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Nanotechnology offers promising new avenues for combating drug-resistant pathogens. Given

its antioxidant capacity, the water-soluble fraction of Brazilian kefir was hypothesized to serve as

an effective reducing agent for the green synthesis of silver nanoparticles (AgNPs). It was further
hypothesized that both the entire fraction (WSF) and the <10 kDa fraction AQNPs would augment

the therapeutic effects of kefir, particularly its antimicrobial activity. The successful synthesis was
confirmed through the use of UV-Visible spectroscopy and Fourier-transform infrared analyses. WSF-
AgNPs demonstrated potent antimicrobial activity, with minimum inhibitory concentrations of 25 pg/
mL against A. baumannii (p <0.0001) and 50 pg/mL against K. pneumoniae (p <0.0001). Although no
toxicity was observed in long-term tests on adult Drosophila melanogaster, AgNPs intake impaired
larvae development. Oxidative stress analysis showed mild oxidative imbalance on advanced oxidation
protein products (AOPP), sulfhydryl, and reduced glutathione (GSH) contents, with no alterations
observed in reactive oxygen species (ROS) quantities, ferric reducing antioxidant power (FRAP),

and catalase (CAT) activity. These findings suggest that kefir-derived AgNPs may have potential for
combating drug-resistant infections. Future studies should focus on enhancing specificity through
compound conjugation and investigating broader applications, including disinfectants, wound healing,
and antibiotic development.
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2,4-DTBP 2,4-Di-tert-butylphenol
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FRAP Ferric reducing antioxidant power
FT-IR Fourier-transformed infra-red
GC-MS Gas chromatography-mass spectrometry
GSH Reduced glutathione

MIC Minimum inhibitory concentration
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NPs Nanoparticles

PA Percent of activity

PBS Phosphate-buffered saline

PDI Polydispersity index

ROS Reactive oxygen species

SEM Scanning electronic microscopy
SOD Superoxide dismutase

UV-Vis Ultraviolet-visible spectroscopy
WSF Kefir’s whole water-soluble fraction

Nanotechnology is a rapidly advancing field that involves manipulating materials at the nanoscale, resulting
in nanoparticles (NPs) ranging from 1 to 100 nm in size. These nanoparticles exhibit unique physicochemical
properties and hold promise for addressing pressing health challenges'. In particular, the increase in the
incidence of drug-resistant diseases poses a significant threat, with an estimated 700,000 deaths annually—a
figure that is projected to increase to 10 million by 2050 if left unchecked®. Fungal infections are even more
concerning, with more than 300 million people suffering from various fungal diseases, resulting in more than
2 million deaths annually from mycoses?.

Silver nanoparticles (AgNPs) are particularly noteworthy in nanomedicine due to their exceptional
antimicrobial efficacy and relatively low toxicity. AgNPs can potentially combat microbial resistance due to
their unique properties, such as a high surface area-to-volume ratio and the ability to generate reactive oxygen
species??. Therefore, exploring their antimicrobial activities could be a promising approach for addressing the
growing threat of drug-resistant infections. One method for assessing the antimicrobial efficacy of AgNPs is
through the disk diffusion technique, a reliable methodology that has been employed in numerous previous
studies*”.

The NPs can be synthesized using physical, chemical, or biological methods. Although physical and
chemical methods have traditionally been used for nanoparticle synthesis, their drawbacks, including cost, time
consumption, and environmental concerns, have led to increased interest in biological synthesis methods® 1L,

Biological synthesis, also known as ‘green synthesis, uses nontoxic and eco-friendly reagents, offering a more
streamlined approach to nanoparticle production. Organism-derived extracts, which are rich in biomolecules
such as metabolites and proteins, play crucial roles as reducing and capping agents in this process"!2. This
highlights the efficiency and versatility of biological synthesis. Studies have used cell-free extracts and derived
substances from bacteria as precursors for nanoparticle synthesis!*!4,

In this context, kefir, a fermented beverage with well-documented antioxidant and antimicrobial properties,
is a promising candidate for nanoparticle synthesis'>~18. Although kefir has not been extensively studied in
nanotechnology, our group has discovered significant antioxidant activity in the smaller than 10 kDa (<10 kDa)
fraction of the water-soluble component of kefir. Additionally, bioactive peptides have been identified from
the this fraction'®?. Based on these findings, the water-soluble fraction (WSF) of kefir can be considered a
promising agent for the green synthesis of nanoparticles.

Controlling the characteristics of the resulting nanoparticles in biological synthesis is challenging due
to various factors that can impact the process, such as pH, temperature, and concentration of precursor
agents?!. Therefore, rigorous characterization of the NPs properties, including size, morphology, and chemical
composition, is essential. Techniques such as UV-visible (UV-Vis) spectroscopy, Fourier transform infrared
(FT-IR) spectroscopy, dynamic light scattering (DLS), and zeta potential measurements are well-described in
the literature and provide valuable insights into these properties!®?2-24,

The potential toxicity of nanoparticles, particularly AgNPs, which are being developed for use in medical and
antimicrobial applications, necessitates comprehensive evaluation through both in vitro and in vivo assays?.
This is due to the possibility of increased interaction with human cells, which could lead to adverse effects.
While the unique physicochemical properties of AgNPs may enhance antimicrobial efficacy, they may also
raise concerns regarding cytotoxicity and long-term health effects. This highlights the necessity for rigorous
toxicological assessments?®. The fruit fly (Drosophila melanogaster) is a well-established model organism that
offers several advantages, including a rapid life cycle, low cost of maintenance in laboratories, and a genome with
significant human homology?’. This model has been previously utilized for studies on the toxicity of AgNPs,
examining aspects such as lifespan and gut morphology®*-*°. Consequently, the model is a reliable means of
assessing the safety of AgNPs, facilitating the generation of preliminary insights that can inform subsequent
preclinical testing.

This study aimed to examine the potential of kefir for nanoparticle synthesis and its antimicrobial applications.
First, we analyzed the water-soluble fraction of kefir as a reagent for nanoparticle synthesis. We then characterize
the synthesized nanoparticles including size, morphology, and chemical composition. Additionally, we assessed
their antimicrobial activity by determining their minimum inhibitory concentration against a set of multidrug-
resistant bacteria. Moreover, we evaluated the toxicity of AgNPs by using fruit flies. This research aimed to
contribute to the advancement of the use of nanotechnology in healthcare, more specifically the potential of
kefir-derived silver nanoparticles in antimicrobial activities.

Materials and methods

Kefir production and collection of its water-soluble fractions

The kefir grains utilized in this study were donated by residents of the city of Uberlandia, Brazil. The grains were
previously characterized through genetic fingerprinting by our group®. To produce kefir, whole cow’s milk was
fermented with a 10% (w/v) concentration of kefir grains. Fermentation occurred over a 24-hour period at a
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controlled temperature of 28 °C, shielded from light. Following fermentation, the kefir was separated from the
grains using a sieve.

To obtain the water-soluble fraction (WSF), the kefir was centrifuged twice at 4900g for 10 min at 4 °C. After
each centrifugation, the supernatant was collected, and the pellet was discarded. Then, the resulting supernatant
was filtered through two layers of filter paper?.

