest concentration of the extract 
(Table 4). The antimicrobial activity presented by the extract 
may be related to the high concentration of antioxidants and 
phenolic acids present in its composition (Kabra et al. 2019; 
El-Zahar et al. 2022). The presence and activity of phenolic 

compounds are among the main factors responsible for the 
disruption of the cell membrane, which may occur through 
binding to bacterial adhesins (Jafari-Sales et al., 2019).

Furthermore, given that most of the constituents in plant 
extracts are hydrophobic, they can more easily penetrate 
the cell wall of Gram-positive bacteria (Zarei et al. 2021). 
Another factor that may have contributed to the antibacte-
rial effect is the specific presence of flavonoids in the com-
position of the plant extract used. Investigations by (Xue 
et al. 2019) showed the ability of the substance to inhibit 
staphyloxanthin production and consequently interfere with 
the virulence of methicillin-resistant Staphylococcus aureus 
(MRSA). In the present study, the interference of the extract 
in pigment production was not evaluated; however, it can 
be suggested that such interference may occur, since these 
compounds may block cellular signaling, as suggested by 
their antibacterial effect (Pachaiappan et al. 2022).

MIC results using AgNPs-OC ranged from 1:4 to 1:1, 
indicating a better degree of inhibition for the S. capitis 
(JCS) isolates with a ratio of 1:4, followed by S. aureus 
(AL01, AL02, WE08, WE09) and Staphylococcus sp. (C1), 
with ratios of 1:2 and 1:1 for the other isolates. For the 
MBC, a predominant bactericidal effect was observed at the 

Table 4  Minimum inhibitory concentration and minimum bactericidal concentration of the crude ethanolic extract of O. campechianum, silver 
nanoparticles synthesized from crude ethanolic extract of O. campechianum, rosmarinic acid, non-commercial and commercial nanoparticles 
against Staphylococcus spp

CEE-OC AgNPs-OC RA AgNPs-NC AgNPs-C
Isolates MIC

(µg/mL)
MBC
(µg/mL)

MIC
(µg/mL)

MBC
(µg/mL)

MIC and MBC
(µg/mL)

MIC and MBC
(µg/mL)

MIC and MBC
(µg/mL)

C1 6,250 12,500 1:2* 1:2* NA > 1:1* > 10,000
C2 6,250 12,500 1:1* 1:1* NA > 1:1* > 10,000
Q1 6,250 6,500 1:1* 1:1* 5,000 > 1:1* > 10,000
Q2 6,250 6,250 1:1* 1:1* NA > 1:1* > 10,000
Q3 6,250 6,250 1:1* 1:1* NA > 1:1* > 10,000
IMA 6,250 6,250 1:1* 1:1* NA > 1:1* > 10,000
EOC 781.25 781.25 1:1* 1:2* 1,250 > 1:1* > 10,000
JCS 1,562 1,562 1:4* 1:2* 5,000 > 1:1* > 10,000
RPS 3,125 3,125 1:1* 1:1* NA > 1:1* > 10,000
HUT 6,250 6,250 1:1* 1:1* 5,000 > 1:1* > 10,000
TH 3,125 3,125 1:1* 1:1* NA > 1:1* > 10,000
ZO 3,125 3,125 1:1* 1:1* NA > 1:1* > 10,000
AR 3,125 3,125 1:1* 1:1* NA > 1:1* > 10,000
141/15 1,562 3,125 1:1* 1:1* NA > 1:1* > 10,000
73853 1,562 12,500 1:1* 1:1* NA > 1:1* > 10,000
FI 6,250 6,250 1:1* 1:1* NA > 1:1* > 10,000
AL01 3,125 3,125 1:2* 1:2* NA > 1:1* > 10,000
AL02 3,125 3,125 1:2* 1:2* NA > 1:1* > 10,000
WE08 3,125 3,125 1:2* 1:2* NA > 1:1* > 10,000
WE09 3,125 3,125 1:2* 1:2* NA > 1:1* > 10,000
ATCC29213 3,125 3,125 1:2* 1:1* 5,000 > 1:1* > 10,000
* Estimated concentration
NA not assessed, MBC Minimum bactericidal concentration, MIC Minimum inhibitory concentration,  CEE-OC crude ethanolic extract of O. 
campechianum, AgNPs-OC silver nanoparticles synthesized from crude ethanolic extract of O. campechianum, RA rosmarinic acid, AgNPs-NC 
non-commercial nanoparticles, AgNPs-C commercial nanoparticles 
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highest estimated concentration (1:1). Although the results 
reported by (Singh et al. 2021) demonstrate that biosynthe-
sis shows better activity when aqueous extracts are used, 
in the present study it was not possible to make a precise 
comparison due to the concentration of CEE-OC used for 
nanoparticle production, which differs from that used by the 
aforementioned authors. However, the antimicrobial effect 
of the extract may have been enhanced through biosynthe-
sis, considering the fraction of the plant extract used for 
its production. However, the antimicrobial activity of the 
extract cannot be compared to that of the biosynthesized 
nanoparticles, since the initial concentration of CEE-OC for 
MIC evaluation was 12,500 µg/mL, and it was not possible 
to determine the initial concentration of AgNPs-OC, which 
was therefore only estimated.

