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Silver nanoparticles have high potential for application in food industry, as they have the ability to inhibit a wide
range of bacteria of pathogenic and spoilage origin. They can be obtained from different methods classified in
physical and chemical and which are aggressive with the environment since they produce toxic waste. Nowadays,
environmentally friendly methods such as green synthesis can be used, through the use of agri-food waste. The use
of these wastes is a more sustainable method, because it reduces the environmental pollution, at the same time
that silver nanoparticles are obtained. The aim of the present study is the green synthesis of silver nanoparticles
using safflower (Carthamus tinctorius L.) aqueous extract from waste and its antibacterial activity on Staphylococcus
aureus (Gram positive) and Pseudomonas fluorescens (Gram negative). The analyses by TEM showed that the as-
synthesized silver nanoparticles were uniform and spherical particles with an average diameter of 8.67 + 4.7
nm and confirmed by SEM. The electron diffraction and TEM analyses showed the characteristic crystallinity of
silver nanoparticles. FTIR spectroscopy confirmed that various functional groups were responsible for reducing
and stabilizing during the biosynthesis process. Nanoparticles inhibited the growth of both types of bacteria from
the lowest concentration evaluated (0.9 pg/mL). We conclude that silver nanoparticles synthesized in the present
study have potential application as antibacterial agents in food and medicine industry.

such as groups of atoms and molecules that act as building blocks to form
larger particles, thin films and nanostructured materials [4].

1. Introduction

Nanotechnology is an emerging science, which is based on the design
and application of nanostructures or nanomaterials that are usually in the
range of 1-100 nm (nm) [1]. The interest in the use of nanoparticles or
nanomaterials is due to their different properties, such as morphology,
size and their area-volume relationship which are used in different fields
as medical, food, health, among others [2]. Therefore, in the last decades,
numerous techniques have been created for their synthesis. These tech-
niques are mainly divided into two the "top-down" and "bottom-up',
which include chemical and physical procedures. The top-down begins
with a large material of interest that is reduced in size by physical and
chemical processes to obtain a nanostructure [3]. On the other hand, the
bottom-up technique, is based on the use of materials on atomic scale,
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Some commonly used synthesis methods are ultrasonic radiation,
laser ablation, chemical vapor deposition, microwave and electro-
chemical synthesis. However, these methodologies are characterized by
having high production cost, as well as the use of toxic and dangerous
chemicals, which have potentially dangerous effects for the environment
and health [5]. An alternative to avoid handling toxic chemicals in the
production of metallic nanoparticles, is to use green synthesis, mainly
from plant extracts, as an environmentally friendly alternative. In these
protocols, toxic substances are replaced by the use of molecules from
plant extracts (flavonoids, polyphenols, proteins, sugars and saponins)
that function as reducing and stabilizing agents [6].

More recently, the use of agri-food waste is a more sustainable
alternative for the production of silver nanoparticles, than the use of
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plant extracts. The use of these residues has the concern of being used to
reduce the environmental pollution that they generate, giving them
added value, at the same time that they synthesize the nanoparticles. This
has been raised in recent publications for the synthesis of silver nano-
particles, where they have used fruit peel (orange, banana, pomegranate
peel) [7, 8, 9], oil cake (sesame oil cake) [10], straws of agricultural crops
(wheat, corn and rice straw) [11, 12, 13], among others. All these studies
agree that biomolecules present in them prove the reduction of silver ion
(Ag™) to zerovalent silver (Ago). This method from agri-food waste is
called sustainable green synthesis.

Safflower (Carthamus tinctorius L.) is a plant belonging to the Aster-
aceae family [14]. This crop is of industrial importance due to the
extraction of commercial oil, in addition, the compounds present in the
petals are natural pigments for the food area [15]. However, more than
80% of this crop (leaf-stem) is considered a agri-food waste, after
obtaining the seed. Compound families that have been isolated from
safflower are flavonoids, quinochalcones, polyacetylenes, alkaloids, fatty
acids, steroids, lignans, proteins, polysaccharides, among other; were the
main active compounds are quinochalcones and flavonoids [16, 17].

