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Abstract

In this work, the biosynthesis of gold and silver nanoparticles from a leaf extract of Parkinsonia florida
(P. florida) is reported. The P. florida leaf extract was analyzed by a phytochemical screening, by
measuring the DPPH radical scavenging activity, and by Fourier-transform infrared spectroscopy
(FT-IR). The phytochemical screening results indicated that biomolecules like carbohydrates,
phenols, proteins, aminoacids, saponins, and flavonoids present in P. florida leaf extract might have
participated in the chemical reduction of the metallic salts and further colloidal stabilization. The FT-
IR results from leaf extract functional groups support the role of surface modification with the
presence of residues of phenols, proteins, aminoacids, saponins, and flavonoids. The formation of
metallic nanoparticles was confirmed by optical absorption spectroscopy with characteristic
absorption bands at 550 nm and 430 nm, for gold and silver nanoparticles, respectively. Zeta potential
for gold nanoparticles presents negative values in the range of —10 £ 1to —16 £ 1 mV, depending
on the amount of leaf extract used during the synthesis reaction. Similarly, zeta potential values for
silver nanoparticles were in the range of —5 &+ 1to —16 = 1 mV. STEM images revealed the average
particles sizes in the range from 10 to 15 nm, and 10 to 57 nm, for gold and silver nanoparticles
respectively. The silver nanoparticles presented good antibacterial activity, inhibiting the growth of
Staphylococcus aureus and Escherichia coli.

1. Introduction

The methods for metallic nanoparticle synthesis are widely investigated due to their potential applications in
diverse areas. The main methods to synthesize nanoparticles include chemical and physical pathways [1-4], but
sometimes these routes are expensive and environmentally harmful. Green synthesis methods avoid these
complications by achieving the synthesis of nanoparticles with plants extracts or microorganisms [4-8]. The
formation of metallic nanoparticles by natural sources, like plant extracts, is supported by the presence of
molecules such as carbohydrates, proteins, aminoacids, phenols, flavonoids, terpenoids, alkaloids, and many
others that can be capable of carrying out the reduction of metal ions [9, 10]. The extraction of the active
molecules of interest of a plant involves the separation of active portions that are present in leaves, flower, root,
among others, using specially selected solvents and standardized methods. Usually, the final product obtained
from the extraction is a relatively complex mixture of active molecules. Naturally, the presence of these
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molecules, responsible for the reduction of the metal ions, can be very different from sample to sample [8]. The
synthesis of metallic nanoparticles using plant extracts (leaf, bark, stem, root, etc), could be obtained by mixing
the extract with a metallic salt solution, where the chemical reduction of the salts into nanoparticles can be made
without external stabilizing/capping agents and at room temperature [10—12].

Green synthesis of gold nanoparticles has been reported using aqueous seed extract of Abelmoschus
esculentus [13], Neem leaves extract [14], Salvia officinalis, Lippia citriodora, Pelargonium graveolens and Punica
granatum [15], Hibiscus Tiliaceus plant [16], Indigofera tinctoria leaf extract [17], among others. Gold
nanoparticles applications include targeted drug delivery [18], gene delivery [19], antitumor and cancer therapy
[17,20-22], bio-imaging [23, 24] and other potential applications [25]. On the other hand, the green synthesis of
silver nanoparticles (AgNPs) has been reported using an aqueous extract of Neem [26], banana peel extract [28],
Trianthema decandra extract [29], Abutilon indicum leaf extract [30], Psidium guajava L. leaf extract [31], among
others. Additionally, silver nanoparticles present antibacterial activity against both, Gram-negative and Gram-
positive bacteria, being the first more sensitive [8, 32] due to the difference in structural characteristics of the
bacterial species.

