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POPULI GEMMAE EXTRACT: PHYTOCHEMISTRY, THERAPEUTIC POTENTIAL
AND GREEN SYNTHESIS OF SILVER NANOPARTICLES

l. INTRODUCTION

From past to the present, the Plant Kingdom offers numerous plant species that contain
phytocompounds with undeniable therapeutic value. The evolution of science and technology has
led to the discovery of the therapeutic potential of secondary metabolites extracted from various
plant products. For this reason, interest in phytochemicals has grown significantly in recent years.
Recent studies have described that more than 60% of drugs in use today are based on medicinal
plants (1). A large number of natural compounds have demonstrated their efficacy in the
prevention/treatment of various human health problems, including acute and/or chronic diseases
(2, 3). Furthermore, the physico-chemical qualities and biological effects of precious and semi-
precious metals such as Au, Ag, Cu, Zn, have been known since antiquity. Among these, silver is
the most recognized due to its qualities as a catalyst, antimicrobial, anti-inflammatory or
cicatrizing agent. The corroboration of modern science through interdisciplinary studies, with the
field of nanotechnology, contributes to obtaining new nanoparticle-type compounds with rich
pharmacological values. The use of nanotechnology in medicine has highlighted new ways to
provide safer and more effective treatment options. Due to their small size (between 10 and 100
nm), nanoparticles can contribute to the targeted release of drugs in certain areas of the body, thus
increasing their effectiveness and reducing their side effects (4).

Populus nigra L. (black poplar) is a species of the Populus genus, belonging to the Salicaceae
family. Black poplar is a tall tree, its height can reach up to 30 m and its diameter up to 2 m. In
Romania it grows in wet meadows and depressions, also appearing in the plains (5, 6). The buds,
which represent the main vegetal product of black poplar, are large, 2 cm long and 5-8 mm thick,
conical, elongated, the tip is sharp and slightly curved, yellow-brownish in color. On the surface,
they have a viscous glue with a weak balsamic but aromatic smell. On the central axis of the buds
there are 4-8 oval and sharp bracts, they are adherent due to the resins in the composition. Also
due to the resins, which cover the buds, they have a shiny appearance (7, 8).

Regarding the chemical composition of the vegetal product of interest (Populi gemmae- further
noted as Pg), different studies on the resin obtained from poplar bud proved the presence of
flavonic derivatives (chrysol, tectocrizol, apigenol), flavonols (galangin, isalpinin, quercetol,
kemferol) and other corresponding methylated derivatives (pinocembrine, pinostrombin). The
presence of caffeic, dimethylcaffeic, isoferulic acids, as well as their esters was also proved. Esters
of isoferulic acid with aliphatic and aromatic alcohols are present in large numbers and seem to
predominate quantitatively in the extract. Fatty acids and aliphatic alcohols have also been
identified. Among the terpene components identified, the most important is bisabolol, along with:
y-selinene, d-cadinene, a-elemene and y-cadinene (9, 10). In the literature, the absence of
anthocyanin, saponins and quinones was mentioned (11).



Poplar species represent a subject of interest in the medical field due to their extensive
phytochemical profile, but also due to their low toxicity. Different types of extracts obtained from
the vegetal product have proven their effectiveness for the treatment of an increased number of
conditions such as bronchitis, cough, trachea, laryngitis, sore throat, ulcers, hemorrhoids, anal
fissures, rheumatism, etc. An increasing number of studies are describing new pharmaceutical
applications for different types of extracts obtained from black poplar buds, among them are
antioxidant, antidiabetic, anticancer, hepatoprotective and antimicrobial properties (12-19).

