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We investigated the action of silver-exchanged mordenite (Ag-mordenite) against the growth of six fungi
that are problematic in the food industry. The mould species studied were Rhizopus oryzae, Mucor circi-
nelloides, Geotrichum candidum, and the yeasts were Saccharomyces cerevisiae, Debaryomyces hansenii and
Zygosaccharomyces rouxii. Several instrumental methods (EPMA, XRD, XPS, TPR, AAS) were used for the
characterization of Ag-mordenite in order to explain its antifungal activity. Results show that Ag-mord-
enite exerted an effective antifungal action due to a release of silver ions from the zeolite matrix, which

';?\/] :’ro_rzdesé)“te acted directly on the walls of the microorganisms, being more effective than the free silver ions in solu-
Fungi tion. The yeasts were more sensitive than filamentous fungi, S. cerevisiae being the most susceptible spe-
XPS cie whereas G. candidum was the more resistant.

Mordenite © 2014 Elsevier Inc. All rights reserved.
Yeast

1. Introduction

The antimicrobial capacity of silver particles is widely known
but its effectiveness depends on many factors such as particle size
and morphology. In general, since smaller particles have a more
effective antimicrobial capacity, several methods have been devel-
oped to obtain silver nanoparticles, such as microemulsion, sono-
chemical reduction and photochemical synthesis [1-3]. On the
other hand, nanoparticles tend to aggregate, which leads to a dete-
rioration of their antimicrobial properties, also presenting the
problem of their recovery and reuse. This has prompted the study
of nanoparticle immobilization in various inorganic materials such
as titania [4], silica [5], ceramics [6] or titanium phosphate [7],
although this involves the intervention of new factors, namely
the mechanical and chemical durability of the supports and their
ability to release the nanoparticles. These active nanoparticles
may also be silver ions hosted on inorganic matrices which act as
vehicles to deliver the ions progressively, such as clays [8], titanos-
ilicates [9] and zeolites [10]. These latter materials have a high ex-
change capacity, specific surface area, chemical inertness and are
not toxic. In particular, mordenite is a zeolite of medium pore size
with a 1-dimensional and linear system of channels, consisting of
12-membered rings with an elliptical pore aperture of 7 x 6.5 A
interconnected to another more closed channel system of 8 mem-
bers (3.4 x 4.8 A) running in the same direction [11]. We have se-
lected this zeolite as a carrier because it has an appropriate Si/Al to
allow a good ion exchange capacity and, moreover, because it has
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been reported that this framework can stabilize different types of
cationic silver clusters [12]. In recent years, several types of zeo-
lites containing Ag, Cu or Zn ions and/or nanoparticles applied
mainly for antibacterial purposes have been studied [13-29]. In
contrast, the literature on the action of Ag-zeolites against fungi
is much more limited. We could mention the pioneering work of
Ishitani [13] and Nikawa et al. [15], which employed a commercial
product named Zeomic® [30], an zeolite A with 2.5% w/w Ag, for
the growth control of Saccharomyces cerevisiae and Candida albi-
cans, respectively. Ferreira et al. [14] and Malachova et al. [16] also
showed the good efectiveness of Ag-zeolite Y and Ag-montmoril-
lonite against S. cerevisiae, C. albicans, Pycnoporus cinnabarinus and
Pleurotus ostreatus [16].

Fungi are problematic microorganisms that cause contamina-
tion especially in the food industry, provoking significant economic
losses. In this context, the purpose of this work is to investigate the
antifungal activity of silver-exchanged mordenite, against three
yeasts and three molds which were isolated from contaminated
food of industrial sources, in low oxygen tension conditions. The
properties of the materials were characterized in order to correlate
their physicochemical characteristics with their antifungal
behavior.

