Article

https://dx.doi.org/10.21577/0103-5053.20220141

J. Braz. Chem. Soc., Vol. 34, No. 5, 705-712, 2023
©2023 Sociedade Brasileira de Quimica

Production of Silver Nanoparticles Mediated by Aqueous Extracts of Tucuma
(Astrocaryum aculeatum) Pulp

Sidney S. dos Santos,”* Ricardo A. A. de Couto,’ Ingrid R. da Silva,” Marcia Regina M. Aouada,’
Vera R. L. Costantino, " Luiz P. da Costa” *¢ and Gustavo F. Perotti” **

“Instituto de Ciéncias Exatas e Tecnologia, Universidade Federal do Amazonas (UFAM),
Rua Nossa Senhora do Rosdrio, 3863, 69103-128 Itacoatiara-AM, Brazil

bDepartamento de Quimica Fundamental, Instituto de Quimica, Universidade de Sdo Paulo (USP),
Avenida Prof. Lineu Prestes, 748, 05508-000 Sdo Paulo-SP, Brazil

“Centro de Biotecnologia da Amazonia (CBA), Avenida Governador Danilo de Matos Areosa, 690,
69075-351 Manaus-AM, Brazil

dDepartamento de Fisica e Quimica, Universidade Estadual Paulista (UNESP), Avenida Brasil, 56,
15385-000 Ilha Solteira-SP, Brazil

*Departamento de Quimica, Universidade Federal de Sergipe (UFS), Avenida Marechal Rondon, s/n,
49100-000 Sdo Cristovao-SE, Brazil

Tucuma (Astrocaryum aculeatum) pulp presents a large number of secondary metabolites that
can mediate the synthesis of metallic nanoparticles through a greener and more sustainable synthetic
route than traditional ones. This study investigated the production of silver nanoparticles (AgNPs)
mediated by aqueous extracts of tucuma pulp assessing different parameters, such as temperature,
concentration of extract, and pH values of the reaction media. The alkaline reaction media produced
the most intense and well-defined bands around 400 nm in the electronic spectra, indicating the
formation of AgNPs in the three concentrations of tucuma pulp evaluated. The increase in the
temperature of the reaction media also enhanced the surface plasmon resonance band of AgNPs
but it increased the polydispersivity of produced nanoparticles according to the dynamic light
scattering (DLS) and transmission electron microscopy (TEM) data. Zeta potential results indicated
moderate stability of the AgNPs (close to —30 mV). Antimicrobial assessment of the colloidal metal
particles indicated microbicide activity against the Gram-negative Escherichia coli bacterium.
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Introduction

Metal nanoparticles have been extensively investigated
owing to their enhanced physical and chemical properties
in comparison to micro/macro-scale metal structures.'?
These properties are not solely related to the size of these
nanoparticles (1 to 100 nm) but also to their shape and to
the presence of other compounds on their surface.’*

In comparison to other noble metals, silver has appealed
to nanoscience researchers owing to its lower cost, low
toxicity to humans, and high chemical and colloidal
stability.>” Furthermore, the formation of colloidal
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silver nanoparticles can be easily monitored by low-cost
techniques, such as UV-Vis spectroscopy, which allows
the visualization of the surface plasmon resonance (SPR)
band within the visible range.® The improved physical
and chemical properties of silver nanoparticles (AgNPs)
have wide applications, e.g., electronics, water treatment,
catalysis, therapies, and microbial systems.>!!

One of the main concerns regarding the traditional
synthesis of AgNPs is the potential toxicity of the precursors
used in it or its byproducts after the reduction of silver
ions, e.g., sodium borohydride, N,N-dimethylformamide
(DMF), and hydrazine (N,H,)."? Also, the reaction medium
often requires another compound to control and stabilize
the dispersed nanoparticles.”* These issues may not only
limit the range of applications of such nanostructures but
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also raise concerns about potential environmental impacts
caused by extensive use. Hence, new strategies to overcome
these disadvantages are of great importance.

In line with the adoption of sustainable technologies,
the green synthesis of AgNPs was proposed in the early
2000s, using different plant parts and sources of extracts.'*
According to this approach, the secondary metabolites
present in these extracts can reduce transition metal ions
and stabilize the colloidal metal nanoparticle system in
water by adhering to the surface of these nanostructures.'

