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Abstract: A straightforward, low-cost, and scalable solid-state mechanochemical protocol for the
synthesis of silver nanoparticles (AgNP) based on the use of the highly reducing agri-food by-product
pecan nutshell (PNS) is reported herein. Under optimized conditions (180 min, 800 rpm, PNS/AgNO3

ratio = 55/45 w/w), a complete reduction in silver ions was achieved, leading to a material con-
taining ca. 36% w/w Ag0 (X-ray diffraction analysis). Dynamic light scattering and microscopic
analysis showed a uniform size distribution (15–35 nm average diameter) of the spherical AgNP.
The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay revealed lower—although still absolutely high
(EC50 = 5.8 ± 0.5 mg/mL)—antioxidant properties for PNS for the further incorporation of AgNP,
supporting the efficient reduction of Ag+ ions by PNS phenolic compounds. Photocatalytic experi-
ments indicated that AgNP-PNS (0.4 mg/mL) was able to induce the >90% degradation of methylene
blue after 120 min visible light irradiation, with good recycling stability. Finally, AgNP-PNS demon-
strated high biocompatibility and significantly light-enhanced growth inhibition properties against
Pseudomonas aeruginosa and Streptococcus mutans at concentrations as low as 250 µg/mL, also eliciting
an antibiofilm effect at 1000 µg/mL. Overall, the adopted approach allowed to reuse a cheap and
abundant agri-food by-product and required no toxic or noxious chemicals, making AgNP-PNS a
sustainable and easy-to-access multifunctional material.

Keywords: silver nanoparticles; green chemistry; mechanochemistry; waste valorization;
condensed tannins

1. Introduction

Silver nanoparticles (AgNP) are currently finding wide applications not only in elec-
tronics, photonics, and catalysis [1,2], but also in health-related fields, such as antitumor,
bactericidal, and antifungal agents [3–6]. The AgNP preparation method is rather criti-
cal, since their cytotoxicity strongly depends on their shape and size, and the silver ion
reduction is often incomplete, leading to mixtures of Ag0 and Ag+ nanoparticles [7–9]. In
addition, to make the AgNP preparation more sustainable in a green chemistry context,
protocols envisaging clean synthetic approaches and/or green reducing agents are currently
the focus of increasing interest [10–16].
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Among the first sustainable and versatile synthetic methodologies to have attracted
increasing attention is mechanochemistry. Mechanochemical reactions are induced by the
absorption of mechanical energy, and have been widely explored for the synthesis of both
inorganic materials and valuable organic compounds, including AgNP, with the huge
advantage of avoiding the use of solvents [17–23]. Furthermore, the mechanochemical
synthesis generally does not require any post-reaction treatment to isolate the product.
The latter can be directly stored for a long time as a dry powder, while NP prepared by
solvent-assisted methods tend to aggregate upon storage.

As far as sustainable reducing and stabilizing agents are concerned, agri-food wastes
and by-products rich in lignins, tannins, and other phenolic compounds endowed with
potent antioxidant properties are increasingly being employed for the synthesis of AgNP
with reduced toxicity and improved effectiveness [24,25]. Remarkable and recent exam-
ples are viticultural wastes [26,27], cereal husks [28], pecan leaves [29], and spent coffee
grounds [30]. We recently reported the very efficient antioxidant properties of pecan nut
shell (PNS) [31] and its hydroalcoholic extract [32], which are characterized by lignin and
condensed tannins as the main phenolic components [31–33]. In particular, in a compari-
son between several plant-derived biowastes using widely used assays, PNS showed the
highest antioxidant activity [31].

Several uses of this largely produced agri-food by-product (0.12 million tons per year
in U.S.A. only) [34] and the compounds thereof have indeed been proposed, ranging from
food packaging [32,35,36] and polymer functionalization and stabilization [37,38], to water
decontamination [34,39] and a fungi or bacteria carbon source for bioactives production [40].
Actually, the use of PNS extracts for the preparation of antimicrobial AgNP has recently
been reported [41]. However, the possibility of using solid PNS as such, combined with a
solvent-free mechanochemical approach, for the implementation of multifunctional devices
with antioxidant, antimicrobial, and photocatalytic activities, has never been explored.

In light of these observations, and considering the remarkable antioxidant activ-
ity of PNS, its potential use for the preparation of AgNP is reported herein. Two dif-
ferent approaches were initially compared, namely the conventional wet-chemical and
mechanochemical synthesis routes, and the latter turned out to be more efficient in terms
of Ag+ reduction. Therefore, the samples obtained by the optimized mechanochemical
protocol, hereafter referred to as AgNP-PNS, were characterized by X-ray diffraction analy-
sis (XRD), attenuated total reflection (ATR)-FTIR spectroscopy, dynamic light scattering
(DLS), and transmission (TEM) and scanning (SEM) electron microscopy. Finally, the
photocatalytic, antimicrobial, and antioxidant properties of AgNP-PNS were evaluated.

2. Materials and Methods
2.1. Materials

PNS were supplied by Asociación Productora de Nuez S.P.R de R.I. (Hermosillo,
Mexico). All reagents and solvents were of analytical grade (Sigma-Aldrich, Steinheim, Ger-
many). Pseudomonas aeruginosa PAO1 (ATCC® BAA-47) and Streptococcus mutans (ATCC®

25175) were supplied by the American Type Culture Collection (ATCC) via a local distribu-
tor (LGC Standards S.r.l, Sesto San Giovanni, Italy). Luria–Bertani (LB) agar, nutrient agar
and BacTiter-Glo™ Microbial Cell Viability Assay Reagent were purchased from Promega
(Milan, Italy).

2.2. PNS Milling and Sieving

PNS were dried in an oven at 50 ◦C for 16 h and finely minced in a grinding mill
(Retsch ZM1 GmbH & Co., KG 5657, Haan, Germany for 15 min. Fifteen grams of the
sample was then introduced into a vibratory sieve shaker (Retsch AS 200 basic B, Retsch
GmbH Retsch-Allee 1-5 42781 Haan, Germany) to obtain a material with homogeneous
particle size distribution (75–125 µm).
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2.3. Preparation of AgNP by the Wet-Chemical Approach

PNS (200 mg) was added to 20 mL of a AgNO3 10 mM water solution, and the
suspension was stirred at room temperature for 24 h. The mixture was then centrifuged
at 7000 rpm for 30 min, and the precipitate was washed three times with water and
lyophilized to afford 150 mg of a black powder. For comparison purposes, the same
experimental protocol was performed using grape pomace or pomegranate peel and seeds
as a reducing agent.

2.4. Preparation of AgNP by the Mechanochemical Approach

PNS was dried in a vacuum oven at 60 ◦C for 16 h. A total of 140 mg of PNS was
then milled with 25 mg of AgNO3 (15% w/w) using a vibratory ball mill (WIG-L-BUG
amalgamator model 3110-3A, Lyons, Ill., USA at 60 Hz for 90 min. In a scaled-up procedure,
the reaction was performed in a planetary ball mill (Retsch PM100, Haan, Germany) at
800 rpm at different concentrations, all of them are reported in Table 1.

