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Abstract

Biosynthesis based on natural compounds has emerged as a sustainable approach for the production of metallic nanoparticles
(MNP). The main objective of this study was to biosynthesize stable and multifunctional silver nanoparticles (AgNP) using
different plant by-products as reducers and capping agents. Extracts obtained from Eucalyptus globulus, Pinus pinaster,
Citrus sinensis, Cedrus atlantica and Camellia sinensis by-products, were evaluated. From all plant by-products tested,
aqueous extract of eucalyptus leaves (EL), green tea (GT) and black tea (BT) were selected due to their higher antioxidant
phenolic content and were individually employed as reducers and capping agents to biosynthesize AgNP. The green AgNP
showed zeta potential values of -31.8 to -36.3 mV, with a wide range of particle sizes (40.6 to 86.4 nm), depending on the
plant extract used. Green AgNP exhibited an inhibitory effect against various pathogenic bacteria, including Gram-negative
(P. putida, E. coli, Vibrio spp.) and Gram-positive (B. megaterium, S. aureus, S. equisimilis) bacteria with EL-AgNP being
the nanostructure with the greatest antimicrobial action. EL-AgNP showed an excellent photodegradation of indigo carmine
(IC) dye under direct sunlight, with a removal percentage of up to 100% after 75 min. A complete cost analysis revealed a
competitive total cost range of 8.0-9.0 €/g for the biosynthesis of AgNP.
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Introduction reconfigurable geometry, surface charge, wide band gap,

generation of reactive oxygen species (ROS) and intrin-

Metallic nanoparticles (MNP) are an unusual class of
materials with distinctive properties and wide applications
in numerous fields (Khan et al. 2019). Surface Plasmon
Resonance (SPR), a high surface-to-volume ratio, size,
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sic stability are some of the characteristics of these MNP
(Yaraki et al. 2022). One of the most interesting examples
of these nano-entities are silver nanoparticles (AgNP) due
to their excellent conductivity, stability and multiple appli-
cations as catalysts, antiviral, antifungal and antibacterial
agents (Yaqoob et al. 2020; Esmaili et al. 2020; Salem and
Fouda 2021).

One of the most pressing demands in the field of envi-
ronmental remediation is the development of new and green
methodologies for MNP synthesis, taking into considera-
tion the aspects of environmental sustainability, innovative,
simple and economical products (Rani et al. 2020; Bashir
et al. 2023; Rocha et al. 2024; Chen et al. 2024). Various
bioresources such as plants, algae, bacteria, yeasts and
fungi either as reducing and as capping agents, are utilized
in green synthesis of MNP (Singh et al. 2018; Roychoud-
hury 2020; Annamalai et al. 2021; Li et al. 2021; Adebayo
et al. 2021). Within the green methods, plant biodiversity
allowed various new syntheses by using plant extracts to
biosynthesize MNP due to a rapid and simple technique and
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scalability of production (Pyrzynska and Sentkowska 2022;
Nguyen et al. 2022; Ijaz et al. 2022).

Plant extracts including those from eucalyptus leaves
(Rocha et al. 2023), eucalyptus bark (Das 2021), orange
peels (Skiba and Vorobyova 2019), black plums (Parmar
et al. 2019), kidney beans (Rani et al. 2020), black tea (Gol
et al. 2020) and green tea (Kharabi Masooleh et al. 2019)
among others have been successfully used to biosynthesize
AgNP. There are some advantages of using plant extracts,
namely the capping ability induced on the MNP by the
polyphenol extract matrix, extending their reactivity and
the decreased toxicity of the reducing agent compared to
the toxicity of the chemicals utilized in other procedures.
Additionally, due to the extracts' high water solubility, they
can serve as a source of nutrients to promote complemen-
tary biodegradation and the natural product valorization,
which in some situations are regarded as wastes with no
additional value (Kuppusamy et al. 2016; Balamurugan and
Saravanan 2017; Radwan et al. 2020; Mehwish et al. 2021).

Water treatment is a global issue and most conven-
tional approaches have several drawbacks. There is an
urgent need for the development of sustainable, efficient
and cost-effective materials/methods for wastewater treat-
ment. Extract-mediated AgNP have been used as an agent
for effective environmental remediation, including the
removal/degradation of biological and non-biological con-
taminants. Rani et al. 2020 have shown the excellent mul-
tifunctions (photocatalytic, catalytic and antimicrobial) of
AgNP prepared using kidney beans (Phaseolus vulgaris)
extract as reducing and stabilizer agent. Also, Mehwish
et al. 2021 showed the efficient sunlight photodegrada-
tion of organic dyes and the excellent antimicrobial action
against pathogenic bacteria, presented by AgNP biosyn-
thesized using Moringa oleifera seed extract.

To date, only a few studies have reported comparative
evaluations of the effect of different plant extracts on the
synthesis of AgNP (Paosen et al. 2017; Salayova et al. 2021;
Balcitnaitiené et al. 2022). In the present study, a screen-
ing involving a range of different aqueous plant extracts
obtained from Eucalyptus globulus, Pinus pinaster, Cit-
rus sinensis, Cedrus atlantica and Camellia sinensis was
performed to select the best extracts to synthesize stable
and multifunctional AgNP. Optimal conditions of extrac-
tion (raw material, extraction time and temperature) were
determined using as a basis the total phenolic and flavonoid
content of each extract. The bioinspired synthesized AgNP
were evaluated as antibacterial agents against various patho-
genic bacteria and as alternative photocatalysts for the deg-
radation of indigo carmine (IC) dye in an aqueous solution
under sunlight. For the first time, a complete cost analysis
for the biosynthesis of AgNP was carried out to evaluate its
cost-effectiveness and scalability of production.
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Materials and methodologies

A detailed description of the materials and the method-
ologies used in this work are described in Supplementary
Material.

Chemical characterization of plant extracts

Determination of total phenolic content (TPC) and total
flavonoid content (TFC)

The TPC and TFC were used as selection criteria to choose
the most promising extracts to synthesize highly stable
AgNP.

The TPC of the aqueous extracts was accessed using the
Folin-Ciocalteu colorimetric assay at 700 nm (Singleton
and Rossi 1965). Using a standard curve of gallic acid
(10-500 mg/L, R2:0.9990), the TPC was calculated as
mg of gallic acid equivalents (GAE) per gram of dry plant
material (Mggap/g)-

The aluminium chloride (AICl;) colorimetric assay was
used to quantify the TFC of extracts at 510 nm (Ferreira-
Santos et al. 2020). Using a standard curve of catechin
(10-600 mg/L, R%=0.9990), the TFC was calculated as
mg of catechin equivalents (CE) per gram of dry plant
material (mgcg/g).

Determination of antioxidant activity

To examine the antioxidant capacity of the extracts, three
independent methods were used: the ferric reducing anti-
oxidant power (FRAP assay), the free radical scavenging
activity (DPPH assay) and the radical cation decoloriza-
tion (ABTS assay).

The FRAP assay was performed using the Benzie and
Strain methodology (Benzie and Strain 1999). Absorbance
was measured at 593 nm using water as a blank. Based
on a standard curve of FeSO,.7H,0 (100-1250 um/L,
R?=10.9990), the ability of the extracts to reduce Fe(III)
was calculated as millimoles of ferrous equivalent per
gram of dry plant material (mmolg,/g).

The DPPH free radical scavenging activity was assessed
using the method described by Ferreira-Santos et al. (Fer-
reira-Santos et al. 2019). Absorbance was measured at
515 nm using water as a blank. Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) standard solution
was used to perform a calibration curve (10-400 uM,
R%=0.9980). The DPPH values were recorded as milli-
moles of Trolox equivalent (TE) per gram of dry plant
material (mmolyg/g).
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The ABTS radical scavenging activity of extracts was
assessed according to Ferreira-Santos et al. (Ferreira-
Santos et al. 2019). Water was used as a blank to test
the absorbance at 734 nm. A standard solution of Trolox
was used to build the calibration curve (30-800 uM,
R2=0.9960) and results were expressed as millimoles
of Trolox equivalent (TE) per gram of dry plant material
(mmolg/g).

Biofabrication of AgNP

For the green synthesis of AgNP, 100 mL of selected
extracts of eucalyptus leaves, green tea and black tea (10%
w/v) were individually added dropwise to 100 mL of 60 mM
AgNOj; (with constant stirring at 50 °C for 1 h). Therefore,
the mass of silver used was 0.6350 g which corresponds to
5.89 initial millimoles of silver. The reaction mixture gradu-
ally darkened in color, indicating the production of AgNP.
Finally, the obtained suspensions of AgNP were separated
by centrifugation at 10,000 rpm for 30 min to remove the
unreacted Ag® ions and extract residues. The precipitate
was washed three times with ultrapure water and absolute
ethanol and finally lyophilized. The biosynthesized AgNP
were characterized. More information is found in the Sup-
plementary material.

Antibacterial activity

The antibacterial activity of selected extracts and biosynthe-
sized AgNP was investigated against both Gram-negative
bacteria, Escherichia coli (ATCC 25922), Pseudomonas
putida S12 (ATCC 700801) and Vibrio spp. (CECT 7119)
and Gram-positive bacteria, Bacillus megaterium (ATCC
14581) Staphylococcus aureus (ATCC 6538) and Strepto-
coccus equisimillis (CECT 926). Nutrient broth medium was
used for the cultivation of freshly growing bacteria (turbidity
of 0.5 McFarland suspension). Using sterilized cotton swabs,
100 uL of each cell suspension was spread on a nutrient
agar surface. The agar medium was then punched with 6 mm
diameter wells and filled with 50 pL of biosynthesized AgNP
aqueous solutions (1 mg/mL) as well as with the respective
aqueous extracts. Subsequently, the plates were maintained
at 37 °C for 24 h and the antibacterial action was determined
by measuring the diameter of the growth inhibition zone (or
halo), in mm. Each test was performed in triplicate.