To ensure the suitability of the WSF for nanoparticle synthesis, we modified the protocol*’. Specifically, we
added ammonium hydroxide (NH,OH) to the WSF immediately after filtration at a concentration of 0.05% v/v.
This addition aimed to alter the pH of the sample and precipitate proteins that might interfere with nanoparticle
synthesis. Subsequently, we centrifuged the solution at 12000g for 15 min at 4 °C to pellet the proteins, which
enabled us to collect the clarified supernatant for nanoparticle synthesis. The NH,OH is usually added during
the nanoparticle synthesis process, but the protocol required adaptation due to an unsuccessful first synthesis
(explained in the Results section).

Furthermore, the supernatant underwent further filtration using a vacuum pump and a 0.22 um membrane.
Subsequently, it was purified through a 10 kDa Amicon column to fractionate the WSF into the smaller than 10
kDa (< 10 kDa) fraction.

120

Green synthesis of silver nanoparticles from Kefir fractions
The silver nanoparticles synthesis method employed in this study was modified from a previous described green
synthesis protocol!. First, we added 60 mL of each fraction (whole WSF and < 10 kDa), which already contained
NH,OH, to individual flasks containing 0.18 g of silver nitrate (AgNO,). The flasks were briefly shaken and then
heated to boiling in a microwave oven. Upon reaching the boiling point, the solutions turned brown, indicating
the formation of nanoparticles. Each solution was stirred using a magnetic stirrer for 15 min at medium speed.
After the synthesis process, the nanoparticles were subjected to three cycles of centrifugation (16000g,
15 min, 4 °C). After each cycle, the supernatant was discarded, and the pellet containing the silver nanoparticles
was resuspended in deionized water. The resulting solution was stored in a refrigerator set at 4 °C. To determine
the concentration of each solution, a portion was air-dried and weighed. The nanoparticles derived from the
WSF and <10 kDa fractions are referred to as WSF-AgNPs and < 10 kDa-AgNPs, respectively.

Gas Chromatography-Mass spectrometry (GC-MS) for WSF characterization

A GC-MS analysis was performed on a protein-free sample of the WSE. For sample preparation, 100 pL of WSF
were mixed with 1 mL of a solution composed of acetonitrile, isopropanol, and water in a 3:3:2 ratio. The mixture
was centrifuged at 10,000 rpm for 10 min, resulting in the formation of a protein pellet. The supernatant was
collected and dried overnight under reduced pressure. The resulting dried residue was resuspended in 100 uL of
HPLC-grade dichloromethane.

A 6 L aliquot of the prepared solution was injected into an Agilent 7890B GC system operated in split mode
(1:1). Metabolite separation was achieved using an HP5-MS UI capillary column (Agilent #19091S-433UT) with
helium as the carrier gas at a flow rate of 0.82 mL/min. The injector temperature was maintained at 250 °C. The
column temperature program was initiated at 60 °C, held for 1 min, then increased at 10 °C/min to 310 °C over
37 min. The column effluent was introduced into the ion source of an Agilent 5977 A mass selective detector
operating in electron impact ionization mode (70 eV).

Mass spectra acquisition commenced after a solvent delay of 6.5 min. Spectra were recorded at a scan rate
of 2.9 scans per second over an m/z range of 50-550 with a step size of 0.1 m/z. The temperatures of the MS
quadrupole and ion source were set to 180 °C and 280 °C, respectively. Data analysis was performed using
Total Ion Chromatography (TIC) with a minimum match factor threshold of 75%. Compound identification
was based on comparisons of mass spectra and retention times with the NIST library (2017) using Agilent
MassHunter Unknowns Analysis 10.0 software (https://www.agilent.com).

Characterization of silver nanoparticles

Analytical techniques, including UV-Vis, DLS, for size measurements and zeta potential analysis, and FT-IR
were used to characterize the silver nanoparticles. UV-Vis spectroscopy was employed to analyze characteristics
of the nanoparticles, and the efficiency of their synthesis based on the absorbance peak (typically 400-500 nm)
of silver nanoparticles. In a 96-well plate, triplicate samples (100 uL each) of nanoparticle solutions, along with
WSE and silver nitrate controls, were analyzed. Spectra were measured from 300 to 800 nm using a standardized
UV-Vis spectrophotometer. Analysis of the data included peak identification based on wavelength and intensity
criteria. Triplicate samples were used to ensure the reliability of the results.

The infrared spectra of the AgNPs and their precursors were obtained using an Agilent Cary 630 FTIR
spectrophotometer in the range from 4000 to 650 cm™!. Sample analyses were performed in the solid state using
the Attenuated Total Reflectance (ATR) accessory with a diamond crystal.

The initial step of the DLS analysis involved optimizing the measurements for each sample. Nanoparticle
solutions were prepared at a range of concentrations from 0.01 mg/mL to 5 mg/mL. Subsequently, size
distribution, hydrodynamic radius, and polydispersity index of the nanoparticles were evaluated in quintuplicate.
Each measurement was conducted at 25 °C using 2 mL of sample. To ensure stable measurements, a 3-minute
equilibrium time was implemented, allowing the nanoparticles to reach a steady state and match the equipment’s
temperature. The backscatter measurement angle (175°) was chosen due to its high sensitivity to minute particles
and its ability to minimize the impact of multiple scattering, thus ensuring reliable and precise data on size
distribution.

The optimization process aimed to determine the nanoparticle concentration that would consistently yield
reliable results in five replicates. We considered parameters provided by the DLS equipment (Litesizer 500,
Anton Paar, UK), such as baseline, glz, and transmittance values, to ensure accurate measurements. Adhering
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to recommended criteria is crucial for obtaining reliable data. Our analysis focused on two parameters:
transmittance levels and baseline values. Based on manufacturer guidelines, transmittance levels should ideally
exceed 80%, with values above 60% considered acceptable. Baseline values should remain at 1 for optimal
performance.

The DLS equipment was also used for examining the zeta potential of the AgNPs, which was measured in
quintuplicate at 0.1 mg/mL for WSF-AgNPs and 0.05 mg/mL for the <10 kDa-AgNPs. The measurements were
made using 200 V at 25 °C with an equilibrium time of 3 min. The reasoning for selecting these concentrations
for the analysis will be further discussed in the Results section.

A scanning electron microscopy (SEM) analysis was conducted to corroborate the data obtained from the DLS
analysis regarding the dimensions of the nanoparticles and to gather additional information on their morphology.
A Vega 3 TESCAN scanning electron microscope, operated at 20 kV and equipped with a secondary electron
detector and an energy-dispersive X-ray (EDX) detector (Oxford Instruments, Bucks, England), was utilized for
this analysis. Prior to imaging, the synthesized AgNPs were dispersed in an ultrasonic bath for five minutes to
ensure a homogeneous suspension and prevent agglomeration. A small aliquot of the suspension was then drop-
cast onto a clean silicon wafer substrate, providing a conductive surface that minimizes charging effects during
SEM operation. The samples were then left to air-dry at room temperature to evaporate the solvent, thereby
ensuring proper adhesion of the nanoparticles to the substrate for optimal imaging conditions.