It is estimated that approximately five hundred tons of silver nano-
particles are produced per year, thus becoming one of the most
commercialized nanomaterials. These have different properties and
application in the areas of food, medicine, chemistry, biochemistry,
among others. This noble metal has been recognized to have strong
inhibitory and bactericidal effects, as well as antifungal, anti-
inflammatory and antiangiogenic activities [18]. Considering the
importance of silver nanoparticles, the aim of this study was to synthesize
silver nanoparticles using safflower (Carthamus tinctorius L.) waste
extract, and evaluate its physico-chemicals properties and its antibacte-
rial activity on the growth of important toxigenic pathogens in food in-
dustry as Staphylococcus aureus and Pseudomonas fluorescens.

2. Materials and methods

2.1. Obtaining of aqueous extract of safflower (Carthamus tinctorius L.)
waste

2.1.1. Safflower extract

The safflower (Carthamus tinctorius L.) waste used in the present
investigation consisted of a mixture of stem and leaf obtained after the
seed collection process. The sample was collected 150 days after sowing.
The collection location was Ejido San Miguel de Horcasitas, Sonora,
Mexico with coordinates: 29° 2900 “N 110° 45'00” W.

2.1.2. Cleaning and reduction of raw material

The safflower (Carthamus tinctorius L.) waste was cleaned of impu-
rities as seeds, flowers and damage parts. For the reduction of the particle
size of the samples obtained, a Krups Gray brand mill model GX410011
was used, then placed on a 40 mesh sieve (425 pm), brand Newark model
TS8323S77, to obtain uniform particles with a greater phenol-solvent
contact area. Samples were placed in airtight bags and stored in a cold
room (-5 °C) until use.

2.1.3. Extraction

Distilled water was used as the extraction solvent, 3 g of sample were
weighed on an OHAUS Pioneer analytical balance and 20 mL of solvent
were added. The sample was mixed for 1 min at 25 °C in a VWR Vortex 2,
G-560. Then, it was sonicated for 15 min in a Branson equipment,
M3800H, and then, dimensions of 230 x 140 x 100 mm (9.5L x 5.5W x
4D "), control of 99 min of time and frequency of 40 kHz. Finally, it was
centrifuged at 4400 rpm at 4 °C for 15 min in an eppendorf 5804 R kit.
The supernatant was recovered and filtered on Whatman #4 paper, and
stored at 4 °C until use [19].
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2.2. Green synthesis of silver nanoparticles

The silver nanoparticles were synthesized by adding 30 mL of 0.1 M
silver nitrate (AgNO3) solution in 10 mL of safflower waste extract. The
reaction was carried out under dark conditions to avoid photoactivation
of silver nitrate. The color change was indicative of the silver nano-
particles formation (12 h of reaction). The silver nanoparticle solution
was centrifuged at 4400 rpm for 15 min at 25 °C. The precipitate was
recovered and dried at room temperature. Finally, the fine dry powder
was stored until analysis [20].

2.3. Morphology and particle size by HR-TEM

Through the JEOL transmission electron microscope (JEOL, Ltd,
Tokyo, Japan), the shape and size of the silver nanoparticles obtained
from the aqueous extract of safflower (Carthamus tinctorius L.) waste was
analyzed. The operating voltage was 200 kV with a field emission fila-
ment. A 100 pL aliquot (100 pg in 500 pL of distilled water) of a nano-
particle suspension was placed on a copper rack and allowed to dry prior
to analysis.

2.4. Fourier transform infrared (FT-IR) spectroscopy

Infrared spectrum were obtained in an FT-IR Spectrometer (Frontier,
Perkin Elmer, Waltham, USA). The spectra were recorded employing the
attenuated total reflectance (ATR) technique in mode of transmittance. A
spectrum scan from 4000 to 500 cm™! was utilized and average of 32
scans were recorded. The determinations were made in triplicate.