Photocatalytic activity

The photocatalytic capacity of green AgNP to degrade
indigo carmine (IC) dye was evaluated under sunlight. An
aqueous solution of IC (10 mg/L) with 0.5 or 1 g/L of AgNP
was first placed in the dark for 30 min under magnetic stir-
ring, to allow the equilibrium to be reached before starting

the photocatalytic reaction. Thereafter, the solution was
exposed to sunlight from 1 to 3 h p.m. Centrifugation was
used to separate the AgNP from the dye solution after expo-
sure and a UV-Vis spectrophotometer was used to examine
the supernatant at 610 nm. Control experiments with and
without catalyst in dark and sunlight conditions were also
executed to determine the effects of catalyst and sunlight per
se. Each experiment was done in triplicate.

The IC dye degradation efficiency was determined as
follows:

=% 100
= (1)

(o]

Degradation efficiency (%) =

where C,, is the initial solution concentration (mg/L) and C,
is the final solution concentration at time t (mg/L).

Results and discussion

Selection and characterization of aqueous plant
extracts

Aqueous extraction from different plant by-products, like
eucalyptus bark and leaves, pine needles, orange leaves,
cedar wood, as well as commercial green and black tea,
was carried out to assess the potential of resulting extracts
for biosynthesizing AgNP. From the perspective of circular
economy and green development, the use of natural mate-
rials for the synthesis of MNP recycled in the treatment
of wastewater is the most appealing one, according to the
twelve principles of Green Chemistry (Anastas and Eghbali
2010). The use of biowastes in chemical synthesis can help
to clean up the environment while producing new functional
materials (Dugmore et al. 2017).

The establishment of extraction conditions is important
because an inadequate method for the recovery of bio-com-
pounds can affect the content and the functional properties
of obtained extracts to be involved in the synthesis of MNP
(Soltys et al. 2021; Martinez-Cabanas et al. 2021). Water
was selected as the extraction solvent as it is the safest,
cheapest and most environmental friendly solvent, and its
efficiency has previously been reported in terms of phenolic
compounds and other antioxidants extraction, using conven-
tional or modern techniques (Kuppusamy et al. 2016; Bilal
et al. 2019; Salayova et al. 2021; Martinez-Cabanas et al.
2021).

For a clearer comparison between the obtained extracts,
the total phenolic (TPC) and flavonoid (TFC) contents were
determined for different extraction conditions. Figure 1
shows the results obtained for each aqueous extract at differ-
ent temperatures (50 and 80 °C) and times (30 and 60 min)
of extraction. The extracts obtained from eucalyptus leaves
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Fig. 1 Total phenolic content

(TPC) (A) and Total flavonoids

content (TFC) (B) of plant

extracts. Values are expressed as IEI
mean + SD. Different lower-

case letters show significant 70+
differences (p <0.05) between 60
extraction conditions for the
. 50
same plant by-product. Different
40+

capital letters show significant
differences (p <0.05) between
plant extracts for the same
extraction conditions

TPC (mggae/g)

-
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TFC (mgce/g)
>3
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(40.7 to 45.3 mggap/g), green tea (48.7 to 54.0 mggap/g)
and black tea (37.6 to 45.2 mg;,p/g) are the ones with the
highest TPC and those from cedar wood (1.4 to 2.2 mgg,p/2)
have the lowest TPC, regardless the extraction conditions.
As it may be observed in Fig. 1A, the TPC value of the
extract obtained at 50 °C and 30 min is not statistically dif-
ferent (p > 0.05) from those of the extracts obtained within
other conditions, except for pine needles extract obtained at
80 °C for 60 min, which presented a higher phenolic con-
tent (9.3 mgg,p/g). Several authors such as Machado et al.
(Machado et al. 2013), optimized the extraction conditions
(temperature, time) for leaves from 26 different tree spe-
cies and concluded that the highest temperature (80 °C)
presented the greatest outcomes for the extraction of phe-
nolic compounds, without significant degradation of these
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antioxidants. For some types of plant leaves, extraction
times of 20 min are sufficient to obtain almost all of the
antioxidants, being influenced by the temperature used in
the process. Moreover, Chandini et al. (Bilal et al. 2019)
demonstrated that extraction times higher than 40 min at
90 °C can degrade some phenolic compounds (e.g. flavins
and catechins) in the extracts of black tea.

The profile of TFC (Fig. 1B) is similar to the one of TPC
and the highest values were reached for the green tea and
the black tea extracts with maximum values of 10.5 and
9.3 mgg/g, respectively. The eucalyptus leaves extract only
reached a maximum value of 3.7 mgg/g, a value similar
to eucalyptus bark and pine needles extracts. This is a low
value in comparison to the one described by Kuppusamy
et al. (Kuppusamy et al. 2016), who obtained a TFC of
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13.7+0.9 mge/g (quercetin equivalents (QE) in mg per g
of dry material) for eucalyptus leaves. On the other hand,
Balcitunaitiené et al. (Balcitinaitiené et al. 2022) obtained a
lower TFC of 0.48 +0.04 mggp/g (rutin equivalents (RE) in
mg per g of dry plant material) for dry Eucalyptus globu-
lus leaves. These differences may be due to the extraction
conditions (boiled water, sample/solvent ratio, time, etc.),
as well as to the provenance and storage conditions of the
raw material.

Therefore, based on the high TPC and TFC, the eucalyp-
tus leaves, green tea and black tea extracts obtained at 50 °C
for 30 min (extracts obtained with lower associated energy
costs) were selected as promising candidates to synthesize
AgNP. Similarly, Salgado et al. (2019) studied the effect of
phenolics present in plant extracts on the synthesis of MNP
and selected the extracts with higher phenolic content for the
synthesis of iron oxide nanoparticles, including eucalyptus
leaves extract.

There are many distinct compounds in plant extracts that
function as antioxidants through different reaction mecha-
nisms (Bal¢itinaitiené et al. 2022). Therefore, it is strongly
advised that at least two distinct methodologies be used to
determine the antioxidant capacity of plant extracts (Prior
et al. 2005). In this study, three different methods were
employed to assess the antioxidant activity of the selected
extracts from eucalyptus leaves, green tea and black tea
(Table 1).

The ability of the eucalyptus leaves, green tea and black
tea extracts to reduce Fe3 + was evaluated using the FRAP
method, and the results showed a reduction capacity of
0.910, 1.188 and 0.770 mmol Fe(Il)/g, respectively. These
data were higher than that reported for Eucalyptus globulus
extract (Salgado et al. 2019). The free radical scavenging
activity (DPPH and ABTS methods) are spectrophotomet-
ric methods employed for the assessment of the antioxidant
activity of various compounds present in vegetables, bev-
erages, foods, or extracts. The DPPH method is based on
the ability of antioxidants to reduce the stable free radical
(2,2-diphenyl-1-picrylhydrazyl, DPPHe) to the respective

Table 1 Antioxidant activity of selected plant aqueous extracts

Plant Extract Eucalyptus Green tea Black tea
leaves

FRAP 0.910+0.023*%  1.188+0.052* 0.770+0.118%
(mmolFe(H)/g)

ABTS 1.909+0.1674  3.099+0.102% 2.034+0.343*
(mmolrg/g)

DPPH 2.550+0.090*  3.080+0.047% 2.310+0.150*
(mmolyg/g)

Values are expressed as mean=+SD. Different capital letters show
significant differences (p <0.05) between plant extracts for the same
antioxidant assay

hydrazine, and the ABTS test is based on the capacity of
antioxidants to inhibit the radical cation ABTSe + absorb-
ance. These tests are reliable, accurate, fast, simple and cost-
effective ways to assess the capacity of natural antioxidants
to scavenge free radicals. Regarding the DPPH and ABTS
results, the highest antioxidant activity was attained for the
green tea extracts (about 3 mmolTE/g by both methods),
compared to eucalyptus and black tea extracts (Table 1).
Martinez-Cabanas et al. (2021) studied the antioxidant
capacity of eleven plant extracts by the DPPH method and
obtained a value above 5 mmolTE/L for eucalyptus (Euca-
lyptus globulus) and for green tea (Camellia sinensis), a
lower activity compared to that obtained in the present work,
255.0 mmolTE/L (2.550 +0.090 mmolTE/g) for eucalyptus
leaves and 308.0 mmolTE/L (3.080 + 0.047 mmolTE/g) for
green tea extracts. These results show the positive correla-
tion of antioxidant activity assessed by the FRAP, DPPH
and ABTS tests with the TPC and TFC of plant extracts,
indicating the contribution of extracted biomolecules to
the biological activity and it is in agreement with previous
results (Salgado et al. 2019; Kedzierska-Matysek et al. 2021;
Martinez-Cabanas et al. 2021).

Green synthesis of AgNP

AgNP were successfully produced by the reduction of
AgNO; with the phenolic-rich aqueous extracts of euca-
lyptus leaves (EL-AgNP), green tea (GT-AgNP) and black
tea (BT-AgNP) previously obtained (50 °C for 30 min) and
chemically characterized (Fig. 1 and Table 1).

The color change interpretation is regarded as the prelimi-
nary optical inference for the AgNP synthesis. The addition
of phenolic extracts to AgNO; solution at 50 °C (ratio of
1:1) transformed the color of the suspension from colorless
to pale yellow, then to a dark brownish-red (Fig. 2A). The
appearance of brownish is due to the reduction of the Ag*
ions to Ag® by phenolic extract, evidenced by UV-visible
spectroscopy (Fig. 2B) (Mo et al. 2015). SPR occurs when
free electrons on the metal surface generate the surface plas-
mon as a consequence of beaming MNP at a specific refrac-
tion angle and the intensity of the reflected light decreases
(Noguez 2007; Tayyab et al. 2022). The green AgNP exhib-
ited SPR vibration bands at 474, 453 and 450 nm confirm-
ing the synthesis of EL-AgNP, GT-AgNP and BT-AgNP,
respectively (Fig. 2B) and this is in agreement with previous
results (Dugmore et al. 2017; Kharabi Masooleh et al. 2019).

