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Abstract

The optimization techniques are fundamental to guarantee the stability of any preparation process and the quality of the
nanostructures synthesized under ideal circumstances. In this sense, this study evaluates the potential of guarana leaf extract
(Paullinia cupana Kunth—Sapindaceae) for the green synthesis of silver nanoparticles (AgNPs) using routes that employ
different equipment/energy sources (autoclave, LED, microwave, sunlight, ultrasound, and water bath). The aqueous extract
was characterized by high-performance liquid chromatography coupled with high-resolution mass spectrometry (UHPLC-
HRMS/MS). The AgNPs were analyzed by UV/Vis spectroscopy, dynamic light scattering (DLS), zeta potential (ZP),
Fourier transform infrared (FTIR), transmission electron microscopy (TEM) and their antibacterial, leishmanicidal and
cytotoxic effects were evaluated in vitro. The results show the presence of phenolic acids, alkaloids, and flavonoids in the
leaf extract, which was supported by the identification of their functional groups in the FTIR spectra. The AgNPs showed
maximum absorption between 420 and 440 nm (UV/Vis), with a diameter below 100 nm (DLS) and 60 nm (TEM), spherical
morphology and a surface charge above —30 mV (ZP). The antibacterial test showed pronounced inhibition in the growth
of Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus bacteria. The leishmanicidal activity of AgNPs
on Leishmania (Leishmania) amazonensis was more pronounced than that of the drug miltefosine while low cytotoxicity
was reported on RAW 264.7 macrophages. With this, this study reports the possibility of using alternative routes for the
sustainable synthesis of AgNPs from Paullinia cupana extract with considerable applications against pathogenic bacteria
and opportunistic parasites.
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1 Introduction

Metallic nanoparticles (MNPs) are structures with at least
one dimension smaller than 100 nm and are among the
most widely used nanomaterials in the industrial and ser-
vice sectors [1, 2]. Among MNPs, silver nanoparticles
(AgNPs) have stood out given their size, shape, and high
surface area to volume ratio characteristics that make
them ideal for use in various areas, such as antimicrobial
and antiparasitic agents, catalytic agents, environmental
remediation agents, active cosmetic ingredient, among
others [3—6]. Several physical and chemical approaches
have been performed for the synthesis of AgNPs; however,
they are gradually being substituted due to their inherent
shortcomings, which encompass the release of compounds
detrimental to both human health and the environment.
Furthermore, these approaches are expensive and demand
higher reactivity and labor intensity [7-9].

To deal with such limitations and drawbacks, the need
for a sustainability-efficient synthesis strategy has led to
the establishment of green synthesis. Three initial steps are
involved: the choice of solvent medium, the choice of sil-
ver ion (Ag") reducing agents, and the choice of biocom-
patible materials for stabilizing AgNPs [10, 11]. In gen-
eral, biological systems or part of them synthesize AgNPs
on a large scale without potentially hazardous reagents,
high energy expenditure, and even in a shorter time. In this
scenario, plants stand out since their different parts can
be exploited and mainly because they have in their phyto-
chemical composition a rich source of plant biomolecules
(phenolic compounds, proteins, polysaccharides) that may
be responsible for the processes of reduction, capping and
stabilization of the surface of the AgNPs formed, reducing
the risk of toxicity, and promoting potential improvements
in the bioactivities of nanostructures [12—-14].

The Amazon is a biome comprising an extensive ter-
ritorial area, and its biodiversity emerges as a source of
valuable resources with a high potential for developing
novel technologies applied to science and technology.
This aspect configures good perspectives for nanotech-
nology since, in this region, several plant species can be
explored sustainably, for example, in the green synthesis
of AgNPs. Guarana (Paullinia cupana Kunth) belongs to
the Sapindaceae family and is a native Brazilian species
with considerable economic and social importance [15],
where the seed is generally the commercially exploited
part of the plant due to its high phytochemical content,
revealing in its composition the presence of various func-
tional biomolecules such as methylxanthines and tannins
through extraction using different solvents [16] and also
polyphenols such as catechins and procyanidins, as well as
the puric alkaloid caffeine, which have been identified in
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extracts of Paullinia cupana seeds from different guarana
producing regions of Brazil [17, 18]. There is a report
describing the presence of the alkaloids theobromine, the-
ophylline and caffeine in the leaves, stems, inflorescences
and pericarps of Paullinia cupana, mainly in young/
immature tissues and decreasing as the plant matures [19].
Besides the performance of guarana as a source of func-
tional food having stimulant, diuretic, and antioxidants
effects [20], its biological actions involve antimicrobial
[21], anti-inflammatory [22, 23] and anticancer activities
[24].

Biological synthesis routes of AgNPs can be employed to
reduce or eliminate the generation of hazardous substances
throughout the process, thus improving the sustainability
and applicability of the produced nanomaterials [25]. Sev-
eral techniques exploiting equipment and energy sources
have been applied and, combined with natural precursors
(e.g., plant extracts), gather features such as low cost, short
reaction times and easy reproducibility. However, when ana-
lyzing the different parameters involved in the preparation
of AgNPs, there are still gaps regarding the combinations
between them that result in good characteristics related to
yield, shape, size, and stability of nanostructures, since each
plant has overly complex phytochemical compositions and
the mechanisms associated with the success of phytosyn-
thesis are not yet fully understood [26]. Thus, the present
study aimed to synthesize and characterize AgNPs using
an aqueous extract of guarana leaves by different routes:
autoclave, LED light, microwave, sunlight, ultrasound, and
water bath. Furthermore, the antibacterial, leishmanicidal,
and cytotoxicity activities of AgNPs were investigated.

