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Abstract. The synthesis of silver nanoparticles (AgNPs) with plant extracts has acquired a lot of interest in recent
years, due to its different applications in areas such as medicine, optics, food, pharmaceutic, among others. The
aim of this work was to evaluate aqueous extracts of Mexican oregano (Lippia graveolens), rich in antioxidant
compounds, to synthesize AgNPs. L. graveolens extract was characterized by HPLC and the antioxidant capacity
was evaluated by ABTS, DPPH and CUPRAC. The effect of factors such as pH, concentration of precursor and
temperature on the synthesis of AgNPs was studied. The particles were characterized by SEM, TEM, FTIR and
their stability was evaluated with respect to time. The AgNps showed a spherical shape with an average diameter
of 2.4 nm, and antimicrobial activity against S. aureus, L. monocytogenes and E. coli. After 30 days of storage,
the AgNps agglomerated to form dendritic structures.

Keywords: Silver nanoparticles; Mexican oregano; antimicrobial activity; green synthesis.

Resumen. La sintesis de nanoparticulas de plata (AgNPs) mediante extractos de plantas ha adquirido interés en
afios recientes debido a los diversos campos donde pueden usarse, como la medicina, Optica, alimentos,
farmacéutica, entre otras. El objetivo de esta investigacion fue evaluar la capacidad de extractos acuosos del
orégano mexicano (Lippia graveolens), rico en compuestos antioxidantes, para sintetizar AgNPs. El extracto de
L. graveolens fue caracterizado por HPLC y la actividad antioxidante fue evaluada mediante los ensayos de ABTS,
DPPH y CUPRAC. Se estudi6 el efecto del pH, concentraciones de precursor, y temperatura en la sintesis de
AgNPs. Las particulas fueron caracterizadas mediante SEM, TEM, FTIR y su estabilidad con respecto al tiempo
fue evaluada. Las AgNps presentaron una forma esférica con didmetro promedio de 2.4 nm, y actividad
antimicrobiana contra S. aureus, L. monocytogenes and E. coli. Después de 30 dias de almacenaje, las AgNps se
aglomeraron formando estructuras dendriticas.

Palabras clave: Nanoparticulas de plata; orégano mexicano; actividad antimicrobiana; sintesis verde.
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Introduction

Metallic nanoparticles in a nano size scale show unique characteristics with extensive applications in
diverse fields such as agriculture, cosmetics, pharmaceutics, medicine, textiles, and food industry [1]. Silver is
the metal of first choice to produce nanoparticles due to its high antimicrobial activity against a wide range of
bacteria and fungi as well as its catalytic properties [2,3]. Physical and chemical methods have been used to
synthesize NPs but they are environmentally hazardous, technically laborious, and expensive [4]. To overcome
these limitations, green synthesis methods have been proposed to obtain silver and gold nanoparticles (AgNPs,
AuNPs) where antioxidants, plant extracts and microorganisms are used as reductant reagents [5]. The use of
plant extracts has the advantages of being scalable and less expensive than the methods based on microbial
processes; on the other hand, the rate of reduction of metal ions using plants has been found to be much faster
as compared to microorganisms affording stable metal nanoparticles [6,7]. Several reviews highlight the
synthesis, characterization, and application of plant-based metallic nanoparticles [8-10]. The secondary
metabolites of plants (terpenoids, phenolic acids and flavonoids) act as reducing and stabilizing agents in the
synthesis of metal nanoparticles, then the source of the plant extract and the extraction process influence the
characteristics of the NPs [11,12].

Most of the aromatic oregano plants belong to the genus Origanum (Lamiaceae) and Lippia
(Verbenaceae). Among the aromatic plants used to produce AgNPs, Origanum vulgare better known as
European oregano, has been reported to generate spherical AgNPs sizes of 136 nm [13] and 1 to 50 nm [14].
Lippia graveolens KHB, commonly known as Mexican oregano, is used as condiment of many traditional
Mexican dishes as well as raw material to produce cosmetics, drugs, and liquors. In Latin America, L.
graveolens is used as antiseptic, antipyretic, analgesic, antispasmodic, antioxidant and antimicrobial agent [15].
The aqueous extract of L. graveolens has many secondary metabolites being the most abundant flavonoids and
terpenoids which are responsible of the observed antioxidant activity [16-18]. The reducing power of L.
graveolens extracts can mediate the synthesis of metallic nanoparticles. In the present study, AgNPs were
obtained by an aqueous extract of Lippia graveolens, the effect of extract concentration, reaction time,
temperature and pH of the reaction medium was analyzed. The obtained nanoparticles were physicochemical
characterized, and the antimicrobial activity was tested against food pathogens.