Parkinsonia florida (P. florida), usually called Cercidium floridum or blue paloverde, is a tree of the
Caesalpinioideae sub-family [33, 34], also known as peacock family (Leguminosae), which comprises
approximately 180 genres and approximately 3000 species. It includes many economically important legumes
like Bauhinia forficata, Caesalpinia gilliesii, Caesalpinia spinosa, Ceratonia siliqua, Cercis siliquastrum, Gleditsia
triacanthos, Gymnocladus dioica, Parkinsonia aculeata, and Senna multiglandulosa [35]. P. florida is found mainly
in the Colorado desert, the southeast of California, the Sonora desert, southern Arizona, and in the northwest of
the state of Sonora (Mexico). Parkinsonia spp. contains potent antioxidants and phytochemicals in flowers,
leaves, and stems like glycosides, flavonoids, sterols, and minerals. The leaves also contain C-glycosyl flavones
like orientin, vitexin, and iso-vitexin, Parkinsonin A, Parkinsonin B, and Parkintin [33, 37].

In this work, P. florida leaf extract is used as a reducing and capping agent in the synthesis of gold and silver
nanoparticles, while tetrachloroauric acid and silver nitrate are used as precursors. Phytochemical screening of
P. floridaleaf extract is presented, and the obtained metallic nanoparticles are characterized by Fourier-
transform infrared spectroscopy (FT-IR), optical absorption spectroscopy, scanning transmission electron
microscopy (STEM), and zeta potential. The antimicrobial activity of silver nanoparticles is evaluated against
Gram-positive and Gram-negative bacteria.

2. Materials and methods

2.1. Materials

Tetrachloroauric (IIT) acid (HAuCly), silver nitrate 99% (AgNO3), ferric chloride (FeCl;), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and sulfuric acid
(H,SO,) were purchased from Sigma-Aldrich (St. Louis, MO. USA). Nitric acid (HNO3), hydrochloric acid
(HCI) and glacial acetic acid (CH;COOH) were purchased from Fermont (Monterrey, N L México). Antibiotic
Disks of tetracycline and vancomycin were purchased from Becton Dickinson (Sparks, MD, USA), Mueller-
Hinton Agar (MHA), mannitol salt and eosin methylene blue (EMB) agar were purchased from MCD LAB
(Tlalnepantla. Edo de México). Culture cells of Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC
25923 were proportioned by the microbiology laboratory of the University of Sonora.

2.2. Leaf extract preparation

P. floridaleaf extract was used to prepare metallic nanoparticles adapting well-known literature methods of
extraction [38]. Briefly, fresh leaves were collected from the University of Sonora campus (Hermosillo, Sonora,
Mexico) (Latitude 29.081890, Longitude —110.959947) in April, November, and January. They were surface-
cleaned with running tap water and distilled water to remove debris and other contaminated organic contents.
Then, the clean leaves were air-dried at room temperature for 2 h. Next, 3 g of finely cut dry leaves were keptin a
flask glass containing 100 ml deionized water and boiled during 30 min The extract was cooled down and filtered
with Whatman filter paper no.1, and the extract was stored at 4 °C for further use. A small volume of extract was
freeze-dried for further analysis.

2.3. Phytochemical screening of leaf extract

The phytochemical characteristics of P. florida extract were investigated for the presence of carbohydrates,
alkaloids, saponins, proteins, phenol, flavonoids and cardiac glycosides following standard biochemical
methods [38]. Additionally, FT-IR measurements were carried out by attenuated total reflectance (ATR) using a
Spectrum Two FT-IR spectrometer (Perkin-Elmer), placing the lyophilized samples directly onto the ATR

crystal, and the spectrum was collected in the 4000-500 cm !interval with a resolution of 4 cm ™.
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2.4. DPPH free radical scavenging assay

