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A B S T R A C T

Photoactivated phenothiazines with UV and visible light are converted to radical cations that remain stable for
days. Recently, it was discovered that 10H-phenothiazine, when impregnated into natural and synthetic ber
fabrics, imparts antimicrobial properties to these materials. This study, for the rst time, investigated the
microbicidal properties of an industrial phenothiazine-based dye, sulfur black (SB), which is widely used in the
fabric dyeing industry. Fluphenazine (FP), known for its ability to form stable cation radicals, was used as a
comparative model. In 100% cotton ber fabric (100 C), SB and FP were converted to the corresponding cation
radical species, effectively eliminating inoculated coronaviruses and bacteria. In 100 C, FP was more efcient as
an antimicrobial agent than SB. Although both compounds generated cation radical species in the fabrics, only FP
could produce singlet oxygen. The ability to generate singlet oxygen that can travel over distances contributed to
the superior efcacy of FP. Consistently, 100 C treated with FP exhibited greater reactivity with phosphatidyl-
choline liposomes, a model for biological membranes. Notably, the virucidal activity of FP-treated fabrics per-
sisted even after washing, showing the stability of the antimicrobial effect. MTT assays conrmed that the
microbicidal action of FP- and SB-treated fabrics was not due to cytotoxicity, as cell viability remained above the
threshold dened by ISO 10993-5. Thus, if microbicidal action is desired, SB-dyed 100 C should be used instead
of 100 C. This study contributes to the design of new dye structures that integrate industrial dyeing capacity with
effective microbicidal action.

1. Introduction

The advent of the COVID-19 pandemic and the increase in super-
resistant bacteria have led to growing interest in self-disinfecting ma-
terials. Various studies on fabric modications for microbicidal action
use metals and metal oxides, salts, quaternary ammonium compounds,
graphene-based materials, and photosensitizers. Metals and metal ox-
ides, such as silver, copper, and zinc, are notable for their potent anti-
microbial and antiviral properties, including against SARS-CoV-2;
however, their use may lead to toxicity, allergic reactions, and a loss of
effectiveness after washing due to ion release. Salts like NaCl offer the
advantage of enhancing ltration and inactivating microorganisms
through osmotic pressure, but they can be easily washed off the mask,

reducing the durability of the effect. Quaternary ammonium compounds
offer broad biocidal action and are easy to apply; however, they may
cause skin irritation, generate toxic residues, and promote the emer-
gence of resistant microorganisms. Graphene-based materials are
notable for their superhydrophobicity, self-cleaning properties, and
local heat generation for disinfection. However, they require more
complex manufacturing methods and still lack long-term safety assess-
ments. Finally, photosensitizers such as TiO₂ and conjugated polymers
have the advantage of producing reactive oxygen species (ROS) under
light exposure, enabling efcient self-disinfection [1,2]. However, their
activity is light-dependent and becomes ineffective in dark environ-
ments. Interestingly, a study involving 10H-phenothiazine, a photo-
sensitizer, demonstrated that its virucidal effect on fabric persisted even
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without constant irradiation or after washing [3]. Furthermore, the
microbicidal properties of industrial dyes have not yet been investi-
gated. Based on this, the present work aims to investigate whether other
phenothiazines exhibit similar microbicidal potential, focusing on the
use of thiazine-based dyes already employed in industry (such as Sulfur
Black) and exploring the potential for developing new
phenothiazine-based dyes [4–6].

The phenothiazines (PTZs) are a signicant group of photosensitizers
bearing a phenothiazine nucleus constituted by two phenyl rings bound
by sulfur and nitrogen atoms, as shown in Fig. 1. PTZs have diverse
applications in medicine [4], dye industry [5], advanced materials [6],
and more recently, as photosensitizers against the virus [3].