Table 1. Conditions to preparation AgNP.

PNS
%

AgNO3
%

Time
min

Milling Device

85 15 90 vibratory
85 15 30

90
120
180

planetary

70 30 30
90

120
180

planetary

55 45 30
90

120
180

planetary

2.5. Characterization of AgNP-PNS

AgNP-PNS was characterized by XRD, SEM, TEM, DLS, and ATR-FTIR spectroscopy.
XRD analysis was performed by a Malvern PANalytical X’Pert Pro diffractometer with a
PIXCel 1D detector, using CuKα radiation (Malvern, Worcestershire, UK). Powder spectra
were collected in a 2θ range of 5–80◦, with steps of 0.013◦ and a counting time of 20 s per
step. The crystalline phases in the samples were identified with the PANalytical HighScore
software v5.1 (Malvern, Worcestershire, UK), equipped with the ICDD PDF 2 database. The
RIR/Rietveld method [42] was used to measure the amount of AgNP in the samples, using
a weighted amount (10% w/w) of corundum (NIST Standard Reference Material 676a) as
standard in each sample. Quantitative phase analysis was performed using the GSAS-II
software [43] to obtain the relative mass percentage of corundum and Ag0. The absolute
weight percentage of each phase was then obtained by rescaling the results according to
the actual amount of corundum. Each measure was performed in triplicate. The structural
information of each phase was acquired from the Crystallography Open Database [44].

ATR-FTIR spectra were recorded on the solid samples using a Nicolet 5700 Thermo
Fisher Scientific instrument (Verona Rd. Madison, WI, USA). Spectra were recorded in the
4000–450 cm−1 range (resolution of 4 cm−1), as an average of 32 scans.

For SEM, TEM, and DLS characterization, 10 mg of the sample were suspended in
3 mL of distilled water. The mixture was sonicated in a ultrasonic bath (Branson B-2200 E1,
Branson Ultrasonics corporation, Eagle Rd. Danbury, Connecticut, USA) for 30 min, and
then allowed to settle for another 30 min. The obtained supernatant was analyzed by TEM
(FEI Tecnai G2 Spirit Twin device LaB6 source, Eindhoven, The Netherlands) and TEM
images were taken with a FEI Eagle 4 k CCD camera, SEM (FEI Quanta 200 FEG, 10–30 kV
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acceleration voltage, secondary electron detector, Eindhoven, The Netherlands), and DLS
at 25 ◦C, with a wavelength of 633 nm and the detection of backscattered light at an angle
of 173◦, (Malvern NanoSizer ZS, Malvern instruments, (Malvern, Worcestershire, UK).

2.6. Antioxidant Properties Evaluation

2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay. Each sample (0.025–7.5 mg/mL) was added
to a 200 µM DPPH solution in ethanol, [30,45] and stirred for 10 min at room temperature.
The absorbance at 515 nm was then measured with a Jasco V730 UV–Vis spectrophotometer.
The experiments were run at least in triplicate. Ferric reducing/antioxidant power (FRAP)
assay. Each sample (0.03–0.15 mg/mL) was added to a solution composed of 20 mM FeCl3,
10 mM 2,4,6-tris(2-pirydyl)-s-triazine, and 0.3 M acetate buffer (pH 3.6) in a 1:1:10 v/v/v
ratio [30,46]. After stirring for 10 min at room temperature, the absorbance at 593 nm was
measured. Experiments were run in triplicate.

2.7. Photocatalytic Properties Evaluation

Each sample (4 mg) was added to 10 mL of a methylene blue (MB) solution (30 mg/mL)
in water in a 60 mm cell-culture dish. The suspension was irradiated for 120 min using a
solar simulator (Thermo Oriel 66902 model, Stratford, CT, USA) at 60 W, with a UV-cutoff
filter (λ > 400 nm). Two milliliters of the mixture was withdrawn at 30 min intervals,
analyzed by a UV–Vis spectrophotometer Jasco V730 (JASCO Europe, Cremella, Lecco,
Italy), and carefully replaced in the cell culture dish. Control experiments were performed:
(i) in the absence of the sample; (ii) in the dark; and (iii) in the dark only for the first
30 min (in the case of the AgNP-PNS sample). Each experiment was run in triplicate.
When required, at the end of the experiment, AgNP-PNS was recovered by centrifugation,
washing, and lyophilization, and reused in the photodegradation experiment as above.

2.8. Biocompatibility Evaluation

Human dermal fibroblasts (HDFs) and human epidermal keratinocytes (HEKs) were
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F12 Nutrient Mix-
ture (1:3) supplemented with 10% fetal bovine serum (FBS), penicillin (100 mg/mL), and
streptomycin (100 U/mL) at 37 ◦C in a 5% CO2 atmosphere. To assess the cytotoxic effect
of AgNP-PNS, the conventional CCK-8 assay (Sigma-Aldrich, Milan, Italy) was used as
reported by Conte et al. [47]. Briefly, HDF and HEK cells were seeded on 96-well mi-
croplates and treated with AgNP-PNS (0–150 µg/mL) in a serum-free medium for 72 h.
Cells incubated without AgNP-PNS were used as control. The optical density of formazan
salt at 450 nm was measured using a Cytation 3 microplate reader (ASHI, Milan, Italy).
Nanoparticles’ cytocompatibility was expressed as a percentage relative to the control and
calculated by the following equation:

Cytotoxicity (%) =
As − AB
Ac − AB

× 100

where AS is the absorbance of the cells treated with AgNP-PNS, AB is the absorbance of
background, and AC is the absorbance of the cells without AgNP-PNS.

Samples with viability percentages below 70% were considered cytotoxic according to
the recommendations of ISO 10,993–5 [48].

2.9. Antibacterial Activity Evaluation

P. aeruginosa PAO1 (ATCC® BAA-47) and S. mutans (ATCC® 25175) were cultured
according to the ATCC guidelines for 18 h on trypticase soy broth agar and trypticase
soy yeast extract agar (Thermo Fisher Scientific, Waltham, MA, USA), respectively. One
colony was then resuspended in liquid broth medium (5 mL) and incubated at 200 rpm and
37 ◦C overnight. The bacterial growth inhibition capability of AgNP-PNS was measured
by measuring the optical density (OD) at 600 nm of bacterial suspensions cultured in
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the presence of the sample [49,50]. In particular, AgNP-PNS was placed at different
concentrations (50, 100, 250, 500, and 1000 µg/mL) in a 96-well polystyrene plate in the
presence of 200 µL liquid broth. Then, the bacteria were inoculated at 0.5 MacFarland
standard turbidity (approximately 1.5 × 108 CFU/mL) and the plates were incubated
at 37 ◦C and 200 rpm in a microplate reader (Cytation 3, AHSI). Liquid medium broth
without bacteria was used as negative control, while 200 µL of PAO1 (1.5 × 108 CFU/mL)
or S. mutans (1.5 × 108 CFU/mL) were used as the positive controls. At scheduled times
(6 h, 12 h, and 24 h), the OD at 600 nm was recorded. The experiments were performed
in triplicate.

