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Abstract

This study presents a method to encapsulate silver nanoparticle clusters in a NaCl and zeolite 4A matrix. This process allowed
clusters of silver nanoparticles (Ag NPs) smaller than 100 nm to be obtained, with a size trend of 7 nm. The interplanar
distances obtained by transmission electron microscopy (TEM) support that the synthesized nanoparticles have a cubic
structure. The optical properties of the encapsulated clusters were studied by considering the surface plasmon resonance of
Ag NPs located around 374 nm. The antibacterial efficacy of encapsulated nanoparticles was analyzed based on minimum

inhibitory concentration (MIC). The encapsulated Ag NPs showed antibacterial inhibition at relatively low doses.
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Introduction

Nanostructured materials, particularly nanoparticles (NPs),
are currently being highly studied due to their diverse prop-
erties, which are different in some applications than their
bulk counterparts.' Nanoparticles find various uses due
to their optical, thermal, electrical, magnetic, catalytic, and
antimicrobial properties. Furthermore, nanoparticles have
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applications in medicine, biology, the energy industry, and
pharmacology, among others.*”’

Recent studies have identified the following nanoparticles
as antibacterial agents: Ag, Au, Cu, Zn, Ti, and silver oxide
(Ag,0), titanium dioxide (TiO,), silicon (Si), copper oxide
(II) (CuO), zinc oxide (ZnO), calcium oxide (II) (CaO), and
magnesium oxide (MgO).®? This feature has allowed the
application of these agents in the treatment of infectious
diseases, burns, food packaging and bottling, and coating
of medical instruments.'®'? The study of the antibacterial
properties of nanoparticles has been increasing within the
scientific community in recent years, as well as the syn-
thesis of nanostructured materials. Studies of these anti-
bacterial properties have been increasing, particularly due
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to the antibiotic resistance recently shown by many strains
of bacteria.'*!* Drug resistance is due to non-compliance
with infection treatment, as well as the contamination of
aquatic ecosystems caused by continuous contact with anti-
microbial compounds from anthropogenic activities, such
as waste from hospitals and urban wastewater, and their use
in agriculture and aquaculture.'*!> Antimicrobial resistance
is reaching a critical point, where the efficiency of many of
the main antimicrobial drugs is compromised. This issue
represents a high risk for public health. Moreover, drug
development programs will be unable to provide sufficient
antimicrobial therapeutic coverage in the coming decades.
An alternative solution to this issue is the implementation
and use of nanoparticles with antimicrobial properties.
Nanoparticles have a higher efficiency against pathogenic
microorganisms due to their ultra-small size and a wide area/
volume ratio.'®!”

Moreover, recent results show advances in the func-
tionalization of nanostructures with selected ligands and
antibiotics. Better localization of bacteria and enhanced
antimicrobial activity have also been achieved.!”'* Also,
the main advantages of these nanomaterials include solu-
bility and minimal secondary effects. Additionally, nano-
materials exhibit multi-resistant microorganism targeting
properties.'>?

Ag NPs show high antimicrobial activity and are cur-
rently considered a leading nanometric antimicrobial agent
among the scientific community. Silver, in both ionic and
metallic forms, shows high inhibition against a wide range
of bacteria, including gram-negative and gram-positive bac-
teria. Such properties are shown even in small dosages.”!~**
The exact cytotoxicity mechanism of these materials is the
focus of study, given that it depends on factors such as the
bacteria and the size and material of the nanoparticle used.
Literature shows that the main mechanisms of toxicity of
the nanoparticles could be due to the generation of reactive
oxygen species (ROS) or the progressive release of ions,
which can damage or destroy the cell membrane. Finally,
the adhesion of the nanoparticle to the cellular DNA, RNA,
and protein molecules after penetrating the cytosol of the
bacterium can lead to the disruption of different bacterial
processes and subsequent cell death.?>

On the other hand, obtaining nanoparticles immobilized
in matrices has become a strength of materials science appli-
cations that require the stabilization of such nanomaterials
for long periods.?” Other authors have succeeded in stabiliz-
ing silver nanoparticles in polyethylene glycol (PEG), which
improves the electrical conductivity of the compound.?®
Using short chains of carboxylic acid, Ankireddy et al.
encapsulated silver nanoparticles for direct-write technol-
ogy applications.?” Teheri and co-workers succeeded in
encapsulating silver nanoparticles in phospholipid bilayers
by sonication for antibacterial applications.*® Additionally,

recent studies in this field have focused on sophisticated
synthesis methods for stabilizing nanostructures, for exam-
ple using polymer matrices, organic films, and membranes,
among others.>!* These processes involve high costs, and
biocompatibility is compromised in several cases. Therefore,
synthesizing nanoparticles with antimicrobial properties in
non-toxic matrices at a relatively low cost is an attractive
method to obtain biocompatible materials for application in
fields such as food packaging, textiles, medical device coat-
ing and treatment of infectious diseases.