In this context, the Amazonian biome, with the highest
biodiversity in the world,'® provides a rich trove of
renewable chemical products to mediate the production of
nanoparticles. The use of plant-based technology can be
an effective way to increase the importance of policies for
economic growth concomitant to conservation of native
forests. Native to Central and South America, tucuma
(Astrocaryum aculeatum) is a common palm tree. In Brazil,
it is present from the southeast area of the Amazon Basin
all the way to the west, to the States of Goids and Mato
Grosso.!"” Owing to its unique flavor and nutritional value,
the fruit of this palm tree is consumed both in natura and
as part of regional dishes.'® Its fibrous and orange-colored
pulp is particularly caloric as it contains large amounts of
fatty acids, especially unsaturated ones, as well as a wide
variety of other secondary metabolites, e.g., phenolic
compounds and carotenoids.'*?° Currently, the fruit exhibits
low technological exploration and no studies are reported
about the uses of its pulp extract for the synthesis of metallic
nanomaterials.

Although the secondary metabolites content of tucuma
can be significantly affected by weather and ontogenetic
conditions related to its cultivation, its pulp has significant
content of phenolic compounds such as gallic acid,
rutin, quercetin, and catechin, besides beta-carotene
(provitamin A), and ascorbic acid, thereby providing its
aqueous pulp extract a high antioxidant capacity.?*!

For all reasons mentioned in this introduction,
the present study evaluated the mediation capacity of
aqueous extracts of tucuma pulp for the production
of colloidal AgNPs dispersions, investigating the
experimental parameters that affect the formation of
these nanostructures such as concentration of the aqueous
tucuma pulp extract, pH, temperature, and reaction time.
The antimicrobial properties of the obtained dispersions
were also investigated.

Experimental

Nitric acid P.A. (HNO,, Vetec, Duque de Caxias, Brazil),
sodium hydroxide P.A. (NaOH, Labsynth, Diadema,
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Brazil), silver nitrate P.A. (AgNO,, Laderquimica, Vitdria,
Brazil), Luria Bertani (LB) broth and Mueller-Hinton agar
(Kasvi, Sdo José do Pinhais, Brazil) were used without
further purification. All solutions were prepared with
distilled water.

Preparation of aqueous extracts of tucuma pulp

After peeling of fruit and disposing of seeds, different
amounts of tucuma pulp (1.0, 1.5, and 2.0 g) were weighed
(Shimadzu analytical scale model AUY?220, Kyoto, Japan)
and later macerated with pestle and mortar in 50 mL of
distilled water for 5 min, transferred to another container
with 50 mL of distilled water, and left to rest in refrigeration
at4 °C for 24 h. Then, their liquid fractions were collected
by centrifugation (Centribio centrifuge model 80-20,
Shanghai, China) at 4,000 rpm for 10 min and used within
one week after preparation and stored under refrigeration.
These pulp extracts were labeled as follows: C1 (1.0 g of
pulp in 100 mL of distilled water), C2 (1.5 g of pulp in
100 mL of distilled water), and C3 (2.0 g of pulp in 100 mL
of distilled water).

Production of colloidal dispersions of silver nanoparticles

The reaction media for producing AgNPs consisted of
5 mL of tucuma pulp at different concentrations and 50 mL
of silver nitrate solution (0.01 mmol L") resulting in a total
volume of 55 mL in each vessel. After mixing, the pH value
of each reaction medium was adjusted to 5.0, 7.0, and 9.0
(Hanna pHmeter model HI8424, Woonsocket, USA) with
sodium hydroxide or nitric acid solutions (0.05 mmol L!).
Each vessel was wrapped in aluminum foil and kept
under constant agitation (Cienlab magnetic stirrer model
CE-1540/A, Campinas, Brazil) at 30 °C for 24 h. Then, the
reaction vessels were left undisturbed at room temperature
for the remainder of the experiments. Other temperature
values (40 and 50 °C) were also assessed and followed the
same procedure aforementioned above for 24 h.