The objectives of this doctoral thesis:

e Evaluation of the Pg extract obtained from the western part of Romania regarding the

phytochemical composition and antioxidant capacity.

e Evaluation of the therapeutic potential of Pg extract (in vitro studies on antimicrobial
activity on selected strains (Staphylococcus aureus, Streptococcus pyogenes,
Streptococcus mutans, Escherichia coli, Enterococcus faecalis, Candida albicans and
Candida parapsilosis); evaluation of the antiproliferative, cytotoxic, pro-apoptotic activity
on MCF7 breast cancer cell lines, respectively lung adenocarcinoma A549; studies on the
anti-angiogenic potential using the chick embryo chorioallantoic membrane technique;
studies on the immunomodulatory activity of Pg extract.

e Evaluation of silver nanoparticles obtained through green synthesis of the extract of
Populus nigra L. buds (physico-chemical characterization, in vitro studies on the
antimicrobial activity on selected strains (Staphylococcus aureus, Streptococcus pyogenes,
Streptococcus mutans, Escherichia coli, Enterococcus faecalis, Candida albicans and
Candida parapsilosis) and antiproliferative on MCF7 breast cancer cell lines, respectively
A549 lung adenocarcinoma.

1. PERSONAL CONTRIBUTION. OBJECTIVES. MATERIALS AND
METHODS. RESULTS.

STUDY 1: Phytochemical evaluation of Pg extract.

In recent years, experimental studies have shown that medicinal plants represent a rich
source of phytocompounds with a wide variety of therapeutic effects (20, 21). The personal
contribution to this study consists of obtaining the Pg extract collected from the western part of
Romania, the analysis of the physicochemical profile and antioxidant screening.

1.1. Extraction and physicochemical characterization of Pg extract.

Black poplar buds were harvested from Timisoara and the extraction was carried out in the
Department of Pharmacognosy (University of Medicine and Pharmacy "Victor Babes"). To obtain
the extract, 10 g of dried plant product and 10 mL of 70% ethanol were mixed, then covered with
parafilm and left at room temperature. The extract was then taken to the ultrasonic bath for 10



minutes and later the solvent was removed using a rotary evaporator. With the help of LC-MS,
and FT-IR techniques, a clear picture of the main compounds contained in the dry extract of Pg
was obtained (22).

Regarding the obtained results, it was proven that the Pg extract contains a significant
number of compounds from the classes of phenols, respectively phenolic glycosides. The
following compounds were identified: dihydroxybenzoic acid, protocatechuic acid, 3-
caffeoylquinic acid, 5-caffeoylquinic acid, caffeic and chicoric acids, apigenin-glucuronide,
chrysoeriol-glucuronide, tremuloidin, salicin, pinostrobin and tremulacin.

1.2. Assessment of the antioxidant activity of Pg extract.

In recent years, a major emphasis has been placed on medicinal plants with antioxidant
potential that may have numerous health benefits. The aim of this study was to evaluate the Pg ‘s
extract antioxidant activity with the help of a frequently used method, the DPPH assay. The DPPH
(2,2-diphenyl-1-picrylhydrazyl) method’s main advantage is that it is fast and easy to perform.
This assay implies the oxido-reduction reaction between the DPPH radical and the natural
antioxidants contained in the Pg extract. The purpose of this chemical reaction is to consider the
change in color of the mixture from deep purple to pale yellow. The obtained antioxidant
percentage of Pg extracts was compared to those obtained for standard reference of Vitamin C.
The ICso values alongside 1C1o, 1C20, 1Cso and 1Cgo were determined using the OriginPro 2020
software (23).

The obtained antioxidant percentage of Pg extract varies from 95%- 97.3%, whereas in the
case of standard reference (vitamin C), it was between 97.5%- 98.9%. The kinetic reaction was
examined for 1200 seconds for each concentration of Pg extract (50, 100, 250, 500, 1000 pg/mL).
The results obtained in this study proved that the Pg extract showed a significant antioxidant
activity, which is comparable to those obtained for the ethanolic solution of Vitamin C.

1.3. Inorganic element determination of Pg extracts by GF-AAS.

In order to establish the inorganic elements of Pg extracts, the GF-AAS method was used.
The metal concentrations were established using a spectrophotometer novAA 400G and for each
individual element, a calibration curve was previously registered with standard Merck solutions
(24).

Related to the inorganic element determination of the Pg samples tested, the following
elements were detected: cadmium 0.019 ug/g, chromium 0.79 pg/g, manganese 0.59 pg/g, nickel
3.28 ug/g, copper 6.66 pg/g, zinc 14.84 ug/g, iron 39 pg/g, aluminum 2109.87 ug/g. There were
only 3 elements (lead, cobalt, arsenic) below the limit of detection. Therefore, it can be concluded
that the extract does not contain toxic elements.