For the agar diffusion method, 100 µL of bacterial suspension containing approxi-
mately 1.5 × 108 CFU/mL was evenly spread on the surface of a 10 mm × 150 mm solid
broth medium and allowed to dry for approximately 10 min. Discs loaded with 250, 500,
and 1000 µg/mL of AgNP-PNS or 1000 µg/mL of PNS were aseptically placed on the agar
bacterial plate and incubated at 37 ◦C overnight either in dark or under light irradiation,
using a desk lamp equipped with a 11 W, 806 lumen, E27 ID60 LED bulb (Jedi Lighting).
A liquid medium broth without bacteria was used as the negative control. At the end
of the incubation period, the diameters of the inhibition zones were measured [51]. The
experiments were performed in triplicate.

2.10. Biofilm Growth Inhibition by AgNP-PNS

Biofilm was developed as described in [49] with some modifications. Briefly, dif-
ferent concentrations of AgNP-PNS (250, 500, and 1000 µg/mL) were placed in a 48-well
polystyrene plate, in the presence of 750 µL PAO1 or S. mutans suspension (1 × 107 CFU/mL).
The cultures were statically incubated at 37 ◦C in a humid atmosphere for 6, 12, and 24 h,
until a mature biofilm was obtained. The liquid medium broth without bacteria was em-
ployed as a negative control, while 750 µL of PAO1 (1 × 107 CFU/mL) and S. mutans
(1 × 107 CFU/mL) were used as the positive controls.

The biofilm adhered to the surface was determined by the crystal violet (CV) assay [50].
Briefly, sterile phosphate-buffered saline (PBS) was used to gently wash each well. After
30 min air drying, a solution of 0.1% w/v CV was added to each well. Excess solution was
removed after 30 min, and any extra stain was removed by washing with PBS. The stained
biofilms were dissolved in 96% ethanol and quantification was performed by measuring
the OD at 570 nm using a microplate reader (Cytation 3, AHSI). The experiments were
performed in triplicate.

3. Results and Discussion
3.1. Silver Ion Reduction by PNS: Wet-Chemical vs. Mechanochemical Approach

The bioreductive synthesis of AgNP using plant derivatives usually leads to mixtures
of AgCl and Agnanoparticles. The latter in particular are acknowledged as active antimi-
crobial agents as well as stable and efficient photocatalysts under visible light [51]. In
consideration of the applications envisaged in the present paper, it was important to direct
the synthesis towards AgNP rather than to AgClnanoparticles. To this aim, preliminary
tests were carried out using a wet chemistry approach, employing water as solvent, and
biomass from several agrifood byproducts, including PNS, grape pomace, and pomegranate
peels and seeds, as bioreductive agents. Biomass particles with homogenous size distribu-
tion (75–125 µm) obtained by means of a vibratory sieve shaker (representing >80% w/w of
the starting biomass) were employed for the preparation of AgNP.

For the wet-chemical approach, a previously developed experimental protocol was
adopted [27] with slight modifications. Briefly, biomass (1% w/v) was taken under vigorous
stirring in a 10 mM AgNO3 aqueous solution for 24 h after that the solid material was
recovered in 75% w/w yield by centrifugation. It was found that PNS provided relatively
high amounts of AgNP (3.7 ± 2% w/w), as confirmed by the presence of an intense
diffraction peak at a 2θ = 38.3◦ without the formation of AgCl. The latter was otherwise
found when the reaction was carried out in the presence of pomegranate peels and seeds
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(Figure S1a). Therefore, PNS was selected as the biomass to be employed for AgNP
synthesis in the subsequent mechanochemical approach. To this aim, a vibrational ball mill
operating at 60 Hz was initially employed. The same PNS/AgNO3 ratio (85:15 w/w) as
the wet-chemical protocol was used, and a milling time of 90 min was selected. The XRD
analysis indicated the presence of pure Ag0 with a face-centered cubic structure, while no
AgCl was found (Figure S1b). The percentage of Ag0 was 8 ± 4% w/w (compared to a
theoretical value of 9.5%), highlighting the superiority of the mechanochemical approach
in terms of the efficacy of the Ag+ reduction process.

On this basis, further experiments were directed to the optimization of the experi-
mental conditions for the mechanochemical preparation of AgNP. First, the effect of the
PNS/AgNO3 ratio was evaluated, employing three different conditions, namely 85:15, 70:30,
and 55:45 w/w PNS/AgNO3. The comparison of the respective XRD patterns (Figure S2)
shows that the overall Ag0 yield was not substantially affected by the percentage of AgNO3,
while the progressively reduced full-width at half maximum (FWHM) indicated an increase
in the Ag0 crystallite size. Subsequently, in order to develop a larger-scale process, a plane-
tary ball-mill was used, allowing to work on tens of grams of material. Different milling
times and PNS/AgNO3 ratios were tested. The results of the XRD analysis (Figure S3a)
revealed that prolonging the milling time up to 180 min not only increased the amount of
Ag0 in the sample (up to 7.5%), but also resulted in a lowered FWHM of the peak at 38.3◦,
suggesting an increased crystalline size. In particular, Figure S3b shows that the FWHM of
the peak decreases almost linearly with the treatment time.

An increase in the percentage content of Ag0 was also observed to be moving from
a 85:15 w/w to a 55:45 w/w PNS/AgNO3 ratio, under which conditions a 36 ± 7% w/w
Ag0 amount was calculated (Figure 1a), consistent with the expected theoretical value
(about 30%). On this basis, the sample prepared by ball milling a 55:45 w/w PNS/AgNO3
dry mixture for 180 min in a planetary ball mill, hereafter referred to as AgNP-PNS, was
selected as the optimal sample for further characterization.
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Figure 1. Structural and morphological analysis of the AgNP obtained by planetary ball milling
of PNS/AgNO3 dry mixture: (a) XRD pattern of AgNP-PNS 15:85 and AgNP-PNS 45:55; (b) ATR-
FTIR spectrum of AgNP-PNS 45:55 (compared with parent PNS); (c) Particle size distributions of
AgNP-PNS 45:55 measured by DLS; (d) SEM; and (e) TEM images of AgNP-PNS 45:55.

Although not many quantitative data are available in the literature, the efficacy of the
proposed methodology in providing a quantitative reduction of Ag+ ions is undoubted,
and is likely the consequence of the very potent reducing properties of PNS [31] combined
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with the effectiveness of the solvent-free mechanochemical approach. In this regard, it
has to be noticed that only a few examples of direct comparative studies between one-
step-solid state mechanochemical synthesis and conventional wet-chemical protocols for
AgNP preparation have been reported [19]. Moreover, while many reports described AgNP
production by plant extracts and even bacteria and fungi related primary and secondary
metabolites [11–13,25,52–55], relatively less have dealt with unextracted solid materials of
plant origin.