SEM was performed to investigate the surface morphol-
ogy of the biosynthesized AgNP with different aqueous
extracts. AgNP morphology is homogeneous with spheri-
cal particles (Fig. 3A-B). The size distribution is in the
range of 29-136, 14-81 and 22-81 nm for the synthesized
EL-AgNP, GT-AgNP and BT-AgNP, respectively. The
calculated average particle-size distribution (average of

@ Springer
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Fig.2 Changes in the color of the colloidal solutions indicate the
formation of AgNP (A) 1. Silver nitrate solution, 2. Addition of
eucalyptus leaves extract to silver nitrate solution at zero time (start
of reaction) and 3. After 1 h of reaction at 50 °C (end of reaction).

25 particles) suggests that the BT-AgNP were the small-
est ones (40.6+16.0 nm), followed by the GT-AgNP
(47.1+21.1 nm) and, finally, by the largest EL-AgNP
(86.4+28.2 nm). Devatha et al. (Devatha et al. 2016) pro-
posed that the amounts and types of phenolic compounds
are two of the main reasons for the variability in the sizes of
MNP. It was suggested that a high concentration of reduc-
tive biomolecules present in plant extracts leads to rapid
production of AgNP and their subsequent growth via Ost-
wald reopening, which leads to an increase in the size of the
AgNP over time (Rani et al. 2020). In this work, green tea
extract showed the highest TPC (50.7 +3.1 mgg,g/g) and
TFC (9.6 +0.9 mgg/g), but EL-AgNP presented the high-
est size (86.4 +28.2 nm), indicating the variability of the
phenolic compounds in each extract.

The EDX spectra of EL-AgNP, GT-AgNP and BT-
AgNP are shown in Fig. 3D-E. The presence of silver at
3 keV was detected, confirming the effective formation
of AgNP, due to SPR metallic AgNP (Bilal et al. 2019).
Other authors described that the formation of spherical-
shaped AgNP provides a peak in the range of 2.5-3.5 keV
(Taruna et al. 2016), corroborating our results. Also,
the presence of magnesium, oxygen and chloride result-
ing from the organic compounds present in extracts was
identified, being responsible for Ag ions reduction and
stabilization of resultant AgNP (Oluwaniyi et al. 2016;
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UV-visible spectra of AgNP synthesized by aqueous extracts from
(B) eucalyptus leaves (EL-AgNP), (C) green tea (GT-AgNP) and (D)
black tea (BT-AgNP)

Alghoraibi et al. 2020). Accordingly, wt (%) values deter-
mined in EDX analyses revealed that GT-AgNP retained
83.2% of silver (4.90 mmol of Ag), EL-AgNP retained
80.7% (4.75 mmol) and BT-AgNP retained 77.5% of silver
(4.56 mmol). These results are in concordance with the
obtained by the FRAP method, indicating that the green
tea extract shows stronger reducing activity, followed by
eucalyptus leaves and black tea.

The number of atoms per nanoparticle (N) was calcu-
lated using a procedure described by Kalishwaralal et al.
(Kalishwaralal et al. 2010) and Rani et al. (2020), Eq. 2:

xpD?
oM

N = Ny 2
where p is the density of the face-centered cubic crystal-
line (fcc) structure of silver (10.5 g/cm?), D is the average
diameter of EL-AgNP (8.6 x 10° cm), GT-AgNP (4.7 x
107° cm) and BT-AgNP (4.1 x 10° cm), M is the molar
mass of silver (107.87 g) and N, is the Avogadro’s num-
ber, 6.023 x 102, assuming 100% conversion of all silver
ions to AgNP. The N calculated was 19.5 x 10° (EL-AgNP),
3.19%x 10° (GT-AgNP) and 2.11 x 10° (BT-AgNP), suggest-
ing that EL-AgNP have more silver atoms per nanoparticle
with a high average diameter.

The molar concentration of AgNP (C) was calculated
using Eq. 3 (Kalishwaralal et al. 2010; Rani et al. 2020):
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Element Wt (%) Element Wt (%)
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[ax 562 | clK 1.22
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Fig.3 SEM images of AgNP synthesized by eucalyptus leaves (EL), green tea (GT) and black tea (BT) extracts: (A) EL-AgNP, (B) GT-AgNP
and (C) BT-AgNP. EDX spectra of (D) EL-AgNP, (E) GT-AgNP and (F) BT-AgNP

N.
C=—0r 3)
NVN,

where N is the total number of silver atoms (number of mol
of silver ions quantified by EDX X Avogadro’s number), N
is the average number of atoms per nanoparticle (Eq. 2) and
V is the total volume of solution used in the biosynthesis
(0.2 L). Therefore, the molar concentration was 1.22 nM
(EL-AgNP), 7.68 nM (GT-AgNP) and 10.8 nM (BT-AgNP).
These values show that the AgNP from the EL extract has a
lower concentration than the other particles prepared with
the leaves from the different teas.

Zeta potential is the physical property that measures the
effective electric charge on the MNP surface and it is a cru-
cial parameter for the stability characterization of AgNP in
aqueous suspensions. The repulsive interaction between the
particles is determined by the surface charge as the meas-
ured zeta potential values indicate the particles' tendency
to agglomerate or to disperse (Ruiz-Baltazar et al. 2018).

The synthesized AgNP showed high zeta potential values
of -31.8, -35.3 and -36.3 mV for EI-AgNP, GT-AgNP and
BT-AgNP, respectively compared to results obtained by
other authors (Paosen et al. 2017; Kharabi Masooleh et al.
2019). The high negative values indicate the coordination of
anionic stabilizing agents and the stability of the AgNP col-
loidal solution as a result of electrostatic repulsion between
the negative charges (Paosen et al. 2017).

The FTIR spectra of aqueous extracts and the respective
biosynthesized AgNP are shown in Fig. 4.

In the aqueous extracts, the bands between 3600 and
3000 cm™! represent the O—H stretching vibration of the
hydroxyl group (— OH) in polysaccharides and phenolic
compounds and are assigned to secondary amides (— NH)
(Ruiz-Baltazar et al. 2018). The band situated at 2923 cm™!
is associated with the C — H characteristic stretching vibra-
tion from CH and CH, present in the aliphatic compounds
(Perugu et al. 2016). The band at 1634 cm™! represents the
carbonyl group C=O0 stretch vibration of aromatic ketones,
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Fig.4 FTIR of extracts from eucalyptus leaves (EL) (A), green tea
(GT) (B) and black tea (BT) (C) and biosynthesized AgNP: EL-
AgNP (A), GT-AgNP (B) and BT-AgNP (C)

amine and carboxyl which are typically found in the proteins
from plant extract (Bergal et al. 2022). The N-H functional
groups of primary and secondary amides are responsible for
the absorption band at 1515 cm™'. The peak at 1492 cm™!
can be related to the C=C stretching of the aromatic ring
of the lignin (Shanmugam et al. 2016). The intensity band
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located at 1422 cm™! is related to the symmetric bending of
the CH, which is present in comparable compounds such as
cellulose, while the bands located at 1379 and 1320 cm™!
correspond to the bending vibration of C-O and C-H groups
of the aromatic ring of the polysaccharides (de Jestis Ruiz-
Baltazar et al. 2017). A band situated at 1062 cm™! is attrib-
uted to the C-N stretching vibration band of aliphatic amines
and the presence of a C-O stretching vibration was shown
by the band at 1043 cm™". This band could be used to assign
a primary, secondary or tertiary structure of alcohol, that
establishes the existence of phenolic compounds or ether and
hydroxyl groups in cellulose (Manikandan et al. 2015; Pham
et al. 2020). The bands at 922, 872, 765 and 608 cm™! were
associated to out of plane C-H bending vibrations in aromat-
ics and alkenes (Esmaili et al. 2020). All the identified bands
are common in the spectra of the biosynthesized AgNP,
especially in the case of EL-AgNP and BT-AgNP. These
results support that these functional groups play essential
roles in the reduction of Ag* ions to biosynthesize AgNP
which is consistent with other works (Pham et al. 2020).

Although the use of plant extract in biosynthesis has been
extensively studied, the mechanism of bio-reduction of metal
ions remains unknown (Mustapha et al. 2022). It has been
proposed that the electrostatic trapping of silver ions on the
surface of proteins in plant extract is the first step in sil-
ver bio-reduction (Marslin et al. 2018). The involvement of
the secondary metabolites has also been proposed to imply
the reduction of metal ions that lead to nanoparticle forma-
tion and support their subsequent stability (Mustapha et al.
2022). Figure 5 displays the probable mechanism of plant-
mediated synthesis of AgNP from AgNO; as suggested by
Din and Rani (Imran Din and Rani 2016). It is proposed that
the hydroxyl group of the various biomolecules present in
the different extracts is primarily responsible for the reduc-
tion of silver ions (Ag") into zero metallic species (Ag®).
These Ag® nuclei formed rapidly undergo the phenomenon
of coalescence, culminating in the formation of AgNP.

