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electron microscopy (SEM) (particle size diameter 
of 13.62 ± 4.61  nm), and Fourier-transform infrared 
spectroscopy (FTIR) (functional groups from “Hoja 
Santa” attached to nanoparticles). Antioxidant capac-
ity was evaluated using DPPH, ABTS and FRAP 
methods. Furthermore, the antimicrobial activity of 
NPs against a panel of clinically relevant bacterial 
strains, including both Gram-positive (Staphylococ-
cus aureus) and Gram-negative bacteria (Salmonella 
Enteritidis and Escherichia coli O157:H7), was over 
90% at concentrations of 200 µg/mL. Additionally, we 
assessed the antibiofilm activity of the NPs against 
Pseudomonas aeruginosa (reaching 98% of biofilm 
destruction at 800 µg/mL), as biofilm formation plays 
a crucial role in bacterial resistance and chronic infec-
tions. Moreover, we investigated the impact of Ag2O 
NPs on immune cell viability, respiratory burst, and 
phagocytic activity to understand their effects on the 
immune system.

Keywords  Silver oxide nanoparticles · Green 
synthesis · Piper auritum · Antimicrobial activity · 
Antioxidant activity · Immune response

Introduction

By 2050, global fatalities and the emergence of anti-
microbial resistance will become a significant world-
wide issue, posing a substantial threat to public health 
and healthcare systems. The misuse and overuse of 

Abstract  The ‘sacred leaf’ or “Hoja Santa” (Piper 
auritum Kunth) has a great value for Mexican culture 
and has gained popularity worldwide for its excellent 
properties from culinary to remedies. To contribute 
to its heritage, in this project we proposed the green 
synthesis of silver oxide nanoparticles (Ag2O NPs) 
using an extract of “Hoja Santa” (Piper auritum) as a 
reducing and stabilizing agent. The synthesized Ag2O 
NPs were characterized by UV–Visible spectros-
copy (plasmon located at 405 nm), X-ray diffraction 
(XRD) (particle size diameter of 10  nm), scanning 
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conventional antibiotics have resulted in the devel-
opment of bacteria that are resistant to multiple 
drugs, rendering current treatments ineffective (Tang 
et  al. 2023). As a consequence, there is an increas-
ing emphasis on discovering alternative antimicrobial 
agents that are more potent and have fewer adverse 
effects. Also, within the food industry, the presence 
of biofilms is particularly alarming as it enhances the 
pathogenicity of foodborne bacteria. Generally, lit-
tle to no attempt is made to eliminate these microor-
ganisms from the processing environment. However, 
biofilms formed by pathogenic microorganisms and 
decomposing microorganisms serve as unfavorable 
reservoirs for microbial growth. Hence, it is crucial to 
identify effective strategies to combat biofilm forma-
tion (Liu et al. 2023).

“Hoja Santa”, also known as the “sacred leaf,” 
derives its name from the respect it has garnered 
among different indigenous and Mayan cultures due 
to its remarkable characteristics. Belonging to the 
Piperaceae family, which is closely related to the 
popular black pepper plant, this plant features sizable 
heart-shaped leaves that can grow up to a foot long 
(Fig. 1). These leaves emit a delightful aroma remi-
niscent of anise, mint, and black pepper, making them 
a highly desirable ingredient in both traditional and 
contemporary culinary practices (Salleh 2021).

“Hoja Santa”, apart from its culinary allure, has been 
highly valued for its diverse medicinal properties. For 

generations, traditional healers have acknowledged its 
potential as a natural treatment for digestive problems, 
respiratory disorders, and skin ailments. The leaves are 
commonly infused into teas or applied externally in 
poultices to harness their healing properties. Further-
more, research has revealed that “Hoja Santa” exhibits 
antimicrobial, antioxidant, and hypoglycemic charac-
teristics, underscoring its significance as a valuable 
botanical resource (Pérez-Gutiérrez 2016; Salleh 2021).

