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Abstract The composite system can be prepared by

incorporation of methylene blue (MB) into the channels of

zeolite and by adsorption on the surface of the crystals. The

composite photosensitizer effectively absorbs the red light

(kmax = 648 nm) and upon illumination with light-emit-

ting diode at a fluence rate of 1.02 mW cm-2 generates

effectively reactive singlet oxygen in aqueous solution,

which was proved by EPR spectroscopy. To test efficiency

for inactivation of pathogenic microorganisms, we mea-

sured photokilling of bacteria Escherichia coli and Staph-

ylococcus aureus and yeasts Candida albicans. We found

out that after the microorganisms have been adsorbed at the

surface of such modified zeolite, the photogenerated singlet

oxygen quickly penetrates their cell walls, bringing about

their effective photoinactivation. The growth inhibition

reached almost 50 % at 200 and 400 mg modified zeolite

in 1 ml of medium in E. coli and C. albicans, respectively.

On the other hand, the growth inhibition of S. aureus

reached 50 % at far smaller amount of photocatalyst

(30 lg per 1 ml of medium). These results demonstrate

differences in sensitivities of bacteria and yeast growth.

The comparison revealed that concentration required for

IC50 was in case of C. albicans several orders of magnitude

lower for a zeolite-immobilized dye than it was for a freely

dissolved dye. In S. aureus, this concentration was even

lower by four orders of magnitude. Thus, our work sug-

gested a new possibility to exploitation of zeolite and MB

in the protection of biologically contaminated environ-

ment, and in photodynamic therapy.
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Introduction

Photodynamic inactivation (PDI) of pathogenic microor-

ganisms is based on the interaction of visible light and

photosensitizer agent, which under photoactivation gener-

ates in situ short-lived cytotoxic species. Under excitation,

the photosensitizer is converted from singlet to triplet state

by an intersystem crossing. This process, in turn, interacts

with surroundings molecules to yield radical species and

hydrogen peroxide—known as the type 1 mechanism, or

transfers its energy to molecular oxygen (3O2) to produce

singlet oxygen (1O2)—known as the type 2 mechanism.

Both types of PDI result in localized cell death; however,

the principal photodynamic mechanism has been shown to
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Department of Environmental Engineering, Institute of Chemical

and Environmental Engineering, Faculty of Chemical and Food

Technology, Slovak University of Technology, Radlinského 9,
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be the type 2 mechanism, which generates the highly toxic
1O2 (Weishaupt et al. 1976).

Over the last 20–30 years, there has been a great deal of

interest in the roles played by 1O2 in photoinduced pro-

cesses in both plant and animal cells. Particular attention

has been focused on photoinduced events that result in the

cell death (Ledford and Niyogi 2005; Redmond and

Kochevar 2006). The photoinitiated, 1O2 mediated death of

cells has been exploited in a number of ways, ranging from

photodynamic cancer therapy (Dougherty et al. 1998) to an

antimicrobial treatment (Hamblin and Hasan 2004; Mo-

singer et al. 2007).

A photosensitizing agent with potentially optimal

properties for the treatment of microbial infections should

be endowed with specific features in addition to the

expected photophysical characteristics, such as a high

quantum yield for the generation of both the long-lived

triplet state and the cytotoxic 1O2 species. Such features

include the following (Jori et al. 2006):

• a large affinity toward microbial cells

• a broad spectrum of action in order to efficiently act on

infections involving heterogeneous flora of pathogens

• a mechanism of cell inactivation minimizing the risk of

inducing the selection of resistant strains or promoting

the development of mutagenic processes

• and the possibility to identify a therapeutic window

which allows (a) the extensive killing of the disease-

inducing microbial cells with minimal damage to the

host tissue in the area of infection and (b) the

prevention of the regrowth of the pathogens after the

treatment

An important step in research of the PDI was the dis-

covery that photosensitizers that are positively charged at

physiological pH values, such as phenothiazines (Wilson

et al. 1995), phthalocyanines (Minnock et al. 1996; Ron-

cucci et al. 2004, 2011), and porphyrins (Merchat et al.

1996; Gelfuso et al. 2011; Gois et al. 2010), directly pro-

mote the photoinactivation of both Gram-positive and

Gram-negative bacteria. While phenothiazine derivatives,

such as methylene blue (MB), are naturally cationic owing

to the involvement of one amino group in the p electron

cloud resonance, porphyrins and phthalocyanines can be

transformed into cationic entities through the insertion of

positively charged substituents into the peripheral positions

of the tetrapyrrole and tetraazaisoindole macrocycle,

respectively.