Antibacterial activity of aqueous extracts and AgNP

The antibacterial action of aqueous extracts from euca-
lyptus leaves, green tea and black tea and the respective
biosynthesized AgNP was investigated against both Gram-
negative (P. putida, E. coli, Vibrio spp.) and Gram-positive
(B. megaterium, S. aureus, S. equisimilis) bacteria strains.
The results of the inhibition zone (mm) are expressed in
Table 2. The extracts were only effective against Vibrio spp.
and the eucalyptus leaves extract showed the highest inhi-
bition (11.5+0.5 mm). In other studies, the application of
Eucalyptus globulus extract showed an inhibition zone for S.
aureus and E. coli (BalCitinaitiené et al. 2022). However, the
extracts were obtained with ethanol 70% (v/v), which may
present different concentrations and profiles of bioactive
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Table 2 Inhibition zones of the aqueous plant extracts and of silver nanoparticles (AgNP) against Gram-positive and Gram-negative bacterial

strains

Bacterial strains Inhibition zone (mm)

Aqueous extracts AgNP
Eucalyptus Green tea (GT) Black tea (BT) EL-AgNP GT-AgNP BT-AgNP
leaves (EL)
Gram - E. coli nd n.d n.d 10£0.724 7.8+0.4%4 103+£1.1%4
P. putida nd nd n.d 10.8£0.4%4 7.8+0.4%4 10.5+0.5%
Vibrio spp. 11.5+0.5° 10+0° 10.5+0.5° 14+ 1% 8.3+0.8%4 12+0®
Gram + S. aureus n.d n.d n.d 13.5+0.828 11.3+0.8°8 12.8+£0.4%8
B. megaterium nd n.d n.d 10.0£0% 7.3+04% 8.8+0.8C
S. equisimilis nd n.d nd 13.5+0.5% 7.8+0.8% 12.5+0.5%8

n.d.=not detected; Values are expressed as mean (mm) + SD; Different lowercase letters show significant differences (p <0.05) between inhibi-
tion zone of aqueous extracts or AgNP for the same bacteria strain. Different capital letters show significant differences (p <0.05) between bacte-

rial strains for the same AgNP

compounds with antibacterial properties. In fact, ethanol
is widely considered the ideal solvent for the extraction of
phenolic compounds, although it is a flammable and costly
solvent (Ferreira-Santos et al. 2020). So, water was used in
this work as the safest, cheapest and most environmental
friendly extraction solvent.

The antibacterial action of the biosynthesized AgNP
against the Gram-positive and Gram-negative bacteria
can be appreciated in both cases. EL-AgNP, GT-AgNP

and BT-AgNP were potentially effective in suppress-
ing bacterial growth within a range of inhibition zones
from 7.3 +£0.40 to 14.0+ 1 mm. EL-AgNP and BT-AgNP
exhibited significantly (p <0.05) higher antimicrobial
activity than the GT-AgNP for all bacterial strains, but
for Vibrio spp. and B. megaterium, for which EL-AgNP
showed a higher inhibitory effect than BT-AgNP. The
inhibition zones of EL-AgNP ranged between 10+0 to
14 +1 mm. EL-AgNP showed a higher inhibition against
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Vibrio spp. (14+1 mm), S. aureus (13.5+0.8 mm) and
S. equisimillis (13.5+0.5 mm). In the case of Vibrio
spp., this higher inhibition has the contribution of the EL
extract, since EL extract also shows antibacterial activity
(11.5+0.5 mm), while the remaining unique responsible
for the effect is silver. Similar outcomes were obtained by
(Liaqat et al. 2022), who reported the antibacterial activ-
ity of AgNP biosynthesized by eucalyptus leaves against
E. coli (8.0 6 mm) and S. aureus (13.0+0.3 mm). The
inhibition zones of GT-AgNP ranged between 7.3 +0.4
to 11.3 +0.8 mm and the highest inhibition was shown
against S. aureus (11.3 +£0.8 mm). Previous studies
reported antibacterial activity from green tea extract-medi-
ated AgNP against E. coli and S. aureus, forming inhi-
bition zones of 11 and 7 mm, respectively (Bergal et al.
2022). The inhibition zone of BT-AgNP ranged between
8.8+0.8 to 12.8+0.4 nm. BT-AgNP showed higher
inhibition against Vibrio spp. (12 +0 mm), S. aureus
(12.8 0.4 mm) and S. equisimillis (12.5 +0.5 mm). The
BT extract is also active against Vibrio spp. (10.5 +0 mm),
enhancing the inhibitory effect obtained by BT-AgNP.

In general, the antibacterial action is higher against
Gram-positive (S. aureus and S. equisimillis), likewise
reported by other authors (Pirtarighat et al. 2019). As sug-
gested by (Loo et al. 2018), Gram-negative bacteria may
be less vulnerable due to the positive charges of AgNP
trapped and inhibited by lipopolysaccharides, thus making
them less susceptible.

It is suggested that AgNP demonstrated enhanced toxic-
ity towards bacterial strains due to the small size and large
intake of AgNP by bacteria (Ijaz et al. 2022). Although the
detailed mechanism by which AgNP exhibits antibacte-
rial action is not entirely known, various mechanisms of
action have been documented in the bibliography. Due to
their anchoring capabilities, AgNP have been demonstrated
to induce structural changes in the bacterial membrane and
eventual cell death as a result of their penetration into the
cell wall (SINGH et al. 2016; Nguyen et al. 2020). Break-
age of genetic material, inactivation of structural proteins
and enzyme degradation by AgNP have been suggested as
mechanisms of action too (Guzman et al. 2012). Another
proposed mechanism is based on the release of silver cations
from AgNP and on their interaction which results in severe
changes in the bacterial membrane structure, increasing its
permeability (Pirtarighat et al. 2019).

This antibacterial screening confirmed that green AgNP
possess efficient antimicrobial potential against bacteria and
could be used as an alternative disinfectants in wastewater
remediation. The perfect disinfectant should be able to inac-
tivate a wide range of microorganisms quickly, not corrosive,
without producing any dangerous byproducts, using little
energy and being easy to use and store. It should also be able
to be safely disposed (Taher et al. 2022).
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Photocatalytic activity of EL-AgNP

Eucalyptus leaves, a biomass residues of the eucalyptus
plantations, were considered a good source of bioactive
compounds for the synthesis of AgNP. For this reason, the
photocatalytic potential of biosynthesized EL-AgNP was
assessed by evaluating the photodegradation of a model dye
compound (indigo carmine (IC)), under direct sunlight. IC
is an anionic (acidic)-type dye and it is one of the oldest
dyes still widely used in many industries especially in textile,
food, cosmetics, pharmaceuticals and medical diagnostics
(Ammar et al. 2006; Ahirwar et al. 2016). It is a very toxic
member of the indigoid dye class and direct contact causes
eye and skin irritation, as well as permanent damage to the
cornea and conjunctiva (Abdel Messih et al. 2017).

Figure 6A illustrates the photocatalytic degradation of IC
dye under different dosages of EL-AgNP (0.5 and 1 g/L).
Control experiments were performed to verify the effec-
tiveness of EL-AgNP and the effects of direct sunlight on
IC degradation. Degradation of IC was insignificant under
direct sunlight and in the absence of AgNP. In addition,
no significant changes were observed in the dye removal
experiment conducted in the dark and in the presence of
EL-AgNP. These findings indicate that the dye degradation
should depend on both EL-AgNP and sunlight. The degra-
dation percentages of the IC dye are nearly 95 and 100%
under natural sunlight after 75 min with 0.5 and 1 g/L of
EL-AgNP, respectively. The apparent kinetic parameters
were estimated assuming that the degradation rate follows a
pseudo-first-order kinetics represented by Eq. 4, (Fig. 6B).
The catalytic reaction kinetics were evaluated through the
creation of a graph of normalized concentration (C/C,) vs
time (Eq. 4).

S -k
na) = —k.t 4)

C, is the IC dye initial concentration, C, is the concentra-
tion of IC dye at t (time) and k is the rate constant.

These kinetics assessments confirmed that the photocata-
lytic reaction follows a pseudo-first-order relationship, with
an apparent rate constant (k) of 0.0178 and 0.03612 min~!
using 0.5 and 1 g/L of EL-AgNP, respectively. The dosage
of 1 g/L led to the highest photocatalytic activity, indicating
that the amount of catalyst influences the degradation rate
as more electron-pairs are formed which increases the rate
of reaction (Saeed et al. 2022).

Although it is difficult to compare the obtained results
with those of the literature, as efficiency is a vital factor for
the large scale of a photocatalyst, the photodegradation of
IC with AgNP and other catalysts is presented (Table 3).
Visible-light photocatalysis using sunlight as a light source
in wastewater treatment has been regarded as an economic



Environmental Science and Pollution Research (2024) 31:14191-14207

14201

Fig.6 Degradation efficiency
of indigo carmine (IC) dye

A

by biosynthesized EL-AgNP 100
(A) and pseudo-first-order
reaction kinetics for IC decol- 80
orization by EL-AgNP 0.5 g/L 39
(R*=0.9192) and EL-AgNP 23 60
1 g/L (R2=0.9513) (B) g 1)
S5
g)é; 40
o [}
20
0 T T T T
0 10 20 30 40 50 60 70 80
Time (min)
EL-AgNP 0.5 g/L EL-AgNP 1 g/L Without EL-AGQNP ~ -% Dark
0-
-]
S -
Q
£
24
-3 T T T T T T
0 10 20 30 40 50 60

and an effective technology (Zheng et al. 2020). Very good
results were obtained in the photodegradation of IC under
sunlight exposure using AgNP on reduced graphene oxide
(Ag-rGO) as catalyst (Jose et al. 2018), in the presence of
sodium borohydride to initiate the photodegradation process.
Also, Alsohaimi and co-workers (2020) studied the decol-
orization of IC using silver nanoparticles imprinted calcium
oxide (Ag-CaO) under sunlight. The authors reported a deg-
radation efficiency of 99.5%, with a noticeable adsorption
(75%) of IC dye was observed. Faisal and colleagues (2020)
tested the photodegradation of IC using green AgNP and
obtained 98.2% of dye removal within 140 min under UV
light. A higher degradation rate was found for the Ag-TiO,
composite, 0.044 min~!, (Abdel Messih et al. 2017), similar
to our work (0.036 min~'). These results encourage further
efforts to recognize the potential of EL-AgNP to photode-
grade pollutants and to identify the respective mechanism
of photodegradation.

