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Towards scalable broad-spectrum photodynamic
antimicrobial textiles: synergistic effect of Rose
Bengal and commercial cationic fixative on
polyamide fabrics
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The use of photoactive textiles to reduce infection transmission in healthcare facilities and hospitals is
not on the market due to the lack of scalable and cost-effective processes to prepare these materials.
To address this issue, a new photodynamic antimicrobial fabric of polyamide with Rose Bengal (RB) and
a commercial cationic fixative (CF) was prepared with a simple and scalable procedure using a
conventional and industrialized process for incorporating dyes into textiles. Both fabrics (with and
without CF) produced more than 99% inactivation of Gram-positive and Gram-negative bacteria
(Enterococcus faecalis and Escherichia coli, respectively), as well as viruses such as adenovirus rAd5.
Nevertheless, it is worth highlighting that the RB fabric with CF achieved 99.9999% inactivation of E. coli
and 99.9% inactivation of fungi such as Candida albicans. The study was performed upon typical indoor
illumination with visible light (400-700 nm, 11.3 + 0.2 mW cm™2) during periods covering between
30 and 120 min, according to the tested microorganism. Tests performed with textiles to evaluate the
persistence of the RB color in them and their capability to photosensitize the inactivation of micro-
organisms revealed that the CF improves the robustness of the fabric. Furthermore, the photophysical
and photodynamic properties of the fabrics were evaluated by direct and indirect methods. In this con-
text, the formation of photoactivable complexes was observed through the association of RB with CF.
Moreover, it was established that the remarkable photodynamic efficiency using the fabric with CF is
produced through an electron transfer from microorganisms to an excited RB—CF complex (Type |) and
singlet oxygen generated from the triplet excited state of free RB (Type Il).

health threats faced by humankind." Bacterial AMR was directly
responsible for 1.27 million global deaths in 2019 and con-

Microorganisms (bacteria, fungi, and viruses) showing anti-
microbial resistance (AMR) have been declared by the World
Health Organization (WHO) as one of the main global public
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tributed to 4.95 million deaths,” and unless adequately tackled,
10 million people a year will die from drug-resistant infections
by 2050.% Especially relevant are those microorganisms posses-
sing multidrug resistance (MDR) to critical classes of anti-
biotics, which in healthcare environments produce healthcare-
associated infections (HAI), also referred to as nosocomial infec-
tions. In this context, HAIs are infections acquired while receiving
health care, and they may occur in different areas of healthcare
delivery, such as in hospitals, long-term care facilities, and ambu-
latory settings. Occupational infections that may affect staff are
also considered HAIs. In the European Union, HAIs affect 6.5% of
all hospitalized patients, and worldwide prevalence is likely much
higher.*

From the above data, the need to increase health measures
in healthcare environments emerges to prevent and control

This journal is © The Royal Society of Chemistry 2025
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these events. Textiles in healthcare environments (curtains,
bedding, clothing, etc.) harbor pathogens and contribute
to the spread of HAIs. Despite regular cleaning, microbial
contamination persists; for example, 92% of hospital curtains
were found to contain pathogens within a week after cleaning.?
In this sense, the protection of the healthcare staff and patients
against hospital pathogens could be achieved with techno-
logically adapted textile clothing to prevent infection dissemi-
nation.

The incorporation of antimicrobial products in textile fab-
rics has gained strength recently. Some of the latest strategies
include the use of antibiotics,®” cationic functionalization with
quaternary ammonium salts,*° graphene,'® dendrimers,'"*>
and the use of metal nanoparticles, mainly those of silver.
However, these methods face limitations such as drug resistance,
environmental toxicity, potential health risks, high costs, and
limited efficacy against certain pathogens."®

As an alternative, antimicrobial photodynamic inactivation
offers a promising approach. Photosensitizing dyes (PSDs) are
able to generate reactive intermediates such as radicals and/or
singlet oxygen, leading to oxidative, non-specific, and irrever-
sible damage to microorganisms (through Type I and Type II
mechanisms, respectively).'”*® Notably, when PSDs are embedded
in fabrics, the oxidative damage has always been associated with
the Type II mechanism.'® This mode of action does not typically
result in resistance, as the dye remains outside the microorganism.
In general, photoinactivation of Gram-positive bacteria can be
achieved with any PSD, but Gram-negative bacteria usually require
a cationic PSD or a combination of a neutral PSD with membrane-
disrupting agents.?® In the case of viruses, they are usually more
resistant to inactivation than bacterial cells and can be easily
transmitted through the air, making them harder to eliminate.
Interestingly, Rose Bengal (RB, Acid Red 94) is a photosensitizing
anionic dye with antimicrobial properties, showing photodynamic
inactivation of SARS-CoV-2 models.*! In this context, fabrics are
ideal for antimicrobial PSDs due to their large surface area, cost-
effectiveness, and easy recovery. Additionally, RB can be efficiently
incorporated into textiles using conventional industrial dyeing
processes. Thus, RB demonstrates antimicrobial effects in various
functionalized textiles.”>”>* However, the antiviral activity against
human coronaviruses has only been evaluated using high light
intensities unachievable in hospital environments.*

Polyamide (PA) 6 is one of the textiles more widely used for
fabric application due to its strength, flexibility, abrasion
resistance, and thermal stability.>>” Its coloration with anio-
nic dyes like RB relies on ionic interactions between the
cationic protonated amino end groups of PA fabrics (PAF)
and the anionic dye.*® However, due to RB’s high water
solubility and poor fastness on PA, post-treatment fixation is
needed to ensure durability.*® In this context, fixatives such as
quaternary ammonium salts are commonly used to enhance
fastness while also providing antimicrobial properties.***°

A recent antibacterial study using RB in PAF to inactivate
Gram-positive bacteria has highlighted the importance of RB
concentration in achieving optimal efficiency of photodynamic
therapy on fabrics.® In fact, the aggregation of RB supposes a
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significant limitation that hampers light-induced reactive oxy-
gen species (ROS) production by causing self-quenching of RB.
Moreover, in this preliminary study, we showed that an RB
concentration above the optimal conferred an anionic charac-
ter to the RB-PAF, leading to electrostatic repulsion against
Gram-positive bacteria and thereby hindering the fabric’s
photodynamic effect.