The antioxidant activity of P. florida extracts was evaluated by the DPPH free radical method previously reported
by Cheel et al, with some modifications [39]. The assay is based on the differences of absorbance produced by the
reaction of DPPH free radical with H-donors of the extract. Briefly, 200 pl of a 6.34 M DPPH methanolic
solution were added to 20 ul of P. florida extract at various concentrations (125, 250, 500, 1000, 2000 pg mlfl) in
a96-well plate (Costar Corning N'Y the USA). The plates were incubated with agitation for 30 min in the dark at
room temperature. Then, the absorbance was measured at 515 nm in a microplate reader. Trolox was used as a
control, and a mixture of methanol and DPPH was used as a blank. The degree of discoloration is proportional
to the efficiency of the extract. The percentage of discoloration (inhibitory effect, IE%) is calculated from the
percentage of the difference between the absorbance of the control and the sample over the absorbance of the
control, and results are reported as Trolox equivalents. Tests were performed in triplicate.

2.5. Synthesis of silver nanoparticles

Silver nanoparticles (AgNPs) were synthesized by adapting literature methods of green synthesis [8, 40]. Briefly,
10 ml of 0.1 M AgNOj; stock solution was prepared. Then, silver nitrate was mixed with different concentrations
of P. floridaleaf extract (4.35, 8.70, 13.05, 17.4 and 21.5 jig ml~ ' of equivalent Trolox), keeping constant the final
concentration of silver nitrate at 0.2 mM. The mixture was left to react at room temperature for 24 h. Finally,
AgNPs were washed by centrifugation at 5000 rpm (2598 x g) for 20 min and resuspended in deionized (DI)
water. An aliquot of the purified suspension was lyophilized and analyzed by FT-IR. The remaining purified
suspension was maintained at room temperature and analyzed during several weeks.

2.6. Synthesis of gold nanoparticles

Gold nanoparticles (AuNPs) were synthesized in a similar way than silver nanoparticles. Different amounts of a
stock solution of HAuCl, 0.01 wt% were mixed with P. florida extract with 4.35, 8.70, 13.05, 17.4 and

21.5 ug ml~ " of equivalent Trolox and left to react during 24 h, keeping constant the final concentration of gold
(2 mM). Finally, AuNPs were washed by centrifugation at 5000 rpm (2598 x g) for 20 min and resuspended in DI
water. An aliquot of the purified suspension was lyophilized and analyzed by FT-IR. The remaining purified
suspension was maintained at room temperature and analyzed during several weeks.

2.7.Nanoparticle characterization

The obtained nanoparticles were characterized by scanning transmission electron microscopy (STEM) using a
JEOL JSM-7800F field-emission scanning electron microscope equipped with a STEM detector (Deben UK Ltd,
London). Samples were immobilized on carbon-coated copper grids. Colloidal stability was evaluated by
measuring zeta potential of the nanoparticles, using a Malvern ZetaSizer Nano ZS equipped with a He-Ne laser
(A = 633 nm), using folded capillary cells (DTS1070). Optical absorption spectra were acquired in a UV 6300PC
spectrophotometer (VWR, Radnor, PA, USA).

2.8. Antibacterial activity of AgNPs

The antibacterial assays of AgNPs were assessed by using the Kirby Bauer method [41] against human
pathogenic Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria grown in
Mueller-Hinton agar medium at 37 °C for 24 h. Freshly cultured bacterial colonies of tested pathogens were
taken, and 0.05 ml of inoculum was spread on each Mueller-Hinton agar plates. Sterile Whatman filter paper
disks (6 mm diameter) were loaded with 2,4 and 8 ug ul~' of AgNPs. The plant extract, antimicrobial
susceptibility test discs (vancomycin, 5 ptg and tetracycline 10 p1g BD BBL Sensi-disc) and AgNO; were used as
the control in each plate and incubated at 37 °C for 24 h. The plates were examined for the presence of zones of
inhibition, indicated by the clear area around the discs. The diameters of inhibition zones were measured, and
the mean value for each organism was recorded.