2.5. Determination of antibacterial activity

2.5.1. Bacterial strains

The bacterial strains used in the present study were Staphylococcus
aureus ATCC 25923 (American Type Culture Collection) and Pseudo-
monas fluorescens ATCC 13867.

2.5.2. Inoculum concentration standardization

Silver nanoparticles were evaluated in a concentration range of
0.98-250 pg/mL (serial dilutions). Water was used as a solvent. The
strains were propagated in Mueller-Hinton medium at 37 °C until obtain
a final concentration of 10® CFU/mL.

2.5.3. Determination of bacterial growth inhibition (%)

Inhibition of bacterial growth was evaluated by spectrophotometric
analysis. 210 pL of previously standardized inoculum (106 CFU/mL) was
placed in 96-well microplate, then, 90 pL of sample was incorporated.
Two controls were used. The first contained 210 pL of inoculum and 90
pL of sterile distilled water, the second contained 300 pL of inoculum.
The microplates were shaken for 1 min before and after incubation using
a microplate reader (Veloskan™ LUX, Thermo Scientific, EUA). The
absorbance (630 nm) of the microplates before incubation (T0) was
determined and subsequently, were incubated at 37 °C for 24 h. After the
incubation time, the absorbance of the samples (TF) was determined. The
results were reported as growth inhibition (%), and the calculation was
carried out based on equation 1 (Eq. 1). Sterile MH culture medium was
used as a blank [21].

(TF sample — To sample) - (TF plank — To blank)
(TF conrot — To conrot) — (TF blank — TO blank)

Inhibition (%) =1 —

x 100
(Eq. 1)
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where, TO sample and TF sample are the absorbance at 630 nm of the
inoculum in the presence of the samples before (T0) and after (TF) in-
cubation; TO blank and TF blank corresponds to the inoculum with the
samples before and after incubation and TO control and TF control are
bacterial growth in the absence of particles.

2.5.4. Minimum inhibitory concentration (MIC)

The MIC of the samples was determined according to the methodol-
ogy of Moreno-Vasquez et al. (2017). The MIC is defined as the lowest
concentration of silver nanoparticles at which bacteria growth is not
detected. From the microplate used to determine the inhibition of bac-
terial growth (%), the concentration of silver nanoparticles was estab-
lished as MIC, which shows a difference in absorbance [22].

2.5.5. Minimum lethal concentration (MLC)

Aliquots (100 pL) of the concentrations higher than the MIC were
taken from the microplate used to determine the inhibition of bacterial
growth (%) and were subsequently inoculated on plates with Mueller-
Hinton agar and were incubated for 24 h at 37 °C. The lowest concen-
tration evaluated (no growth) was established as MLC. Triplicates of each
concentration evaluated were performed [23].

2.6. Experimental desing and statistical analysis

An analysis of variance was used by general linear models at a sig-
nificance level of 0.05 error (p < 0.05). Comparisons of means were made
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by Tukey's multiple range test, at a 95% confidence interval. For all the
analysis, means and standard deviations (SD) were performed.

3. Results and discussion
3.1. Aqueous extract of safflower (Carthamus tintorious L.) waste

The aqueous extract of safflower was obtained using the methodology
previously described. As shown in Figure 1, the initial color of the saf-
flower mixture plus distilled water as solvent, presented a brown/
yellowish tonality, which is distictive of the safflower leaf/stem mixture.
After extraction, an amber coloration was obtained.

