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ABSTRACT

Metal ion-zeolite materials based on different zeolite structures — FAU (NaY, 100 to 750 nm),
LTA (4400 nm) and MFI (ZSM5, >100, 760 and 2500 nm) - were studied for developing
antimicrobial agents using a simple method. These zeolite structures were loaded with silver,
copper or zinc ions by ion-exchange method and tested for antimicrobial activity against three
bacteria - Escherichia coli, methicillin-sensitive Staphylococcus aureus (MSSA) and
methicillin-resistant  Staphylococcus aureus (MRSA), a clinical isolate. Sample
characterization confirmed the presence of metal ions and the stability of the zeolite structures.
All mono and bimetallic-ion zeolite materials loaded with silver display higher antimicrobial
activity than zinc or copper-containing samples. The inhibitory effect of metal ion-zeolite
materials was even higher than the action of antibiotics, especially against MRSA. These
findings show that silver ion-zeolite materials have potential applications to combat bacterial
infections and further prevent the prevalence of resistant microorganisms. Antimicrobial
activity seems to be related to the acidity and Si/Al ratio of zeolites, according to the following
scale: MFI > FAU > LTA. Particularly, the inhibitory effect against MRSA is a very promising
result considering the difficulty of an effective eradication of this resistant strain, the principal
agent of nosocomial or healthcare-associated-infections (HAI), which affect 3.2 % of all

hospitalized patients in the United States and 6.5 % in the European Union.

INTRODUCTION

The increase of antibiotic resistance and the appearance of multi-resistant species
demand a new approach to the treatment of infectious diseases.' Recently, the World
Health Organization (WHO) published a list of pathogens of global priority to guide the
research and development of new antibiotics.® This list divides antibiotic resistant
bacteria into three categories — of critical, high and medium priority - according to the

urgency for developing new antibiotics. This list has twelve groups of bacteria that



currently represent the greatest menace to human health and highlights the threat of
bacteria resistant to multiple antibiotics. Consequently, it is important to search for new
strategies and/or solutions for surface coatings and/or antibacterial agents with new
effective antimicrobial properties.

Inorganic materials have been explored, due to their unique physical-chemical
properties, as agents to act against microorganisms and decrease the occurrence of
antibiotic resistance.>®> Amongst them, silver-based nanoparticles deserve special
attention due to their stronger and broader-spectra antimicrobial characteristics.’ In fact,
this metal is far well known for its antimicrobial properties as well as lower toxicity in
human cells, alongside a high thermal stability and low volatility.®? Silver has shown a
strong antimicrobial activity either against bacteria and fungi as well as some
viruses.>>"1314 For example, Zhang et al.*® reported that silver nanoparticles deposited
on hydroxyapatite coatings made good bioactive coatings due to the presence of silver
nanoparticles on the surface. Other transition metals, such as zinc and copper, show
antimicrobial potential against a large spectrum of bacteria and some fungi as well,
particularly when combined with silver.6-18

Zeolite-based materials have recently been recognized as optimal candidates for treating
microbial infections due to their unique and excellent properties, which can be used as
adjuvants in the treatment of microbial diseases by hosting metal ions with antimicrobial
properties.’®>? These materials can even act as biocide agents as observed from the
reduction of the number of bacteria adhered to the coating of storage tanks after addition
of AgZnA zeolite to epoxy coating formulations.?* These microporous crystalline
structures are aluminosilicates formed by silicon (Si), aluminium (Al) and oxygen (O)
atoms organized in a three-dimensional arrangement of TO4 (T = Si, Al), resulting in an
inorganic macromolecular structure with a three-dimensional tetrahedral framework.
The substitution of AI** for Si** in TO4 induces a negative charge in the zeolite structure,

which is balanced by the exchangeable cation to preserve the electroneutrality of the



solid, resulting in a higher cation exchange capacity. Zeolites can be natural or synthetic,
having the latter more advantages than the natural ones due to a higher purity, more
uniform pore size, and better ion-exchange abilities.?>?% All these properties make
zeolites suitable for different applications in catalysis, drug delivery systems, adsorption,
ion exchange, and separation.?628 These structures have also been used as antimicrobial
agents, upon introduction of metal ions with antimicrobial properties by the ion
exchange method,?°?2 namely silver,3-51314.23.29.30 zjnc 511.16-18 gn copper. 11123132