Methodology

Materials

2,2 -azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), potassium persulfate, Trolox, 1,1-
diphenyl-2-picrylhydrazyl (DPPH), Folin & Ciocalteu’s reagent and HPLC standards were obtained from
Sigma Chemical Co. (St. Louis MO, U.S.A.). Agar (TSA), and Tryptic soy broth (TSB) were purchased from
Becton—Dickinson (New Jersey, USA). All solvents, and silver nitrate were obtained from Baker (Mallinckrodt
Baker, Inc., Phillipsburg, NJ, USA). Ammonium acetate, copper (II) chloride, sodium hydroxide, sodium
carbonate, copper (II) sulfate, potassium persulfate, methanol, sodium potassium tartrate and 96% EtOH were
obtained from Merck (Darmstadt, Germany).

Lippia graveolens extract preparation and characterization

10 g of the dried plant were taken and mixed with 100 mL of deionized water and heated at 60 °C for
10 min. After cooling at room temperature, the mixture was filtered with a Whatman No.1 filter paper and the
aqueous filtrate was lyophilized and stored for future use. The antioxidant activity of the extract was evaluated
by the DPPH, ABTS and electrochemical CUPRAC (cupric ion reducing antioxidant capacity) assays according
to reported procedures [19-21] and the results were expressed as ICso in mg/L. The total phenolic content of the
extract was determined by Folin-Ciocalteu colorimetric method [22] expressing the results as mg of gallic acid
equivalents per g dried sample (mg GA/g dw). The HPLC-DAD method reported by Ramirez-Jiménez et al.
[23] was used to obtain the phenolic profile of the extract. The external standard method was used to quantify
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the secondary metabolites in an Agilent 2100 Series HPLC system (Agilent Technologies, Palo Alto, CA, USA)
using a Sorbax Eclipse XDB-C18 column (Agilent Technologies, 9.4 x 250 mm, 5.0 pm).

Biosynthesis of silver nanoparticles

To study the effect of pH (2, 5, 8, 10), temperature (20, 60, 80 °C) and reaction time (5, 10, 15, 20 min)
on the AgNPs formation, solutions containing 20 mg of lyophilized oregano aqueous extract and AgNO3; 1mM
were used. Values of pH were adjusted by using 0.1 N NaOH and 0.1 N HCI after the addition of the extract.
The temperature used for pH experiments was 20 °C and for reaction time 80 °C. The AgNPs formation was
monitored by UV-Vis spectrophotometry (200-800 nm) (Spectra Max Tunable Microplate Reader, Molecular
Devices Co., Sunnyvale, CA, USA). The colloidal suspensions were centrifuged at 15,000 rpm, washed three
times with distilled water and dried at 60 °C, the powder was kept for further characterization.

Silver nanoparticle characterization

Infrared absorption spectra of dried AgNPs and dried extracts were recorded by DRIFT with 4 cm™ of
resolution (Spectrum GX spectrophotometer, Perkin Elmer, Massachusetts, USA with a diffuse reflectance
accessory, Pike Technology model). The morphology and size of AgNPs were obtained from a JEOL (Japan)
high-resolution transmission electron microscope (JEM-1010) and a Carl Zeiss (Jena, Germany) high-
resolution scanning electron microscope (EVO-50). Image J software was used to calculate the diameters of the
NPs (average of 50 NPs).

Stability of silver nanoparticles

The colloidal solutions obtained after biosynthesis of silver nanoparticles (pH 5, 80 °C, 5 min), were
stored at room temperature for 30 days. Every five days UV—Visible spectra was recorded, and at the end of the
experiment the AgNPs solution was characterized by TEM.

Antimicrobial activity

To evaluate the antimicrobial activity of the AgNPs, the agar well diffusion technique was used against
Escherichia coli (ATCC 25922), Listeria monocytogenes (ATCC 35152) and Staphylococcus aureus (ATCC
6538). The methodology described by Soto et al. [24] was followed. Briefly, five uL (103> CFU/mL) of each
microorganism culture were suspended in 6 mL of ST agar tempered at 45 °C, mixed and immediately poured
into a Petri dish. Once agar solidified, 10 uL of AgNPs solution (20, 40, 60, 70, 80, 90 and 100 pg/mL) were
placed on the agar surface, then incubated for 48 h at 30 °C and the zone of growth inhibition was measured.
Oregano lyophilized extract (100 pg/mL) and chloramphenicol (500 pg/mL) were used as control.