Figure 7 shows the schematic mechanism for photodeg-
radation of IC dye by EL-AgNP under sunlight. The process
is activated by the radiation of sunlight on EL-AgNP, which

Time (min)

causes the excitation of electrons (e™) from the valence band
(VB) to conduction band (CB) due to which generation of
holes (h*) occurs in VB. These ¢~ and h* will migrate to
the surface of ELE-AgNP. The oxidation of OH™ in water
by photo-generated h*, results in the generation of hydroxyl
radicals (OH®). The e~ interacts with the dissolved oxygen
(0,) and superoxide radicals (0,°7) are generated. These
radicals react with IC dye to form degraded pollutants and
ideally H,O and CO, as final products. Some previous stud-
ies showed the photodegradation of IC dye into isatin sul-
fonic acid up to 2-amine-5-sulfo-benzoic acid formation via
oxidation (Guaraldo et al. 2013; Hernandez-Gordillo et al.
2016).

Cost estimation of AgNP biofabrication

Successful implementation of materials usage for the
elimination of pollutants and microorganisms from water
depends largely on the cost of the material production.
The cost assessment of the synthesis of green AgNP is a
very important step to evaluate its cost-effectiveness and
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Table 3 Comparative performance of silver nanoparticles (AgNP) and their composites for photodegradation of indigo carmine (IC) dye

Catalyst Method of Catalyst  IC Light source Reac- Degradation Degradation Ref

synthesis dosage concentration(mg/L) tion time  efficiency rate (min~")
(g/L) (min) (%)

Ag-ZnO Chemical co- 1.0 10 Visible 120 96 0.020 (Kumar et al.
precipitation 2023)

Ag-ZnO Sol-gel spin nr 6.6 Simulated 360 85 0.004 (Khiari et al.
coating sunlight 2021)

Ag-CaO Thermal 0.8 25 Sunlight 25 99.45 0.180 (Alsohaimi et al.

2020)
Ag-rGO Hydrothermal 0.3 20 Sunlight 240 100 0.012 (Jose et al. 2018)
Ag-GO Photochemical 1.0 10 Visible 420 54 0.003 (Martinez-
Orozco et al.
2013)
Ag-TiO, Sol-gel 1.0 28 uv 240 100 0.044 (Abdel Messih
et al. 2017)
Ag-PbMoO, Sonochemical 2.0 20 Simulated 120 n.a 0.026 (Gyawali et al.
sunlight 2013)

Ag Green using 0.7 20 uv 140 98.2 nr (Faisal et al.
Flammulina 2020)
velutipes
extract

Ag Green using 1.0 10 Sunlight 75 99.8 0.036 This work
Eucalyptus
globulus
leaves extract
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Fig.7 Schematic mechanism for photocatalytic degradation of IC dye by biosynthesized EL-AgNP

scalability of production. The total cost of the biosynthesis
of AgNP covers various items including collection, wash-
ing, drying and milling of plant material; preparation and

filtration of plant extract; and synthesis, centrifugation,
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products

Mineralization

=) CO, <p H,0

washing and lyophilization of AgNP. Figure 8 shows the
different steps performed to produce 1 g of AgNP as well
as the input flows of energy, water and chemicals.
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Fig.8 Flowchart for the preparation of 1 g of green AgNP

The total cost involved in this process was evaluated by
determining the cost of energy, water, metallic salt and etha-
nol required for the biofabrication of AgNP. The cost of each
step and the total preparation cost for 1 g of AgNP are given
in Table 4.

The cost associated with the collection of eucalyptus
leaves was not considered once it is locally and abundantly
available and was acquired as a biowaste. Green and black
tea were purchased as commercial products (Tetley®) and
were used as received. The cost of material collection,
energy, water and chemicals was defined considering aver-
age values practiced in Portugal.

The total cost of the synthesis of green AgNP in the
laboratory ranges 7.94-8.76 €/g. The main items with a
remarkable cost are the energy required in the lyophili-
zation step and the silver nitrate. The commercial AgNP
are currently priced between 18.48 €/g (Sigma-Aldrich,
#576,832) and 28.72 €/g (ThermoFischer Scientific,
#045509.14), which illustrates the need to develop cheaper
and scalable alternatives. This cost analysis reveals that
the proposed green synthesis is comparatively very
competitive.

Table 4 Estimation cost of

; Plant Eucalyptus leaves  Green tea  Black tea
preparation of 1 g of AgNP Costs (€/g AgNP)
Energy consumption®  Material collection - 0.82 0.65
Milling and Sieving 0.002 - -
Extraction 0.184 0.184 0.184
Filtration 0.007 0.007 0.007
Synthesis 0.1 0.1 0.1
Centrifugation 0.624 0.624 0.624
Lyophilization 3.84 3.84 3.84
Water consumption®  Plant washing, extraction process, 0.0003 0.0003 0.0003
AgNO; solution and AgNP wash-
ing
Chemicals Silver nitrate® 2.78 2.78 2.78
Ethanol* 0.4 0.4 0.4
Total cost (€/g AgNP) 7.94 8.76 8.59

3Considering an energy cost of 0.16 €/kWh; "Considering a cost of 0.70 €/m> of deionized water; “Consid-
ering a cost of 69.60 €/25 g and %Considering a cost of 16.02 €/2.5 L
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Conclusions

The use of plant extracts for the biosynthesis of AgNP is an
alternative green method of preparation due to its quick, eco-
logical, non-pathogenic and inexpensive procedure. From
all plant by-products tested, the EL, GT and BT extracts
obtained at 50 °C for 30 min, were the ones with lower asso-
ciated energy costs and were selected as promising candi-
dates to biosynthesize AgNP. Here the importance of the
previous optimization of the extraction process was empha-
sized, guaranteeing the extraction's efficiency and reducing
energetic costs, making the process more sustainable. The
resulting biosynthesized AgNP have antimicrobial activity
against Gram-negative and Gram-positive bacteria, with EL-
AgNP being the nanostructure with the greatest antimicro-
bial action. The photocatalytic capacity of EL-AgNP was
proved by the total decolorization of the IC dye after 75 min
of reaction under sunlight. The cost analysis demonstrated
the potential of this green approach to enable the large-
scale deployment of AgNP in a wide range of environmen-
tal applications. These results encourage the application of
bio-resources in the synthesis of MNP and the study of their
potential as multifunction agents for wastewater treatment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-024-32180-w.

Acknowledgements V. Rocha thanks Portuguese Foundation for
Science and Technology (FCT) for the concession of her PhD grant
(SFRH/BD/141073/2018). P. Ferreira-Santos would like to express
their gratitude to the Spanish Ministry of Economy and Competitive-
ness for their postdoctoral grant (Reference FIC2021-046978-I). This
study was supported by the FCT under the scope of the strategic fund-
ing of UIDB/04469/2020 (CEB), of UIDB/04050/2020 (CBMA) and of
UID/QUI/0686/2020 (CQUM) and by LABBELS — Associate Labora-
tory in Biotechnology, Bioengineering and Microelectromechanical
Systems, LA/P/0029/2020.

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were per-
formed by Verénica Rocha and Pedro Ferreira-Santos. Formal analysis,
validation and supervision were executed by Cristina Aguiar, Isabel C.
Neves and Teresa Tavares. The first draft of the manuscript was written
by Verdnica Rocha and all authors commented on previous versions
of the manuscript. All authors read and approved the final manuscript.

Funding Open access funding provided by FCTIFCCN (b-on). This
work was supported by PhD grant (SFRH/BD/141073/2018) from
Portuguese Foundation for Science and Technology (FCT), postdoc-
toral grant (FJC2021-046978-I) from Spanish Ministry of Economy
and Competitiveness. This study was supported by the FCT under
the scope of the strategic funding of UIDB/04469/2020 (CEB), of
UIDB/04050/2020 (CBMA) and of UID/QUI/0686/2020 (CQUM) and
by LABBELS - Associate Laboratory in Biotechnology, Bioengineer-
ing and Microelectromechanical Systems, LA/P/0029/2020.

Declarations

Ethical approval Not applicable.

@ Springer

Consent to participate Not applicable.
Consent to publish Not applicable.

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdel Messih MF, Ahmed MA, Soltan A, Anis SS (2017) Facile
approach for homogeneous dispersion of metallic silver nano-
particles on the surface of mesoporous titania for photocatalytic
degradation of methylene blue and indigo carmine dyes. J Pho-
tochem Photobiol A Chem 335:40-51. https://doi.org/10.1016/j.
jphotochem.2016.11.001

Adebayo EA, Azeez MA, Alao MB et al (2021) Fungi as veritable
tool in current advances in nanobiotechnology. Heliyon 7:¢08480.
https://doi.org/10.1016/j.heliyon.2021.e08480

Ahirwar D, Bano M, Khan F (2016) Synthesis of mesoporous TiO2
and its role as a photocatalyst in degradation of indigo carmine
dye. J Sol-Gel Sci Technol 79:228-237. https://doi.org/10.1007/
s10971-016-4039-7

Alghoraibi I, Soukkarieh C, Zein R et al (2020) Aqueous extract of
Eucalyptus camaldulensis leaves as reducing and capping agent
in biosynthesis of silver nanoparticles. Inorg Nano-Metal Chem
50:895-902. https://doi.org/10.1080/24701556.2020.1728315

Alsohaimi IH, Nassar AM, SeafElnasr TA, Amar Cheba B (2020) A
novel composite silver nanoparticles loaded calcium oxide stem-
ming from egg shell recycling: A potent photocatalytic and anti-
bacterial activities. J Clean Prod 248:119274. https://doi.org/10.
1016/j.jclepro.2019.119274