Hence, alternative approaches have been explored in other
materials, such as using polycationic chains®****"*> or captur-
ing RB in mesopores,”” to avoid aggregation or improve the
cationic surface area to increase bactericidal efficacy. Despite
their potential, these strategies often involve synthetic proto-
cols that are difficult to adapt to the textile industry, have high
costs, or may compromise the physical properties of the fabrics.

Here, we present a novel, scalable method for creating a
highly effective photosensitizing PAF with broad-spectrum anti-
microbial activity. Using an industrially viable dyeing process,
polyamide was functionalized with RB and a commercial
cationic polymer. This innovative fabric was effective against
Gram-positive and Gram-negative bacteria, fungi, and viruses
using visible light with intensities suitable for hospital envir-
onments, which reinforces the potential of this approach for
next-generation antimicrobial textiles. Moreover, results of
mechanistic studies revealed that electron transfer processes
(Type I photosensitization mechanism) must be substantially
occurring in the RB antimicrobial action. Thus, we demonstrate
for the first time that the Type I mechanism is involved in the
photosensitized microbial inactivation by a dyed textile.

Results and discussion
Synthesis of the dyed fabrics

Fibers, such as polyamide, contain amino and carboxyl groups
in the isoelectric range (pH 5.0) and are mainly ionized to NH;"
and COO™. In an acid dyebath, the carboxylate ions are con-
verted to undissociated carboxyl groups owing to the addition
of acid, giving the positively charged fiber to take an equivalent
amount of acid anions. Dyeing involves the exchange of the
anion associated with an ammonium ion in the fiber with a dye
anion. The dye anions exhibit a greater affinity for the substrate
than the much smaller acid anions.*® Polyamide fabric (PAF)
dyed with Rose Bengal disodium salt (RB) will be denoted as
RB-PAF.

Based on previous studies, the dyeing was carried out at
the optimal RB concentration (1% o.w.f.) to achieve maximal
photodynamic efficacy against Gram-positive bacteria.>® The
novelty of the coloring process is based on the use of a
commercial fixative agent, a cationic quaternary polymer (CF,
0.6% o.w.f.) commonly used in the textile industry to fix direct
or reactive dyes, mainly during cellulosic fiber dyeing. Herein,
it is employed in the dyeing of polyamide with an anionic dye to
enhance the positive charges and consequently broaden the
spectrum of microorganisms targeted by the treated fabric.
Thus, PAF dyed with RB (RB-PAF) was subsequently treated
with the fixative to obtain CF-RB-PAF (see more details in Fig. S1).
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Surface morphology analysis via SEM demonstrated that the fiber
structure (ca. 10 pm) remained unchanged before and after dyeing
(Fig. S2), suggesting that the interaction between RB and CF did
not affect the fabric’s morphology. The infrared spectrum of the
fabrics (Fig. S3) exhibited key bands at 3290-3500 cm ' (N-H
stretching), 1630-1670 cm™ ' (C=O stretching), 1530-1550 cm ™"
(N-H bending and C-N stretching), and 2850-2950 cm™ " (-CH,~/-
CH; stretching).

Determination of dye concentration in wastewater. The
dyeing curve has achieved a high exhaustion percentage of over
97% (Fig. S4 and Table S1). The addition of the fixative agent
after dyeing does not affect the dye exhaustion process itself
since it is a post-treatment. However, applying the fixative
means that fewer washes are necessary to obtain a negligible
dye concentration in the wastewater, which is the moment that
the fabric can be considered as no longer releasing color.
In addition, as expected, the dye concentration per gram of
fabric is slightly higher in the fixative case, as it helps to reduce
color loss during the washing process.

Determination of chromatic coordinates. Wastewater analy-
sis (Table S1) shows minimal differences in bath exhaustion
with or without the fixative, corroborated by Fig. 1 (see Fig. S5
and Table S2 for color measurements). Dyed fabrics exhibit a
fuchsia tone with high red (+a*) and some blue (—b*). The
fixative-treated fabric appears darker (lower L*), with more red
and slightly less blue. This color difference (AE* = 6.38) is
visible to the naked eye. A control test confirmed that the
fixative itself does not alter fabric color, indicating the observed
change is due to its interaction with the dye.

Durability of the color of the fabrics (CF-)RB-PAF. Fabric
sample images of the original polyamide fabric (PAF), RB-PAF,
CF-RB-PAF, and its appearance after 5 cycles (CF-RB-PAF-5CW)
or 10 cycles of washing (CF-RB-PAF-10CW) using the standard
UNE-EN ISO 105-C06:2010 were recorded using a magnifying
glass (see Fig. 1). As shown in Table S2, a moderate color
difference (AE* = 6.17) appears after five washes, mainly due
to color loss (increased L*). However, after ten washes, the
difference is minimal (AE* = 6.41), indicating that most color
loss occurs during the first five cycles. This suggests that
further washing is unlikely to result in significant fading.

