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Silver ions chemical reduced in AgNPs proved to be inappropriate for medical applica-
tions; some of the reagents have a high level of toxicity. Green synthesis removes these
barriers by using the plant extracts rich in phytocomplexes with high bioreduction capaci-
ty. The investigations are focusing on therapeutic effects and lesser related to the bioreduc-
tion mechanisms- phytochemical composition characterized by global parameters: total
phenol content (TPC), total flavonoid content (TFC), total antioxidant capacity (TAC).
TPC and TFC are measured by comparison with the gallic acid and a flavonoid (ex quer-
cetin), respectively. Understanding their bioreduction mechanisms is useful to have a
comparison criterion for each plant extract, such as TPC/TFC-ratio. In this respect, are
studied the bioreduction activity for gallic acid using Pourbaix diagram, microspeciation,
surface plasmon resonance, and Mie scattering, zeta potential, kinetics parameters derived
from UV-vis spectroscopy and DLS. At the end are presented the kinetics parameters for
the extracts from Cyperus rotundus L., a plant with a high impact in phytotherapy. In in-
troduction are summarized several keypoints, support for the understanding of the biore-
duction Kkinetics.
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1. Introduction

Nanoparticles in diverse size, shapes and structures, organic and inorganic, are providing a
wide spectrum for medicine to conceive new therapeutic and diagnostic agents. The aim is to find
new solutions to the unsolvable diseases [1, 2, 3, 4]. Most of them are using for the drug delivery,
medical devices and imagistic. Regarding to the metallic nanoparticles, silver nanoparticles
(AgNPs) are the most studied due to their biocompatibility and as remedy for bacterial, viral, fun-
gal infections. Advances in green synthesis increased bioavailability and area of applications cov-
ering: bio-labeling, biomarkers, sensors [5, 6, 7], food packaging &composites [8, 9, 10, 11, 12],
environmental (wastewater treatment, air pollution [13, 14, 15, 16]), dietary supplements, formula-
tions for transdermal, oral use to name few.

The action mechanisms: when they are settling on the bacterial cells release silver ions
that damage the respiratory chain, DNA, in one word the cell machinery. By comparison is like a
Trojan horse for the infectious agents. However, the silver ions action on the human cells is not
well understood. Theirs side effects (toxicity, accumulation in organs) show some biological and
environmental risks. The last decades brought more information related to the action mechanisms
of the AgNPs. It was suggested that AgQNPs have a high affinity to bind on the proteins of the cell
walls of bacteria, damaging the cell membranes [17, 18, 19, 20]. In agueous biological media Ag
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ions are released from AgNPs, pass into the cell, inactivate the metabolic processes and
damage DNA [21], leading to the cell’s death. Therefore, silver ions interrupt the redox processes
involved in the respiratory chain. The reduced form, Ag®, has no effect [22]. Hereafter are summa-
rized the main findings

- Antibacterial activity. Silver ions- inhibit the redox processes in the respiratory
chain (electron transport, membrane permeability, proton transfer) and damage DNA. Ag° — has no
direct effect but can modify the charge shielding, Debye length, the membrane potential when is
solvated into the cell plasma.

- The bioactivity enhancers. AgNPs — decorated with antibiotics proved high effi-
ciency in the bactericidal activity. For each couple AgNPs-antibiotics is an optimum ratio for the
silver ion release rate and enhance the antibiotic potential [21]. The couple AgNPs-antibiotics are
the most advanced products already implemented in the therapeutically chains [23, 24];

- Concentration. An optimum concentration of 10°-10° mol/L is effective for the
silver ions activity [21, 25, 26] to damage the respiratory chain. The excess use lead to the argyria;

- Size, shapes, the surface energy and charge. 1) Shapes. AgNPs with spherical
shape is less active than prismatic shapes. In the prismatic shapes, corners and edges have high en-
ergy to release silver ions by comparison with spheroidal shapes. 2)Size. AgNPs with sizes under
100 nm contain 10%-10° atoms [27, 28]. The size affects the intracellular and extra-cellular behav-
ior. AgNPs less than 80nm can penetrate the cell membranes [29]. At lower dimensions (<10nm)
cause cytoplasmatic leakage without the nucleic acid damage [30]. To maximize the bactericidal
effect is to attach AgNPs on the cell membranes which cause maximum damage and induce reac-
tive oxygen species in cytoplasm leading to the cell death [31, 32];

- Poisoning and toxicology. Silver ions are poisoned if appropriate anions are pre-
sent in the biological fluids such chlorine, nitrates, phosphates. Also, pH can reduce the silver ions
activity. Toxicological profile cover dose limit, maximum concentration, size, shapes on the hu-
man cells and organs [33, 34];

- Bacterial resistance. Excessive use of AgNPs lead to the development of the bac-
teria resistance against the ionic silver penetration. Bacteria continuous adapt by specific mecha-
nisms becoming more resistant therefore, AgNPs-antibiotics decrease their efficiency ([21], and
references in this citation).