In vitro susceptibility test (disk diffusion method)
The anti-bacterial property of AgNPs was evaluated using a diffusion disk test against eight strains of
multidrug-resistant bacteria, including Acinetobacter baumannii, Escherichia coli (MCR), Klebsiella pneumoniae
carbapenemase, three strains of Pseudomonas aeruginosa (IMP, VIM, and SPM), and Staphylococcus
aureus (MRSA), obtained from the Molecular Microbiology Laboratory of the Federal University of Uberlandia.
Strain characterization was performed by bacterial genotyping by PCR and phenotyping on ampicillin and
polymyxin supplemented BHI agar. The modified Kirby-Bauer disk diffusion method was used to assess
antimicrobial activity>>33.

For testing, bacteria were plated on agar plates at a concentration of 0.5 on the McFarland scale. Subsequently,
15 uL of AgNPs at three concentrations (10, 100 and 1000 pg/mL) were applied to antimicrobial susceptibility
test discs in triplicate. The discs were incubated at 37 °C for 24 h and then examined for the presence of inhibition
zones, with halo diameters measured using calipers.

Minimum inhibitory concentration (MIC)
The MIC assay was performed on bacteria that showed inhibition by AgNPs at 100 pug/mL in preliminary in
vitro susceptibility testing, following a protocol by Bio-Rad Antibodies*!. For WSF-AgNPs, the assay included
A. baumannii and K. pneumoniae, while for <10 kDa-AgNPs, it included A. baumannii, K. pneumoniae, E. coli,
and S. aureus. Serial dilutions of AgNPs were prepared in the range of 100 pug/mL to 3.12 pug/mL using 96-well
plates. Each well was filled with 100 pL of bacterial suspension and 100 pL of AgNP dilutions in sextuplicate.
Positive controls consisted of bacterial suspensions in LB medium without AgNPs, while negative controls
contained only LB medium to ensure sterility. Plates were incubated for 24 h at 37 °C. After incubation, 20 pL
of 0.6 mM resazurin dye was added to each well. Resazurin acts as a viability indicator and changes color in the
presence of metabolically active bacteria. Plates were again incubated for 1 to 3 h or until a color change was
observed. Antimicrobial activity was determined by measuring the absorbance at 570 nm and 600 nm using a
microplate reader.

Toxicity assessment

The evaluation of toxicity was conducted in two phases. The initial step involved the assessment of post-
embryonic developmental toxicity in Drosophila melanogaster. Flies of the mutant strain w'''® (BL #3605) were
placed on an oviposition substrate prepared with fresh biological yeast and refined sugar for a period of 12 h
to facilitate egg laying. The embryos were subsequently collected using a fine brush and sieve. Approximately
100 embryos were transferred into individual vials containing 0.5 g of instant culture medium. This medium
was prepared with 2.3 mL of distilled water and consisted of 75% instant potato puree, 15% yeast extract, 9.3%
glucose, and 0.07% nipagin. Each vial's medium surface was treated with 200 pL of one of the experimental
conditions, which included distilled water, WSE, and AgNOs; at concentrations of 1, 10, and 100 pg/mL. The
concentrations of WSF-AgNPs and <10 kDa-AgNPs were 1, 10, and 100 ug/mL, respectively. Each treatment
was conducted using a single vial. The vials were maintained in a BOD incubator at a controlled temperature of
25 °C under a 12:12 light-dark cycle. The emergence of adults was observed over a seven-day period following
the first emergence, and the number of individuals was recorded.

Subsequently, the toxicity of the treatments was assessed using adult flies of the same strain aged between 0
and 2 days post-emergence. Twenty adult flies (ten males and ten females) were placed in vials containing the
same treatments as in the developmental study. Each treatment was conducted in triplicates. The methodology
for the application of the treatments remained consistent throughout the experiment, with 200 pL of each
condition applied to the surface of the instant culture medium. The medium was replaced every two days to
ensure a continuous supply of fresh food and treatment. At each replacement, the number of dead flies was
recorded. The total exposure duration was 15 days.

Oxidative stress analysis
In the same manner as the post-embryonic development toxicity assessment, Drosophila melanogaster embryos,
of the mutant strain w'''® (BL #3605), were collected and placed in vials containing the aforementioned
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treatments. After five days, triplicates of 40 L3-stage larvae were collected from each treatment vial, transferred
to microtubes, and preserved at —80 °C until biochemical analyses were conducted.

The oxidative stress biochemical analysis was conducted to quantify the following parameters: reactive
oxygen species (ROS), ferric reducing antioxidant power (FRAP), advanced oxidation protein products
(AOPP), sulthydryl group content, superoxide dismutase (SOD) activity, catalase (CAT) activity, and reduced
glutathione (GSH) content. Each group of larvae was homogenized in phosphate buffer (1:10 w/v, pH 7.4).
Subsequently, the homogenates were centrifuged at 800 g for 10 min at 4 °C, and the supernatants were collected
for analysis. Total protein content in the samples was determined using the Bradford method, using an analytical
curve made with bovine serum albumin as standard®. All assays were performed in biological triplicates and
technical duplicates. Absorbance and fluorescence measurements were conducted using a Perkin-Elmer LS 55
Fluorescence Spectrometer.

ROS quantification

The quantification of ROS was conducted in accordance with the methodology described by Myers et al.,
2018%. In brief, the homogenates were incubated with dichlorodihydrofluorescein diacetate (DCFH-DA) at a
concentration of 10 uM and Tris-HCI buffer (5 mM, pH 7.4) for three minutes. The absorbance of the samples
was then measured in 96-well plates at a wavelength of 530 nm, with excitation at 474 nm.

FRAP method

The FRAP assay was conducted by sampling 10 pL from the homogenates, incubating the samples with acetate
buffer (0.3 M, pH 3.6), 2,4,6-tri(2-pyridyl)-s-triazine acidic solution at 10 mM, and ferric chloride at 20 mM
at 37 °C for six minutes. Subsequently, the absorbance was quantified at 593 nm, with the antioxidant capacity
ascertained through the construction of a standard curve employing Trolox at concentrations spanning from 0
to 1000 uM. The results were expressed as pmol trolox eq/mg of protein.

AOPP quantification

The determination of AOPP was conducted in accordance with the methodology delineated by Witko-Sarsat et
al., 1996%. A spectrophotometer was utilized, with calibration conducted using a chloramine-T solution that
exhibits absorption at 340 nm in the presence of potassium iodide. For the purpose of sample analysis, 20 pL of
homogenate were combined with 160 ul of phosphate-buffered saline (PBS) and 20 ul of citric acid. The standard
curve was prepared using chloramine-T and potassium iodide (1.16 M). To each 200 pL standard solution,
10 pL of potassium iodide and 20 uL of citric acid were added, followed by shaking the plate for six minutes.
Absorbance at 340 nm was then measured.

Sulfhydryl group content quantification

The quantification of sulthydryl groups (free thiols) was conducted based on a method by Ellman, 1959%, utilizing
5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) as the analytical reagent. Homogenates (50 uL) were combined with
30 pL of a 10 mM DTNB solution prepared in potassium phosphate buffer (pH 8.0) and incubated for 30 min.
The absorbance was recorded at 412 nm, and the free thiol concentration was calculated using a molar extinction
coefficient of 14,150 M~L.cm™.