Previously, the extraction of around 200 safflower compounds had
been reported using different types of solvents, such as methanol, ethanol
and water [24]. The identified compounds are mainly derived from fla-
vonoids, tannins, proteins, polysaccharides, steroids, fatty acids, phenolic
acids, anthocyanins, gallic acid derivatives. Authors have reported that
compounds such as flavonoids and their derivatives have been found in
the safflower flower, as well as in leaves and in the whole plant [25].
Specifically, in the aqueous extract of safflower, high content of poly-
phenols and flavonoids has been reported, with 87.20 and 36.32 mg
GAE/g, respectively [26]. Figure 2 shows the possible compounds that
can be found in the aqueous extract. In this sense, the aqueous extract of
safflower used in the present investigation may contain the same
compounds.

| Safflower waste |

Preparation of
Aqueous extract

Aqueous extract |

| AgNO; + extract

| AgNO? solution |

Figure 1. Schematic representation of obtaining silver nanoparticles from aqueous extract of safflower waste.
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Figure 2. Possible macromolecules and phenolic compounds present in the safflower waste aqueous extract.

3.2. Green synthesis of silver nanoparticles

The formation of silver nanoparticles from the aqueous safflower
leaf/stem extract was monitored by a color change in the aqueous solu-
tion. Before adding the AgNOjs solution Figure 1, the extract had a
yellowish-brown color. However, when the AgNOj3 solution was added
and allowed to stand 12 h in the dark, the extract turned from yellowish-
brown to a dark brown color. Some authors point out that the generation
of silver nanoparticles is responsible for the color change in the solution,
due to the reduction of silver ions to silver nanoparticles by the reducing
molecules present in the extract [27]. Therefore, the formation of silver

AgNO,
+
g Reduction
> 7
Ag*
(agt Metallic Silver
+ A Ag0
Silver ion

Proteins/polysaccharides/phenolic
compounds
Safflower waste

nanoparticles induces a change in the color of the aqueous safflower
extract.

Plant extracts are capable of synthesizing silver nanoparticles by
adding a silver salt to the solution. However, there are no studies that
report the green synthesis of nanoparticles using an aqueous extract of
safflower waste. Despite this, it is possible that the synthesis mechanism
is similar to the synthesis of nanoparticles with aqueous extracts of
plants.

In Figure 3 the synthesis pathway for silver nanoparticles is proposed.
Macromolecules and phytochemical compounds such as proteins, poly-
saccharides, flavonoids and polyphenols present in the aqueous extract of

Synthesis Mechanism

A

Ag0

mm » ) heopg ?
Ago .
& Nucelation o A.om Growth
Ago F
Capping and ‘
Stabilization ‘
z ®
®
N

Figure 3. Synthesis mechanism of silver nanoparticles from safflower waste aqueous extract.
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safflower by-prod, reduce silver ions by donating electrons, transforming
them into zero-valent silver atoms. Subsequently, these atoms collide
with other silver atoms in the solution, resulting in the appearance of a
stable core composed of several atoms. These atoms will act as nucleation
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centers and will form clusters that will continue to grow as long as the
supply of atoms remains active, and as a result, silver nanoparticles will
be formed [28]. Some authors mention that molecules of extracts contain
functional groups, which have the ability to reduce metallic ions. For

S &8 8 8 8

Relative frequency

=
o O

=8.67*4.7nm

25 75 125 175 225 275
Diameter (nm)

Figure 4. TEM micrographs of silver nanoparticles obtained by green synthesis from safflower waste aqueous extract. The micrographs (a) and (c) depict set of
nanoparticles, (b) and (d) depict individual nanoparticles and (e) particle size distribution and average diameter.
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example, the reactive hydrogen atom is released due to tautomeric 3.3. Analysis by HR-TEM

transformations into flavonoids causing the enol form to convert to the

keto form. This process is carried out by reducing metal ions into metal 3.3.1. Particle size and morphology

nanoparticles [29]. HR-TEM is a variant of TEM, which is used for studies where it is

required to increase the visualization of nanomaterials [30]. Figure 4

(220) (311)
(200)