MB as a cationic organic dye exhibits significant anti-

microbial properties (Wainwright and Crossley 2002;

Tardivo et al. 2005; Saif Ur Rehman and Han 2013). It

inhibits the growth of various organisms such as bacteria

(Wainwright 1996; Wainwright et al. 1996), yeasts (Peloi

et al. 2008), parasites (Schirmer et al. 2003), and viruses

(Lee et al. 1997). Its antimicrobial efficiency is enhanced

upon illumination with visible light, which indicates

involvement of photosensitization mechanism in the MB

activity. Under aerobic conditions, MB produces signifi-

cant yields of 1O2 and other reactive oxygen species that

allow application of this dye as a disinfection agent with a

nonspecific antimicrobial attack. The photochemical

effects of MB blue depend on its molecular state. The

antimicrobial efficiencies of MB are significantly reduced

upon the formation of sandwich-type molecular dimers, so-

called H-dimers, or larger assemblies. The H-type assem-

blies are not only less-effective generators of 1O2, but also

quench coexistent photoactive species (Gabrielli et al.

2004). Thus, aggregation causes very fast regress of 1O2,

because the absorbed energy is released mainly by non-

radiative processes. By the use of a supporting structure, it

is possible to control aggregation process and self-

quenching of the dye, thus increasing its photostability

(Lang et al. 2005; Lacombe et al. 2009). Immobilization of

the dye creates a system, in which the photosensitizer and

microorganisms stay in separate phases. In such a system,

the degree of microorganisms deactivation depends largely

on the concentration of the dye at the carrier and on the

time of irradiation (Krouit et al. 2006).

During last three decades, considerable attention has

been given to investigation of the catalytic properties of

highly siliceous synthetic zeolite molecular sieves and to

the reaction mechanisms imposed by such structures. In

particular, the pentasil family of zeolites, of which ZSM-5

is an outstanding member, has exhibited very valuable

catalytic properties, including high chemical selectivity,

low coking (aging) tendency, and high turnover activity for

a variety of chemical reactions. The dimensions of the

pores in zeolite molecular sieves depend on the number of

Si or Al tetrahedra in the rings that make up the pore. X-ray

diffraction analyses show that ZSM-5 possesses two types

of pores, both of which are composed of 10-membered

Fig. 1 Crystal structure of ZSM-5 zeolite (a); three-dimensional

model of MB molecule—left-side view (b)
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tetrahedral rings, whereby one pore system is sinusoidal

with a nearly circular cross section of about 0.55 nm, the

other pore system is straight and perpendicular to the

sinusoidal system with elliptical pores of 0.52 9 0.58 nm

(Fig. 1; Caro et al. 1993).

Authors of the work (Meteš et al. 2004) investigated

several synthetic zeolites for cleaning printing ink waste-

water and found that adsorption is independent of the pore

structure. They showed that ZSM-5 was effective, while

other studied zeolites showed lower efficiency. Smaller

crystals of zeolites will have larger surface areas and less

diffusion limitations compared to zeolites with microme-

ter-sized crystals (Schmidt et al. 2000). Adsorption of the

MB into unmodified ZSM-5 zeolite was studied by Jin

et al. (2008). They found out that maximum of adsorbed

MB—8.67 mg g-1 into unmodified ZSM-5 zeolite can be

achieved at 25 �C, pH = 6.43, depending on the internal

surface area, ranging from 400 to 800 m2 g-1. This rela-

tively high value is possible owing to the fact that cations

in zeolite (Na?) may exchange with cations from solution

and thus improve the adsorption capacity for cationic MB.

We now describe an attempt to convert an inert carrier

(ZSM-5 zeolite) and active cationic sensitizer (MB) into a

heterogeneous photoactive system, and study its visible

light (red LED light) induced affects on pathogenic

microorganisms (Gram-positive bacteria Staphylococcus

aureus, Gram-negative bacteria Escherichia coli, and the

yeasts Candida albicans). The experiments were realized in

Department of Environmental Engineering and Department

of Biochemistry and Microbiology, Faculty of Chemical

and Food Technology, Slovak University of Technology in

Bratislava, Slovakia (April–November 2010). The possible

advantage of such a system may be the fact that zeolite

ZSM-5 does not contain voluminous inner spaces; rather its

inner structure is formed by a system of microchannels,

suitable for holding molecules of sensitizer—MB. Thus, a

stable system with tightly bound molecules of dye is cre-

ated, useful for suppressing their possible aggregation such

as was observed in the zeolite type Y with deposited thio-

nine dye, the pores of which reach the diameter of 0.7 nm

(Chrétien 2007). In the above-described system, it can be

assumed that after the microorganisms have been adsorbed

at the surface of such modified zeolite, the photogenerated
1O2 quickly penetrates their cell walls, bringing about their

effective photoinactivation.