One promising area of investigation involves utiliz-
ing nanomaterials as agents to combat microbial activ-
ity. Silver nanoparticles (AgNPs) have demonstrated 
broad spectrum antimicrobial effects against various 
harmful bacteria. However, the conventional synthesis 
of AgNPs often involves the use of harmful chemicals, 
which raises concerns about potential negative impacts 
on both human health and the environment (Jaswal and 
Gupta 2023). To address these concerns, researchers 
have explored environmentally friendly synthesis meth-
ods that utilize natural extracts or plant-based materi-
als to produce nanoparticles. Utilizing plant extracts 
in nanoparticle synthesis offers several advantages, 
including environmental sustainability, cost-effec-
tiveness, and the potential for enhanced antimicrobial 
properties (Dawadi et  al. 2021). “Hoja Santa” (Piper 
auritum), a plant native to México, is renowned for 
its antimicrobial properties. It contains bioactive com-
pounds such as essential oils, phenolics, and flavonoids, 
which have exhibited promising antimicrobial effects 
against a wide range of bacterial pathogens (Aguilar-
Urquizo et al. 2020; Chacón et al. 2021).

The objective of this study was to investigate the envi-
ronmentally friendly production and characterization 
of Ag2O nanoparticles (Ag2O NPs) using aerial parts 
of “Hoja Santa” extract through solid-state techniques. 
Additionally, the study aimed to evaluate the antimicro-
bial, antibiofilm, and immunomodulating properties of 
these nanoparticles. The results of this research have the 
potential to advance the development of innovative anti-
microbial agents that are both effective against bacterial 
resistance and environmentally sustainable.

Materials and methods

Piper auritum aqueous extract

Piper auritum plant was obtained from local markets of 
Guadalajara, Mexico. Aerial parts were disinfected in a Fig. 1   The sacred leaf or “Hoja Santa”
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2 mg/mL solution of NaClO by immersion for 10 min, 
subsequently, they were washed with distilled water, and 
allowed to dry in oven (L–C Oven, Mechanically Con-
vected) at 40 °C. Dry plants were grounded and reserved 
at 4  °C until use. Then, a solution of 1:10 (m/V) was 
prepared with 100 mL of distilled water and brought to a 
boil, keeping the temperature at 100 °C for 5 min. After, 
the solution was filtered through Whatman N°1 filter 
paper, and aqueous extract was stored in amber flasks at 
− 20 °C until use (Silva-Jara et al. 2020).

Silver nanoparticle synthesis (Ag2O nps)

Briefly, 50 mL of a AgNO3 (3 mM) solution was pre-
pared, then 15 mL of P. auritum extract were added and 
the solution was kept in constant agitation in the dark 
for 24 h at room temperature. Posteriorly, the solution 
was centrifuged at 6000 rpm at 25 °C for 30 min (Labo-
Gene, LZ-1580R) and pellet was dried in the oven at 80 
°C for 8 h.

Characterization

Surface plasmon resonance was measured in a 
UV–Vis spectrophotometer (NanoDrop 2000, Thermo 
Scientific) from an aliquot of synthesis solution. Fou-
rier-transform infrared spectra (FT-IR) of P. auritum 
extract and Ag2O NPs were collected in a range of 
4000–400  cm−1 with 4  cm−1 resolution and 32 scans 
in a Cary 630 spectrophotometer (Agilent Technolo-
gies). X-ray diffractograms patterns were obtained in an 
X-ray Diffractometer (Malvern Panalytical Empyrean) 
from a 2θ angle of 5 to 70 with a step of 0.2 and col-
lection time of 30 s. For morphology, scanning electron 
microscopy (SEM) was recorded in a FE-SEM (TES-
CAN, MIRA 3 LMU) with 15 kV of voltage.

Particle size analysis

DRX calculation

Debye-Scherrer equation through DRX parameters 
was calculated as follow:

 where λ wavelength in DRX was 1.54059  nm, β 
is considered as ‘full width at a half maximum’ 

D =
0.9�

� cos �
,

(FWHM), θ is the angle of diffraction, and D is the 
particle size in nm.

SEM image processing

The particle size distribution was calculated using 
ImageJ software v1.53 and the histogram was fitted 
with Lorentz function.

Total phenolic content

Total phenolic content was determined following 
the procedure described by Singleton et al. (1999), 
with some modifications. 100 µL of Ag2O NPs were 
added to 500 µL of distilled water and 100 µL of 
Folin-Ciocalteu (1:10 v/v), and the mixture was 
incubated for 7  min at room temperature. Then, 1 
mL of CaCO3 (7% m/v) was added and the solution 
was kept for 90  min in dark. A standard curve of 
gallic acid (0–250 µg/mL) was used for comparison. 
Absorbance was measured in a UV–Vis spectropho-
tometer (Optizen, POP) at 750 nm, and results were 
expressed as mg GAE/g (mg of gallic acid equiva-
lent per g).

