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Abstract: Green synthesis highlights sustainable methods to produce silver nanoparticles (AgNPs).
Here, extracts from fresh and lyophilized Mentha leaves produced AgNPs when performing reactions
in the dark at 25°C or 75°C; also under photosynthetically active radiation (PAR) at 25°C aiming to
compare hydrothermal and photochemical methods. AgNPs formation was spectrophotometrically
monitored and characterized by dynamic light scattering (DLS) and Zeta potential (ZP). The most
polydisperse AgNPs suspension was synthesized at 25°C (dark), presenting polydispersity index (Pdl)
of 0.574+0.061, and exhibited the lowest hydrodynamic diameter (HD) of 44.34+1.60 nm. In contrast,
the highest HD was 80.15+2.88 nm to AgNPs produced at 25°C with PAR which exhibited ZP of -
27.8+£0.7 mV. The lowest polydisperse suspension was produced at 75°C (dark), presenting Pdl of
0.369+0.009 and ZP of -12.8+0.6 mV. Concluding, we compared reliable green synthesis’ methods to
determine which would efficiently produce AgNPs using Mentha leaves.
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1. Introduction

Silver nanoparticles (AgNPs) exhibit unique physicochemical and biological properties
dependent on composition and size [1-6]. AgNPs are used for controlling microorganisms,
diagnosis, catalysts, and others. Choosing a green route to synthesize AgQNPs means generating
less harmful residues and safer products compared to other routes [7,8].

Plants are commonly used for green synthesis due to phytochemicals, and selected
species meet criteria like: be easy to grow and harvest; cheap to cultivate; low maintenance to
feasible scale-up; and provide reducing and stabilizing agents [9,10]. Plants from the
Lamiaceae family meet such criteria with about ~5,000 species, including those belonging
Mentha genus [11]. These species are widespread and contain antioxidant phytochemicals such
as menthol, limonene, linalool, and others [12].

There are several methods to greenly-synthesize AgNPs using Mentha [13-17].
Temperature is a well-explored parameter as higher temperatures speed up the formation and
modulate properties of AgNPs synthesized using plant extracts [18]. Another fashion is a
photo-induced route, in which irradiating light boosts AgNPs synthesis [19]. However,
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comparisons between both strategies are scarce, particularly when considering the use of
Mentha extracts. In addition, there is no consensus about the ideal state for plant materials (e.g.,
fresh or dry powder samples). Thus, the present study investigated whether fresh or lyophilized
Mentha leaves promoted AgNPs’ synthesis (AgNPs-F and AgNPs-L, respectively) and
compared the effects of temperature in a hydrothermal method and photosynthetically active
radiation (PAR) in a photochemical method.

2. Materials and Methods

2.1. Mentha extract.

Mentha (Mentha x villosa Huds.) leaves obtained from the local market were stored at
-20°C. Leaves were weighed and washed with 400 pL of Extran in 1.2 L of tap water followed
by distilled water washing. Part of this material was lyophilized. For each 1 g of cut leaves, 10
mL of ultrapure water were boiled 2 min to prepare the aqueous extracts that were further
qualitatively filtered.

2.2. Synthesis of silver nanoparticles.

Three reaction systems were incubated on glass tubes: AgNOs control (50 pL of
ultrapure-water in 4950 pL of 1 mM AgNOgz), AgNOs with fresh leaves extract (50 pL of
extract from fresh leaves in 4950 uL of 1 mM AgNO3), and extract control (50 uL of extract
from fresh leaves in 4950 pL of ultrapure-water). Three additional tubes were prepared
similarly but with plant extracts produced from lyophilized leaves. All reactions were prepared
in triplicates and incubated for 2.5 h: one was incubated in a water-bath at 75°C in the dark; the
second incubated under PAR at 25°C, and the third incubated in the dark at 25°C.

2.3. Physicochemical characterization.

AgNPs’ formations were monitored by UV-Vis at 450 nm. Aliquots were taken from
reactions and analyzed every 30 min. Formation kinetics of AgNPs was obtained by the
equation is b = Y(x —xX)(y — ) / X(x — X)?%, in which “b” represents the slope of linear
regression = (absorption at time 0.5:absorption at time 2.5;0,5:2,5); "Xx" represents the
absorption at time 0.5; and "y" represents absorption at time 2.5;0,5:2,5. Samples were also
analyzed by DLS and electrophoretic mobility for characterization of HD (Z-average) and Pdl,
and ZP, respectively, at 25°C (triplicates-10 runs).

3. Results and Discussion

3.1. UV-Vis and formation rate.

It is well-established that color change from transparent to dark yellow or brown is
indicative of metallic ion reduction, as well as the nucleation and formation of AgNPs [4,6,18].
Color variation in AgNPs synthesis reactions is explained by the surface plasmon resonance
phenomenon in which conduction electrons oscillate when stimulated by polarized lights [6].
Syntheses were monitored by UV-Vis to confirm the formation of AgNPs (Figure 1). Even
though AgNPs-L had higher absorbance at the first hour of reaction, reactions incubated in the
dark at 75°C and AgNPs-F had the highest absorbance at the end-point. This indicates that fresh
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leaves reduced more efficiently a larger amount of Ag+ than lyophilized leaves, yielding more
AgNPs.
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Figure 1. UV-Vis spectra of the synthesis reactions with fresh (AgNP-F) or lyophilized (AgNP-L) Mentha leaf
extracts under dark or PAR conditions and at 25°C or 75°C.