2 Material and methods

2.1 Preparation of the aqueous extract of Paullinia
cupana leaves

Guarana leaves were collected from a private property in
the city of Maues, Amazonas State, Brazil (03°22'07" S
and 57°41'27" O) according to the recommendations of
the Genetic Heritage Management Council (CGEN) with
authorization number A5C4D66. About 1.0 g of the plant
material was weighed, washed with neutral detergent, and
with distilled water, and finally the leaves were dried under
room temperature to constant weight and cut into small frag-
ments of 5 mm?. The aqueous extract was prepared by boil-
ing on a hotplate using boiling ultrapure water for 3 min in
aratio 1:10 (w/v) making the concentration of 100 mg/mL,
and at the end, the resulting extract was filtered with the aid
of qualitative filter paper (Whatman n°l) and used immedi-
ately after its preparation.
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2.2 Synthesis of AgNPs

AgNPs were synthesized in all routes using an aqueous
solution of silver nitrate (AgNO;) (Sigma Aldrich, Brazil)
at 2 mM (340 pg/mL) and plant aqueous extract concen-
tration set at 2 mg/mL. The suspensions were transferred
to test tubes covered with aluminum foil and incubation
lasted 180 min in a water bath (AgNPs-WB) and ultrasonic
bath (AgNPs-U) (40 kHz; 132 W) at 70 °C; under sunlight
(AgNPs-S) with temperature between 24 and 29 °C and
under UV light in a LED light emitting equipment (AgNPs-
LED) (660 nm; 55W/m?) under room temperature. The syn-
thesis of AgNPs was also investigated using heating and
pressing in an autoclave (AgNPs-A) for one complete cycle
(90 min) at 121 °C and with irradiation by microwave heat-
ing (AgNPs-M) (1150 W; 2450 MHz) for 1.5 min.

2.3 Phytochemical profiling of Paullinia cupana
aqueous extract by UHPLC-HRMS/MS

The aqueous extract of guarana leaf was diluted to a con-
centration of 2 mg/mL in ultrapure water, centrifuged at
13.200 rpm for 10 min and 1 pL was injected into an ultra-
high performance liquid chromatography (UHPLC, Nexera
X2, Shimadzu Corporation, Japan) consisting of quaternary
gradient pump, auto-vacuum degasser, thermostathed col-
umn over set at 40 °C. Separations were carried out using an
Acquity UPLC HSS-T3 column oven (150 2.1 mm, 1.8 pm,
Waters Technologies, Milford, MA, USA) and the detection
was performed using an ESI-qTOF-HRMS high-resolution
mass spectrometer (maXis 4G, Bruker Daltonics, Germany).

Chromatographic separations were performed using
the eluents: A (0.1% formic acid in water (v/v)) B (0.1%
formic acid in acetonitrile (v/v)) under the following gra-
dient curve: 0% B isocratic for 0.0—1.0 min, 0-25% B for
1.0-9.0 min, 25-50% B for 9.0-14.0 min, 50-100% B for
14.0—-17.0 min, 100% B isocratic for 17.0-20.0 min and 0%
B for 20.0-25.0 min returning to the initial condition for
equilibration. All analyses were performed using a flow rate
of 0.4 mL/min. The high-resolution mass spectrometry anal-
yses were achieved using the following instrument settings:
positive mode with the source of electrospray operating at
3.6 kV (ESI(+)-MS) and negative mode with the source of
electrospray operating at 3.8 kV (ESI(-)-MS). Nitrogen was
used as nebulization (4.0 Bar), desolvation gas (9.0 L/min,
200 °C), and collision gas. The auto MS/MS acquisition set-
tings were configured as previously reported by [27].

The UHPLC-HRMS/MS system was operated using the
Compass 1.7 package (Bruker Daltonics, Germany), con-
sisting of oTofControl 3.4 and HyStar 3.2 software and the
raw data were processed using DataAnalysis 4.2 software
(Bruker Daltonics, Germany). The first-order spectra (MS)
were evaluated using the SmartFormula tools that predict

the elemental formula of the detected ions and Compound
Crowler that makes the identification of metabolites in data-
bases (METLIN, KEGG), while the second-order spectra
(MS/MS) were evaluated using the MetFrag [28] tool where
the candidate molecules are fragmented, and their mass/
charge values (m/z) are compared with such values obtained
in the spectra of the analyzed samples.

2.4 UV/Vis spectrophotometric analysis

The kinetic effects on the formation of AgNPs were moni-
tored by means of measurements in a UV/Vis spectropho-
tometer (UV1800PC, Phenix) at the wavelength of 450 nm
every 30 min for AgNPs-LED, AgNPs-S, AgNPs-U, and
AgNPs-WB, every 15 s for AgNPs-M and only at the begin-
ning and end of the incubation of AgNPs-A due to the speci-
fications of these routes. At the end of each reaction, an
absorbance curve was obtained for each sample with meas-
urements in the range between 350 and 550 nm to indicate
the peak of maximum intensity that is the result of the sur-
face plasmon resonance (SPR) phenomenon of AgNPs.

2.5 Dynamic light scattering (DLS)
and electrophoretic mobility (Zeta potential)
analysis

The HD, the PdI, and ZP of the AgNPs synthesized by the
different routes were measured by DLS and electrophoretic
mobility, in a Zetasizer Nano ZS equipment (Malvern Instru-
ments, UK) configured to perform the readings at a tempera-
ture of 25 °C, at an angle of 90°, with a helium—neon laser
of 633 nm and after stabilization of 120 s. The samples were
diluted in a 1:10 (v/v) ratio in ultrapure water and placed in
polystyrene cuvettes that were inserted into the equipment
that performed the measurements in manual mode with 10
readings in triplicate. To evaluate the effect of storage, ali-
quots of each AgNPs suspension were previously stored at
room temperature (22 °C) and in a refrigerator (4 °C) and
the measurements were repeated the next day of the initial
synthesis and after 180 days (6 months). The results were
represented by the mean + standard deviation of the mean,
processed by ZetaSizer 7.13 software from the same equip-
ment manufacturer.

2.6 Analysis by Fourier transform infrared
spectroscopy (FTIR)

FTIR spectroscopy was used to identify the possible func-
tional groups related to the biomolecules present in the aque-
ous extract of Paullinia cupana, as well the groups existing
on the surface of the AgNPs. The spectra in the infrared
region were acquired with the use of a spectrophotometer in
the attenuated reflectance mode—ATR (Vertex 70, Bruker,
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USA) with the samples in liquid state. For the analysis, 2 uL.
of each sample (without previous dilution) were deposited
on a diamond crystal and measurements were performed in
the region between 4000 and 500 cm™!, with a resolution of
4 cm™! after 96 scans.

2.7 Transmission electron microscopy (TEM)

For all AgNPs synthesized, a volume of 10 pL of undiluted
samples (340 pg/mL) was deposited on copper grids covered
with Formvar® film and after 1 min the excess of the drop
was removed using the filter. The samples were then left in
the dark for 24 h for complete drying. Analyses were per-
formed on a Tecnai Spirit G2 transmission electron micro-
scope operating at 120 kV (FEI, USA). The images were
obtained randomly by counting the particles of each group of
AgNPs with the aid of Image J software (National Institute
of Health, USA).