Silver ions: reduction vs bioreduction

The wet chemistry uses the reduction route with electron donor reagents, some of them
with toxic potential: sodium borohydride (NaBH,) [35], citrate [36], polyols [37, 38], glucose
&starch [39, 40, 41], alcohols [42]. The reducing agents containing carboxylic groups have the
role of capping and stabilizer against oxidation [36]. The reduction agents with hydroxyl groups
(alcohol, glucose, polyols) need pH compensation higher than 10 to initiate the reduction reaction
[42, 43, 44]. Surfactants: Polyvinyl pyrrolidone (PVP),Tween, polyacrylic acids, some polymers
with low molecular weight. They control the growth rate and aggregation [45]. Etching reagents.
Hydrogen peroxide [36] and bromine compounds (KBr) [46] etch preferential crystallographic
planes and spherical particles turn into some prismatic and triangular with surface plasmon reso-
nance shifted to 450-600 nm.

The bioreduction route fulfills the green chemistry requirements: environmentally benign
solvent, reducing and stabilizing reagents with high biocompatibility [47]. The plant extracts are
the best suitable solutions. Rich in polyphenols and flavonoids compounds, their carboxylic and
hydroxylic groups are both reducers, stabilizers, and capping agents for AgNPs [48]. On the other
hand, the plant extracts have a great therapeutic value and a high capacity to reduce reactive oxy-
gen species. The new nanoarchitecture AgNPs-plant extracts will unify both therapeutically prop-
erties in a synergistic way [48, 49]. They could fight more effectively to the bacterial infectious by
diverse mechanisms decreasing the bacterial resistance [50]. Recently was devised a new type of
surface engineering cell by functionalizing with AgNPs — so called “cyborg” cells [51]. That is a
new way to develop bacteria, viruses, cells, functionalized with AgNPs — plant extract to fight
against various bacterial or viral infections. To date, the bioreduction efficiency and therapeutical-
ly potential are extensively reviewed: [52]- general, antimicrobial [53, 54], antiviral [55], antifun-
gal [56], anticancer [57, 58].
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In a concise summary: 1) AgNPs used in excess or, in combination with antibiotics, can
increase bacterial resistance. They develop immuno-resistance receptors to stop membrane pene-
tration and reduce silver ions to a neutral state; 2) AgNPs-plant extract is an alternative to this ef-
fect. AgNPs-plant extracts enhance the potential to fight against pathogens; 3) Ag-ions bio-
reduced with the plant extracts is a green synthesis method offering broad spectrum in biocompat-
ibility-bioavailability; 4) AgNPs-size and shapes: the charge of the capping agents are controlling
the rate of the silver ions release and generation of reactive oxygen species to damage membrane
and the respiratory chain. The size and shape derive from the phytochemical composition; there-
fore, it is not necessary to use another oxidant such as hydrogen peroxide; 5) Each complex
AgNPs- plant extract cover a specific therapeutic spectrum.

Almost all researches related to the Ag-ions reduction with the plant extracts focus on the
size, shapes, and tests related to the anti-microbial, antiproliferative applications, to name a few.
The plant extracts require phytochemical analysis, a very complicated procedure, and time-
consuming. Additionally, morphology, shapes, size analyzed with SEM, TEM, XRD, FT-IR, or
Raman bring information related to the AgNPs structure and the capping agent binding. A correla-
tion phytochemical composition- silver ions bioreduction mechanisms do not yet exist. The phyto-
chemical composition is evaluated by three global parameters: total phenolic content (TPC), total
flavonoid content (TFC), total antioxidant capacity (TAC). They are using in evaluating the reduc-
ing capacity of the reactive oxygen species (known as fee radical scavenger) or the bioreduction
power as ligands. TPC and TFC evaluate the content of the plant extracts in the equivalent of gal-
lic acid and a flavonoid (ex. quercetin), respectively.

