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Abstract

Interest in green synthesis methods for nanoparticle production with potential use in biology,
pharmacy, and medicine is a forefront field in research. Among the routes described in the
literature, the use of plant extracts as reducing and capping agents is one of the most
promising. Turnera diffusa commonly called Damiana is a wild shrub traditionally used as
aphrodisiac, diuretic, and for cancer and diabetes treatments. Its extracts are rich in flavonoid,
phenolic, terpenoid, and other active compounds that possess antiallergic, antiviral, and

antifungal activities. Besides, flavonoids have been reported to have a redox potential



sufficient for metal ion reduction. Thus, this study reports a novel and facile method for green
gold nanoparticle (AuNPs) synthesis using T. diffusa extracts. The samples were fully
characterized by scanning electron microscopy, acrylonitrile butadiene styrene ultraviolet-
visible, dynamic light scattering, X-ray photoelectron, and inductively coupled plasma
optical emission spectroscopies. The results showed high efficiency of T. diffusa extracts to
reduce and stabilize the AuNPs which showed spherical shape, 24 nm diameter, negative
surface charge, and high colloidal stability at biological pH and alkaline media. Additionally,
its antimicrobial activity was evaluated showing high antiseptic capacity against gram-

negative Salmonella enteritis and Escherichia coli ATCC 8739 bacteria.
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Introduction

The first reports on colloidal gold synthesis for applications in biology and medicine date
back before 1583, when David de Planis-Campy prepared colloidal gold in water as a
"longevity elixir" [1]. Since that day, the application of gold nanoparticles (AuNPs) in the
biomedical field has been extremely wide. Its uses involve biolabeling, diagnosis, plasmon
biosensing, vaccination, photothermal cancer therapy, immunoassay, as a vehicle for
transporting drugs, antigens, DNA, and some other applications [2—10].

AUNPs are commonly synthesized by colloidal chemistry methods. The most common
oxidized compound is HAuCls4, which is reduced by agents such as sodium citrate, sodium
borohydride, hydrazine, ascorbic acid, and more. These methods can produce particles with
controlled geometrical and optical properties, narrow size distribution, and can functionalize

the nanoparticle surface [11,12]. However, it is important to note that some of these methods



also produce several toxic by-products, so the development of ecologically friendly routes
remains a research challenge [13].

Currently, the use of green synthesis methods to produce colloidal nanoparticles has been
a forefront field in research. Green synthesis is ecologically friendly, cost-effective, does not
use high temperatures or pressures, and reduces the generation of toxic chemical by-products
[14]. In the production of AuNPs, a wide variety of derived compounds from algae, bacteria,
fungi, viruses, and plant extracts have been used [14-18]. However, among all these
compounds, the use of plant extracts -as reducing and stabilizing agents- is of particular
interest since most plants are generally inexpensive, available, and non-toxic. Several
extracts of Salvia officinalis [19], Lippia citriodora [14], Sterculia acuminata [20],
Pelargonium graveolens [21], or Punica granatum [22] have been used as reducing and
capping agents in AuNP green synthesis, suggesting that some water-soluble organic
compounds including flavonoids can reduce and stabilize Au (111) [16]. Moreover, the results
have shown that AuNPs coated with organic layers from plant extracts show
biocompatibility, low toxicity, high stability, and synergy in their response as catalyzers and
immunostimulant systems [8,23].

On the other hand, Turnera diffusa -commonly referred to as damiana- is a wild shrub
that grows in tropical and subtropical regions of America. Its traditional use dates back to
ancient Mayan and Mexican indigenous groups that prepared medicinal beverage for
giddiness treatment and as an aphrodisiac [24,25]. Currently, several damiana products have
been commercially available for their use as aphrodisiac, diuretic, and cancer and diabetes
treatments [26,27]. T. difussa extracts contain more than 47 organic compounds comprised
of flavonoids, terpenoids, saccharides, phenolics, and cyanogenic derivatives [28]. Recently,

our group has reported that T. difussa extracts show antimicrobial activity against Gram-



negative bacterium [29]. This property -together with the possibility that T. difussa extracts
can reduce and stabilize AuUNPs- makes the AUNPs@Damiana systems a novel compound
with potential uses in biotechnology and biomedicine.

In this sense, this study reports a novel and facile method for AUNP green synthesis using
T. diffusa extracts as reducing and stabilizing agents. The AuNPs were fully characterized by
scanning electron microscopy (SEM), ultraviolet-visible spectroscopy (ABS UV-VIS),
dynamic light scattering spectroscopy (DLS), X-ray photoelectron spectroscopy (XPS), and
inductively coupled plasma optical emission spectroscopy (ICP-OES). The samples were
evaluated as antimicrobial agents against Salmonella enteritis, Escherichia coli ATCC 8739,
and Listeria monocytogenes, showing enhanced microbial inhibition on Gram-negative

bacteria compared to the control treatments.

