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Synergistic effect

Anionic photosensitizers such as rose Bengal (RB) exhibit low efficiency in the photoinactivation of Gram-
negative bacteria. Different strategies have been developed to improve their efficiency being the most effec-
tive the addition of the photosensitizer to organic cationic materials. In this context, we have designed the
synthesis of a novel heterogeneous photocatalyst based on silica in which the oxidizing properties of singlet
oxygen photogenerated by RB have been combined with the chemoattraction of the bacteria to the cationic

chains and their biocidal action. Thus, RB and cationic chains have been covalently linked to glass wool to obtain
a photocatalyst that showed a highly efficient photodynamic activity against the Gram-positive (Enterococcus
faecalis) and Gram-negative (Escherichia coli) bacteria. In addition, the new heterogeneous photocatalyst also
resulted to be efficient in the decontamination of drugs such as diclofenac under visible light irradiation.

1. Introduction

The overuse of antibiotics for the treatment of infectious diseases is
the main cause of the development of antibiotic resistance by clinical
pathogens. Numerous studies have shown that pharmaceutical com-
pounds are continuously emitted into the environment as a result of
anthropological activities. The main drugs found in wastewater are
antibiotics, analgesic and anti-inflammatory, disinfectants, etc. These
compounds are excreted mainly in the urine (55-80%), less in the faeces
(4-30%), as unmetabolized, metabolized or conjugated substances with
inactivating bio-substances, which in the case of antibiotics implies a
great risk to human health [1-3]. Escherichia coli is one of the bacteria
that causes the greatest number of infections in mammals and the
appearance of multidrug-resistant E. coli strains has resulted in signifi-
cant morbidity and mortality in humans [4,5]. The microbial resistance
against conventional methods has directed scientific efforts in the search
for alternative and efficient methods of inactivation of microorganisms.
In this regard, antimicrobial photoinactivation (PDI) has proven to be a
promising method for efficient inactivation against a wide variety of
pathogens, including multi-resistant bacteria [6,7]. This method is
based on damage to bacteria, viruses, protozoa and fungi by reactive
oxygen species (ROS) generated by the activation of a photosensitizer
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(PS) by an appropriate light wavelength in the presence of molecular
oxygen [8]. It is known that the photoinactivation of Gram-positive and
Gram-negative bacteria is dependent on the chemical structure of the PS
[9]. In general, neutral, cationic, or anionic PS can easily inactivate
Gram-positive bacteria; however, this factor is crucial for Gram-negative
bacteria, because only cationic PS have been shown to be efficient in the
photoinactivation [10-12]. In addition, there is no relationship between
the singlet oxygen quantum yield associated to the PS and the efficiency
of Gram-negative inactivation [7]. The difference in the photo-
inactivation of the two bacteria is associated with a more complex cell
wall in the case of Gram-negative bacteria, which also possess an
additional highly organized outer membrane composed of strongly
negatively charged lipopolysaccharides, phospholipids, lipoproteins,
and proteins [13]. The repulsion forces between the negative charges on
the surface of the outer membrane of Gram-negative bacteria and
anionic PSs are responsible for the observed inefficiency. Rose Bengal
(RB) is one of the anionic PSs with the highest singlet oxygen quantum
yield, which as expected, exhibits low efficiency in photoinactivation of
Gram-negative bacteria [14]. In this sense, strategies are being devel-
oped to favour the electrostatic interaction of the PS with the outer
membrane, such as including cationic substituents, or co-administration
of a disrupting agents enhancing the penetration of PS to inner cell
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compartments (eg. L-lysine, ethylenimine, polimyxins, EDTA, etc) [6,10,
15-18]. Their efficiency depends on the number and nature of cationic
groups incorporated in the photosensitizer [19,20], which requires
complex synthetic protocols and may negatively affect their photo-
physical and physicochemical properties [15,21]. Although numerous
heterogeneous photocatalysts have been synthesized with RB covalently
and electrostatically on various supports: polymeric matrices [22-26],
silica matrices [27-29], and fabrics [30-34]; there are only studies
showing increased bactericidal action against Gram-negative bacteria
using ion exchange resins as cationic polystyrene supports [35,36].