To our knowledge, there is no investigation related to the kinetic mechanisms and connec-
tion with TPC and TFC. Therefore, a model for the silver ions bioreduction with gallic acid and
flavonoids could help understand how each plant extract fit with AgNPs. This contribution deal
with gallic acid bioreduction mechanisms. Multiple aspects are brought from electrochemistry,
chemistry, and physics to understand how the couple silver ions- gallic ion species concur to a new
useful AgNPs- coated with them. With Pourbaix diagram and ionization constant, solubility con-
stant are shown conditions for alkalization and some criteria for seeding using silver clustering,
growth and AgNPs stabilizing. SPR and Mie scattering — wavelength at maximum absorbance are
used for the size measurements comparison with hydrodynamic size from DLS and zeta potential
for AgNPs stability. Also, are established the kinetics behavior, dependence of [Ag*)/[ GA] ratio.
At the end these results are analyzed kinetics of the plant extract from Cyperus rotundus L.

This plant is well recognized in Asian Pharmacopoeia with high therapeutic potential.
Some arguments are bellow summarized

In the plant world, Cyperacae family has quite different therapeutic properties already
used by the traditional medicines. In this family, Cyperus rotundus L., a mesophyte plant, has in
flowers, leaves, stems, and rhizomes phytocomplexes used as remedy in anti-inflammatory, anti-
depressant, antipyretic, analgesic, anti-arthritic, and antiemetic for dysentery [59]. Recently, the
extracts were used as remedy in Central Nervous System disorders: epilepsy, depression and in-
flammatory disorders, Alzheimer’s disease [60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71]. Phyto-
chemical screening found polyphenols, terpenoids, quinones, glycosides and flavonoids to name
few [72, 73, 74]. Representatives in Cyperus spp. are cyperaquinones [75, 76] found mainly in the
essential oil extracts. The first report on the Ag’- bioreduction proposes a mechanism where cy-
peraquinone (ketone-enol tautomerization) but there is no phytochemical screening [77]. In rhi-
zomes are found components rich in polyphenols and flavonoids, essential oils.

2. Experimental part

2.1. Materials, equipment, methods

Chemicals and reagents. Silver nitrate (AgNO3), sodium hydroxide (NaOH), gallic acid
(99.5%), quercetin (99.8%), Mili-Q water. Total phenolic content: Folin-Ciocalteu reagent and
method [78]. Total flavonoid content: reagents and solutions prepared as in [79].

Cyperus rotundus L.: dried rhizomes (source: Abu al-Khasib, Basra county, Iraq).
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Equipment. Spectrophotometer UV-Vis, Jasco, V-570 (operated with 1nm resolution for
wavelength) standard cuvette, 1cm optical path for the surface plasmon resonance measurements,
total phenolic and flavonoid content, the bioreduction kinetic of the silver ions. The absorbance of
the AgNPs consists of two components derived from scattering cross section area and absorption
cross section area. The last describes the absorption band from surface plasmon resonance (SPR)
due to the collective excitation of the electron gas (Aass) [39, 87]. SPR absorption has a high molar
extinction (e~3x10™ Mcm™) [96, 97]:

Ay = —log]]— = gcl (1)

o

I, lo- the radiation intensities through cuvette, I- optical path, c-AgNPs concentration
(mol/L). A realistic estimation for concentration supposes ultralow dilutions or very thin path
length. In addition, the molecular extinction depends of the nanoparticle size (their cross-section
area, absorption and scattering from Mie scattering). Therefore, the absorbance has a complex
composition: the common feature is the wavelength coincidence where SPR and Mie scattering
have the same value at maximum absorption. The only measurable parameter is the wavelength at
maximum absorption and correlation with the size SEM/TEM measurements (see section 3.2) can
give a useful calibration curve. Mie scattering software was used to estimate size vs wavelength at
maximum absorbance (nanocomosix.com, [80]) for AgNPs bioreduced with gallic acid at concen-
trations 0.3+6uM.

For kinetics measurements at time less than 10 min was used spectrometer UV-vis, ocean
optics (USB HR-4000) and software spectragryph (https://www.effemm2.de/spectragryph/) in
standard configuration (cuvette 1ml, 1cm optical path) optical stand holder with 4-way fiber optics
connectors.

Zetasizer Nano ZS (Malvern Instruments Ltd.), for size distribution and zeta- potential
(ZP) measurements. The average size, Dy, (hydrodynamic diameter) was measured in DLS- mode
with backscattering detection at 173°, laser wavelength 633nm. The suspension viscosity was
measured with vibro-viscometer SV-10. Standard deviation (SD) was derived from Polydispersity
index: PDI = (5D /Dy )?. ZP was measured with universal cell kit, 1 mL volume. Each sample
is recorded at the same concentration in DLS and ZP.