Although preliminary washes of CF-RB-PAF had already
been carried out until no color loss was detected in the water,
the color loss observed during the standardized first five aging
washes may be attributed to differences in washing conditions.
In fact, a powder detergent was used for the washing tests
according to ISO standards. The detergent may be aggressive
for the dye and/or the fixative (CF), even though these washes

Fig. 1 Images of PAF after different treatments recorded using a magni-
fying glass.
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Fig. 2 Photostability of ~1 cm? of CF—RB-PAF and RB-PAF in aerated
media, with and without the presence of water, using a white light
irradiation intensity of 9 mW cm™2. Real pictures were taken at the
beginning and after 4, 8, and 24 hours of irradiation.

have been carried out at a moderate temperature (40 °C).
Notably, the chromatic coordinates of RB-PAF (Table S2 and
Fig. S5) are similar to those of aged CF-RB-PAF samples (5CW,
10CW), suggesting that the detergent may cause significant
leaching of the fixative component.

Additionally, we evaluated fabric photostability under white
light (9 mW cm™?) in both air and water for up to 24 hours. This
irradiance closely matches the values applied in antimicrobial
studies. However, it is worth noting that the photostability of
the textiles is often evaluated in the literature using irradiance
values more than ten times lower than those used for the
antimicrobial tests.*>**

The higher photostability of both fabrics under air than in
water can be mainly attributed to the different O, diffusion
constants (1.98 x 10> m* s~ for air vs. 1.90 x 10° m* s~ for
water)*® that results in lower contact time between the dye and
the photogenerated 'O, under air compared to aqueous media
(Fig. 2). Moreover, CF-RB-PAF showed significantly slower RB
photobleaching than that observed for RB-PAF. Similar photo-
stability results were obtained when the fabrics were evaluated
based on their diffuse reflectance spectra (Fig. S6).

Antimicrobial photodynamic inactivation studies

Photodynamic inactivation combines a photosensitizing agent,
light at specific wavelengths, and molecular oxygen to produce
reactive intermediates such as radicals and/or singlet oxygen
that can kill microorganisms, including bacteria, fungi,
and viruses. The study was performed using visible light
(400-700 nm) with an irradiance of 11.3 £+ 0.2 mW cm > (see
Fig. S7). This irradiance is high for places such as rooms, but is
suitable for use in enclosed spaces like hospitals.

Bactericidal activity. Bactericidal photodynamic activity
of RB-polyamide fabrics with and without cationic fixative
(CF-RB-PAF and RB-PAF, respectively) was evaluated under

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Antimicrobial activity of CF—RB-PAF and RB-PAF under light exposure (L; visible light, 11.3 mW cm™2) or dark conditions (D) against: (A) Gram-
positive (Enterococcus faecalis) bacteria, (B) Gram-negative (Escherichia coli) bacteria, (C) Candida albicans fungus and (D) rAd5 virus. Data are shown as
mean values + standard error of three independent experiments performed in duplicate.

fixed illumination conditions (see Section S6 in SI) against
Gram-positive (E. faecalis) and Gram-negative (E. coli) bacteria.
In general, photoactive fabrics were highly efficient inactivating
E. faecalis under illumination, while slight or negligible effects
on survival were observed in dark conditions (Fig. 3A). After
10 min of light exposure, important differences in activity
among the four tested groups, irradiated and non-irradiated
fabrics (F3 g = 77.15; P < 0.0000), were already recorded. Thus,
irradiated RB-PAF could reduce more than 2 log;, units of
bacteria survival, this being significantly more active than
irradiated CF-RB-PAF, which only induced a reduction of
0.5 log;o units. Despite the low activity level reached by
CF-RB-PAF after 10 min of irradiation, it was high enough to
be significantly different from those shown by the fabrics in
dark conditions (P < 0.05). As exposure time to irradiation
enlarged, the inactivation activity of photoactive fabrics pro-
portionally increased, and the same statistical tendency,
regarding differences among the tested groups, was revealed
both at 20 min (F; g = 407.35; P < 0.0000) and at 30 min (F3 g =
300.26; P < 0.0000). The highest photodynamic activity was
shown in only 20 min by RB-PAF, which reduced bacteria
survival by more than 6 log,, units. Because our initial bacterial
concentration was around 1 x 10° ufc mL™!, this reduction
meant almost the fully complete inactivation, which was truly
confirmed at 30 min. On the other hand, CF-RB-PAF inoculated
with bacteria and irradiated showed a lesser but also impor-
tant bactericidal activity, exhibiting 3 log;, units of survival
reduction at the end of the experiment.

In addition to photoactive fabrics, PAF and CF-PAF were also
evaluated against E. faecalis, either under light exposure or in

This journal is © The Royal Society of Chemistry 2025

the dark, to assess if there was any antimicrobial effect directly
derived from pristine fabric or from the polyamide fabric only
functionalized with CF. As expected, PAF was ineffective in
inactivating E. faecalis, and CF-PAF activity was unimportant
(0.4 log;, units of survival reduction at 30 min).