Results and discussion

The most important reducing and capping agents in plant extracts are proteins,
polysaccharides, flavonoids, and terpenoids [23]. According to our previous report T. diffusa
extracts include at least 47 chemical compounds comprising flavonoids, terpenoids,
saccharides, phenolics, and cyanogenic derivatives [29].

The complexity in the chemical structures of each compound -together with their natural
intermolecular interactions- makes it difficult to assign the first steps of the process for Au
(111) complexation, reduction, and stabilization. However, the reduction of gold ions to Au®
and their agglomeration -through oligomeric clusters that form and stabilize AuNPs- can be
due mainly to the functional groups CHs, CH2, OH, COOH or CHO exposed on flavonoids.
These functional groups have demonstrated to have sufficient redox energy to reduce noble

metal ions and form metallic nanoparticles [14]. This process is one of the most accepted



mechanisms in oxide and metallic nanoparticle production by using plant extracts rich in
phenolic compounds [13,30]. This fact was confirmed in the SEM micrograph (Fig 1a),
which showed spherical AuNPs@Damiana particles with a size distribution of 24 + 3 nm in
diameter free of agglomerations (Fig. 1b). Furthermore, Fig 1c shows the evolution on time
of Localized Surface Plasmon Resonance (LSPR) during AuNP synthesis. Interestingly,
these spectra showed a blueshift in their maximum peaks concerning time, which denoted a
decrease in particle size. This behavior is unusual during AuNP synthesis because crystal
size grows after nucleation is expected [8]. The maximum intensity in this spectrum was
located at 540 nm -usually assigned to AuNPs of 40 nm in diameter- while 15 min later its
maximum absorption shifted to 530 nm that corresponded to AuNPs of 27 nm in diameter.
Likewise, a higher absorption intensity was interesting to note after 15 min of reaction,
denoting a greater amount of formed AuNPs. Finally, the blueshift spectra can be assigned
to the decrease in the dielectric field surrounding the AuNP surface induced by the active

compounds of T. diffusa extracts.
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Figure 1. (a) Scanning electron microscopy (SEM) micrograph of AuNPs@Damiana
synthesized by using Turnera diffusa extracts and their (b) size distribution; (c) Evolution
on time of local surface plasmon resonance (LSPR) of AuNPs@Damiana; d) Zeta Potential

and Hydrodynamic Diameter of AuNPs@Damiana

The DLS analysis was carried out at a pH ranging from 3 to 11. Each pH was adjusted
using two aqueous solutions: (1) sodium hydroxide (0.1 M), and (2) hydrochloric acid (1%
vlv). The AuNPs@Damiana analysis through SEM (Fig. 1a) and DLS (Fig. 1d) revealed
different diameter scales. From pH 3 to 9, the hydrodynamic diameter (HD) maintained 50
nm; however, in a very alkaline medium the HD increased up to 80 nm. It is important to

note, that a size result by DLS involved HD of the nanoparticles in suspension. The different



values observed for the same AuNPs@Damiana samples were a consequence of the cloud
formed by molecules coming from the T. difussa extracts on the nanoparticle surface, which
resulted in larger HD [31]. On the other hand, ZP did not show any isoelectric point, which
meant the AuUNPs@Damiana surface charge was always negative from pH 3 to 11 due to
anion adsorption on the particle surface in all ranges. In acidic media, the ZP was ~-10 mV,
while surface charge increased to ~-30 mV in alkaline medium, nanoparticles remained stable
up to 3 months as observed in the experiments. The Au concentration in the
AuNPs@Damiana sample was 0.0145 mg/mL determined by ICP-OES, which allowed to
estimate the Au amount used in the biological assays [32].

Figure 2 depicts the XPS survey spectrum indicating that the principal elements were Au,
C, and O, which confirmed the presence of organic species adsorbed on AuNPs@Damiana
surface (Fig 2a). According to the deconvoluted high-resolution spectra, Fig. 2b shows two
characteristic signals related to Au 4f72 and Au 4fs;2, where the most intense peaks at 84.0
eV and 87.7 eV were attributed to the presence of metallic gold (Au®) and those at 84.9 eV
and 88.6 eV corresponded to Au**. The C 1s spectra depicted in Fig. 2¢ revealed the existence
of chemical states of C—C, C—H, and C=C (284.8 ¢V) as well as C—O, and C=0 groups (287.2
eV) [33]. The presence of oxygenated organic groups was confirmed by peaks at 531.9 eV
and 532.9 eV detected in the O 1s spectra (Fig. 2d), which were typically assigned to C—
0/C=0 and C-OH, respectively. Therefore, these oxygenated organic groups were

functionalizing AUNPs@Damiana, probably interacting with Aul* species.
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Figure 2. X-ray photoelectron (XPS) analysis of AuNPs@Damiana: (a) survey spectrum,
and high-resolution spectra for (b) Au 4f, (c) C 1s and (d) O Is. The Al 2s signal detected in

(a) corresponds to the holder.