Software for gallic acid microspeciation vs pH: ChemAxon, chemicalize plugins (che-
maxon.com).

2.2. Cyperus rotundus L.- aqueous extraction, characterization

Extraction. Rhizomes of Cyperus rotundus L. are ground and sieved (40 mesh sieve). 5g
powder was collected and transferred in 50 mL Mili-Q water. The mixture was heated at 50°C for
30 min under stirring (details in [81]). The solution was filtered in the follow sequences: gross
with Whatman no.4, fine with filters 1 and 0.2 microns and finally with funnel -frit glass, porosity
1-5% (under vacuum).The solution was centrifugated at 500g to remove any residue and the su-
pernatant stored at 4°C. The extraction yieald: 8.6% (supernatant dried under vacuum at 40°C, 4
days)

Total phenol content (TPC). Folin -Ciocalteu method [82, 83], reference Gallic acid (3 hy-
droxyls and 1 carboxyl group in structure). Total phenolic content in equivalent Gallic acid: TPC=
842+/- 13 ppm, (4.95 UM equivalent GA)

Total flavonoid content: (TFC). AICI;-method [79, 84, 85], reference quercetin (flavanol
with 5 hydroxyl groups in structure). Total flavonoid content in equivalent quercetin: TFC= 264+/-
12 ppm (0.91 uM equivalent quercetin)

Ratio TPC/TFC ~5.44, useful to appreciate the bioreduction capacity, type of stabilizer
and capping agent (contribution carboxylic groups vs hydroxyls).

2. 3. Bioreduction of silver ions to AgNPs.

The extract from Cyperus rotundus L. contains phenols 4.95 yuM equivalent GA and fla-
vonoids 0.91 uM equivalent quercetin. Total, 5.86 uM equivalent phytoreductant found in 5g dried
extract. For comparison with gallic acid are prepared solutions with concentrations, 0.3+6uM and
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investigated in the first stage the optimum value for AgNPs with highest ZP. In the second stage is
investigated the bioreduction mechanisms. Further is analyzing the bioreduction behavior of the
plant extract.

In this respect, are prepared 1mM AgNO; in Milli-Q water, with pH=11 (using 0.1M
NaOH) [86] and gallic acid solution with concentration from 0.3 to 6uM. In 50 mL 1mM AgNO;
are added 2mL from each gallic solution (dropwise with stirring at RT). Concentration ratio
[Ag'T/[GA] is shown in tablel. The reduction of Ag* to Ag° was confirmed by the color change of
the solution from colorless, yellow-pale, yellow to yellow-intense. Silver nanoparticles formation
was also confirmed by recording SPR absorption spectrum.

3. Results and discussions

3.1. Bioreduction mechanisms

Silver ions are reduced by Gallic acid only in alkaline aqueous solutions with pH >10 or
the molar ratio [NaOH]/[Ag*]~10 [44]. Also, in citrate or glucose -based systems without addition
of NaOH, the reduction reaction cannot happen [87]. There are two strategies in the silver reduc-
tion: 1) when are using citrates as a stabilizer then silver ions are reduced via strong reductant such
as NaBH, to form AgNPs-seeds, and then citrate ions control the growth. Similar effects have a se-
ries of carboxylic acids [36] (see dashed circle figure 1); 2) When the phenolic acids are reductant
and stabilizing agent then it is necessary the alkalinization of the silver salt solution. A useful tool
to understand the bioreduction mechanism with gallic acid is the Pourbaix diagram (figure 1) in
correlation with the ionic specia-tion counted based on pKa of the gallic acid moieties (figure 2).
Pourbaix diagram [88] gives a straightforward understanding of the chain of reactions. Silver-H,O
diagram is drawn using data from [89]. At pH~ 11 the stable phase Ag,O in coincidence with oxy-
gen evolution (dashed line) reaction lead to the reduction with OH" ions (potential range 0.3-0.6V).
The band at ~270-280nm in UV-vis spectrum (low absorption) is assigned to the metastable clus-
ters [Ag, (OH),]" [90], formed in the reaction:
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Fig. 1. Silver-H,O -Pourbaix diagram, Potential E vs-pH. Dashed lines correspond to the water in
thermodynamic equilibrium with oxygen and hydrogen at 1bar. Red lines are Ag*/Ag and Ag*/Ag,0
equilibrium counted for ImM AgNO;. Dashed circle corresponds to the reduction with NaBHy,
pH<9. At pH~11 silver ions are in the first stage reduced to Ag,O (aq) reaction (a). The reverse re-
action is solubilization and Ag,O- oxidation.