2.8 Antibacterial tests

The minimum inhibitory concentration (MIC) assay was
performed according to [29] to evaluate the potential anti-
bacterial activity against the Gram-positive bacteria Staph-
yvlococcus aureus (ATCC 6538) and the Gram-negative
bacteria Escherichia coli (ATCC 25922) and Pseudomonas
aeruginosa (ATCC 9027). Initially, the microorganisms
were grown on Mueller—Hinton agar at 35 °C for 24 h under
aerobic conditions and subsequently, the isolated colonies
were suspended in 0.85% isotonic sodium chloride saline
with an optical density of 0.5 on the McFarland scale
(1-2x 108 CFU/mL). Bacterial suspensions at a concentra-
tion of 5x 10° CFU/mL were inoculated into 96-well micro-
plates and exposed to AgNPs synthesized via the different
green synthesis routes and the aqueous AgNO; solution
(0.42 to 54 pg/mL), as well as the aqueous extract of guarana
leaves (3.9 to 500 pg/mL). The plates were incubated for
24 h at 37 °C under aerobic conditions and the MIC was
defined as the lowest concentration of the tested samples that
inhibited visually observed bacterial growth.

2.9 Antipromastigote assay in Leishmania
amazonensis

Parasites of the species Leishmania amazonensis (IFLA/
BR/67/PH8) were maintained in vitro in their promastigote
form in Schneider medium supplemented with 10% fetal
bovine serum (FBS) and 1% solution of penicillin (100 U/
mL) and streptomycin (100 pg/mL), pH 7 and incubated at
26 °C in a Biochemical Oxygen Demand (BOD) incuba-
tor, according to the methodology of [30]. The assay was
performed with promastigote forms in logarithmic growth
phase cultured in 96-well plates (1 x 10° parasites/well) in
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100 uL of supplemented Schneider medium, containing
serial concentrations of AgNPs synthesized by different
routes (3.12 to 200 pg/mL), aqueous plant extract, AgNO;
and positive control miltefosine (1.56 to 100 pg/mL). The
microplates were incubated in BOD at 26 °C for 72 h and
after the treatment period 10 pL of MTT (5 mg/mL) was
applied to each well and the plates were incubated again for
another 4 h. At the end of the process, 50 pL of 10% sodium
dodecyl sulfate (SDS) solution (w/v in distilled water) was
added to the wells for the solubilization of formazan crys-
tals. The reading was performed in a microplate spectropho-
tometer (Biosystems ELx800, Curitiba, Brazil) at 540 nm.
The negative control was performed with a supplemented
Schneider medium containing 0.2% DMSO, considered as
100% viability of leishmania.

2.10 Determination of cytotoxicity in infected
macrophages and calculation of the selectivity
index (SI)

Cytotoxicity was assessed in 96-well microplates by MTT
colorimetric assay. The RAW 264.7 murine macrophage
cell line was cultured in DMEM medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin (100
U/mL) and streptomycin (100 pg/mL) solution, pH 7, at
37 °C, 5% CO, with 80% humidity [31]. A concentration
of 1 x10° RAW 264.7 macrophages per well was placed in
100 pL of supplemented DMEM medium, and after 4 h of
incubation at 37 °C and 5% CO, for cell adhesion, the wells
were washed with sterile PBS. Soon after, in triplicate wells,
100 pL of supplemented DMEM medium containing differ-
ent concentrations of AgNPs and AgNO; (3.12 pg/mL to
200 pg/mL), aqueous plant extract (1.56 pg/mL to 100 pg/
mL), positive control (miltefosine 6.25 to 400 pg/mL) were
added and incubated for a period of 72 h. After incubation,
10 pL of MTT (5 mg/mL) was applied to the wells, and the
microplates were incubated again for a further 4 h, then the
supernatant was removed and 100 pL. of DMSO was added
to all wells. After 30 min of stirring, the reading was per-
formed at 540 nm on a plate reader (Biosystems ELx800,
Curitiba, Brazil). Supplemented DMEM medium containing
0.5% DMSO was used as negative control and considered
100% macrophage viability.

The SI of each treatment was calculated by dividing the
cytotoxicity concentration observed for macrophages (CCsy)
by half of the maximum inhibition concentration measured
for the leishmania species (ICs).

2.11 Statistical analysis
Quantitative data of DLS characterization and Zeta poten-

tial of AgNPs, as well as the mean values of dry diameter
determination of AgNPs obtained by TEM, are presented
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as mean + standard deviation (SD) of the mean. Possible
differences between groups were determined by analysis
of variance (ANOVA) followed by Tukey’s test with sig-
nificance level at p <0.05. Graphs and/or histograms were
plotted using GraphPrism 8 (GraphPad Software, USA) and
OriginPro 8.5 (OriginLab Corporation, USA) software.

3 Results and discussion

3.1 Chemical characterization of Paullinia cupana
aqueous extract

The chemical profile of the aqueous extract of Paullinia
cupana leaves used in the synthesis of AgNPs was investi-
gated by UHPLC-HRMS/MS to identify the biomolecules
that, among other properties, can act as reduction agents
of silver ions (Ag*) to colloidal silver (Ago) and stabiliza-
tion/coating of the surface of nanostructures, as extensively
reported in previous research [32, 33].

Evaluating the Base Peak Chromatogram (BPC) for the
compounds 3, 4, and 7 [M+H]J* they showed low reten-
tion times (tg =1.000 min, 1.084 min, and 1.562 min,
respectively), an indication of high polar compounds and
their precursor ions were highlighted with m/z at 176.0915,
148.0973, and 130.0862, being putatively identified as cal-
istegin B2, fagomine, and pipecolic acid, respectively. On
the other hand, compound 9 was eluted at ty =8.332 min

and its precursor ion was observed as an intense signal at
m/z 181.0722 [M+H]* and it was putatively characterized
as theobromine (Fig. 1a; Supplementary Table S1).