STUDY 2. Evaluation of the therapeutic potential of Pg extract.
The personal contribution to this study consists of the evaluation of Pg extract regarding
the antimicrobial activity against selected microorganisms, the antiproliferative, cytotoxic, pro-



apoptotic, and anti-migratory activity on the selected cancer cell lines (MCF7 breast cancer,
respectively A549 lung adenocarcinoma cell lines). Another contribution to this study was the
evaluation of the antiangiogenic activity on the chorioallantoic membrane and the evaluation of
the immunomodulatory activity of Pg extract (including cell viability studies as well as the the
selected cytokine expression evaluation).

2.1. Evaluation of the antimicrobial and antifungal activity of Pg extract.

The antimicrobial activity was assessed using the disk diffusion and dilution method. The
Pg extract (10, 25, 50, 75, 100, 150 pug/mL) was evaluated against 8 selected microorganisms:
Staphylococcus aureus, Streptococcus pyogenes, Streptococcus mutans, Escherichia coli,
Enterococcus faecalis, Pseudomonas aeruginosa, Candida albicans, Candida parapsilosis (25).

Based on the antimicrobial results, it was shown that Pg extract can act as a bactericidal
agent against Staphylococcus aureus, as a bacteriostatic agent against Streptococcus pyogenes and
Streptococcus mutants, and as a fungicidal agent against all strains of Candida tested. The MIC
values were the highest for Staphylococcus aureus (0.625 mg/mL) and Enterococcus faecalis (2.5
mg/mL). Lower values were recorded for Streptococcus pyogenes and Streptococcus mutans
(0.312 mg/mL for each).

2.2. In vitro evaluation assays: screening of the antiproliferative/ cytotoxic/ pro-apoptotic
potential of Pg extract on different cancer cell lines (MCF7 and A549 cells).
2.2.1. Characterization of the antiproliferative properties of Pg extract using MTT assay.
The personal contribution consists of the evaluation of the antiproliferative potential of Pg
extract on MCF7 human breast cancer and A549 human lung adenocarcinoma cell lines using the
MTT method. This method is used to determine cell viability and consists of the reduction of the
yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to purple
formazan crystals (23).
The results obtained in this study shown that the Pg extract is selective on the tested cell
lines, the ICso values after 72 hours of stimulation with Pg extract were 72.49 pg/mL on the MCF7
cell line and 66.26 pg/mL on the A549 cell line.

2.2.2. Characterization of the distribution of the cells in the phases of the cell cycle following
incubation with Pg extract.

The characterization of the distribution of MCF7 and A549 cells in the phases of the cell
cycle following incubation with Pg extract (10, 25, 50, 75, 100, 150 pg/mL) was performed using
flow cytometry (23).

Considering the results regarding the cell cycle arrest, similar outcomes were obtained in
both A549 and MCF7 cells. Pg extract arrests cells in the GO/G1 phase, however, the percentage
of cells in this phase is relatively small, thus the main antiproliferative mechanism of Pg extract is
not related to the cell cycle phases.



2.2.3. Evaluation of the anti-migratory effect of Pg extract using Scratch assay.

The evaluation of the anti-migratory effect on MCF7 and A549 cells after incubation with
Pg extract was conducted by Scratch assay. This method is based on the ability of a selected sample
to inhibit cell migration, metastasis, growth and development of the tested cancer cell lines. By
means of this method, the anti-migratory potential of Pg extract was determined in vitro, on MCF7
and A549 cell lines (26).

The obtained results on the screened cancer cell lines provide evidence that Pg extract has
decreased tumor cell migration and produced changes in the cancer cell morphology. Pg extract
caused a dose-dependent decrease in “Scratch” closure rate, which was 1.4% (100 pg/mL Pg
extract) and 1.3% (150 pug/mL of Pg extract) in the case of the MCF7 cancer cell line. A similar
conclusion was obtained in the case of the A549 cells line, Pg extract has decreased the “Scratch”
closure rate in a dose-dependent manner, the highest closure rate was 14.1% (100 pg/mL Pg
extract) and 12.5% (150 pug/mL Pg extract).