Moreover, some factors may have contributed to the 
greater activity of AgNPs-OC, such as the relatively low 
colloidal stability observed (Zeta Potential = -29.5 mV), 
which may suggest a lower concentration of phenolic com-
pounds (Cheung and Otto 2018; Lim et al. 2023). However, 
a relevant bactericidal effect was still observed, which, 
according to (Bouaquina et al. 2022), can be explained by 
the reactivity of the green-synthesized silver nanoparticles 
generated in the presence of these compounds with the pro-
teins present in the bacterial cell wall, potentially interfering 
with bacterial genetic material replication.

In this study, the best results were observed for CEE-OC, 
which can be attributed to the fact that it was used in a higher 
concentration for the analyses. It is worth emphasizing that 
the antibacterial activity presented by the plant extract of 
wild sweet basil (CEE-OC) may be related to the chemo-
types of the plant. According to (Bomma et al. 2020), some 
compounds present in plants can be influenced by the har-
vest season and soil type. Thus, it is possible to suggest that 
high-sunlight environments, such as the Caatinga Biome in 
the Brazilian Northeast where the plant was collected, may 
have contributed to its antimicrobial activity.

Additionally, a synergistic interaction may have occurred 
between the compounds present in the plant extract used for 
nanoparticle production, with the activity of major compounds 
potentially predominating such as rosmarinic acid, since it 
was the most abundant constituent identified in the extract. 
According to (Ivanov et al. 2022), phenolic compounds, such 
as rosmarinic acid, directly affect cell membrane permeabil-
ity. It is likely that this compound stood out among the other 
constituents as a contributor to bacterial cell death.

The data also revealed both inhibitory and bactericidal 
activity at high concentrations, predominantly at 5 mg/mL 
of rosmarinic acid (RA) for the HUT, JCS, and Q1 iso-
lates, as well as ATCC29213, except for the EOC isolate, 
which showed susceptibility at a concentration of 1,25 mg/

mL (Table 4). The results obtained support the hypothesis 
that the antimicrobial effect of RA on Staphylococcus may 
be due to an interaction between the bioactive compound 
and the bacterial cell metabolism (Zhang et al. 2024). 
These findings corroborate those of (Iqbal et al. 2022), who 
showed significant antimicrobial activity of RA against 
antimicrobial-resistant Gram-positive bacteria, resulting 
in a reduction of more than 90% of the bacterial load in 
methicillin-resistant isolates. However, greater activity was 
observed when the plant extract was used, which suggests 
that RA may interact positively with the other constituents 
present in the extract. Similar results were observed by 
(Kernou et al. 2023), who reported enhanced activity when 
RA was combined with other antimicrobials, such as vanco-
mycin, compared to their individual activities.