3.2. Morphological and Structural Characterization of AgNP-PNS

ATR-FTIR analysis of AgNP-PNS (Figure 1b) indicated a significant decrease in the
absorbance of the O–H bond stretching vibration band (3300 cm−1) compared to parent PNS,
as well as of the C–H stretching of methylene (2923 cm−1) and of the 1615 cm–1 resonance of
the aromatic C=C bonds [37]. These findings are in agreement with the expected involvement
of the highly reducing phenolic OH groups of the B ring of the prodelphinidin PNS tan-
nins, [32] resulting in extensive structural modifications of this latter, likely as a consequence
of Ag+-induced oxidative dimerization leading to purpurogallin-like moieties (Scheme 1).
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The dimensional and morphological characterization of AgNP-PNS was performed
by DLS and electron microscopy. DLS analysis probed the size and possible agglomeration
of the AgNP dispersion. Figure 1c shows the intensity and number particle distributions
of the sample as a function of the particle size. The intensity distribution curve showed
two distinct peaks at 20 nm and 150 nm, indicating the presence of a moderate number of
aggregates within the samples. Indeed, the examination of the number-based distribution
confirmed that the concentration of aggregates was extremely low. On a number basis,
the majority of the sample consisted of 20 nm particles, with a relative contribution of
aggregates lower than 1%. This result indicates that sonication allowed to efficiently
disassemble the aggregates, yielding the primary particles in the solution.

SEM and TEM observations (Figure 1d,e) of AgNP-PNS revealed the presence of
small particles embedded within the organic biomass matrix. Higher magnification im-
ages indicated that the observed structures were made up of fairly spherical particles of
approximately 50 nm in diameter, mostly aggregated in complex architecture clusters with
dimensions ranging from 100 to 250 nm.

3.3. Antioxidant Properties of AgNP-PNS

Since PNS is among the most potent antioxidant agri-food by-products [31], the
antioxidant properties of AgNP-PNS were evaluated as well by DPPH and FRAP assays,
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following the “QUENCHER” method [45]. The DPPH assay indicated a marked reduction
in the antioxidant properties in comparison to starting PNS (Table 1), which was far beyond
that expected based on the content of PNS in the AgNP-PNS sample (55% w/w), likely as a
consequence of the efficient reduction of Ag+ ions by the phenolic units. Notwithstanding,
the EC50 value exhibited by AgNP-PNS was still comparable, if not higher, to those of
other phenol-rich waste materials from the agri-food sector [31,56]. Notably, less marked
differences were observed between PNS and AgNP-PNS in the FRAP assay (Table 2), with
both samples exhibiting very low reducing properties toward Fe3+ ions.

Table 2. Antioxidant properties of AgNP-PNS and PNS *.

Sample
EC50

(mg/mL)
(DPPH Assay)

Trolox Eqs
(µg/mg of Sample)

(FRAP Assay)

AgNP-PNS 5.8 ± 0.5 37 ± 4
PNS 0.036 ± 0.002 51.7 ± 0.9

* Average of three determinations ± SD.

These results are in agreement with what emerged from ATR-FTIR spectroscopy anal-
ysis, i.e., a lower relative number of phenolic -OH groups in AgNP-PNS compared to PNS.
Indeed, the FRAP assay determines the electron transfer capacity of an antioxidant, while
the DPPH is a mixed-mode assay, as a DPPH reduction can occur both through an electron
transfer and a hydrogen atom transfer mechanism [57]. Thus, the differences observed be-
tween pristine PNS and AgNP-PNS in the two assays would specifically indicate a decrease
in the hydrogen atom transfer capacity of PNS, as a result of the involvement of the phenolic
-OH groups in AgNP production (Scheme 1). In agreement with this conclusion were also
the antioxidant properties of the sample prepared using a 85:15 w/w PNS/AgNO3 ratio,
which exhibited a significantly lower EC50 value (0.072 ± 0.006 mg/mL) in the DPPH assay
but a comparable Trolox eqs value (43 ± 2) in the FRAP assay with respect to AgNP-PNS.

3.4. Photocatalytic Properties of AgNP-PNS

Several papers have reported the ability of diverse Ag0-doped materials to catalyze
the photodegradation of organic dyes [58–62]. On this basis, the photocatalytic properties
of AgNP-PNS were investigated by means of MB photodegradation experiments. The
sample was added at a 0.4 mg/mL dose to a 30 mg/mL MB solution, which was irradiated
for 120 min under visible-light generated by a solar simulator. The percentage amount
of residual MB was periodically determined by UV–Vis spectroscopy, and the results are
reported in Figure 2a, together with those from the control experiments.

Almost 100% of MB consumption was observed within 120 min under visible-light
irradiation in the presence of AgNP-PNS, whereas only 23% dye degradation was detected
in the absence of the sample. Actually, a progressive, although lower, MB consumption
(up to 58%) was observed in the presence of AgNP-PNS, even in the dark. This of course
could be the consequence of simple adsorption of MB on the AgNP-PNS surface. However,
this kind of adsorption process has been reported to reach a plateau after ca. 30 min [60],
as indeed observed when PNS was used in the place of AgNP-PNS. In addition, in the
case of PNS alone, no significant differences in the dye decay were observed with and
without irradiation. All these results would therefore strongly point to a catalytic, rather
than an adsorption, process at the base of the MB degradation ability of AgNP-PNS.
This hypothesis was confirmed by the profile of the MB degradation plot obtained from
separate experiments in which the dye was left to be adsorbed on AgNP-PNS for 30 min
in the dark before light exposure, showing a drop in MB amount when the solution was
irradiated. In particular, the catalytic activity of AgNP-PNS could be attributed to a
sustained pro-oxidant activity of the sample, also operating also in the absence of light.
The reactive oxygen species generated through the well-known ability of AgNP to induce
oxygen reduction [63] would be responsible for the decay of the dye observed under these
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conditions. The pro-oxidant activity of AgNP would obviously be further enhanced by
photo-irradiation, as also observed in the case of the antibacterial activity (see Section 3.6),
resulting in the more rapid consumption of MB observed under visible-light irradiation
compared to the dark conditions. The role of AgNP in inducing dye photodegradation was
confirmed by the lower MB consumption (82% after 120 min) detected when the sample
was prepared using a 85:15 w/w PNS/AgNO3 ratio instead of AgNP-PNS. In another series
of experiments, the recycling and stability properties of AgNP-PNS as a photocatalyst
were investigated. As shown in Figure 2b, AgNP-PNS still maintained a high efficiency
in the MB photodegradation experiments after three recycles. No changes in the crystal
structure of AgNP-PNS before and after three-recycle measurements were apparent in the
XRD patterns (Figure 2c) [64], further proving its stability.
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Figure 2. (a) Photocatalytic properties of AgNP-PNS as evaluated in the MB photodegradation
experiments. (b) Recycling properties of AgNP-PNS as a photocatalyst. Reported herein are the
mean ± SD values of the three experiments. (c) XRD pattern of AgNP-PNS as synthesized and after
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3.5. Biocompatibility of AgNP-PNS

