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Metal nanoparticles (MNPs) are especially interesting due to properties such as optical polarizability, electrical
conductivity, photocatalysis and antimicrobial activity, which makes them useful for many applications in areas from

electronics to pharmaceutics.

green synthesis NPs metallic nanoparticles metal-based nanoparticles

| 1. Introduction

It is known that it is possible to synthesize MNPs by adding metal salts to both plant extracts and cell-free
supernatants of liquid microbial cultures. However, despite being similar, there are little variations in the
biosynthesis of different MNPs. For instance, different precursors lead to MNPs with distinct characteristics 1,
while variations in the concentration of elements, such as molecular oxygen (O,) or chloride (CI7), may result in the
formation of metal oxide nanoparticles (e.g., AgoONPSs) or metal chloride nanoparticles (e.g., AQCINPSs) instead of
metal nanoparticles (e.g., AgNPs) [, Moreover, it has also been shown that several reaction conditions, such as
temperature, oxygenation, pH, precursor (metal salt) concentration, microbial growth phase (upon supernatant
collection), incubation time and irradiation, highly influence both the yield of the reaction and the properties of the
MNPs BI4BE However, the mechanism behind these phenomena is not yet fully understood. Notwithstanding,
several studies using plant extracts and microorganisms’ cell-free supernatants have been performed in an attempt

to identify the molecules responsible for the reduction and stabilization (capping agents) of these NPs [EIZIEIRI10]111]
(12][13][14](15][16][17][18][19][201[21][22][23][24][25] | these studies, several techniques have been applied.

2. Techniqgues Employed in the Study of Metal Nanoparticles’
Biosynthesis Mechanisms

Aiming toward the identification of the functional groups that may be involved in the reactions, Fourier transform
infrared spectroscopy (FTIR) analysis of the reaction media before and after synthesis has been the most used
technique [EIZIBIEILO0NLLII12114]120] % _rzy photoelectron spectroscopy (XPS) was also used for the same purpose &,
One thermogravimetric study was also conducted [&. Chromatographic techniques, such as gas chromatography
(GC) [ high-performance liquid chromatography (HPLC) [ ultra-high-performance liquid chromatography
(UPLC) 231 Jiquid chromatography (LC) 22! and gel permeation chromatography (GPC) 29, have been employed

to separate and identify the several compounds present in the reaction solutions before and after synthesis. The
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latter are usually followed by identification techniques, such as mass spectrometry (MS) 29 and high-resolution
mass spectrometry (HRMS) 23], One study also used matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS), aiming to identify the capping agents of MNPs 18], Separation of proteins present
in the media using sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) has also been
performed 2 to try to prove their role in the reaction, as well as to determine their molecular weight.
Quantifications of several compounds in both the media and nanoparticle suspensions were performed to
understand their role in the reactions, as well as their relative contribution to the synthesis—e.g., DTNB, DNSA,
DTNP and Folin-phenol assays 1229 Spectrophotometric analysis of the NPs plasmon peak associated with
changes in the reaction media was generally performed BIISILGIL7N20]21] \yith the assumption that higher
absorbance values are related to increases in concentration, and the shifts in the peak toward higher wavelengths
(toward red) are due to the increase in the diameter of the nanoparticle 28, Finally, cyclic voltammetry was used to
try to prove the effective role of specific compounds (i.e., caffeine) in the reduction in metal ions [21l. The analysis of
the data acquired from these techniques enabled researchers to propose mechanisms for nanoparticle synthesis

using biological extracts (i.e., plant extracts and cell-free supernatant of microorganism cultures).