When evaluated in negative mode the BPC (Fig. 1b)
revealed a precursor ion at m/z 191.0566 [M +H]™ for the
high polar compound 7 (tg =1.243 min) and it was puta-
tively attributed to the quinic acid. At the end of BPC are
highlighted three well-defined peaks (tg =14.262 min,
14.933 min, and 15.752 min), where their precursor ions
were defined as m/z 449.1110, 447.0950 and 431.0997
[M+H]™ revealed the presence of the compound 11 astilbin,
compound 12 quercitrin, and compound 14 afzelin, respec-
tively (Supplementary Table S1). Recently, isoquercitrin was
found as the main compound in the plant Sambucus ebu-
lus and was considered by the authors the main metabolite
related the biosynthesis of AgNPs with bioactive properties
[34].

Different analytical responses were obtained when the
UHPLC-HRMS/MS system was used in distinct ionization
mode. Four compounds were identified when positive ioni-
zation was used and the other four by the negative mode. To
the best of our knowledge, this appears to be the first scien-
tific report involving the characterization of aqueous extracts
of Paullinia cupana leaves, which may provide support for
further research dealing with the main compounds present
in this kind of plant phytopreparation.

Among the mechanisms proposed for the reduction of
Ag* ions to Ag’ there is the influence of free electrons from

Intens.
X108 Fagomine Theobromine a
0sd T m~ 1480973 m/z 181.0722
0.6
Calistegin B2
m/z 176.0915
0.4 ﬂ
021 Pipecolic acid
J\j W/z 130.0862
0.0 A ] \ " \ A o
? ¢ ¢ 8 10 12 14 16 Time [min]
Intens.
x104
5‘ b
Quercitrin
“ Astilbin m/z 447.0950
Quinic acid m/z449.1110
%7 m/z191.0566 Afzelin
m/z 431.0997
g 1
14
0]

:
16 Time [min]

Fig. 1 Chromatograms obtained by UHPLC-HRMS/MS of the aqueous extract of Paullinia cupana leaves collected in the dry period. a Positive

ionization mode; b Negative ionization mode
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functional groups (hydroxyls, carboxyls, carbonyls, amines)
present in biomolecules, mainly phenolic acids, alkaloids
and flavonoids that make up the aqueous extract of Paullinia
cupana leaves (Supplementary Fig. S1) and that, through
the process of chelation with the metal, organize themselves
into stable complexes, resulting in the formation of AgNPs
[35, 36], as described in some research that explored caf-
feine, theophylline, quercetin and naringenin as the main
metabolites responsible for the bioreduction and stabiliza-
tion of silver nanostructures [37-39]. In general, through the
low dissociation energy of hydroxyl groups (-OH) during
the tautomeric transformation of compounds from the enol
form to the keto form, there is the release of cationic hydro-
gen atoms that are bound to silver for subsequent biological
reduction [40-42].

3.2 Visual aspect and UV/Vis spectral analysis

Color changes of colloidal suspensions are among the most
widely used available approaches to monitor the formation
of AgNPs. This visual property has been related to the SPR
effect, which, among other factors, can depend on the poten-
tially formed nanostructures optical, structural, and morpho-
logical features [43]. With this, in the present study, it is
possible to observe a similar coloration of all the reaction
mixtures after the synthesis time for each equipment and/
or energy source used, tending to a yellowish hue (Supple-
mentary Fig. S2).

Monitoring the absorbance at a wavelength of 450 nm
carried out throughout the synthesis reactions based on
the specifications of each route showed that, based on the
absorbance intensity obtained, all the routes employed
resulted in the formation of AgNPs regardless of the intrin-
sic conditions in each condition adopted (Fig. 2). Tempera-
ture is an essential factor during the bioreduction process,
as it can control the kinetics of the reaction and the physico-
chemical characteristics of the nanostructures synthesized by
increasing the electron transport of the biomolecules present
in the plant extracts that meet Ag* ions, efficiently promot-
ing their conversion into Ag0 [44, 45]. Thus, the time and
type of route used could significantly influence the synthesis
of AgNPs in the present study.

The routes that used an autoclave and sunlight reached
maximum absorption right at the start of monitoring in the
UV/Vis spectrum due to their intense coloration. Therefore,
these aliquots were diluted to continue their spectral charac-
terizations and, as can be seen in Fig. 2, the AgNPs-S curve
showed an almost stabilization phase, while the AgNPs-A
curve showed the formation of nanostructures even with a
shorter reaction time. The method that uses heating and pres-
sure in an autoclave can favor the initial nucleation stage of
the nanoparticles by controlling their size and shape, while
synthesis under direct solar irradiation is favored by the
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Fig.2 Kinetic curves monitoring the formation of AgNPs obtained
by spectrophotometry at 450 nm during biosynthesis using the aque-
ous extract of Paullinia cupana leaves varying the equipment and/or
energy source. ' Absorbance was measured only at the beginning and
end of the reaction; 2Absorbance was measured every 15 s for a time
of 1.5 min. *Samples were diluted 1:10 (v/v) in ultrapure water
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Fig.3 Absorbance curves of AgNPs obtained by spectrophotometry
in the range 350 to 550 nm after the biosynthesis time using the aque-
ous extract of Paullinia cupana leaves varying the equipment and/or
energy source. *Samples were diluted 1:10 (v/v) in ultrapure water

photons of light that accelerate the bioreduction reactions
by acting as catalysts that allow the process to take place in
less time [46—48].

The absorption curves of the AgNPs samples (Fig. 3)
reveal that the maximum peak is 420 nm for AgNPs-A,
AgNPs-M, AgNPs-U, and AgNPs-WB, with small shifts to
longer wavelength regions, maximum absorption bands at
430 nm for AgNPs-S and 440 nm for AgNPs-LED, typical
the silver metallic nanostructures. These subtle changes in
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the UV/Vis spectra of AgNPs may correlate with the SPR
phenomenon that may also be responsible for the color
change of the reaction mixtures and vary due to factors such
as size, shape, concentration of biomolecules used in the
synthesis, reaction temperature, among others [49, 50].

3.3 Evaluation of colloidal stability by DLS
and surface Zeta potential

In the present study, DLS and Zeta potential measurements
occurred right after the syntheses, the next day, and 180 days
after the initial synthesis with the AgNPs stored under room
temperature (~22° C) and in the refrigerator (~4° C). The
results are described in Table 1.