SOD activity quantification

The assessment of SOD activity was conducted in the manner described by Marklund and Marklund, 1974%.
Samples from the homogenates, 15 uL, were collected and combined with 80 U/mL catalase and 24 mM
pyrogallol, diluted in 50 mM Tris-HCI buffer containing 1 mM EDTA at pH 8.2. The kinetic analysis was
performed on a 96-well plate over a 10-minute period at a wavelength of 420 nm. To quantify SOD enzymatic
activity, a calibration curve was prepared using SOD as a reference standard.

CAT activity quantification

The assessment of CAT activity was conducted in reference to the methodology proposed by Aebi, 1984, with
minor modifications. Samples containing 50 pL of the homogenates were incubated with 10% Triton X-100,
followed by the addition of a 0.2% hydrogen peroxide (H,O,) solution diluted in 10 mM phosphate buffer. The
kinetic analysis was performed on a 96-well plate over a 10-minute period at a wavelength of 240 nm.

GSH content

The quantification of GSH proceeded with the homogenates being treated with metaphosphoric acid (1:1) in
order to precipitate the proteins. The resulting mixture was then subjected to centrifugation at 7,000 rpm for
10 min, after which the supernatant was collected. Subsequently, sodium phosphate buffer and o-phthalaldehyde
(1 mg/mL, dissolved in methanol) were added to the supernatant. The fluorescence intensity was then measured
in a 96-well plate with excitation and emission wavelengths of 350 nm and 420 nm, respectively. A standard
curve was constructed using GSH as a reference, thereby enabling the determination of the GSH content in the
samples.

Statistical analysis

The statistical analysis was performed using the GraphPad Prism 9.0 software (https://www.graphpad.com).
To evaluate data normalization, we used the Shapiro-Wilk test. For DLS optimization, we carried out a one-
way ANOVA with Tukey’s multiple comparison or the Kruskal-Wallis for continuous variables with normal or
non-normal distribution, respectively. The statistical analysis for the disk diffusion assay was conducted using a
two-way ANOVA with Tukey’s multiple comparison test. The toxicity assay was analyzed using the Mantel-Cox
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statistical test. The MIC and oxidative stress analyses were performed using a one-way ANOVA followed by
Dunnett’s multiple comparisons post-test. A significance of p <0.05 was applied for statistical threshold.

Results
Green synthesis of silver nanoparticles from Kefir fractions
In our first attempt at synthesis, the protocol required the addition of NH,OH after mixing the WSF with AgNO,.
However, this sudden change in pH, from 4.2 (prior to the NH,OH addition) to 9.98, caused the precipitation
of large proteins from the WSE. As a result, during the subsequent washing process, these proteins formed a
separate pellet on top of the AgNPs pellet, making it difficult to effectively wash and recover the AgNPs.

To address the issue, we introduced NH,OH during the fractionation of the WSE, just before filtration through
a 0.45 uM filter. This addition facilitated the precipitation of large proteins, which were then easily removed by
centrifugation. By collecting the supernatant, the synthesis process could proceed smoothly avoiding challenges
associated with washing.

GC-MS analysis
The GC-MS analysis of WSF (Fig. 1) revealed a diverse range of compounds spanning various chemical families,
including fatty acids, long-chain fatty alcohols, aromatic compounds, phenols, and steroids. Notably, five
distinct fatty acids and ten long-chain fatty alcohols were identified. The two most abundant compounds were
n-hexadecanoic acid (palmitic acid) with a retention time of 17.722 min and octadecanoic acid (stearic acid)
with a retention time of 19.610 min. Both compounds are naturally present in milk and, consequently, in kefir.
Additionally, fermentation-specific compounds, such as fatty amides and phenols, were identified. Among
these, kefir-specific compounds of particular interest include 2,4-di-tert-butylphenol, 1-heptadecanamine, and
9-octadecenamide (Z)-, which were present in higher abundance in the samples. Their respective retention
times were 12.852, 19.805, and 21.384 min. A comprehensive list of the WSF components is provided in the
Supplementary Material 1.

Characterization of silver nanoparticles
Following the green synthesis of kefir AgNPs, we performed the analysis of nanoparticle absorbance within the
ultraviolet-visible spectra revealed a distinct absorbance peak between 400 and 500 nm, specifically at 470 nm,

+EI TIC ScanKefi3.D

Fig. 1. GC-MS chromatogram of WSE. A diverse range of compounds was identified in WSF using GC-

MS analysis. The majority of the identified compounds belong to the fatty acid chemical family, including
n-hexadecanoic acid (retention time: 17.722 min) and octadecanoic acid (retention time: 19.610 min).
Additionally, long-chain fatty alcohols, aromatic compounds, phenols, and steroids were detected. Both
n-hexadecanoic acid and octadecanoic acid are known to be present in milk and, consequently, in kefir.
Furthermore, several compounds directly associated with fermentation processes were identified, among
which the three most abundant are 2,4-di-tert-butylphenol (retention time: 12.825 min), 1-heptadecanamine
(retention time: 19.805 min), and 9-octadecenamide (Z)- (retention: 21.384 min). These results underscore the
intricate biochemical composition of kefir.

Scientific Reports|  (2025) 15:10626 | https://doi.org/10.1038/s41598-025-95616-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Absorbance

o
N
1

o
()
1

o
o
1

o
»
1

'

exclusively in the WSF-AgNPs. No distinct absorbance peaks were observed in the AgNO, solution, the WSE, or
the nanoparticles from the <10 kDa fraction (Fig. 2).

The results of the FT-IR analysis (Fig. 3) showed significant peaks in various regions. In the 3000-3500 cm™~
range (labeled A), WSF exhibited a peak that corresponds to N-H and O-H functionalities. Additionally, within
the 1500-1700 cm™' range (labeled B), distinct peaks indicated the presence of C=0 stretching vibration
and trivalent nitrogen, observed in both WSF and AgNPs spectra. The WSF exhibited two peaks in the 1000~
1300 cm™ range (labeled C), indicative of the presence of C-O and C-N bonds. The analysis validates the
successful synthesis of AgNPs using WSF as a precursor, as indicated by the matching peaks found in both WSF
and the AgNPs.

On the DLS optimization, the transmittance of the WSF-AgNPs samples started to decrease at a concentration
of 0.5 mg/mlL, falling below the recommended threshold, and reached 0% at a concentration of 5 mg/mL
(Fig. 4A). Among the first three concentrations—those that had satisfactory transmittance values—the 0.1 mg/
mL concentration was closest to achieving a baseline value of 1 (Fig. 4B).

During the analysis of <10 kDa-AgNPs, the transmittance started to decrease at a concentration of 0.05 mg/
mL and reached 0% at a concentration of 1 mg/mL (Fig. 4C), while the baseline stabilized at a concentration of
0.1 mg/mL, yielding a value closer to the recommended value (Fig. 4D).

Given that the DLS technique is dependent on light passing through the sample and reaching the detector,
maintaining transmittance values above the recommended threshold was of primary importance. Therefore, for
subsequent analyses of hydrodynamic radius, polydispersity index (PDI), and zeta potential, a concentration
of 0.1 mg/mL was selected for WSF-AgNPs, and 0.05 mg/mL was chosen for the <10 kDa-AgNPs, based on
optimization data from DLS analysis.

