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Abstract

Dry olive leaf extract (DOLE) and its active component oleuropein (OLE) were applied as reducing and stabilizing agents to prepare colloidal
20-25 nm silver nanoparticles (Ag NPs). The Ag NPs were characterized using transmission electron microscopy, X-ray diffraction analysis, and
absorption spectroscopy. The cytotoxic actions of coated Ag NPs, and their inorganic and organic components, were examined against tropho-
blast cells and human peripheral blood lymphocytes (PBLs), Gram-positive, Gram-negative bacteria, and yeast. The genotoxic potential was
evaluated in PBLs in vitro with the comet assay. Ag/DOLE and Ag/OLE induced cytotoxic effects in both types of cells after 24 h exposure when
silver concentrations were 0.025-0.2 mM. However, the most pronounced cytotoxicity exhibits Ag/OLE. Both colloids also caused reduced ROS
production in both cell types at 0.1 mM and 0.2 mM, while bare Ag NPs did not alter ROS levels at any of the conditions. Functionalized Ag/
DOLE and Ag/OLE did not show genotoxic effects in PBLs, while bare AgNPs increased DNA damage significantly only at 0.2 mM. Regarding
the antimicrobial effects, the Ag/OLE had MIC values for all evaluated microorganisms from 0.0625 to less than 0.0312 mM. Also, the antimicro-
bial effect of Ag/DOLE was significantly higher on Gram-negative bacteria and yeast than on Gram-positive bacteria. Obtained results indicate
that Ag/OLE induced the most pronounced biological effects, beneficial for its application as an antimicrobial agent, but with potential risks from
exposure to high concentrations that could induce cytotoxicity in healthy human cells.
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Introduction

One of the widely used nano-based products in biomedical
applications is silver nanoparticles (Ag NPs) due to their
unique characteristics. Therefore, Ag NPs are one of the most
in-demand types of NPs due to their increasing use as novel
antimicrobial agents, drug-delivery formulations, detection
and diagnosis platforms, and coatings of medical devices.
However, the current medical use of Ag NPs is hampered by
their non-specific action because they display cytotoxicity to
microbial and human cells at high concentrations or when ag-
glomerated in cell nuclei causing intracellular oxidative stress
and DNA damage [1,2]. Ag nanoparticles’ toxicity depends
on the concentration, size, shape, and functional groups pre-
sent on the surface [1]. Thus, the functionalization of particle
surfaces directly influences their toxicity and bioavailability.
Recent studies indicated that plant phytochemicals (polyphe-
nols, flavonoids, polysaccharides), in parallel, act as reducing
and capping agents during the biogenic synthesis of Ag NPs,
providing long-term stability of colloidal solutions [3,4]. By
attaching appropriate organic groups to NPs, it is possible to
increase their biocompatibility and modulate cellular intern-
alization, prevent nanoparticle agglomeration, decrease their
toxicity, and increase stability that is critical for biomedical
applications. Recent studies indicated that the toxicity in-
duced by Ag NPs prepared by the green synthetic route is
lower compared to the Ag NPs obtained by colloidal chemical
methods [5]. Thus, herbal-based Ag NPs are a potential solu-
tion for the next generation of nanomedicines with reduced
toxicity and side effects on healthy cells.

The olive plant Olea europea L. has been the focus of
interest in medicine since ancient times [6]. Dry olive leaf
extract (DOLE) from olive leaves is a rich source of phen-
olic and flavonoid compounds known as reducing agents for

nanoparticle synthesis [7,8]. DOLE is an ideal candidate for
the biogenic production of Ag NPs due to its chemical com-
position and diverse biological and pharmacological activ-
ities, such as antimicrobial, antioxidant, antigenotoxic, and
anti-inflammatory [9-16]. The most valuable active compo-
nent in olive leaf extracts is oleuropein (OLE), a compound
with a specific molecular structure that is an ester of elenolic
acid and dihydroxyphenyl ethanol [14]. Besides oleuropein,
other main derivates of DOLE are hydroxytyrosol, tyrosol,
p-coumaric acid, caffeic acid, vanillic acid, vanillin, luteolin,
diosmetin, rutin, apigenin-7-glucoside, and luteolin-7-
glucoside [14]. In a recent study, De Matteis et al. [7]. showed
that the Ag NPs prepared using the olive leaf extracts from
two different olive varieties lead to the creation of NPs with
diverse shapes, sizes, and different abilities to inhibit cancer
cells growth, most likely due to differences in phytochemical
content.

Oleuropein has been the subject of numerous scientific
investigations due to its nutritional value and antioxidant,
anti-inflammatory, and anti-cancer activities when used in
nano-formulations [17-19]. Also, OLE can reduce Ag* to
Ag® because of its electron-donating ability. Therefore, we
prepared Ag NPs using DOLE and OLE to evaluate differ-
ences in physicochemical properties, cytotoxicity, effects
on the production of reactive oxygen species (ROS), and
genotoxicity between Ag NPs when OLE is solely present
on their surfaces and when whole DOLE extract is present.
So far, parallel investigation of Ag NPs functionalized with
DOLE and by its main component OLE has never been con-
ducted. Knowing that diverse outcomes with Ag NPs can
be observed in different cell types, the studies of effects
that they exhibit in particular cell types may provide a bet-
ter understanding of their influence on safety and health.
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Comparative analysis of Ag NPs

Recent studies showed that Ag NPs have the ability to mi-
grate across biological barriers and penetrate the cells in the
human body via various exposure routes, thus accumulat-
ing in vital organs [20]. The potentially dangerous impacts
of Ag NPs should be, in particular, evaluated in vulnerable
states such as pregnancy, as toxicological consequences
might be aggravated in enhanced susceptibility. Indeed, in
recent studies, exposure to Ag NPS during pregnancy was
found to affect both the placenta and the fetus in animals
[21,22]. Due to the rising production and applications of
silver nanoparticles and their increasing occurrence in the
environment, leading to direct human exposure, there is an
urgent need to enhance the understanding of the toxicity
of Ag NPs on reproductive cells to achieve the design of
nanomaterials with enhanced safety. HTR-8/SVneo cell line,
originating from the first trimester of pregnancy placental
explants, is an appropriate in vitro model for the prelimin-
ary testing of the toxicity of compounds transported to the
placenta from the bloodstream [23]. The potential of Ag NPs
functionalized with DOLE and OLE in human trophoblast
cells has not been explored yet. Also, the effect of Ag NPs
functionalized with DOLE and OLE on human peripheral
blood lymphocytes (PBLs) will be evaluated for DNA dam-
age, cell viability, and for the generation of ROS. Peripheral
blood lymphocytes are sensitive to changes in systemic cir-
culation and, because of that, are considered to be suitable
for hemocompatibility testing of nanomaterials [24].