The present study reports the preparation of metal ion-zeolite materials based on
different zeolite structures - FAU (NaY), LTA (NaA) and MFI (ZSM-5) - with silver,
copper, and zinc as metal ions. Antimicrobial properties of such zeolite-based materials
were evaluated against the methicillin-resistant Staphylococcus aureus (MRSA), a
clinical isolate, as well as against the methicillin-sensitive Staphylococcus aureus
(MSSA), both Gram-positive, and the Gram-negative bacterium Escherichia coli.
MRSA is one of the strains that poses several problems due to its resistance to some
common antibiotics.®® In hospital environments, MRSA and vancomycin-resistant
Enterococcus (VRE) are the most dangerous strains causing healthcare-associated or
hospital-acquired-infection (HAI) due to the transmission from patient to patient by the
contaminated hands of health care workers, medical equipment, or environmental
surfaces.® HAI is the most common adverse event affecting patients safety, contributing
to significant morbidity, mortality, and financial burden on patients, families, and
healthcare systems. The burden of HAI worldwide is unknown due to the lack of
surveillance systems, but in the United States and in the European Union/ European
Economic Area affects 3.2 % and 6.5% of all hospitalized patients, respectively.
Worldwide prevalence is likely much higher.3® Even in the actual pandemic context
associated to COVID-19 (coronavirus disease 2019), where the sanitary procedures are

more efficient as well as the attempts to limit patients” contacts, different bacterial



pathogens, including MRSA, were detected in positive SARS-CoV-2 (severe acute
respiratory syndrome coronavirus 2) patients.3®

Few works tested zeolite-based materials against MRSA. Hamciuc et al.3” showed that
the biocomposite based on poly(ether-ether-ketone)/Ag-zeolite L has good antimicrobial
activity against MRSA depending on the Ag-zeolite L amount in composites. In
addition, the concentration of silver-ion-exchanged nanostructured zeolite X with
particle size in the range of 100-700 nm affected MRSA reduction.®® On the other hand,
Fox and co-workers showed that the presence of nitric oxide (NO) in Zn-zeolite
materials enhances antibacterial activity against MRSA.3°

The present study also compares the antimicrobial activity of the prepared metal ion-
zeolite materials with that of some antibiotics currently used, such as vancomycin,
amoxicillin/clavulanic acid, erythromycin and ciprofloxacin, aiming at evaluating the
potential use of such metal ion-zeolite materials as antimicrobial agents in health-care
products, disinfectants, antibacterial agents or even as coatings in hospital environments

in order to reduce nosocomial infections.
EXPERIMENTAL SECTION

Preparation of the metal ion-zeolite materials. The mono and bimetallic ion-zeolite
materials were prepared by a simple procedure, using the typical ion exchange method
as described in our previous works.?1?2 Metal ion-zeolite materials were prepared using
different commercial zeolites in powder form, such as NaY from FAU structure (Si/Al
= 2.40, CBV100, LOTE N° 100031110811 obtained from Zeolyst International), NaA
from LTA structure (Si/Al = 1.24, BCR-705, Sigma-Aldrich) and (NH4)ZSM-5 from
MFI structure (Si/Al=15.0, CBV 3024E, Zeolyst International). These zeolite structures
were modified by the ion exchange method using aqueous solutions of metal nitrates,

where M is Ag(l) (silver nitrate, AgNOs, Fisher Scientific), Zn(ll) (zinc nitrate,



Zn(NO3)2.6H20, Sigma-Aldrich) or Cu(ll) (copper nitrate, Cu(NO3)2.3H20, Ridel-
Haen).

Briefly, the starting zeolites were mixed with silver, zinc or copper nitrate solutions 0.01, 0.001,
0.002 or 0.05 M, using a metal solution/zeolite ratio of 83.3 mL/g for the samples prepared with
NaY, or with a silver nitrate solution 0.01 M, using a metal solution/zeolite ratio of 25 mL/g
for NaA and (NH4)ZSM-5 (Table 1). The suspensions were kept stirring for 24 h at room
temperature, then filtered and washed with deionized water. The recovered solids were dried
overnight at 90 °C and finally calcined under airflow at 500 °C for 4 h. The bimetallic ion-
zeolite materials were obtained by repeating the same ion exchange procedure used to create
the monometallic, after the calcination step. Finally, the bimetallic samples were calcined at the
same experimental conditions of the monometallic ones.