2.2.4. Determination of the cytotoxic potential of Pg extract using lactate dehydrogenase
(LDH) assay.

In order to assess the cytotoxicity of Pg extract (10, 25, 50, 75, 100 and 150 pg/mL), the
LDH assay was determined. The principle of this assay is based on the release of LDH enzyme
into the medium, which through an enzymatic reaction produces formazan. The obtained amount
of formazan is directly proportional to the LDH, which is an indicator of the cytotoxic effect (23,
25).

The results showed that Pg extract had a cytotoxic effect on both cancer cell lines. A
significant cytotoxic effect was observed after 72 hours of stimulation at these concentrations: 25
pg/ml (13.5 £ 0.7%), 50 pg/ml (18.2 = 0.9%), 75 pg/ml (22.9 £ 1.1%) and 100 pg/mL (29.9 +
14%) in the case of MCF7 cells. On the other hand, the cytotoxic effect was reached at 25 pug/mL
(11.3 £ 0.9%), 50 pg/mL (13.1 £ 1%), 75 pg/mL (18 + 1.4%), but also 100 pg/mL (21.7 £ 1.6%)
in the case of the A549 cell line. The cytotoxicity rate at 150 pg/ml was 37 + 4.1% compared to
the control cells (5 £ 1.1%) in the case of MCF7 cells, and it was 7.8 + 1.3% compared to the
control cells (2.9 + 0.8%) in case of A549 cells. Therefore, slightly superior cytotoxic results were
obtained for the MCF7 cell line compared to the A549 cell line.

2.2.5. Detection of the pro-apoptotic potential of Pg extract via 4 ,6-diamidino-2-phenylindole
(DAPI) staining.

The assessment of the possible pro-apoptotic potential of Pg extract (10, 25, 50, 75, 100
and 150 pg/mL) on selected cancer cell lines (human breast adenocarcinoma MCF7 and lung
cancer cell lines A549) was analyzed using the colorimetric DAPI method (4,6-diamidino-2-
phenylindole) (23, 25).

Following the DAPI staining assay, the obtained results indicated that high doses of Pg
extract presented signs of apoptosis and changed the tested cancer cell morphology. In addition, a



significant increase in chromatin condensation and also signs of nuclear membrane blebbing were
observed.

2.2.6. Characterization of the pro-apoptotic potential of Pg extract (early/late) and the degree
of necrosis by the Annexin V-PI assay.

In order to evaluate the process of cellular apoptosis, the Annexin V-PI staining was
performed using fluorescence flow cytometry. Following incubation with Pg extract (10, 25, 50,
75, 100, 150 pg/mL) the MCF7 and A549 cell lines were evaluated related to early and late
apoptosis, viable and necrotic cells (23, 25).

Pg extract was shown to induce a modest apoptosis phenomenon. The MCF7 cell line was
more sensitive than the A549 cell line. Results on MCF7 cells indicated that statistically significant
values of late apoptotic cells were observed starting at 50 pg/mL (the percentage was 0.44% +
0.32 vs. control cells 0.04% £ 0.03) and gradually increased at 75 pg/mL (0.27% + 0.25), 100
pg/mL (1.74% = 0.25) and 150 pg/mL (3.11% = 3.08). Early apoptotic cell values were 2.63% +
3.72 (10 pg/mL), 3.73% * 4.49 (25 pg/mL), 8.85% + 9.55 (50 pg/mL ml), 113.33% + 11.12 (75
pg/mL), 28.83% + 4.68 (100 pg/mL) and 45.53% + 6.50 (150 pg/mL). Signs of necrosis were
recorded starting from the lowest doses, 6.64% + 1.09 (10 pg/mL), 9.53% + 2.11 (25 pg/mL),
9.98% + 4 .30 (50 pg/mL), 14.97% (£75.14%) pug/mL), 9.90% = 3.14 (100 pg/mL), and 5.01% +
4.07 (150 pg/mL).