Materials and methods

Preparation of composite ZSM-5-MB photocatalyst

The sodium form of ZSM-5 (Na-ZSM-5) was supplied by

the VÚRUP, a.s., Slovakia (molar module SiO2/

Al2O3 = 43.7; BET surface area = 303.22 m2 g-1; vol-

ume of pores = 0.393 cm3 g-1; total absorption vol-

ume = 304.59 9 10-6 m3 g-1; Br/nsted sites = 0.140

mmol g-1). Zeolite was washed with distilled water to

remove inorganic impurities, and 5 g of Na-ZSM-5 was

lightly ground and immersed in 100 ml of a deionized

water (pH 6.46) in which 0.4 g MB (3,7-bis(dimethyl-

amino)phenothiazin-5-ium chloride hydrate No. M9140;

Sigma-Aldrich, USA) was added. The mixtures were sha-

ken at 200 rpm for 15 h at the laboratory temperature.

Then, the modified zeolites were recovered by centrifuging

and washing several times with distilled water to remove

extra surfactants, dried in an oven at 120 �C, and then

stored in a desiccator for later use.

Characterization of the photocatalyst

The diffuse reflectance of UV–VIS spectrum was recorded

using an M-40 apparatus (Zeiss, Germany), and the trans-

formation of data to Kubelka–Munk parameters was done.

Pure ZSM-5 was used as a standard.

Registration of photogenerated 1O2 by EPR spectroscopy

Formation of 1O2 was determined using EPR method.

Suspensions of 2 ml of TEMP (2,2,6,6-tetramethylpiperi-

dine) solution (10-4 mol l-1) in chloroform with 20 mg of

modified zeolite were continually stirred in glass tubes and

irradiated (70 W m-2) by a 250 W halogen lamp through

5 cm water filter for 5 min. The generated 1O2 was mon-

itored indirectly by registration of an EPR signal from

2,2,6,6-tetramethylpiperidine-N-oxide (TEMPO) radical,

which was formed by the reaction of TEMP with 1O2. The

first-derivative EPR spectra of TEMPO were recorded at

modulation amplitude 0.1 mT and microwave power

5 mW in ERS-230 apparatus (ZWG, Germany).

Elemental analyses

Elemental analyses of tested materials were carried out on

a Vario Macro Cube (ELEMENTAR Analysensysteme

GmbH, Germany). Working temperature of the combustion

tube was 1,150 �C and that of the reduction tube was

850 �C. Helium (99.996 %) was used as the carrier gas

(120–125 kPa) at the flow rate of 600 ml min-1 and oxy-

gen (99.995 %; 200.0 kPa) as oxidizing agent. Sulfanil-

amide (ELEMENTAR Analysensysteme GmbH) was used

as the standard.

Fluorescent, SEM, and TEM observation

For fluorescence microscopy, an aliquot of microorganism

suspensions after PDI was treated for 5 min with Hoechst
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33,342 dye (10 lg ml-1 in ethanol) and placed on the

cover slip where it was analyzed under a Carl Zeiss Mi-

croimaging microscope (Gottingen, Germany), operating in

epifluorescence mode using BP 330–380 as the excitation

filter, U-MWU as the emission filter, and BA 420 as a

barrier filter. Images were made by a CCD camera. For

scanning electron microscopy (SEM) investigations, 3 %

fixation solution of glutaraldehyde buffered by phosphate

was used. Samples were dehydrated in graded acetone,

subjected to critical point drying by CO2 (CPD 030, BAL-

TEC, BG PR}OFZERT). Specimens were mounted on car-

bon stubs and coated with a layer of gold in ion-sputtering

apparatus (SCD 050, BALZERS, Lichtenstein). Surface

morphology of the zeolite samples was conducted by SEM

with JXA 840A instrument (JEOL) with the accelerating

voltage of 15 kV. The samples for transmission electron

microscopy (TEM) analyses were fixed in glutaraldehyde

solution (SERVA, Heidelberg, Germany) for 2 h. After

dehydrating the cells by graded alcohol, samples were

embedded into Durcupan ACM (Fluka AG, Busch, Swit-

zerland) and cut by ultramicrotome (C. Reichert, Wien,

Austria) and contrasted with uranyl acetate—lead citrate.

The thickness of samples was 100 nm. The morphology of

the microorganisms was studied by the analytical trans-

mission microscope JEOL, model TEM 2000FX equipped

with an ASID 20 band energy-dispersive probe Link AN

10,000. Transmission electrons were generated by electron

gun with acceleration of 160 kV, resolution 0.28 nm.