Antimicrobial activity of obtained AgNPs

Microbiological tests were conducted using the
Gram-negative bacteria Escherichia coli (ATCC 25992) and
Streptococcus pneumoniae (ATCC 49619), Gram-positive
bacteria Staphylococcus aureus (ATCC 25923)
and Klebsiella pneumoniae (ATCC 700603), and
Candida albicans (ATCC 10231) yeast by agar diffusion
in order to determine inhibition zones. Prior to analysis,
the materials were sterilized in an autoclave at 121 °C for
20 min.
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The bacteria and yeast were initially cultured for 24 h
before inoculation in Luria Bertani nutritive broth (LB). The
agar medium was prepared using 36 g of Muller-Hinton
agar in 1.0 L of distilled water. Approximately 50 mL of
this medium were transferred to Petri dishes and left to rest
at 37 °C in a laboratory oven. After drying, a glass tube was
employed to create five wells in each Petri dish, to which
the test liquids were added.

The bacterial cultures were diluted with saline solution
(0.85% (m/m) NaCl) to the absorbance value of 0.03 at
600 nm, and transferred to the Petri dishes using sterile
swabs. Then, 100 uL of the solutions and dispersions,
prepared without further dilution, were transferred to the
wells and left to rest at 37 °C for 24 h in a laboratory oven
before analysis of inhibition zones. All tests were performed
in triplicate. The C2 tucuma extract was used to produce
all of the tested AgNPs dispersions and were labeled as
sample 1 (produced at pH 9.0 and 30 °C), 2 (pH 7.0; 40 °C),
3 (pH9.0;40°C), 4 (pH 7.0; 50 °C), 5 (pH 9.0; 50 °C), 6 (C2
tucuma extract), and 7 (0.01 mmol L' silver nitrate solution).
Solutions of amoxicillin and fluconazole at 50 mg mL' were
used as positive control for bacteria and yeast, respectively,
in these experiments. The obtained inhibition halo values
were expressed as arithmetic mean + standard deviation.

Characterization techniques

UV-Vis analysis was performed on a Bel equipment
(UV-M51, Monza, Italy) using distilled water as blank
and spectral region between 180-750 nm to investigate
the surface plasmon resonance band of AgNPs present
in each media. After mixing the pulp extracts and silver
nitrate solutions and adjusting the pH value, the media
were analyzed every 10 min for the first hour, every hour
for up to 4 h, every 12 h for the first 2 days, and every
24 h for 21 days. The aqueous tucuma extract also had its
spectrum recorded after performing a 1:20 dilution (C2
extract:distilled water).

The analysis of the hydrodynamic diameter and the zeta
potential of the produced dispersions were performed on
a Malvern Pananalytical equipment (Zetasizer NanoZS,
Malvern, UK) using a helium-neon laser (4 mW) operating
at 633 nm wavelength and angle of collection of the light
beam at 173°. Prior to readings, the samples were diluted
with deionized water. Three replicates of each sample were
performed in automatic mode at 25 °C. Zeta potentials were
measured in manual mode three times using a capillary
electrophoresis cell (DTS-1070, Malvern, UK). The
obtained values from dynamic light scattering (DLS) and
zeta potential measurements were expressed as arithmetic
mean * standard deviation.
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The transmission electron microscopy (TEM) images
and X-ray spectroscopy (EDS) analysis were recorded
on a Tecnai G* F20 microscope (Hillsboro, USA). The
samples were prepared by the drop-casting approach, where
AgNPs dispersions were diluted in deionized water and
later deposited on a carbon-coated copper grid, followed
by room temperature drying for 1 h.

Results and Discussion

After mixing the solution containing the silver
precursor salt and the aqueous tucuma extract at different
concentrations, a color change was observed in the reaction
media, from clear to light brown and increasingly darker
as the reaction progressed, as shown in Figure 1. This
change derives from the interaction of the AgNPs with
light, resulting in a collective oscillation of the conduction
band electrons of these metallic atoms, a phenomenon
known as SPR.?? This brownish hue is typical of AgNPs
dispersions®** and its increasing intensity is attributed
to higher concentrations of nanoparticles in the reaction
medium, according to the Beer-Lambert Law.>%

Figure 1. Images of the reaction medium containing the silver precursor
salt and the aqueous tucuma extract (C2) at different stages: (a) after 5 min,
(b) after 3 h, and (c) after 3 days of reaction.