2. Experimental

2.1. Preparation of Ag-mordenite

Na-mordenite (Zeolyst CBV 104, Si/Al =6.5) was employed as
support, which was ion-exchanged with silver solutions of
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different concentrations. AgNOs (Sigma-Aldrich, 99.0% in distilled
water) was employed to prepare exchange solutions with concen-
trations of 0.005, 0.01, 0.025 and 0.1 M. The general conditions
were taken considering various ion-exchange procedures for zeo-
lites [31], so as to obtain between 4% and 15% w/w Ag in morde-
nite. Briefly, 4 g of Na-mordenite (Na-mor) were suspended in
the AgNOs solutions under stirring at room temperature for 24 h
in darkness, to avoid reduction of ions to Ag®. Then, the solids were
filtered in darkness and washing twice with 250 ml of distilled
water to remove the excess of silver solution. Afterwards, the sol-
ids were dried in an oven at 130 °C for 24 h and then stored in
ermetic jars in a dry and dark place. Furthermore, Ag(NO3) solu-
tions were also prepared in such a way as to obtain concentrations
of 1670, 555, 170 and 55.4 uM in the culture medium. With these
solutions, antifungal assays were performed in order to compare
the action of free silver ions in solution with that provided for
Ag-mordenite.

2.2. Microorganism isolation and microbiological assays

2.2.1. Isolation of fungi and preparation of inoculum suspension

The moulds employed were isolated from dairy products which
presented alterations in conditions of low oxygen tension. The
samples were obtained by the method of serial dilutions and
seeded in malt extract agar (MEA) (malt extract 2.0%; agar; pep-
tone bacteriological 0.1%, Glucose 2%, w/v in distilled water) with
the addition of chloramphenicol (100 mgl~'). The incubations
were performed at 25 °C for 5 days and then the fungal flora was
identified according to their macroscopic and microscopic charac-
teristics [32,33]. The isolated moulds were Rhizopus oryzae Went
and Prins. Geerl, Mucor circinelloides Tiegh and Geotrichum candi-
dum Link: Fr., which were preserved in tubes containing glycerol-
water (18% w/w) and stored at —20 °C until completion of the anti-
microbial tests. The yeasts were isolated from altered fruit juices
contained in plastic bottles, in a similar way as just described.
The selected yeasts were Saccharomyces cerevisiae Meyen (S.c.)
(LMFIQ-701); Zygosaccharomyces rouxii (Boutroux) Yarrow (Z.r.)
(LMFIQ-702) y Debaryomyces hansenii (Zopf) Lodder & Kreger
(D.h.) (LMFIQ-700).

In order to prepare the inoculum suspensions, mould spores
and yeasts were collected in the late exponential growth phase,
poured in sterile tubes containing 5 ml of malt extract broth
(MEB) and adjusting the concentrations to 10%-10° spores ml~'.

2.2.2. Fungicidal tests

Assays were performed by suspending 300, 100, 60, 30 or 10 mg
of Ag-mordenite containing 5.6% w/w Ag in 100 ml MEB. The sus-
pensions were sonicated for 10 min to homogenize the culture
medium and remove the air entrapped in the porosity of the zeolite
particles. Then, 9 ml of suspensions were distributed into tubes of
10 ml of capacity with screwcaps, seeded with 1 ml of the fungal
inoculum and incubated at 28 °C. Tests were conducted in tripli-
cate under low oxygen tension conditions. Error bars were dis-
played later in the respective curves. For all the strains, control
tests were also conducted without Ag-mordenite or with the addi-
tion of Na-mordenite. After the incubation of the microorganisms
at different times (0, 1, 2, 4, 6, 8, 12, 24 and 48 h), counts (CFU
ml~!) using decimal dilutions were conducted. For this, 1 ml of
each suspension was seeded in depth in MEA, the plates were incu-
bated and the counts were obtained in duplicate. For tests with sil-
ver solutions we proceeded in the same way as described above,
working with concentrations of 1670, 555, 170 and 55.4 mM con-
tained in 9ml of MEB. The incubations were carried out in
darkness.

2.3. Physicochemical characterizations

The X-ray diffraction (XRD) of the solids was performed with a
Shimadzu XD-D1 equipment at 2° min~! between 20 = 5° and 50°
using Cu Ko radiation (1=1.5418 A, 30 kV, 40 mA). The relative
crystallinity was estimated considering the integrated area below
the main peaks and taking 100% crystallinity for Na-mordenite be-
fore ion exchange.