Contrary to what happened against E. faecalis, the most
photoinactivating fabric against E. coli was CF-RB-PAF
(Fig. 3B). Under irradiation, this fabric showed linear inactiva-
tion kinetics and required 120 min to reach the total killing of
all bacteria (100% inactivation). At 30 min of light exposure,
it exhibited a significantly higher level of photodynamic activity
than the other three groups (F; ¢ = 6.20; P = 0.0175), and this
significant difference was maintained up to the end of the
experiment. On the other hand, the lack of CF in the RB-PAF
proved a very important loss of activity. In fact, 90 min after the
beginning of the illumination period, statistical analysis
revealed that its activity level was still similar to that of the
2 dark controls (P > 0.05). Only at 120 min, irradiated RB-PAF
was statistically more active (2.06 log;, units of survival
reduction; P < 0.05) than the non-irradiated controls. As in
the case of E. faecalis, PAF was ineffective in inactivating E. coli,
and CF-PAF showed a very slight activity, reducing by 0.3 log;,
units the viability of the bacteria in both irradiated and non-
irradiated conditions. This latter activity is similar to that
shown by CF-RB-PAF under dark conditions (survival reduction
of 0.36 log;, units), and both activities would be related to the
presence of the positively charged groups in our polymeric
cationic fixative. It has been widely reported in the literature
that cationic functionalities, such as those found in cationic
polymers, can inactivate microorganisms through non-specific

J. Mater. Chem. B, 2025, 13,10662-10674 | 10665
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mechanisms that inhibit pathogen growth, even causing bac-
terial lysis.*® According to Azevedo et al.,*’ the biocidal perfor-
mance of cationic groups begins with the adsorption of
microbes onto the surface containing the cationic polymer
due to electrostatic interaction between positively charged
groups of the polymer and negatively charged groups of
microbes’ surfaces. This interaction results in an increase in
cell permeability and the disruption of the cell membrane.
Although the antimicrobial activity level of cationic polymers
has been reported as being usually strong,’® in our experi-
mental conditions, the polymeric CF has only shown a weak
bactericidal activity, as denoted by results arising from CF-PAF
and non-irradiated CF-RB-PAF. However, it was able to strongly
synergize the RB-mediated photoinactivation, as complete inhi-
bition of E. coli (100% inactivation) was obtained. Two factors
could contribute to producing this potent synergistic effect.
Firstly, RB has been widely described as having little photo-
dynamic effect against Gram-negative bacteria due partly to its
inability to approach the negatively charged bacterial
surface.”>?%849 Therefore, the higher affinity of our cationized
fabric to E. coli should have improved the bactericidal activity,
as the close contact between the photosensitizer and cells leads
to better photodynamic performance. Our results concerning
bacterial adsorption on the fabrics clearly confirm this hypoth-
esis, as CF-RB-PAF was 60% more efficient in attaching E. coli
than RB-PAF (Fig. S8). These findings are consistent with results
observed in previous studies using different RB-supporting
materials.***

The second important factor that could be taking part in the
observed synergy should be the coexistence of Type I and Type
II photodynamic mechanisms generated in the presence of CF.
Rose Bengal has been traditionally reported as possessing a low
probability of triggering Type I photoreactions. However, under
special circumstances, such as those where massive H-donors
closely surround RB molecules, Type I photoreaction can also
occur.””*° In our case, the great abundance of amino groups in
the CF could provide the ideal environment around the RB
molecules to produce electron transfer reactions between RB
excited states and reactive amino acids of proteins of the outer
membrane of Gram-negative bacteria (Type I mechanism).”*
Thus, the simultaneous occurrence of Type I and Type II pathways
could combine the generation of different reactive species, which
led to the improved efficiency of CF-RB-PAF against E. coli.

In the case of E. faecalis, where the adsorption of the
bacteria to CF-RB-PAF and RB-PAF is quite similar (Fig. S8),
the lower activity of CF-RB-PAF than that of RB-PAF could be
understood taking into account the negligible reactivity of the
cell components of the outer membrane of Gram-positive with
RB excited states and the competitive reactivity that must take
place between the added CF and the cellular components of the
bacteria for the singlet oxygen generated from excitation of
RB.*>*? Overall, adsorption of CF-RB-PAF with E. faecalis would
not produce any reaction arising from the Type I mechanism,
and the Type II mechanism must produce lower membrane
damage than in the case where the adsorption occurs between
RB-PAF and E. faecalis.
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Fig. 4 Scanning electron microscopy images of E. coli inoculated on the
photodynamic fabric CF—RB-PAF. (A) Fabric + E. coli + Dark; (B) Fabric +
E. coli + Light. A partial magnification of this image shows morphological
alterations in the bacterial cell wall (white arrows). Fabrics were inoculated
with 10 plL of 1 x 108 bacteria per mL and a white light (11.3 mW cm~?) was
used for 90 min in the irradiated sample.

According to the literature, the cell wall is the main target of
the RB photodynamic activity, which is the photooxidation of
structural components, thereby leading to the leakage of cell
content. In order to evidence bacterial cell damage caused by
the photodynamic fabrics, cryo-SEM studies were performed
(Fig. 4 and Fig. S9). Thus, after performing the bacterial
photoinactivation with the photoactive fabrics, samples were
analyzed by SEM. Thus, the images confirmed intense morpho-
logical alteration of the bacteria’s walls. In the case of E. coli, as
it is shown in Fig. 4 and Fig. S9, death cells of E. coli typically
showed invagination zones in their wall, from which the
leakage of cell content, as described, is likely to occur. A loss
of morphological integrity in the shape of E. faecalis was also
observed (Fig. S9).