Results and discussion

Characterization of Lippia graveolens extract

Table 1 shows the identified compounds by HPLC-DAD of lyophilized L. graveolens extract.
Rosmarinic, gallic and ellagic acids, kaempferol and thymol were the major components among the identified
secondary metabolites, this result is similar to the reported data by Herrera-Rodriguez et al. [25] who evaluated
the phenolic compounds in the essential oil of L. graveolens by GC/MS analysis. Thymol was detected in a
higher concentration than Greek oregano (10.6 pg/g) under similar extraction conditions [26]. The antioxidant
activity of the aqueous extract was evaluated by ABTS, DPPH and CUPRAC techniques, the first two methods
are based on electron transfer from the secondary metabolites of the extracts to the radicals while the last one
evaluates the electron-donating capacity of the extract to reduce a metal complex [27]. ICsy values of 229.4 +
10.5 mg/L, 290.1 + 12.7 mg/L, and 95.01+ 0.69 mg/L for ABTS, DPPH and CUPRAC assays were obtained,
respectively. The antioxidant activity of the extract was similar to the reported values (ICso 207 mg/L) for
methanolic extracts from L. graveolens evaluated by the DPPH assay [15]. As expected, the antioxidant values
were lower than the aqueous extracts from O. vulgare (26.7 mg/L) [28]. The total phenol content was 330.5+1.7
mg GAE/g dw, this value is higher than the reported values for several hydroethanolic extracts from L.
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graveolens samples (95.74- 99.71mg GAE/g dw) [29]. Rosmarinic acid, thymol and kaempferol are the
secondary metabolites that significantly contribute to the antioxidant capacity of the extract.

Table 1. Phenolic compounds in Lippia graveolens determined by HPLC-DAD

tl:;;el(l;i?:) Compound Concentration mg/g dw | % Adjust
Phenolic acids
3.22 Gallic acid 1.31+£0.39 93.9
3.97 Protocatechuic acid 0.26 £ 0.02 97.9
5.44 Ellagic acid 1.86 £0.05 94.6
5.65 Coumaric acid 0.96 £ 0.07 96.5
5.76 Rosmarinic acid 2.46+0.19 99
59 Ferulic acid 0.62 £0.03 99.8
Aldehyde
6.16 Vanillin 0.87 £0.01 97.9
Flavonoids
7.44 Quercetin 0.81 +0.09 99.7
14.69 Apigenin 0.63 +£0.04 98.7
14.91 Kaempferol 5.76 £0.03 92.3
4.68 Naringenin 0.48 £ 0.05 98.3
Monoterpene
15.22 Thymol 3.12+£0.06 93.7

Results reported as mean + standard error of three replicates. The concentration is reported as mg/g of
dried sample.

Biosynthesis of silver nanoparticles in different conditions

The green synthesis of AgNPs with plant extracts is mediated by the compounds that have enough
electrochemical potential to reduce silver ions, then the chemical state and concentration of the extract
components affect the size and shape of the nanoparticles [30]. It has been demonstrated by several authors that
green synthesis of AgNPs involves the reduction of Ag* to Ag® by antioxidant secondary metabolites, in this
case mainly rosmarinic acid, thymol and kaempferol. Then nucleation and growth of Ag® nanoparticles occur
to finally be covered by the oxidized secondary metabolites, this final stage favours the stabilization of the NPs
[8-10,24].

Here, colloidal solutions of AgNPs were prepared by adding different concentrations of AgNOs to an
aqueous solution of the oregano extract, the solutions changed their colour from transparent to dark yellow
within minutes, indicating the presence of AgNPs. The effect of silver nitrate concentration is shown in Fig.
1(a), the characteristic AgNPs surface plasmon resonance (SPR) absorption band was observed at 357-400 nm.
The band absorption increased, and the wavelength was shifted to the red as AgNOj; concentration increased
from 1 mM to 4 mM. Similar results were reported for the obtention of AgNps from an aqueous extract of
Oscillatoria limnetica, addition of the silver nitrate concentration from 0.1 mM to 0.5 mM shifted the surface
plasmon bands from 422 nm to 430 nm with gradual intensity increase (0.531-0.710) [31].
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Considering the SPR response, further experiments were conducted using 1| mM AgNOs. Fig. 1(b)
shows the absorption spectra of colloidal solutions at different temperatures (20-80 °C). With the increase of
temperature, the reduction of silver salt is enhanced, as indicated by the rapid color change of the solution. The
peak absorption wavelength shifted toward blue from 437 to 400 nm with the temperature increment. As
reported, this displacement indicates that the size of the synthesized nanoparticles decreases with increasing
temperature, which may be due to a faster reaction rate at higher temperature. It is generally accepted that high
temperature promotes Ag nucleation while low temperature allows the growth of AgNPs, then smaller particles
with uniform size distribution are formed at higher temperature [32,33].