Figure 5. Crystallinity (a-c), electron diffraction (d) and elemental analysis (e) of silver nanoparticles obtained by green synthesis from safflower waste
aqueous extract.
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shows the morphology and particle size distribution of silver nano-
particles synthesized by safflower residue extract. Firstly, Figure 4a and c
show a set of silver nanoparticles, observed at 100 nm scale. Figure 4b
and d show the silver nanoparticles at 10 nm scale, where are showed
nanoparticles with spherical shape. Different authors have reported
similar results using aqueous extract of olive leaves to synthesize silver
nanoparticles. Khalil et al. [31] indicated the formation of spherical and
homogeneous nanoparticles with a size range of 7-15 nm, by means of
UV-Visible and surface plasmon resonance analysis. In other studies, Jha
& Prasad [32] observed through a TEM analysis of a film coated with a
Cycas leaf extract solution, that the shape of the nanoparticles is spher-
ical, with diameters of 2-6 nm.

The particle size distribution (PSD) and average diameter were
determined from the micrographs by HR-TEM. Specifically, PSD is a
fundamental measure to investigate the repeatability and efficiency of
various processes aimed at the synthesis of nanoparticles. Although the
PSD size of nanomaterials has been identified as a critical point to
establish the potential area of application [33]. In this sense, the PSD of
silver nanoparticles synthesized in the present study showed a range
between 3.8 and 30 nm. However, 63% of these are between 5 and 10 nm
as indicated in Figure 4e. Furthermore, the average diameter was 8.67 +
4.7 nm. Similar values of PSD of silver nanoparticles synthesized from
aqueous extracts of plants have previously been reported, using Fritillaria
flower extract where the PSD values were in a range between 5 and 10
nm [34].

3.3.2. Crystallinity and elemental analysis of silver nanoparticles

The results about the crystallinity and elemental analysis of the silver
nanoparticles obtained by green synthesis using aqueous extract of saf-
flower waste can be seen in Figure 5. Firstly, Figure 5a, b y and 5¢ show
the crystallinity of silver nanoparticles from HR-TEM micrographs. The

Bm UNISON 3/13/2020

WD 10.1lmm 17:46:14

100nm UNISON
SEM WD 10.1mm
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trend lines of crystallinity of the silver nanoparticles are observed. The
crystallinity of the nanoparticles was proved by diffraction patterns
SAED. Figure 5d show that the crystalline structure of the nanoparticles is
evidenced with clear circular points and diffraction rings, corresponding
to the cubic planes of silver (111), (200), (220) and (311) [35]. Some
researchers suggest that the presence of circular diffraction rings, as well
as the trend lines and the SAED pattern is due to the crystalline nature of
silver nanoparticles. These types of results represent the crystalline na-
ture of nanoparticles [36].

The Elemental analysis (EDS) profile showed strong silver signals,
along with weak peaks of carbon and copper, as shown in Figure 5e. The
carbon peaks may have originated from biomolecules attached to the
surface of silver nanoparticles. As for the copper peaks, these can be
derived from the copper grid used for the analysis. It has been previously
reported that silver nanoparticles synthesized from aqueous plant ex-
tracts are surrounded by a thin layer of some chain-terminating com-
pound present in the extract, generating stabilization in the solution for
at least 4 weeks after synthesis [37].

3.4. Scanning electron microscopy

Figure 6 shows the SEM micrographs of the silver nanoparticles
synthesized from the safflower waste extract at different magnifications.
Firstly, slightly agglomerated, spherical shaped particles are observed.
The range of the nanoparticles from 2 to 50 nm, agrees with the particle
size distribution reported by TEM. The capping and stabilization of the
nanoparticles were demonstrated by the inclusion on the surface of the
nanoparticles, of molecules such as proteins, polysaccharides and flavo-
noids present in the aqueous extract of the safflower waste, mainly
through amino, hydroxyl and aromatic ring groups. Similar results were
obtained in a study where, from an aqueous extract of safflower flowers,