Regarding the A549 lung cancer cell line, the Pg extract demonstrated a weak phenomenon
of apoptosis. The percentage of early apoptotic cells increased from 1.34% + 0.33 (control) to
1.70% £ 0.47 (10 pg/mL Pg), 1.27% + 0.12 (25 pg/ mL Pg), 1.34% + 0.3 pg (50 pg/mL Pg), mL
Pg), 1.97% + 0.77 (75 pg/mL Pg), 1.47% + 0.42 (100 pg/mL Pg), and 2.68% =+ 0.62 (150 pg/mL
Pg). Related to late apoptosis, a slight increase in cells was outlined, starting from 1.43% + 0.14
(control) to 5.15% + 1.02 (150 pg/mL Pg), however, the rest of the tested concentrations did not
produce remarkable growth. The percentage of necrotic cells increased from 0.12% + 0.12
(control) to 0.60% =+ 0.11 (50 pg/mL Pg) and 0.62% = 0.02 (75 pg /mL Pg). On the other hand,
the percentage of viable A549 cells decreased from 97.12% =+ 0.04 (control) to 92.01% £ 0.02 (150

pg/mL).

2.2.7. Evaluation of the antiangiogenic profile of Pg extract using the chorioallantoic
membrane technique (CAM).

Angiogenesis is considered an important factor in cancer progression; moreover, it is
responsible for the cell invasion process and metastasis. The aim of this study was to evaluate the
in ovo antiangiogenic effect of Pg extract on the chorioallantoic membrane. This method requires
the use of fertilized chicken eggs (Gallus gallus domesticus). The effect on CAM of 150 ug/mL
Pg extract was followed in normal development, the control being represented by 0.1% DMSO.
The stereomicroscopic evaluation was performed daily and the captured images were further
processed by the Zeiss ZEN software (27).

Pg extract was very well tolerated on CAM, no signs of toxicity were observed at the level
of the vascular plexus. After 24 hours of treatment with Pg extract, a low degree of capillary
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interconnection was observed inside the plastic ring (where the extract was applied). A small
amount of newly formed vessels was detected inside the ring. However, the untreated parts
(outside the ring) presented a higher degree of vascularization development. It was observed that
using 150 pg/mL of Pg extract on the CAM is well tolerated. In conclusion, Pg extract showed an
antiangiogenic potential on the chorioallantoic membrane.

2.2.8. Immunomodulatory effects of Pg extract. Evaluation of dendritic cell viability and IL-
10 and IL-23 cytokine expression.
2.2.8.1. Dendritic cell viability evaluation

The aim of this study was to evaluate the immunomodulatory potential of Pg extract on
peripheral blood mononuclear cells (PBMC) differentiated into dendritic cells (CD). The
assessment of cell viability was performed by the FACS colorimetric method with DAPI (24 hours
of stimulation), while the evaluation of the apoptotic activity was performed by the Annexin V-
7AAD test. DMSO was used as a control in the presence or absence of inflammatory stimulation
with LPS. The obtained results were examined and interpreted using the Flow Jo 7.6.5 software
(23).

The obtained preliminary results indicated that higher concentrations of Pg extract could
affect the immune response, therefore, lower concentrations of Pg (1-10 pg/mL) were also
included. DAPI colorimetric method demonstrated that there were no cytotoxic effects of Pg
extract (low and moderate concentrations) on naive and inflammatory CD. Only at the
concentrations of 75 and 100 pg/mL Pg extract, cellular toxicity phenomena were identified (but
they did not reach statistically significant differences). It was also demonstrated that cells treated
with the lowest concentrations of Pg extract (1-10 ug/mL) did not enter into the apoptotic pathway.
High concentrations of Pg extract led to some changes in cell morphology. Therefore, the use of
low concentrations of Pg extract is substantially better, avoiding the occurrence of apoptosis
phenomena.

2.2.8.2. Evaluation of IL-10 and IL-23 cytokine expression.

The aim of this study was to evaluate the immunomodulatory potential of Pg extract on
DCs, by analysing their activity on the selected cytokines. In order to demonstrate whether Pg
extract had valuable consequences on DCs, the ELISA assay was conducted. In this experiment,
two significant interleukins, namely IL-10 and IL-23 were selected (23).