MEB media containing Ag-mordenite were incubated and then
filtered with 0.45 pm Sartorius membrane filter to recover the li-
quid phase. The amounts of silver released into the culture med-
ium were determined by atomic absorption spectroscopy (AAS)
with a Perkin Elmer 800 AAnalyst with flame atomization. The
amount silver present in Ag-mordenite was also determined by
AAS, the solid being previously digested by treating 100 mg of
the sample with 10 ml HCIO4 + 2 ml HNO3 on a heating plate for
8 h. Then 2 ml of HF were added and digested for 1h, diluted
and filtered. Temperature-programmed reductions with H, (Ha-
TPR) were performed with an Ohkura TP-2002S to evaluate the
amount and type of silver species. Previously, in situ pretreatments
to dry the sample were performed, flowing N, at 300 °C and main-
taining at this temperature for 30 min. Then, the sample was al-
lowed to cool and changed to a stream of H; diluted in He, after
which a temperature ramp to 900 °C at 5°C min~' was applied.
H, consumption vs sample temperature was recorded and the pro-
files were deconvoluted to separate individual peaks.

Elemental probe microanalysis (EPMA) was performed to deter-
mine the Na/Al and Ag/Al molar ratios in the zeolite with an energy
dispersive equipment EDAX coupled to a SEM JEOL JSM-35C. The
sample was coated with graphite and X-ray spectra were obtained
with an accelerating voltage of 20 kV. Semiquantitative analyses
were obtained using the SEMIQ method, which does not require
the use of standards.

The oxidation state of the silver surface species was examined
with a module Multitechnique Specs equipped with a dual X-ray
source Mg/Al and hemispherical analyzer 150 Phoibos in fixed ana-
lyzer transmission mode (FAT). We analyzed the binding energies
(BE) of Ag 3d, Si 2p, Al 2p, C 1s and O 1s core-levels. The kinetic
energy (KE) in the region of the Ag M4VV Auger transitions was
also analyzed and thereby determined the modified Auger param-
eter (&), defined as & = KE (Ag M4VV) — KE (Ag 3dsp;) + 1253.6 eV.
The spectra were obtained with a pass energy of 30 eV with a
Mg anode operated at 200 W. The pressure during the measure-
ment was less than 2.10~8 mbar. The samples were ground,
pressed, supported on the sample holder, subjected to vacuum
dehydration at 300 °C for 20 min and finally evacuated under vac-
uum prior to the readings. The Si 2p peak of the zeolite at 102.4 eV
binding energy (BE) was taken as internal reference. Data process-
ing and peak deconvolution were performed using the Casa XPS
software.

3. Results and discussion
3.1. Physicochemical characterizations

3.1.1. Compositional studies by AAS and EPMA

Table 1 shows the different Ag-mordenite samples obtained
after the ion- exchange processes. By AAS it was determined that
solids containing 3.9%, 5.6%, 10.3% and 13.6% w/w of silver were
obtained, which were designated as Ag(4)Z, Ag(6)Z, Ag(10)Z,
Ag(14)Z, respectively. It is observed that the silver loading in the
zeolite increased and, at the same time, the sodium content de-
creased as the concentration of the exchange solution was higher
(indicated between brackets). Table 1 also shows that the Ag/Al
and Na/Al atomic ratios, as determined by EPMA, exhibited the
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Table 1
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Silver loading, elemental composition, relative crystallinity and exchange degree of Ag-mordenite samples and Na-mordenite support.

Sample Ag (% wlw)? Na (% wjw) ? Na/Al ° Ag/Al ® Crystallinity (%) © Exchange % ¢
Ag(14)Z [0.1] 136 0.2 - 1.05 63 88.0

Ag(10)Z [0.025] 103 1.2 0.01 0.84 80 64.2

Ag(6)Z [0.01] 56 23 0.04 0.47 98 331

Ag(4)Z [0.005] 3.9 33 0.12 0.31 100 25.6
Na-mor - 4.6 0.26 - 100 0

¢ Determined by AAS.
P Determined by EPMA.
¢ Determined by XRD.
d

Estimated as follows: the unit cell of mordenite is Na,Al,Si,Ogs-24 H,0, where x +y = 48. The Si/Al measured in the Ag(14)Z sample was Si/Al = 5.73. If Si/Al = 5.7 then
y = 42.4. The composition was Nas 7Als 7Si42 400s-24 H,0 (formular weight = 3437.92 g mol~!). The percentage was estimated with the mmol of Ag in each sample, considering

that 5.7 mmol correspond to a 100% of exchange.