The DLS measurements reported that the WSF-AgNPs exhibited only one peak between 500 and 1000 nm,
indicating the presence of only nanoparticles within this size range in the sample. The <10 kDa-AgNPs showed
a predominance of nanoparticles smaller than 100 nm in their samples but also a small quantity of larger
nanoparticles (Fig. 5A).

The hydrodynamic radius of the WSF-AgNPs was approximately 1201 nm, while for the <10 kDa-AgNPs
it was approximately 481 nm (Fig. 5B). For the WSF-AgNPs, the PDI was approximately 50%, while for the
<10 kDa-AgNPs, it was 28,63% (Fig. 5C). Finally, the mean zeta potential for all nanoparticle samples was
approximately —30 mV (Fig. 5D).

The SEM analysis validated the findings observed in the DLS. The WSF-AgNPs have a spherical-like shape
and exhibited a size range of 500 to 1000 nm (Fig. 6A), whereas the <10 kDa-AgNPs demonstrated a smaller
size range of 100 to 200 nm, with some nanoparticles measuring approximately 400 nm, with a spherical-like
shape, with the exception of the larger AgNPs, that have a cubic shape (Fig. 6C). The EDX results revealed the
presence of carbon, silicon, chloride, and silver atoms on both AgNPs (Fig. 6B and D). Given that silver is the
primary material utilized in nanoparticle synthesis and silica was the substrate employed for the analysis, it can
be inferred that the carbon and chloride originate from the molecules present in the water-soluble fraction of

kefir.

1

— AgNO;
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— WSF-AgNPs
— <10 kDa-AgNPs

300
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Fig. 2. UV-visible spectroscopy. AgNO, and WSF did not exhibit any absorbance within this spectral range.
The WSF-AgNPs exhibited an absorbance peak at 470 nm, as anticipated for AgNPs. The <10 kDa-AgNPs did
not show an absorbance peak within this spectrum, but their absorbance was not insignificant. The samples
were evaluated in triplicate.
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Fig. 3. FT-IR spectroscopy. During the FT-IR analysis, matching peaks were observed between the AgNPs
and their precursors, AgNO, and WSE Transmittance peaks were reported for WSF at the N-H and O-H
functionalities region (A), C=0O and trivalent nitrogen region (B) and C-O and C-N bonds region (C).
Matching peaks were observed for the WSF and AgNPs on the region labeled B. These results suggest that the
silver nanoparticles synthesis was successful, due to the precursor and the AgNPs sharing similar chemical
bonds in their composition.

In vitro susceptibility test (disk diffusion method)

The investigation of in vitro susceptibility of bacteria through disk diffusion (Table 1) showed that only A.
baumannii was inhibited by the WSF alone. The WSF-AgNPs at 10 pg/mL did not inhibit the growth of any of
the tested multidrug-resistant bacteria. Increasing the concentration to 100 pg/mL resulted in inhibitory effects
observed on K. pneumoniae and A. baumannii (p <0.0001). At a concentration of 1000 pg/mL, the WSF-AgNPs
exhibited inhibitory activity against all the tested bacterial strains.

At a concentration of 10 pg/mL, there was no inhibition zone for the <10 kDa-AgNPs. However, at 100 ug/
mL, inhibition zones were observed against A. baumannii, E. coli, K. pneumoniae, and S. aureus (p <0.0001).
Notably, complete growth inhibition was evident at a concentration of 1000 ug/mL against all multidrug-
resistant bacteria evaluated. Pictures of the plates where the disk diffusion assays were conducted can be found
in Supplementary Material 2, alongside a graphical representation of the obtained results.

Minimum inhibitory concentration

In the MIC assays, WSF-AgNPs demonstrated efficacy in inhibiting the growth of A. baumannii at concentrations
of 100, 50, and 25 pg/mL (p>0.0001) (Fig. 7A), while exhibiting a similar inhibitory effect on K. pneumoniae
at 100 and 50 pg/mL (p>0.0001) (Fig. 7B). Consequently, the minimum inhibitory concentrations were
identified as 25 pug/mL for A. baumannii and 50 pug/mL for K. pneumoniae. Colorimetric analysis using resazurin
demonstrated that at these concentrations, the nanoparticles exhibited bactericidal effects against both tested
bacteria.

In contrast, 10 kDa-AgNPs, despite exhibiting inhibition zones in the disk diffusion assay at 100 pg/mL,
did not replicate this effect in the MIC assay, either at the initial concentration of 100 pug/mL or at subsequent
dilutions. The experiment was repeated twice using different batches of nanoparticles from separate syntheses,
but the results were inconsistent across both repetitions, suggesting potential instability under MIC assay
conditions.

Toxicity assessment

The toxicity assessment during post-embryonic development on Drosophila melanogaster demonstrate a
concentration-dependent toxicity of AgNO; and AgNPs (Table 2). At a concentration of 100 pg/mL, AgNO; was
found to completely inhibit adult emergence, with a p-value of less than 0.0001, thereby demonstrating severe
toxicity. Similarly, both WSF-AgNPs and <10 kDa-AgNPs at 100 pg/mL significantly reduced the number of
emerging adults (p=0.0146 and p=0.0031, respectively), indicating a high level of toxicity. At a concentration
of 10 ug/mL, AgNO; demonstrated moderate toxicity, with a significantly reduced number of adults emerging
compared to the water control (p=0.0448). It is noteworthy that WSF-AgNPs at 10 ug/mL demonstrated a
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Fig. 4. DLS Optimization. When conducting DLS, it is important to ensure that the transmittance values are
not below 60% and the baseline is close to 1. For WSF-AgNPs, only concentrations of 0.01, 0.05, and 0.1 mg/
mL (A) had acceptable transmittance values. However, the baseline was closer to the reference value at the
0.1 mg/mL concentration (B). For the <10 kDa-AgNPs, only the concentrations of 0.01 and 0.05 mg/mL
provided transmittance values above the reference value (C). However, the baseline values for the 0.05 mg/
mL concentration group were closer to the ideal value (D). The data normalization was evaluated using the
Shapiro-Wilk test. Statistical differences were evaluated using one-way ANOVA after normalizing the data.

If the data did not pass the normality test, Kruskal-Wallis test was used to calculate significant differences.

In both cases, multiple comparisons were made using Tukey’s test. The concentrations that displayed the
most appropriate values for each parameter are indicated by the arrows. Data is presented as mean + standard
deviation.
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Fig. 5. DLS size measurements and zeta potential. The size measurement analysis for the WSF-AgNPs
reported particles between 500 and 1000 nm being the only ones present in the sample. For the <10 kDa-
AgNPs, the majority had sizes less than 100 nm (A). The hydrodynamic radius of the WSF-AgNPs was
approximately 1201 nm, while for the <10 kDa-AgNPs it was 481,6 nm (B). The WSF-AgNPs had a
polydispersity index of 50%, while the <10 kDa-AgNPs had a PDI of 30% (C). The mean zeta potential for
all nanoparticles was lower than —30 mV (D). Data on graphs B, C, and D are presented as mean + standard
deviation.

tendency towards enhanced adult emergence in comparison to the control (p=0.0979), indicating a potential
protective effect, although this was not statistically significant. At the lowest concentration (1 pg/mL), no
significant differences in adult emergence were observed between the treatments, including AgNO;, WSF-AgNPs,
and <10 kDa-AgNPs, and the water control (p>0.05). These findings suggest that both silver nanoparticles
and silver nitrate exhibit toxic effects at higher concentrations, with nanoparticles demonstrating relatively less
pronounced toxicity at intermediate levels.