In this context, we propose herein the development of a novel het-
erogeneous photocatalyst, with the aim to improve the bactericidal ac-
tion of RB against Gram-negative bacteria, without altering its
photophysical properties and its efficacy against Gram-positive bacteria.
To achieve this goal, a reference anionic PS, such as RB, and cationic
chains are covalently anchored to silica materials such as glass wool
(GW). In parallel, RB is covalently attached to GW following an already
described protocol giving rise to a second photocatalyst. Comparison of
the performance of two photocatalysts in water disinfection and
decontamination, illustrates the synergetic effect of the PS and cationic
chains.

2. Material and methods
2.1. Synthesis of heterogeneous photocatalysts

GW surface activation was performed by adapting a described pro-
cedure [37]. The GW was soaked for 14 h in a 6 M HCl solution and then
recovered by decantation, washed ten times with Milli-Q water and then
treated with 1 M NHj3 for 5 min. Afterwards, the GW was washed again
with Milli-Q (3 x 15 min) until pH ~10. The resulting material was
washed with EtOH and dried in the oven at 100 °C overnight prior to
further functionalization.

2.2. Synthesis of RB-APTES

Rose bengal disodium salt (200 mg, 0.196 mmol) was dissolved in 5
mL of acidic water (pH ~2) for 5 min at room temperature, in order to
obtain the protonated acid form. The acid RB was precipitated, recov-
ered via vacuum filtration and dried overnight to get a dark red solid
(180 mg, 95%). An excess of SOCl; (2.0 mL, 27.4 mmol) was added to a
stirred solution of acid RB (180 mg, 0.185 mmol) in anhydrous CH»Cl,
(20 mL) under nitrogen atmosphere. The reaction mixture was heated at
40 °C for 15 h under stirring, then the excess of SOCl; and the solvent
were removed at reduced pressure, and the crude product used in the
next step without further purification. 3-Aminopropyltriethoxysilane
(52 pL, 0.221 mmol) was added into a stirring solution of the previous
crude dissolved in anhydrous CH2Cly (10 mL) under nitrogen atmo-
sphere. The stirred reaction mixture was heated at 40 °C for 24 h, and
then concentrated to give a pink solid (RB-APTES), that was used
immediately in the next step without further purification.

2.3. Synthesis of QA-APTES

To a stirred solution of 3-aminopropyltriethoxysilane (635 pL, 2.71
mmol) in dry EtOH (10 mL) was added glycidyltrimethylammonium
chloride (808 pL, 5.42 mmol) at room temperature. The stirred reaction
mixture was heated for 24 h at 60 °C, under nitrogen atmosphere. The
resulting solution was concentrated to give a colourless oil (QA-APTES)
that was used immediately in the next step without further purification.

2.4. Synthesis of GW-RB+
Activated GW (12.6 g) was added to a stirred solution of RB-APTES

(150 mg, 0.127 mmol) and QA-APTES (500 mg, 0.955 mmol) in dry
toluene (250 mL), and the mixture was heated at 110 °C under stirring
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for 72 h. After cooling down to room temperature, the material was
subsequently washed with toluene (3 x250 mL), EtOH (3 x250 mL) and
water (3 x250 mL). Finally, the resulting heterogeneous photocatalyst
(GW-RB+) was dried in the oven at 100 °C overnight.

2.5. Synthesis of GW-RB

Activated GW (10 g) was added to a stirred solution of RB-APTES
(120 mg, 0.102 mmol) in dry toluene (250 mL), and the mixture was
heated at 110 °C for 38 h. After cooling down to room temperature, the
material was subsequently washed with toluene (3 x250 mL), EtOH (3
%250 mL) and water (3 x250 mL). Finally, the resulting heterogeneous
photocatalyst (GW-RB) was dried in the oven at 100 °C overnight.

2.6. Antibacterial Tests

2.6.1. Photodynamic antibacterial tests

The concentration of the bacterial suspensions was estimated using a
Neubauer chamber and adjusted to 1 x 10° bacteria/mL by diluting with
sterile distilled water. In all cases, the estimated concentration was
further confirmed by a colony count in PCA.

Antimicrobial activity of the materials along the treatments was
determined by using standard plate count methods in order to estimate
the number of viable bacteria.