The results on cytokine expression and release of Pg extract indicated that low
concentrations of the extract presented an increase of IL-10 and IL-23 secretion on the
inflammatory DCs. Moreover, higher concentrations of Pg (starting from 75 and 100 pg/mL)
decreased the cytokine production of inflammatory DCs. Therefore, Pg extract may inhibit the
proinflammatory responses of immune cells.



STUDY 3. Green synthesis of silver nanoparticles (AgNPs).

The personal contribution to this study consists of obtaining silver nanoparticles using Pg
extract, evaluating the antimicrobial effect on selected strains (Staphylococcus aureus, Escherichia
coli, Streptococcus pyogenes, Pseudomonas aeruginosa, Candida albicans and Candida
parapsilosis) using the disc-diffusion and the disc dilution method, evaluating the antiproliferative
potential on MCF7 and A549 cancer cell lines using the MTT method.

3.1. Green synthesis of AgNPs from Pg extract.

The purpose of this study was to use an environmentally friendly “green” method in order
to synthesize nanoparticles (AgNPs) using Pg extract. This method was developed to obtain
nanoparticles using the ethanolic extract of Pg (Pg-AgNPs). The physicochemical examination of
the obtained AgNPs was performed using the following techniques: TG-DSC analysis, FT-IR and
electron microscopy investigations (TEM and SEM-EDX). These methods reveal the stability, the
functional groups on the surface of the nanoparticles, as well as the size and shape of the freshly
synthesized Pg-AgNPs (28).

The results showed that due to different temperatures during the synthesis process and to
various concentrations of an aqueous solution of AgNOs (Pg-AgNPs_S1 at 25 °C and 1M and Pg-
AgNPs_S2 at 60 °C and 5M), different shapes of silver nanoparticles were obtained. Pg-
AgNPs_S1 are spherical or quasi-spherical; in comparison, Pg-AgNPs_S2 have an irregular shape
with different forms such as rhombohedral, triangular and spherical. The physicochemical
investigation showed that the obtained Pg-AgNPs are stable, and their size is small, which is
relevant for biomedical applications. It was also demonstrated that the shape and size of
nanoparticles can be influenced by controlling the metal salt concentration and the reaction
temperature.

3.2. Antimicrobial activity of Pg-AgNPs using disk diffusion and dilution method.

The in vitro antimicrobial activity of Pg-AgNPs (Pg-AgNP_S1 and Pg-AgNP_S2) was
evaluated by the disc diffusion and the disc dilution method. The selected strains were:
Staphylococcus aureus, Escherichia coli, Streptococcus pyogenes, Pseudomonas aeruginosa,
Candida albicans and Candida parapsilosis (29, 30).

Pg-AgNPs_S1, which have a spherical or quasi-spherical shape and size between 3 and 60
nm, had a weak activity on Pseudomonas aeruginosa and Escherichia coli (Gram-negative), but
had significant results on Streptococcus pyogenes, Staphylococcus aureus (Gram-positive) and
Candida species. Similarly, Pg-AgNPs_S2, which have an irregular shape and size between 5 and
150 nm had a weak activity on Pseudomonas aeruginosa, Escherichia coli (Gram-negative) and
Candida species (Candida albicans and Candida parapsilosis), but a significant activity on
Streptococcus pyogenes and Staphylococcus aureus (Gram-positive). Both Pg-AgNPs presented
significant antimicrobial activity on Gram-positive bacteria and fungi. Comparing the
antimicrobial activity of the two nanoparticles (Pg-AgNPs-S1 and Pg-AgNPs-S2), the difference
may be representative due to their particle size.



3.3. Antiproliferative activity of Pg-AgNPs using MTT assay.

The aim of the study was to evaluate the antiproliferative activity of Pg-AgNPs_S1 and
Pg-AgNPs_S2 on MCF7 breast cancer and A549 lung adenocarcinoma cell lines, using the MTT
method. The same protocol as in the previous study mentioned above was followed. Different
concentrations of Pg-AgNPs (10, 25, 50, 75, 100, and 150 ug/mL) were tested on selected cancer
cell lines with incubation periods of 24 and 72 h (31).