Regarding commercial and non-commercial (chemi-
cal synthesis) nanoparticles, no antibacterial activity was 
observed against Staphylococcus isolates (Table 4). The lack 
of activity observed is likely associated with the structural 
size of the nanoparticles, as the AgNPs-C used in this study 
were 20 nm in size, whereas greater antimicrobial activity 
has been reported for smaller particles (Aldayel et al. 2023). 
According to (Salomoni et al. 2017), nanoparticles smaller 
than 10 nm may provide greater availability of silver ions 
within bacterial cells. Based on this, this factor may have 
contributed, reducing the binding of silver to proteins pres-
ent in the bacterial cell membrane and wall, thereby reduc-
ing its antimicrobial activity.

The analysis of the interaction between CEE-OC and 
AgNPs-OC (Table 5) showed more pronounced inhibitory 
activity when the compounds were combined than used 
individually, which was possibly enhanced by the higher 
concentration of plant-derived metabolites. The combina-
tion of these antimicrobial substances resulted in syner-
gistic responses for 12 of the 20 isolates analyzed (60%), 
and additive responses for the others (25%). The results 
showed a reduction in MIC by up to 16x and 128x for 
CEE-OC and AgNPs-OC, respectively, although it is not 
possible to estimate the reduction in the concentration of 
each compound.

The synergistic effect observed may be due to the poten-
tiation or facilitation of the binding of the different com-
pounds analyzed, as reported by (Zarei et al. 2021. On the 
other hand, the observed additive effect may be attributed to 
the increased concentration resulting from the combination 
of the compounds, with their effects being additive. There-
fore, the results observed for the isolates Q1, Q3, C2, AR, 
TH, 141/15, RPS, and ZO suggest a lack of synergistic or 
antagonistic interactions between the compounds. This out-
come may be associated with the functional groups present 
in the bioactive components.
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According to (Bao et al. 2020) and (Antunes et al. 2023), 
the activity of silver nanoparticles can be increased when com-
bined with other antimicrobial agents. A similar phenomenon 
has been observed with the combination of secondary metabo-
lites, such as terpenoids and phenolic acids, which reinforces 
the hypothesis that the low concentration of bioactive com-
pounds from CEE-OC used in nanoparticle synthesis may 
have reduced their efficacy in the broth microdilution assay.

Furthermore, it is suggested that, even at low concen-
trations, the antimicrobial inhibitory effect of the extract 
may still be evidenced when incorporated into the nanopar-
ticles. Additionally, the enhanced activity observed with the 
increased concentration and the amount of the same active 
compound present in the extract suggests an interaction 
between antimicrobial agents in the medium, or the absence 
of such interactions in isolates that exhibited additive effects.

Table 5  Interaction between the crude ethanolic extract of O. Campechianum and the biosynthesized nanoparticles of O. Campechianum
Isolates Tested substances MIC (µg/mL) ∑FIC Results