Fungicidal activity. The yeast C. albicans was also notably
inactivated by irradiated CF-RB-PAF (Fig. 3C), which was able
to significantly reduce the concentration of viable cells, com-
pared to the other three treatments, from 60 min of irradiation
(F3,8 = 18.54; P = 0.001). Furthermore, at the end of the
experiment, it was able to reach almost 3 log;, units of viability
reduction. Although this level of fungal inactivation can be
considered an important activity, mainly considering the scarce
photoactivity of RB against C. albicans previously reported,*">*
the time required to reach inactivation was as long as 180 min,
which is consistent with the lesser susceptibility of this micro-
organism to photodynamic inactivation. According to Donnelly
et al.,”® unlike prokaryotic bacteria, C. albicans is harder to photo-
inactivate because it is a larger and more complex eukaryotic
fungus, so exposure to higher RB concentrations and stronger
light doses would be likely required to control this fungus.
On the other hand, in dark conditions, CF-RB-PAF induced a
viability reduction of 0.4 log;, units. Similar to what happened
against bacteria, this activity would be connected with
the presence of the cationic fixative, considering that fungal
inactivation has also been previously reported from materials
containing polycationic groups, such as those found in ammo-
nium compounds.®®

Viricidal activity. To investigate the antiviral activity of the
polyamide fabrics RB-PAF and CF-RB-PAF upon irradiation
with visible light, the plaque assay was employed using a
recombinant adenovirus vector type 5 (rAd5) as a virus model.

This journal is © The Royal Society of Chemistry 2025
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Thus, in the former stage, we assessed the infectivity of the viral
vector in both HEK-293 and A549 cells using the p-Galactosi-
dase (PGal) activity assay. This assay was employed because the
viral vector contains the E. coli LacZ gene, encoding the BGal
enzyme, widely utilized as a reporter for gene expression.’”
In this context, cells were seeded in two 96-well plates and
infected with a ten-fold serial dilution of a viral stock dilution
(1 x 10° PFU per mL) ranging from 10" to 107 ’. After
treatment with the B-Galactosidase assay reagent, absorbance
values were recorded at 405 nm. Furthermore, the fGal expres-
sion was visually detectable by the naked eye due to a color
change from non-colored to yellow. Thus, significant over-
expression of PGal was observed in HEK-293 cells, which
surpassed the absorbance upper limit detectable by the micro-
plate reader. In contrast, with A549 cells, pGal expression was
minimal even in the non-stock diluted (10-0), indicating a
lack of compatibility between A549 cells and the viral vector
(Fig. S10). Therefore, the HEK-293 cell line was selected for
evaluating the virucidal activity of the polyamide fabrics, taking
advantage of the BGal overexpression.

After that, the next step was to determine the viricidal
activity of the photoactive materials prepared. For this purpose,
sterilized fabrics were exposed to 100 pL of a viral stock dilution
(1 x 10® PFU per mL) and either irradiated to increased
irradiation times (15, 30, 60, 120 min) or kept in the incubator
for the same time in 24-well plates (dark conditions). It is
important to note that, for both dark and visible light condi-
tions, a well plate with the virus alone was employed as the
negative control, respectively. Subsequently, viruses from all
conditions were recovered, and their viral titers were deter-
mined according to the plaque assay, where HEK-293 cell
culture monolayers were infected with ten-fold serial dilutions
for each condition. Following an 8-day incubation to allow the
formation of clearly countable plaques, viral titers were then
calculated through visual scoring of all foci. Representative
images of the plaque assay are shown in Fig. S11.

As observed in Fig. 3D, the highest reduction in the viral titer
was achieved in the RB-PAF, resulting in a 4 log10 reduction in the
titer after 120 min of irradiation. Conversely, in the presence of the
fixative (CF-RB-PAF), this reduction decreases to 2 log;, of viricidal
activity, pointing out that the presence of the cationic fixative
reduces the viricidal activity of the polyamide fabric dyed with RB.
This fact could be attributed to the repulsive effect of the cationic
textile on these microorganisms. This effect may be produced due
to both types of microorganisms having positively charged regions
on their surfaces. In this context, the surface of CF-RB-PAF has a
large number of cations. Although in CF-RB-PAF, the percentage
of CF is ca. 0.6% and that of RB is ca. 1%, the molecular ratio
between them in the fabric is 3/1 CF/RB. Thereby, as each
monomer of CF must have more than 4 cations before being
added to the textile, while RB in the textile has only one anion,
there is a large excess of cations and, accordingly, of CF to
neutralize the anionic charge of RB. Thus, a decrease in the
amount of CF in RB-PAF could maintain the antimicrobial activity
against Gram-negative bacteria and fungi and increase it against
Gram-positive bacteria and viruses.

This journal is © The Royal Society of Chemistry 2025
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In this sense, other studies have observed that polyester,
cotton, and silk coated with photo-cross-linked polymers with
cationic charges containing RB have higher antiviral activity
against adenovirus, but using visible light at an irradiance ca. 6
times higher than the one applied in the present study.>>"* In
fact, the irradiance of those studies (65 mW cm™?) is too high to
be used in closed spaces such as hospitals. This value is roughly
half of the solar constant (137 mW cm ™), which represents the
solar irradiance at noon with the Sun directly overhead.