2Ag,0(aq) + 2H,0 — [Ag.(0H),]** (aq) + 20H (aq) @)

Additionally, this comes from a high solubility of Ag,O in water. The solvation constant
for Ag,O/AgOH has value pKs=-7.7 [91]. That shows a high solvation capacity and strengthens the
formation of silver clusters from silver hydroxides as an intermediate route, eq (2, 3 and a Fig. 1).
Silver clusters are reduced by the molecules that release electrons in an oxidation reaction:
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n[Ag.(OH),]** + 2ne — mAg+ 2nH,0,m = 4n ©)
and grow to form AgNPs,
mAg+ Ag™ +e — AgNPs 4)

followed by stabilization and capping with the molecular ions from the gallic acid. It is easy to ob-
serve that for each 4Ag” need one gallic acid and % NaBH, (Fig. 1) or maybe lesser. Anyhow, the
ratio [Ag")/[GA] is an important feature in the reduction/bioreduction kinetics. The gallic acid re-
leases two electrons and two protons when pH>9 (figure 2). The oxidation potentials for -OH (po-
sitions 3 and 4) ~0.35V, and for -OH (position 5) and carboxyl is ~0.65V [92, 93]. In inset (figure
2) is shown the gallic acid oxidation to quinone form via two steps reaction. As the oxidation po-
tentials for gallic acid are appropriate with the reduction potentials for Ag,O, they form at molecu-
lar level a redox microcouple, and the reactions proceed autocatalytic. Microspecies 3,4 prevent
Ag,O-precipitation and stabilize the silver clusters. In the first stage, AgNPs-nucleation, the silver
clusters co-aggregate to form critical stable nuclei (nhucleation stage I, figure 7). Further, they grow
and are stabilizing by the gallic acid moieties and hydroxyls (stage I1). The zeta potential increases
due to silver ions attachment (Fig. 6). When the potential reaches ~0.65V, that is appropriate for
the carboxyl group oxidation, and lead to the attachment on the AgNPs surface, as stabilizer, cap-
ping agent and charge compensation, respectively. This happen in the stage I11 where the chemical
potentials of the silver ions in solution and on the AgNPs surface are equals.

HO. .«

ph=9-12

_".\htmspcrlss 2,345) wo

Fig. 2. Gallic acid. Concentration of the molecular ions (Microspecies)- pH. At pH=9-12 Gallic acid
is oxidized to the molecular ions 3,4,5. The reduced forms, quinones, takes place via 2e-2H" transfer
(see inset). software chemAxon, plug-in, chemicalize (www.chemaxon.com).
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Fig. 3. UV-vis spectra recorded at 10min for Ag* bioreduction with Gallic acid: 1mM AgNO; solu-
tion with pH=11 and 2mL Gallic acid with 0.3+6puM concentration. [Ag*]/[GA]=367, 183,73,37, 18.
The electrical double layer (Stern layer [94], Fig. 6) is made of gallic acid monolayer in-
terconnected with hydrogen bonds on the positions 3&5. ZP-values are measured on the slipping
layer. Based on these assumptions and observations from correlation Pourbaix diagram- microspe-
ciation of the gallic acid then the bioreduction mechanisms should proceed as an autocatalytic re-
action in the first stages nucleation and growth continued with stabilizing AgNPs by gallic acid
molecules on their surface. Moreover the surface plasmon resonance should not be strong influ-
enced by the bioreductant that being an intrinsic property of the conductive nanoparticles and their
size [90] (in hypothesis the electron density is constant). UV-vis spectra recorded for silver biore-
duced with gallic acid at concentrations from 0.3 to 6uM (Fig. 3) shows an increased absorption
and the maximum of the wavelength slightly moved to higher values.
The colour of the solutions after 10 min changes from yellow pale to yellow intense. DLS
measurements: hydrodynamic size and zeta potential are presented in Table 1.

Table 1. AgNPs-GA, data measured after 10 min. Hydrodynamic size (Dy), Z-potential
(ZP), Zmax from UV-vis spectra (figure 3), d -calculated [93]with calibration curve Fig. 5,
Mie- simulation using refractive index (nanocomposix.com).