Figure 2 shows the UV-Vis electronic spectra of the
tucuma extract and the tucuma extract mixed with the silver
nitrate solution as a function of reaction time using the C2
extract and pH 9.0. The band exhibits maximum absorbance
close to 400 nm related to the SPR band of the formed
AgNPs.3? Tt is also observed the progressive increase in
absorbance of this band during the 21-day reaction time,
indicating that the formation of AgNPs is slow under the
experimental conditions used in this study.

Figure 3 shows the evolution of the maximum
absorbance value of the SPR band for the reaction media
with different plant extract concentrations and at different
pH values and 30 °C. All plant extract conditions in alkaline
reaction media resulted in formation of larger amounts
of AgNPs in a shorter time (about 24 h) compared to the
synthesis performed at pH 5.0 or 7.0. The results obtained
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Figure 2. UV-Vis spectra of the reaction medium using the tucuma extract
C2 (1.5 gof pulp in 100 mL of water, blue line) at pH 9.0 and temperature
of 30 °C after 10 min (red), 20 min (light green), 40 min (orange), 1 h
(purple), 4 h (yellow), 1 day (dark green), 7 days (dark blue), 14 days
(purple), and 21 days (gray) of reaction.
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Figure 3. Evolution of maximum absorbance values related to SPR
bands of dispersions of AgNPs obtained at pH 5.0 (red), pH 7.0 (blue),
and pH 9.0 (black) using 1.0 g C1 (a), 1.5 g C2 (b), and 2.0 g C3 (c) of
tucuma pulp in 100 mL of water.

for the maximum absorbance of the SPR band in the three
conditions of plant extract concentration at pH 5.0 were
similar (approximately 0.25) and exhibited slower band
evolution and lower intensity in comparison to other pH
values. These results suggest that the presence of few
previously silver atoms (seeds for the growth of AgNPs,
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also known as the nucleation stage) boosts the growth of
the formed nanostructures, rendering them larger and more
polydisperse among themselves.?%

The concentration of plant extract affects the rate of
formation of AgNPs and the total amount of nanoparticles
formed. Hence, high tucuma concentrations in the reaction
medium (C2 and C3; Figures 3b and 3c) resulted in more
intense SPR bands and in a shorter time as compared to
those of C1 at the same pH values.

Specifically for C1, Figure 3a shows a decrease in
maximum absorbance associated with the SPR bands
of AgNPs at pH 7.0 and 9.0 as compared to pH 5.0.
Under Cl, since pH 9.0 generated a larger formation of
AgNPs in a short time and there were lower amounts of
secondary metabolites in the reaction medium to bind
to the surface of the formed nanoparticles, the colloidal
system displayed reduced stability, e.g., the nanoparticles
aggregated after some time. Similar trends were found by
Jain and Mehata® using low concentrations of plant extract
from Ocimum sanctum leaves (Tulsi). On the other hand,
an intensity decrease in maximum absorbance for longer
reaction periods may also occur owing to the adsorption of
AgNPs over the glass wall of each reaction vessel.*

Figure 4 shows the absorbance values of the SPR
band of the reaction media using the C2 plant extract at
pH 9.0 and temperature values of 30, 40, and 50 °C. The
results suggest that temperature has a direct influence on
the formation of the AgNPs. This is possibly related to the
increase in kinetic energy of the reactant species (ions and
molecules) promoted by temperature and, consequently, a
higher probability that collisions among reactants overcome
the potential barrier, leading to product formation.*!> After
reaching the maximum absorbance for the SPR band, there
was a decrease in the pH of the reaction media from 9.0 to
7.82 for the sample at 30 °C, to 7.55 at 40 °C and to 7.42
at 50 °C, suggesting the rupture of O—H bonds in different
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Figure 4. Evolution of maximum absorbance value related to the SPR
band for the C2 reaction media (1.5 g of pulp in 100 mL water) at pH 9.0
and 30 °C (red), 40 °C (blue), and 50 °C (black).
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secondary metabolites with antioxidant properties, such as
the phenolic compounds found in the pulp of tucuma,'**
decreasing the alkalinity of the colloids through the release
of H* ions. The rupture of this bond is believed to be the first
of several reactions involved in the reduction mechanism
of silver ions.**** Another feature was observed in the
sample at produced 40 °C, the only medium that reached
the maximum absorbance value of the SPR band close to
4 h of reaction.