The pH plays an important role in the nanoparticle’s synthesis because the electron transfer from the
secondary metabolites to the silver ions depends on the molecular ionization, also the charge of biomolecules
might affect AgNPs capping as well as stabilizing properties [34]. Fig. 1(c) shows the spectra of AgNps
synthetized under different pH values at 80 °C, this temperature was chosen considering that smaller AgNPs
were obtained. At pH 2 two absorption bands at 365 and 443 nm were observed. It has been reported that the
AgNPs with nanocube morphology exhibit two dipole plasmonic peaks, one belongs to oscillating charges
along longitudinal axis, and the other one belongs to oscillating charges along latitudinal axis [35]. For pH 5, 8
and 10 only one band was observed at 400, 375 and 442 nm, respectively. In basic pH values the synthesis of
silver nanoparticles is faster than at acid pH, the change of color was observed immediately, but when the
solution was heated precipitation was observed. Verma and Mehata [34] observed that at high pH values the
particles became unstable and agglomerated, when kept overnight. For this study, AgNPs synthesis at pH 5
shows the major absorbance and the more defined band at lower wavelength which is related to small
nanoparticles and homogeneous distribution of the particle size [36]. In other studies, it was reported that basic
pH promotes the synthesis of silver nanoparticles due to deprotonation of organic acids such as citric and malic
acid [37].

The effect of time reaction was evaluated using AgNO3 1mM, pH 5 and 80 °C. Fig. 1(d) shows the
spectra of AgNPs at different reaction times, after ten minutes of reaction no SPR wavelength displacements
were observed. The increment of the SPR absorption band indicates an enhancement in the formation of AgNPs.
The reaction was completed at 30 min and a precipitate was obtained.
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Fig. 1. UV-Visible spectra of synthetized AgNPs using aqueous extract of L. graveolens at different parameters.
(a) AgNOs; concentration, (b) 1 mM AgNO:; at different temperatures, (¢) 1 mM AgNO; at different pH and (d)
1 mM AgNO:; at different reaction time.

Characterization of AgNPs

The synthesis of AgNPs was conducted in the optimal conditions established in the previous
experiment (AgNO; ImM, pH 5, 80 °C and 10 min). Fig. 2 shows the morphology of nanoparticles obtained by
SEM and TEM, the AgNPs were spherical with diameters between 1-4 nm. Several plant extracts have been
used to synthesize spherical AgNPs with sizes ranging from 0.5 nm to 100 nm [8-10]. The oregano AgNPs
obtained here are smaller than those obtained from European oregano (Origanum vulgare) aqueous extract (136
nm) [18], and ethanolic extract (30-58 nm) [19]. Similar size was reported for AgNPs obtained from
Polygonatum graminifolium (3-15 nm) [38], Coriandum sativum (6.95 nm) [39], Sida cardifolia (3-8 nm) [40],
Piper retrofractum (1-5 nm) [41], and Allium sativum (3-6 nm) [42].
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Fig. } (a) TEM and (b) SEM images of AgNPs and (c) size distribution.

Fig. 3 shows the DRIFT spectra for the dried extract, where the typical fingerprint region from 800 to
1800 cm™ attributed to the stretching and bending vibrations characteristic of the L. graveolens secondary
metabolites is observed [43]. This region included the signals at 1100-1400 cm™! corresponding to C-O of hydroxyl
groups, bands at 1400-1500 cm™' corresponding to C-O and C-C stretching vibrations specific to phenyl groups,
signals at 1500-1600 cm™ corresponding to aromatic domain and N-H bending, and the region at 1600-1800 cm'!
corresponding to bending N-H, C=0 stretching’s signals assigned to aldehydes, ketones, and esters [43,44].
Other important band observed was at 3000-3700 cm™' corresponding to O-H stretching vibrations. The spectra of
the dried AgNPs displayed most of the DRIFT bands of the extract, which confirm that the secondary metabolites
play the role of capping and stabilizing agents in the synthesis of AgNPs. Some displacements were observed for
some bands that represent the interactions of functional groups with AgNPs surface [45].

Transmitance (%)

¢ FINGER PRINT

4000 3600 3200 2800 2400 2000 1600 1200 BOO 400
Wavenumber tcm"}

Fig. 3. DRIFT of lyophilized L. graveolens extract and dried AgNps.