Characterization methods. Powder X-ray diffraction (XRD) patterns were obtained
using a Philips Analytical X-Ray PW1710 diffractometer operated with Cu Ka radiation
(L = 1.54 A). The data were collected in the 26 range from 5 to 60°, with a step size of
0.02° per 1 s. Scanning Electron Microscopy (SEM) of the parent zeolites was performed
on a Leica Cambridge S360 scanning microscope equipped with an energy-dispersive
x-ray spectroscopy (EDX) system. In order to avoid surface charging, samples were
coated with gold in a vacuum prior to analysis, by using a Fisons Instruments SC502
sputter coater. Transmission Electron Microscopy (TEM) technique was used to
characterize the samples prepared with NaY zeolite. TEM micrographs were collected
on a high-resolution transmission electron microscope (HRTEM) JEOL2010F with a
spatial resolution of 0.19 nm under Scherzer defocus conditions. Elemental chemical
analyses were performed by Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES), at Instituto Superior Técnico (Portugal) using a Philips ICP
PU 7000 spectrometer with SMEWW 3120. Acid surface properties of NaY and ZSM-
5 zeolites were analysed by adsorption macrocalorimetry using NHs (ammonia), as the

probe molecule. A Tian-Calvet heat flow calorimeter (Setaram) equipped with a



volumetric vacuum line was used for the measurements. The zeolites (about 100 mg)
were pre-treated overnight at 300 °C under vacuum (7.5x10°2 Torr) prior to the
successive introduction of small doses of the probe gas. The equilibrium pressure
relative to each adsorbed amount was measured by means of a differential pressure
gauge (Datametrics) and the thermal effect recorded. The run was stopped at a final
equilibrium pressure of about 1 Torr. The adsorption temperature was maintained at 80
°C in order to limit physisorption. After overnight outgassing at this same temperature,
a second run was carried out up to about 1 Torr. The adsorption and calorimetric
isotherms were obtained from each adsorption run. The adsorption isotherms relate the
amount of probe gas with the corresponding equilibrium pressure. The overall uptake of
the probe gas on the solid was assessed from the first isotherm; the amount of the probe
gas irreversibly adsorbed was calculated by subtracting from the first isotherm the
second one obtained after outgassing the sample. The calorimetric isotherms relate the
integral heat of adsorption with the corresponding equilibrium pressure. Combining the
adsorption and calorimetric data, a plot of the differential heat of adsorption as a function
of the adsorbed amount was drawn, which gives information on the influence of surface

coverage on the energetics of the adsorption.

Evaluation of antimicrobial activity. The antimicrobial activity of the metal ion-zeolite
materials was evaluated by the agar diffusion technique against the Gram-negative
bacterium Escherichia coli CECT423, the Gram-positive Staphylococcus aureus ATCC
6538 (MSSA) and the methicillin-resistant Staphylococcus aureus M746665 (MRSA).
This strain was isolated at Hospital Santa Maria (Lisbon, Portugal) from a patient
expectorated (aspirated) sputum sample. Bacterial susceptibility to antibiotics was
evaluated using an adaptation of the antibiogram disc diffusion test.*® Despite the
availability of different methods to assess antimicrobial susceptibility this technique is

still routinely used due to its simplicity, economy and possibility of screening several



samples simultaneously,*® as intentioned in this work. Overnight bacterial cultures in LB
medium (Difco™ LB Broth) were used to inoculate fresh medium and incubated at 37
°C and 200 rpm until DOeoo was 0.5-0.6. A volume of 200 pL of each culture was mixed
with 10 mL of top agar (agar 0.8 %, w/v) and the mixture was pooled over petri dishes
containing LBA medium (LB medium supplemented with agar 2 % (w/v)). Blank paper
discs (BBLTM Blank Paper Discs 6 mm diameter, Becton Dickinson and Company)
were placed on top of the microbial overlay. Then, 50 pL of a 2.0 mg/mL2%?? aqueous
solution of each nanomaterial was placed on each disk. Commercial discs containing the
antibiotics vancomycin (Sensi-DiskTM Vancomycin 5 mcg), amoxicillin/clavulanic
acid (Sensi-DiskTM Amoxicillin/Clavulanic Acid 20/10 mcg), erythromycin (Sensi-
DiskTM Erythromycin 2 mcg), and ciprofloxacin (Sensi-DiskTM Ciprofloxacin 5 mcg)
(all from Becton Dickinson and Company) were used as controls as well as 50 pL of
sterile distilled water. After 24 h incubation at 37 °C, plates were examined for the
presence of growth inhibition zones, whose diameters were measured and expressed in
millimeters. Antimicrobial assays were done at least three times (three independent

assays with three replicates each).