Photoinactivation of microorganisms with MB solution

and ZSM-5-MB complex

The effect of MB on E. coli CCM 3988, Staphyloccocus

aureus CCM 3953, and C. albicans CCM 8186 growth

from the Czech Collection of Microorganisms (Masaryk

University, Brno, Czech Republic) was determined by

micro-dilution method, carried out in micro-plates type P

(GAMA, Czech Republic). Mueller–Hinton broth (MHB)

or Sabouraud glucose broth (SGB) was inoculated with

overnight grown culture of microorganisms (final cells

density was 104 ml-1). All experiments were carried out in

two groups. One group was exposed to the light, and the

other group was kept in the dark. Two control groups were

prepared: one by adding 200 ll broth with cells of

microorganism (positive control) and the other by mixing

150 ll of broth without microorganism with 50 ll of MB

solution (as a background). About 150 ll broth inoculated

by microorganism was added to 50 ll of MB solution at

final concentrations ranging from 1–35 lmol l-1

(0.3739–13.0865 lg ml-1), 1–13 lmol l-1 (0.3739–

4.8607 lg ml-1), and 1–100 lmol l-1 (0.3739–37.3900

lg ml-1) for E. coli, S. aureus, and C. albicans, respec-

tively (Peloi et al. 2008). The light source was placed

vertically at the distance of 12 cm above the micro-plates.

These micro-plates were irradiated under shaking at 37 �C

for 8 h (E. coli and S. aureus) or 10 h (C. albicans). The

bacteria or yeasts growth was quantified spectrophoto-

metrically by ELx808 Absorbance Microplate Reader

(BioTek, USA) at 630 nm, measured until confluent

growth. The antimicrobial effect of MB was read from

toxicity curves.

The experiments in presence of ZSM-5-MB photocata-

lyst were carried out in 5-ml glass tubes (MHB or SGB

with microorganism cells and particular amount of ZSM-5-

MB). The amounts of photocatalyst were ranging from 100

to 400 mg ml-1, 5 9 10-3 to 0.2 lg ml-1,and 300 to

550 mg ml-1 for E. coli, S. aureus, and C. albicans,

respectively. The control samples were cultivated without

the presence of photocatalyst, and every sample in exper-

iments was prepared in three parallels. The light sources

were placed vertically at the distance of 12 cm above the

glass tubes. These tubes were irradiated under shaking at

37 �C and cultivated for 8 h (E. coli and S. aureus) or 10 h

(C. albicans). The standard plate count method was used to

determine the total number of viable cells as the colony-

forming units (CFU; Houghtby et al. 1992). The initial

sample was diluted through serial dilution in saline 10-1–

10-9 and 10-1–10-7 for bacteria and yeasts, respectively.

Diluted sample (100 ll) was placed on a sterile Petri agar

plate with the Mueller–Hinton agar (MHA) or Sabouraud

glucose agar (SGA) in triplicate sets. After incubation

(24 h at 30 �C), the number of colonies was counted (mean

value of three experiments). Each experiment was followed

by the experiment carried out in the dark. The number of

viable cells as CFU was calculated as a percentage in

comparison with the control without zeolite complex

(100 % growth).

For the light experiments, the LEDs (ImportExport, a.s.,

Slovakia) system (constructed using 4 units with 19 indi-

vidual LEDs) was used. Emission spectrum of light system

and radiation flux density were measured with an optical

fiber high resolution of Red Tide USB650 Fiber Optic

Spectrometer (Ocean Optics, USA). Radiation flux density

was 1.02 mW cm-2.

Results and discussion

In Fig. 2 is presented the differential reflectance spectrum

of MB incorporated into the channels of zeolite ZSM-5 and

adsorbed at the crystal surface (ZSM-5-MB). The shape of

the spectra indicates both MB in channels and MB adsor-

bed at the surface effectively absorbed the light with

kmax = 648 nm. The inspection of spectrum also shows

that below 600 nm there are no significant maxima indi-

cating the formation of dimers or bigger MB clusters
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(Tardivo et al. 2005). Such dimmers were observed after

incorporation of thionine into substantially larger cavities

of zeolite type Y (Ø * 0.7 nm) and supercages with

Ø = 1.18 nm (Chrétien 2007). Calzaferri and Gfeller

(1992) have reported that MB cannot be incorporated in the

pore of zeolite L, but adsorbed on the external surface to

form aggregates. In the study of Arvand et al. (2003) was

showed that MB molecules are intercalated in the channels

of mordenite zeolite as monomeric and dimeric species.