The results demonstrated that AUNPs@Damiana had growth inhibitory activity (P < 0.05)
against Gram-negative (S. enteritidis and E. coli ATCC 8739) but not against Gram-positive
(Listeria monocytogenes) bacterial pathogens when compared to the control group (untreated
bacteria) (Figure 3). Differences on bacterial growth were not detected among the tested
AuNPs@Damiana concentrations. Gram-positive bacteria have a thick cell wall composed

of peptidoglycan whereas Gram-negative bacteria have a very thin cell wall with an outer



lipopolysacharide (LPS) cell membrane, allowing them more receptivity to
AuNPs@Damiana effects. On this regard, several green synthetized AuNPs using plant
extracts have demonstrated antibacterial activity against Gram-negative bacteria [34,35].
However, Aljabali et al. [36] did not find antibacterial activity using AuNPs synthetized with
Ziziphus zizyphus extract. Probably, Gram-negative bacteria could be more susceptible to
metallic NPs because their positive charges interacted with the negatively charged LPS,
resulting in membrane holes and cell death [37]. Additionally, antibacterial activity of
Damiana extracts has been demonstrated, and AuNPs adsorbed bioactive compounds could

contribute to this effect [29].
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Figure 3. Green gold nanoparticle (AuNPs@Damiana) antimicrobial activity on

Salmonella enteritis, Escherichia coli ATCC 8739 and Listeria monocytogenes.



Conclusions

Overall, these results highlighted a novel route for AuNPs green synthesis using T. diffusa
extracts. AuUNPs@Damiana showed a spherical shape with a negative surface charge
induced by the organic cloud of T. difussa extracts adsorbed on the nanoparticle surface.
Additionally, its antimicrobial activity was evaluated showing high antiseptic capacity
against Salmonella enteritis and Escherichia coli ATCC 8739. The results in this study
suggest that AuNPs@Damiana might be a promising system with potential use in

nanomedicine and biotechnological applications.

Experimental
Extract preparation and AuNPs@Damiana synthesis

Turnera diffusa leaves were collected from a wild shrub located at Todos Santos, Baja
California Sur (BCS), Mexico. Leaves were washed with cold water, dehydrated by
convection, crushed and sieved to obtain small fragments (<500 um), and boiled at 100 °C
in a round-bottom flask of distilled H20, in which 10 g of processed leaves were added. The
mixture was kept under magnetic stirring for 10 min and later left to cool down naturally.
The supernatant was separated by centrifugation (3000 rpm/5 min) and lyophilized to finally
obtain a dehydrated extract.

The AuNP synthesis using T. diffusa extracts was performed as follows. In a round-bottom
flask, 7.2 mL of distilled H2O were mixed with 1.8 mL of HAuCl, (5 mM) aqueous solution.
The mixture was stirred vigorously and heated at 60 °C for 5 min to later add 1 mL of T.
diffusa extract (10 mg/mL) with a volumetric rate of 1 mL/30 sec until color solution turned
to violet. The reaction was stopped after 15 min and finally left to cool down naturally. The

sample was labeled as AUNPs@Damiana.
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Characterization and antimicrobial assays

Particle size and shape were examined by SEM using JEOL JSM-7600F (JEOL, Tokyo,
Japan) equipment. Optical absorption was analyzed with a UV-visible spectrometer
(Lambda 25, PerkinElmer, Waltham, USA). Hydrodynamic Diameter (HD) and Zeta
potential (ZP) were analyzed by Dynamic Light Scattering (DLS) using a Zetasizer Nano ZS
3600 (Malvern, UK). Au quantification in samples was determined by ICP-OES (VARIAN
model 730-ES, CA, USA). The surface chemical analysis of NPs was performed by XPS
with a K-Alpha Thermo Scientific spectrometer (XPS, Waltham, USA) using Al Ka X-ray
monochromatic source (1486.6 eV) at 12 kV and 40W.

Briefly, bacterial pathogens (Salmonella enteritis, Escherichia coli ATCC 8739 and
Listeria monocytogenes) were cultured in Luria Broth agar (LB; BD, Franklin Lakes, USA).
The microplate assay method was used for determining AuNPs@Damiana antibacterial
activity [29]. Each microplate well was filled with 100 puL of LB and 20 pL of
AuNPs@Damiana at concentrations of 0, 200, 400, 600 and 800 ug/mL. Then, 10 uL of
bacterial suspension (1 x 10° cells/mL) were inoculated and incubated at 28 °C for 24 h.
Bacterial growth was determined at 600 nm (iMark™, BioRad, Hercules, USA) and

expressed as a percentage of the control bacteria without AuNPs@Damiana.
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