Stability of AgNPs

Fig. 4(a) shows the UV-Vis spectra of AgNPs at different times of storage. After fifteen days of storage
at room temperature, the AgNPs SPR signal changed drastically, and after a month under storage, the colour of
the AgNPs solution turned dark- gray and a sediment was formed. As storage time increase, the SPR signal gets
wider and shifted to higher wave numbers, confirming changes of shape and size of the nanoparticles. After one
month of storage, the SEM and TEM images (Fig. 4(b)-(¢)) evidenced AgNPs clustering with a morphology which
has been denominated flower-like [46]. It has been proposed that the formation of the dendritic structures involves
the aggregation of NPs to form micrometric worm-like structures that serve as template for the growth of multi-
branched structures [47]. These dendritic structures can be used in catalysis, and antimicrobial metallic coatings,
among other applications [48,49].
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Fig. 4. (a) UV-Vis spectra of AgNPs at different days of storage. (b) TEM image after 30 days of storage, and
(¢) SEM image after 30 days of storage.

Antimicrobial activity

Table 2 shows the diameter of growth inhibition zones produced by oregano extract and AgNPs against
three food pathogens, S. aureus, L. monocytogenes and E. coli. For all tested microorganism, the AgNPs antimicrobial
activity was concentration dependent, and the results revealed that the AgNPs displayed significant inhibition activity
against all the tested pathogens. Although, L. monocytogenes and S. aureus are Gram positive with a thicker
membrane cell compared to Gram negative microorganism such as E. coli, both demonstrated sensitivity to the
antimicrobial effect of AgNPs. Similar results were reported by Ruiz-Baltazar et al. [50] where AgNPs synthetized
with Melissa officinalis leaf extract, at 15 and 20 mM exhibited growth inhibition diameters of 12.5 and 11.5 mm
against S. aureus and E. coli, respectively. Sankar et al. [13] evaluated the antimicrobial activity of AgNPs (30 pL)
obtained from O. vulgare extract against E. coli obtaining a 10 mm growth inhibition diameter. Several factors are to
be considered regarding AgNPs antimicrobial activity, the electronic effect produced by the interaction of silver with
bacterial membrane surface, the chemical structure of secondary metabolites that stabilized the AgNPs when
synthesized by plant extracts, and the shape and size of NPs [7,51]. All the evaluated AgNps concentrations showed
higher antimicrobial activity compared with L. graveolens extract [52,53]. The antimicrobial activity of the Mexican
oregano has been mainly attributed to the terpenes like thymol and eugenol as well as phenolic acids like rosmarinic
acid (15,29,52). As expected, the antimicrobial activity of the AgNPs were higher than the extract, since the
antimicrobial activity produce by the release of Ag+ ions is added to the antimicrobial activity of the secondary
metabolites that surrounded the NPs (8-10). At the maximum AgNps concentration (100 pg/mL), the antimicrobial
effect against E. coli and S. aureus was higher than chloramphenicol.

Table 2. Diameter of growth inhibition zone of AgNPs against S. aureus, E. coli and L. monocytogenes.

Concentration (ugml) |y G | ameter (o | Diameter (mm
20 9.36 +£0.15° 8.52 £ 0.06f 9.46+0.11F
40 10.16 + 0.19% 9.64 +0.12°¢ 10.27 +£0.09¢
60 11.06 £0.11¢ 10.89 + 0.044 10.71 £ 0.07%
70 12.60 +0.16° 11.15 +0.094 11.63 £0.11°¢
80 13.53 £ 0.17% 11.59 +£0.05°¢ 13.38 + 0.03°
100 14.87 £ 0.452 12.58 £ 0.10° 13.95 £ 0.06*
Extract (100 pg/mL) 7.56 +0.14¢ 7.90 + 0.05¢ 7.5+0.11
Chloramphenicol (500 png/mL) 13.95+0.39% 14.80 + 0.05° 10.80 = 0.08¢

Results reported as mean + standard error of three replicates. Different letters in the same column represent significance difference
(P<0.05) according to the Tukey test n=3.
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Conclusions

Silver nanoparticles have been successfully synthetized using L. graveolens extract, the AgNPs are
spherical and exhibit a high energy SPR band around 400 nm. According to the FTIR analysis, the compounds
present in L. graveolens extract play an important role in the reduction and stabilization of metal nanoparticles.
The obtained AgNPs are stable in colloidal solution for 15 days, after which the nanoparticles agglomerated
and formed dendritic structures, meaning that the use of oregano AgNPs on liquid products that need to be
stored for more than 15 days is not recommended. The AgNPs antimicrobial activity is dependent on the
concentration and has better activity against S. aureus and E. coli. The obtained AgNPs can be used in different
applications due to its biological activity and morphology.
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