It was demonstrated that Pg-AgNPs showed an antiproliferative potential on both cancer
cell lines (MCF7 and A549), but among the two tested nanoparticles; Pg-AgNPs_S2 showed
superior activity on the MCF7 cell line (compared to A549 cell line). In the case of Pg-AgNPs_S1,
a dose-dependent decrease in cell viability was observed for both cell lines, especially for the A549
line.

The antiproliferative activity of the tested poplar nanoparticles was manifested in a dose-
and time-dependent manner, however, Pg-AgNPs S2 demonstrated a much stronger
antiproliferative potential on both studied cancer cell lines.

I1l.  CONCLUSIONS

Considering the obtained results from the studies within this doctoral thesis, we can accomplish
the following aspects regarding the Romanian Pg extract:

1. The LC-MS analysis highlighted that Populus nigra L. buds are rich in various compounds
that are mainly belonging to the phenol and phenolic glycosides classes, such as
protocatechuic acid, 3-caffeoylquinic acid, caffeic acid, chicoric acid, salicin, pinostrobin,
and tremuloidin.

2. Pg ethanolic extract is a competitive inhibitor of Vitamin C and it consumes all of DPPH
in the first 20 seconds. The selected concentrations (50, 100, 250, 500, 1000 pg/mL) had a
strong antioxidant activity, comparable to Vitamin C. The percentage of inhibition varied
from 95%-97.3% whereas, in the case of Vitamin C this percentage was between 97.5%-
98.9%.

3. Related to the safety profile, it can be concluded that Pg extract presented some of the
essential trace elements (such as Fe, Cu, Zn, Mn). The elements with toxic potential were
under the detection limit (such as As, Cd, Co, Pb). Therefore, it can be concluded that the
extract does not contain toxic elements being safe for the administration in the correct
dosage.

4. Tested concentrations of Pg extract (10, 25, 50, 75, 100, 150 pg/mL) presented a significant
antimicrobial activity against Streptococcus pyogenes, Streptococcus mutans (MIC=
0.312 mg/mL for both strains), Staphylococcus aureus (MIC=0.625 mg/mL), and candida
species such as Candida parapsilosis, Candida albicans (MIC= 1.25 mg/mL).



10.

11.

12.

13.

Pg extract has been shown to possess antiproliferative properties on the MCF7 human
breast adenocarcinoma cell line as well as on the A549 human lung carcinoma cell line in
a dose- and time-dependent manner. In set of experimental conditions within this study,
the ICso values recorded were 72.49 pg/mL (MCF7 cells) and 66.26 pug/mL (A549 cells).
Pg extract stopped the proliferation of MCF7 and A549 cells in the GO/G1 phase, but the
percentage of these cells was relatively small, therefore we can conclude that the
antiproliferative mechanism of Pg extract is not related to the phases of the cell cycle.
According to the Scratch assay, Pg extract showed an anti-migratory effect on both tested
cell lines. This phenomenon was recorded at 50 pg/mL, 75 pg/mL and 100 pg/mL
concentrations of Pg extract.

The evaluation of the cytotoxic activity of Pg extract on the tested cell lines revealed that
after 72 hours of stimulation a significant cytotoxic effect was observed at 75 pg/mL (22.9
+ 1.1%), and 100 pg/mL (29.9 + 1.4%) in case of MCF7 cells, respectively at 75 pg/mL
(18 £ 1.4%), and 100 pg/mL (21.7 + 1.6%) in the case of A549 cell line. The highest
cytotoxicity rate achieved was 37% + 4.1% vs. Control (5 £ 1.1%) in the case of MCF7
cells but overall, the conclusion is that the cytotoxic activity is relatively weak.

It was demonstrated by DAPI assay that chromatin condensation was increased in a dose-
dependent manner. After incubation with high doses of Pg extract (100 and 150 pg/mL),
signs of apoptosis were observed for the tested cancer cell lines. DNA fragmentation was
not detected in MCF7 or A549 cells.