3. Results and discussion

3.1. Phytochemical screening of leaf extract

The phytochemical screening results for P. florida extract showed the presence of moderated content of
flavonoids, as is observed in table 1. Flavonoids have been previously reported in plants of the Parkinsonia
species [38]. Also, Orientin, vitexin, and epi-orientin have been reported in plants of the Parkinsonia species
[33]. The screening results for P. florida extract also showed low content of saponins. These results are in
concordance with other reports, where the presense of low content of saponins is observed, even using different
solvents for extraction [42, 43]. By using different extraction methods and different solvents is possible to obtain
different contents of the molecules of interest [38]. The results of the phytochemical analysis of P. florida extract
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Table 1. Phytochemical screening assays
for aqueous extracts from P. florida.

Component P. florida extract
Alkaloids NP
Carbohydrates ++

Saponins +

Phenols ++

Flavonoids ++

Proteins ++

Cardiac glycosides NP

+ = low content.
++4 = moderate content.
NP = No presence.

Table 2. Antioxidant activity of P. florida leaf extract
presented in Trolox Equivalents.

P. florida extract (ug ml~") Equivalent trolox ig ml™")
125 4.35
250 8.70
500 13.05
1000 17.40
2000 21.50

revealed the presence of moderated content of carbohydrates, phenols, and proteins. Besides, no cardiac
glycosides were found in P. florida extract and also tested negative for the presence of alkaloids.

3.2. DPPH free radical scavenging activity

DPPH free radical scavenging activity was used to quantify the antioxidant content in P. florida leaf extract, and
to secure the reproducibility in the nanoparticle synthesis, given that it is a complex mixture. DPPH reacts with
H-donors groups that can serve as reducer agents. In this way, the evaluation of the antioxidant activity can serve
as quality control during the reaction, avoiding the variations related to plant-to-plant or seasonal variation in
antioxidants content. The data values of DPPH assay are presented in table 2; the P. florida leaf extract shows a
logarithmic proportionality with the Trolox equivalents, as could be observed in figjure 1S (supplemental
information is available online at stacks.iop.org/MRX/6/095025/mmedia). This result could help to predict
the amount of equivalent Trolox from the extract concentration.

3.3. FT-IR analysis of leaf extract and nanoparticles

P. florida leaf extract and the metallic nanoparticles were analyzed with FT-IR to identify the possible
biomolecules responsible for the formation, capping, and stabilization of the metallic nanoparticles. All the
samples, including the leaf extract and the nanoparticles, presented intense bands at 3209 cm ™, 2932 cm ™/,
1580 cm 1, 1392 cm 11282 cm !, 1073 cm ™ 'and 843cm !, related to different functional groups, as could be
observed in figure 1. These bands corresponded to the adsorbed biomolecules on the surface of the
nanoparticles. Given that the bands are presents both in nanoparticles and in the extract, it also indicates that the
biomolecules influence on the formation of metallic nanoparticles and in their colloidal stabilization in the
aqueous medium. The strong band observed at 3209 cm ™' corresponds to the O-H stretching vibrations of
carboxylic acids and phenolic groups. The peak at 2932 cm ™' could be assigned to C—H stretching vibrations.
The band observed at 1580 cm ™' is identified as the amide I and arises due to the carbonyl stretch vibrations in
the amide linkages of the proteins. The band observed at 1385 cm ™' could be assigned to C—N stretching of
nitrogen-containing compounds. The bands centered at 1078 cm ™' and 1023 cm ™" are assigned to C~-OH
vibrations and —C—O—C bending mode, respectively. The band at 669 cm ™' might be the in-plane bending
vibrations of N—H groups. These results indicated that specific biomolecules like phenols, proteins, aminoacids,
saponins, and flavonoids present in P. florida leaf extract might have participated in the chemical reduction of
the metallic salts and further colloidal stabilization. Also, the leaf extracts functional groups observed by FT-IR
compared with the phytochemical screening results, support the role of surface modification with the presence
of residues of phenols, proteins, aminoacids, saponins, and flavonoids. Flavonoids have functional groups that
can actively chelate metal ions and can have an important role in the reduction of metals due to the tautomeric
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Figure 1. Fourier-transform infrared spectroscopy spectra of P. florida leaf extract and the obtained metallic nanoparticles.