According to the HD data, the size distribution range of
AgNPs on the day of synthesis by each proposed route was
between 64.7 and 97.55 nm. Over 180 days, such measure-
ments were significantly lower (p <0.05) when the values
of AgNPs-LED and AgNP-U were compared to their ini-
tial sizes, regardless of storage, but increased significantly
(» <0.05) when the values of AgNPs-S and AgNPs-WB
were evaluated after storage in a refrigerator. When using
Aloe vera leaf extract, the authors synthesized AgNPs with a
diameter of 88.78 nm [51], like that described in the present
study for AgNPs-S. In turn, the extract from the leaves of
Barleria buxifolia mediated the synthesis of AgNPs with a
diameter of 80 nm after exposure to ultrasound irradiation
[52], this size being higher than the sizes observed 180 days
after the synthesis of AgNPs-U.

The PdI, a parameter that provides information on the
homogeneity of distribution of particles in suspension, was
considered moderate to high for all synthesized samples
(0.2-0.5) and may indicate the formation of agglomerates
related to modifications on the surfaces of nanostructures
[53]. After 180 days of synthesis, the Pdl of AgNPs-M,
AgNPs-U, and AgNPs-WB decreased significantly (p <0.05)
compared to those newly synthesized regardless of the stor-
age environment, demonstrating that over time it is possible
to modulate the characteristics related to the homogeneity
of the synthesized AgNPs. When using LED light at dif-
ferent wavelengths in the green synthesis of AgNPs from
Bougainvillea glabra, a polydispersity range between 0.209
and 0.504 similar was observed with the data obtained for
AgNPs-LED during colloidal stability analyses [54]. On the
other hand, our results for AgNPs-M are more satisfactory
than those recently reported in a study that obtained AgNPs
via Sycamore at different pHs with PdI between 0.25 and
0.5 [55].

All newly synthesized AgNPs showed high values of
Zeta potential, highlighting AgNPs-M and AgNPs-WB
with surface charges of —38.1 mV and — 36 mV, respec-
tively, agreeing with previous research where the water
bath method used in biosynthesis allowed AgNPs to be

Table 1 Hydrodynamic diameter (HD), polydispersity index (PdI)
and surface Zeta potential (ZP) of AgNPs biosynthesized from aque-
ous extracts of Paullinia cupana leaves employing different equip-
ment and/or energy source on the day of synthesis (DO), after 1 day
(D1) and after 180 days (D180) from the initial synthesis with storage

at room temperature (RT) — 22 °C or in refrigerator (REF) — 4 °C

Time/Storage HD (nm) PdI ZP (mV)
AgNPs-A
DO 76.73+1.4 0.284+0.01 -33+16
D1 -RT 77.33+0.7 0.303+0.04 -30.3+4.9
D1 - REF 72.36+2.5 0.272+0.02 -32+0.8
D180 —RT 773+1.5 0.288+0.02 -30.9+0.7
D180 -REF  79.18+4.7 0.302+0.04 —31.7+0.7
AgNPs-LED
DO 87.76+4.6 0.428+0.01 -344+1.6
D1 -RT 62.56+19%  0.341+0.05 —362+2.3
D1 - REF 72.42+3.1%  0.396+0.03 —287+19°¢
D180 — RT 5585+1.8%  0.518+0.08 —37.2+0.9
DIS8O—REF  53.1+2.1°¢ 0.472+0.06 —349+1.6
AgNPs-M
DO 64.7+9.1 0.894+0.18 —38.1+0.3
D1-RT 3843+53"° 0.874+0.22 —31.6+4.0"
D1 - REF 37.53+54° 0.874+0.22 —312+2.7"
D180 - RT 7721+142  0373+£0.08°  —32.6+0.7
D180 -REF  71.08+7.5 0.260+0.02"°  —35.4+07
AgNPs-S
DO 75.86+1.3 0.395+0.06 -33+29
D1 -RT 74.25+0.1 0.333+£0.01 —338+1.8
D1 - REF 68.5+1.0 0.419+0.02 —37.5+04
D180 - RT 77.56+2.7 0.427+0.04 —33.5+04
DISO—REF  9223+84F  0389+0.10 -32+22
AgNPs-U
DO 97.55+2.2 0.476+£0.01 -329+1.3
D1 -RT 72.14+27°  0.418+0.01 —372+1.2°
D1 - REF 72.53+12°  0.404+0.07 -36+0.7°
D180 - RT 76.17+0.6°  0.278+0.01° —349+04
D180 -REF  72.3+1.1° 0.351+0.03° -335+1.3
AgNPs-WB
DO 74.57+4.8 0.462 +0.06 -36+1.1
D1 -RT 6646+1.6*  0.403+0.01 -355+1.2
D1 - REF 68.55+1.6 0.456+0.03 —323+3.1
D180 - RT 68.94+0.1 0.319+0.04*  —35.6+09
D180 -REF  8593+24*  0.365+0.06 —345+13

Values are represented as mean + standard deviation of the mean of
measurements in triplicate. Statistical analysis: one-way ANOVA test
(p<0.05), followed by Tukey’s test. Superscript symbols indicate sig-
nificant differences within each parameter separately for each AgNPs
group compared to the day 0 (DO) measurement, where ¢ =AgNPs-
LED; *=AgNPs-M; § = AgNPs-S; °=AgNPs-U; *= AgNPs-WB.

obtained with a surface charge of around —36.7 mV [56].
These measurements represent the electrical interac-
tions between the surface of the particles with the liquid
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medium to which they are dispersed and are related to
electrostatic attraction phenomena at this interface [57].
It is important to highlight that, even after evaluation for
6 months in different storage conditions, no Zeta potential
measurement had significant change (p <0.05) when com-
pared to the measurement of newly synthesized AgNPs,
which may mean the maintenance of colloidal stability of
nanostructures in aqueous suspension.

With a view to large-scale production and increas-
ingly robust optimizations to achieve better results, it is
of fundamental importance to monitor the colloidal sta-
bility of AgNPs synthesized from different routes since
each method has intrinsic characteristics that can influence
colloidal properties over time and considering the distinct
phytochemical composition of plants that can behave dif-
ferently in the process of stabilizing the surface of the
particles.