RESULTS AND DISCUSSION

Loading and characterization of DDS

Metal ion-zeolite materials were prepared by a simple ion-exchange method using
different commercial structures - FAU (NaY), LTA (NaA) and MFI (ZSM-5) - with
silver (Ag), copper (Cu), and zinc (Zn) as metal ions. All these structures present high
thermal and chemical stability and are capable of introducing more than one metal by
ion-exchange, in order to compensate the negative charge of the framework.?1:22.27.28
Although NaY and NaA shows higher cation-exchange capacity due to their Si/Al ratio

(NaY, Si/Al = 2.40, used in this work and 2.83;%> NaA, Si/Al = 1.24,** compared to



ZSM-5, Si/Al = 15.0),* the location of the cations is dependent of charge-compensating
cations in the structures, which confer the antimicrobial behavior to the samples (Figure
1).212241-43 Therefore, the preparation of the metal ion-zeolite materials was obtained by
a two-step insertion of the metal ions in liquid phase: (i) introduction of the first metal

ion into the zeolite structure followed by (ii) the insertion of the second metal ion.?!:?2

X5.000  Sum

Figure 1. SEM images of: a) FAU (NaY), b) MFI (ZSM-5), and c) LTA (NaA).

The three different commercial zeolites, FAU, LTA and MFI have different average
particle sizes. FAU zeolite (NaY) show typical regular particles from 100 to 750 nm;
MFI zeolite (ZSM5) exhibits irregular particles, with large aggregates, medium and
small particles (2500, 760 and >100 nm, respectively), and LTA (NaA) large particles
with an average size of 4400 nm.?1:22:42

Antimicrobial activity of the metal ion-zeolite materials was evaluated using different
bacteria: Gram-negative (Escherichia coli) and Gram-positive (MSSA and MRSA) as
indicator strains. Several parameters were studied, such as: (i) the effect of the amount
of silver in the monometallic ion samples, using NaY as the parent zeolite (since this
zeolite presents higher cation exchange capacity) and comparing with different zeolites:
NaA and (NH4)ZSM-5); (ii) the influence of the metal solution/zeolite ratio in NaY -
prepared bimetallic samples, and (iii) the antimicrobial efficiency of metal ion-zeolite

materials compared to antibiotics currently used against HAI.



Table 1 shows all the synthesized metal ion-zeolite materials, the metal amount
determined by ICP-AES, as well as the nomenclature used to identify the samples:
Mn1Mn2-ZEO, where nl and n2 are the number of mmol of the first and second metal,

respectively, whereas ZEO refers to the parent zeolite structure.

Table 1. Metal ion-zeolite materials used in this work.

Samples lon metal (mmol) Designation M (wt%)? Reference
AgNOs (0.25) Ago.sY 0.50
AgNO3(0.5) AgosY 1.70 This work
NaY? AgNOs (2.5) Ag2sY 7.90
CuNO3 (12.5) CuzsY 6.50 This work
ZnNO3 (12.5) Zni2sY 5.40 This work
1.25 (Ag)
Zng2sY? AgNO3(2.5) Zn125AQ025Y? This work
3.31 (zn)
6.30 (Ag)
ZnzsY" AgNO3z(0.5) Zn25AgosY"” 21,22
5.20 (Zn)
NaA°® AgNO; (0.5) AdosA 3.30 This work
(NHz)ZSM-5° AgNO:s (0.5) AgosZSM-5 0.84 This work

aThe samples were prepared with NaY (Si/Al = 2.40, LOTE 100031110811, Zeolyst International) and the used
metal solution/zeolite ratio was 83.3 mL/g; °Zn,sY and Zn,sAgosY were prepared with NaY (Si/Al = 2.83, LOTE
100031030261, Zeolyst International) and the used metal solution/zeolite ratio was 8.33 mL/g, with a
concentration of metal equal to 0.25 mmol for zinc and 0.50 mmol for silver.???; “The samples with NaA and
ZSM-5 were prepared with a metal solution/zeolite ratio 25 mg/L; “Amounts of the ion metals determined by ICP-
AES.

The amount of metal ion exchanged in the zeolites, as determined by ICP-AES analysis,
was found to depend on the parent zeolite and on the metal solution/zeolite ratio. The
Zn2sAdosYP sample, already used in previous studies,?>?? has been used in this work for

comparison with the bimetallic ion-zeolite material prepared herein since it has the



lowest concentration of metals, due to the higher Si/Al ratio and the metal
solution/zeolite ratio (8.33 mL/g). The other samples prepared with NaA and ZSM-5
zeolites used a metal solution/zeolite ratio of 25 mL/g.