In the case of adult flies, no treatment demonstrated a higher mortality rate in comparison to the control
group, with the exception of AgNO3 at 1 ug/mL, which exhibited a significantly lower survival rate of 54%
(p=0.0235) (Fig. 8).

To gain a deeper insight into the toxicity observed in larvae, oxidative stress assays were conducted. The
results demonstrated that the levels of ROS and FRAP remained comparable to those observed in the water
control across the tested treatments (Fig. 9A and B). AOPP levels were found to be significantly elevated in
larvae exposed to WSF-AgNPs at 100 pg/mL (p=0.0051), whereas a reduction was observed in larvae exposed
to <10 kDa-AgNPs at the same concentration (p=0.0054) in comparison to the water control (Fig. 9C). The
sulthydryl content was found to be significantly elevated in larvae exposed to WSF-AgNPs at 100 pg/mL
(p=0.0037) in comparison to the water control (Fig. 9D). The activity of SOD was found to be significantly
reduced in larvae exposed to WSF-AgNPs at 10 ug/mL (p=0.0002), as well as in larvae exposed to <10 kDa-
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Fig. 6. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) analysis.
The SEM images of WSF-AgNPs display their predominantly spherical morphology and a polydisperse
distribution, with nanoparticle sizes ranging from 500 to 1000 nm, consistent with DLS analysis (A and

B). EDX spectroscopy of these nanoparticles confirms the presence of carbon, chloride, and silver in their
composition (C). Imaging of < 10 kDa-AgNPs corroborates the DLS findings, showing smaller particle sizes
compared to WSF-AgNPs, with less variability, predominantly between 50 and 200 nm, though a few larger
particles are observed (D and E). EDX analysis similarly identified carbon, chloride, and silver within these
nanoparticles (F). It should be noted that silica was used as a base for SEM imaging and EDX, accounting
for its presence in the spectra. Figures A and D show a magnification of 25,000, while Figures B and E are

magnified 10,000x.

Inhibition Zone (mm + SD)
'WSF-AgNPs (ug/mL) <10 kDa-AgNPs (ug/mL)
Multidrug-resistant microorganisms | WSF 10 | 100 1000 10 | 100 1000
A. baumannii 8.87+0.304° | 0*A* | 8.777+0.240°% | 14.193+0.693°°* | 0°4* | 10.133+0.506°%" | 12.903 +1.098>¢

E. coli 0* 034% | 02A% 10.173+0.456°5* | 0%4% | 6.98£0.046"%" | 10.173+0.482°*
K. pneumoniae 0? 0*A* | 8.373+0.423%% | 9.783+0.446"C* | 0°A* | 7.213+0.405"%" | 9.993 +0.444°C%
P. aeruginosalMP 0? 034% | A% 9.807 £0.514%8% | 02A% | gaA* 8.510+0.572%%
P. aeruginosaSPM 0? 03 | A% 9.717+0.321%5% | 03A% | gaA* 9.643+0.179°5%
P. aeruginosaVIM 0* 034% | A% 9.610+£0.937°8% | 03A% | gaA* 8.627 +0.263%%*
S. aureus 0* 034% | 02A% 9.037+£0.127°% | 0*4* | 8.237+£0.585%" | 11.617+0.391°¢

Table 1. Assessment of bacterial growth Inhibition via the diffusion disk technique. The WSF-AgNPs
inhibited the growth of A. baumannii and K. pneumoniae at a concentration of 100 ug/ml. At a concentration
of 1000 pg/ml, they inhibited the growth of all tested bacteria. The <10 kDa-AgNPs inhibited the growth of A.
baumannii, E. coli, K. pneumoniae, and S. aureus at 100 ug/ml.and inhibited the growth of all tested bacteria at
1000 pg/ml. Inhibition zones values of 0 indicate that they were absent. Lowercase letters indicate significant
differences between AgNPs and WSE. The capital letters indicate significant differences among different
concentrations of the same AgNPs. Symbols indicate significant differences among the same concentration of
different AgNPs. Statistics were calculated by two-way ANOVA. All differences shown have a P value <0.0001.
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Fig. 7. Minimum inhibitory concentration assessment for WSF-AgNPs. The WSF-AgNPs demonstrated
inhibitory effects on the growth of A. baumannii at concentrations of 100, 50, and 25 ug/mL (A), with the MIC
determined to be 25 pg/mL. Inhibition was observed for K. pneumoniae at concentrations of 100 and 50 ug/
mL, with the MIC set at 50 ug/mL (B). Each treatment was tested in six replicates, and statistical analysis

was performed using one-way ANOVA followed by Dunnett’s multiple comparisons test. Brackets indicate
statistically significant differences, along with the corresponding p-values. The data are presented in the graph
as mean * standard deviation.

Expected Observed
Treatments (No. of Embryos) | (No. of Adults) | p-value (vs. Water)
Water 102 54 -
WSE 125 74 0.6166
AgNO,100 pg/mL 115 0 <0.0001
AgNO,10 pg/mL 105 33 0.0448
AgNO,1 pg/mL 116 56 0.6935
WSE-AgNPs 100 pg/mL 114 28 0.0146
WSF-AgNPs 10 ug/mL 117 89 0.0979
WSE-AgNPs 1 pg/mL 106 52 0.7495
<10 kDa-AgNPs 100 pug/mL | 109 33 0.0031
<10 kDa-AgNPs 10 yg/mL | 124 59 0.6438
<10 kDa-AgNPs 1 ug/mL 112 61 0.9025

Table 2. Analysis of different treatments on the development ofDrosophila melanogaster. The table displays
the expected number of adult individuals, based on the initial number of embryos introduced to the medium
prepared with each treatment, and the observed number of adults that emerged from each treatment vial seven
days after the first eclosion. The column labeled “p-value (vs. Water)” denotes the statistical significance of the
discrepancy in the number of emerging adults between each treatment and the water group (negative control),
as determined through a two-sided chi-square test. Bold p-values represent statistically significant differences.