In order to ensure the same concentration of photosensitizer,
different quantities of synthetized materials were assayed. Hence, GW-
RB+ (250 mg) and GW-RB (190 mg) were added to Pyrex glass vials (2.9
cm diameter x 6.5 cm height) containing 20 mL of bacterial suspension
(1 x10° bacteria/mL). Vials were placed in the bottom of the photo-
reactor (see SI) where irradiance was determined to be 6.75 mW/cm?.
According to this datum, samples were irradiated with a light dose up to
a maximum of 48.6 J/cm?, in the case of E. coli (irradiation time = 120
min) and 12.2 J/cm? for E. faecalis (irradiation time = 30 min). The
samples were maintained at constant shaking during the treatments.

Periodically, aliquots (0.5 mL) of the bacterial suspensions were
withdrawn from which serial decimal dilutions were made. The appro-
priated dilutions (100 pL) were then spread plated on PCA plates and
incubated overnight to estimate the number of viable bacteria. All the
information about data analysis is described in SI.

2.6.2. Photodegradation of drugs

GW-RB+ (140 mg), GW-RB (105 mg) and RB aqueous solution (1.59
uM) were added to Pyrex glass tubes containing 10 mL of an aqueous
solution of diclofenac (5 x10~° M) and irradiated under magnetic stir-
ring. To monitor the removal of the pollutant, aliquots of 180 uL were
taken at different irradiation times, and analyzed by HPLC, using 4-
nitrobenzoic acid (20 pL of a 0.1 mM solution) as internal standard.

3. Results and discussion

3.1. Synthesis and characterization of novel GW-RB+ and GW-RB
photocatalysts

We describe in this work the preparation of the novel heterogeneous
photocatalysts (GW-RB+) by covalent anchoring of Rose Bengal and
cationic chains, to the inorganic support (GW), as detailed in Scheme 1.
For this purpose, RB and the cationic chains were previously function-
alized with an aminosilane connector (APTES), in order to control the
derivatization of the GW, and thus avoid non-reacting areas due to steric
hindrance, low reactivity or accessibility of the amino groups, if the GW
surface had been derivatized with APTES, which is the most common
strategy [29,37]. In the synthetic protocol developed herein, the acid
halide of RB was generated by treatment with thionyl chloride, followed
by formation of an amide bond with the amino group of APTES
(RB-APTES). In parallel, the amino group of APTES efficiently attacked
two equivalents of the epoxy group of glycidyltrimethylammonium
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1. Derivatization of RB with APTES to give RB-APTES
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Scheme 1. General procedure for the covalent anchoring of derivatized RB
(RB-APTES) / cationic chains (QA-APTES) to GW giving rise to the new pho-
tocatalysts: GW-RB+ and GW-RB.

chloride giving rise to the formation of two positive charges per chain
(QA-APTES). Next, the covalent immobilization of QA-APTES and
RB-APTES to the GW was achieved in a single step. For our dual het-
erogeneous photocatalyst, GW-RB+, a large excess of the cationic chains
versus the PS was employed in an attempt to maximize its efficiency in
Gram-negative bacterial inactivation by achieving a high positive
charge of the support. With this chemoattraction strategy, unlike ho-
mogeneous photocatalysis or the co-administration of disrupting agents,
the penetration of the PS inside the cell is not required to trigger the
bacterial inactivation mechanism. Although there is a precedent in the
literature for covalent anchoring of RB to GW (GW-RB) [29], we decided
herein to prepare our GW-RB, from the synthesized RB-APTES, since it
will be eventually used for comparative purposes. Moreover, it also
demonstrates the versatility of the synthetic process to functionalize the
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GW with analogous RB loading. The developed strategy could also be
applied to the preparation of future heterogeneous photocatalysts with
other PSs.

Microscopic analysis of GW-RB+ (Fig. S1) demonstrated that the
covalent anchoring processes of the photosensitizer and cationic chains
did not alter the morphology of the fibers. The diffuse reflectance
spectra of GW-RB+ and GW-RB showed absorption profiles that
resemble the absorption spectra of RB in solution, confirming that in
both cases RB is anchored to GW (Fig. S2A). Interestingly, in the two
photocatalysts the maximum absorption of RB exhibited a bathochromic
shift of 24 nm on GW (Apax= 560 nm) compared to the homogeneous
aqueous solution (Amax= 546 nm), in agreement to similar effects
described previously for a heterogeneous photocatalyst similar to the
GW-RB synthesized herein [29]. This bathochromic shift could be
attributed to the less polar environment offered by the amide bond
compared to the carboxylic acid when RB is free in water (see Fig. S2B)
[38].