For NaY with Si/Al ratio of 2.40, higher metal amounts were observed for the
monometallic ion samples prepared with 7.90, 6.50 and 5.40 wt% of silver, copper or
zinc for Aga2sY, Cui2sY and Zni2sY, respectively. As expected, the decrease of silver
concentration within the same ratio drops the silver amount in the samples, with 1.70
and 0.50 wt% for AgosoY and Ago.2sY, respectively. The amount of silver was 3.30 and
0.84 wt% in AgosA and AgosZSM-5, respectively. The higher silver amount for the
same concentration of silver (0.50 mmol) observed for NaA is related to its ion exchange
capacity, since small Si/Al ratios (1.24) mean higher aluminium content in the
structure.?®> ZSM-5 has a ratio of 15.0 and is characterized by a high silica content, which
implies a lower amount of silver in the AgosZSM-5 sample. The amount of metal in the
bimetallic ion-zeolite materials was 1.25 wt% of Ag and 3.31 wt% of Zn for
Zn25AgosY?,?? and 6.30 wt% of Ag and 5.20 wt% of Zn for Zni2sAgasY? These
differences can be explained by the ratio of metal solution/zeolite used in the preparation
of the samples: 8.33 for Zn2sAgosYP and ten times higher for Zni2sAg25Y? (83.3),
implying higher concentration of both ion metals (Table 1).

Figure 2 shows the results obtained by XRD and TEM characterization for the NaY -

based metal ion-zeolite materials.
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Figure 2. A) Powder XRD patterns of NaY zeolite (black), Ag2sY (red) and Zni25Ag25Y?
(blue); TEM images of NaY with 500 nm resolution (B); Agz25Y (C) and Zn125Ag25Y? (D) with

100 nm resolution.

The powder X-ray diffraction (XRD) patterns match with the reference pattern for the
FAU zeolite crystal structure (Figure 2A),* exhibiting the characteristic Bragg peaks at
20 angles between 5° and 60°, indicating a high crystallinity of the samples and that the
framework of the parent zeolite does not change after the insertion of metal ions by ion-
exchange. The high crystallinity of 85, 95 and 90% was calculated for the monometallics
Ag25Y, AgoasY and AgosoY samples, respectively. The monometallic ion samples
prepared with the other zeolite structures also showed the same behaviour. In fact, the
introduction of silver slightly affects the zeolite structure, a 90% crystallinity being

estimated for both Ago.sA and AgosZSM-5. As expected, the powder XRD pattern of the



Zn125A025Y? bimetallic sample shows a reduction in the intensity of the diffraction
peaks at 20 angles corresponding to the (2 2 0), (31 1), and (3 3 1) Bragg reflections
peaks of the crystal planes, characteristics of FAU zeolite.** The same behaviour was
evident in a bimetallic ion-zeolite sample prepared with copper and palladium on NaY.
A redistribution of the cations in the characteristic crystallographic sites of the location
of charge-compensating cations (Figure 1) after the ion-exchange method was
suggested.?’** Concerning the crystallinity of the bimetallic samples, the determined
values were 45% for Zni25Ag25Y? and 60% for Znz2sAgosY®.?

TEM images clearly show the typical morphology of the zeolite crystalline particles, combined
by large and regular aggregates of intergrown zeolite nanocrystals (Figure 2B), which is
preserved after the ion-exchange treatment (Figures 2C and 2D). However, the presence of
metals observed as dark spots closer to the surface of the zeolite particles (Figures 2C and 2D)
is due to the effect of the electron beam used in the TEM analysis which readily reduce the
metal ions, as well as the beam sensitivity of zeolites to the electron irradiation.3844" As the
ion-exchange method is a bulk reaction, the metal ion particles are located both in the outer and
inner surface, especially in the principal crystallographic sites of the location of charge-
compensating cations (Figure 1).25434°

Both metal amount and zeolite structure affect the antibacterial activity of the samples,

as observed in the antimicrobial assay (Table 2).



Table 2. Antibacterial effects of the metal ion-zeolite materials and of the antibiotics
(vancomycin (VAN), erythromycin (ERY), amoxicillin/clavulanic acid (AMC) and
ciprofloxacin (CIP)) on E. coli, MSSA and MRSA. Results are expressed as the mean and

standard deviation of nine measurements of the diameter of growth inhibition zones (in mm).

Samples Diameter of the inhibition zone (mm)
E. coli MSSA MRSA
NaY niz niz niz
Ado2sY 17.8+0.8 9.7+£0.3 153+£1.0
AdosY 18.2+0.3 9.8+£0.6 15.2+£0.3
Ag2sY 188+ 1.0 21.2+0.3 22.8x0.3
Zn25AgosY? 18.7+0.8 19.7+038 20.8+1.0
Zn125AQ025Y? 17.5+05 19.7+0.3 235+13
CuwsY niz niz niz
Zni2sY niz niz niz
AgosA 16.5+0.9 19.5+0.5 222+13
Ago_5ZS|\/|-5 18.7+21 18.8+0.6 24.0+3.0
H20 niz niz niz
Antibiotics

VAN niz 18.3+0.3 niz
ERY 9.2+£0.3 24005 niz
AMC 22.3+0.3 48.3+3.3 niz
CIP 358125 26.2+0.3 niz

niz - absence of inhibition zone.