3.4 FTIR analysis

FTIR spectroscopy was used to characterize and identify the
chemical composition of the AgNPs surface. This analysis
contributed to determine which are the likely molecules that
acted as capping and reducing agents of AgNPs. The FTIR
spectrum of guarana aqueous extract is showed in Fig. 4a
and as indicated presents bands at 3346, 2938, 2850, 1700,
1620, 1398, 1078 and 660 cm™" which are associated with
vibrational modes of the hydroxyls, carboxyls, carbonyls,
and amines, among others functional groups, from the
classes of phytochemicals related to the guarana plant mate-
rial involved in the AgNPs formation process.

Due to the compositional complexity of the guarana
extract, there may be overlapping of the absorption bands
of the different functional groups, which makes it diffi-
cult to correctly assign these bands in the AgNPs spectra

Fig.4 FTIR spectra of extract
of (a) Paullinia cupana leaves
and AgNPs synthesized with
different synthesis routes: (b)
AgNPs-U, (¢) AgNPs-WB, (d)
AgNPs-A, (e) AgNPs-M, (f)
AgNPs-S, and (g) AgNPs-LED

e
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synthesized with different synthesis routes (Fig. 4b—g).
For example, the bands ranging from 3200 to 3600 cm™!
are related to the stretching vibrations of the O-H (due to
hydroxyl groups) and N—H (due to amides groups) of the
phytochemicals compounds, while the bands at 2924 and
2850 cm™! (AgNPs-LED) can be assigned to antisymmetric
and symmetric stretch modes of CH, of alkanes [58] and
were also found in the spectrum referring to the Paullinia
cupana extract as 2938 cm™!, corroborating with previous
studies that found who found a peak around this region in
spectra that analyzed the extract of the guarana seed residue
[59]. The band around 1700 cm™" in the extract spectrum is
related to C =0 stretching vibration of the carbonyl group;
however, the stretching vibrations of amides (-CONH,) also
appear in this range. In addition, in relation to AgNPs, the
band around 1620 cm™! can be correlated to the stretching
of aromatic C=C bond of phytochemicals compounds and
may also correspond to the N-H bending of aromatic amines
present in the guarana biomolecules, as previously reported
in FTIR spectra analysis of Paullinia cupana seed extract
[60]. In turn, the bands around 1345, 1040, and 660 cm™'
in the AgNPs spectrum are characteristic of the C=C ring
stretching, C—OH bending, and C-C ring stretching vibra-
tions, respectively [61].

In general, the FTIR spectra of AgNPs synthesized with
different routes show spectral feature like those of guarana
extract, indicating the presence of phytochemicals com-
pounds at the nanoparticles surfaces. However, it is impor-
tant to note in the spectra of the AgNPs samples, the disap-
pearance of the peak at 1700 cm™!, the appearance of a peak
at near 1330 cm™! (marked in dark gray) and the increase
in the intensity of the bands around 1065 and 1395 cm™!
(marked in green and light gray, respectively). Indeed, it was
observed that the integrated intensity of these bands is twice
as high in the AgNPs samples synthesized at lower tempera-
tures (AgNPs-S and AgNPs-LED when compared to those
synthesized at temperatures greater than 70 °C (AgNPs U,
AgNPs-WB, AgNPs-A, and probably AgNPs-M), consider-
ing that most of the phenolic compounds are heat-sensitive,
which leads to a greater degradation of these compounds in
the samples synthesized at higher temperatures [62]. Thus,
since all the colloidal suspensions were prepared with the
same concentration of metallic precursor and aqueous plant
extract, the synthesis routes involving different equipment
and/or energy sources (implying in greater or lesser energy,
and intramolecular forces/interactions), could explain this
behavior, as well as the shifts (wavenumber — cm ™!, x-axis),
widths, shapes, and the relative intensity (absorbance — %,
y-axis), of the peak/band observed.

Related to the bio-reduction process, the AgNO; salt,
when dissolved into water, is broken up into two ions (Ag*
and NO; ™). Since OH and COOH groups from phytochemi-
cal compounds are acidic in nature, they supply H* and

acquire a negative charge (O~ and COQO™), which form elec-
trostatic linkage with the Ag* ions, reducing Ag* to Ag’,
that start to aggregate forming clusters which grow further
and finally stabilize to form AgNPs [63]. The peak around
1340-1354 cm™! in the AgNPs spectra can be explained
by considering that NO;~ ions can accept H* from OH of
phenol or from COOH of the acid of the polyphenolic com-
pounds to form HNO;, which remains in the aqueous phase,
giving rise to the mode vibrational 5(NH) [64, 65].

3.5 Morphological TEM analysis

The morphological and two-dimensional characteristics can
be affected by the parameters investigated when obtaining
the AgNPs, including the biological synthesis routes. Fig-
ure 5 shows that the morphology of the AgNPs revealed a
predominantly almost spherical shape, even if the particles
have irregular edges with at least one other less frequent
geometric shape, among which are rod, ellipsoidal and tri-
angular shapes, demonstrating that the Paullinia cupana leaf
extract is efficient in forming nanostructures with different
morphologies and no signs of aggregation. Another prom-
inent factor is the shaded coverage around the surface of
AgNPs which refers to the immobilization and coating made
by biomolecules from the aqueous plant extract, a common
fact to be observed in biogenic nanostructures and which is
responsible for their stabilization [66, 67].

Based on Mie theory, the presence of only one maximum
absorption band in the UV/Vis spectra is characteristic of
spherical nanostructures and by presenting peaks at different
wavelengths AgNPs can have distinct shapes and sizes [68,
69]. According to Fig. 5, with the smallest dry diameter,
AgNPs-A stood out with 13.08 + 6.3 nm while the largest
sizes were AgNPs-M and AgNPs-U with 47.54 +12.32 nm
and 61.1 +19.1 nm, respectively. In turn, the other samples
had similar diameters, being 20.86+ 11.65 nm (AgNPs-
LED), 23.51 + 15 nm (AgNPs-S) and 29.42 +18.8 nm
(AgNPs-WB). It is possible to infer that the disparity
between the TEM values when compared to the DLS results
occurs considering the aqueous solvation layer that cov-
ers the surface of the AgNPs and the number of particles
counted in each analysis.

3.6 Antibacterial activity

The bacterial susceptibility caused by AgNPs, aqueous plant
extract of Paullinia cupana leaves, and aqueous AgNO;
solution was evaluated from the determination of the mini-
mum inhibitory concentration (MIC), and the results are
presented in Table 2.