The ZSM-5-MB spectrum is in fact in good agreement with

the spectrum of aqueous MB (inserted spectrum in Fig. 2;

c = 5 9 10-5 mol l-1). This fact, in addition to the max-

imum of LED irradiation light lying close to the absorption

maximum of heterogeneous sensitizer ZSM-5-MB, is both

conducive to the effective photochemical generation of
1O2.

Shirazi et al. (2008) studied the effect of conditions

during synthesis of ZSM-5 zeolite on the morphology and

size its crystals. According to their results, the molar ratio

Si/Al does affect the BET surface area. At molar ratio 40,

the BET surface area reached 386 m2 g-1 at crystals size

of approximately 7 lm. Compared to our zeolite (BET

surface area = 303.22 m2 g-1), these values are somewhat

higher. That is why the adsorption capacity of our zeolite

was lower. The lower amount of physically adsorbed MB

compared to published values (Jin et al. 2008) may have

been the result of thorough washing of modified zeolite by

deionized water, which could have broken down some of

the dye aggregates. This indicates that MB is preferentially

adsorbed at the outer surface of crystals.

The absence of higher MB aggregates at the zeolite

surface was proven by comparing the TEM pictures of

unmodified and modified zeolite (not shown). We are thus

safe to assume that MB, present at both inner and outer

surface of zeolite crystal, would, after being irradiated with

visible light (k[ 400 nm), effectively excite molecules of

sensitizer (MB), followed by generation of 1O2 species. 1O2

generated by irradiation of the suspension H2O–ZSM-5-

MB by visible light in the presence of 10-4 mol l-1 TEMP

is illustrated in Fig. 3. In this figure, one can see triplet

corresponding to EPR signal of TEMPO, generated after

TEMP has been oxidized by 1O2. The spectroscopic

parameters of TEMPO in the studied suspension were as

follows: g = 2.0034; splitting constant 1.59 mT, in good

agreement with the published data (Bujdák et al. 2009;

Pavlı́ková et al. 2010; Šeršen et al. 2011). It can this be said

that the heterogeneous system ZSM-5-MB effectively

generates 1O2, and therefore, we used the system to pho-

toinactivation of pathogenic microorganisms.

First, it was necessary to test the behavior of the host

material alone (crushed synthetic ZSM-5 zeolite without

any photosensitizer) toward microorganisms. No microbial

inactivation was noticed either in the presence of zeolite in

darkness and light conditions as it is presented in previous

studies of Čı́k et al. (2001, 2006) or by irradiation (red LED

light) of the suspension without any added material. After

this control analysis, we could start to test our modified

zeolite on inactivation of various pathogens such as Gram-

negative bacteria E. coli, Gram-positive bacteria S. aureus,

and yeast C. albicans. In all experiments, the control

samples were cultivated without the presence of ZSM-5-

MB system and every sample was prepared in three par-

allels. Experiments carried out in the presence of ZSM-5-

MB complex in dark conditions (Fig. 4) were also needed

in our study where no growth inhibition was proved. Fig-

ures 4 and 5 demonstrate that the live cell counts of both

bacteria and the yeast depend on the amount of the phot-

ocatalysts used and exposure time (8 h for bacteria, 12 h

for the yeasts). We could assume that this fact is associated

with the increasing concentration of 1O2 generated during

irradiation as reported by the studies of Wainwright and

Crossley (2002) and Benabbou et al. (2011). The most
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sensitive to photodeactivation was the S. aureus, whereas

C. albicans was the least sensitive species. These findings

are in agreement with the results obtained from inhibition

experiments carried out in a medium containing dissolved

MB (Peloi et al. 2008). Difference in susceptibility of the

microorganisms to the photocatalyst can be due to a dif-

ferent cell structure and its synthesis during the growth

phase. Thus, we reached the specific inhibition growth of

bacteria and yeast cells in the combination of light and

ZSM-5-MB heterogeneous system, and therefore, we could

assume that the MB present inside and on the surface of the

zeolite crystals exhibits biological activity.

The best photodynamic response rate to eliminate bac-

teria was reached with an approximately 2.5-log10 reduc-

tion in CFU counts (50 %) observed following exposure to

648-nm light with an irradiance of 1.02 mW cm-2 for

E. coli at 200 mg ZSM-5-MB in 1 ml of medium. On the

other hand, the growth inhibition of S. aureus reached
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approximately 2.5-log10 reduction in CFU counts (50 %)