same trends as the silver and sodium content taking into account
that the amount of aluminum in the zeolite remained constant.
Both results confirm the effectiveness of the silver ion exchange
process. It should be noted that a small amount of Na was detected
by AAS in the sample with higher silver content, which was not ob-
served by EPMA because it was under the detection limit of this
technique. Considering the silver loading, the Si/Al ratio and the
formular weight of this zeolite (see footnote), an exchange level
was estimated for each sample. It can be seen that in the sample
with higher loading a high, but not total, exchange level was
reached.

On the other hand, tests to determine the amount of silver re-
leased into the culture medium were conducted in some of these
samples. Incubation conditions similar to those later used in the
microbiological tests were adopted. Ag-mordenite samples were
put in contact with MEB, and the silver released to liquid media
at different periods was determined by AAS (Table 2). It can be
seen that for Ag(6)Z (test performed in duplicate on two different
samples), the amount of released silver was low and remained con-
stant throughout the period under study. The assay with the
Ag(4)Z sample showed a similar trend, but the amount of silver re-
leased to the solution was about 3 times lower as above. These re-
sults show that despite the considerable amount of silver loaded in
these samples, its release in the culture medium was very low in
the absence of microorganisms.

3.1.2. Structural studies by XRD and H,-TPR

Through XRD, the crystalline structure of mordenite samples
after the ion-exchange process was evaluated. The diffractogram
of the Na-mor support (Fig. 1) shows a pure material with high
crystallinity, all diffraction peaks corresponding to those indexed
for this zeolite [11]. When the zeolite was ion exchanged under
the more drastic conditions, i.e. using the solution of higher silver
concentration, the main crystalline structure of the zeolite was
maintained (Fig. 1). However, a gradual decrease was observed in
the relative intensity (relative to the other diffraction peaks) of
the peak at 26 = 9.6°, corresponding to (200) planes, as the silver
content in the solid increased. It has been reported for Ag—clinop-
tilolite that variations in the relative intensities of the (020) and
(200) planes after the ion-exchange are due to the nature, location
and amount of extra-framework species [34]. In that case, the

Table 2
Amounts of silver released to the culture medium at different times.
Sample Time (h)
0 3 5 9 48
Ag in solution (ppm)
Ag(6)Z, 15 16 13 18 -
Ag(6)Zy 18 - - 17 17
Ag(4)Z 3 4 8 4 -

9.6

Ag(14)Z

Ag(10)Z

Ag(6)Z

Intensity / a.u.

Ag(4)Z

Na-mor

10 20

40

i

26/°

Fig. 1. X-ray diffraction patterns of Ag-mordenites with different silver loadings.

50

lower intensity of the (020) signal was associated with extra-
framework silver species located in the mirror plane, perpendicular
to the b-axis [35]. Since in mordenite the main channels run along
the b-direction, the predominant incorporation of silver species
according to this orientation would be the consequence of the de-
crease in the XRD intensity of the said planes, while others remain
unchanged. No metallic silver was detected. Moreover, there was a
partial loss of crystallinity of mordenite which was greater when
the silver content increased (Table 1). This loss could be due to
intracrystalline distortions caused when large amounts of metal
are introduced in the mordenite channels [36].

In order to analyze the nature of the silver species present in the
samples, H,-TPR characterizations were performed. Fig. 2 shows
that as the silver loading increases, the overall profile is maintained
but with a gradual increase in the intensity of the peaks, according
to a higher amount of reducible species. All the profiles were
qualitatively similar and four regions were well defined, except
for the sample with the highest loading. It has been reported that
in mordenite the exchangeable ions are located at three types of
sites [37]: o sites at the main channel and coordinated with oxygen
atoms of the zeolite network, B sites at the 8-membered ring adja-
cent to the main channel; and vy sites located in small cavities of
the mordenite. In the latter, the metal has an octahedral coordina-
tion, being the site with the higher coordination. According to the
observed profiles, the peaks centered at ~115 °C are assigned to
the partial reduction of low-interaction Ag" ions, located inside
the main channel (o sites), to Ag’" clusters, which are then reduced
at higher temperatures [38]. For the Ag(14)Z sample, a new maxi-
mum was observed at 160°C due to the reduction of highly
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Fig. 2. H,-TPR profiles of Ag-mordenites.