In the present study, we optimized synthetic parameters
for preparing stable colloidal Ag NPs taking advantage of
the dual function of DOLE as a reducing and capping agent.
Besides, for comparison reasons, Ag NPs were prepared using
solely OLE, whose concentration exactly matched its content
in DOLE (20 wt.-%). The variation of synthetic parameters
(concentration, pH, and temperature) led to optimized ex-
perimental conditions to achieve a one-pot synthesis of stable
silver colloids (a couple of months). The synthesized colloidal
Ag NPs functionalized with DOLE or OLE were thoroughly
characterized using UV-Vis absorption spectroscopy, trans-
mission electron microscopy (TEM), and X-ray diffraction
(XRD) analyses.

The interaction of Ag NPs with human trophoblast cells
and PBLs was investigated by evaluating their ability to induce
cytotoxicity, increase ROS production and elevate DNA dam-
age. This study aimed to test whether the functionalization of
Ag NPs with DOLE or OLE significantly alters their biological
effects and safety. Antimicrobial action of free-standing hy-
brid particles (Ag/DOLE and Ag/OLE) and their components
(DOLE, OLE, and bare Ag NPs) was also estimated to de-
termine the biocidal potential of these nanomaterials on rep-
resentative strains of Gram-negative, Gram-positive bacteria,
and yeast used in common applications in antimicrobial assays
of antibiotics. The obtained results would provide a valuable
contribution to the safety of Ag NPs and promote the applica-
tion of the safe-by-design concept in the development of new
antiseptics and Ag NPs-based formulations for human use.

Materials and methods
Synthesis and characterization of silver
nanoparticles

The chemicals used in this study were all of the highest pur-
ity available and were used without further purification (J.T.

Baker, Centrohem). The solvent was Milli-Q deionized water
(resistivity 18.2 MQ cm™).

Commercially available DOLE (EFLA® 943, Frutarom
Switzerland Ltd., Wadenswil, Switzerland) was manufactured
using an ethanol extraction procedure (80% m/m), followed by
filtration and standardization to 16-24% of oleuropein. The
OLE is a commercial product purchased from Extrasynthese,
Genay, France (CAS Number. 32619-42-4). The synthetic
procedure for the preparation of stable colloidal Ag NPs was
optimized by varying experimental parameters (7 < pH <
11, 0.002< concentration of extract < 0.03 (wt.-%), and 20
< temperature < 95°C), while the concentration of Ag* ions
was kept constant (0.2 mM). Briefly, the mixtures that consist
of Ag* ions and DOLE with chosen concentration, at chosen
pH and temperature, were vigorously stirred for three hours.
The appearance of the yellow-brown color indicated the for-
mation of Ag NPs in the solution. The Ag colloids, stable for
6 months under ambient conditions, were obtained for the
following synthetic parameters: 0.003 wt.-% DOLE, pH = 9,
and T = 60°C. For toxicity evaluation, colloids were prepared
in phosphate buffer saline (PBS) solution (Fisher Scientific,
Pittsburgh, PA), and their concentration was higher (1 mM),
but the ratio between inorganic and organic components of
hybrid nanoparticles was kept constant. Unmodified, bare Ag
NPs were prepared using a strong reducing agent, NaBH,, as
described in our previous work [25].

The absorption spectra of Ag NPs colloidal solution were
measured at room temperature using Thermo Scientific
Evolution 600 UV-Vis spectrophotometer (Waltham,
Massachusetts, USA). TEM was performed using a JEOL
JEM-2100 LaB, instrument (Peabody, USA) operated at 200
kV coupled with a Gatan Orius CCD camera at 2x binning.
The X-ray diffraction (XRD) patterns were recorded using a
Rigaku Smart Lab instrument (Tokyo, Japan) under the Cu
Kal,2 radiation. Diffraction data were collected in a 26 range
from 10° to 90°, counting 0.7°/min in 0.01° steps. Dried silver
colloids for XRD measurements were prepared using a spray
drier (BUCHI Mini Spray Dryer B-290 (Uster, Switzerland),
inlet temperature 160°C, outlet temperature 85°C).

Isolation of lymphocytes

The peripheral blood samples were collected from three
healthy participants (two female and one male, aged 20-25
years) that declared no use of alcohol, cigarettes, drugs, diet-
ary supplements, or receiving any medical therapy in the
month before and during this study. The Ethics Committee
of the Faculty of Pharmacy, University of Belgrade, Serbia ap-
proved the study protocols (permit No. 1103/2). The research
was performed following the Helsinki Declaration guide-
lines. Whole blood samples (5 ml) were drawn from a cubital
vein and collected in lithium heparin vacutainers (Vacuette,
Greiner Bio-One, Kremsmuenster, Austria), and further used
for peripheral blood lymphocyte isolation. Blood, diluted
with RPMI 1640 (Gibco, Waltham, MA, USA), was carefully
poured on the top of the Ficoll-Paque medium (Sigma Aldrich,
St. Louis, MO) without mixing two layers, and samples were
centrifugated at 500 x g for 15 min. After centrifugation, the
buffy coat with cells above Ficoll-Paque was collected by
Pasteur pipette and transferred into tubes. The samples were
then washed in RPMI medium and centrifugated at 300 x g
for 10 min; this procedure was repeated twice. Finally, the
pellet with cells was suspended in 1 mL of RPMI.
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Cell culture and treatments