The results showed that the inhibitory effects on the
Escherichia coli were more significant when using AgNPs-
LED, AgNPs-M, AgNPs-U, and AgNPs-WB with MIC of
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Fig.5 Micrographs obtained by
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Fig.5 (continued)

Table 2 Minimum inhibitory concentration (MIC) of AgNPs synthe-
sized from different synthesis routes, leaves aqueous extract of Paul-
linia cupana and silver nitrate solution (AgNO;) against Gram-posi-
tive and Gram-negative bacteria after 24 h of treatment

Samples Escherichia coli Pseudomonas Staphylococcus
(ATCC 25922)  aeruginosa aureus (ATCC
(ATCC 9027) 6538)
MIC (ug/mL)
AgNPs-A 10.62 2.65 10.62
AgNPs-LED 5.31 5.31 10.62
AgNPs-M 5.31 2.65 5.31
AgNPs-S 21.25 10.62 21.25
AgNPs-U 5.31 2.65 10.62
AgNPs-WB 531 2.65 10.62
AgNO; 10.62 2.65 21.25
AE >500 >500 > 500

A autoclave, LED LED light, M microwave, S sunlight, U ultrasound,
WB water bath, AE aqueous extract of Paullinia cupana leaves

5.31 pg/mL. For the Pseudomonas aeruginosa, AgNPs-A,
AgNPs-M, AgNPs-U, and AgNPs-WB had greater antibacte-
rial efficacy, presenting MIC of 2.65 ug/mL. When evaluat-
ing the MIC against Staphylococcus aureus, it is possible
to observe that the highest sensitivity came after treatment
with AgNPs-M (5.31 pg/mL), since all other suspensions

Average: 61.1 1 19.1 nm

_____ SN\

Average: 2942 = 18.8 nm

Frequency (%)

200 v,

containing the nanostructures had values at least twice as
high, being more efficient than AgNPs synthesized from
aqueous extracts of other Amazonian plants and reported in
our previous study [70]. The aqueous AgNO; solution was
more effective against Gram-negative bacteria (2.65 ug/mL
and 10.62 pg/mL) than Staphylococcus aureus (21.25 pg/
mL) and, in this study, the aqueous extract of Paullinia
cupana leaves presented MIC above 500 pg/mL, unlike that
reported with the extract of the seeds of this plant that had
MIC of 250 pg/mL for several bacteria, including Escheri-
chia coli and Staphylococcus aureus [71].

From these results, it can be inferred that Gram-negative
bacteria showed greater susceptibility to most of the bio-
genic AgNPs tested, and this effect is related to the pep-
tidoglycan layer in their cell wall, which is thinner com-
pared to the layer of Gram-positive bacteria [72, 73]. Other
prominent factors that may have contributed to the observed
actions regarding the inhibition of bacterial growth caused
by AgNPs are the presence of transport proteins (porins)
found in the outer membranes of bacteria allowing the entry
of metal ions, in addition to the morphological and dimen-
sional characteristics of nanostructures that result in greater
surface area and have an influence on antibacterial effects
[74,75].

The surface electric charge of AgNPs can significantly
affect their antimicrobial properties by influencing the
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electrostatic attraction/repulsion phenomenon. Even if the
surface charges of the AgNPs produced in this study are neg-
ative, antibacterial activity occur due to interaction with sul-
fur-containing amino acids, such as cysteine and methionine,
causing severe damage that ultimately results in the rupture
of the bacterial cell membrane [76-78]. Another highlight
is that, at higher concentrations of AgNPs, the effect against
bacteria may be due to crowding molecular that causes the
cell to suffer osmotic compression, loss of homeostasis,
decreased diffusion rates, in addition to reduced biochemical
activities, structural changes in the cytoplasm and changes
in electrostatic interactions [79-81].

Ultimately, apart from the inherent characteristics of
AgNPs that underlie their effectiveness in antibacterial
activity, certain biomolecules found in the aqueous extract
of Paullinia cupana leaves, used as coating agents on the
surface of silver nanostructures, may also contribute syner-
gistically to this effect. Pipecolic acid, quercetin, afzelin, and
quinic acid were identified as potential contributors to the
inhibition of Staphylococcus aureus growth [82]. Addition-
ally, astilbin was noted for its antimicrobial effects against
Pseudomonas aeruginosa and Staphylococcus aureus [83].

3.7 Antileishmania activity

The leishmanicidal activity was evaluated on promastigote
forms of Leishmania amazonensis after 72 h of incubation
with AgNPs, aqueous extract of Paullinia cupana leaves,
aqueous AgNO; solution, and miltefosine drug (standard
drug). The results of the treatments are shown in Table 3.

It is possible to observe that the parasites were more sen-
sitive to the effects of AgNPs-M, AgNPs-U, AgNPs-LED,
and AgNPs-WB with ICs, values of 5.8 ug/mL, 5.6 ug/mL
7.53 pg/mL and 7.07 ug/mL, respectively. These results
indicate that the loss of parasite viability can be achieved at
low concentrations of AgNPs and further modulated accord-
ing to the type of route employed on the synthesis of the
nanostructures, similar to previous research where AgNPs
were synthesized using water bath from Fagonia indica leaf
extracts with ICy, value of 4.8 ug/mL on Leishmania tropica
promastigotes and by microwave method where compounds
from Anarcadium occidentale were used to stabilize AgNPs
with action on Leishmania braziliensis expressing 1Cs, val-
ues between 11.54 ug/mL and 86.61 pg/mL [84, 85].