dispersed Ag,0 species on the surface of the zeolite crystals, com-
ing from extra-framework species present in this sample with high
metal loading. This is in agreement with H,-TPR studies of
mechanical mixtures of this oxide and Na-mordenite [39]. The
peak at 235 °C is assigned to the complete reduction of Ag’" clus-
ters in o sites, whereas the peak at 345 °C is originated by the
reduction of Ag* species in B sites, somewhat more stables. Finally,
the peak above 700 °C is due to the reduction of Ag* species in the
more stables v sites. At these locations the ions interact strongly
with the structure of the zeolite being less reducible. These species
start to insinuate in the Ag(6)Z sample. As an overview of the TPR
profiles, it can be said that there are several cationic silver species
with different interactions with the mordenite matrix.

The total H, consumption (Table 3) matches well with the re-
sults of the metal content, considering that normally not all the
metal dispersed in a zeolite is subjected to be reduced. Further-
more, the incorporation of silver in mordenite follows the same
trend as the H, consumption (Fig. 3). The inset of Fig. 3 shows
the trends in the main peaks as a function of the silver content
in the zeolite and it can be seen that the amount of species at o
and B sites grew from the beginning, then the o saturated while
v started to appear. The maximum molar ratio between Ag" and
H, is 0.5. Note that this ratio increased from about 0.3-0.42 for
the sample with higher silver content (Table 3), probably because
of the presence of some amount of oxide, which is more easily
reducible in this latter sample.

3.1.3. Surface species studied by XPS

Table 4 shows the binding energies (BE) of the electronic
transitions of Ag 3ds,, core levels in Ag-mordenite samples which
are centered around 368 eV. A review of the BE data of these
transitions for different types of silver oxides and metallic silver
compiled in the NIST database [40] as well as in many published

Table 3
H,-TPR results for Ag-mordenite samples.

Sample Total H, consumption Ag content Ag loading H,/Ag
(pmol) (mg) (% wiw)

Ag(4)Z 3.22 0.54 2.3 0.29

Ag(6)Z 4.70 0.79 34 0.30

Ag(10)Z 9.93 1.66 6.9 0.34

Ag(14)Z 15.81 2.64 11.3 0.42

14 - —
g
15
> 12 4 =
~
2 10 = 5
T — g
b —=— Signal 115°C =
L g VaS —e— Signal 345 °C 10 5§
= . | —— signal 770 °C b
2 61 d = o
= / % IN
(@) ] - F5 —
< 4 D/A c E
o
24 =

0 2 4 6 & 10 12 14
Ag in zeolite / % wiw
T T T T T
0.02 0.04 0.06 0.08 0.10

[Ag] in exchange solution / M

Fig. 3. Total H, consumption against the concentration of the AgNO; exchange
solution. The inset shows the consumption of different species against the metal
loading in the zeolite.

papers shows a dispersion and even an overlap of those values,
ranging from 367.9 to 368.4 for Ag®, 367.6 to 368.5 for Ag,0 and
367.3 to 368.1 for AgO [41]. This means that the oxidation states
of the silver species are difficult to determine by analyzing only
the BE shifts. However, for the sample with higher silver content
a clear BE shift can be seen, which allows identifying two
components, one centered at 367.8 eV which is compatible with
the presence of silver oxides (Fig. 4a). A better differentiation of
the oxidation states can be achieved by calculating the
modified Auger parameter (&), which considers the Kinetic energy
(KE) of the M4VV Auger transitions and is defined as & (eV) = KE (Ag
M4VV) — KE (Ag 3dsp,) + 1253.6 eV. This parameter allows one to
clearly differentiate Ag® (726.3) of their oxides, AgO and Ag,0
(724.7 and 724.5 eV, respectively [42]. Meanwhile, for Ag ions
exchanged in zeolites, ¢ is found around 724 eV similarly to Ag*
salts, making it possible to differentiate these cationic species from
other silver oxides or metallic silver [14,39].