Recent advances in nanotechnology have expanded the potential applications of
AgNPs in various biomedical fields, leading to a potential increase in adverse effects on
human health [65]. Recent studies demonstrated that silver nanoparticles’ toxicity is mainly
influenced by both the synthesis route and physico-chemical properties of the NPs [66].
Phyto-based nanoparticle synthesis overcomes the drawbacks associated with chemical
routes of AgNPs synthesis, resulting in higher cell biocompatibility. Therefore, the potential
cytotoxic effect of AgNP-PNS on human cells was evaluated. It was noted that the AgNP-
PNS was highly biocompatible, and its toxicity was dose- and time-dependent (Figure 3),
reaching a survival rate lower than 70% only at 150 µg/mL after 48 h for both cell lines
(HDF and HEK).
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The biocompatibility observed in both types of normal cells may be related to the
use of natural compounds for AgNP synthesis, which mitigates their potential toxicity.
Indeed, Khorrami et al. [67] demonstrated the selective toxicity of green synthesized silver
nanoparticles against a cancerous cell line with respect to non-cancerous cells. In another
study, Bin-Jumah and co-worker verified that silver nanoparticles obtained using root
extracts of Beta vulgaris L [68] exerted more adverse effects on hepatic cancer cells (HuH7)
with respect to normal cells (CHANG).

3.6. Antibacterial and Antibiofilm Activity of AgNP-PNS

The capability of AgNP-PNS in terms of inhibiting bacterial growth in dark conditions
was first established by monitoring the growth rate of two pathogenic bacterial strains,
namely P. aeruginosa PAO1 and S. mutans. The first is one of the most frequent agents
responsible for the wound infections of soft tissue, urinary tract, bloodstream, and surgical
sites, whereas S. mutans is involved as a primary agent causing dental caries [63]. The
reported results (Figure 4) demonstrated that AgNP-PNS significantly inhibited bacterial
growth already after 12 h of incubation, at concentrations ranging from 250 to 1000 µg/mL
(p < 0.01). In particular, the most remarkable effect was observed against PAO1 at 24 h, as
54% growth inhibition (p < 0.001) was noted with respect to the control.

A comparable antimicrobial effect against the two bacterial strains was also observed
when AgNP-PNS was analyzed in the solid medium (Figure 5). Very interestingly, a
dramatically larger mean zone of inhibition was observed for AgNP-PNS at all tested con-
centrations when the culture discs were incubated under light irradiation. The differences
in the mean zone of inhibition at all AgNP-PNS concentrations were significantly different
(p < 0.05) against the control. It is worth noting that PNS alone also showed antimicrobial
activity, however, its effect was much lower than that of AgNP-PNS.
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Figure 4. AgNP-PNS antibacterial activity against (a) P. aeruginosa (PAO1) and (b) S. mutans in
liquid medium. Bacterial cultures in the absence of AgNP-PNS were used as positive controls (CTL).
Data were reported as a percentage in the comparison with CTL. For each sample, three different
experiments were run and the results were expressed as the mean ± SD of the values obtained.
Statistically significant variations: * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. 50 µg/mL and 100 µg/mL.
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Figure 5. Antibacterial activity of AgNP-PNS by agar diffusion test against P. aeruginosa PAO1
((a) not irradiated (IR), (b) irradiated), and S. mutans ((d) not irradiated, (e) irradiated). Tables (c) and
(f) report the values of the antibacterial mean zone of inhibition for PAO1 and S. mutans, respectively.
Bacterial cultures in the absence of AgNP-PNS or PNS were used as positive controls (CTL). For each
sample, three different experiments were conducted and the results expressed as the mean of the
values obtained (mean ± SD).
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On the basis of antibacterial assay results, and since both PAO1 and S. mutans have
the ability to form biofilm, which is considered one of the major factors causing antibiotic
resistance [63], in other experiments, the antibiofilm activity of AgNP-PNS was analyzed
at different time points, at concentrations between 250 and 1000 µg/mL. Figure 6 shows
a significant reduction (p < 0.001) in biofilm formation, as evaluated by the CV assay in
the presence of 1000 µg/mL AgNP-PNS, regardless of the bacterial strain used. Moreover,
already after 6 h of incubation in the presence of the sample, a reduction of about 54 ± 4%
and 47 ± 2% was detected in the PAO1 and S. mutans biofilms, respectively. These results are
in line with the reported antibiofilm activity of AgNP produced by several methodologies,
and can be attributed to the ability of AgNP to alter the structure and characteristics of the
biofilm by arresting the bacterial metabolic pathways involved, e.g., in motility, oxidative
stress defense, respiration, and quorum sensing systems, although the precise antibiofilm
as well as bactericidal mechanisms of AgNP remains partly unclear.
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Figure 6. Antibiofilm activity of AgNP-PNS. The formation of biofilm was evaluated by CV assay,
after 6, 12, and 24 h incubation at 37 ◦C in the presence of (a) P. aeruginosa PAO1, and (b) S. mutans.
Biofilm formation is reported as a percentage compared to the maximum amount of biofilm produced
by PAO1 and the S. mutans growth (CTL). For each sample, three different experiments were per-
formed, and the results are expressed as the mean of the values obtained (mean ± SD). Statistically
significant variations: ### p < 0.001 vs. 250 µg/mL and 500 µg/mL.

4. Conclusions

An optimized clean and scalable procedure for the synthesis of multifunctional AgNP
based on PNS as an efficient and low-cost agri-food by-product is reported in the present
paper. The developed protocol fulfills most of the 12 principles of Green Chemistry [69],
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including: (1) Prevention (no waste is produced, and a biowaste is actually recovered and
reused); (2) Atom economy (PNS play both a reducing and stabilizing role and the materials
used in the process are all incorporated into the final product); (3) Less hazardous chemical
synthesis (PNS is a natural material); (5) Safer solvents and auxiliaries (no solvent is used);
(6) Design for energy efficiency (the synthesis is performed at ambient temperature and
pressure); (7) Renewable feedstocks (PNS are a largely available agri-food by-product);
(8) Reduce derivatives (no nanoparticle stabilizers are needed); and (12) Inherently safer
chemistry for accident prevention (non-flammable and non-toxic reagents are used; fur-
thermore, the resulting product is biocompatible). Additionally, several principles of green
engineering [70] are addressed, such as: (2) Prevention instead of treatment (no waste is
produced); (3) Design for separation (AgNP-PNS is used as it is obtained, with no need
for separation and/or purification); and (12) Renewable rather than depleting (agrifood
byproducts are employed).

In addition, based on the criteria selected for the “greenness” evaluation of AgNP
synthesis protocols [71], the proposed approach would obtain good scores on several
parameters such as the reducing agent (waste, code 4), the capping agent (not needed,
code 5), and the solvent (not needed, code 5).