This study addresses an attractive synthesis method for
encapsulation and confinement of silver nanoparticles in a
NaCl and Zeolite 4A matrix. A study of the bactericidal
properties and inhibition parameters was carried out after
the encapsulation of the nanoparticles.

Materials and Methods
Synthesis and Characterization

The nanoparticles were obtained in the NaCl matrix through
the chemical reduction method. The synthesis process was
carried out in three simple steps. The first step involves
obtaining the zeolite 4A with Ag ions (samples: 4A+Ag™).
In the second step, the metallic ions were incorporated in
NaCl (solution NaCl+Ag™). Lastly, in the third step, the
ions in NaCl were reduced to obtain the encapsulated Ag
NPs. Synthetic zeolite 4A obtained from Commercial Waco
Chemicals, Inc. with a molecular formula Na,[(Si0,),,
(AlO,);,] 27H,0 and sodium chloride (Fermont) were
used as the matrices in the synthesis process. Silver nitrate
(AgNO;) (Fermont) was used as the precursor for the metal-
lic ions. Polyethylenimine (PEI) and hydroxymethanesul-
fonate (Rongalite; Na* HOCH,SO,") were the chemical rea-
gents used as complexing and reducing agents, respectively.
For a more detailed description of the synthesis process, see
the supplementary data file.

In the characterization of the samples, the UV-Vis absorp-
tion spectra were obtained with a UV/Vis/near-IR Perki-
nElmer Lambda 19 spectrophotometer. The reflectance
measurements were converted to absorbance data using
Kubelka-Munk model. The morphology of the structure
and the chemical composition of the nanoparticles were
measured with the transmission electron microscopy (TEM;
JEOL JEM-2010F, acceleration voltage, 200 KeV) coupled
with an energy dispersive x-ray analysis (EDX) spectrom-
eter. X-ray photoelectron spectroscopy (XPS) was used to
obtain the electronic states of Ag atoms. These measure-
ments were carried out in a SPECS spectrophotometer
equipped with a PHOIBOS wide-angle lens electron energy
analyzer using Al Ka (1486.6 eV, 200 W) as the excita-
tion source. The obtained spectra were calibrated against
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the C Is peak at 285 eV. A global chemical analysis was
carried out with inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) using a Varian Liberty 110
spectrophotometer.

Antimicrobial Testing

Escherichia coli (clinically isolated) and Staphylococcus
aureus (MC4100) bacterial strains were used for the analysis
of the antibacterial response of encapsulated nanomaterials.
An inoculum of both bacteria was incubated for ~16 h at
37°C in Luria-Bertani (LB) broth previously prepared with
1% tryptone, 1% sodium chloride, and 0.5% yeast extract,
adjusting the PH to 7.5. Afterwards, dilutions were per-
formed in series to obtain 1x 10* cells per milliliter (cells/
mL). All the culture media used were obtained with water
distilled and sterilized by conventional methods.

The inhibitory response of the synthesized materials was
evaluated by determining the minimum inhibitory concen-
tration (MIC) following the well microdilution test. For this,
100 pl of the previously prepared inoculum was added to
solutions of the ions and nanoparticles synthesized at con-
centrations of 2.0 ug/ml, 1.5 pg/ml, 1.0 pg/ml, and 0.5 pg/ml
for both Ag* and Ag NPs. Afterwards, these cultures were
incubated at 37°C from 18 to 24 h at 180 rpm. The solutions
were prepared in LB broth, sterilized, and all the tests were
done three times. The experiments were carried out in a
96-well U-bottom plate. After incubation, the treated cells
were inoculated in a petri dish with agar LB (LB prepared as
mentioned above with agar at 1.5%). To determine the MIC,
the optical density of the bacteria treated with nanomaterials
was measured at 600 nm in a Thermo Multiskan GO plate
reader. Before the optical density measurement process, the
treated cells were inoculated in a Petri dish with LB (LB
prepared as mentioned above) agar (at 1.5%). Subsequently,
the cells were re-incubated for ~16 h at 37°C to visualize
the results.