at far smaller amount of ZSM-5-MB (30 lg per 1 ml of

medium). The highest growth inhibition of C. albicans was

reached at amount of 550 mg modified zeolite per 1 ml of

medium namely approximately 1.5-log10 reduction in CFU

counts (50 %). The growth of S. aureus was influenced

more than the cells growth of E. coli. The results confirm

us that Gram-positive bacteria S. aureus are more suscep-

tible to MB photoinactivation as compared to Gram-neg-

ative bacteria E. coli. This difference is generally attributed

to variability in photosensitizers binding to the bacterial

surface and also to structural differences in bacterial cell

wall which limit penetration of active 1O2 species (Ergaieg

and Seux 2009). Gram-negative and Gram-positive bacte-

ria possess profound differences in their three-dimensional

architecture. Both groups of bacteria present an outer cell

wall. In particular, in Gram-positive bacteria, the outer wall

(15–80 nm thick) contains up to 100 peptidoglycan layers,

which are intimately associated with lipoteichoic and

negatively charged teichuronic acids. This wall displays a

relatively high degree of porosity, since various macro-

molecules, such as glycopeptides and polysaccharides with

a molecular weight in the 30,000–60,000 range, were found

to readily diffuse to the inner plasma membrane. Thus, in

this class of bacteria, the outer wall does not act as a non-

permeability barrier for the most commonly used photo-

sensitizers. On the contrary, the outer wall of Gram-nega-

tive bacteria possesses an additional 10–15-nm-thick

structural element, which is external to the peptidoglycan

network and has a very heterogeneous composition. Such a

highly organized system inhibits the penetration of host

cellular and humoral defense factors and triggers mecha-

nisms of resistance against foreign species. It is thus nec-

essary to devise suitable strategies that enhance the

permeability of the outer wall in order to make Gram-

negative bacteria sensitive to the action of photodynamic

Fig. 6 Images taken by

fluorescence microscope: E. coli

(a), S. aureus (c), and C.

albicans (e) cultivated without

red LED light in the presence of

ZSM-5-MB; E. coli (b), S.

aureus (d), and C. albicans

(f) cultivated under red LED

light in the presence of ZSM-5-

MB; bacteria were cultivated for

8 h and yeasts for 12 h
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processes (Jori et al. 2006). PDI can be also used to inac-

tivate yeasts and fungi. Yeasts constitute a large group of

rather disparate eukaryotic organisms, which are also

enveloped by the presence of a thick external wall, com-

posed of a mixture of glucan, mannan, chitin, and lipo-

proteins and separated from the plasma membrane by

periplasmic space. The available evidences point out that

response of such cells to photosensitized processes is less

strictly controlled by structural factors as compared with

Gram-negative bacteria (Paardekopper et al. 1995). The

existence of protective mechanism against 1O2 has been

known. It is based on the presence of carotenoids, taking

over the excitation from MB, thus lowering the concen-

tration of 1O2. This contributes to the inhibition effect of
1O2 on vital cells (Benabbou et al. 2011; Dahl et al. 1989).

Higher resistance in C. albicans to killing by 1O2 is the

result of presence of nuclear membrane, acting as addi-

tional barrier against penetration of 1O2 (Zeina et al. 2001),

or caused by cell size, these cells being 25–50 times larger

than are cells of S. aureus and E. coli (Zeina et al. 2001;

Calzavara-Pinton et al. 2005). While smaller cells of tested

bacteria are killed after being hit, and the effect spread over

entire cell, at sensitive sites by single 1O2, substantially

larger yeasts require multiple hits.

In order to illuminate the inactivation mechanism of

tested microorganisms and to evaluate the effectiveness of

the ZSM-5-MB sensitizer, we compared the counts of

surviving cells cultivated with and without the presence of

red LED light. Figure 6 shows frames obtained in the

fluorescence microscope of labeled bacteria and yeasts,

incubated in the dark and after finished photoinactivation.

These pictures show that the cells of all three tested

microorganisms get into close contact with the ZSM-5-MB

crystals already at ‘‘dark’’ cultivation. However, the cell

count after light cultivation plummeted. The direct contact

of tested cells in medium with the heterogeneous surface is

also supported by pictures taken by the SEM technique

(Fig. 7). As can be observed in Fig. 7, the microorganisms

sticked and concentrated around ZSM-5-MB system. The

contact between modified zeolite and bacteria or yeast

surface could induce a stress to the microorganisms making

them less resistant against external attacks. The lifetime of

singlet oxygen, which is only 3–7 ls in aqueous environ-

ment, makes it possible to cross only very short distances

not exceeding 0.1 lm. Thus, the microorganisms must take

time to diffuse toward silica particles, to closely link to the

material in order to allow the generated 1O2 to reach targets

on microorganisms (Benabbou et al. 2011). Many studies

of phenothiazine dyes on the various microorganisms

illustrated that the adhesion of photosensitizers to micro-

organism cells is achieved via electrostatic interactions

between the positive charged carried by the photosensitizer

ions and the negatively charged groups on the outer surface

of the cell walls (Mellish et al. 2002; Phoenix and Harris

2003; Harris et al. 2005).