AgNPs at 1 pg/mL (p=0.0032) and 100 pg/mL (p<0.0001), in comparison to the control group (Fig. 9E).
Furthermore, no alterations in CAT activity were observed in any of the treated groups in comparison to the
control group (Fig. 9F). The GSH content was markedly elevated in larvae exposed to WSF-AgNPs at 100 ug/mL
(p=0.0002) in comparison to the water control (Fig. 9G).
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Fig. 8. Toxicity assessment on adultDrosophila melanogasterflies. In comparison to the negative control
(distilled water), only the AgNOj; treatment at 1 pg/mL exhibited significant toxicity, with a survival rate of
54%. This toxicity assessment was conducted using 20 flies of the w'!* strain of Drosophila melanogaster (10
males and 10 females) aged 0-2 days post-emergence. The survival analysis was performed using the Log-
rank (Mantel-Cox) test, and the bracket indicates statistically significant differences between groups, with the
associated p-value. The error bars in the graph represent the standard error of the survival estimates.
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Fig. 9. Oxidative stress analysis in Drosophila melanogaster larvae exposed to AgNPs. The results
demonstrated no significant differences in ROS and FRAP levels across the treatment groups in comparison
to the water control group (A and B). AOPP levels were found to be significantly elevated in larvae treated
with WSF-AgNPs at 100 pg/mL (p=0.0051) and decreased in those treated with <10 kDa-AgNPs at 100 pg/
mL (p=0.0054) in comparison to the water control (C). The sulthydryl content was found to be significantly
elevated in larvae treated with WSF-AgNPs at 100 pg/mL (p=0.0037) in comparison to the water control (D).
The activity of SOD was significantly diminished in larvae treated with WSF-AgNPs at 10 pg/mL (p =0.0002)
and in those treated with <10 kDa-AgNPs at 1 pg/mL (p=0.0032) and 100 ug/mL (p <0.0001) in comparison
to the water control (E). No significant alterations in CAT activity were observed across any treatments

(F). GSH content was significantly increased in larvae treated with WSF-AgNPs at 100 ug/mL (p=0.0002)
compared to the water control (G). The data are presented as mean + standard error of the mean (n=3
biological replicates, 40 larvae each), and were analyzed using one-way ANOVA with Dunnett’s post-test. The
presence of brackets indicates statistically significant differences alongside their p-values.
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Discussion

The therapeutic effects of kefir have been explored in medicine because of its ability to treat many medical
conditions, from neurological to gut diseases'~*’. Although the existing literature extensively covers the
therapeutic benefits of kefir, there is a gap in research regarding the utilization of nanotechnology to enhance
kefir’s effects through the production of nanoparticles. In previous studies conducted by our research group,
both the WSF and the <10 kDa fraction of kefir demonstrated antioxidant activity in an in vitro FRAP assay,
with the latter exhibiting a higher antioxidant potential'®. Based on these results, we identified its potential as a
reducing agent for silver in a green synthesis of nanoparticles. Therefore, our research aimed to evaluate the use
of kefir's WSF and <10 kDa fraction in the green synthesis of silver nanoparticles, assessing their potential to
enhance kefir’s therapeutic benefits, particularly its antimicrobial activities.

The AgNPs synthesized from both kefir fractions exhibited a spherical-like morphology, with the particles
obtained from the <10 kDa fraction being notably smaller in size. Both AgNPs demonstrated a -30 mV mean
zeta potential. WSF-AgNPs demonstrated antimicrobial activity against A. baumannii and K. pneumoniae at
concentrations of 25 and 50 ug/mL, respectively. Furthermore, toxicity was observed only in the post-embryonic
development of Drosophila melanogaster, not in adults at the tested concentrations. Our oxidative stress analysis
revealed a mild imbalance, suggesting that the observed toxicity may result from mechanisms other than
oxidative damage.

The nanoparticles were comprehensively characterized using UV-Vis spectroscopy, DLS, and FI-IR
spectroscopy. Silver nanoparticles typically exhibit a distinct absorbance peak in the 400-500 nm range in UV-
Vis spectra*=’. The results of our UV-Vis spectroscopy analysis demonstrated that the distinctive peak was
exclusively present in our WSF-AgNPs, but not in the <10 kDa-AgNPs. It is hypothesized that the <10 kDa-
AgNPs, due to their smaller size, may exhibit a broader absorbance, resulting in the absence of a distinct peak.
Additionally, it is possible that these nanoparticles are composed of silver oxide (Ag,0 or AgO), which also
exhibit a broader absorbance range, rather than metallic silver. Further investigation is required to explain the
lack of distinct absorbance peaks in the <10 kDa-AgNPs.

The GC-MS results demonstrated the presence of a diverse array of compounds in the WSE, including fatty
acids, phenols, and fermentation-specific compounds. These findings are consistent with those from previous
studies by our research group®’, which can be correlated with specific bands observed in the FT-IR spectrum
from this study. Among the identified compound families, fatty acids, such as n-hexadecanoic and octadecanoic
acids, are likely responsible for the band observed between 1700 and 1750 cm™, which is attributed to the
C=0 vibration of carbonyl groups*®. The presence of fatty amides may be associated with the band observed
between 1500 and 1700 cm™, which aligns with the N-H and C=O vibrations characteristic of both amides and
peptides*®. Moreover, the presence of phenolic compounds is known to contribute to the peaks observed in the
1000-1300 cm™ range, which are attributed to C-O and C-N vibrations®.

Some of the compounds identified by GC-MS are known to be metabolites of fermentation, that is to say, they
are not present in milk but are specific to kefir. Examples of these compounds include 2,4-di-tert-butylphenol
(2,4-DTBP), 1-heptadecanamine and 9-octadecenamide (Z)-, which were found to be more abundant in our
kefir sample®®-52. Of these three, 2,4-DTBP has been the subject of the most research, with studies describing its
antioxidant, antibacterial, anti-inflammatory and anti-fungal activities™.

The biochemical complexity observed by FT-IR reflects the intricate profile of compounds present in WSE.
It is noteworthy that the band observed between 1500 and 1700 cm™ was the only one also present in the
synthesized nanoparticles. This suggests that metabolites with these functional groups, along with bioactive
peptides derived from WSE, were the primary contributors to nanoparticle formation, acting as reducing
agents for silver during synthesis. These findings underscore the pivotal role of specific functional groups in the
stabilization and reduction processes of AgNP synthesis.

Optimizing the parameters for DLS was crucial due to the limited insight provided by the literature and
equipment manuals on key parameters and equipment settings®’. For instance, the equipment manual
recommends using backscatter measurements for concentrated samples, but it does not provide specific
concentration guidelines. Furthermore, information on parameters such as transmittance and baseline are not
well explored in the literature. These parameters are utilized to assess the reliability of the collected data, leaving
room for further knowledge.

To address this gap, our study conducted rigorous testing across various sample concentrations to determine
the most effective parameters for reliable analysis of our samples. This empirical approach yielded valuable
insights into the influence of concentration and equipment settings on measurement outcomes. The findings
provide important guidance for future research aiming to accurately characterize silver nanoparticles based on
sample properties.

The hydrodynamic radius of our AgNPs (WSF-AgNPs: 1201 nm and < 10 kDa-AgNPs: 481.6 nm) is larger
than that reported in previous syntheses®>>°. However, improving the biological synthesis process of AgNPs—by
testing different pH, precursor concentrations, temperature, and exposure to light—can affect their physical
characteristics, such as size, shape, and PDI’. Future research will aim to optimize the synthesis process and
analyze the outcomes resulting from varying these parameters.

The PDI of nanoparticles is a critical factor in drug delivery efficacy and safety®®. Notably, the
synthesized < 10 kDa-AgNPs fall within the acceptable PDI range (below 30%)%, allowing for more precise
studies of potential side effects and the optimization for drug delivery purposes. Furthermore, our AgNPs
exhibited a zeta potential of around —30 mV, indicating that they are stable and have minimal tendency to
aggregate™.