Onm UNISON  3/13/2020
5.0kV LED s WD 10.1mm 17:50:11

e

100nm UNISON  3/13/

%100, 000 5.0kV LED SEM WD 10.1mm 17:57:40

Figure 6. SEM micrographs of silver nanoparticles obtained by green synthesis from safflower waste aqueous extract. The micrographs were at different magnifi-

cations: (a) 5,000x, (b) 30,000x (c) 50,000x and (d) 100,000x.
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Figure 7. Infrared spectra of silver nanoparticles obtained by green synthesis from safflower waste aqueous extract. (a) Shows the infrared spectra of the precursors
used and synthesized silver nanoparticles, (b) shows the infrared spectrum for silver nanoparticles from 3600 to 1500 cm ™.

they synthesized metallic nanoparticles with quasi-spherical morphology
[38]. In another study was reported that the nanoparticles synthesized
from aqueous extract of safflower flowers were covered by the compo-
nents present in the extract, this confirmed by SEM and TEM [39].
Therefore, safflower waste extract is feasible as a precursor for the syn-
thesis of silver nanoparticles.

3.5. Structural analysis of silver nanoparticles by FT-IR

Figure 7 shows the infrared spectra of nanoparticles synthesized from
the aqueous extract of safflower waste and its precursors. First, Figure 7a
shows the characteristic bands of the extract, a band at 3293 em~! cor-
responding to the bond of ~OH and N-H, the band at 2932 cm™! of the
C-H bond, band at the 1725 cm ! of the C=0 (carbonyl) bond, the band
at 1599 cm ™! of the C=C bond, the band at 1414 cm ™! of the possible
C=C aromatic and C-O-H bonds, the band at 1053 cm™! of the C-O
bond, and bands at 860, 818 and 776 cm ! are of the C-H/ = C-H/N-H
bonds. These characteristic bands predict that in the extract there are
structures as proteins, polysaccharides/sugars and phenolic compounds,
mainly flavonoids. Furthermore, Figure 7a shows the infrared spectra of
silver nitrate and nanoparticles obtained by green synthesis, where silver
ions (Ag") can be seen in both spectra, but with less intensity and

120

Bacterial growth inhibition of S. aureus (%)

0.9 1.9 3.9 78 156 312 625 125 250

Silver nanoparticles (ng/mL)

Figure 8. Growth inhibition percentages of S. aureus at different concentrations
of silver nanoparticles.

displacement at higher energy of the band present in the spectrum of
silver nanoparticles, from 1288 cm ™! to 1299 cm-!, respectively, due to a
change to metallic silver (Ag®) and formation of nanoparticles.

On the other hand, Figure 7b shows the infrared spectrum for silver
nanoparticles from 3600 to 1500 cm ™!, where previously identified
characteristic bands can be seen in the spectrum of the extract of saf-
flower waste, the band at 323 a cm™! and the band at 1533 cm™! cor-
responding to the OH/NH and C=C bonds, respectively. This predicts
that the compounds present in the extract adhere to the surface of the
nanoparticle, promoting capping and stabilization. This phenomenon
was also observed and corroborated in the micrographs obtained by TEM
of the silver nanoparticles. Other authors have also mentioned the facility
of agri-food waste extracts for the synthesis of silver nanoparticles, and
their subsequent capping and stabilization by molecules present to
extract [40, 41, 42].

3.6. Determination of antibacterial activity

3.6.1. Inhibition of bacterial growth in liquid medium

In Figure 8, the percentage of inhibition of different concentrations of
silver nanoparticles on the growth of Staphylococcus aureus is observed.
As the concentration increases, the effect that is exerted on the bacteria is

120

Bacterial growth inhibition of P. fluorescens (%)

0.9 1.9 3.9 78 15,6 312 625 125 250
Silver nanoparticles (ng/mL)

Figure 9. Percentages of inhibition of P. fluorescens at different concentrations
of silver nanoparticles.
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Table 1. Evaluation of the minimum inhibitory (MIC) and minimum lethal (MLC)
concentration of silver nanoparticles on Staphylococcus aureus and Pseudomonas
fluorescens.