It can thus be assumed that the decisive factor in inac-

tivation bacteria is the lifetime of 1O2 species, within which

it can penetrate the cell wall and destroy the cell by its

cytostatic effect. In such a scenario, it is essential that

heterogeneous sensitizer comes into ‘‘direct contact’’ with

surface of microorganism during the illuminated cultiva-

tion, i.e., the phase in 1O2 which is generated. The time

Fig. 7 Images generated by SEM: E. coli (a), S. aureus (b), and C.

albicans (c) with the effect of red LED light. The pictures clearly

show microorganisms being in contact with the crystals of zeolite

photocatalyst
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dependence of 1O2 generation was studied by Lissi and

Rubio (1990). The authors found that in water 1O2 reaches

at lifetime s1 = 1 ns the mean molecular trajectory of

1.6 nm, at s2 = 100 ns it was 16 nm, and at s3 = 4 ls

100 nm. Measurements of 1O2 in zeolite of the type Y

revealed (Jockusch et al. 2005) that the 1O2 depended on

the environment (incorporated sensitizer) in the channels of

zeolite. In case of thionine, structurally similar to MB, the

lifetime of 1O2 reached 2.8 ± 0.1 ls. Pace and Clennan

(2002) determined 7.5 ls as upper limit of 1O2 lifetime,

when generated in Y zeolite type with incorporated MB.

The published values of the 1O2 lifetime and the derived

calculated mean molecular trajectories led to the conclu-

sion that in the heterogeneous system studied by us and

containing photosensitizer, ZSM-5-MB conditions condu-

cive to inactivation of microorganisms prevail (in spite of

longer diffusion path of 1O2 through the zeolite channels).

Ultrastructural changes in the cells of E. coli, S. aureus,

and C. albicans were analyzed by TEM. This microscopy

represents a suitable tool for evaluation of morphology and

microstructure of microorganism cells (Wu et al. 2010).

Fig. 8 shows a representative TEM picture of E. coli (a), S.

aureus (c), and C. albicans (e) cells prior to

Table 1 Comparison of dissolved MB and MB immobilized on the

zeolite ZSM-5, required for reaching the IC50 values of inactivated

microorganisms

Microorganism MB dissolved in

medium (mol l-1)

MB immobilized on ZSM-5

in medium (mol l-1)

E. coli 1.03 9 10-2 2.70 9 10-3

S. aureus 2.44 9 10-3 2.03 9 10-7

C. albicans 1.57 9 10-2 3.71 9 10-3

Concentrations of MB immobilized the zeolite ZSM-5 were calcu-

lated from elemental analysis data, using the amount of heterogeneous

sensitizer required to reach IC50

Fig. 8 Microorganisms on

TEM images after the

photodynamic effect of

photosensitizer ZSM-5-MB;

E. coli (a), S. aureus (c), and C.

albicans (e) cultivated in

darkness; E. coli (b), S. aureus

(d), and C. albicans (f) exposed

during the cultivation to red

LED light
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photoinactivaton. In these undamaged samples cells of

bacteria, yeast possess a well-defined shape, regular cell

wall outline, and stable inner compartments, corresponding

to full inner zone of proteins and DNA molecules. After

inactivation by red light in the presence of photocatalyst

ZSM-5-MB, cell morphologies were unambiguously

changed. It follows form Fig. 7b, d, and f that the photo-

dynamic effect caused ultrastructural changes in them

(sample of microorganisms for TEM analysis was taken at

time of reaching IC50). On TEM pictures, the changes

manifested themselves mainly by the destruction of cell

wall and cell membrane, even to depletion of inner cell

material (not seen in the picture). After being photody-

namically hit, some cells almost completely ‘‘lost’’ their

contour. At such extent of damage to cell wall, the cyto-

plasm and the inner cell compartments can freely flow out

and thus inactivating the cells.

In order to elucidate and quantify the effectiveness of

inactivation of pathogenic microorganisms by photogen-

erated 1O2 in more detail, we compared the amount of MB

in the medium required for 50 % inhibition effectiveness

(IC50) in experiments when light cultivation of media with

dissolved MB was used as well as for experiments when

MB was immobilized in the zeolite pores (Table 1).

The comparison revealed that concentration required

for IC50 was in case of C. albicans and E. coli one order of

magnitude lower for a zeolite-immobilized dye than it

was for a freely dissolved dye. In S. aureus, this con-

centration was even lower by four orders of magnitude.