All the metal ion-zeolite materials were tested at 2.0 mg/mL against E. coli, S. aureus
MSSA and MRSA and the results (Figure 3) were analysed according to the currently

listed diameter criteria, proposed by the Clinical and Laboratory Standards Institute*® for



the four antibiotics currently employed against HAI (vancomycin, erythromycin,

amoxicillin/clavulanic acid and ciprofloxacin) and used as controls.
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Figure 3. Detail of one of the LBA plates used in the antimicrobial assays for MRSA.

S. aureus is susceptible to vancomycin, amoxicillin/clavulanic acid and ciprofloxacin,
while erythromycin has an intermediate effect against this bacterium. E. coli is
considered resistant to both vancomycin and erythromycin but susceptible to
amoxicillin/clavulanic acid and to ciprofloxacin. On the other hand, MRSA is resistant
to all the antibiotics tested in this study. The WHO?® recognizes this acquired resistance
as a global health problem since the infections caused by MRSA have no effective
treatment at present and MRSA is the main causing agent of HAI. Concomitantly, this
super bug was listed as a high priority agent for the development of new antibiotics.
Some of the metal ion-zeolite materials tested in this work show some effect against
MRSA, as it can be seen for the NaY sample with the highest silver concentration
(Ag2s5Y), followed by Ago.2sY and AgosY (Table 2).

For this zeolite, the amount of silver seems to affect antimicrobial activity, particularly
above a certain quantity. Besides the increase in metal amount, the use of bimetallic ion-
zeolite materials may be another solution to improve antimicrobial activity, as indicated
by the comparison of the diameters of the growth inhibition zones for Zn2sAgosY® and
AgosY, for instance, bigger for the first material and against all the three tested bacteria.

However, the sample with the highest activity against the dangerous and difficult to



control MRSA bacterium was AgosZSM-5, which contains 0.84 wt% of silver. This
result suggests that the zeolite itself has a role in antibacterial activity and that the zeolite
structure can influence antimicrobial activity as well, though indirectly as probably
related to the differences in surface properties of different zeolite structures.

The surface acidity of the parent zeolites was determined by adsorption
microcalorimetry of ammonia and the results are presented in Table 3. The sites strength

distribution was assessed by roughly ranking the sites as weak, medium, and strong ones.

Table 3. Acid surface properties of the parent zeolites determined by adsorption

microcalorimetry of NHs.

Zeolite na,w? I’]A,mb NAs® nA,irrd
(umol g*) (umol g*) (umol g*) (umol g*)

NaY* 1770 39 19 0

ZSM-5 1088 574 60 585

aWeak acid sites (60 < Qgirr < 100 kJ mol?); "Medium acid sites (100 < Qgirr < 150 kJ mol?); ¢Strong acid sites
(Quits = 150 kJ mol™); 9Sites on which NHjs is irreversibly adsorbed.

Though having a comparable number of total acid sites (1828 and 1722 mmol g for
NaY and ZSM-5, respectively), it appears that NaY, having 97% of weak sites, is much
less acidic than ZSM-5, which on the contrary possesses a high concentration of medium
and strong acid sites, accounting for 37% of the total, as well as of sites responsible for
irreversible ammonia adsorption (34%). This acidity could improve the antimicrobial
properties of the ZSM-5 zeolite-based sample. On the other hand, the pHpzc of NaY#
and ZSM-5* zeolites was 7.1 and 4.4, respectively, which confirm the high acidic
properties of MFI structure. Even though, 3D zeolite structures with important acidity,
such as FAU, LTA and MFI play an important role in retaining the oxidation state of
metal ions, which confers their action as antimicrobial materials to eradicate pathogenic

microorganisms responsible for HA| 21224149



An evaluation of the antibacterial potential of the metal ion-zeolite materials (Table 2)
was further assessed by calculating the ratio between the diameters of the growth
inhibition zones obtained for each material and for each antibiotic against a given
bacterium. Thus, the antibacterial potential of each metal ion-zeolite material was
classified as “>1”, “<1” or as “=" if its effect was respectively higher, lower or identical
to the effect of the tested antibiotic (Table 4). In the case of MRSA, for which no
inhibition zones were obtained when the antibiotics were tested, the notation “>1" was

used whenever an inhibition zone was observed.