[GA], [Ag'V Ds, ZP M d Mie RI
HM [GA]  (nm),  (mV) (exp) (nM) A
[93]

0.3 367 53+37 -21.4 402 23 398 1.3311
0.6 183 48+31 -22.0 406 31 404 1.3322

1.5 73 45+31 -22.4 407 32 404 1.3355
3 37 46+32 -26.4 410 37 410 1.3408
6 18 45+18 -29.8 415 43 416 1.3922

RI- refractive index: 1.33*(1-x)+1.73*x), x=[GA]/[Ag’], 1.73- RI for
gallic acid. Standard deviation was calculated using PDI

The sizes of the nanoparticles, d, are estimated with data from [93] and the fitting equa-
tion, Fig. 5, using values measured in figure 3, Ana(exp). For each d, are calculated, Amsy , from
Mie scattering simulation with appropriate refractive index (RI) and in assumption 1 monolayer
gallic acid. [Ag"]/[GA]= No silver ions / gallic acid molecule.

As expected at low concentrations the spectrum has a broad shape with low absorption and
narrows with wide tail towards red wavelength. At higher concentration the spectrum is asymmet-
ric (positive skewness). The nanoparticle size, calculated from An.x(€Xp), increases with the gallic
acid concentration. Hydrodynamic size decreases with the concentration. It can be supposed there
is a transition from a diffusive layer to a strong Stern layer made of single molecular gallic acid
(see Fig. 6): due to solvation there is a wide diffusive shell of water molecules with gallic acid in-
terconnected by hydrogen bonding at low concentration (ex 0.3uM).

Mie scattering simulation give several key-points. For example, d=43nm and 1 monolayer
of gallic acid and RI =1.3922 the maximum wavelength, Ams~416nm appropriate with the experi-
mental value. From RI result [Ag*)/[GA]~23. At higher RI ~1.53, the wavelength does not change
([Ag*V/[GA]~7). It can be assumed that at [Ag*]/[GA] < 23 AgNPs reach maximum coverage with
gallic acid.

ZP increases in absolute value from 21 to ~30mV. Worth noted if the dilutions are in buff-
ers or physiological solutions that is meaningless due to disturb the potential at sliding layer
(Nernst potential). Additionally, the rule of thumb, if ZP<-30mV means good stability, ~-20mV —
short term stability, higher than -5mV takes place aggregation [95] (applicable for low molecular
stabilizer/ capping agent, for other macromolecules it should takes in account the steric effects).

At low gallic acid concentrations AgNPs have a good stability but the differences between
real size (~23 nm estimated from maximum wavelength absorption) and hydrodynamic size
(~53nm) could come from very low concentration of capping agents interconnected with hydrogen
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bonds (Fig. 6). They could form a large electrical double layer with the slipping plane at several
nanometer apart from the AgNPs surface. Also, at high gallic acid concentration (~6uM) hydrody-
namic diameter and SPR diameter have appropriate value and ZP= -29.8mV. That means a very
thin shell layer made of gallic acid molecules (Stern layer). It can be concluded that the optimum
ratio for bioreduction is [Ag']/[GA]~18 in agreement with Mie scattering simulations.

3.2. Kinetics (t>10min)

The experimental conditions were divided in two parts: 1) Growth for times >10 min
where are studied the stabilization dynamic of AgNPs, and 2) nucleation, growth and stabilizing
AgNPs- if the bioreduction with gallic acid is autocatalytic.

In the first set of experiments are analyzed samples with 6uM GA in ImM AgNQO;, pH=11
(Table 1). In Fig. 4 are shown the absorption spectra recorded from 10 min to 220 min. For each
time are measured, Amax, peak-area, and ZP. Peak area gives id relate to the oscillator strength of
the SPR. ZP- increases up to -31-32 mV, confirming that AgNPs are more stable and reach a max-
imum coverage with gallic acid.

Time &, Peak ZP

min  nm area mV
).04 220-400 2314 -31.7
200-400 2.175 -31.6
180-400 2.066 -31.6
160-403 1.815 -31.4
140-401 1.809 -31.4

120-403 1.621 -31.2
100-403  1.639 -31.0
80- 402 1.363 -30.9

Absorbance (A,,,)

60- 403 1.156 -30.6
40- 407 1.111 -30.2
20- 414

340 360 38 400 420 440 460 430
Wavelength [nm]

Fig. 4. Absorption spectra for ImM Ag ions reduced with 6uM Gallic Acid ([Ag*]/[GA]=18).