transformations from the enol-form to the keto-form that may release a reactive hydrogen atom that can reduce
metal ions [10]. Several amino acids can play a role of reducing agents in the formation of metallic nanoparticles
and in the nanoparticle stabilization by binding to metal ions. This amino acid role has widely discussed and
analysized in the literature [10].

3.4. Nanoparticles characterization

Gold and silver nanoparticles exhibit characteristic colors in aqueous solutions due to excitation of surface
plasmon vibrations. The reduction of gold and silver ions to form nanoparticles during exposure to plant leaf
extracts could be followed through optical absorption spectroscopy [28]. Gold and silver nanoparticles exhibit
ruby red and yellowish-brown color in water, respectively. Figure 2(a) shows the surface plasmon resonance
bands for AuNPs prepared with P. florida leaf extract at different Equivalent Trolox. The maximum absorption
peaks for AuUNPs prepared in the range from 4.35 to 17.40 ug ml ™' of equivalent Trolox are around 550 nm. A
displacement of the absorbance band to 562 nm is observed when 21.50 1g ml~" of equivalent Trolox are used in
the synthesis. Also, the intensity of the absorbance band is inversely proportional to the equivalent Trolox in the
range from 4.35 to 17.40 pig ml~'. This behavior shows that by increasing the P. florida leaf extract
concentration, the gold reduction is enhanced; thus, a reduced number of particles can be obtained but with
larger diameters. When 21.50 g ml~" of equivalent Trolox are used, an increase of the intensity of the
absorbance band is observed, regarding the previous equivalent Trolox concentrations. This increase of the
intensity might indicate that other morphologies or aggregations can arise at higher concentrations of the P.
florida leaf extract. The surface plasmon resonance bands for AgNPs prepared at different Equivalent Trolox are
presented in figure 2b. The maximum absorbance bands for AgNPs were in a close range from 444 to 462 nm,
but the preparations with 8.70 to 17.40 pg ml~" of equivalent Trolox presented a maximum band around 462
nm. Also, in the same range of equivalent Trolox could be observed an inverse proportionality with the intensity
of the absorption band. This behavior, also observed in the AuNPs synthesis, could be due to changes in the
nanoparticle sizes as the equivalent Trolox rise. Additionally, at 21.50 ;g ml~' of equivalent Trolox an increase
of the intensity of the absorbance band, regarding the previous equivalent Trolox concentrations, is observed,
and could also be explained in a similar way to AuNPs.

The absorption spectra of silver and gold nanoparticles in the region of the SPR wavelength were simulated
by a Lorentzian distribution, according to Mie theory, as reported in the literature [44]. The unknown
parameters were determined by a nonlinear regression algorithm from MATLAB® (MathWorks, USA). The
Lorentzian fits for all the nanoparticles prepared in this work are presented in Fig. S2 (supporting information).
Good correlation coefficients and similarities in the surface plasmon resonance bands between the experimental
and the theoretical values were obtained for all preparations, as can be observed in table 3; these results indicate
that Mie theory was suitable for analyzing the experimental data. The estimated width at half maximum
correlates to the nanoparticle polydispersity; then, gold nanoparticles polydispersity increases with increasing
concentration of equivalent Trolox (table 3). This result supports the notion stated before that different
morphologies or aggregations arise at higher concentrations of the P. florida leaf extract. Similarly, the