Antioxidant activity

2,2-diphenil-1-picrylhydrazil (DPPH) radical 
scavenging was determined according to Brand-
Williams et  al. (1995) using ascorbic acid (AA) 
in the same concentrations as Ag2O NPs for 
comparison and ethanol as control. Results were 
expressed as % inhibition determined with the 
equation:

For 2,2’-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS), Li et al. (2008) procedure was 
followed with AA for comparison and ethanol as 
control. Results were expressed as mentioned for 
the DPPH measure. Ferric reducing antioxidant 
power (FRAP) was conducted with the methodol-
ogy described by Benzie and Strain (1996) using a 
standard curve of AA. Results were calculated as 
mg EAA/mg (mg equivalent of ascorbic acid per 
mg).

DPPH%inhibition =
Abscontrol − Abssample

Abscontrol
× 100
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Antimicrobial evaluation

Antibacterial activity of Ag2O NPs was tested with 
microdilution and diffusion assays. Three bacterial 
strains (Escherichia coli ATCC 8739, Salmonella Ente-
ritidis isolated from clinical cases, and Staphylococcus 
aureus ATCC 25923) were cultured in tryptic soy broth 
(TSB) for 24 h at 36 °C previously for tests. Then, con-
centration was adjusted to 1 × 106 cells/mL with optical 
density, OD600, in a spectrophotometer (OPTIZEN). 
For microdilution, 20 µL of each strain were added to 
a 96-well microplate with 20 µL of Ag2O NPs solutions 
at 200, 500 and 800 µg/mL of concentration and 160 µL 
of TSB, using phosphate buffer solution (PBS) as nega-
tive control, while gentamicin 0.1% (m/v) was positive 
control (Castorena-Sánchez et al. 2023). Microplate was 
incubated for 24 h at 36  °C, then, optical density was 
measured in a microplate reader (BIORad) at 595 nm, 
and inhibition was determined with the equation:

where BGIR is the bacterial growth inhibition rate.
For diffusion test, bacterial strains were streaked in 

Müller-Hinton agar (MHA), holes were bored using 
a 1 mL sterile micropipette tip and 100 µL of Ag2O 
NPs of each of the previous concentrations were added 
(200, 500 and 800  µg/mL). Plates were incubated as 
mentioned before and diameters of inhibition were 
measured. All experiments were performed in tripli-
cate and the results were expressed as mean ± standard 
deviation.

Antibiofilm activity

Biofilm is a protective mechanism that some bacte-
ria form in order to protect against lethal components 
or treatments. In order to study the capacity of Ag2O 
NPs to inhibit biofilm formation, O’Toole (2011) 
methodology was followed, using Pseudomonas 
aeruginosa ATCC 83759. Briefly, P. aeruginosa 
strain was cultured in Luria-Bertani broth overnight 
at 36 °C, and then, a 1:10 dilution was made in fresh 
medium supplemented with arginine (0.04% w/v). In 
a 96-well microplate 100 µL of the strain were added 
with 20 µL of Ag2O NPs in different concentrations. 
Microplate was incubated for 24 h at 36 °C, followed 
by 2 washes with distilled water by immersion; plate 

BGIR(%) =
Abscontrol − Abssample

Abscontrol
× 100,

was allowed to dry. Next, 125 µL of crystal violet 
(0.1% m/v) (Romero-García et  al. 2023) was added 
and incubated at 25  °C for 15  min, then, it was 
washed as mentioned before. Finally, 125 µL of acetic 
acid (30% v/v) were added and incubated for 15 min 
at room temperature, and then, they were transferred 
to a new plate and read at 595  nm in a microplate 
reader (BIOrad). Results were determined with the 
equation:

where ABS is the absorbance of sample (P. aerugi-
nosa in contact with Ag2O NPs), control (P. aerugi-
nosa without treatment) and blank is acetic acid 30% 
(v/v) in distilled water.