The HTR-8/SVneo trophoblast cell line and isolated PBLs
were used to evaluate the effects of the DOLE, OLE, Ag/
DOLE, Ag/OLE, and bare Ag NPs. PBLs were used imme-
diately after isolation. Suspended lymphocytes in a complete
RPMI medium were seeded in 96-well plates at a density of
3 x 10° cells/well. Treatments were added, immediately after
seeding, in a final volume of 100 pL per well. The HTR-8/
SVneo cell line, originating from the first-trimester human
placenta explant cultures immortalized with the SV40LT anti-
gen, was kindly provided by Dr. Charles H. Graham, Queen’s,
Kingston, Canada. Cells were kept in 25 cm? tissue culture
flasks in a humidified incubator at 37°C, with 5% CO,. They
were grown in a complete medium containing RPMI 1640
(Gibco, Waltham, MA, USA), 10% fetal calf serum (Gibco,
Waltham, MA, USA), and 1% antibiotic-antimycotic solution
(Capricorn Scientific GmbH, Ebsdorfergrund Germany). After
reaching 70% confluence, the cells were trypsinized (0.25%
trypsin-EDTA solution, Institute for Virology, Vaccines, and
Serum ‘Torlak’, Belgrade, Serbia), seeded in 96-well plates
(1.5 x 10* cells/well) and were let to attach to wells for 24
h at 37°C, 5% CO, before the treatment. The medium was
exchanged after 24 h, and treatments were added in a total
volume of 100 pl/well. After the incubation with the treat-
ments or solvent (control) at 37°C for 24 h, an MTT assay
and H2DCFDA assay were performed.

Cytotoxicity evaluation (MTT assay)

Following the treatments, the medium was exchanged and
fresh medium with MTT reagent (thiazolyl blue tetrazolium
bromide, 1 mg/ml, Sigma Aldrich, St. Louis, MO, USA) was
added (10 pl per each well), and the cells were left for 2 h
in the dark at 37°C for the reaction to occur. Further, pur-
ple formazan crystals were dissolved with sodium dodecyl
sulfate (10% SDS in 0.01 M HCI, Sigma Aldrich, St. Louis,
MO, USA). The absorbance was measured at 570 nm on a
microplate reader (BioTek ELx800, VT, USA) after the com-
plete solubilization of the crystals. Three independent experi-
ments were performed in triplicates, 7 = 3.

H2DCFDA assay (2’,7'-dichlorofluorescin diacetate)
After the 24 h treatments, media were removed and cells
were rinsed with PBS. Next, H2DCFDA assay was performed
in line with the manufacturer’s instructions. Using PBS as
the diluent, 5 uM of the cell-permeable oxidation-sensitive
probe, H2DCFDA (Merck Millipore, 2,7’-Dichlorofluorescin
Diacetate—CAS 4091-99-0—Calbiochem) was added to the
cells and left for 45 min in the dark. Next, the conversion
of non-fluorescent H2DCFDA to the highly fluorescent 2/,
7’-dichlorofluorescein (DCF), which reflects the generation of
intracellular ROS level in cells, was determined by measuring
the fluorescence on a fluorescent plate reader (Wallac 1420
multilabel counter Victor 3V) at excitation and emission
wavelengths of 485 and 535 nm, respectively. Data were ex-
pressed as normalized fluorescence intensity values, and plot-
ted in relation to control. Three independent experiments
were performed in triplicates, 7 = 3.

Comet assay

The cell number and viability of PBLs were assessed before
treatments using the Trypan blue exclusion test to estimate
the percentage of live/dead cells. The genotoxic potential
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was evaluated by incubating PBLs with the different treat-
ments for 1 h at 37°C and comparing observed effects to
the controls treated only with the solvent (PBS). The level
of DNA damage was evaluated by single cell gel electro-
phoresis (comet assay). Gel electrophoresis was carried out
using prepared slides with PBLs, as described elsewhere [26]
and following the MIRCA guidelines on comet assay [27].
Briefly, the cells on slides were lysed in lysing solution (10
mM Tris, 2.5 M NaCl, 100 mM EDTA, 1% Triton x100,
10% dimethylsulfoxide, pH = 10 set with NaOH) overnight
at 4°C. The following day, the slides were placed in pre-
chilled electrophoresis buffer (10 M NaOH, 200 mM EDTA)
for 30 min in the horizontal gel electrophoresis tank (CHU2
manufacturer, connected to a Power Supplier EPS 601), and
electrophoresis was run at 25 V and 300 mA (1.2 V/cm) for
30 min. After electrophoresis, slides were washed three times
with neutralizing buffer (0.4 M Tris base, pH 7.5 adjusted
with HCI), with a final wash in distilled water. The slides
were then stained with ethidium bromide (20 mg/ml), and
levels of DNA damage were assessed by visual classification
of ‘comet-like’ nucleoids into five classes depending on the
degree of DNA damage, according to the method by Collins
et al. [28]. The analysis was performed using a fluorescent
microscope (Olympus BX 50, Olympus Optical Co., GmbH,
Hamburg, Germany), equipped with an HBO mercury lamp
(Zeiss; S0W, 516—-560 nm). Each of the observed comets was
given a value of 0, 1, 2, 3, or 4 (from undamaged, 0 to to-
tally damaged, 4), and DNA damage was expressed as ar-
bitrary units with the following equation for calculation of
total comet score (TCS): (percentage of cells in class 1 x 1)
+ (percentage of cells in class 2 x 2) + (percentage of cells in
class 3 x 3) + (percentage of cells in class 4 x 4). Two repli-
cate slides were analyzed per each treatment, and the scoring
was performed on 100 randomly selected comets per slide.
Experiments were repeated three times. DNA damage was
expressed as the TCS.