Durability of antimicrobial activity of the photoactive fabric
CF-RB-PAF. Based on the broad spectrum of antibacterial
activity exhibited by photoactive CF-RB-PAF, this fabric was
selected to assess if washings could affect its long-term use
in practical applications. Thereby, as is shown in Fig. 5, the
bacterial inactivation kinetics of the CF-RB-PAF-10CW were
compared to those obtained for the fabric before the washings
(CF-RB-PAF). The efficiency of the washed fabric in inactivating
E. coli was considerably reduced as a loss of activity of approxi-
mately 3 log;, units was found at the end of the experiment
(Fig. 5B). On the other hand, washed fabric notably increased
its photocatalytic activity against E. faecalis in such a way within
15 min of irradiation, it was able to reduce 3.5 log;, units more
the bacteria viability than the non-washed CF-RB-PAF (Fig. 5A).
Obtained results, both against E. coli and E. faecalis, would be
compatible with a loss of cationic fixative due to the washings.
According to the behavior previously showcased when RB-PAF
and CF-RB-PAF without washings were compared, this hypoth-
esis could justify the deterioration of activity against E. coli and
the improvement against E. faecalis.

Although the activity level remaining in the aged fabric is
still highly relevant after 10 washing cycles, this feature may
be easily improved by optimizing the RB and CF rates and
concentrations to make the fabric more durable and long-
lasting. In this sense, long-term antibacterial washing-based
durability without activity loss after 30 washings has been
recently reported from a fabric developed using RB on cotton-
based super-adsorptive fibrous equipment.>”

The antifungal activity of aged fabric was evaluated under
the same conditions as non-aged fabric. Thus, after 10 washing
cycles, CF-RB-PAF-10CW was completely inefficient against
C. albicans. Given this result, the 5 washing cycles sample
CF-RB-PAF-5CW was also evaluated, but the same finding
was achieved (Fig. 5C), which points out a very quick loss of
photodynamic activity. This finding aligns with the lower
susceptibility of this organism to photodynamic action, as
previously noted, and the loss of positive charges during the
washing process. Based on these results, CF-RB-PAF serves as a
promising starting point for further practical developments
with antifungal activity, but significant improvements are
necessary. In fact, other studies of RB in textiles have shown
that when they are coated with photo-cross-linked polymers
containing this dye, the antimicrobial activity is better.**

Regarding the durability of the viricidal efficacy of the
photoactive fabric, the viricidal activity of the samples was
assessed using the plaque assay. As depicted in Fig. 5 and
Fig. S12, there is a significant enhancement in the antiviral
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activity of the washed polyamide fabric CF-RB-PAF compared
to the unwashed fabric, with an increase of more than 2 log;,
of viricidal activity. This outcome could be attributed to a
reduction in the positive charges provided by the cationic
fixative after washing, resulting in behavior like the CF-
untreated polyamide fabric (RB-PAF), which exhibited viricidal
activity of the same magnitude (see Fig. 5).

Photophysical properties of CF-RB-PAF and RB-PAF

The electrostatic interactions between the protonated amino
groups of the fixative and the deprotonated phenol and car-
boxyl groups of the dye could be anticipated to form complexes.
In trying to understand the relevant antimicrobial differences
observed in the RB fabrics when the cationic fixative is added,
deep photophysical characterization of CF-RB-PAF and RB-PAF
was performed. In fact, some RB photophysical properties
could be altered in the fabric when cationic fixative is added.

For instance, the diffuse reflectance spectra of CF-RB-PAF and
RB-PAF (Fig. 6A) reveal a bathochromic shift due to the cationic
fixative treatment. Specifically, CF-RB-PAF shows three peaks
(520, 547, and 582 nm), while RB-PAF presents only two (525
and 560 nm). This shift cannot be caused by dye aggregation,
which would reduce antimicrobial activity.”” A similar decrease in
RB absorption intensity, together with a ~10 nm bathochromic
shift, was observed when increasing fixative concentrations were
added to an aqueous RB solution (Fig. 7A), suggesting that CF
modifies RB’s molecular environment through electrostatic inter-
actions with its phenol and carboxyl groups.*®

With the aim of elucidating the impact of the cationic
fixative on the photophysical characteristics of the dyed

10668 | J. Mater. Chem. B, 2025, 13,10662-10674

polyamide fabrics, steady-state and time-resolved emission
measurements, laser photolysis experiments (LFP), and singlet
oxygen ('0,) generation were conducted. Steady-state fluores-
cence spectra of CF-RB-PAF and RB-PAF show a bathochromic
shift (ca. 40 nm) compared to the emission of the homogeneous
RB (/max = 568 nm) in aqueous medium (Fig. 6B).>*>**%° The
influence of the CF on the first singlet excited state of RB was
also investigated under homogeneous conditions. In this case
(Fig. 7B), the addition of increasing concentrations of CF to
aqueous RB results in the quenching of RB fluorescence.
A Stern-Volmer fluorescence quenching constant value of
1.2 x 10° M~ ' was determined. This high value agrees with
the anticipated formation of a complex between CF and RB
(CF-RB). Dynamic fluorescence quenching of 'RB* by CF was
discarded since the fluorescence lifetime (tz) of RB does not
decrease in the presence of the cationic fixative (more details in
Fig. S13). The resulting complex exhibits a slightly diff-
erent emission maximum (/max ca. 580 nm); see pink and green
traces in Fig. 7B.