The degree of growth inhibition revealed that AgNPs-A
had an ICy; of 24.52 ug/mL, and this value was close to that
obtained by the drug miltefosine (ICy, value of 17.25 pg/
mL), while AgNPs-S had an ICs, value of 57.27 pg/mL,
which was higher than that obtained after exposure of the
organisms to AgNO; (ICs, value of 54.8 ug/mL). Further-
more, although the extract of Paullinia cupana leaves did not
cause significant effects on the loss of parasite viability in
the present study, some extracts of Amazonian plants were
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Table 3 Antipromastigote activity (ICs,), cytotoxicity against mac-
rophages (CCsy,) and SI of AgNPs synthesized from varying synthesis
routes, aqueous extract of Paullinia cupana leaves and silver nitrate
(AgNO;) solution

Samples ICs; (ug/mL) CCs, (ug/mL) SI
AgNPs-A 24.52 71.48 2.92
AgNPs-LED 7.53 90.4 12
AgNPs-M 5.8 79.26 13.66
AgNPs-S 57.27 164.1 2.86
AgNPs-U 5.6 83.67 14.94
AgNPs-WB 7.07 91.39 12.93
AgNO; 54.8 61.35 1.12
AE > 100 > 100 >1
Miltefosine 17.25 241.1 13.97

S1 CC50/CI50, A autoclave, LED LED light, M microwave, S sun-
light, U ultrasound, WB water bath, AE aqueous extract of Paullinia
cupana leaves

previously investigated and showed inhibitory activities
against the growth of Leishmania amazonensis, for exam-
ple, Croton cajucara (1Csy 12.07 pg/mL), Annona foetida
(ICs, 16.2 ug/mL) and Copaifera reticulata (ICs, 5 ug/mL)
[86—88], demonstrating the potential of the Amazon biome
to offer leishmanicidal plant metabolites potentially active
against neglected diseases.

The spherical shape of the AgNPs studied here facilitates
their entry into cells through phagocytosis [89]. Once inside,
the AgNPs break through the cell membrane and enter the
cytoplasm. Here, they undergo oxidation, generating Ag*
ions, which are considered the main agents responsible for
killing the parasite. These ions can interact with thiol groups
within the DNA, inhibiting parasite replication and leading
to cell cycle arrest in the GO/G1 phase [90]. In addition, Ag*
ions interact with the parasites respiratory system, producing
reactive oxygen species (ROS) and nitric oxide (NO) [91,
92]. Another important factor is that metal ions can inhibit
enzymes essential for parasite metabolism by interacting
with their thiol (-SH) groups, which leads to cytotoxic pro-
cesses and cell death by necrosis [93-95].

3.8 Cytotoxicity analysis

To obtain safety and increase their spectrum of use, the
AgNPs synthesized in the present study, in addition to
the aqueous extract of Paullinia cupana leaves, the aque-
ous solution of AgNO; and the drug miltefosine (stand-
ard drug) were evaluated for cytotoxicity in RAW 264.7
murine macrophages. The CCj, values reflecting the cyto-
toxic concentrations capable of eliminating half of the
macrophages are shown in Table 3.

A less prominent cytotoxic effect was observed
after exposure to AgNO;, with CCs, value of 61.35 ug/
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mL, which is close to the values obtained by AgNPs-A
(71.48 pg/mL) and AgNPs-M (79.26 ug/mL). The mac-
rophage growth inhibition profile showed improved action
when AgNPs-WB, AgNPs-LED, AgNPs-U, and AgNPs-
S were used, presenting CCs, values of 91.39 pg/mL,
90.4 pg/mL, 83.67 pg/mL, and 164.1 ug/mL, respectively
which are close to the cytotoxic concentrations by biogenic
AgNPs for J774A.1 macrophages found in previous stud-
ies with a CCs, value of 116 pg/mL when using Sargen-
todoxa cuneata and CCs;, of 100.02 ug/mL after exposure
of macrophages to AgNPs mediated by Teucrium stock-
sianum extracts [96, 97]. Thus, as indicated by the results
described, the AgNPs synthesized through the aqueous
extract of a plant native to the Amazon region can be
employed in vitro in limited dosages against macrophages,
since these are considered the final hosts for the completion
of the life cycle of parasites of the species Leishmania sp.

The cytotoxicity depends on the physicochemical and
morphological characteristics of AgNPs since the particles
meet macrophages by endosomal uptake or diffusion. AgNPs
can activate macrophages to produce ROS that are capable
of inhibiting parasite growth and, in conjunction with this,
phytochemicals used as coating and stabilization agents of
AgNPs can increase leishmanicidal activity through immu-
nomodulatory effects [98, 99]. Despite their small size and
spherical shape, in the present study the AgNPs synthe-
sized via guarana extracts caused low cytotoxicity to host
cells, indicating modulation of biological effects and cell
selectivity.

The safety of the tested samples was expressed based on
the values of the SI, which is the ratio between the cyto-
toxicity values for host cells (CCs) in relation to the pro-
mastigote cells of Leishmania amazonensis (ICy), and the
results are shown in Table 3. The higher the SI, the better
the action against the parasites, affecting to a lesser extent
the host cells, thus, AgNPs-U, AgNPs-M, AgNPs-WB, and
AgNPs-LED were the samples with the highest selectivity
for application against the species of Leishmania amazon-
ensis being 14.94, 13.66, 12.93, and 12 times less toxic to
RAW 264.7 macrophages, respectively, and having between
0.86 and 1.07 times more selectivity than the drug miltefo-
sine (SI=13.97).

4 Conclusion

In this study, AgNPs were successfully synthesized using
different synthesis routes using plant phytochemicals (phe-
nolic acids, alkaloids, flavonoids) from the aqueous extract
of guarana leaves. All the nanostructures, regardless of the
equipment/energy source, showed an SPR band within the
range considered ideal for AgNPs (420—440 nm), while the

colloidal characteristics showed particles with diameters
below 100 nm, a surface charge above —30 mV in the two
storage conditions tested, which represents considerable
stability and, in turn, the morphology of the AgNPs was
predominantly spherical. The evaluation of the antibacte-
rial activity showed the effectiveness of AgNPs in inhibiting
the growth of Gram-negative strains E. coli and P. aerugi-
nosa, as well as the Gram-positive strain S. aureus, with the
samples obtained using heating-based methods (microwave,
ultrasound, and water bath) standing out as having MIC val-
ues equal to or lower than those of the aqueous solution of
the metal salt (positive control). In relation to the anti-leish-
manial tests, our results support evidence that most of the
AgNPs tested showed selective action against the promastig-
ote forms of L. amazonensis, keeping them safe for the host
cells, thus being the first report described on such bioactivity
caused by treatment with green nanomaterials using guarana
extracts. Thus, it is considered that the AgNPs synthesized
from the extract of Paullinia cupana, a plant native to Bra-
zilian biodiversity, have potential application in nanomedi-
cine, more precisely by acting as a promising antimicrobial
and antileishmanial compound, which may serve to encour-
age further investigations into research aimed at optimizing
the biogenic synthesis of metallic silver nanostructures.
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