Antimicrobial activity

The antimicrobial activity of bare Ag/DOLE, Ag/OLE,
Ag NPs, DOLE, and OLE was evaluated by the broth
microdilution method (The European Committee on
Antimicrobial Susceptibility Testing. Breakpoint tables for in-
terpretation of MICs and zone diameters. Version 11.0,2021.;
EUCAST reading guide for broth microdilution Version 4.0,.
http://www.eucast.org.) against the Gram-positive bacteria
(Staphylococcus aureus subsp. aureus Rosenbach (ATCC
6538), Staphylococcus epidermidis (ATCC 12228), and
Bacillus subtilis subsp. spizizenii (ATCC 6633)), the Gram-
negative bacteria (Escherichia coli (ATCC 25922), Klebsiella
pneumoniae subsp. pneumoniae (NCIMB 8267), Salmonella
enterica subsp. enterica serovar Abony (NCTC 6017), and
Pseudomonas aeruginosa (ATCC 27853)), and one strain of
the yeast Candida albicans (ATCC 24433); all strains were
purchased from Kwik-Stick, Microbiologics, USA.

Fresh overnight cultures were used to prepare the suspen-
sions of microorganisms. One colony of each strain was sus-
pended in a saline solution to a density of 0.5 per McFarland
standard (Bio-Merieux, France), corresponding to a 1.5 x 108
CFU/ml of microorganisms. Further, microorganisms were
diluted either in fresh Mueller—-Hinton broth (MHB, Lab M
Limited, UK) for bacteria or Sabouraud-dextrose broth (SB,
Lab M Limited, UK) for C. albicans.
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Comparative analysis of Ag NPs

Serial dilutions of the treatment in MHB and SB were pre-
pared, and 100 pl of each concentration was placed in trip-
licate in 96-well microtiter plates and inoculated with 100
pl of microorganisms. Final sample concentrations in the
microtiter plate were in the range of 0.0312-0.5 mM, and
the final concentration of microorganisms was 5 x 10° CFU/
ml. Also, positive growth control (only microorganisms in
medium) and negative control (only medium with samples)
experiments were performed in triplicate. The plates were
incubated in aerobic conditions at 35°C for 20 h, and the
minimal inhibitory concentration (MIC) of each sample was
determined as the lowest concentration of the treatment that
inhibits the growth of microorganisms, that is, absence of
turbidity or visible growth of microorganisms; tests were re-
peated three times. The MICs of referent antibiotics (ampi-
cillin and nystatin) were determined in parallel experiments.

Statistical analysis

The data were analyzed using the ANOVA one-way analysis
of variance with the Tukey posthoc test (@ = 0.05). The values
were expressed as mean = standard error, and the differences
were considered statistically significant at P < 0.05. GraphPad
Prism 6.0 (GraphPad Software, Inc., USA) was used for stat-
istical analyses.

Results and discussion

Optimization of synthetic parameters and
characterization of Ag NPs

Dried olive leaf extract and its main component, oleuropein,
were used to synthesize functionalized Ag NPs. The position
and shape of the surface plasmon resonance band indicate
the size distribution of silver particles in a colloidal solution

[29,30]. So, the absorption spectra of synthesized silver col-
loids were used to estimate optimal parameters for the syn-
thetic procedure. In these experiments, the concentration of
Ag* ions was kept constant (2.0 x 10-* M), while the pH, con-
centration of the DOLE, and temperature were varied. Also,
the stability of silver colloids, synthesized with DOLE, was
followed up to an aging period of 3 months.

First, we studied the influence of pH on the formation of
Ag NPs to determine a suitable acidity range. In Fig. 1a(i), we
presented the absorption spectra at pH 7,9, and 11, measured
24 h after the initiation of the reaction, while the concen-
tration of DOLE was 0.003 wt.-% and the temperature was
60°C. At pH = 7, hydroxyl groups of OLE are protonated
(pKa = 9.5), which is the reason for the absence of the for-
mation of metallic silver [31]. On the contrary, in alkaline
media (pH = 9 and 11), the appearance of a distinct surface
plasmon resonance band at ~400 nm indicates the formation
of Ag NPs. However, at pH = 11, the absorption spectrum
of silver colloid has a tail in the near-infrared spectral region
due to the formation of larger/agglomerated Ag NPs. On the
other side, at pH 9, when the reducing ability of polyphenols
is moderate, the number of initially formed nuclei is proper
and their consequent growth results in the formation of non-
agglomerated silver nanoparticles indicated by the narrow
surface plasmon resonance band [32]. So, we can conclude
that the optimal pH value for the biosynthesis of silver col-
loids is 9. A similar acidity was found suitable for the Ag NPs
preparation using polyphenols from the different biological
extracts [3,33].

Fig. 1(A)(ii) shows the influence of extract concentration
on the absorption spectra of Ag colloids; pH (9.0) and tem-
perature (60°C) were kept constant. Except for the highest
concentration of DOLE (0.03 wt.-%), the surface plasmon
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Figure 1. (A) Absorption spectra of Ag NPs colloid solution as a function of (a) concentration of olive leaf extract, (b) pH, and (c) temperature.
Experimental conditions: (a) 2 x 10-* M Ag*, pH =9, T = 60°C, (b) 2 x 10-* M Ag*, 0.003 wt.% of DOLE, T=60°C, and (c) 2 x 10-* M Ag*, 0.003 wt.%
of DOLE, pH = 9. All spectra were measured 24 h after the initiation of the reaction. (B) The XRD pattern of Ag/DOLE powder sample. (C) Absorption
spectra of (a) Ag/DOLE and (b) Ag/OLE colloids as a function of aging time. Typical TEM images of Ag NPs after 3 months of aging are shown in insets.
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resonance band peaking at 411 nm, and the spectra have the
same shape. However, when the DOLE concentration is low
(0.002 wt.-%), the concentration of deprotonated hydroxyl
groups is insufficient to reduce all Ag* ions. Since the DOLE
concentration must be below 0.03 wt.-%, the 0.003 wt.-%
of DOLE is considered optimal for the Ag NPs preparation.