Alone Combined
Q1 CEE-OC 6,250 390.62 1.250 Indifferent

AgNPs-OC 1:1* 1:2*
Q2 CEE-OC 6,250 1,562 0.281 Synergistic

AgNPs-OC 1:1* 1:64*
Q3 CEE-OC 6,250 781.25 1.125 Indifferent

AgNPs-OC 1:1* 1:8*
C1 CEE-OC 6,250 390.62 0.312 Synergistic

AgNPs-OC 1:2* 1:8*
C2 CEE-OC 6,250 3,125 0.553 Additive

AgNPs-OC 1:1* 1:64*
IMA CEE-OC 6,250 1,562 0.281 Synergistic

AgNPs-OC 1:1* 1:32*
EOC CEE-OC 782.25 98.00 0.375 Synergistic

AgNPs-OC 1:1* 1:4*
AL01 CEE-OC 3,125 390.62 0.156 Synergistic

AgNPs-OC 1:2* 1:128*
AR CEE-OC 3,125 1,562 0.531 Additive

AgNPs-OC 1:1* 1:64*
HUT CEE-OC 6,250 1,562 0.281 Synergistic

AgNPs-OC 1:1* 1:64*
JCS CEE-OC 1,562 196.00 0.188 Synergistic

AgNPs-OC 1:4* 1:64*
FI CEE-OC 6,250 1,562 0.499 Synergistic

AgNPs-OC 1:1* 1:4*
AL02 CEE-OC 3,125 781.25 0.281 Synergistic

AgNPs-OC 1:2* 1:128*
WE09 CEE-OC 3,125 390.62 0.156 Synergistic

AgNPs-OC 1:2* 1:128*
WE08 CEE-OC 3,125 390.62 0.156 Synergistic

AgNPs-OC 1:2* 1:128*
TH CEE-OC 3,125 1,562 0.531 Additive

AgNPs-OC 1:1* 1:64*
141/15 CEE-OC 1,562 781.25 0.532 Additive

AgNPs-OC 1:1* 1:64*
RPS CEE-OC 3,125 1,562 1.031 Indifferent

AgNPs-OC 1:1* 1:64*
ZO CEE-OC 3,125 1,562 0.531 Additive

AgNPs-OC 1:1* 1:64*
73853 CEE-OC 1,532 781.25 0.156 Synergistic

AgNPs-OC 1:2* 1:128*
* Estimated concentration
∑FIC Fractional inhibitory concentration index, CEE−OC crude crude ethanolic extract of O. Campechianum,AgNPs−OC biosynthesized 
nanoparticles of O. Campechianum
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No synergistic interaction was observed between CEE-
OC and AgNPs-C (Table  6). According to the analysis 
results, the substances may have interfered with each oth-
er’s activity, possibly resulting in an antagonistic effect. It 
was also observed that increasing the concentration of CEE-
OC did not alter the results, indicating a dose-independent 
effect. When analyzing the interaction between CEE-OC 
and AgNPs-NC (Table 6), a predominant antagonistic effect 
was observed among the isolates tested, with four of the six 
isolates classified as showing this type of interaction and the 
others classified as indifferent.

It is suggested that low stability and, particularly, the 
size of AgNPs-NC may have interfered with their antibac-
terial activity. According to (Cheon et al. 2019), unstable 
nanoparticles of varying sizes may release smaller amounts 
of silver ions, leading to the hypothesis that small amounts 
of nanoparticles may have entered the bacterial cells and 
released sublethal amounts of silver ions, with no significant 
interaction with Ca²+ within the bacterial cells.

Based on biofilm quantification, with ATCC29213 used 
as a strong biofilm producer control, it was observed that 
25% of the 20 isolates showed strong biofilm production 
(WE08; WE09; HUT; AR; 141/15), 30% moderate (C2; 

Q3; FI; JCS; TH; ZO), 35% weak (AL01; AL02; C1; Q1; 
Q2; EOC; 73853), and 10% did not produce biofilms (IMA; 
RPS) (Fig. 4). Among 90% of isolates that produced bio-
films, ten were of animal origin, five were from food, and 
three were of human origin.

These results indicate that biofilm production was pres-
ent in isolates from all sources; including food, animal, 
and human sources. This mechanism is described by (Bal-
lah et al. 2022) as a means of bacterial protection, survival, 
and adhesion to surfaces and different environments. The 
diversity of the environments from which the isolates in 
this study originated, along with favorable conditions for 
the development of this bacterial protection structure likely 
contributed to the high percentage of isolates exhibiting this 
characteristic.

However, a higher number of biofilm-producing isolates 
were of animal sources. Of these, four out of twenty iso-
lates came from bovine mastitis, that is, from milk-produc-
ing animals intended for human consumption, followed by 
food sources such as cheese and meat, which accounted for 
five of the twenty isolates. Based on these results, we can 
infer that contaminated food may contribute to the spread of 
pathogenic bacteria.