Bacteria Antibacterial Evaluation

MIC (pg/mL) MLC (pg/mL)
Staphylococcus aureus 1.9 3.9
Pseudomonas fluorescens 7.8 15.6

greater and therefore the percentage of inhibition increases (p < 0.05).
The results showed that from a concentration of 1.9 pg/mL of silver
nanoparticles, the bacteria were inhibited almost 100%, a figure that
remained stable even with the highest concentrations of nanoparticles. In
contrast, the concentration that had the least significant effect (p < 0.05)
on S. aureus was 0.9 pg/mL, reaching to inhibit only 80% of the bacterial
cells. The results are similar to those reported in previous studies, where
they observed a trend similar to that of the present study, using nano-
particle solutions from 1.25 to 10 pg/mL. They noted that as the con-
centration increases, the inhibitory effect on S. aureus cells is greater
[43].

In the case of Pseudomonas fluorescens, the percentage of inhibition of
silver nanoparticles at different concentrations is shown in Figure 9. It
was observed that at the lowest concentration (0.9 pg/mL), bacteria
growth was inhibited by approximately 70%. On the other hand, the
increase in the concentration of nanoparticles produced an elevation in
the percentage of inhibition of bacterial growth (p < 0.05). Likewise,
from the 15.6 pg/ml solution, 100% inhibition was observed. Other
studies carried out with Gram negative bacteria indicate that the increase
in the percentage of inhibition in bacterial growth is dependent on the
dose of AgNPs [44]. Some authors that evaluated the effect of silver
nanoparticles in Salmonella spp, found out that at a concentration of 50
pg/mL, the silver nanoparticle solution had a bactericidal effect, which
means that the bacterial growth was inhibited a 100% [45].

It's possible that the antibacterial activity of silver nanoparticles
synthetized by using safflower (Carthamus tinctorius L.) waste extract on
Gram positive (S. aureus) and Gram negative (P. fluorescens) cells could be
due to different mechanisms. One of those mechanism is the generation
of reactive oxygen species (ROS), such as radicals OH, hydrogen
peroxide, among others [46]. Another mechanism is the effect of silver
ions on the cell membrane of bacteria, which contains sulfur amino acids.
Silver can interact with these components inside and outside the cell
membrane, resulting in bacterial inactivation. Furthermore, the silver ion
released from AgNPs interacts with the phosphorus present in DNA and
with sulfur-containing proteins, causing the inhibition of enzymatic ac-
tivities. It is important to mention that the size and shape of the particles
are parameters to determine antibacterial activity [47]. It has previously
been reported that nanoparticles with a size smaller than 20 nm can
interact more easily with membrane proteins, causing maximum
permeability, which leads to the cell death of bacteria [48]. AgNPs alter
the permeability of the cell by penetrating the membrane, which pro-
duces the exit of intracellular material and therefore cell death [49].

Specifically, in the case of Gram negative bacteria, the possible
mechanism of action is due to the excessive generation of ROS, which can
produce oxidative stress in the bacteria and attack the lipids of the outer
membrane, causing lipid oxidation, as well as damage to proteins, RNA
and DNA, and subsequently causing the death of the cell. Oxidative
deterioration of lipids typically induces malonaldehyde formation during
the last stage of the breakdown of endoperoxidase formed during intra-
molecular rearrangements of the unsaturated fatty acid structure [50].
For Gram positive bacteria, no studies were found that spoke specifically
of the interaction between ROS and the thick layer of peptidoglycan in
this type of bacteria, however, it is mentioned that the possible mecha-
nism of action, both for Gram positive and Gram negative bacteria, is the
generation of reactive oxygen species [51]. The difference between the
percentage of inhibition of silver nanoparticles on the growth of S. aureus
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and P. fluorescens could possibly be due to differences in bacterial
morphology between the bacteria strains mentioned above.