Finally, we analyze the influence of temperature (20°C,
60°C, and 95°C) on the formation of silver colloids (Fig.
la(iii); other synthetic parameters were kept constant (0.003
wt.-% DOLE, pH = 9.0). The spectra were measured 3 h after
the initiation of the reaction. At the lowest investigated tem-
perature (20°C), the growth of Ag NPs is slow, and the ab-
sorption band is broad. At higher temperatures (60°C and
95°C), the intensity of absorption maxima increases, followed
by a narrowing of the surface plasmon resonance band. Since
almost identical optical behavior Ag NPs has when prepared
at 60°C and 95°C, the lower temperature is a more suitable
option for their synthesis. To conclude, the following set of
experimental conditions is used further in this study to syn-
thesize functionalized Ag NPs with DOLE (0.003 wt.-%
DOLE, pH = 9, T = 95°C). The synthesis of OLE, the main
component of DOLE, was carried out under identical experi-
mental conditions; the only difference was that the applied
concentration of OLE corresponds to its content in DOLE
(20 wt.-%).

The XRD pattern of Ag/DOLE is shown in Fig. 1b, while
we omitted for clarity reasons the identical XRD pattern of
Ag NPs/OLE. The diffraction peaks at 37.9°, 44.1°, 64.4°,
77.3°, and 81.3° correspond to the (111), (200), (220), (311),
and (222) crystal planes of face-centered-cubic silver (COD
01-071-4613), respectively. Scherrer’s equation was applied
to estimate the average crystallite size in Ag NPs (~4 nm).

Representative TEM images of capped Ag NPs with DOLE
and OLE are shown in the insets of Fig. 1c. Both colloidal
solutions consist of nearly spherical crystalline Ag particles
whose size ranges from 20 to 25 nm. Internal grain struc-
ture, frequently observed for metal nanoparticles, is evident
on TEM images, with each nanoparticle typically containing
several subdomains.

The long-term stability of Ag colloids is a prerequisite for
their biomedical application. So, the shelf-life stability of Ag
colloids, prepared by optimized synthetic conditions (0.003
wt.-% DOLE or 0.0006 wt.-% OLE, pH = 9.0, T = 60°C),
was followed as a function of aging time using UV-Vis spec-
troscopy (see Fig. 1¢). It should be noticed that after 3 months
of aging in both silver colloids (Ag/DOLE and Ag/OLE), only
a slight decrease in absorption maxima (less than 10%) was
observed without any change in spectral features. Knowing
that the complete dissolution of bare Ag NPs, prepared by
NaBH,, occurs for a couple of days [34], enhanced stability of
hybrid nanoparticles is a significant step forward in their safe
use in biomedicine. While the formation of Ag NPs is induced
by electron transfer reaction from deprotonated hydroxyl
groups to Ag* ions [3,4,35], their stability is a consequence
of diminished oxygen access due to the presence of organic
components on the surface and reducing environment that
prevent oxidation, additionally provided by free ketone and
aldehyde groups.

Cytotoxic evaluation of Ag/DOLE and Ag/OLE

The toxic action of Ag NPs rises with a decrease in organisms’
complexity, from mammalian cells to viruses [36—38]. Earlier
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studies of the toxicity of nanoparticles in various human
cells revealed that they could display selective toxicity in par-
ticular cellular lines [39]. Among many human cell models
available, PBLs are the most common platform for the evalu-
ation of cytotoxic effects and genotoxicity of nanostructures.
The sensitivity of cell lines to Ag NPs is different compared
to primary cultures, and because of that, the use of PBLs is
strongly recommended to be the first step to determining the
cytotoxicity and genotoxic damage induced by nanomaterials
[40,41].

The results, presented in Fig. 2a(, indicate that exposure
of PBLs to 24 h treatment with the Ag/DOLE and Ag/OLE
(0.025-0.2 mM Ag NPs with proper contents of DOLE and
OLE) leads to significant cytotoxic effects compared to the
control sample, the sample only treated with solvent. On the
other side, the exposure of PBLs to the bare Ag NPs, pre-
pared by NaBH, and having the same range of concentra-
tions, significantly altered cell viability only at the two highest
concentrations (0.1 and 0.2 mM Ag NPs), while the observed
reduction percentages of alive cells are small (77.4% and
81.9% viability, respectively). Also, the exposure of PBLs
to the organic components of hybrid nanoparticles (DOLE
and OLE) having corresponding concentrations did not sig-
nificantly alter cell viability. So, the most pronounced cyto-
toxicity was induced by the exposure to the Ag/OLE, and
consequently, the observed cytotoxicity reached a maximum
at the highest concentrations (20.5% and 16.6% viability for
0.2 and 0.1 mM Ag NPs, respectively).

The alteration of morphology in normal cell and cell loss
is observable in both PBLs treated for 24 h with Ag/DOLE
and Ag/OLE (Fig. 3c and d). The Ag NPs treated cells are
rounded, decreased in number, with nanoparticles present in-
side the cells and in the extracellular environment, in contrast
to the untreated (control) cells which look healthy with no
apoptotic or necrotic cells. Apoptosis and decreased prolif-
eration of cells are common responses to in vivo and in vitro
treatment with Ag NPs. The extent of cytotoxicity depends on
the size, concentration, agglomeration, and functionalization
of Ag NPs, silver ions release, and cell types used [42]. Several
mechanisms could be responsible for nanoparticle-mediated
in vitro toxicity. Besides direct cytotoxicity, mediated by
apoptosis and/or necrosis, indirect mechanisms that include
changes in the production level of ROS, lipid peroxidation,
and genotoxic effects can also induce cell death [43]. In a re-
cent study, Malysheva et al. [44]. emphasized that the toxic
effect of Ag NPs in human lymphocytes primarily depends on
their uptake (amount), while the size and property of surface
coating are of less importance. So, the cytotoxicity threshold
is strongly influenced by the intracellular mass of silver per
cell. The different cellular uptake of functionalized Ag NPs
compared to bare ones is the most likely the reason for the
differences in toxic behavior observed in our study. The cel-
lular uptake of Ag/DOLE and Ag/OLE could be higher than
the bare ones due to the coordination of organic molecules on
the nanoparticle’s surface, resulting in increased intracellular
silver concentration and toxicity. However, this remains an
open question, subject to further investigation.