The profile of the spectra in the AgMVV Auger region shows a
complex structure (Fig. 4b) assigned to AgM4VV and AgMsVV elec-
tron transitions [42,43]. In the Ag-mordenite samples with low
metal content, such peaks can be deconvoluted into two main
components, while in the sample with a higher loading four com-
ponents are necessary. In the former, the KE of AgM4VV are around
355 eV (Table 4), while for Ag(14)Z, in addition to this peak, there
appeared another around 357 eV. The & values clearly show that in
all samples there are only Ag” ions in the surface of zeolite net-
work, except for the Ag(14)Z sample in which there is also a certain
amount of Ag,0, generated from extra-framework species after the
thermal pretreatment for XPS measurements.

Table 4
XPS results: binding energies (BE), kinetic energies (KE), modified Auger parameters
(&) and surface elemental composition of Ag-mordenites.

Sample  BE Ag 3ds); KE Ag KE Ag &> Si/ Ag/ Na/
(FWHM)* 3ds),” M,VV? Al Al Al

Ag(4)Z  368.1(2.0) 885.4 355.9 7240 59 0.19 0.75

Ag(6)Z  368.3(1.9) 885.3 355.9 7241 58 039 043

Ag(10)Z  368.4(1.9) 885.1 355.4 7238 58 083 0.12

Ag(14)Z 367.8(1.6) 885.8 357.8 7255 58 218 0.06
368.4(1.9) 885.1 355.7 724.2

2 Binding energy (BE) and kinetic energy (KE) in eV.
> Modified Auger parameter: & = KE (Ag M4VV) — KE (Ag 3ds) + 1253.6 eV.
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Fig. 4. XPS spectra of Ag-mordenites: (a) intensity of Ag 3d core level transitions as a function of binding energy (BE) and (b) intensity of AgMVV transitions as a function of

kinetic energy (KE).

The results of XPS, XRD and TPR indicate that under these
preparation conditions of Ag-mordenite, without using severe heat
treatments, cationic silver species are obtained in samples
containing up to 10% w/w Ag. Metallic silver has been observed
in silver-zeolites containing high metal loadings [39,44] when
calcinations of the samples were performed during preparation.
When a zeolite contains segregated Ag,0O, a high temperature
treatment in air atmosphere promotes its decomposition, forming
metallic silver. This occurs because the AG) for the reaction: Ag,.
0 - 2Ag + !/, 0, becomes negative when the temperature exceeds
500 °C. Consistent with this, in our non-calcined samples, the pres-
ence of metallic silver was not observed.

It is also interesting to note that the Na/Al ratio on the most
external surface layer of the zeolite crystals decreases monotoni-
cally while the Ag/Al ratio increases, as the silver loading increases.
However, a surface silver enrichment is observed in the sample
with higher loading which is compatible with a surface oxide seg-
regation, whereas a small amount of Na is still observed. These sur-
face characteristics are similar to those found in the bulk of the
materials as determined by EPMA and TPR. Moreover, the Si/Al ra-
tio on the surface matches well with that of the bulk of the zeolite
(see Table 1), indicating no dealumination process of the zeolite
during exhange.

Considering that the Ag(6)Z solid contains an adequate amount
of silver incorporated in the zeolite framework exclusively as
highly dispersed cationic forms, this material was selected to per-
form the microbiological assays.

3.2. Antifungal studies

3.2.1. Assays with filamentous fungi

First, we performed experiments using AgNO5 solutions in order
to evaluate the action of free silver ions against the various
microorganisms tested. When using a concentration of 1670 uM,
mold growth was completely inhibited at time zero for all
microorganisms. Meanwhile, by employing 555 puM, the growth
of M. circinelloides and R. oryzae was completely inhibited after
2 h (Fig. 5a and b). These reductions in the colonies growth by a
factor of 4 Log is considered a significant inhibition degree. For this
silver concentration, the CFU ml~! of G. candidum decreased 3 Log
after 48 h of incubation (Fig. 5¢). When lower concentrations of
silver were used (170 and 55.4 pM), both M. circinelloides and R.

oryzae showed an effective inhibition, reducing their growth by a
factor of 4 Log after 48 h.