Immunostimulant test

Broiler chicken bone marrow leukocytes extraction

The studies presented in this manuscript were 
approved by the Bioethical Committee of the Auton-
omy University of Baja California Sur following 
international and national regulations (NOM-062-
ZOO-1999 and NOM-008-ZOO-1994). Five broiler 
chickens were sampled at week 4. Before sampling, 
the birds were starved for 24 h. The right tibia was dis-
sected sterilely from the slaughtered birds and the soft 
tissues of bone marrow were removed, passed through 
100 μm cell strainer (BD Falcon, Franklin Lakes, NJ, 
USA), and transferred to 10 mL of an sRPM (RPMI-
1640, Gibco, Grand Island, NY, USA; culture medium 
containing P/S, 10% FCS). To recollect leukocytes 
following the methodology described by Angulo 
et al. (2017). Briefly, cell suspension was centrifuged 
(500 g, 45 min, 23 °C), and leucocyte layer was col-
lected and washed with sRPMI medium (800  g, 
10 min, 23  °C). Cells were observed and counted in 
a TC20 Coulter Particle Counter (BioRad, Hercules, 
CA, USA) and adjusted to 106 cells/mL of sRPMI.

Cell viability

Resazurin method was used to determine cell viabil-
ity of leukocytes following the method reported by 

%biofilm inhibition =

(

1 −
(Abssample − Absblank)
(

Abscontrol − Absblank
)

)

× 100,
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Riss et  al. (2016). Cells without any treatment and 
leukocytes incubated with DMSO were used as con-
trols. Briefly, cells were dispensed in 96-well plates 
(90 µL 1 × 106 cells/mL) and incubated with 10 µL/
well of Ag2O NPs at each concentration previously 
used. Twenty-four hours later, cells were stained 
with 10 µL resazurin solution (Sigma, St. Louis, 
MO, USA) and incubated at 37  °C and 5% CO2 for 
4 h. Then, cells fluorescence was measured in Vari-
oskan™ Flash Multimode Reader (Thermo Scientific, 
Waltham, MA, USA) with excitation at 530 nm and 
emission at 590 nm. The assay was performed in six-
tyfold and viability (%) was calculated using the fol-
lowing formula:

 where Absnegative control is the absorbance of the cells 
without treatment.

Phagocytosis activity

Phagocytosis activity was evaluated according to 
the methodology described by Wang et  al. (2017). 
After cultivation for 24  h, the nonadherent cells 
were removed with micropipette and the remain-
ing ones were washed twice with PBS. Then, 100 
µL of neutral red solution (0.33% in DPBS) were 
dispensed followed by an incubation for 4 h. Poste-
riorly, the neutral red solution was discarded, wash-
ing with PBS twice. A solution of ethanol and acetic 
acid (cell lysate/1:1 ratio) was added and incubated 
for 1 h, and the absorbance was recorded at 540 nm 
(iMark™ BioRad, Hercules, CA, USA).

Respiratory burst activity

Respiratory burst activity of the leukocytes iso-
lated from bone marrow, with and without Ag2O 
NPs at different concentrations, was measured with 
nitroblue tetrazolium (NBT) according to Keme-
nade et al. (1994). Leukocytes were incubated with 
NBT (1 mg/mL, Sigma, St. Louis, MO, USA), and 
after two hours of incubation, the reaction was 
stopped with 100 µL of methanol (70% v/v). The 
plates were air-dried, and 120 µL of 2  M potas-
sium hydroxide and 140 µL DMSO were added to 

Viability(%) =
Abssample

Absnegativecontrol
× 100,

each well. The optical density (OD) was measured 
at 655 nm in a microplate reader (iMark™ BioRad, 
Hercules, CA, USA).

Statistical analysis

Data was analyzed using StatGraphics Centurion 
19 (V19.5.01). ANOVA and Tukey tests were con-
ducted, and results are expressed as mean ± stand-
ard deviation.

Results and discussion

Surface plasmon resonance

Figure 2 shows the UV–Vis spectrum with a peak at 
405 nm, which is characteristic of the plasmon attrib-
uted to the confinement of the nanoparticles that have 
been previously documented and confirm that the 
synthesis of Ag2O NPs was achieved. Characteristic 
color ranging from yellow to light brown after 24 h of 
synthesis was observed (Shehabeldine et al. 2021; Ali 
et al. 2022).