Analogously, the fluorescence emission spectra of GW-RB+ and GW-
RB also showed bathochromic shifts (Amax, gw-rB+ = 615 nm and A pax,
Gw-rB = 595 nm) compared to the RB in homogeneous aqueous solution
(Amax = 567 nm) (see Fig. S3). The bathochromic effect may be due to
covalently anchoring of RB to GW, in agreement to similar effects
described previously in the literature for a similar GW-RB [29], and for
other xanthene dyes attached to heterogeneous materials (cotton fabric,
wool/acrylic fabric, cellulose, etc.) [33,39]. Moreover, this bath-
ochromic shift has also been attributed to a difference in energy stabi-
lization patterns resulting from the loss of hydrogen bonds upon
carboxylate derivatization [40,41]. Furthermore, the greater redshift in
the case of GW-RB+ could be associated to the presence of the cationic
chains which restrict the movement of RB in the GW-RB+ , hindering
conformational changes between its transition states.

Next, to determine the loading of RB in the photocatalysts, we have
developed a protocol based on the use of pressurized steam that does not
alter the physical properties of the GW (see details in SI and Fig. S4).
Briefly, the concentration of RB released into the aqueous medium in the
autoclaving process (110 °C for 15 min under pressure) from GW-
RB+ and GW-RB was determined by UV/VIS spectroscopy. The results
revealed that there was a percentage of RB of 0.0155% and 0.0206% (w/
w) for GW-RB+ and GW-RB, respectively. This novel protocol has the
advantage of being much more sensitive and less tedious than those
based on the difference between the initial and final dye concentration
in the reaction media. In the latter, it is necessary to combine the mul-
tiples washes to which these materials are subjected and arrange the
final pH, inducing a greater error in the quantification [42]. Fig. S4c
shows that after the pressurized steam process the residual GW do not
exhibit the typical RB absorption profile, demonstrating the high effi-
ciency of the developed process.

It is interesting to highlight that the presence of QA-APTES together
with RB-APTES in the reaction media for the synthesis of GW-RB+ , only
results in a small decrease in the loading of RB (0.0155%, w/w)
compared to the one achieved in the synthesis of GW-RB (0.0206%, w/
w). We believe that the small interference of the QA-APTES, could be
due to the repulsion forces and low solubility of the cationic chains in
toluene; that would result into a more slowly incorporation on the sur-
face of the GW than RB-APTES.

The generation of !0, when illuminating GW-RB+ and GW-RB was
evaluated chemically, upon oxidation of 9,10-diphenylanthracene
(DPA) to its corresponding endoperoxide (Scheme S1) [43]. Thus, in
the presence of the same amount of PS, the disappearance of DPA,
monitored by UV/Vis spectroscopy, was faster under homogeneous
conditions (< 90 min); nevertheless, it was also efficient for
GW-RB+ and GW-RB (Fig. S5). Even more interestingly, this experiment
also demonstrated the enhanced stability of RB upon heterogeneization.
In fact, in the case of GW-RB+ and GW-RB the pink color remained after
3 h irradiation (see Fig. S6), while it completely faded after 90 min
under homogeneous conditions [44].
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In addition, recycling experiments performed under conditions
similar to those previously described [29], revealed that both hetero-
geneous photocatalysts (GW-RB+ and GW-RB) kept good efficiencies for
2 catalytic cycles, when tested in photooxidation of DPA to the corre-
sponding endoperoxide (Fig. S7A). Moreover, although their photo-
catalytic activity was maintained up to six cycles, the efficiency of
GW-RB+ was around 30%, while the efficiency of GW-RB was less than
10% after three cycles.

Finally, the absence of leaching was confirmed by the absorption
spectra of the corresponding supernatants after the first catalytic cycle
(Fig. S7B).

3.2. Bactericidal activity of GW-RB+ and GW-RB photocatalysts

The bactericidal activity of GW-RB+ and GW-RB was evaluated by
exposing them to green light in the presence of bacterial suspensions at
an initial concentration of approximately 1 x 10® ufc/mL (Fig. 1).