Ruiz-Ruiz et al. [40]. showed that Ag NPs, in the same
concentration range used in this study, induced pronounced
growth inhibition in pathogenic bacteria and tumor cells
while producing only moderate cytotoxicity and DNA dam-
age in human primary lymphocytes. The factors such as the
physicochemical characteristics could strongly influence the
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Figure 2. Cytotoxic effect of DOLE, OLE, Ag/DOLE, Ag/OLE, and bare Ag NPs in (A) human PBLs and (B) HTR-8/SVneo cells. The data are expressed as
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus control.

biological response of cells to different Ag NPs formulations,
but the differential cytotoxicity also depends on the used
cell type. Thus, we used identical formulations of Ag NPs
and evaluated their cytotoxicity to HTR-8/SVneo tropho-
blast cells. These cells are used as in vitro models for the pri-
mary cytotrophoblast of first-trimester pregnancy since they
show similar features in various functional assays [45-47].
Although it is well-known that Ag NPs can easily penetrate
the placental barrier, and there are indices of developmental
toxicity from animal studies [22], the literature data con-
cerning the activity of silver nanoparticles at the human feto-
maternal interface, especially trophoblast cells, are almost
non-existent. The transport mechanism of Ag NPs in the pla-
centa is currently not fully understood, but there are indica-
tions that endocytosis could be a pathway that mediates the
placental transfer of NPs in trophoblasts [22].

The HTR-8/SVneo trophoblast cells, exposed 24 h to
functionalized and bare Ag NPs, showed a significant reduc-
tion of cell viability for all silver concentrations, lower and
higher (Fig. 2b). The treatment with Ag/OLE induced the
most pronounced cytotoxicity, indicated by a significant de-
crease in cell viability (15.2% and 16.4% for 0.2 and 0.1
mM Ag NPs, respectively). However, the cytotoxic effect
is concentration-dependent upon cell treatment with Ag/
DOLE and Ag/OLE while bare Ag NPs showed similar ef-
fects at all concentrations. This observation supports the
morphological characterization of cells, where the treatment

with smaller concentrations of silver (less than 0.2 mM) pro-
duced fewer changes, such as cytoplasmic vacuolization and
alteration of cell morphology from normal to round-shaped
cells. Alterations in HTR-8/SVneo trophoblast cell morph-
ology after 24 h treatments with the highest concentration of
functionalized and bare Ag NPs (0.2 mM) are shown in Fig. 3.
The exposure to bare Ag NPs slightly reduces the number of
normal cells, while agglomerated nanoparticles are noticeable
throughout the sample (Fig. 3f). On the contrary, almost com-
plete loss of normal cells and many round-shaped cells can be
observed after the treatment with Ag/OLE (Fig. 3h) compared
to the control with healthy-looking cells (Fig. 3e). The cell in-
cubation with the Ag/DOLE induced similar toxic effects as
Ag/OLE since normal cells are scarcely present following the
treatment (Fig. 3g).

Recently, Costa et al. [48]. demonstrated a lack of cyto-
toxicity after 24 h incubation of HTR-8/SVneo and BeWo
trophoblast cells with biogenic Ag NPs, synthesized by E
oxysporum, with an average size of 69 nm. These authors
explained the low toxicity of Ag NPs by their large size. So,
significant concentration-dependent cytotoxicity in HTR-8/
SVneo cells, observed in this study, using the same concen-
tration of smaller size Ag NPs (25 nm) is in line with the as-
sumption that smaller nanoparticles have increased uptake in
cells and display more pronounced cytotoxicity because of
a larger surface area and the capacity to translocate across
cell barriers [49]. The literature data on the proliferation and
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Figure 3. Morphological changes in PBLs (A-D) and HTR-8/SVneo cells (E-H) after 24 h treatments with (a and e) untreated (control) (B and F), Ag NPs
(C and G), Ag/DOLE and (D and H) Ag/OLE. Concentration of silver colloids was kept constant (0.2 mM).

flow cytometry analysis of HeLa cells treated with Ag NPs in-
dicate concentration-dependent cytotoxicity [50]. The higher
concentrations of Ag NPs, used in this study and the concen-
tration of Ag NPs synthesized by De Matteis et al. [7] are
comparable. These authors reported a significant reduction
in HeLa cell viability after the treatment of 48 h, which is
in agreement with our results showing reduced viability of
HTR-8/SVneo cells after 24 h exposure to Ag/DOLE and Ag/
OLE.

Influence of Ag/DOLE and Ag/OLE on ROS
production in cells

To further elucidate the toxic action of colloids, we ana-
lyzed the effects of 24 h incubation with bare AgNPs, Ag/

DOLE, and Ag/OLE on the ROS production in cells. Reactive
oxygen species are produced as a result of cellular oxida-
tive metabolism and their levels are known to influence cell
survival, cell signaling, apoptosis [51]. The metallic NPs are
known to produce ROS-mediated toxicity via Fenton-type
reactions [51]. Previous research showed that surface coating
of NPs and active sites on the NP surfaces have a direct im-
pact on ROS production [52]. Silver nanoparticles (AgNPs)
of 30 nm size were previously evaluated for ROS produc-
tion in neuroblastoma SH-SYSY cells and were shown to
induce ROS production in a concentration-dependent and
time-dependent manner [53]. In our research, the range of
concentrations (0.025-0.2mM) was used to evaluate the im-
pact of all three types of nanoparticles on ROS production
in human lymphocytes and trophoblast cells. Following the
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24 h incubation, the levels of ROS in lymphocytes (Fig. 4a)
did not change in cells exposed to bare AgNPs, while levels
of ROS in cells treated with Ag/DOLE and Ag/OLE showed
a significant reduction of ROS production at concentrations
0.2 mM and 0.1 mM. Similar effect was observed in HTR-8
SV/Neo cells where bare AgNPs did not change ROS produc-
tion in cells, while the highest concentrations of Ag/DOLE
and Ag/OLE reduced ROS levels significantly (Fig. 4b). The
most pronounced effect was observed in treatment with Ag/
OLE where even the smaller concentrations (0.025 mM and
0.05 mM) produced a significant reduction of ROS. Since
the decrease of ROS production, visualized by the reduced
intensity of fluorescein generated from H2DCFDA follows
the same pattern as the results of cytotoxicity evaluation,
it could be concluded that the observed reduction of ROS
was due to a smaller number of viable cells, and not from
the antioxidant effect of colloids. This is further supported
by the fact that DOLE and OLE extracts per se did not re-
duce ROS production in cells in same concentrations as those
found in colloids.