Although a comprehensive technical and economic feasibility of AgNP-PNS man-
ufacturing remains to be addressed, and further experiments are needed required for a
complete assessment of the potential health and environmental risks associated with the
use of AgNP-PNS, the reported approach is promising for the large-scale development of
antimicrobial devices for healthcare, including bone tissue engineering, as well as topical
antibacterial agents or wound dressing materials with antibiotic activity. Concerning the
application of AgNP-PNS in catalysis, a more in-depth characterization of the stability
and efficacy of the material under complex environmental conditions as well as of the
photocatalytic degradation mechanism, including the aim of comparing AgNP-PNS with
novel photocatalytic nanomaterials for the removal of pollutants [72–74], will certainly
deserve attention in further investigation.
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10.3390/nano13050821/s1, Figure S1. XRD patterns of the reaction products synthesized by
solvent-assisted reaction using different agrifood byproducts; Figure S2. XRD patterns of 85:15 (blue
line), 70:30 (green line), and 55:45 (red line) w/w PNS/AgNO3 samples subjected to vibrational ball
milling; Figure S3. XRD spectra of PNS/AgNO3 samples subjected to varying planetary ball-milling
times (PDF).
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21. Yang, L.; Moores, A.; Friščić, T.; Provatas, N. Thermodynamics model for mechanochemical synthesis of gold nanoparticles:
Implications for solvent-free nanoparticle production. ACS Appl. Nano Mater. 2021, 4, 1886–1897. [CrossRef]

22. Galant, O.; Cerfeda, G.; McCalmont, A.S.; James, S.L.; Porcheddu, A.; Delogu, F.; Crawford, D.E.; Colacino, E.; Spatari, S.
Mechanochemistry can reduce life cycle environmental impacts of manufacturing active pharmaceutical ingredients. ACS Sustain.
Chem. Eng. 2022, 10, 1430–1439. [CrossRef]

23. Nie, S.; Wang, J.; Huang, X.; Niu, X.; Zhu, L.; Yao, X. Ball-milled Co–N–C nanocomposite for benzylic C–H Bond oxidation: A
facile, practical, and recyclable catalyst under neat conditions and atmospheric pressure oxygen. ACS Appl. Nano Mater. 2018, 1,
6567–6574. [CrossRef]

http://doi.org/10.1016/j.mcat.2021.111922
http://doi.org/10.1016/j.jcis.2020.03.031
http://doi.org/10.3390/nano11082086
http://www.ncbi.nlm.nih.gov/pubmed/34443916
http://doi.org/10.3390/nano11092318
http://www.ncbi.nlm.nih.gov/pubmed/34578634
http://doi.org/10.1021/acsanm.9b00439
http://doi.org/10.1021/acsanm.2c00834
http://doi.org/10.1021/acssuschemeng.1c03797
http://doi.org/10.3390/ijms20020449
http://doi.org/10.1021/acsanm.2c02047
http://doi.org/10.1016/j.jclepro.2021.129198
http://doi.org/10.1021/sc4000362
http://doi.org/10.1021/acssuschemeng.1c06960
http://doi.org/10.3390/molecules26040844
http://www.ncbi.nlm.nih.gov/pubmed/33562781
http://doi.org/10.1021/acsanm.1c02946
http://doi.org/10.1039/C9GC02291K
http://doi.org/10.1021/acsanm.0c01164
http://doi.org/10.1002/cssc.202100478
http://doi.org/10.1021/acssuschemeng.0c03211
http://doi.org/10.3390/nano11051139
http://doi.org/10.1039/D2GC00724J
http://doi.org/10.1021/acsanm.0c03255
http://doi.org/10.1021/acssuschemeng.1c06434
http://doi.org/10.1021/acsanm.8b01607


Nanomaterials 2023, 13, 821 15 of 17

24. Majeed, M.; Hakeem, K.R.; Rehman, R.U. Synergistic effect of plant extract coupled silver nanoparticles in various therapeutic
applications- present insights and bottlenecks. Chemosphere 2022, 288 Pt 2, 132527. [CrossRef]

25. Kheilkordi, Z.; Ghodsi, M.Z.; Mohajer, F.; Badieib, A.; Varma, R.S. Waste-to-wealth transition: Application of natural waste
materials as sustainable catalysts in multicomponent reactions. Green Chem. 2022, 24, 4304–4327. [CrossRef]

26. Miskovska, A.; Rabochova, M.; Michailidu, J.; Masak, J.; Cejkova, A.; Lorincik, J.; Matatkova, O. Antibiofilm activity of silver
nanoparticles biosynthesized using viticultural waste. PLoS ONE 2022, 17, e0272844. [CrossRef]

27. Baruwati, B.; Varma, R. High Value Products from Waste: Grape Pomace Extract—A Three-in-One Package for the Synthesis of
Metal Nanoparticles. ChemSusChem 2009, 2, 1041–1044. [CrossRef]

28. Musere, P.S.F.; Rahman, A.; Uahengo, V.; Naimhwaka, J.; Daniel, L.; Bhaskurani, S.V.H.S.; Jonnalagadda, S.B. Biosynthesis of
silver nanoparticles using pearl millet (Pennisetum glaucum) husk to remove algae in the water and catalytic oxidation of benzyl
alcohol. J. Clean. Prod. 2021, 312, 127581. [CrossRef]

29. Javan bakht Dalir, S.; Djahaniani, H.; Nabati, F.; Hekmati, M. Characterization and the evaluation of antimicrobial activities of
silver nanoparticles biosynthesized from Carya illinoinensis leaf extract. Heliyon 2020, 6, e03624. [CrossRef]

30. Panzella, L.; Cerruti, P.; Aprea, P.; Paolillo, R.; Pellegrino, G.; Moccia, F.; Condorelli, G.G.; Vollaro, A.; Ambrogi, V.; Catania,
M.R.; et al. Silver nanoparticles on hydrolyzed spent coffee grounds (HSCG) for green antibacterial devices. J. Clean. Prod. 2020,
268, 122352. [CrossRef]

31. Moccia, F.; Agustin-Salazar, S.; Verotta, L.; Caneva, E.; Giovando, S.; D’Errico, G.; Panzella, L.; d’Ischia, M.; Napolitano, A.
Antioxidant properties of agri-food byproducts and specific boosting effects of hydrolytic treatments. Antioxidants 2020, 9, 438.
[CrossRef] [PubMed]

32. Moccia, F.; Agustin-Salazar, S.; Berg, A.L.; Setaro, B.; Micillo, R.; Pizzo, E.; Weber, F.; Gamez-Meza, N.; Schieber, A.; Cerruti,
P.; et al. Pecan (Carya illinoinensis (Wagenh.) K. Koch) nut shell as an accessible polyphenol source for active packaging and food
colorant stabilization. ACS Sustain. Chem. Eng. 2020, 8, 6700–6712. [CrossRef] [PubMed]