Such enhancement of microorganism toxicity in immo-

bilized MB over dissolved MB can be accounted for by

accelerated 1O2 generation at MB-treated zeolite surface,

which being in physical proximity of to the surface

attached microorganisms immediately diffuses into the

membrane structure. Since it may likewise be assumed

that in such a system the photoinactivation effect is based

on mechanism type 2, it is less likely that the nonirradi-

ated environment would be damaged, even though the

dissolved MB could have diffused into it. Study of Kohno

et al. (2008) reported that when the dye is incorporated

into the pore of the zeolites, the stability of complex is

enhanced, and a large stabilization effect is obtained by a

tight adsorption with a narrow pore, as long as the dye is

incorporated into the pore, and therefore, we could

assume of more efficiently control of 1O2 generation.

Enhanced antimicrobial effect of a photoactive MB, in the

colloids of clay mineral, was observed in the work of

Bujdák et al. (2009). Surprisingly, while MB adsorbed on

clay minerals lost the ability to produce 1O2 due to

molecular aggregation, the photoantimicrobial activity

was significantly enhanced. In the study of Rychtáriková

et al. (2012), mesoporous organosilica–porphyrin com-

posites showed high biocidal efficiency for the

inactivation of E. coli BL21(DE3) (pET16bDsRed) strain.

The disinfection efficiency against E. coli in water of new

silica-based materials containing aromatic photosensitiz-

ers was studied by Benabbou et al. (2011). Bonnett et al.

(2006) tested several photosensitizers in E. coli inactiva-

tion and demonstrated that the chitosan–phthalocyanine

association was the most effective to inactivate microor-

ganisms. As can be seen, there is a strong demand to

identify new strategies for disinfection as well as treat-

ment of plant, animal, or human pathogens.

Conclusion

The system with the MB and ZSM-5 zeolite was more

efficient in the reduction in surviving cells than those

containing MB alone. It is also possible charge that the

addition of zeolite materials significantly enhanced the

photoantimicrobial efficiency of MB. The greatest differ-

ence was observed in the combination of MB and zeolite

materials for S. aureus. The enhanced photoantimicrobial

activity of ZSM-5-MB complex was confirmed also for

E. coli and C. albicans. Thus, MB fixed in the zeolite

microstructure is photochemically active and takes part in

the generation of singlet oxygen as shown above. More-

over, by incorporation of MB into zeolite channels, cavities

may decelerate her gradual release into the medium, and

therefore, it can be more probably assumed a more effec-

tive control of the singlet oxygen generation.
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mineral particles as efficient carriers of methylene blue used for

antimicrobial treatment. Environ Sci Technol 43:6202–6207.

doi:10.1021/es900967g

70 Int. J. Environ. Sci. Technol. (2015) 12:61–72

123

http://dx.doi.org/10.1016/S0003-2670(03)00790-6
http://dx.doi.org/10.1016/S0003-2670(03)00790-6
http://dx.doi.org/10.1016/j.jphotochem.2011.01.023
http://dx.doi.org/10.1016/j.watres.2006.01.014
http://dx.doi.org/10.1021/es900967g


Calzaferri G, Gfeller N (1992) Thionine in the cage of zeolite L.

J Phys Chem 96(8):3428–3435. doi:10.1021/j100187a047

Calzavara-Pinton PG, Venturini M, Sala R (2005) A comprehensive

overview of photodynamic therapy in the treatment of superficial

fungal infections of the skin. J Photochem Photobiol, B 78:1–6.

doi:10.1016/j.jphotobiol.2004.06.006

Caro J, Noack M, Richter-Mendau J, Marlow F, Petersohn D,

Griepentrog M, Kornatowski J (1993) Selective sorption uptake

kinetics of n-hexane on ZSM 5—a new method for measuring

anisotropic diffusivities. J Phys Chem 97:13685–13690

Chrétien MN (2007) Supramolecular photochemistry in zeolites: from

catalysts to sunscreens. Pure Appl Chem 79:1–20. doi:10.1351/

pac200779010001
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namic efficiency of porphyrins encapsulated in polysilsesquiox-

anes. Chem Pap 66(4):269–277. doi:10.2478/s11696-012-0153-3

Saif Ur Rehman M, Han JI (2013) Biosorption of methylene blue

from aqueous solutions by Typha angustata phytomass. Int J

Environ Sci Tech 10(4):840–865. doi:10.1007/s13762-012-

0128-5

Schirmer RH, Coulibaly B, Stich A, Scheiwein M, Merkle H, Eubel J,

Becker K, Becher H, Müller O, Zich T, Schiek W, Kouyaté B
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