Ammar S, Abdelhedi R, Flox C et al (2006) Electrochemical degrada-
tion of the dye indigo carmine at boron-doped diamond anode for
wastewaters remediation. Environ Chem Lett 4:229-233. https://
doi.org/10.1007/s10311-006-0053-2

Anastas P, Eghbali N (2010) Green chemistry: Principles and practice.
Chem Soc Rev 39:301-312. https://doi.org/10.1039/B918763B

Annamalai J, Ummalyma SB, Pandey A, Bhaskar T (2021) Recent
trends in microbial nanoparticle synthesis and potential applica-
tion in environmental technology: a comprehensive review. Envi-
ron Sci Pollut Res Int 28:49362-49382. https://doi.org/10.1007/
s11356-021-15680-x

Balamurugan M, Saravanan S (2017) Green Synthesis of Silver Nano-
particles by using Eucalyptus Globulus Leaf Extract. J Inst Eng
Ser A 98:461-467. https://doi.org/10.1007/s40030-017-0236-9

Balcitnaitiené A, Liaudanskas M, Puzeryté V, et al (2022) Eucalyptus
globulus and Salvia officinalis extracts mediated green synthesis
of silver nanoparticles and their application as an antioxidant and


https://doi.org/10.1007/s11356-024-32180-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jphotochem.2016.11.001
https://doi.org/10.1016/j.jphotochem.2016.11.001
https://doi.org/10.1016/j.heliyon.2021.e08480
https://doi.org/10.1007/s10971-016-4039-7
https://doi.org/10.1007/s10971-016-4039-7
https://doi.org/10.1080/24701556.2020.1728315
https://doi.org/10.1016/j.jclepro.2019.119274
https://doi.org/10.1016/j.jclepro.2019.119274
https://doi.org/10.1007/s10311-006-0053-2
https://doi.org/10.1007/s10311-006-0053-2
https://doi.org/10.1039/B918763B
https://doi.org/10.1007/s11356-021-15680-x
https://doi.org/10.1007/s11356-021-15680-x
https://doi.org/10.1007/s40030-017-0236-9

Environmental Science and Pollution Research (2024) 31:14191-14207

14205

antimicrobial agent. Plants (Basel, Switzerland) 11: https://doi.
org/10.3390/plants11081085

Bashir M, Batool M, Arif N et al (2023) Strontium-based nanomateri-
als for the removal of organic/inorganic contaminants from water:
A review. Coord Chem Rev 492:215286. https://doi.org/10.1016/j.
ccr.2023.215286

Benzie IFF, Strain JJBT-M in E (1999) [2] Ferric reducing/antioxidant
power assay: Direct measure of total antioxidant activity of bio-
logical fluids and modified version for simultaneous measurement
of total antioxidant power and ascorbic acid concentration. In:
Oxidants and Antioxidants Part A. Academic Press, pp 15-27

Bergal A, Matar GH, Anda¢ M (2022) Olive and green tea leaf extracts
mediated green synthesis of silver nanoparticles (AgNPs): com-
parison investigation on characterizations and antibacterial
activity. Bionanoscience 12:307-321. https://doi.org/10.1007/
$12668-022-00958-2

Bilal M, Khan S, Ali J et al (2019) Biosynthesized silver supported
catalysts for disinfection of Escherichia coli and organic pollutant
from drinking water. J Mol Liq 281:295-306. https://doi.org/10.
1016/j.molliq.2019.02.087

ChenZ,Ma T, Li Z et al (2024) Enhanced photocatalytic performance
of S-scheme CdMo00O4/CdO nanosphere photocatalyst. ] Mater Sci
Technol 179:198-207. https://doi.org/10.1016/j.jmst.2023.07.029

Das M (2021) Biosynthesis of silver nanoparticles using bark extracts
of eucalyptus tereticornis Sm. and study of their antimicrobial
properties. Proc Natl Acad Sci India Sect B Biol Sci 91:557-564.
https://doi.org/10.1007/s40011-021-01242-1

de Jests R-B, Reyes-Lopez SY, Larrafiaga D et al (2017) Green synthe-
sis of silver nanoparticles using a Melissa officinalis leaf extract
with antibacterial properties. Results Phys 7:2639-2643. https://
doi.org/10.1016/j.rinp.2017.07.044

de Ruiz-Baltazar A, J, Reyes-Lépez SY, Mondragén-Sénchez M de
L, et al (2018) Biosynthesis of Ag nanoparticles using Cynara
cardunculus leaf extract: Evaluation of their antibacterial and elec-
trochemical activity. Results Phys 11:1142-1149. https://doi.org/
10.1016/j.rinp.2018.11.032

Devatha CP, Thalla AK, Katte SY (2016) Green synthesis of iron nano-
particles using different leaf extracts for treatment of domestic
waste water. J Clean Prod 139:1425-1435. https://doi.org/10.
1016/j.jclepro.2016.09.019

Dugmore T1J, Clark JH, Bustamante J et al (2017) Valorisation of
biowastes for the production of green materials using chemi-
cal methods. Top Curr Chem 375:46. https://doi.org/10.1007/
s41061-017-0133-8

El SAM (2020) Green synthesis of metal and metal oxide nanoparticles
from plant leaf extracts and their applications: A review. Green
Process Synth 9:304-3309. https://doi.org/10.1515/gps-2020-0031

Esmaili N, Mohammadi P, Abbaszadeh M, Sheibani H (2020) Green
synthesis of silver nanoparticles using Eucalyptus comadulensis
leaves extract and its immobilization on magnetic nanocomposite
(GO-Fe 3 O 4 /PAA/Ag) as a recoverable catalyst for degradation
of organic dyes in water. Appl Organomet Chem 34:e5547. https://
doi.org/10.1002/a0c.5547

Faisal S, Khan MA, Jan H et al (2020) Edible mushroom (Flammulina
velutipes) as biosource for silver nanoparticles: from synthesis to
diverse biomedical and environmental applications. Nanotechnol-
ogy 32:65101. https://doi.org/10.1088/1361-6528/abc2eb

Ferreira-Santos P, Genisheva Z, Pereira RN et al (2019) Moderate elec-
tric fields as a potential tool for sustainable recovery of phenolic
compounds from pinus pinaster Bark. ACS Sustain Chem Eng
7:8816-8826. https://doi.org/10.1021/acssuschemeng.9b00780

Ferreira-Santos P, Genisheva Z, Botelho C et al (2020) Unravelling the
biological potential of pinus pinaster bark extracts. Antioxidants
(basel, Switzerland) 9:334. https://doi.org/10.3390/antiox9040334

GOl F, Aygiin A, Seyrankaya A et al (2020) Green synthesis and char-
acterization of Camellia sinensis mediated silver nanoparticles for

antibacterial ceramic applications. Mater Chem Phys 250:123037.
https://doi.org/10.1016/j.matchemphys.2020.123037

Guaraldo TT, Zanoni TB, de Torresi SIC et al (2013) On the appli-
cation of nanostructured electrodes prepared by Ti/Ti0O2/WO3
“template”: A case study of removing toxicity of indigo using
visible irradiation. Chemosphere 91:586-593. https://doi.org/10.
1016/j.chemosphere.2012.12.027

Guzman M, Dille J, Godet S (2012) Synthesis and antibacterial activity
of silver nanoparticles against gram-positive and gram-negative
bacteria. Nanomedicine Nanotechnology, Biol Med 8:37-45.
https://doi.org/10.1016/j.nano.2011.05.007

Gyawali G, Adhikari R, Joshi B et al (2013) Sonochemical synthesis
of solar-light-driven Ag-PbMoO4 photocatalyst. ] Hazard Mater
263:45-51. https://doi.org/10.1016/j.jhazmat.2013.03.065

Hernandez-Gordillo A, Rodriguez-Gonzalez V, Oros-Ruiz S, Gémez
R (2016) Photodegradation of Indigo Carmine dye by CdS nano-
structures under blue-light irradiation emitted by LEDs. Catal
Today 266:27-35. https://doi.org/10.1016/j.cattod.2015.09.001

Tjaz I, Bukhari A, Gilani E et al (2022) Green synthesis of silver nano-
particles using different plants parts and biological organisms,
characterization and antibacterial activity. Environ Nanotech
Monit Manag 18:100704. https://doi.org/10.1016/j.enmm.2022.
100704

Imran Din M, Rani A (2016) Recent advances in the synthesis and
stabilization of nickel and nickel oxide nanoparticles: A green
adeptness. Int J Anal Chem 2016:3512145. https://doi.org/10.
1155/2016/3512145

Jose PPA, Kala MS, Kalarikkal N, Thomas S (2018) Silver-attached
reduced graphene oxide nanocomposite as an eco-friendly pho-
tocatalyst for organic dye degradation. Res Chem Intermed
44:5597-5621. https://doi.org/10.1007/s11164-018-3443-8

Kalishwaralal K, BarathManiKanth S, Pandian SRK et al (2010) Sil-
ver nanoparticles impede the biofilm formation by Pseudomonas
aeruginosa and Staphylococcus epidermidis. Colloids Surfaces
B Biointerfaces 79:340-344. https://doi.org/10.1016/j.colsurfb.
2010.04.014

Kedzierska-Matysek M, Stryjecka M, Teter A et al (2021) Relation-
ships between the content of phenolic compounds and the anti-
oxidant activity of polish honey varieties as a tool for botanical
discrimination. Molecules 26:1810. https://doi.org/10.3390/molec
ules26061810

Khan I, Saeed K, Khan I (2019) Nanoparticles: Properties, applications
and toxicities. Arab J Chem 12:908-931. https://doi.org/10.1016/j.
arabjc.2017.05.011

Kharabi Masooleh A, Ahmadikhah A, Saidi A (2019) Green synthesis
of stable silver nanoparticles by the main reduction component of
green tea ( Camellia sinensis L.). IET Nanobiotechnol 13:183—
188. https://doi.org/10.1049/iet-nbt.2018.5141