The photocatalysts showed a highly efficient photodynamic activity
against our Gram-positive bacterium E. faecalis (Fig. 1). After 10 min of
irradiation, both materials were able to induce a reduction of viable
colonies of more than 1 log;o unit, being slightly more efficient GW-RB
than GW-RB+. Ten minutes later, an important difference in activity
levels of the materials was observed. Thus, while GW-RB+ reduced the
survival approximately 3 log1 (99.9% of bacterial inactivation), GW-RB
reached 5 logj( of reduction, which means a bacterial inactivation of
99.999%, two orders of magnitude more than that obtained with GW-
RB+. At the end of the experiment (30 min), both materials showed an
efficiency that was practically complete in the case of GW-RB+
(99.99993% bacterial inactivation, which is more than a 6 log;o of
survival reduction) and fully complete (100% bacterial inactivation)
with GW-RB.

According to the above results, GW-RB+ showed, at intermediate
times of exposure, an inactivation kinetic slower than that shown by
GW-RB. This result could be explained considering that the experiments
were carried out with the same quantity of PS, which involves 250 mg of
GW-RB+ versus 190 mg of GW-RB. Thereby, as the amount of GW-
RB+ is higher, but with lower number of PS per surface unit than that of
GW-RB, the photosensitizing activity of GW-RB+ would be slower than
that of GW-RB when the bacteria approach the GW surfaces.

The ANOVA results for E. faecalis survival revealed significant effects
of all main factors. Thus, GW-RB was significantly more efficient inac-
tivating bacteria than GW-RB+ (Fq, 3 = 6.14; P = 0.0165). The irradi-
ation factor (light vs darkness) was highly significant (F, ¢3 = 147.68;
P<0.0001), clearly showing that, in light conditions, bacterial survival

Enterococcus faecalis
®7 W A 3

—&—GW-RB+(L) - ® -GW-RB+(D) —e—GW-RB(L) - ® —GW-RB (D)

Survival [log,,(ufc/mL)]
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was efficiently reduced. In addition, an important and significant effect
of the time factor was found (F3, 63 = 124.03; P<0.0001), this being that
bacterial survival was progressively and negatively affected as exposure
time increased. In fact, the LSD multiple range test revealed statistically
significant differences for each of the levels (0, 10, 20 and 30 min).
Lastly, the statistical analysis disclosed that there were significant
interaction effects between the type of material and irradiation factors
(F1, 63 = 9.61; P =0.0031) as well as between irradiation and time
factors (F3, 63 = 21.40; P<0.0001).

In the case of our Gram-negative bacterium, E. coli, only GW-
RB+ was effective inactivating the bacteria, while the bactericidal effect
of GW-RB was negligible (Fig. 1). In our conditions, 60 min irradiation
of GW-RB+ was required in order to obtain a reduction in survival equal
to two orders of magnitude. Nevertheless, after 120 min, the level of
reduction in survival was greater than 4 log; o, which is fairly close to the
level required for disinfection (5 logyp). This desired level could be
achieved by increasing the exposure time, as it can be extrapolated from
the bacterial inactivation kinetics of our data, or also by increasing the
amount of GW-RB+ or RB loading and/or the cationic chains on the GW.

Escherichia coli survival results obtained for GW-RB+ were analysed
using a two-way ANOVA with irradiation (light vs darkness) and time (O,
60 and 120 min) as factors. Both factors showed statistically significant
effects revealing that the material enhanced their efficiency when irra-
diated with green light (F = 7.33; P =0.0123) and when the time of
exposure to the light increased (F = 410.82; P<0.001). In addition, in
this case, no significant interaction between the factors was disclosed (F
= 0.68; P = 0.5169). With respect to GW-RB, it has been observed that
the total lack of positive charges causes a complete loss of activity,
showing, in our experimental conditions, the same negligible levels of
bacterial inactivation both with light exposure and without it.

The time required for inactivation of Gram-negative bacteria exceeds
that required for Gram-positive bacteria, and is associated to the dif-
ference in cell wall structure. The cell wall of Gram-positive bacteria
consists of a peptidoglycan layer while that of Gram-negative bacteria
possesses an additional outer membrane. This second layer would be
responsible for reducing the penetration of singlet oxygen into the
cytoplasm, thus conferring to Gram-negative bacteria their lesser sus-
ceptibility to photodynamically active bactericides [45,46].