10P Publishing

Mater. Res. Express 6 (2019) 095025 A Lépez-Millan et al

B Lk g l 435 pgmL ET
1.2 T G 8.70 ug/mL ET
10 i - 13.05 pgmL ET
3 17.40 pg/mlL ET
08 3 == 21.50 pg/mL ET
=z 063
0.4 é
02 %
0.0 - IR e LI S S e e B e
300 400 500 600 700 800
Wavelength (nm)
b
y e ] 4.35 pg/mL ET
12 3 N AR medps 0 e 8.70 pg'mL. ET
1.0 i - 13.05 pg/mL. ET
08 3
Z 0673
0.4 %
02 %
0.0 . LI L : 1 171 : T r r T : T r 1 7T : LI B B
300 400 500 600 700 800
Wavelength (nm)
Figure 2. Optical absorption spectra of (a) gold and (b) silver nanoparticles synthesized with different concentrations of P. florida leaf
extract. Equivalent Trolox (ET).

Table 3. Particle size diameter of gold and silver nanoparticles synthesized with P. florida leaf extract.

Peak plasmon reso-
Peak plasmon reso- nance wavelength Width at half max- Lorentzian fit Average diameter
Equivalent Tro- nance wavelength from (nm) from Lor- imum from Lor- correlation coeffi- size (nm) from
lox (1g ml™h) experimental data (nm) entzian fit entzian fit (nm) cient (R%) STEM histograms
AuNPs 4.35 551 554 116.9634 0.9991 11+3
8.70 557 556 132.8796 0.9995 10 £1
13.05 551 546 146.1463 0.9994 12 £2
17.40 546 543 157.3771 0.9990 13+2
21.50 562 552 209.7456 0.9973 15£2
AgNPs 4.35 450 448 169.9689 0.9998 17 £2
8.70 462 462 183.5814 0.9999 57+ 6
13.05 462 458 192.9360 0.9997 47 £ 2
17.40 461 456 195.1128 0.9997 38 £2
21.50 444 442 138.0952 0.9989 10 £1

polydispersity of silver nanoparticles increased from 4.35 g ml~" to 17.40 g ml~'; afterwards, at higher
equivalent Trolox concentrations, the polydispersity of silver nanoparticles and the average diameter size
decreases considerably as seen in table 3.

The STEM micrographs and histograms of AuNPs are presented in figure 3. The particles present quasi-
spherical morphology. Histograms show that the diameter size of AuNPs is maintained within a close range for
all preparations. Also, the polydispersity of AuNPs is low for all preparations, except for the ones prepared at
4.35 ug ml~" of equivalent Trolox, where a more size variations are observed. The average diameter of AuNPs
was obtained by a Gaussian fit of histograms of figure 3, and are presented in table 3. The average diameters of
AuNPs present a tendency to increase as the equivalent Trolox increase, but with no significant differences.
Similar sizes have been reported for gold nanoparticles synthesized with aqueous and ethanolic aranto extracts,
with mean diameters of 7.7 £+ 2.0nmand 17.5 £ 5.3 nm respectively [45].

6



10P Publishing

Mater. Res. Express 6 (2019) 095025 A Lépez-Millan et al

a) ' b) 60
o 1 = = 50
TN H g 40
o
. . g 30
T
£ G =10 Ji
o 10 20 30 » %o
- E " 0 10 20 30
Particle Size (nm) “‘ e Particle Size (nm)
. »
W Ll
S .
. ‘..‘ i g - S
L] ‘ﬂ ' -
. p .. L] ' 2
..
“ a‘e ¢ '*1
e? LA — —_—
e .
1001 ] - 120
f - . :
g 804 ? b g o0
Z 60] 5
& - g 400 [ » B i
. » £ 20 I ® ’ = 1
{ ® ( e (}: .JL & | ® . - s 0! ]
- .'. .ty e 0 10 20 30 . 0 10 20 30
”e » . Particle Size (nm) Particle Size (nm)
aad 9 o - .
s * o » ol
-
L) . . p - . - - . ‘
+ " ™ - e ®s - -
-
i ' v S s, 0. 3
-
o, ¥ 5
® ’ , 1] L - .o . '&‘ﬁ
: . k] g |
—— . - o <
- : s
e A 0

e)“' '. 120,

Z 90
. g 601
v e - Rl
0% &
0 10 20 30
L . s‘ J Particle Size (nm)
- 1 ' ‘. |
. (W
-
L e
Eia - #e gl
. t - "
-ma _ e