Fourier transform infrared spectroscopy

In Fig. 3, the IR spectrum can be observed, where 
the peak at 3338  cm−1 corresponds to the –OH 

Fig. 2   Surface plasmon resonance of silver oxide nanoparti-
cles synthesized using “Hoja Santa” leaf extract
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group, which has been previously referenced for 
phenolic compounds and flavonoids. The vibrations 
around 1640  cm−1 can be attributed to aromatic 
ring vibrations, likely associated with polyphenols 
in previous publications on biogenic nanoparti-
cles synthesized with phytochemicals (Jabbar et al. 
2020). To better appreciate the fingerprint region, 
a second derivative was performed on the original 
spectrum as a criterion for elucidating contributions 
that vibrate in these regions (inset in Fig. 3). Three 
signals are observed at 1049, 674, and 540  cm−1; 
the signal at 1049  cm−1 can be attributed to the 
C–O vibration, the signal at 674  cm−1 corresponds 
to moieties of polyphenols (Manik et al. 2020), and 
finally, around 540 cm−1, there is an essential vibra-
tion for metallic groups, which could refer to silver 
nanoparticles attached to hydroxyl groups from 
the extract (Al-Rajhi et  al. 2022) or the formation 
of Ag–O interactions (Dharmaraj et al. 2021), thus 
corroborating that the synthesis was carried out.

X‑ray diffraction (XRD)

Figure 4 shows the diffractogram for the silver nan-
oparticles, revealing the characteristic Bravais lat-
tice or Miller indices for the silver oxide structure at 
angles 27.78°, 32.22°, 46.19°, 54.80°, and 67.37°, 
corresponding to the planes (1 1 0), (1 1 1), (2 1 1), 
(2 2 0), and (2 2 2), respectively. These correspond 

to a face-centered cubic structure and are consist-
ent with previous studies on biogenic Ag2O parti-
cles (Dhoondia and  Chakraborty 2012; Dharmaraj 
et  al. 2021) and the international database (JCPDS 
76-1393) (Fowsiva  and Madhumitha  2019). The 
results demonstrate the transition from Ag to Ag2O 
formation, attributed to the amount of extract used 
(Banua and Han 2020). The crystal size was also 
calculated using the Debye–Scherrer equation, 
resulting in a length of 10 nm.

Scanning electron microscopy

Figure  5a shows the SEM micrograph of the Ag2O 
nanoparticles with spherical structures, and it dis-
plays an approximate distribution (Fig.  5b) of 
13.62 ± 4.61  nm according to the histogram, which 
is consistent with the approximate size obtained from 
X-ray diffraction.

Antioxidant activity

Ag2O NPs total polyphenols, estimated with Folin-
Cicoalteu, was of 9.25 ± 2.60  mg GAE/g. Percent-
age of inhibition of ABTS, DPPH and FRAP radi-
cals is depicted in Fig. 6. ABTS inhibition (Fig. 6A) 
was 90.7 ± 0.83% for concentrations between 50 
and 300  µg/mL of Ag2O NPs. Interestingly, silver 

Fig. 3   Infrared spectrum of silver oxide nanoparticles (inset: 
second derivative of the infrared range)

Fig. 4   Diffractogram of silver oxide nanoparticles



977Biometals (2024) 37:971–982	

1 3
Vol.: (0123456789)

nanoparticles inhibition was higher than ascorbic acid 
activity up to 150 µg/mL, a commercial antioxidant. 
In DPPH (Fig.  6B), inhibition was concentration- 
dependent from 50 to 250  µg/mL, exhibiting higher 
percentages than ascorbic acid. Similar behavior was 
found for FRAP test, with results ranging from 0.284 
to 14.349 mg EAA / mg Ag2O NP (Fig. 6C).

Previously, Essghaier et al. (2022) reported that sil-
ver nanoparticles obtained from green synthesis using 
Scabiosa atropurpurea extract had an IC50 value for 
DPPH radical of around 0.112 ± 0.210 mg/mL, a lit-
tle lower than the one obtained here. DPPH assay is 
based on the color change of the solution when its 
H is donated to the antioxidant agent. Bhakya et  al. 
(2022) found a similar concentration-dependent 
behavior for nanoparticles synthesis from Helicteres 
isora root extract; a 90% inhibition was determined, 
and it is suggested that not only silver produces this 
inhibition, but some residues of the extract used for 
the synthesis could be acting as well.