Fig. 5d-f shows the curves corresponding to the antifungal tests
employing the Ag(6)Z solid. These assays were performed adding
different amounts of Ag(6)Z in such a way as to obtain the same
amounts of silver into the culture media as those employed in
the tests with AgNOs solutions, as discussed above. Using a ratio
of 300 mg Ag(6)Z/100 ml MEB, the growth of the three molds
was completely inhibited at t=0. Meanwhile, using 100 mg
Ag(6)2/100ml MEB, a very good inhibitory action against
M. circinelloides (Fig. 5d) and R. oryzae (Fig. 5e) was observed,
reducing 4 Log at 6 and 12 h, respectively. This performance im-
plies a faster antifungal activity of Ag—-mordenite compared to free
silver ions. G. candidum colonies decreased 1.4 Log at 48 h (Fig. 5f)
showing, as in the case of Ag® in solution, a lower sensitivity
against Ag-mordenite. When 60 mg Ag(6)Z/100 ml MEB were em-
ployed, both M. circinelloides and R. oryzae decreased 4 Log of
CFUmI™! at 12 and 24 h, respectively, but with a slower rate,
whereas for G. candidum the CFU ml~! decreased only 0.6 Log after
48 h. It can be speculated that septate molds are more resistant
against the action of silver ions than the non-septate molds (Muco-
rales), but a greater number of species should be tested to confirm
this hypothesis. It should be noted that an antimicrobial is consid-
ered safe for the food industry when a reduction of 4 Log (99.99%
death efficiency) for mold and 5 Log for bacteria [45] is achieved.

3.2.2. Assays with yeasts

For these fungi, tests with AgNOs3 solutions were also per-
formed, showing a complete inhibition at time zero for the three
genera of yeasts when a silver solution of 1670 pM (not shown)
was employed, while for 555 uM the growth of the three microor-
ganisms also showed a complete inhibition but after 2 h (Fig. 6).
When solutions of 170 and 55.4 UM were employed, only a lower
growth with respect to the control curves for Z. rouxii and D. hanse-
nii was observed, while for S. cerevisiae some degree of inhibition
was noticed, accounting for their higher sensitivity to free silver
ions. However, compared with molds, AgNOs solutions were less
effective against yeasts.

When assays employing Ag-mordenite were conducted
(Fig. 6d-f) using 300 mg Ag(6)Z/100 ml MEB, the yeasts growth
was inhibited completely at t=0, while for 100 mg Ag(6)Z/
100 ml MEB the colonies reduced 4 Log at t =0, proving that Ag-
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Fig. 5. Growth curves for moulds. Assays employing AgNO3; for: (a) Mucor circinelloides; (b) Rhizopus oryzae; (c) Geotrichum candidum. Assays employing Ag(6)Z for: (d) Mucor

circinelloides; (e) Rhizopus oryzae; (f) Geotrichum candidum.

mordenite is effective in small quantities. It should be emphasized
that the results obtained with Na-mordenite (100 mg/100 ml
MEA) showed a behavior similar to that of the control curves for
all microorganisms (mould and yeasts), indicating that the zeolitic
support has no inhibitory effect by itself. Furthermore, when a pro-
portion of 60 mg Ag(6)Z/100 ml MEB was used, a strong inhibitory
action for the three yeasts was observed, whereas with 30 mg
Ag(6)Z/100 ml MEB, the colonies of Z. rouxii were reduced in 4
Log after 6 h (Fig. 6d). Afterwards, experiments using only 10 mg
Ag(6)Z/100 ml were performed, and a decrease in the CFU ml™!
of 4 Log was produced after 24 h. These results show a very effec-
tive action of Ag(6)Z when compared with those obtained with sil-
ver solutions. In the case of D. hansenii (Fig. 6e) a high sensivity was
also observed, inhibiting 4 Log after 10 h with 30 mg of Ag(6)Z and

reaching the same value of inhibition with 10 mg of Ag(6)Z, but
after 24 h. For S. cerevisiae (Fig. 6f), the addition of only 10 mg
Ag(6)Z/100 ml MEB caused a reduction of 4.5 Log CFUmI™! in
4 h, indicating a strong effect in a short period.