| 3. Biosynthesis Mechanisms—State of the Art

It has initially been hypothesized that MNPs synthesis using cell-free supernatants of microorganisms was
achievable due to the secretion of enzymes responsible for the reduction in compounds bound to the metal—e.g.,
reduction in nitrate from silver nitrate using nitrate reductase 12I18118] However, this hypothesis has been rebutted
by other studies that show the role of other molecules (e.g., reducing sugars 22!, nitrogenous biomolecules (e.g.,
proteins) [AIL7IIL920121] - gsH (92l NADH and NADPH [RA2l polysaccharides 29, glycoproteins 29 and
proteoglycans [22)). One study, aiming to ascertain the role and relative contribution of enzymes to the synthesis of
NPs, used the cell-free denatured protein fraction of microorganism culture supernatant to prove that, despite
contributing to the synthesis of NPs, enzyme catalysis is not mainly responsible or even required 4. Moreover,
studies on plant extracts that also led to the synthesis of MNPs evidenced the role of several molecules in the
reduction (reducing sugars &, flavonoids B3] proteins &, polysaccharides 8, aldehydes [, phenolic
compounds I3l and alkaloids 1) and stabilization (capping) (reducing sugars &, flavonoids BB phenolic
compounds D231 alcohols &, amines &, alkanes [ and alkaloids 11) of MNPs, some of which are also present in
cell-free supernatants of microorganism culture media (27281291 The synthesis of MNPs using isolated compounds,
such as cysteine 22, flavonols (DMY) 28], caffeic acid (24! and alginate 23, also proved that enzymatic catalysis is

not mandatory for metal nanopatrticle synthesis.

| 4. Evidence-Based Proposed Biosynthesis Mechanisms

Several studies referenced above used plant extracts and cell-free supernatants of microorganism cultures to
synthesize MNPs (plant extracts—Au, Ag, Cu, Fe and Zn; microorganisms—Ag and Au) aiming toward the study of

the molecules involved and proposal of synthesis mechanisms.
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From these studies, some general principles were evidenced regarding the possible mechanisms that lead to metal
nanoparticle synthesis using the cell-free supernatant of microorganism cultures (Figure 1). Firstly, the molecules
detected in the reaction media, as well as their relative abundances, seem to be highly influenced by both the
microorganisms used and the composition of the growth media. Secondly, the role of secreted enzymes, despite
being evidenced by several studies [1216I18I21] js not overwhelming when compared with other molecules or
mandatory for synthesis to occur. Notwithstanding, enzymatic catalysis seems to contribute to the increase in the

reaction speed.

MNPs biosynthesis general protocol

MNPs biosynthesis mechanism
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Figure 1. Metal nanoparticles biosynthesis’ mechanisms and general protocol. (1) Metal reduction by enzymes and
other molecules from the supernatant; (2) reduced metal particle agglomeration; (3) MNPs capping by negatively

charged molecules from the supernatant. Created with BioRender.com.

There seems to be strong evidence that the sole requirement for metal nanoparticle synthesis to occur is the
presence of molecules with reducing groups, such as carboxyl, amide, thiol and hydroxyl. The latter seems to be of
great importance given its presence in most molecules, which have been determined to play a role in metal
reduction, and based on the evidence of the reduction in its signal after synthesis in FTIR analysis of the reaction
media. Nevertheless, despite further research being required, the effect of the presence of reducing enzymes on
the speed of reaction seems to be relevant. However, given that most of the studies do not report the yield of the
reaction, it is impossible to accurately compare syntheses with different reaction conditions. Reporting that the

synthesis occurred based solely on spectrophotometric analysis and microscopy (e.g., scanning electron
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microscopy (SEM) and transmission electron microscopy (TEM)) does not give enough information to hypothesize
about the real importance of the different compounds present in the reaction media. On the other hand, the
presence of negatively charged groups (e.g., carbonyl, amine) or atoms (e.g., nitrogen) seems to be indispensable
for the adsorption of capping molecules to the MNPs, which are responsible for their stabilization and influence
their antimicrobial activity B9, However, analogously to the yield, not all studies determine the antimicrobial
properties of the NPs, which does not enable the determination of the impact of the different capping molecules on
these properties.
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