Figure 3. STEM micrographs of AuNPs formed by the reduction of gold ions using P. florida leaf extract. AuNPs were prepared at
equivalent Trolex of (a) 4.35 g ml ™", (b) 8.70 ug ml ™", (c) 13.05 g ml ™', (d) 17.40 pg ml ™', and (e) 21.50 g ml ™. Inserts show the
size distribution histogram of each sample and the Gaussian fit. Scale bars represent 50 nm for all samples.

The STEM micrographs and histograms of AgNPs are presented in figure 4. AgNPs present a quasi-spherical
morphology for all preparations. The diameter sizes can be varied with extract concentration, as could be
observed in table 3. The diameter size values were obtained from a Gaussian fit of the histograms of figure 4. The
obtained nanoparticles tend to decrease its size as the concentration of the extract is increased, except for the less
concentrated sample. As the concentration of the extract is increased, a more significant amount of particle
nuclei is formed, resulting in reduced particle size. From the results mentioned above, it can be inferred that gold
and silver nanoparticle formation follows different reaction mechanisms, a phenomenon that could be related to
differences in valence and ionic radii of the metals. Silver nanoparticles with similar size were synthesized using
Brassica juncea (mustard greens) and Medicago sativa (alfalfa) [10]. Li et al synthesized silver nanoparticles by
treating silver ions with Capsicum annuum L. extract obtaining AgNPs with a different size between 10 nm and
40 nm [46]. Xin-Huang et al, synthesized gold nanoparticles in the range of 7.2 to 12.8 nm [47] using bayberry
tannin.

Based on the literature, other researchers have found using similar approaches that their synthesized
nanoparticle structures follow a crystalline nature with face centered cubic lattice for gold [48, 49], and
something along the same lines with also a face centered cubic lattice for silver [48, 50, 51]. Therefore, we expect
to have a structure quite similar to the ones reported in the literature, since the processes of synthesis are similar.
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Figure 4. STEM micrographs of AgNPs formed by the reduction of silver ions using P. florida leaf extract. AgNPs were prepared at
equivalent Trolex of (a) 4.35 g ml ™, (b) 8.70 g ml ™', (c) 13.05 pug ml ™', (d) 17.40 pg ml ™", and (e) 21.50 ug ml ™. Inserts show the
size distribution histogram of each sample and the Gaussian fit. Scale bars represent 100 nm for all samples.

Zeta potential measurements were carried out 24 h after particle synthesis, and the results are presented in
figure 5. AuNPs presented negative zeta potential values in the range of —10 £ 1to —16 + 1 mV. These results
are similar to other studies preparing AuNPs using leaf extracts [52]. Zeta potential values of AuNPs are variable
and do not present trend respect the concentration of extract utilized in the synthesis, similar to the results
obtained from STEM analysis.

Similarly, AgNPs samples presented negative zeta potential values in the range of —5 £ 1to —16 + 1 mV.
Zeta potential values of AgNPs tend to decrease as the concentration of P. florida leaf extract increases. This effect
can be related to an increase in the number of nucleation sites for the nanoparticle formation; leading to a more
significant number of nanoparticles than with less extract, but with smaller diameters (as could be verified in
table 3). Then, nanoparticles with the larger surface area are obtained by using more leaf extract, and more
molecules could be adsorbed on the surface, increasing its net charge and enhancing its colloidal stability.
Similar results were reported by Heydari and Rashidipour when AgNPs were prepared with extract of oak fruit
hull (—25.3 mV) [53]. Silver nanoparticles synthesized using Calliandra haematocephala leaf extract showed a
zeta potential value of —17.2 mV [54], and a zeta potential value of —24.1 mV was reported from AgNPs
synthesized using leaf extract of Urtica dioica Linn [55]. The negative charge obtained through these methods
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Figure 5. Zeta potential values of metallic nanoparticles prepared with different equivalent Trolox of P. florida leaf extract. (a) AuNPs
and (b) AgNPs.