Antibacterial activity

Gram-negative bacterial strains E. coli and S. Ente-
ritidis, and the Gram-positive bacterial strains S. 
aureus, were used to evaluate the antibacterial 
activity potential of Ag2O NPs. Inhibition halo 
diameter (mm) of Ag2O NPs was determined by 

using the diffusion method and results are shown in 
Table 1. The diameters of inhibition of E. coli and 
S. Enteritidis were 15.1–20.7 and 10.2–13.8  mm, 
respectively, while for S. aureus, it was 
12.9–14.6  mm. According to the Duraffourd scale 
[Null (−) < 8  mm, Sensible (+) > 8  mm ≤ 14  mm, 
Very sensible (++) > 14 ≤ 20  mm; Highly sensible 
(+++) > 20  mm)] (Morillo-Carrillo and Balseca-
Ibarra, 2018), E. coli was very sensible-highly sen-
sible ( + + for 200 and 500 µg/mL; +++ for 800 µg/
mL) to Ag2O NPs concentrations, while S. Ente-
ritidis and S. aureus were sensible (+). The anti-
bacterial activity of Ag2O NPs from P. auritum is 
consistent with previous research on AgNPs syn-
thesized from other species of the same plant genus 
(Amaliyah et  al. 2022; Dewi et  al. 2023; Kanniah 
et al. 2021; Nguyen et al. 2021).

The bacterial growth inhibition rate (BGIR) was 
evaluated for the strains mentioned below at different 
concentrations of Ag2O NPs. The results are shown in 
Fig. 7, where both Gram-negative and Gram-positive 
bacteria were inhibited at 99% in the three concentra-
tions. The observed antibacterial activity of the Ag2O 
NPs was higher against Gram-negative bacteria; those 
results could be due to the difference in molecular 
makeup of the cell walls (Corciova et al. 2019; Sneha 
et al. 2017). Ag2O NPs obtained through green syn-
thesis have been tested against other bacteria like S. 

Fig. 5   The morphology and particle size of Ag2O nanoparticles (NPs) are as follows: a SEM micrograph and b Size distribution 
histogram
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mutans and L. acidophilus (Manikandan et al. 2017), 
with bactericidal concentrations ranging in the same 
ones evaluated in this research.

The antibacterial mechanism of AgNPs has been 
described in several possible ways. The first one is by 
adhesion of AgNPs in the bacterial cell membrane, 
and the second one is by penetration of the AgNPs. In 
the first mechanism, silver nanoparticles are disturbed 
in their permeability and respiratory functions, and in 
the second way, AgNPs interfere with protein synthe-
sis and destroy the DNA and RNA structures (Ibra-
him et  al. 2021; Awad et  al. 2019; Ayromlou et  al. 
2019). Another aspect that can contribute to the anti-
bacterial effect could be the presence of compounds 
with antimicrobial properties like phenols and flavo-
noids present in the extract of natural sources (Cor-
ciova et al. 2019).

Inhibition of biofilm formation

P. aeruginosa produces biofilm in growth-stress con-
ditions. Three different concentrations of Ag2O NPs 
were evaluated: 200, 500, and 800  µg/mL. Results 
in Fig. 8 show that the percentage inhibition of bio-
film formation by P. aeruginosa exhibited a dose-
dependent behavior; with the lower concentration 
the inhibition was of 80%, and for 500 and 800  µg/
mL, it was around 90%, with no significant difference 
between the later (p > 0.05). Previous research stud-
ies about the antibiofilm activity of AgNPs against P. 
aeruginosa isolate showed that they inhibited biofilm 
growth depending on some factors such as concentra-
tion, source and especially size and surface area (de 
Lacerda Coriolano et  al. 2021; Hetta et  al. 2021). 
Mechanism of AgNPs include binding of the nano-
particle to the exopolysaccharide matrix of biofilm 
and cause ROS production, and finally, disruption of 
biofilm (de Lacerda Coriolano et al. 2021; Akar et al. 
2023).

Inmunostimulant effect, phagocytosis activity and 
respiratory burst activity

Cell viability of broiler chicken leukocytes stimulated 
with silver nanoparticles is depicted in Fig. 9A. Via-
bility was up to 91% at a concentration of 200 µg/mL 
of Ag2O NPs, while at high concentration (800  µg/
mL), this parameter dropped to 54%.