Laser flash photolysis (LFP) studies were also conducted on
the fabrics to track the formation of the triplet excited state
of RB (*RB*), which is critical for predicting singlet oxygen
generation. Transient absorption spectra (TAS) of CF-RB-PAF
and RB-PAF were recorded at various time intervals after the
laser pulse, with an excitation wavelength of 532 nm under air
employing a spectral detection range of 300 to 800 nm (Fig. 6C
for CF-RB-PAF and Fig. S14 for RB-PAF). The TAS of both
fabrics was identical, with prominent absorption peaks at ca.
380, 475, and 625 nm and a bleaching band centered at ca.
540 nm with comparable lifetimes in aerated and deaerated

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (A) Diffuse reflectance spectra of CF—RB-PAF (blue) and RB-PAF

(pink). (B) Normalized steady-state fluorescence emission spectra obtained
under aerobic conditions from CF—RB-PAF (blue) and RB-PAF (pink) and from
aqueous solution (6.6 uM) of RB (black). The excitation wavelength (Lexc)
for heterogeneous was 550 nm and 520 nm for homogeneous medium. (C)
Transient absorption spectra of CF—RB-PAF recorded at different times after
the laser pulse (lexe = 532 nm in aerated media). Inset: Trace recorded
at 600 nm.

media (340 ps and 353 ps for CF-RB-PAF and RB-PAF, respec-
tively). It is well-known that *RB* is quenched efficiently by O,
under homogeneous conditions; quenching constant values
close to diffusion control have previously been reported in
various solvents.®>®" In a previous report,”® we unambiguously
assigned for the first time the bands observed in the TAS of a
polyamide fabric dyed with RB to the *RB* based on the
correlation of the fading of these signals to the disappearance
of its phosphorescence. Thereby, we safely assume that the TAS
detected in CF-RB-PAF and RB-PAF is due to *RB* generated
from the free RB ground state.

This journal is © The Royal Society of Chemistry 2025
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To shed more light on the formation of the putative complex
CF-RB, we also analyzed the behavior of *RB* versus the
cationic fixative under deaerated homogeneous conditions.
Thus, it was observed that *RB* lifetime does not decrease with
increasing concentrations of the cationic fixative (Fig. S15).
However, the intensity of the signals decreased till the complete
quenching of the signal was achieved after adding 77 uM CF
(Fig. S15B). Using the Stern-Volmer equation with the intensity
of the *RB* signal at 600 nm vs. CF concentrations, a quenching
constant value of 1.6 x 10° M~ ' was determined, which was
very similar to the determined one using the steady-state
fluorescence quenching of RB by CF. In fact, both data show
the same effect, less generation of the excited states of RB by
the addition of CF, in agreement with the formation of the
CF-RB complex. Further evidence of the complexation of RB
ground state with CF in the fabrics was obtained from NMR
experiments, where increasing the concentration of CF caused
the disappearance of the characteristic RB signals in "H and **C
NMR (see more details in SI and Fig. S16).

The singlet oxygen generation from the fabrics was mon-
itored through the characteristic singlet-oxygen phosphores-
cence at 4 = 1270nm induced by a pulsed laser in aerated
media. Hence, we detected a similar intensity of 'O, generation
from CF-RB-PAF and RB-PAF (Fig. S17A). Moreover, these
decays revealed a lifetime of the generated 'O, very similar
for both fabrics (ca. 190 ps). Thus, the singlet oxygen generation
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detected in both textiles ought to be produced from the excita-
tion of the free RB moieties. In fact, the non-singlet oxygen
generation from the putative complex CF-RB was clearly evi-
denced when the signal at 1270 nm generated in homogeneous
solutions of RB disappeared upon CF addition (Fig. S17B).
Accordingly, these results indicate that in CF-RB-PAF, not
all the RB chromophores are forming complexes with the CF.
The photophysical studies performed with the fabrics have
evidenced that RB-PAF has only free RB moieties, while CF-RB-
PAF contains free RB molecules and CF-RB complexes. Conse-
quently, besides assessing the effect of the 'O, generated in the
fabrics (Type II mechanism), we tried to prove the involvement
of Type I mechanism after excitation of the CF-RB complexes of
the fabric. To achieve this, we added increasing concentrations
of a negatively charged molecule with electron-donating prop-
erties to an aqueous solution of RB complexed with CF. For this
purpose, we selected 9,10-anthracene dicarboxylic acid (DAA).
This molecule serves as a model for the negatively charged,
electron-rich amino acids commonly found in membrane pro-
teins of microorganisms. Since the CF-RB complex exhibits
fluorescence emission, steady-state fluorescence measure-
ments were performed upon the addition of DAA to the CF-
RB solution. A clear quenching of fluorescence was observed,
indicating a strong interaction between DAA and the CF-RB
complex (Fig. 8). In contrast, control experiments performed in
the absence of CF showed only a weak interaction between RB
and DAA (Fig. S18). In fact, Stern-Volmer constants of the
fluorescence quenching assays revealed a value of 4.2 X
10* M~ for DAA/CF-RB, while for DAA/RB it was only 6.6 x
10> M. These results can be directly correlated with the
corresponding association constants, since the fluorescence
lifetimes of both CF-RB and free RB are too short for the
observed emission decrease to be due to a dynamic quenching
process. Therefore, although electron transfer from DAA to the
singlet excited state of CF-RB or RB can occur, the process is
significantly more efficient in the case of CF-RB, consistent
with the DAA/CF-RB association constant being ca. 100 times
greater than that of DAA/RB. This result provides strong evi-
dence supporting that the excited state of CF-RB can undergo
electron transfer with donor molecules and, by extension,
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Fig. 8 Quenching of the fluorescence emission of an aqueous mixture of
RB (6.6 uM) and CF (77 uM) at pH 5.9 (dark green) upon the addition of
increasing concentrations of 9,10-anthracene dicarboxylic acid (DAA):
15 uM (blue), 30 uM (brown), and 58 uM (red).
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that CF-RB-PAF can interact with electron-donating bio-
molecules via a Type I photochemical mechanism.