In Fig. 5 are shown the size vs growth time: Anax VS t(exp) — right axis &upper axis. On the
left-axis- is the calibration curve Amax(d) -based on the references included in figure 5. The color
change vs time is inserted: from yellow pale to yellow intense
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500 T T T T T
w] B
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.
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420 4

410 4

400 4

320 ] 360

Fig. 5. Relationship between maximum absorption, Jmax @and AgNPs size. Data collected from
[96 .97 , 98] for the calibration curve Amax(d).

The wavelength shift from 415 nm to 400 nm and the peak area increases from 0.604 to
2.314. Zeta potential also increases with the bioreduction time up to -31.7 mV.

During growth AgNPs decrease in size from 45 nm to ~20nm (figure 5). Also, the color
changes from yellow pale to yellow intense. As expected AgNPs size should grow; instead, they
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are reducing. It must take in account that the silver ions concentration is constant (1mM). From the
mass balance result that during biosynthesis are changing only size and the concentration of the
nanoparticles.

In this respect, in the last stage the AgNPs exchange silver ions to and from solution until
the chemical potentials reach to minimum and the ZP to maximum value. Therefore, for a certain
initial concentration and for a fixed ratio [Ag*])/[bioreductant] there is a minimum size. The AgNPs
are in continuous dynamics until all Ag™ are consumed from solution.

Fig. 6 a suggests the competitive mechanisms dissolution -growth processes until the
chemical potential of the silver ions from solution and from ANPs are equilibrated and the stabiliz-
ing agents reach the maximum coverage.

H‘z o

WO |
Y )

dissolution

Agl = Agt fe

< Mg (Np)=H 5, (sol)

Agt €Agtte )
growth

Fig. 6. a —a model dissolution-growth by which Ag™ are reciprocal transferred between NPs until
chemical potential reaches to equilibrium.

(Stern layer & diffusive layer).The larger sizes are reducing and the concentration of
smaller sizes increase. Ideally, a stable AgNPs-solution with capping agents stabilized will contain
a monomodal size distribution. In solvent the Ag” - concentration =0.

Fig. 6 b sketches the stabilizing agent formation around of AgNPs (microspecies 5, Fig. 2)
when the surface reaches to -0.65 V) and the hydrogen bonding between the quinone forms. The
carboxylic groups are oxidizing and compensate the surface charge by bonding with Ag* (-Ag-O-
C-O-Ag-).

Surface putential

Stern potential

= .Potkntial (mV)

/ Diffusc layer

Lillusc fayer,

Slipping plane

Fig. 6 .b Electrical double layer formation by a monolayer of gallic acid (Stern layer) and a diffusive
layer- ZP- measured at slipping plane.

The stabilizing layers is equivalent with the Stern layer. The quinone forms are intercon-
nected by hydrogen bonds. Transition from Stern layer to the diffusive layer and the charge com-
pensation is made of a mixture water - gallic acid microspecies. The slipping plane define hydro-
dynamic size, the separation AgNPs - solvent. ZP is that value for a stable nanoparticle in equilib-
rium with solvent.3.3
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3. 3. Kinetics (t<10min))

The study of absorbance during bioreduction under 10 min describes the first stages from
nucleation to growth (I1+11) and gives information about the type of Kinetics. Stage Il is a transi-
tion to the stabilizing and capping with the molecular microspecies of the gallic acid, as shown
above, takes more than 100 min (Fig. 5).

The kinetics describe the nuclei formation and their growth mediated by bioreductant.
With the assumptions outlined in section 3.1 (eq 2-4), the nucleation proceeds from clusters
[Ag.(OH),]** reduced by microspecies resulted from the gallic acid at pH> 9 (see figures,1 &2).

The proposed kinetics is autocalaytic one. In this respect, the AgNPs concentration vs.
time should have a sigmoidal profile [99]. As the absorbance A~ ¢ in the assumption, the molecu-
lar extinction is constant in figure 7 are shown the measurements carried out at 415 nm vs. time up
to 500 s. The spectrometer configuration and associated software carried out the kinetic in the op-
tical cuvette at a fixed wavelength (415nm). Figure 7a shows a sigmoidal growth with three re-
gions— nucleation(l), growth (1), stabilization (I11). Nucleation: governed by the equations 2-4.
The bioreduction takes place via the electron-proton donors from the gallic acid microspecies.
Growth: the critical nuclei (nanoparticles, stable thermodynamic) grow by a continuous influx of
silver ions from the solution until they reach a positive potential ~0.65V, threshold for the carbox-
ylic groups' oxidation at pH>10. At this stage, the nanoparticles are stabilizing, as shown in Ill-
Fig. 7. A plot of the reduced absorbance a = A(t)/A(500) recorded at 415 nm (Fig. 7 right) allows
estimating the time constant for which the silver nanoparticle concentration reaches 50% (or silver
ions are 50% converted in AgNPs). In other words, after ~ 175 s, 50% of silver ions are converted
in AgNPs by an autocatalytic process (equation written in Fig. 7 right).
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Fig. 7. Kinetics curve derived from absorbance A(415nm) vs time. (left). Right- plot of the reduced
absorbance, a, as In(a/1-a) vs time.