Interestingly, all bacterial tests performed in dark conditions using
GW-RB+ always showed some reduction of viable colonies, especially
for Gram-negative bacteria where after 60 min of incubation is observed
a colonies reduction of 90-95% (ca. 1logio unit), a level which
remained almost unchanged up to the end of the experiment (120 min).
Although part of the reductions could be due to the adsorption of

Escherichia coli
° ¥ ° ¥
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Fig. 1. Photocatalytic antimicrobial activity against Gram-positive (Enterococcus faecalis) and Gram-negative (Escherichia coli) bacteria under green-light irradiation

(8 lamps of Apx=520 nm). Data are means =+ standard error (n = 4).
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bacteria to GW, this effect is mainly caused by the toxicity of the positive
charges of the material, because it is well-known that most bacterial cell
walls are negatively charged and the mechanism of the bactericidal
action of the polycationic biocides involves destructive interaction with
the bacteria wall [47,48].

Therefore, the designed GW-RB+ is able to cause a strong synergistic
effect (> 4 log1o to 120 min) between the cationic chains and the action
of RB under irradiation which results in a high efficient inactivation of
Gram-negative bacteria. Thereby, the cationic charge on surfaces of this
heterogeneous organic photocatalyst plays a dual role: its own bacteri-
cidal action and to enhance the activity of the photosensitizers which
would be mainly produced by the generation of singlet oxygen as an
oxidant reactive species. In fact, the formation of 10y by GW-RB+ and
also by its control photocatalyst GW-RB has been demonstrated (see Fig
S5). Thus, the synthetic process developed in this study can be applied
for the development of self-disinfecting surfaces in all type of silica-
based materials.

3.3. Photodegradation properties of GW-RB+ and GW-RB photocatalysts

In order to check the potential of GW-RB+ and GW-RB as photo-
catalysts for decontamination, we selected the commonly used drug
diclofenac (DCF) and evaluated its removal from aqueous media, upon
selective excitation of the photocatalysts under green LED light. The
anionic charge of DCF would allow evaluating whether the chemo-
attraction to the cationic chains would favour or not the photo-
degradation. Thus, the removal of > 90% of DCF was easily achieved in
the presence of either GW-RB+ or GW-RB after 3 h irradiation (Fig. 2).
However, no differences were observed in the behaviour of the two
heterogeneous photocatalysts, indicating that the chemoattraction pro-
cess between the anionic drug and the positively charged GW-RB+ does
not play an important role in the case of small molecules readily soluble
in water. In agreement with this hypothesis, no decrease in the con-
centration of DCF was observed in dark.

Moreover, in the presence of homogeneous RB, removal of DCF fol-
lowed the same trend as under heterogeneous conditions; however, after
60 min irradiation a plateau was reached, stopping the photo-
degradation upon 60% removal, mainly due to the much lower photo-
stability of RB compared to the heterogeneous GW-RB+ and GW-RB (see
Fig S6).

Although experiments have shown that the two heterogeneous
photocatalysts are able to generate singlet oxygen upon irradiation,
participation of Type I in the photodegradation of DCF could not be
disregarded [49].

4. Conclusions

In this work, we have developed a strategy to covalently anchor an
anionic photosensitizer (Rose Bengal, RB) together with cationic chains
on a silica-based support such as glass wool (GW), in a single reaction
step to obtain a new GW-RB+ photocatalyst. As a result, this novel
heterogeneous material showed a high efficiency in the photo-
inactivation of Gram-positive bacteria, but more interestingly, it also
produced the inactivation of the refractive E. coli (Gram-negative). It has
been demonstrated that this dual design, which includes the cationic
chains and RB, causes a synergistic effect that was crucial to produce the
photoinactivation of Gram-negative bacteria. In fact, control experi-
ments using GW-RB as a photocatalyst without cationic chains, turned
out in photoinactivation of Gram-positive, but it was completely inac-
tive to E. coli. Thereby, the cationic charges of heterogeneous organic
photocatalyst fulfill two functions, their own bactericidal action and
enhance the activity of the photosensitizers which is mainly produced by
the generation of singlet oxygen. Moreover, the two heterogeneous
photocatalysts were efficient in water decontamination as demonstrated
using DCF as a model compound. The synthesis of this kind of dual
photocatalysts open the path for efficient antimicrobial
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Fig. 2. Degradation of the DCF (Cp = 5 x 10 M) vs time in the presence of
GW-RB+ (140 mg), GW-RB (105 mg) and homogeneous RB (1.59 uM) in
aerated aqueous solutions (V= 10 mL) and irradiated with green LED light.
Catalyst darkness: average of GW-RB and GW-RB+.

photoinactivation (PDI) of multi-resistant pathogens and can be used for
the development of self-disinfecting surfaces in all type of silica-based
materials.
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