Table 4. Antibacterial activity of the metal ion-zeolite materials compared to the effect of
vancomycin (VAN), erythromycin (ERY), amoxicillin/clavulanic acid (AMC) and
ciprofloxacin (CIP) in which (>1) means higher antibacterial activity and (<1) lower
activity than a particular antibiotic (measured in terms of the diameters of the growth
inhibition zones). Symbol (=) means identical diameters of growth inhibition zones.

Shaded areas point to the antibiotics for which each bacterium is susceptible.

E. coli S. aureus MRSA

VAN ERY AMC CIP | VAN ERY AMC CIP|VAN ERY AMC CIP

Parent

= <1 <1 <1 <1 <1 <1 <1 = = = =
zeolites?
Ago.sY > >1 <1 <1| <1l <1 <1 <1|>1 > >1 =2
AgosY >1 >1 <1 <1| > <1 <1 <1|>2 > >1 >1
AgosoY > >1 <1 <1|<1 <1 <1 <1|>21 >1 >1 >

ZnsAgosY? >1 >1 <1 <1 | > <1 <1 <1|>1 >1 >1 =>1

anz,sAgz_sYa >1 >1 <1 <1 >1 <1 <1 <1 >1 >1 >1 >1

CuizsY = <1 <1 <1 | <1 <1 <1 <1 = = = =

Zni2sY = <1 <1 <1 | <1 <1 <1 <1 = = = =




AgosA >1 >1 <1 <1|> <1 <1 <1|>> >1 >1 >1

AgosZSM-5  >1 >1 <l <1]| > <1 <l <1 | >1 >1 >1  >1

aNaY, NaA and ZSM-5

Parent zeolites, as well as Cui25Y and Zni25Y samples show no effect against the three
bacteria, and therefore are categorized as having an equal or lower effect than the
antibiotics (Tables 2 and 4). All silver-exchanged zeolite materials display higher
activity against E. coli than the antibiotics to which the strain is resistant (vancomycin
and erythromycin), although having a lower activity than the ones to which the strain is
susceptible (amoxicillin/clavulanic acid and ciprofloxacin) (Table 4). Vancomycin acts
by inhibiting the proper cell wall synthesis in Gram-positive bacteria.>® Due to the
different structure and composition of the cell wall of Gram-negative bacteria and the
various factors related to entering its outer membrane, vancomycin is not active against
Gram-negative organisms. Protein synthesis and subsequent structure and function
processes critical for life or replication are inhibited by the action of erythromycin.>* The
metal ion-zeolite materials can have different action mechanisms since they originate
bigger growth inhibition zones than the ones obtained for the two antibiotics.
Amoxycillin/clavulanic acid inhibits cell wall peptidoglycan synthesis and ciprofloxacin
inhibits nucleic acid synthesis.®>°3 These two antibiotics had more effect than silver-
zeolite materials, so probably the action mechanism of the metal ion-zeolite materials
can again be different, or a higher dose would be necessary to obtain an effect similar to
that of the antibiotics.

For S. aureus only a few metal ion-zeolite materials exchanged with silver (Ag2sY,
Zn125A025Y2, Zn2sAdosY®, AgosA and AgosZSM-5) are more efficient than
vancomycin. In the case of monometallic samples, only the ones NaY-based and with
the highest amount of silver (7.9 wt%) had a greater inhibition zone, unlike Ago.2sY and

AdosY, indicating that the amount of silver is important for antimicrobial action.?%3° The



other metal ion-zeolite materials were less effective against S. aureus than the tested
antibiotics (Table 4).

In the case of the clinical isolate MRSA, all the silver-zeolite materials affected bacterial
growth, unlike the four antibiotics tested (Table 4). Considering the danger of this
bacterium and its priority as a target for the development of new drugs, the present
findings are particularly promising due to the inefficacy of most of the commercially
available antibiotics. These metal ion-zeolite materials may be an interesting tool to fight
this harmful multi resistant bacterium either directly or as a delivery method for active
compounds/particles/surfaces, which is a recent yet useful method to treat different
infections or diseases.

Table 5 summarizes the studies concerning antimicrobial activity of metal-zeolite
materials against MRSA compared with the metal ion-zeolite materials prepared in this

work.