Table 6  Interaction between the crude ethanolic extract of O. Campechianum and the commercial nanoparticles, and interaction between the crude 
ethanolic extract of O. Campechianum and the non-commercial nanoparticles
Isolates Tested substances MIC (µg/mL) Results

Alone Combined
HUT CEE-OC 6,250 > 6,250 Antagonistic

AgNPs-C > 10,00 > 10,00
CEE-OC 6,250 > 6,250
AgNPs-NC > 1/1 > 1/1

JCS CEE-OC 1,562 > 1,562 Antagonistic
AgNPs-C > 10,00 > 10,00
CEE-OC 1,562 > 1,562
AgNPs-NC > 1/1 > 1/1

EOC CEE-OC 781.25 > 781.25 Antagonistic
AgNPs-C > 10,00 > 10,00
CEE-OC 781.25 > 781.25
AgNPs-NC > 1/1 > 1/1

IMA CEE-OC 6,250 > 6,250 Indifferent
AgNPs-C > 10,00 > 10,00
CEE-OC 6,250 6,250
AgNPs-NC > 1/1 > 1/1

RPS CEE-OC 3,125 > 3,125 Antagonistic
AgNPs-C > 10,00 > 10.00
CEE-OC 3,125 > 3,125
AgNPs-NC > 1/1 > 1/1

ATCC29213 CEE-OC 3,125 > 3,125 Antagonistic
AgNPs-C > 10,00 > 10,00
CEE-OC 3,125 > 3,125
AgNPs-NC > 1/1 > 1/1

∑FIC Fractional inhibitory concentration index, CEE−OC crude crude ethanolic extract of O. Campechianum,AgNPs−C commercial nanopar-
ticles, AgNPs−CN non commercial nanoparticles



1 3

International Microbiology

Regarding antibiofilm activity, both CEE-OC and AgNPs-
OC significantly reduced biofilm formation in almost all iso-
lates (WE08, WE09, C2, Q1, Q3, HUT, FI, EOC, JCS, TH, 
ZO, AR, 141/15, and 73853) and ATCC29213, with statisti-
cally significant differences observed at both inhibitory (½ 
CIM) and subinhibitory (¼ MIC) concentrations (Fig.  4). 
Isolates classified as strong, moderate and weak biofilm 
producers did not produce biofilm after the inclusion of the 
compounds mentioned above. Similar results were found 
by (Almatroudi et al. 2020) and (Fernandes et al. 2023), 
who observed interference in biofilm formation structure at 
low concentrations of silver nanoparticle biosynthesis. The 
results suggest that CEE-OC and AgNPs-OC mainly inter-
fere with the early stages of biofilm development by affect-
ing bacterial adhesion to the abiotic surface, consequently 
preventing subsequent colonization and biofilm formation.

Conversely, neither treatment showed activity against 
previously established biofilms, suggesting that mature bio-
films may exhibit increased tolerance due to structural com-
plexity and reduced antimicrobial penetration.

According to (Saeloh 2021), antimicrobials are less effec-
tive against biofilm-producing bacteria. However, although 
biofilm acts as a bacterial protective factor, it is not exclu-
sively associated with a multiple drug resistance (MDR) 
profile. In this study, isolates classified as strong and moder-
ate biofilm producers predominantly exhibited MDR. How-
ever, some isolates, such as AL02, Q1, and 73,853, which 
were classified as weak biofilm producers, were also identi-
fied as MDR, suggesting that, in addition to biofilm forma-
tion, other resistance-associated genes may be involved.

For AgNPs-NC, a significant reduction in biofilm for-
mation (Fig.  5) was observed in S. aureus ATCC29213 
and five clinical isolates (WE08, WE09, HUT, AR and, 
141/15), all previously classified as strong biofilm pro-
ducers, when exposed to a subinhibitory concentration at 
a 1:1 ratio. However, AgNPs-C did not exhibit inhibitory 
effects on biofilm formation in any of the analyzed iso-
lates (Fig. 5).