Results and Discussion

The optical response of the encapsulated nanoparticles was
studied with a diffuse reflectance spectroscope using the
Kubelka-Munk model. Figure 1 shows the optical absorp-
tion spectra of encapsulated ions and Ag NPs in a NaCl
and zeolite 4A matrix. The sample NaCl+Ag* shows three
bands at 206 nm, 216 nm and 234 nm. The bands located at
low wavelengths are associated with electronic transitions
of Ag*.*>> The encapsulated Ag NPs show two small bands
at 205 nm and 237 nm, as well as a wide band, centered
at 374 nm with a full width at half maximum (FWHM)
of 84 nm. The bands localized at 205 nm and 237 nm are
associated to the absorption of silver ions that remained in
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Fig. 1 Optical absorption spectra of both encapsulated Ag* and Ag
NPs.

Tablel Chemical compositions
by ICP-AES of the ions and Ag
NPs stabilized in NaCl.

Atomic (%)

NaCl+Ag* NaCl+AgNPs

1.0 1.0

the sample after the reduction process. On the other hand,
the wide band centered at 374 nm is a result of the surface
plasmon resonance (SPR) of approximately 7 nm spherical
silver nanoparticles, which is later confirmed by TEM. The
wide FWHM of the band located at 374 nm can be ascribed
to the SPR coupling of Ag NPs of different sizes that were
left close to the others. This proximity is due to relatively
small dispersion of the nanoparticles. On the other hand, the
imperfect spherical shape of the nanoparticles can also pro-
duce a higher order resonance than the typical dipolar reso-
nance of spherical nanoparticles. Such resonances are found
at slightly higher wavelengths than the dipolar that could
overlap and allow a wider FWHM for these nanoparticles.*®

The global chemical composition of the encapsulated
nanoparticles was analyzed by ICP-AES; the results are
shown in Table I. The table shows that the materials with
Ag have a high atomic percentage. This is possibly because
zeolites have a higher affinity of ion exchange with silver
ions than other metal ions.>” NaCl can be soluble in water,
and in the absence of water, crystals form again. We assume
that both ions and nanoparticles interstitially interact with
the crystal lattice of NaCl. The synthesis process described
herein takes advantage of this condition in combination with
the zeolite to encapsulate the nanoparticles, providing higher
stability.

Morphology, structure, and elemental composition
(almost punctual) of the samples were studied in TEM and
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EDS. Figure 2a and b shows encapsulated and confined sil-  allow us to identify a crystal plane with an interplanar dis-
ver particles around 100 nm in diameter. Figure 2c shows  tance of 2.34 A. This distance corresponds to a plane with
a micrograph of Ag NPs distributed in NaCl. These figures =~ Miller indices (111) of the cubic structure of silver (PDF
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Fig.2 TEM images of: (a—c) encapsulated Ag NPs, (d) particle size histogram of (c), and (e) EDS spectrum.
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code: 4-0783). This micrograph shows that most of the nano-
particles have a spherical morphology located inside a cloud
of NaCl. It is also possible to observe that the distribution
of the size of the nanoparticles is quite uniform. The parti-
cle size of the micrography shown in Fig. 2¢ allowed us to
obtain a distribution of the synthesized nanoparticles. The
histogram shows that most nanoparticles have a size between
4 nm and 8 nm, with a predominant size of 7 nm (Fig. 2d).
Figure 2e displays almost punctual spectra of EDS taken
from an isolated nanoparticle, which shows the different ele-
ments that constitute the sample. Transition energies of L,
= 2.983 KeV typical of electronic transitions of silver are
shown.*® Cu shown in this spectrum belongs to the grid used
for the measurement of the sample. These results show that
the synthesis method used can produce Ag nanoparticles
with good uniformity and a size of a few nanometers.

The oxidation state of the synthesized nanostructures
was studied by XPS. Figure 3 shows the images of the low-
resolution spectra and the high-resolution spectra of the
encapsulated Ag NPs. Figure 4a shows the spectra of NaCl.
These spectra show binding energy of different orbitals of
the elements in the sample, such as Cl, Na, O and N (belongs
to PEI), as well as Ag. After fitting and deconvolution to
the carbon peak at 285 eV in the high-resolution spectrum
(shown in Fig. 4b), two signals of Ag3d,,, and Ag3d,, were
visible with associated binding energies at 374.2 and 368.2
eV, respectively. These signals correspond to the existing
doublet for Ag atoms. The signal observed at 368.2 eV and
the difference of 6 eV in the binding energies with the peak
at 374.2 eV is associated with Ag’.* It is known that these
binding energies can show small shifts that depend on the
synthesis medium of the nanoparticles.*” For Ag NPs with
sizes smaller than 10 nm, the binding energies of the Ag 3d
orbitals show slight shifts to higher binding energies. This
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Fig.4 Images of stamping on the petri dishes after the incubation of
the samples NaCl+Ag" and NaCl+AgNPs at different concentrations
over the bacteria: (a) E. coli and (b) S. aureus.

shows that our results agree with the results reported in the
literature.