Khiari M, Gilliot M, Lejeune M et al (2021) Effects of Ag nano-
particles on zinc oxide photocatalytic performance. Coatings
11:400. https://doi.org/10.3390/coatings 11040400

Kumar R, Janbandhu SY, Sukhadeve GK, Gedam RS (2023) Visible
light assisted surface plasmon resonance triggered Ag/ZnO nano-
composites: synthesis and performance towards degradation of
indigo carmine dye. Environ Sci Pollut Res 30:98619-98631.
https://doi.org/10.1007/s11356-022-22745-y

Kuppusamy S, Thavamani P, Megharaj M et al (2016) Assessment of
antioxidant activity, minerals, phenols and flavonoid contents of
common plant/tree waste extracts. Ind Crops Prod 83:630-634.
https://doi.org/10.1016/j.indcrop.2015.12.060

Li S-N, Wang R, Ho S-H (2021) Algae-mediated biosystems for
metallic nanoparticle production: From synthetic mechanisms to
aquatic environmental applications. J] Hazard Mater 420:126625.
https://doi.org/10.1016/j.jhazmat.2021.126625

Liaqat N, Jahan N, Khalil-Ur-Rahman, et al (2022) Green synthesized
silver nanoparticles: Optimization, characterization, antimicrobial

@ Springer


https://doi.org/10.3390/plants11081085
https://doi.org/10.3390/plants11081085
https://doi.org/10.1016/j.ccr.2023.215286
https://doi.org/10.1016/j.ccr.2023.215286
https://doi.org/10.1007/s12668-022-00958-2
https://doi.org/10.1007/s12668-022-00958-2
https://doi.org/10.1016/j.molliq.2019.02.087
https://doi.org/10.1016/j.molliq.2019.02.087
https://doi.org/10.1016/j.jmst.2023.07.029
https://doi.org/10.1007/s40011-021-01242-1
https://doi.org/10.1016/j.rinp.2017.07.044
https://doi.org/10.1016/j.rinp.2017.07.044
https://doi.org/10.1016/j.rinp.2018.11.032
https://doi.org/10.1016/j.rinp.2018.11.032
https://doi.org/10.1016/j.jclepro.2016.09.019
https://doi.org/10.1016/j.jclepro.2016.09.019
https://doi.org/10.1007/s41061-017-0133-8
https://doi.org/10.1007/s41061-017-0133-8
https://doi.org/10.1515/gps-2020-0031
https://doi.org/10.1002/aoc.5547
https://doi.org/10.1002/aoc.5547
https://doi.org/10.1088/1361-6528/abc2eb
https://doi.org/10.1021/acssuschemeng.9b00780
https://doi.org/10.3390/antiox9040334
https://doi.org/10.1016/j.matchemphys.2020.123037
https://doi.org/10.1016/j.chemosphere.2012.12.027
https://doi.org/10.1016/j.chemosphere.2012.12.027
https://doi.org/10.1016/j.nano.2011.05.007
https://doi.org/10.1016/j.jhazmat.2013.03.065
https://doi.org/10.1016/j.cattod.2015.09.001
https://doi.org/10.1016/j.enmm.2022.100704
https://doi.org/10.1016/j.enmm.2022.100704
https://doi.org/10.1155/2016/3512145
https://doi.org/10.1155/2016/3512145
https://doi.org/10.1007/s11164-018-3443-8
https://doi.org/10.1016/j.colsurfb.2010.04.014
https://doi.org/10.1016/j.colsurfb.2010.04.014
https://doi.org/10.3390/molecules26061810
https://doi.org/10.3390/molecules26061810
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1049/iet-nbt.2018.5141
https://doi.org/10.3390/coatings11040400
https://doi.org/10.1007/s11356-022-22745-y
https://doi.org/10.1016/j.indcrop.2015.12.060
https://doi.org/10.1016/j.jhazmat.2021.126625

14206

Environmental Science and Pollution Research (2024) 31:14191-14207

activity, and cytotoxicity study by hemolysis assay. Front Chem
10:952006. https://doi.org/10.3389/fchem.2022.952006

Loo YY, Rukayadi Y, Nor-Khaizura M-A-R, et al (2018) In vitro
antimicrobial activity of green synthesized silver nanoparticles
against selected gram-negative foodborne pathogens. Front Micro-
biol 9. https://doi.org/10.3389/fmicb.2018.01555

Machado S, Pinto SL, Grosso JP et al (2013) Green production of zero-
valent iron nanoparticles using tree leaf extracts. Sci Total Environ
445-446:1-8. https://doi.org/10.1016/j.scitotenv.2012.12.033

Manikandan R, Manikandan B, Raman T et al (2015) Biosynthesis of
silver nanoparticles using ethanolic petals extract of Rosa indica
and characterization of its antibacterial, anticancer and anti-
inflammatory activities. Spectrochim Acta Part A Mol Biomol
Spectrosc 138:120-129. https://doi.org/10.1016/j.saa.2014.10.043

Marslin G, Siram K, Magbool Q et al (2018) Secondary metabolites
in the green synthesis of metallic nanoparticles. Mater (basel,
Switzerland) 11:940. https://doi.org/10.3390/mal 1060940

Martinez-Cabanas M, Lépez-Garcia M, Rodriguez-Barro P et al (2021)
Antioxidant capacity assessment of plant extracts for green syn-
thesis of nanoparticles. Nanomaterials 11:1679. https://doi.org/
10.3390/nano11071679

Martinez-Orozco RD, Rosu HC, Lee S-W, Rodriguez-Gonzalez V
(2013) Understanding the adsorptive and photoactivity properties
of Ag-graphene oxide nanocomposites. J Hazard Mater 263:52—
60. https://doi.org/10.1016/j.jhazmat.2013.07.056

Mehwish HM, Rajoka MSR, Xiong Y et al (2021) Green synthesis of
a silver nanoparticle using Moringa oleifera seed and its appli-
cations for antimicrobial and sun-light mediated photocatalytic
water detoxification. J Environ Chem Eng 9:105290. https://doi.
org/10.1016/j.jece.2021.105290

Mo Y, Tang Y, Wang S et al (2015) Green synthesis of silver nano-
particles using eucalyptus leaf extract. Mater Lett 144:165-167.
https://doi.org/10.1016/j.matlet.2015.01.004

Mustapha T, Misni N, Ithnin NR, et al (2022) A review on plants and
microorganisms mediated synthesis of silver nanoparticles, role
of plants metabolites and applications. Int J Environ Res Public
Health 19. https://doi.org/10.3390/ijerph19020674

Nguyen DH, Vo TNN, Nguyen NT et al (2020) Comparison of
biogenic silver nanoparticles formed by Momordica charan-
tia and Psidium guajava leaf extract and antifungal evaluation.
PLoS One 15:€0239360. https://doi.org/10.1371/journal.pone.
0239360

Nguyen NTT, Nguyen LM, Nguyen TTT et al (2022) Recent advances
on botanical biosynthesis of nanoparticles for catalytic, water
treatment and agricultural applications: A review. Sci Total Envi-
ron 827:154160. https://doi.org/10.1016/j.scitotenv.2022.154160

Noguez C (2007) Surface Plasmons on Metal Nanoparticles: The
Influence of Shape and Physical Environment. J Phys Chem C
111:3806-3819. https://doi.org/10.1021/jp066539m

Oluwaniyi OO, Adegoke HI, Adesuji ET et al (2016) Biosynthesis of
silver nanoparticles using aqueous leaf extract of Thevetia peruvi-
ana Juss and its antimicrobial activities. Appl Nanosci 6:903-912.
https://doi.org/10.1007/s13204-015-0505-8

Paosen S, Saising J, Wira Septama A, Piyawan Voravuthikunchai S
(2017) Green synthesis of silver nanoparticles using plants from
Myrtaceae family and characterization of their antibacterial activ-
ity. Mater Lett 209:201-206. https://doi.org/10.1016/j.matlet.
2017.07.102

Parmar A, Kaur G, Kapil S et al (2019) Novel biogenic silver nano-
particles as invigorated catalytic and antibacterial tool: A cleaner
approach towards environmental remediation and combating bac-
terial invasion. Mater Chem Phys 238:121861. https://doi.org/10.
1016/j.matchemphys.2019.121861

Perugu S, Nagati V, Bhanoori M (2016) Green synthesis of silver nan-
oparticles using leaf extract of medicinally potent plant Saraca

@ Springer

indica: a novel study. Appl Nanosci 6:747-753. https://doi.org/
10.1007/s13204-015-0486-7

Pham XN, Nguyen HT, Pham NT (2020) Green synthesis and antibac-
terial activity of HAp@ Ag nanocomposite using centella asiatica
(L.) Urban Extract and Eggshell. Int J Biomater 2020:8841221.
https://doi.org/10.1155/2020/8841221

Pirtarighat S, Ghannadnia M, Baghshahi S (2019) Green synthesis
of silver nanoparticles using the plant extract of Salvia spinosa
grown in vitro and their antibacterial activity assessment. J Nano-
structure Chem 9:1-9. https://doi.org/10.1007/s40097-018-0291-4

Prior RL, Wu X, Schaich K (2005) Standardized methods for the
determination of antioxidant capacity and phenolics in foods and
dietary supplements. J Agric Food Chem 53:4290-4302. https://
doi.org/10.1021/j£0502698

Pyrzynska K, Sentkowska A (2022) Biosynthesis of selenium nano-
particles using plant extracts. J Nanostructure Chem 12:467-480.
https://doi.org/10.1007/s40097-021-00435-4

Radwan RA, El-Sherif YA, Salama MM (2020) A novel biochemical
study of anti-ageing potential of eucalyptus camaldulensis bark
waste standardized extract and silver nanoparticles. Colloids Sur-
faces B Biointerfaces 191:111004. https://doi.org/10.1016/j.colsu
rfb.2020.111004