Although the generation of singlet oxygen (*O,) from both
fabrics was confirmed via direct phosphorescence emission, an
indirect chemical method was applied to quantify 'O, produc-
tion from CF-RB-PAF and RB-PAF. This approach, based on the
photooxidation of 9,10-dimethylanthracene (DMA) monitored
by absorbance decrease, revealed that, surprisingly, CF-RB-PAF
induced more efficient DMA oxidation than RB-PAF (Fig. S19).
Thus, we decided to perform a study of DMA photodegradation
in the absence of oxygen because electron transfer reactions
between CF-RB and DMA could also produce DMA degrada-
tion. Results revealed that at least ca. 30% of the degradation of
DMA under aerated conditions could be attributed to an
electron transfer (Fig. $S20). Moreover, as expected, DMA degra-
dation was insignificant with RB-PAF under anaerobic condi-
tions. Hence, this study clearly demonstrates that the Type II
mechanism involving 0, generated from *RB* operates in both
textiles. However, in CF-RB-PAF, an additional Type I mecha-
nism involving mainly an electron transfer between DMA and
'(CF-RB)* also takes place.

Further photodegradation tests with DMA demonstrated
that the fixative significantly improved fabric reusability. CF-
RB-PAF maintained effectiveness beyond 12 cycles, whereas RB-
PAF lost efficiency after just 5 cycles (Fig. S21). This suggests
that CF-RB complexation enhances photosensitization and
increases RB photostability compared to free RB in RB-PAF.

Scheme 1 illustrates the Type I and Type II mechanisms
involved in the antibacterial activity of RB-dyed textiles with
and without CF. Type II arises from an energy transfer from the
triplet excited state of free RB in the textiles to molecular oxygen
to generate singlet oxygen. In the case of RB-PAF, Type II is the
main mechanism involved. The results obtained with CF-RB-PAF
can be explained by the participation of both types of mechanisms.
Type I arises from the electron transfer process between the singlet
excited state of the CF-RB complex and the associated negatively
charged biomolecules of microorganisms’ walls.

It is important to highlight that, prior to our study, only one
report had proposed the coexistence of both mechanisms in the
biocidal activity of functionalized textiles.>’” However, this
hypothesis was based on very poor indirect pieces of evidence.

The higher photostability in the presence of CF aligns with
the results observed in the heterogeneous assays (Fig. 2 and
Fig. S6).

Conclusions

A new photodynamic antimicrobial fabric of polyamide with
Rose Bengal (RB) and a commercial cationic fixative (CF) was
prepared using a conventional, industrialized, and scalable
procedure for incorporating anionic dyes into textiles. The
dyeing process achieves high color intensity, high exhaustion
performance, and good color fastness to washing, which is
enhanced by the fixative. A thorough study of the new material
was performed with and without the addition of CF to evaluate

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01089f

Open Access Article. Published on 13 August 2025. Downloaded on 4/8/2026 2:50:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Journal of Materials Chemistry B

Photodynamic fabric with limited inactivation spectrum (RB-PAF)

B
(&)

Strong electroestatic $©

repulsion IRB’

Strong electrostatic

N ¥

atraction © I @% hv
&% @ 7k

Photodynamic fabric with broad inactivation spectrum (CF-RB-PAF)

/7N

IRB’ 3RB’
Fungus
%ft‘ &

Strong electrostatic Q D
atraction Q 4 & ©
{RICIRICIR]C
k =, ®l’ 'CF-—R): @ @ I(.D
@ @ 'CF—-RB :@
_________ 4
® @ @
CF-RB-PAF
l[ CF--RB ]«- %”?
l[ CF--RB ]* " ‘
[ cF--rB |~ %i‘%%

~~~~~

——————

05~

Only Gram-positive bacteria
and virus

3
_i & Virus
()'_y Q0
N %
: ‘0, Type I Gram

N .

Gram
negative

Every microorganism

Type II o
A
K

,& “%0 /’/’
Every microorganism

@ O

Type I

[cF--rB |

0,

Scheme 1 Proposed mechanisms for photoinactivation of microorganisms in the fabrics RB-PAF and CF-RB-PAF.

its effect on the photodynamic properties of the polyamide.
Thus, both fabrics demonstrated photosensitized inactivation
to microorganisms, including Gram-positive and Gram-
negative bacteria (Enterococcus faecalis, Escherichia coli, respec-
tively), as well as viruses like adenovirus rAd5. However, they
showed different photodynamic efficiency depending on the
affinity of the material to the surface of the microorganism.
In the case of studies performed with fungi such as Candida

This journal is © The Royal Society of Chemistry 2025

albicans, its inactivation was only observed when the CF was
present. Furthermore, it was established that the remarkable
photodynamic efficiency observed against a broad spectrum of
microorganisms using the fabric with CF (CF-RB-PAF) is pro-
duced through the involvement not only of the Type II mecha-
nism, as occurs with RB-PAF, but also of the Type I mechanism.
Type I arises from an electron transfer process between the
singlet excited state of a complex formed by RB and CF and
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negatively charged target biomolecules of the microorganisms.
In the case of Type II, singlet oxygen is generated from an
energy transfer from the triplet-excited state of free RB to
molecular oxygen. Thereby, the results shown in this study
have revealed that the presence of CF in textiles not only
changes their affinity to microorganisms but also their photo-
dynamic behavior. Thus, next-generation antimicrobial dyed
textiles can be designed with enhanced photodynamic proper-
ties, broadening their range of microorganism inactivation.
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