33. Lerma-Herrera, M.A.; Núñez-Gastélum, J.A.; Ascacio-Valdés, J.; Aguilar, C.N.; Rodrigo-García, J.; Díaz-Sánchez, A.G.; Alvarez-
Parrilla, E.; de la Rosa, L.A. Estimation of the mean degree of polymerization of condensed tannins from the kernel and shell of
Carya illinoinensis by HPLC/MS and spectrophotometric methods. Food Anal. Methods 2017, 10, 3023–3031. [CrossRef]

34. Kaveeshwar, A.R.; Kumar, P.S.; Revellame, E.D.; Gang, D.D.; Zappi, M.E.; Subramaniam, R. Adsorption properties and mechanism
of barium (II) and strontium (II) removal from fracking wastewater using pecan shell based activated carbon. J. Clean. Prod. 2018,
193, 1–13. [CrossRef]

35. Arciello, A.; Panzella, L.; Dell’Olmo, E.; Abdalrazeq, M.; Moccia, F.; Gaglione, R.; Agustin-Salazar, S.; Napolitano, A.; Mariniello,
L.; Giosafatto, C.V.L. Development and characterization of antimicrobial and antioxidant whey protein-based films functionalized
with Pecan (Carya illinoinensis) nut shell extract. Food Packag. Shelf Life 2021, 29, 100710. [CrossRef]

36. Panzella, L.; Napolitano, A. Condensed tannins, a viable solution to meet the need for sustainable and effective multifunctionality
in food packaging: Structure, sources, and properties. J. Agric. Food Chem. 2022, 70, 751–758. [CrossRef]

37. Agustin-Salazar, S.; Gamez-Meza, N.; Medina-Juárez, L.A.; Malinconico, M.; Cerruti, P. Stabilization of polylactic acid and
polyethylene with nutshell extract: Efficiency assessment and economic evaluation. ACS Sustain. Chem. Eng. 2017, 5, 4607–4618.
[CrossRef]

38. Agustin-Salazar, S.; Cerruti, P.; Medina-Juárez, L.Á.; Scarinzi, G.; Malinconico, M.; Soto-Valdez, H.; Gamez-Meza, N. Lignin
and holocellulose from pecan nutshell as reinforcing fillers in poly (lactic acid) biocomposites. Int. J. Biol. Macromol. 2018, 115,
727–736. [CrossRef]

39. Zazycki, M.A.; Godinho, M.; Perondi, D.; Foletto, E.L.; Collazzo, G.C.; Dotto, G.L. New biochar from pecan nutshells as an
alternative adsorbent for removing reactive red 141 from aqueous solutions. J. Clean. Prod. 2018, 171, 57–65. [CrossRef]

40. Dórame-Miranda, R.F.; Gámez-Meza, N.; Medina-Juárez, L.Á.; Ezquerra-Brauer, J.M.; Ovando-Martínez, M.; Lizardi-Mendoza, J.
Bacterial cellulose production by Gluconacetobacter entanii using pecan nutshell as carbon source and its chemical functionalization.
Carbohydr. Polym. 2019, 207, 91–99. [CrossRef]

41. Neira-Vielma, A.A.; Meléndez-Ortiz, H.I.; García-López, J.I.; Sanchez-Valdes, S.; Cruz-Hernández, M.A.; Rodríguez-González,
J.G.; Ramírez-Barrón, S.N. Green synthesis of silver nanoparticles using pecan nut (Carya illinoinensis) shell extracts and evaluation
of their antimicrobial activity. Antibiotics 2022, 11, 1150. [CrossRef]

42. Chipera, S.J.; Bish, D.L. Fitting full X-ray diffraction patterns for quantitative analysis: A method for readily quantifying crystalline
and disordered phases. Adv. Mater. Phys. Chem. 2013, 3, 47–53. [CrossRef]

43. Toby, B.H.; Von Dreele, R.B. GSAS-II: The genesis of a modern open-source all purpose crystallography software package. J. Appl.
Crystallogr. 2013, 46, 544–549. [CrossRef]

44. Crystallography Open Database. 2021. Available online: http://www.crystallography.net/cod/ (accessed on 24 February 2022).
45. Gökmen, V.; Serpen, A.; Fogliano, V. Direct measurement of the total antioxidant capacity of foods: The ‘QUENCHER’ approach.

Trends Food Sci. Technol. 2009, 20, 278–288. [CrossRef]
46. Benzie, I.F.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal.

Biochem. 1996, 239, 70–76. [CrossRef]
47. Conte, R.; Valentino, A.; Di Cristo, F.; Peluso, G.; Cerruti, P.; Di Salle, A.; Calarco, A. Cationic polymer nanoparticles-mediated

delivery of miR-124 impairs tumorigenicity of prostate cancer cells. Int. J. Mol. Sci. 2020, 21, 869. [CrossRef]

http://doi.org/10.1016/j.chemosphere.2021.132527
http://doi.org/10.1039/D2GC00704E
http://doi.org/10.1371/journal.pone.0272844
http://doi.org/10.1002/cssc.200900220
http://doi.org/10.1016/j.jclepro.2021.127581
http://doi.org/10.1016/j.heliyon.2020.e03624
http://doi.org/10.1016/j.jclepro.2020.122352
http://doi.org/10.3390/antiox9050438
http://www.ncbi.nlm.nih.gov/pubmed/32443466
http://doi.org/10.1021/acssuschemeng.0c00356
http://www.ncbi.nlm.nih.gov/pubmed/33828928
http://doi.org/10.1007/s12161-017-0866-6
http://doi.org/10.1016/j.jclepro.2018.05.041
http://doi.org/10.1016/j.fpsl.2021.100710
http://doi.org/10.1021/acs.jafc.1c07229
http://doi.org/10.1021/acssuschemeng.6b03124
http://doi.org/10.1016/j.ijbiomac.2018.04.120
http://doi.org/10.1016/j.jclepro.2017.10.007
http://doi.org/10.1016/j.carbpol.2018.11.067
http://doi.org/10.3390/antibiotics11091150
http://doi.org/10.4236/ampc.2013.31A007
http://doi.org/10.1107/S0021889813003531
http://www.crystallography.net/cod/
http://doi.org/10.1016/j.tifs.2009.03.010
http://doi.org/10.1006/abio.1996.0292
http://doi.org/10.3390/ijms21030869


Nanomaterials 2023, 13, 821 16 of 17

48. ISO 10993-5:2009; Biological Evaluation of Medical Devices-Part 5: Tests for In Vitro Cytotoxicity. International Organization for
Standardization: Geneva, Switzerland, 2009.