The results suggest that increasing the temperature
results in higher capacity of the tucuma plant extract
to reduce silver instead of degrading the biomolecules
involved in this step. Hence, the crossing of the potential
barrier is more frequent from the beginning of the reaction,
resulting in a higher product formation rate in a shorter
time. In brief, an increase in temperature accelerates
AgNPs nucleation and stabilization steps. In the case of
plant extracts, as temperature increases, there is higher
conversion of the reducing agent to an oxidized product,
consequently increasing the release of electrons to the
silver(I) cations. As this is an important step in AgNPs
synthesis, it can be optimized at high temperatures.?$3!-32

Figure 5 shows the hydrodynamic diameter distribution
for AgNPs obtained by DLS technique using the C2 tucuma
extract (1.5 g of pulp in 100 mL of water) in alkaline
medium (pH 9.0) at three temperature values (30, 40, and
50 °C). The observed average hydrodynamic diameters
were 23.5 = 1.2 nm (30 °C), 18.8 £ 1.0 nm (40 °C), and
32.0 £2.2 nm (50 °C).
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Figure 5. Average hydrodynamic diameters observed for C2 samples
(1.5 gof pulp in 100 mL of water) at pH 9.0 and 30 °C (red), 40 °C (blue),
and 50 °C (black) after 21 days of reaction.

The AgNPs produced at 40 and 50 °C display a bimodal
distribution, with one of higher intensity and a second of
lower intensity, as shown in Figure 5. It is noticed that the
sample obtained at 40 °C exhibits a higher tendency to form
AgNPs of smaller diameter as it also exhibits the smallest
average size among the samples under investigation. This

dos Santos et al. 709

may be a result of the AgNPs formation rate under this
condition, as aforementioned, since it was the sole sample
to reach maximum absorbance within 4 h of reaction time.

DLS results suggest that an increase in temperature
(40 °C) promotes the formation of AgNPs with smaller
average hydrodynamic diameter. As the temperature
value further increases (50 °C), polydispersivity, e.g.,
AgNPs populations of differing particle sizes are formed.
This indicates that temperature values above 40 °C
hinder stabilization of silver nanostructures, promoting
their aggregation and formation of more polydisperse
populations with respect to hydrodynamic diameter. A
probable explanation for this phenomenon is the thermal
degradation of some types of biomolecules responsible for
stabilizing these nanoparticles, e.g., phenolic compounds,
as reported by Inns et al.,* who exposed this class of
compounds to temperature values above 50 °C.

The polydispersity index (PDI) is also a parameter
used to measure nanoparticle size and distribution. In
the PDI, the value varies from O to 1; the closer to 0, the
more monodisperse the system under analysis is, e.g., the
more homogeneous the AgNPs are. Within this frame of
reference, the PDI values obtained for the samples were
0.375(30°C), 0.356 (40 °C), and 0.465 (50 °C), indicating
the existence of wide variation in the NPs obtained in this
study. According to Bonatto and Silva,* AgNPs synthesis
mediated by plant extracts usually exhibit moderate PDI
values, e.g., from 0.3 to 0.5. Other studies also showed
similar range of PDI values when using different plant
extracts, such as Citrus limon and Nigella sativa.’"*

The samples produced in the present study exhibited
average surface charges of —28.6 + 1.3 (30 °C), —28.4 £ 0.2
(40 °C), and —27.4 = 0.4 (50 °C) mV. As stated by
Clogston and Patri,* particles with high zeta potential and
the same sign of charge, whether positive (> +30 mV) or
negative (< =30 mV), will repel each other. Hence, in spite
of their zeta potential being close to —30 mV, the samples
exhibit a moderate tendency to aggregate. The zeta potential
data corroborated the results obtained during the experiments
at the laboratory. After the samples reached the maximum
absorbance value, AgNPs deposition could be observed over
time. The AgNPs samples produced at high temperature
formed low amounts of sediments after the first reaction day,
especially the ones at pH 7.0. On the other hand, the samples
produced at 30 °C precipitated after 5 days from the start of
the reaction. These negative values might be associated with
the presence of carboxylate groups present in the structure
of the biomolecules responsible for AgNPs stabilization.