3.2.3. Mode of action of Ag—mordenite against fungi

The physicochemical characterizations showed that Ag(6)Z is
composed of cationic silver species incorporated at exchange posi-
tions in mordenite and in interaction with it, whereas the zeolite
structure was preserved. Therefore, these species can diffuse
through the micropores of the zeolite network and interact with
the cell walls of the fungi. Moreover, the diversification of the
Ag" species present may be beneficial for a gradual and controlled
dosage of ions, depending on the interaction with the matrix. It has
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been shown [21] that Ag-zeolites in contact with distilled water
release a very low or null amount of silver, the presence of ions
in the culture medium being necessary. Moreover, Matsumura
et al. [19] determined that the release of silver into a culture med-
ium is much more marked in the presence of a microorganism
(bacteria), whereby the action of the silver would be more direct,
needing the contact between Ag-zeolite and the microorganism.
The latter was also supported by studies of Ishitani [13] and Kwa-
kye-Awuah et al. [17], who found that the amount of silver re-
leased by a Ag-zeolite in a medium may vary with
microorganism species. This interaction Ag-zeolite/microorganism
could be induced by electrical charges on the surface of both mate-

rials. In this regard, it has been determined that the Z potential of
mordenite has negative values at low pH, whereas the walls of the
bacteria also possess weak negative charges but under mildly
acidic or neutral conditions bacteria-zeolite adsorption phenom-
ena can occur [46]. It is possible that such phenomena also play
a key role in the interaction between the Ag-mordenite crystals
and the walls of the fungi studied, which in turn also have differ-
ences between them. Since Ag(6)Z contains highly dispersed silver
ions and the microbiological assays were performed at low oxygen
tension, it is assumed that the antifungal action is due to cationic
forms of silver released directly to the cell walls. For bacteria, it
has been proposed that silver ions have affinity for the sulfhydryl
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groups exposed on the cell walls, resulting in stable S-Ag groups,
which inhibits the H, transfer [47]. However, the interaction of
ions with fungi is different, since the latter require low concentra-
tions of some metal ions for their growth, such as Cu* or Zn*?,
which must be transported through the ion entry system. This
mechanism could also act for Ag* which has an atomic radius sim-
ilar to the above and, in addition, it has a higher electronegativity.
However, there is little information on the action mechanism of
Ag" against fungi, as well as on the different sensitivities exhibited
by different fungal species. But generally, it has been suggested
that there is a great variability in the response of yeasts and molds
to biocides, fungi being usually more resistant to these agents than
nonsporulating bacteria (except mycobacteria) [48].

The above discussed results show that the antifungal action of
Ag-mordenite was much more effective with respect to free silver
ions in solution suggesting the existence of a close interaction be-
tween the solid and the wall of the fungi. This contact would facil-
itate a direct and more efficient dosage of ions. Moreover, when
using free silver ions in solution, these ions may be complexed
by some ingredients of the culture medium, then reducing the bio-
available Ag" to interact with the fungi. In this sense, it is known
that several amino acids and proteins present in a synthethic med-
ium, as L-cysteine, L.-methionine, L-histidine, L.-tryptophan or albu-
min can inhibit the action of silver ions in solution [19]. In contrast,
when silver ions are encapsulated in the mordenite matrix they are
probably protected from these factors, allowing a higher bioavail-
ability to interact with the fungi walls.

4. Conclusion

The antifungal activity of Ag-exchanged mordenite exerted
against various isolates of fungal that develop under low oxygen
tension was investigated. The preparation conditions made it pos-
sible to stabilize cationic silver species exchanged in mordenite,
while preserving the framework of the zeolite. A material contain-
ing 6% w/w silver presented a very effective action against six fungi
which are problematic in the food industry. This action is provided
solely by cationic silver species present in the zeolite, which are
dosed directly into the walls of the microorganisms. This effect is
much more pronounced with respect to equivalent amounts of sil-
ver in solution as AgNOs. This is probably because the ions are pre-
served by the zeolite matrix, avoiding their complexation and
because of a close interaction between Ag-mordenite and the
microorganism. The effectiveness of inhibition was much more
pronounced for yeasts, particularly S. cereviseae, while fungi
showed a greater resistance, particularly G. candidum. This study
shows that Ag-exchanged mordenite is an effective biocide agent
against a variety of fungi of importance in the food industry.
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