Genotoxic properties of Ag/DOLE and Ag/OLE

We evaluated the genotoxic effects of functionalized and
bare Ag NPs to get a deeper understanding of their action
mechanisms. The genotoxic potentials of Ag/DOLE, Ag/
OLE, and bare Ag NPs in PBLs, obtained via comet assay,
are presented in Fig. 5. The investigated colloids of Ag/
DOLE and Ag/OLE whose maximum concentrations were
0.2 mM, showed a slight increase of DNA damage but did
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not exhibit a significant genotoxic effect after one-hour
exposure compared to controls, treated only with solv-
ent. However, bare Ag NPs showed a significant increase
of DNA damage compared to controls at a concentration
of 0.2 mM (P < 0.05) (Fig. 5). The representative images of
comets exposed to colloids demonstrated the presence of
fragmentation of DNA, while controls contained round nu-
clei without any damage (Fig. 5). At concentrations lower
than 0.2 mM, none of the tested colloids showed genotoxic
effects.

Taking into consideration previously published results
[54-56] that indicate the genotoxicity of bare Ag NPs due to
the break of DNA, mutations, and base oxidation, our results
are in line with these findings. Previous research by Huk ez
al. [55] indicates that the impact of Ag NPs on the level of
DNA damage is related to surface charge and surface coating.
Furthermore, Lebedova et al. [57] found that the genotoxicity
depends on Ag NPs size; for example, 50 nm in size particles
are less genotoxic than 5 nm in size. Our results showed that
25 nm in size functionalized Ag NPs are not genotoxic to
human PBLs after a one-hour exposure time. Butler ez al. [56]
emphasized that cellular uptake of Ag NPs crucially influences
a genotoxic cell response and that particles, in the case of
mammalian cells, are contained within intracellular vesicles
but never within the nucleus. The same authors indicated that
DNA damage by Ag NPs occurs upon exposure to the 10-20
nm-sized particles but not upon exposure to the 50-100 nm-
sized particles at concentrations above 25 pg/ml, suggesting
both size-dependent and concentration-dependent effects.
We also observed concentration-dependent effects where

HTR-8 SV/Neo

Figure 4. Modulation of ROS generation by DOLE, OLE, Ag/DOLE, Ag/OLE, and bare Ag NPs in (A) human PBLs and (B) HTR-8/SVneo cells. The data
are expressed as mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus control.
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Figure 5. Lower panel: Genotoxic effect of Ag/DOLE, Ag/OLE, and bare Ag NPs in PBLs, obtained by comet assay, presented as TCS in bars. The
data are expressed as mean + SEM. *P < 0.05, **** P < 0.0001.Upper panel: The representative comet assay images of PBLs stained with ethidium

bromide, given for each treatment, Ag/DOLE, Ag/OLE, and bare Ag NPs.

concentrations less than 0.2 mM did not induce any DNA
damage. Also, these authors proposed that released silver
ions may be the primary source of genotoxicity in the DNA
damage response since the Ag NPs were not in direct contact
with nuclear DNA. So, in our study, the bare AgNPs showed
significant genotoxicity probably as a result of a release of
silver ions, while surface functionalization in Ag/DOLE and
Ag/OLE could be reasons for the lack of Ag NPs genotoxicity
observed in human PBLs, due to smaller release of silver. Also,
it is worth mentioning that Joksic et al. [58]. have found that
Ag NPs, different in size and concentrations, can produce di-
verse biological effects in human lymphocytes, varying from
those exhibiting cells stasis without direct deteriorating ef-
fects on DNA, while others induced adverse effects on the cell
membrane and produced cell death and double-strand breaks.
DNA damage and instability are critical aspects of carcino-
genesis, and malfunction of the DNA repair process can be
associated with the initiation and progression of carcinogen-
esis. It is well-known that plant-derived bioactive compounds
(phytochemicals) reduce the risks of cancer development by
protecting DNA against damage, neutralizing carcinogens, or
inducing DNA repair [59]. Our previous work also showed
that DOLE decreased the number of DNA-damaged cells
after H O, exposure [60]. It should be mentioned that the
treatments with pure DOLE and OLE in the current study did
not induce an increase in DNA damage compared to control
(data not shown). The lack of genotoxicity of OLE per se in
human lymphocytes in2 vitro, observed in this study, is consist-
ent with a previous report by Zori¢ et al. [61]. To conclude,
our results indicate that the attachment of DOLE and OLE on
the surface Ag NP reduces their genotoxic potentials since the
tested bare Ag NPs increased the numbers of DNA-damaged
cells compared to controls after 1 h exposure. However, the
limitation of this study is the incubation time, which might

reflect the short-term genotoxic effects but cannot provide
conclusions about the consequences of prolonged exposure.

Antimicrobial activity of Ag NPs, Ag/DOLE, and Ag/
OLE

The antimicrobial activities of Ag NPs, bare and coated with
DOLE or OLE, are presented in Table 1. Bare Ag NPs dis-
play antimicrobial activity against all tested Gram-positive
bacteria (S. aureus, S. epidermidis, and E. faecalis) and yeast
C. albicans with MIC concentrations ranging from 0.25 to
0.50 mM. However, MICs for Gram-negative bacteria were
not determined since the effect was the above-tested concen-
tration of 0.50 mM. On the other side, Ag NPs coated with
DOLE and OLE have significantly reduced MIC values com-
pared to bare Ag NPs in all tested microorganisms except
for S. aureus (2-16 times for Ag/DOLE and 8-16 times for
Ag/OLE). The antimicrobial action of Ag/DOLE was signifi-
cantly higher on C. albicans and Gram-negative bacteria ex-
cept for E. coli, with MIC values ranging from 0.0625 mM to
less than 0.0312 mM, compared to MIC values obtained for
Gram-positive bacteria (0.125 mM). On the contrary, there
is no difference in the antimicrobial activity of Ag/OLE on
Gram-positive and Gram-negative bacteria since all MIC val-
ues ranged from 0.0625 mM to less than 0.0312 mM except
for S. aureus. DOLE or OLE alone had no antimicrobial ef-
fect in all tested strains of microorganisms.