The TEM images of the AgNPs particles synthesized
using the C2 tucuma extract and reaction media at pH 9.0
and temperatures of 30 and 40 °C are presented in Figure 6.
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Figure 6. Transmission electron microscopy (TEM) images of AgNPs using the C2 tucuma extract (1.5 g of pulp in 100 mL of water) at pH 9.0 and
temperature of (a) 30 °C and (b) 40 °C after 14 days of reaction. Energy dispersive spectroscopy (EDS) data of the (a) image (c).

The nanoparticles presented predominantly spheroidal
morphology, whereas the sample obtained at 30 °C
exhibited dimensions around 30 nm, while at 40 °C formed
nanostructures closer to 20 nm. These results corroborate
the DLS data, demonstrating the effect of temperature on
the reaction speed and average size of these AgNPs, as
aforementioned. Additionally, the EDS data confirmed that
these structures are formed by silver atoms.

Figure 7 shows the results of microbiological tests by
the agar diffusion technique; antimicrobial activity was
detected for samples 3 and 7 against Escherichia coli, both
with 1.2 £ 0.1 cm halo. The tested AgNPs dispersions only
exhibited antimicrobial activity against Escherichia coli,
which is a susceptible bacterium to the microbicide effect of
AgNPs .42 This phenomenon may be explained in two ways:
it may be owing to Gram-positive bacteria having thicker cell
walls (as a result of having a higher amount of peptidoglycan
as compared to Gram-negative bacteria) and/or to the
presence of lipoteichoic acid in Gram-positive bacteria,
increasing their protection against external agents.*>**

Some authors*' >4 attribute the antibacterial effect
to the size of AgNPs, e.g., the smaller their diameter, the
more effective they are against microorganisms due to
easier penetration in the their cells.Accordingly, the AgNPs
synthesis in an alkaline medium with moderate concentration
of plant extract at 40 °C (Table 1), which produced
nanoparticles with smaller diameters (18.8 = 1.0 nm) as

Figure 7. Antibiogram of Escherichia coli evidencing inhibition halos for
samples 3 (AgNPs formed using C2 tucuma pulp extract and synthesis at
pH 9.0 and 40 °C-bottom left well on the left image) and 7 (0.01 mol L"!
silver nitrate solution-top right well on the right image).

compared to the other conditions under investigation,
provided the most effective antimicrobial activity.

Some authors*#¢ suggest that the overall surface area of
AgNPs in a system is directly related to their bactericidal
activity. When the average size of these nanostructures
is reduced, the overall surface area increases, enhancing
the antimicrobial response due to higher interaction with
existing bacteria. That is, the antibacterial potential of
AgNPs is amplified by increasing their overall surface
area, which promotes the release of a higher number of
Ag" cations. These ionic species then bind to negatively
charged functional groups of molecules present in bacterial
cell walls, leading to disruption, enzyme deactivation and/
or changes in membrane permeability.*’¢
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Table 1. Average hydrodynamic diameter of AgNPs as a function of pH
and temperature

pH 9.0 7.0 9.0 7.0 9.0
Temperature / °C 30 40 40 50 50
Average diameter / nm 235 71.0 18.8 74.8 32.0
Standard deviation 1.2 3.8 1.0 32 2.2

Conclusions

The results obtained in this study not only indicate the
involvement of secondary metabolites in the reduction
reaction of silver(I) ions, but also that their concentration
influences the stability and amount of AgNPs formed.
Temperature and pH also affect the formation of AgNPs
and their stabilization.

UV-Vis spectroscopy results, corroborated by DLS,
TEM and microbiological test results, demonstrated that
the dispersion formed using 1.5 g of tucuma pulp in 100 mL
water (C2) at pH 9.0 and the temperature of 40 °C were
the most promising conditions for producing a significant
amount of nanostructures. It also showed that this was the
only condition to reach maximum absorbance associated
with the SPR band of the AgNPs within 4 h of reaction
time, whereas for other conditions these values were
registered after 24 h of reaction. DLS and TEM results
indicated that the aforementioned condition produced the
smallest average hydrodynamic diameter compared to the
others investigated. In addition, it was the only condition
to display inhibitory activity against the Gram-negative
bacterium Escherichia coli.
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