Following the Annexin-Pl method can be concluded that Pg extract induces a modest
phenomenon of apoptosis. MCF7 cell line was more sensitive than the A549 cell line.
Related to the antiangiogenetic profile of Pg extract it can be concluded that the extract led
to a low degree of capillary interconnection; only a small number of newly formed vessels
was observed. These are characteristics of an extract with antiangiogenic potential. At the
highest tested concentration (150 pg/mL) Pg extract was well tolerated and did not
presented signs of toxicity.

The evaluation of DCs activity following incubation with Pg extract led to the following
conclusions: Pg extract induced cell toxicity only at the highest tested doses, namely from
75 to 100 pg/mL (but did not reach statistical differences). To go more in detail, cells were
evaluated further for late apoptosis. It was revealed that cells treated with the lowest
concentrations of Pg extract (1-10 ug/mL) did not enter the apoptotic pathway. Therefore,
low doses of Pg extract may be adequate for further tests regarding the immunomodulatory
activity.

By means of ELISA immunomodulatory assay, the following aspects can be highlighted:
the lowest concentration of Pg extract, namely 10 pg/mL, revealed significant
immunomodulatory activity by upregulating the expression of the IL-12 and IL-23 subunits
pl9, p35 levels. However, it is not clear which immune response will be promoted by the
extract, therefore, this aspect will need to be further evaluated.

10



14. Through the studies within this thesis, green synthesis of AgNP using an ethanolic extract
of Pg was conducted. Results have shown that the Pg-AgNPs were stable, and the particle
sizes varied between 3 and 150 nm. Pg-AgNPs_S1 had a spherical or cvasi-spherical shape,
and Pg-AgNPs_S2 had an irregular shape. The data obtained within the study demonstrated
that the designed Pg-AgNPs were suitable for further biomedical applications.

15. Regarding the in vitro antimicrobial activity can be concluded that Pg-AgNPs_S2
presented a significant antimicrobial activity against Gram-positive bacteria
(Streptococcus pyogenes, Staphylococcus aureus) and Candida albicans, Candida
parapsilosis, but a weaker activity on Gram-negative bacteria (Escherichia coli,
Pseudomonas aeruginosa). Pg-AgNPs_S1 presented a weaker activity, with notable effect
on Gram-positive bacteria (Streptococcus pyogenes and Staphylococcus aureus), and much
weaker antibacterial activity on the Gram-negative bacteria (Pseudomonas aeruginosa and
Escherichia coli). The difference between the two tested Pg-AgNPs, may be due to their
various physicochemical properties, such as shape or size. Pg-AgNPs-S1 had a small
particle size and Pg-AgNPs-S2 had a bigger particle size, so the contact surface was
enlarged.

16. The results regarding the antiproliferative activity revealed that Pg-AgNPs_S2 presented a
stronger antiproliferative potential on MCF7 and A549 human cancer cell lines than the
Pg-AgNPs_S1. This activity was manifested in a time and dose-dependent manner.

The originality of the present study consists in:

e Investigating for the first time the phytochemical profile of Populus nigra L. buds,
collected from the western part of Romania (Timisoara).

e Highlighting the inorganic elements present in Pg extract.

e Conducting a study regarding the antioxidant activity of the species.

e Testing in vitro the antimicrobial activity of the Pg extract on different bacterial and fungal
strains.

e Invitro evaluation of the antiproliferative/pro-apoptotic/cytotoxic activity of the Pg extract
on MCF7 human breast adenocarcinoma and A549 human lung cancer cell line.

e Highlighting the antiangiogenic potential of Pg extract using an in ovo technique.

e Investigating the immunomodulatory activity and cytokine expression of Pg extract
through complex techniques on human dendritic cells.

e Synthesis and detailed characterization of Pg-AgNPs.

e Evaluation of the antimicrobial activity of Pg-AgNPs.

e Analysis of the antiproliferative effect of Pg-AgNPs.
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Research perspectives

The results of the research undertaken within the doctoral thesis justify the continuation of studies
in the following directions:
e Supplementary evaluation of Pg extract as well as the green synthesized nanoparticles from
black poplar bud on other cancer cell lines and microbial strains.
e Further in vivo evaluation of Pg extract as well as the green synthesized nanoparticles from
black poplar bud on experimental animal models.
e Looking forward, in terms of positive results, new lines of research can be opened toward
clinical trials.
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