In view of these results, it can be inferred that the slight 
reduction in biofilm production (from strong to moderate 
or weak) and/or temporary stabilization may be associated 
with the persistence and viability of non-planktonic cells 
and the lack of inhibition of the quorum sensing system, 
which is involved in biofilm formation and development 
(Abdelhamid and Yousef 2023). The other isolates showed 
no response to the activity of the substance. Similar to CEE-
OC and AgNPs-OC, AgNPs-C and AgNPs-NC were also 
unable to interfere with established biofilms, as it was not 
possible to determine the MIC for these substances. In this 
case, it is suggested that the lack of interference with both 
biofilm formation and established biofilms may be related 
to the fact that the concentrations used — 10  µg/mL for 
AgNPs-C and 1:1 for AgNPs-NC — were insufficient to 
achieve inhibition, as concentrations at least fourfold higher 
would likely be required to effectively interfere with biofilm 
formation.

Molecular docking revealed a binding affinity of ros-
marinic acid with six hydrogen bonds, three of which were 
formed with the polar amino acid ASN 340, and one each 
with ASN 137 (polar), GLU 222, and THR 223 (Fig. 6).

Fig. 4  Average optical densities 
comparison of quantification and 
interference of plant extract of O. 
campechianum (CEE-OC) and 
biogenic nanoparticles (AgNPs-
OC) in biofilm formation by 
Staphylococcus spp

 



1 3

International Microbiology

The in silico analysis indicated that rosmarinic acid may 
interact with NorA efflux pump protein through hydrogen 
bonds involving the ASN 340, GLU 222, ASN 137, and 
THR 223 residues. Thus, it is possible that staphylococci 
resistant to the quinolone class may become more suscep-
tible, since interaction of rosmarinic acid with the NorA 
efflux pump could potentially interfere with this resistance 
mechanism involved in the efflux of these antimicrobials 
(Tintino et al. 2023). These results suggest that rosmarinic 
acid could potentially act as an adjuvant to quinolone anti-
microbials. Regarding the bactericidal effects observed in 
the present study, it is suggested that this constituent may 
contribute to modulating resistance mechanisms in 25% 
of the isolates against this antimicrobial class, potentially 

resulting in increased susceptibility, particularly in the case 
of the plant extract, which contained higher concentrations 
of this compound.

Conclusion

The present study demonstrated the antimicrobial potential 
of the ethanolic extract of O. campechianum (CEE-OC) 
and silver nanoparticles biosynthesized from this extract 
(AgNPs-OC) against Staphylococcus spp., including mul-
tidrug-resistant strains. According to the molecular docking 
results, rosmarinic acid, identified as the major compound 
in the extract, showed potential interactions with the NorA 
efflux pump protein, which may contribute to the antimicro-
bial activity observed. Both substances also showed the abil-
ity to interfere with biofilm formation, although they had no 
effect on established biofilms. These findings highlight the 
potential relevance of these substances for preventive appli-
cations in clinical and healthcare settings. The absence of rel-
evant antimicrobial activity by commercial (AgNPs-C) and 
non-commercial (AgNPs-NC) nanoparticles highlights the 
potential importance of plant-mediated biosynthesis in the 
functionalization of nanoparticles and enhancement of their 
antimicrobial activity. Thus, the results support the potential 
use of plant extracts and green nanotechnology as promis-
ing alternatives for addressing bacterial resistance. Future 
studies are needed to elucidate the mechanisms underlying 
these effects and to evaluate the in vivo efficacy of these 
substances. 

Fig. 6  Representation of the binding interactions between rosmarinic 
acid and the NorA protein of S. aureus

 

Fig. 5  Average optical densities 
comparison of quantification and 
interference of non-commercial 
(AgNPs-NC) and commercial 
(AgNPs-C) nanoparticles in 
biofilm formation by Staphylo-
coccus spp
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