3.4. Bioreduction with extract from Cyperus Rotundus L

The extract from Cyperus rotundus L. contains equivalent of phenolic acids and flavo-
noids with ratio TPC/TFC~5.44 (section 2.2) beside other phytochemicals which can speed up or
slow down the bioreduction kinetics. Few studies are found with the flavonoid bioreduction. For
example quercetin in alkaline solution (pH~7.5-11) [100] produces AgNPs with SPR absorption
band at ~415 nm [Ag*/[quercetin]~400. Other flavonoids have a very low bioreduction capacity.

The quercetin microspeciation correspond to the oxidizing OH-groups similar with gallic
acid [101]. Therefore, some of flavonoids may slow down the bioreduction kinetics and move the
absorption band to higher values. In this respect without new calibration curves for size the main
instruments remain DLS and SEM/TEM. In Fig. 8 are shown the bioreduction kinetics with the
aqueous extract from Cyperus rotundus L. At a first sight, for t<10 min could not identify any
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change. At time > 10min the absorbance increases very slow and color of the solution changes
from yellow to green dark and red dark.
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Fig. 8 Bioreduction of silver NPs with Cyperus rotundus L- extract.

The maximum of absorbance was recorded at ~450-456 nm. The reduced absorbance has
a quite different behavior by comparison with the gallic acid. The earlier report [100] shows that
the flavonoids have a sluggish bioreduction kinetics and lead to AgNPs with bigger size ( mainly
guercetin). Other flavonoids (naringenin) has no bioreduction activity. In addition, if pH> 8 the
yield of AgNPs is less. Even though flavonoids have high antioxidant activity their bioreduction
activity is quite different than polyphenols. Therefore, a small content of flavonoids drastically
changes kinetics, as well pH must be correlated with TPC/TFC ratio to reduce Ag,O formation and
precipitation. In table 2 it sees that the hydrodynamic size is relatively bigger than values found for
gallic acid with the same evolution but more sluggish than that observed in Fig. 5. Zeta potential
still remains in the range where the nanoparticles have a good stability.

Table 2. DLS characteristics of AgNPs — biosynthesis with aqueous extract from Cyperus

Rotundus L.
time Dy ZP
(min) (nm) (mV)
10 67+13 -27
30 64+11 -29
60 60+14 -27
90 63+13 -28
120 56+17 -28

These facts can be explained taking into account the structural differences: flavonoids (
some of them) have an extended conjugated system than polyphenols.

Even though they can contain the same number of hydroxyl groups which provide high
bioreductive activity the difference consists in two step- processes by comparison with flavonoids
the oxidation takes place by complex multi-steps leading to a lower rate of Kinetics. Obviously, the
steric effects have an important contribution.
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4. Conclusions

This contribution carried out a literature survey related to the AgNPs synthesis using
chemical and bio-reductants originated from the phytochemical compounds, today “green synthe-
sis.” Some key points are identified to drive the biosynthesis of AgNPs using extracts from plants (
total phenol & flavonoid content, pH, phytochemical composition). Some reports approached the
kinetics of bioreduction by focusing on the size, stabilization and capping. A kinetic model was
proposed using Pourbaix diagram, microspeciation and Mie scattering simulation. Then this model
was applied to the gallic acid, the reference molecule for TPC estimation. A collection of data
from literature wavelength- size where SPR of AgNPs reach the maximum absorption allowed us
to have a calibration curve.

The autocatalytic conversion governs the kinetics of transformation, Ag+ in AgNPs, and
their stabilization takes place by developing an electrical double layer. Gallic acid and the silver
ions can be oxidized, respectively reduced if they form a microcouple with appropriate values of
the potentials. Finally, is studied if TPC/TFC ratio changes the Kinetics of the bioreduction. The
study was carried out on Cyperus Rotundus L, a plant with a broad therapeutic spectrum but less
known in the AgNPs biosynthesis. It is shown that the flavonoid content lead to a sluggish kinetics

TPC/TFC ratio could be an effective parameter to evaluate the AgNPs biosynthesis with
the plant extracts.
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