Rani P, Kumar V, Singh PP et al (2020) Highly stable AgNPs pre-
pared via a novel green approach for catalytic and photocatalytic
removal of biological and non-biological pollutants. Environ Int
143:105924. https://doi.org/10.1016/j.envint.2020.105924

Rocha V, Ferreira-Santos P, Genisheva Z et al (2023) Environmental
remediation promoted by silver nanoparticles biosynthesized by
eucalyptus leaves extract. ] Water Process Eng 56:104431. https://
doi.org/10.1016/j.jwpe.2023.104431

Rocha V, Lago A, Silva B, et al (2024) Immobilization of biogenic
metal nanoparticles on sustainable materials — green approach
applied to wastewater treatment: a systematic review. Environ Sci
Nano. https://doi.org/10.1039/D3EN00623A

Roychoudhury A (2020) Yeast-mediated green synthesis of nanoparti-
cles for biological applications. Indian J Pharm Biol Res 8:26-31.
https://doi.org/10.30750/ijpbr.8.3.4

Saeed M, Muneer M, Haq A ul, Akram N (2022) Photocataly-
sis: an effective tool for photodegradation of dyes—a review.
Environ Sci Pollut Res 29:293-311. https://doi.org/10.1007/
s11356-021-16389-7

Salayova A, Bedlovicova Z, Daneu N, et al (2021) Green synthesis
of silver nanoparticles with antibacterial activity using various
medicinal plant extracts: Morphology and antibacterial effi-
cacy. Nanomaterials 11:1005. https://doi.org/10.3390/nanol
1041005

Salem SS, Fouda A (2021) Green synthesis of metallic nanoparticles
and their prospective biotechnological applications: an overview.
Biol Trace Elem Res 199:344-370. https://doi.org/10.1007/
s12011-020-02138-3

Salgado P, Marquez K, Rubilar O et al (2019) The effect of phenolic
compounds on the green synthesis of iron nanoparticles (FexOy-
NPs) with photocatalytic activity. Appl Nanosci 9:371-385.
https://doi.org/10.1007/s13204-018-0931-5

Shanmugam C, Sivasubramanian G, Parthasarathi B et al (2016)
Antimicrobial, free radical scavenging activities and catalytic
oxidation of benzyl alcohol by nano-silver synthesized from the
leaf extract of Aristolochia indica L.: a promenade towards sus-
tainability. Appl Nanosci 6:711-723. https://doi.org/10.1007/
$13204-015-0477-8

Singh M, Mallick AK, Banerjee M, Kumar R (2016) Loss of outer
membrane integrity in Gram-negative bacteria by silver nanopar-
ticles loaded with Camellia sinensis leaf phytochemicals: plau-
sible mechanism of bacterial cell disintegration. Bull Mater Sci
39:1871-1878. https://doi.org/10.1007/s12034-016-1317-5


https://doi.org/10.3389/fchem.2022.952006
https://doi.org/10.3389/fmicb.2018.01555
https://doi.org/10.1016/j.scitotenv.2012.12.033
https://doi.org/10.1016/j.saa.2014.10.043
https://doi.org/10.3390/ma11060940
https://doi.org/10.3390/nano11071679
https://doi.org/10.3390/nano11071679
https://doi.org/10.1016/j.jhazmat.2013.07.056
https://doi.org/10.1016/j.jece.2021.105290
https://doi.org/10.1016/j.jece.2021.105290
https://doi.org/10.1016/j.matlet.2015.01.004
https://doi.org/10.3390/ijerph19020674
https://doi.org/10.1371/journal.pone.0239360
https://doi.org/10.1371/journal.pone.0239360
https://doi.org/10.1016/j.scitotenv.2022.154160
https://doi.org/10.1021/jp066539m
https://doi.org/10.1007/s13204-015-0505-8
https://doi.org/10.1016/j.matlet.2017.07.102
https://doi.org/10.1016/j.matlet.2017.07.102
https://doi.org/10.1016/j.matchemphys.2019.121861
https://doi.org/10.1016/j.matchemphys.2019.121861
https://doi.org/10.1007/s13204-015-0486-7
https://doi.org/10.1007/s13204-015-0486-7
https://doi.org/10.1155/2020/8841221
https://doi.org/10.1007/s40097-018-0291-4
https://doi.org/10.1021/jf0502698
https://doi.org/10.1021/jf0502698
https://doi.org/10.1007/s40097-021-00435-4
https://doi.org/10.1016/j.colsurfb.2020.111004
https://doi.org/10.1016/j.colsurfb.2020.111004
https://doi.org/10.1016/j.envint.2020.105924
https://doi.org/10.1016/j.jwpe.2023.104431
https://doi.org/10.1016/j.jwpe.2023.104431
https://doi.org/10.1039/D3EN00623A
https://doi.org/10.30750/ijpbr.8.3.4
https://doi.org/10.1007/s11356-021-16389-7
https://doi.org/10.1007/s11356-021-16389-7
https://doi.org/10.3390/nano11041005
https://doi.org/10.3390/nano11041005
https://doi.org/10.1007/s12011-020-02138-3
https://doi.org/10.1007/s12011-020-02138-3
https://doi.org/10.1007/s13204-018-0931-5
https://doi.org/10.1007/s13204-015-0477-8
https://doi.org/10.1007/s13204-015-0477-8
https://doi.org/10.1007/s12034-016-1317-5

Environmental Science and Pollution Research (2024) 31:14191-14207

14207

Singh J, Dutta T, Kim K-H et al (2018) ‘Green’ synthesis of met-
als and their oxide nanoparticles: applications for environmental
remediation. J Nanobiotechnology 16:84. https://doi.org/10.1186/
$12951-018-0408-4

Singleton VL, Rossi JA (1965) Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic Acid Reagents. Am J Enol
Vitic 16:144 LP - 158

Skiba MI, Vorobyova VI (2019) Synthesis of silver nanoparticles
using orange peel extract prepared by plasmochemical extraction
method and degradation of methylene blue under solar irradia-
tion. Adv Mater Sci Eng 2019:8306015. https://doi.org/10.1155/
2019/8306015

Soltys L, Olkhovyy O, Tatarchuk T, Naushad M (2021) Green synthe-
sis of metal and metal oxide nanoparticles: Principles of Green
Chemistry and Raw Materials. Magnetochemistry 7:145. https://
doi.org/10.3390/magnetochemistry7110145

Taher HS, Sayed R, Loutfi A, Abdulla H (2022) Construction of a
domestic wastewater disinfection filter from biosynthesized and
commercial nanosilver: a comparative study. Ann Microbiol
72:31. https://doi.org/10.1186/s13213-022-01688-2

Taruna KJ, Bhatti J, Kumar P (2016) Green synthesis and physico-
chemical study of silver nanoparticles extracted from a natural
source Luffa acutangula. J Mol Liq 224:991-998. https://doi.org/
10.1016/j.molliq.2016.10.065

Tayyab M, Liu Y, Liu Z et al (2022) One-pot in-situ hydrothermal
synthesis of ternary In2S3/Nb205/Nb2C Schottky/S-scheme
integrated heterojunction for efficient photocatalytic hydrogen
production. J Colloid Interface Sci 628:500-512. https://doi.org/
10.1016/j.jcis.2022.08.071

Yaqoob AA, Umar K, Ibrahim MNM (2020) Silver nanoparticles: vari-
ous methods of synthesis, size affecting factors and their potential
applications—a review. Appl Nanosci 10:1369-1378. https://doi.
org/10.1007/s13204-020-01318-w

Yaraki MT, Zahed Nasab S, Zare I et al (2022) Biomimetic metallic
nanostructures for biomedical applications, catalysis, and beyond.
Ind Eng Chem Res 61:7547-7593. https://doi.org/10.1021/acs.
iecr.2c00285

Zheng Y, Liu Y, Guo X et al (2020) Sulfur-doped g-C3N4/rGO porous
nanosheets for highly efficient photocatalytic degradation of
refractory contaminants. J Mater Sci Technol 41:117-126. https://
doi.org/10.1016/j.jmst.2019.09.018

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1186/s12951-018-0408-4
https://doi.org/10.1186/s12951-018-0408-4
https://doi.org/10.1155/2019/8306015
https://doi.org/10.1155/2019/8306015
https://doi.org/10.3390/magnetochemistry7110145
https://doi.org/10.3390/magnetochemistry7110145
https://doi.org/10.1186/s13213-022-01688-2
https://doi.org/10.1016/j.molliq.2016.10.065
https://doi.org/10.1016/j.molliq.2016.10.065
https://doi.org/10.1016/j.jcis.2022.08.071
https://doi.org/10.1016/j.jcis.2022.08.071
https://doi.org/10.1007/s13204-020-01318-w
https://doi.org/10.1007/s13204-020-01318-w
https://doi.org/10.1021/acs.iecr.2c00285
https://doi.org/10.1021/acs.iecr.2c00285
https://doi.org/10.1016/j.jmst.2019.09.018
https://doi.org/10.1016/j.jmst.2019.09.018

	Valorization of plant by-products in the biosynthesis of silver nanoparticles with antimicrobial and catalytic properties
	Abstract
	Introduction
	Materials and methodologies
	Chemical characterization of plant extracts
	Determination of total phenolic content (TPC) and total flavonoid content (TFC)
	Determination of antioxidant activity

	Biofabrication of AgNP
	Antibacterial activity
	Photocatalytic activity

	Results and discussion
	Selection and characterization of aqueous plant extracts
	Green synthesis of AgNP
	Antibacterial activity of aqueous extracts and AgNP
	Photocatalytic activity of EL-AgNP
	Cost estimation of AgNP biofabrication

	Conclusions
	Acknowledgements 
	References