The precise mechanism of antimicrobial activity of Ag NPs,
Ag/DOLE, and Ag/OLE has not been elucidated yet. The dis-
crepancy in antibacterial effect between Gram-positive and
Gram-negative bacteria could be a result of differences in the
cell wall structures and their permeability. Gram-positive bac-
teria have a mainly peptidoglycan-built (N-acetylglucosamine
and N-acetylmuramic acid, and a variety of amino acids) thick
cell wall, compared to the Gram-negative bacteria, which have
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Table 1. Antimicrobial ability of Ag NPs, Ag/DOLE, Ag/OLE, DOLE, and OLE

1

Microorganism
Sample Staphylo- Staphylococcus  Bacillus Escherichia Klebsiella Salmonella  Pseudomonas  Candida
coccus aureus  epidermidis subtilis coli pneumoniae enterica aeruginosa albicans
Ag NPs 0.25 mM 0.5 mM 0.25 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM 0.5 mM
Ag/DOLE  0.125 mM 0.125 mM 0.125 mM  0.125 mM <0.0312 mM <0.0312 mM 0.0625 mM <0.0312
mM
Ag/OLE 0.125 mM <0.0312 mM <0.0312 0.0625 mM 0.0625 mM 0.0625 mM  0.0625 mM <0.0312
mM mM
DOLE >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM
OLE >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM
Blank >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM >0.5 mM

a more complex structure with a thin peptidoglycan layer
between the external and interior cell membrane. Additionally,
the outer membrane in the Gram-negative bacteria is abundant
with transmembrane porin proteins that actively participate in
the transmembrane transport of molecules. The size of the pores
and the position of the amino acids inside the channel influence
the static properties of porins, and transport through them is
dependent on the size, charge, and lipophilicity of the trans-
ported molecules [62]. As previously mentioned, Ag NPs have
a non-specific microbicidal effect due to agglomeration in cell
nuclei, DNA damage, and intracellular oxidative stress [2], but
yet the precise mechanism behind their antimicrobial activity is
not fully understood. The different biological response of Gram-
positive and Gram-negative bacteria on Ag NPs is the most
likely consequence of differences in their cell wall structures
that cause different permeability of their cell walls [63,64]. The
yeast C. albicans is a eukaryotic organism, and eukaryotic cells
have a different structure of cell walls and plasma membranes
compared to prokaryotic bacteria. The transport of C. albicans
through the cell membrane is similar to other eukaryotic cells.

Since our results indicate that bare Ag NPs have lower
antimicrobial activity compared to Ag/DOLE and Ag/OLE,
we assume that the transport through cell walls (cell mem-
branes) of Gram-positive and Gram-negative bacteria,
and yeast is facilitated by the presence of organic mol-
ecules (DOLE and OLE) attached to the surface of Ag NPs.
Considering the MIC values of bare Ag NPs and pure DOLE
and OLE, it is clear that there is a synergy effect in antimicro-
bial action between the inorganic and organic constituents
of hybrid nanoparticles. Additionally, we want to stress that
the observed antimicrobial effect cannot be attributed to the
cytotoxic properties of Ag/DOLE and Ag/OLE. We already
mentioned that Ag/DOLE and Ag/OLE display the cytotoxic
effect on PBLs and HTR-8/SVneo trophoblast cells for con-
centrations significantly higher compared to most MIC val-
ues. These findings agree with the study by Ruiz-Ruiz et al.
[40]., who reported that Ag NPs at the same concentrations
used in this study have an inhibitory effect on the growth of
malignant cells or bacteria and minimal cytotoxic effects on
other cells like primary human lymphocytes.

Conclusion

For the first time in this study, the comparative biological
effects of Ag NPs, synthesized using DOLE, and its main

component, OLE, in trophoblast cells and human PBLs were
analyzed. Based on the obtained data, it can be concluded
that functionalized Ag NPs with DOLE and OLE produce
cytotoxic effects in both types of cells at concentrations of
0.2 and 0.1 mM. However, the more pronounced cytotox-
icity is exhibited by Ag/OLE. Second, the results showed that
bare AgNPs do not influence ROS levels in lymphocytes and
trophoblast cells under described conditions, while reduced
ROS production was exhibited in cells treated with Ag/DOLE
and Ag/OLE, probably resulting from cytotoxic effects and
a reduced number of live cells. In terms of genotoxicity, nei-
ther Ag/DOLE nor Ag/OLE showed genotoxic effects in
human PBLs following the 1 h exposure, while exposure to
bare Ag NPs increased the levels of DNA damage only at the
highest concentration of 0.2 mM. Finally, both Ag/DOLE
and Ag/OLE displayed antimicrobial activity, but Ag/OLE
had more potency since MIC values, evaluated for Gram-
positive bacteria, Gram-negative bacteria, and C. albicans,
except for S. aureus, ranged from 0.0625 to less than 0.0312
mM. On the other side, the antimicrobial effect of Ag/DOLE
was significantly higher on Gram-negative bacteria and C.
albicans than on Gram-positive bacteria.

To briefly conclude, the obtained results indicate poten-
tial risks from exposure to high concentrations of Ag NPs in
trophoblast cells, which can be of particular concern in the
early stages of pregnancy. On the other hand, knowing that Ag/
OLE induced remarkable antimicrobial effects, further studies
are required to identify the safe concentrations that would lack
cytotoxic effects on healthy human cells while maintaining the
desirable biocidal effects against microorganisms.
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