It's been previously reported that the antibacterial activity of silver
nanoparticles on Gram positive and Gram negative bacteria is different.
The morphology of the cell wall is partly responsible for the effect exerted
by nanoparticles on bacteria. This may be due to the fact that, as Gram
positive bacteria lack a protective membrane around the peptidoglycan
layers in the cell wall. This allows the nanoparticles to interact more
easily with the outer membrane until it ruptures it and thus to inhibit
with greater efficiency the growth of Gram positive bacteria. This is
similar to the results obtained in the present study, since S. aureus pre-
sented greater sensitivity to silver nanoparticles than P. fluorescens [52].
It was found, that Gram negative bacteria are more sensitive to AgNPs
compared to Gram positive ones. However, researchers reported opposite
results arguing that Gram positive bacteria are more sensitive to the ef-
fect of nanoparticles. Possibly, the variation in the results is due to dif-
ferences in the structural and molecular composition of the bacteria, as
well as the concentration of inoculum and the size and shape of the
nanoparticles [53].

3.6.2. Minimum inhibitory concentration (MIC)

Table 1 presents the results obtained from the evaluation of the
minimum inhibitory concentration. The MIC value obtained for S. aureus
was 1.9 pg/mL, which means that at this concentration of nanoparticles
there was no apparent growth of the bacteria in 24 h. P. fluorescens
presented a MIC value of 7.8 pg/mL. Compared to other studies [27], in
this present study, growth inhibition was achieved in S. aureus, using a
concentration of 1.9 pg/mL, which is lower than the established by other
authors. For P. fluorescens, no studies were found that evaluated the
antibacterial effect of silver nanoparticles in this bacteria. However,
some authors evaluated Gram negative bacteria strains such as E. coli and
P. aureginosa where the values obtained for the MIC were lower than the
obtained in this study for P. fluorescens. Comparing these results, it was
observed that higher concentrations of nanoparticles are needed to be
able to ensure that the bacteria don't present any growth at 24 h of
incubation.

3.6.3. Minimum lethal concentration (MLC)

Table 1 shows the minimum lethal concentrations of both S. aureus
and P. fluorescens. The results indicated that the MLC value for S. aureus
was 3.9 pg/mL, while for P. fluorescens was 15.6 pg/mL. When comparing
the results of MLC obtained in the present investigation with the results
of other authors [54, 55], there is a difference in the values for both
bacteria, is important to highlight that there are no studies in which the
authors evaluated the MLC of silver nanoparticles on P. fluorescens, so a
direct comparison between results cannot be made. However, there are
reports where Gram negative bacteria were evaluated, such as P. aeru-
ginosa and E. coli.

Regarding S. aureus, the literature define that the MLC values were
higher than those reported for Gram negative bacteria, which indicates
that the effect of silver nanoparticles is lower in S. aureus. However, this
result differs from the ones obtained in the present study, since S. aureus
is more sensitive to silver nanoparticles than P. fluorescens. Previous
studies indicate that this variation in results may be due to differences in
experimental conditions, such as, bacterial strain, the size and shape of
the nanoparticles, the concentration of inoculum, the synthesis method
as well as the type of extract used to obtain the nanostructured material
[56].

4. Conclusion

The structural and morphological analysis confirmed the synthesis of
silver nanoparticles through the use of aqueous extract of safflower res-
idue. The size of the nanoparticles was in the nanometric range with a
spherical shape. In addition, the presence of molecules such as proteins,
polysaccharides and phenolic compounds present in the extract in silver
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nanoparticles was demonstrated, promoting capping and stabilization.
Likewise, these nanoparticles had the ability to inhibit the growth of
Staphylococcus aureus as a pathogen and Pseudomonas fluorescens as a food
spoilage. Based on the results, we conclude that silver nanoparticles have
a potential application in a broad range of industries, mainly food and
medicine.
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