The antibacterial response of the synthesized encapsu-
lated nanoparticles was analyzed by determining the MIC
of the materials against E. coli and S. aureus. Figure 4
shows the images of the stamping done on the petri dish
of the E. coli strain as well as for the S. Aureus strain
with four different concentrations of the synthesized nano-
materials. The concentrations tested were 2 pg/mL, 1.5
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Fig.3 (a) Low-resolution XPS of NaCl and sample NaCl+AgNPs and (b) high-resolution XPS of Ag 3d orbitals in NaCl.
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pg/mL, 1 pg/mL, 0.5 pg/mL for the samples containing
silver. The images show no growth in the inocula treated
with concentrations of 2 and 1.5 pg/mL silver contained
in the samples NaCl+Ag* and encapsulated Ag NPs for
both bacteria. Table II shows the MIC of the different
materials synthesized towards both bacteria. This table
shows that the MIC of Ag* and encapsulated Ag NPs with
both bacteria are relatively low, even when compared with
the results obtained in other studies.*! Values of 1.5 pg/
mL were obtained for encapsulated Ag NPs and Ag* on
the bacteria E. coli. It is known that silver, in ionic and
nanoparticle form, shows an excellent inhibitory response
against a wide range of bacteria.*>*’ However, these
results indicate that the antibacterial activity, when tested
in NaCl, is higher than previously reported for this mate-
rial in an aqueous solution.*!

The action mechanism of the nanoparticles on the bac-
teria needs to be further studied. However, several stud-
ies suggest three main action modes through which silver
nanoparticles can inhibit antibacterial growth. The first
one is occupied by the progressive release of ions from
the nanoparticle, which leads to the exhaustion of the anti-
oxidant capacity and inactivation of the metabolic func-
tions of the bacteria. Secondly, the generation of reactive
oxygen species (ROS) can damage the microbial DNA,
proteins, and the cell membrane.?® Finally, the penetration
of nanoparticles in the cell wall and adhering to the cell
membrane can prevent metabolic processes in the bac-
teria and cause structural changes, which would eventu-
ally lead to its death.** It is possible to suppose that the
cytotoxicity of nanoparticles against E. coli and S. aureus
bacteria is due to the progressive release of ions from the
nanoparticle, which tend to accumulate in the bacterial
membrane and then enter the cytosol to bind to enzymes
and proteins, thereby causing cell death. We assume that
the enhanced bactericidal effect of small particles occurs
since the amount of ions released per unit mass is higher
in small particles. The encapsulated silver nanoparticles
obtained in this work can become attractive for drug deliv-
ery applications, as they have a relatively low production
cost. However, it is necessary to conduct such studies in
the future to corroborate their successful performance.

Table Il MIC of the samples NaCl+Ag* and NaCl+AgNPs, as well
as controls (NaCl), over the bacteria E. coli and S. aureus.

Samples MIC (pg/ml)

S. aureus E. coli
NaCl+Ag* 1.5 2
NaCl+AgNPs 1.5 2
NaCl 45 45

Conclusions

The use of NaCl and zeolite 4A matrix in the synthesis of
nanoparticles provides a straightforward and economical route
to obtain encapsulated Ag NPs with a quasi-uniform distribu-
tion and size below 7 nm. According to TEM, the nanostruc-
tures obtained have a spherical morphology, and the measured
interplanar distances predict a cubic structure. The optical
response of the nanoparticles shows surface plasmon reso-
nances at 374 nm for encapsulated Ag NPs, which confirms
the stabilization of the nanoparticles in NaCl. This method
also allows the synthesis of nanoparticles with possibly low
toxicity due to the reactants used in the process.

The antibacterial activity evaluated against E. coli MC4100
and clinically isolated S. aureus bacteria shows that the encap-
sulated Ag NPs have excellent bactericidal activity. These
results confirm that encapsulated and confined Ag NPs are
excellent prospects for potential use as antibacterial agents.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-021-09089-y.
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