The size and shape of nanoparticles can influence their uptake by cells and their interaction within biological
systems, and consequently their toxicity. The WSF-AgNPs exhibit a size range of 500 to 1000 nm, while the
<10 kDa-AgNPs display a size range of 100 to 200 nm, with some nanoparticles measuring approximately
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400 nm. Given that, according to the literature, smaller nanoparticles tend to have higher absorption rates®®6!,
it is anticipated that the <10 kDa-AgNPs will exhibit a higher rate of absorption compared to the WSF-AgNPs.
With regard to their shape, spherical nanoparticles can enter tissues more easily than other shapes. However,
the data in the literature remains inconsistent, and further studies are needed to ascertain the effects of different
nanoparticle shapes on their uptake®!.

In our toxicity assessment, during the post-embryonic stage, both WSF-AgNPs and <10 kDa-AgNPs
demonstrated significant toxicity at the highest concentration tested (100 ug/mL), as evidenced by the reduced
number of emerging adults, which suggests that exposure to higher concentrations of AgNPs during early
developmental stages can severely impair growth and survival. Conversely, the adult toxicity assessment showed
no reduction in survival rates for any AgNP treatment, even at the same concentration of 100 ug/mL. The absence
of toxicity in adults, despite the adverse effects observed during early stages, highlights potential differences in
the susceptibility of Drosophila melanogaster to these treatments across life stages.

A closer examination of the toxicity observed in larvae revealed that those that ingested the AgNPs exhibited
moderate oxidative stress, as indicated by the oxidative stress analysis. This analysis also revealed a reduction
in SOD activity at concentrations of 10 and 100 ug/mL, as well as an increase in AOPP levels at 100 ug/mL for
the WSF-AgNPs. In contrast, the 10 kDa-AgNPs exhibited less pronounced effects, with a diminished impact
on SOD activity and even a decline in AOPP levels at 100 pg/mL. Furthermore, an increase in GSH content was
observed in larvae exposed to WSF-AgNPs at 100 pg/mL, which may represent a compensatory response to
counteract oxidative damage induced by the AgNPs. However, the absence of significant changes in ROS and
FRAP levels, as well as the unaltered CAT activity, suggests that the toxicity of the AgNPs in larvae might not be
solely attributed to oxidative stress but could involve other mechanisms or pathways.

It is hypothesized that the AgNPs could act as hormonal disruptors, interfering with critical processes such
as the synthesis and regulation of hormones essential for metamorphosis. This hypothesis is supported by the
observed mortality of larvae in intermediate developmental stages, prior to the transition to the pupal phase,
and by the absence of severe impacts on adults, which have already completed these processes. Therefore, our
findings suggest that the toxicity of the AgNPs may be related to indirect effects on development. However,
further studies are needed to investigate these pathways and clarify this hypothesis.

These findings are consistent with those of previous research conducted by our group, in which silver
nanoparticles produced using pollen extract and employing the same methodology did not demonstrate any
toxicity to adult flies®’, and those produced by other groups using natural products as the source for their
nanoparticle synthesis?®?°. However, it should be noted that fruit flies serve only as a preliminary trial model
organism, and further research is necessary on chordate animals to more accurately assess the toxicity of the
nanoparticles produced from the water-soluble fraction of kefir.

A number of studies have demonstrated that AgNPs synthesized via green methods, such as the use of plant
extracts and pollen, display antimicrobial activity against bacterial and fungal pathogens®**-%°, which supports
our findings. Although both the WSF-AgNPs and <10 kDa-AgNPs produced inhibition zones against all test
bacteria at 1000 pg/mL, it is worth mentioning that this concentration is very high and would be expected to
produce inhibition zones. High concentrations of antimicrobials can be toxic to users, and lack of specificity can
lead to microbial resistance®®¢. Thus, the importance of determining the minimum inhibitory concentration
for these nanoparticles.

The MIC assay revealed that WSF-AgNPs effectively inhibited the growth of A. baumannii at a concentration
of 25 ug/mL and K. pneumoniaeat 50 pug/mL. These results highlight potential applications for these AgNPs, such
as in sterilizing solutions or as coatings for medical materials, approaches that have been explored in previous
studies involving AgNPs®-71,

In contrast, the <10 kDa-AgNPs exhibited instability during the MIC assay, thereby failing to produce
consistent antibacterial effects. Although these nanoparticles demonstrated inhibitory activity in the in vitro disk
diffusion assay against A. baumannii, K. pneumoniae, E. coli, and S. aureus at 100 pg/mL, MIC testing yielded
inconsistent results across multiple repetitions and nanoparticle batches. These findings underscore the need
for further investigation into the stability and reproducibility of <10 kDa-AgNPs, particularly in antimicrobial
assays, to better understand their potential applications.

In future research, we plan to investigate the feasibility of incorporating our WSF-AgNPs into disinfectant
solutions with the aim of achieving effective decontamination’!. Moreover, we will undertake an examination of
the impact of kefir derived-AgNPs on wound healing processes, with a particular emphasis on their capacity to
facilitate superior skin regeneration and serve as a healing agent and antiseptic. Finally, we aim to conduct drug
development tests to explore novel avenues for antibiotic production, capitalizing on the distinctive properties
possessed by these AgNPs.

It is important to acknowledge the limitations of this research. Firstly, the production of AgNPs from kefir, a
natural product, may be subject to variation due to differences in the bioactive components of kefir sourced from
different batches. Moreover, although no toxicity was observed in adult Drosophila melanogaster, further studies
are required to assess the effects of AgNPs on specific organ of this model organism. Additionally, in vivo studies
in higher organisms and clinical trials are essential to confirm the safety and efficacy of these AgNPs in humans.
Our group plans to conduct a more thorough toxicity evaluation in Drosophila melanogaster in future research.

Conclusion

The present study corroborates the hypothesis that the antioxidant-rich, water-soluble fraction of kefir serves as
an effective reducing agent for the green synthesis of silver nanoparticles (AgNPs). Moreover, AgNPs derived
from both the WSF and the <10 kDa fractions were demonstrated to enhance the antimicrobial activity of kefir’s
water-soluble fraction. The successful synthesis of AgNPs was verified by UV-visible and FT-IR spectroscopy,
with DLS and SEM imaging providing key insights into size distribution, stability, and morphology. The in vitro

Scientific Reports |

(2025) 15:10626 | https://doi.org/10.1038/s41598-025-95616-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

assays demonstrated the efficacy of WSF- and <10 kDa-AgNPs in inhibiting the growth of multidrug-resistant
bacteria. In the MIC assay, only WSF-AgNPs produced consistent results, exhibiting bactericidal activity against
A. baumannii at 25 pg/mL and K. pneumoniae at 50 pg/mL. While the in vivo experiments showed that exposure
to AgNPs impaired larval development in Drosophila melanogaster, no toxicity was observed in adult flies after
prolonged exposure. These findings underscore the potential of green-synthesized AgNPs derived from different
kefir’s fractions in clinical applications, including topical antimicrobial agents, disinfectants, and coatings for
medical devices. Future research will include further toxicity evaluations, with a focus on potential morphological
changes in specific model organisms organs. Additionally, efforts will be made to enhance specificity through
compound conjugation and to explore broader applications in drug development.

Data availability
The datasets produced or analyzed during the current study are available from the corresponding author upon
request.
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