This also was observed in the cell viability test of 
normal lung cells upon different composite Ag2O/
ZnS/GO/CA concentrations, observing a higher 

Fig. 6   Antioxidant effect of nanoparticles of silver oxide from 
P. auritum. A radical inhibition percent of different concentra-
tions of Ag2O NPs by ABTS assay, B radical inhibition percent 
of different concentrations of Ag2O NPs by DPPH; C  FRAP 
mg EAA/mg of Ag2O NPs. Black bars correspond to ascorbic 
acid (control); the lines’ bars are silver oxide nanoparticles. 
The figures show the mean with three measurements (n = 3). 
Different letters indicate that there is a statistical difference 
between the treatments (Tukey, p ≤ 0.05)

Table 1   Inhibition halo zone for silver oxide nanoparticles

Different letters indicate that there is a statistically significant 
difference between concentrations (Tukey, p 0.05)

Bacterial strain Inhibition halo zone (mm)

200 µg/mL 500 µg/mL 800 µg/mL

Escherichia coli 15.1 ± 0.3a 17.3 ± 0.3b 20.7 ± 1.5c

Salmonella Enteritidis 10.2 ± 0.2A 11.7 ± 1.5AB 13.8 ± 1.4B

Staphylococcus aureus 12.9 ± 0.2I 13.6 ± 0.5I 14.6 ± 0.6II
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percentage of viability at low concentrations, around 
1000 µg/mL (Alharthi et al. 2023).

Respiratory burst associated with reactive oxygen 
species functions as a mechanism to eliminate patho-
gens. In Fig. 9B, a dose dependent behavior regarding 
Ag2O NPs concentration is observed. The presence of 
high oxidative compounds such as silver oxide favors 
the production of ROS, which acts as a method to 
eliminate these nanoparticles or possible threats (Pau-
novic et  al. 2020). Also, the excess of ROS produc-
tion may kill leukocytes, a strong relationship shown 
in the cell viability graph. In chickens supplemented 
with silver nanoparticles during growth, an increase 

in respiratory burst activity was observed compared 
to the control group (Ognik et al. 2016).

Phagocytosis activity of broiler chicken leuko-
cytes is depicted in Fig.  9C. In low concentrations 
(200 µg/mL) higher activity was observed compared 
to the control group, although the difference was 
not significant (p > 0.05), while at higher nanopar-
ticle concentrations (500 and 800  µg/mL), activity 
was significantly reduced. Phagocytosis is a process 
activated during inflammatory states as a method to 
eliminate pathogens that threaten the organism. It has 
been demonstrated that stimulation with silver nano-
particles during animal growth increases phagocyto-
sis against pathogens such as Staphylococcus aureus 
209P (Ognik et  al. 2016), but nanoparticles can be 
accumulated in the lymphatic organs and thus, pro-
voke an immunosuppression effect (Ahmadi 2012). 
These results correspond to the reduction of activity 
at higher concentrations of Ag2O nanoparticles used 
in the present study.

Conclusion

Silver oxide nanoparticles were synthesized from 
Piper auritum (“Hoja Santa”) aerial parts extracts. 
Characterization with X-ray Diffraction, Scanning 
Electron Microscopy and UV–Vis and FT-IR spec-
troscopy corroborated the crystal phase, morphology 
and particle size distribution.

Antioxidant, antimicrobial, antibiofilm for-
mation, and cytotoxic activities were evaluated, 

Fig. 7   Antibacterial 
properties of Ag2O NPs 
from P. auritum on E. coli, 
S. aureus, and S. Enteritidis 
growth. The values of bars 
represent the mean and their 
standard. Different letters 
indicate that there is a sta-
tistically significant differ-
ence between the treatments 
(Tukey, p 0.05).

Fig. 8   Inhibition of biofilm formation of P. aeruginosa at dif-
ferent concentrations of Ag2O NPs from P. auritum. The val-
ues of the bars represent the mean and their standard. Different 
letters indicate that there is a statistical difference between the 
treatments (Tukey, p ≤ 0.05)
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demonstrating superior antioxidant activity than com-
pounds typically used in commercial products. As an 
antimicrobial agent, concentrations below 1  mg/mL 
exhibited inhibition above 90% for both Gram-posi-
tive and Gram-negative bacteria, and also, prevented 
biofilm formation of Pseudomonas aeruginosa.

Broiler chicken leukocytes had a viability of 90% at 
concentrations of 200 µg/mL, with high phagocytosis 
and respiratory burst activities enhanced. In this con-
centration, Ag2O NPs can be used to eliminate patho-
gen threats and avoid compromising cell viability.

Results found in this research explores a green 
method to obtain silver oxide nanoparticles, and a 
possible way to apply them to chicken cultures.
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