The kinetics of AgNPs formation was calculated by linear regression slope of
absorption curve to obtain an indication of the fastest method leading to the nucleation and
growth (Figure 2). AgNPs-F synthesized in the dark at 75°C had the fastest nucleation and
growth rate. Since nucleation and growth were not distinguishable events, they were defined
as formation rates. AgNPs-L synthesized in the dark at 25°C showed the slowest formation
rate. Probably, once phytochemicals are more concentrated with less amount of water, they
may have interacted more with the silver ions and, consequently, this may have delayed its
reduction and formation of AgNPs. In addition, the delay wasn’t pronounced in the suspension
of AgNPs-L synthesized in the dark at 75°C, probably because of the high temperature, which
in this case contributed to speeding up the process. Thus, AgNPs synthesized with higher
temperatures were formed faster, while those non-exposed to neither high temperatures nor
PAR showed a slower formation rate.
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Figure 2. Formation rate of the AgNPs using fresh (AgNP-F) or lyophilized (AgNP-L) Mentha leaf extracts
under dark or PAR conditions and at 25°C or 75°C.

3.2. HDs, Pdls, and ZPs.

AgNPs with smaller HD were AgNPs-F incubated in the dark at 25°C, which contrasted
with HD of AgNPs-F incubated in the presence of PAR (Table 1). Seemly, there is no
recognized pattern in the production of larger or smaller AgNPs depending only on the
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synthesis method (Table 1). What may have happened is that suspension exposed to 75°C
enhanced reduction of silver ions by fresh leaves extract and, as reaction didn’t occur fast
(Figure 1) in first hours; AgNPs nucleated, grew slower, and apparently didn’t cluster as the
AgNPs exposed to PAR. Latter reactions occurred faster especially in the first hours, and
presented a higher Pdl, indicating that suspension of AgNPs was also polydisperse. It was
previously seen that the higher the reaction’s temperature, the higher the adsorption rate of
silver ions, which facilitate synthesis and result in larger-size particles [20]. A similar approach
using M. piperita obtained AgNPs with an average diameter of 75 nm, which isn’t far from our
results [21]. Results may be similar because both aqueous extracts used in reactions were
obtained from Mentha species, despite possible different phytochemical compositions.

Pdl obtained for all samples is characteristic of AgNPs synthesized through green
synthesis, in which agglomeration and growth are not controlled. It is possible to observe that
some characteristics of nanomaterials, like shape and stability, vary a lot between different
routes [22]. Li and Kaner [22] also observed that nanoparticles produced at high temperatures
evolve to homogeneous nuclei before the growth occurs, decreasing the chance of
heterogeneous size dispersion. Another interesting strategy towards producing uniform AgNPs
was recently proposed by Nouri et al. [13]. They synthesized AgNPs using M. aquatica leaves
extract by ultrasonic process and obtained monodisperse and smaller structures when compared
to the hydrothermal method [13]. In the future, combinations of hydrothermal, ultrasonic, and
even photonic methods will prove feasible, aiming to optimize the formation of AgNPs.

Overall obtained AgNPs showed ZPs ranging from -12.8 to -27.8 mV indicative of
incipient colloidal stability (Table 1). Negative ZP means that negatively charged groups
mainly establish capping.

Table 1. DLS and ZP results of AgNPs synthesized with Mentha fresh (AgNP-F) or lyophilized (AgNP-L) leaf
extracts. Values refer to the mean and standard deviation of three analyses.

Condition and Sample HD (nm) Pdl ZP (mV)
Temperature
Dark at 25°C AgNP-F 4434 +1.63 0.574 £ 0.061 -209+0.8
Dark at 25°C AgNP-L 78.09 £ 2.30 0.484 + 0.005 -18.9+0.5
Dark at 75°C AgNP-F 71.21+£9.36 0.485 = 0.138 -25.6 0.6
Dark at 75°C AgNP-L 67.19 £ 0.95 0.369 + 0.009 -12.8+0.6
PAR at 25°C AgNP-F 80.15 + 2.88 0.488 + 0.046 -27.8+0.7
PAR at 25°C AgNP-L 56.86 + 2.41 0.525+0.011 -26.6 +0.8

HD = Hydrodynamic Diameter; Pdl = Polydispersity Index; ZP = Zeta Potential; PAR = Photosynthetically
Active Radiation; AgNP-F = Fresh leaf extract; AgNP-L = Lyophilized leaf extract.

4. Conclusions

In conclusion, it isn’t necessary to lyophilize Mentha leaves to synthesize AgNPs if the
fresh extract is prepared and used consecutively. Lyophilization would represent one additional
step, while the use of fresh extracts could be more practical, cost-effective, eco-friendly, and
facile. Along with the investigation mentioned above, we compared two green syntheses
methods to determine which one would faster produce AgNPs. The method chosen for being
the most reliable followed synthesis reaction in the dark at 75°C with fresh Mentha leaves. This
method was chosen since it presents the highest formation rate. Further, we expect to
investigate phytochemicals of different species/hybrids, correlating their compounds with the
formation of AgNPs. Finally, it is essential to investigate which green synthesis’ methods
require less energy and time to take place, aiming to optimize sustainable processes.
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