cannot be explained with certainty, due to the presence of several molecules in the extracts that have not been
identified and its characterization is far from the scope of this work. Though the FTIR discussed in figure 2 shows
the presence of C-S bonds, these groups usually indicate the presence of thiol-like functional groups; which at
certain pH can be deprotonated inducing the Zeta potential shift into the negative region as well as other
molecules from the extract [56].

3.5. Antibacterial activity assay of silver nanoparticles

The antibacterial activity of AgNPs was investigated against S. aureus and E. coli using the agar disk diffusion
method. The diameter of the inhibition zone (millimeter) is shown in (Table 4) and (figure 6). In the present
study, the zone of inhibition for AgNPs was found to be 12 mm against S. aureus and 7.8 mm for E. coli. Leaf
extract of P. florida does not show antibacterial activity against Gram-positive or Gram-negative bacteria. On the
other hand, AgNPs showed better antibacterial activity compared to AgNOj; solution. The AgNPs exhibited
good antibacterial activity against S. aureus and lower antibacterial activity against E. coli (table 4, figure 6).

The inhibitory action of the metallic nanoparticles on microorganisms it is not well defined, it is suggested
that the antibacterial activity can be possible due to Ag" released from AgNPs, acting as an antibacterial agent
[57]. Feng et al proposed two antibacterial mechanisms of silver ions (1) silver ions can interact with thiol groups
in proteins inactivating enzymatic activity and (2) silver ions can condense DNA molecules and make they lose
their replication abilities [58]. Additionally, Li et al proposed an antimicrobial mechanism of AgNPs against
S. aureus, their proposed that the particles probably can overpass the cell wall and interact with cell membrane to
cripple some enzymes and interfere with normal metabolism of cells, afterward AgNPs enter into bacterial cells
and condensed DNA to avoid DNA replication, avoiding cell reproduction. Finally, the interaction with cell wall
and cell membrane destroy them, inducing bacterial death [59]. On the other hand, different reports in literature
conclude that significant changes in the membrane structure of E. coli occur as a result of the interaction with
silver ions, leading to an increase of permeability of the membrane and consequent death of the bacteria [58, 60].
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Figure 6. Microbial susceptibility test of AgNPs against S. aureus (a)—(d) and E. coli (e)—(h).

Table 4. Antimicrobial susceptibility test results.

Inhibition zone diameter (mm)

Controls AgNPs
Tetracycline Vancomycin P. Florida Extract Silver nitrate
Pathogen (10 11g) (5 1) (B g™ a7 pg ™) Bpugul™  Apgpl ™t 2 pgul!
S. aureus 33 10 0 9.3 12.5 11.7 10.5
E. coli 27 0 0 7.2 7.8 6.5 5

4. Conclusions

This work describes a method for the preparation of gold and silver nanoparticles colloids using P. florida leaf
extract as a reducing and stabilizing agent. The extract is an active reducing agent to form metallic nanoparticles
atroom temperature without any additional reagent or treatment. Biomolecules like aminoacids, saponins, and
flavonoids present in P. floridaleaf extract may have participated in the chemical reduction of the metallic salts
and further colloidal stabilization. The biosynthesis is efficient and reproducible and shows potential for
practical applications. The synthesized AgNPs showed good antibacterial activity compared to conventional
antibiotics against S. aureus and E. coli. The method of synthesis of AgNPs and AuNPs using P. florida leaves
extract is eco-friendly and straightforward.
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