Table 5. Action of metal-zeolite against MRSA (adapted from*°)

Samples used Assay Results References

effective in killing E.
180 min incubation with
AgNP-zeolite Y membrane coli but bacteriostatic 54
108 CFU/mL MRSA
against MRSA

diameter of growth
inhibition zones
AgNP/Y, (AgNP 2-3 nm) Disc diffusion method %5
between 7.04 and 9.43

mm

antimicrobial effect
Ag-Zeomic, 1-5 wt% zeolite in increased with the
8x10°% CFU/mL 5
polyurethane and silicon rubber increase of the zeolite

content




Metal-Zeomic, Ag*, Zn?*, Cu?*-

Zeomic in polyurethane

24 h incubation of 5x10°

CFU/mL

Decrease of CFU/mL
with silver containing
57

multi-ionic systems

more effective

Ag-Zeomic in PMMA as a tissue

conditioner for dental use

24 h incubation in broth

Decrease of CFU/mL 58

Ag-A, Ag*-zeolite LTA on

titanium alloys, 2.3 wt% Ag

incubation of 10¢ CFU/mL

bacterial proliferation

significantly inhibited

both in culture medium 59
and on the material

surface

Ag-L, 2, 7, 12 wt% Silylated
zeolite LTL (200 nm) in

polylether-ether-ketone

Agar diffusion

no inhibition zones or
growth inhibition zones
37

diameters between 11

and 13 mm

Cu, Zn or Fe-zeolite X
5.21-7.37 wt% Fe?*, 8.26-11.2
wit% Cu?, 7.32-9.02 wt% Zn%*,

(100-700 nm, 2 mm)

incubation with mid-

logarithmic phase MRSA

MBC ranging from 32,
64, 512 or >10000 60

pg/mL

Ag*-zeolite X, 20-24 wt% Ag,

(100-700 nm, 2 mm)

24 h incubation in various

liquid media

MIC values ranging
38

from 4 to 16 pg/mL

Ag2sY growth inhibition zone

Agar diffusion Our work
7.90 wt% Ag* diameter =22.8 mm
Zn125A025Y? growth inhibition zone

Agar diffusion Our work
1.25 wt% Ag*, 3.31 wt% Zn** diameter =23.5 mm
AgosZSM-5 growth inhibition zone

Agar diffusion Our work

0.84 Wt% Ag*

diameter =24.0 mm

The metal amount of the metal-zeolite materials, zeolite structure and biological conditions are

very diverse. AgosZSM-5 showed the best performance compared with the others zeolite

materials in the present study. Their action is linked to the positive charge of this material (pHpzc



= 4.4 of ZSM5%) as well as the acidity, which enhance the antimicrobial activities, since the
positively charged zeolite is attracted to the negatively charged bacterial surface, 38606

Bacterial cell death caused by the zeolite-releasing metal ions is boosted by the
electrostatic interactions between cell walls and the positive particles, causing disruption
of the cell external layer, increasing cellular membrane permeability. In addition, the
presence of the metal ions and acidic environment of the zeolite structure induce the
generation of the reactive oxygen species (ROS) that can damage DNA, protein and cell
membranes.’? However, the cellular mechanism for antimicrobial action of silver
nanoparticles is not fully understood, but it is currently accepted that targets proteins in
the membrane and cytoplasm, attack the respiratory chain, induces oxidative stress, and
leads to cell death.*®5! Moreover, it seems that bacteria are less prone to develop
resistance against silver-zeolite materials than against conventional antibiotics, making
these materials an alternative to antibiotics to control bacterial infections. Therefore, it
is of high interest to perform further research on the action mechanisms of these metal
ion-zeolite materials, as it may be a way to find new approaches to control MRSA
infections. It is especially important to improve the surface properties of materials used

for protection in hospital environments as the great majority of MRSA infections are

healthcare-associated.

CONCLUSIONS

Different commercial zeolite structures, FAU, LTA, and MFI were loaded with silver,
copper or zinc ions by ion exchange method in order to study their antimicrobial effects
against three bacteria. These metal ion-zeolite materials are easy to prepare and show
high stability, safety, and cost-effectiveness. All the silver-containing mono and
bimetallic zeolite materials showed antimicrobial action against the studied bacteria,
unlike the samples loaded with copper or zinc, for which no inhibition effects were

observed. One of the most interesting findings was the inhibitory effects of some metal



ion-zeolite materials against MRSA, particularly the ones containing silver, considering
that MRSA is a multi-resistant bacterium, which provokes several nosocomial infections
that can lead to other health-associated problems, like pneumonia and chronic wound
infection, and even to septic conditions that can lead to death. In addition to silver
content, the zeolite structure was found to affect antimicrobial action too, the best results
apparently being shown by the MFI structure. These findings open the perspective of the
potential use of metal ion-zeolite materials in the management/control of microbial
infections, mainly the ones caused by resistant strains, which are arising worldwide,

jeopardizing the efficacy of antibiotics that have been saving millions of lives.
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