49. Bonadies, I.; Di Cristo, F.; Valentino, A.; Peluso, G.; Calarco, A.; Di Salle, A. pH-responsive resveratrol-loaded electrospun
membranes for the prevention of implant-associated infections. Nanomaterials 2020, 10, 1175. [CrossRef] [PubMed]

50. Di Salle, A.; Spagnuolo, G.; Conte, R.; Procino, A.; Peluso, G.; Rengo, C. Effects of various prophylactic procedures on titanium
surfaces and biofilm formation. J. Periodontal Implant. Sci. 2018, 48, 373–382. [CrossRef]

51. Kumar, V.A.; Uchida, T.; Mizuki, T.; Nakajima, Y.; Katsube, Y.; Hanajiri, T.; Maekawa, T. Synthesis of nanoparticles composed of
silver and silver chloride for a plasmonic photocatalyst using an extract from a weed Solidago altissima (goldenrod). Adv. Nat.
Sci. Nanosci. Nanotechnol. 2016, 7, 015002. [CrossRef]

52. Zaki, S.; El Kady, M.F.; Abd-El-Haleem, D. Biosynthesis and structural characterization of silver nanoparticles from bacterial
isolates. Mater. Res. Bull. 2011, 46, 1571–1576. [CrossRef]

53. Di Salle, A.; Viscusi, G.; Di Cristo, F.; Valentino, A.; Gorrasi, G.; Lamberti, E.; Vittoria, V.; Calarco, A.; Peluso, G. Antimicrobial and
antibiofilm activity of curcumin-loaded electrospun nanofibers for the prevention of the biofilm-associated infections. Molecules
2021, 26, 4866. [CrossRef] [PubMed]

54. Huq, M.A.; Ashrafudoulla, M.; Rahman, M.M.; Balusamy, S.R.; Akter, S. Green synthesis and potential antibacterial applications
of bioactive silver nanoparticles: A review. Polymers 2022, 14, 742. [CrossRef] [PubMed]

55. Jain, A.S.; Pawar, P.S.; Sarkar, A.; Junnuthula, V.; Dyawanapelly, S. Bionanofactories for green synthesis of silver nanoparticles:
Toward antimicrobial applications. Int. J. Mol. Sci. 2021, 22, 11993. [CrossRef] [PubMed]

56. Panzella, L.; Cerruti, P.; Ambrogi, V.; Agustin-Salazar, S.; D’Errico, G.; Carfagna, C.; Goya, L.; Ramos, S.; Martín, M.A.; Napolitano,
A.; et al. A superior all-natural antioxidant biomaterial from spent coffee grounds for polymer stabilization, cell protection, and
food lipid preservation. ACS Sustain. Chem. Eng. 2016, 4, 1169–1179. [CrossRef]

57. Prior, R.L.; Wu, X.; Schaich, K. Standardized methods for the determination of antioxidant capacity and phenolics in foods and
dietary supplements. J. Agric. Food Chem. 2005, 53, 4290–4302. [CrossRef] [PubMed]

58. Hamoud, H.I.; Douma, F.; Lafjah, M.; Djafri, F.; Lebedev, O.; Valtchev, V.; El-Roz, M. Size-dependent photocatalytic activity of
silver nanoparticles embedded in ZX-Bi zeolite supports. ACS Appl. Nano Mater. 2022, 5, 3866–3877A. [CrossRef]

59. Ojha, A.; Singh, P.; Oraon, R.; Tiwary, D.; Mishra, A.K.; Ghfar, A.A.; Naushad, M.; Ahamad, T.; Thokchom, B.; Vijayaraghavan,
K.; et al. An environmental approach for the photodegradation of toxic pollutants from wastewater using silver nanoparticles
decorated titania-reduced graphene oxide. J. Environ. Chem. Eng. 2021, 9, 105622. [CrossRef]

60. Jing, Y.Q.; Gui, C.X.; Qu, J.; Hao, S.M.; Wang, Q.Q.; Yu, Z.Z. Silver silicate@carbon nanotube nanocomposites for enhanced visible
light photodegradation performance. ACS Sustain. Chem. Eng. 2017, 5, 3641–3649. [CrossRef]

61. Shoueir, K.; Mohanty, A.; Janowska, I. Industrial molasses waste in the performant synthesis of few-layer graphene and its Au/Ag
nanoparticles nanocomposites. Photocatalytic and supercapacitance applications. J. Clean. Prod. 2022, 351, 131540. [CrossRef]

62. Chishti, A.N.; Ni, L.; Guo, F.; Lin, X.; Liu, Y.; Wu, H.; Chen, M.; Diao, G.W. Magnetite-silica core-shell nanocomposites decorated
with silver nanoparticles for enhanced catalytic reduction of 4-nitrophenol and degradation of methylene blue dye in the water. J.
Environ. Chem. Eng. 2021, 9, 104948. [CrossRef]

63. Tripathi, N.; Goshisht, M.K. Recent advances and mechanistic insights into antibacterial activity, antibiofilm activity, and
cytotoxicity of silver nanoparticles. ACS Appl. Bio Mater. 2022, 55, 1391–1463. [CrossRef]

64. Tao, X.; Zhou, Y.; Xu, K.; Wu, Y.; Mi, J.; Li, Y.; Liu, Q.; Cheng, X.; Zhao, N.; Shi, H.; et al. Bifunctional material with organic
pollutant removing and antimicrobial properties: Graphene aerogel decorated with highly dispersed Ag and CeO2 nanoparticles.
ACS Sustain. Chem. Eng. 2018, 6, 16907–16919. [CrossRef]

65. Lee, Y.H.; Cheng, F.Y.; Chiu, H.W.; Tsai, J.C.; Fang, C.Y.; Chen, C.W.; Wang, Y.J. Cytotoxicity, oxidative stress, apoptosis and the
autophagic effects of silver nanoparticles in mouse embryonic fibroblasts. Biomaterials. 2014, 35, 4706–4715. [CrossRef] [PubMed]

66. Cameron, S.J.; Hosseinian, F.; Willmore, W.G. A Current Overview of the Biological and Cellular Effects of Nanosilver. Int. J. Mol.
Sci. 2018, 19, 2030. [CrossRef] [PubMed]

67. Khorrami, S.; Zarrabi, A.; Khaleghi, M.; Danaei, M.; Mozafari, M.R. Selective cytotoxicity of green synthesized silver na-
noparticles against the MCF-7 tumor cell line and their enhanced antioxidant and antimicrobial properties. Int. J. Nanomed. 2018,
13, 8013–8024. [CrossRef]

68. Bin-Jumah, M.; Al-Abdan, M.; Albasher, G.; Alarifi, S. Effects of Green Silver Nanoparticles on Apoptosis and Oxidative Stress in
Normal and Cancerous Human Hepatic Cells in vitro. Int. J. Nanomed. 2020, 15, 1537–1548. [CrossRef] [PubMed]

69. Anastas, P.T.; Warner, J.C. Green Chemistry: Theory and Practice; Oxford University Press: New York, NY, USA, 1998; p. 30.
70. Anastas, P.T.; Zimmerman, J.B. Design through the twelve principles of green engineering. Environ. Sci. Technol. 2003, 37,

94A–101A. [CrossRef]
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