Rodrigues et al. characterized the photochemical behavior of the
antipsychotic drugs thioridazine (TR), triuoperazine (TFP), and
uphenazine (FP) modulated by the aggregation state of the molecules
[7]. When phenothiazines are promoted from the ground state (So) to
the singlet-excited state (S1), they are converted to the triplet state by
the intersystem crossing (ISC) mechanism. The S1 state can also decay
thermally or radioactively by uorescence. The long-lived excited triplet
state generated by ISC (lifetime of µsec) can survive long enough to
conduct a photochemical reaction. In an aggregated state, a triplet state
of phenothiazine can be deactivated by oxidizing the neighboring pair to
a cation radical (Type I mechanism) [7]. The decay from T1 can also
occur by energy transfer to molecular oxygen, generating singlet oxygen
(1O2) (Type II mechanism). Without oxygen and in solid matrices, triplet
PTZs can decay to S0 by phosphorescence [8,9]. Phenothiazines possess
many new and fundamental biological properties, such as antibacterial,
antiviral, anticancer, antiprotozoal, and multidrug resistance reversal
activity [10,11]. The phenothiazine moiety is also present in low-cost
sulfur dyes, including phenothiazonethioanthrone chromophore (sul-
fur black, abbreviated as SB), which is used to color cellulosic bers
[12–15]. This dye belongs to the sulfur dyes class that are generally
known to be complex mixtures of molecular species containing a large
proportion of sulfur in the form of sulde (–S–), disulde (–S–S–), and
polysulde (–Sn–) links and heterocyclic rings, especially the benzo-
thiazole, thiazone and thianthrene ring systems. The Color Index rec-
ognizes at least 12 dyes named Sulfur Black. After simulating the EPR
spectrum shown in the results, it was concluded that the structure that
best matches the dye used is the one presented in Fig. 1c [16].

Fabrics enhanced with photoactive materials have the potential to
directly and indiscriminately affect the structure of viruses and bacteria
via photocatalytic and photothermal processes [2,17,18]. The produc-
tion of pro-oxidant species through photocatalysis and the elevation in
temperature via photothermal mechanisms result in microbial inacti-
vation through disruption of the lipid membrane [3], damage to genetic
material [19,20], and denaturing proteins [17,20]. Considering that

previous studies demonstrated the virucidal action of 10HPHT, it was
important to extend these investigations to other PTZ structures and
establish a correlation between microbicidal action and the generation
of pro-oxidant species. Also, the photoactivated microbicidal action of
industrial dyes was yet another gap in the literature. Photosensitizers
destroy pathogenic agents by generating pro-oxidant species through
type I and II mechanisms. FP was selected as a model compared to SB to
establish a correlation between the PTZ structure and the antimicrobial
properties of these compounds in fabrics. This study can provide insights
for developing efcient new antimicrobial fabric dyes based on photo-
dynamic action.

2. Experimental

2.1. Materials

Fluphenazine dihydrochloride (FP), deuterium oxide (D2O), aceto-
nitrile, and chloroform were purchased from Sigma-Aldrich. Phospha-
tidylcholine Egg (PC) was purchased from Avanti Polar Lipids LLC. All
aqueous solutions were prepared with deionized water (mixed bed of ion
exchangers, Millipore). Flat fabric with 100 % cotton composition and a
grammage of 101.73 g/m2 (100 C). 100 % cotton fabric dyed with sulfur
black was kindly donated by EACH/USP.

2.2. Generation and characterization of cation radicals from FP and SB
in natural and synthetic fiber fabrics

2.2.1. Generation of stable free radicals of FP and adsorption in fabrics
For the experiment, 20 ml aqueous solutions of FP at 1-, 8-, and 13-

mM concentrations were prepared. Cotton fabrics, cut into 2 × 2 cm
squares, were immersed in the solutions with constant agitation and
irradiated using a 254 nm UV-C lamp (75 W) for 30 min at a 10 cm
distance. After irradiation, samples were agitated and dried with nitro-
gen gas under room light. The cotton ber fabric samples impregnated
with FP under irradiation are named 100 C+FP and contain the radical
cation since it remains stable for days.

2.2.2. Generation of SB radical cation in cotton fabric
The 100 C dyed with SB was a donation produced using an industrial

method described in the supplementary material. A 2 × 2 cm piece of
sulfur black-dyed 100 C was irradiated with the UV-C lamp in the same
conditions as FP-impregnated samples. The SB radical cation is also
stable and remains at 100 C after irradiation for days. These samples are
referred to as 100 C + SB.

Fig. 1. The molecular structure of (a) phenothiazine nucleus, (b) uphenazine, and the most probable structure of sulfur black that was used in this study, (c). R =NH
or H.
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2.2.3. Determination of singlet oxygen formation
To study the photochemical mechanism, 100 C+SB and 100 C+FP

pieces prepared as described above were placed inside a cuvette lled
with chloroform. Singlet oxygen generation was monitored at 1270 nm
using a Hamamatsu Near Infrared (NIR) photomultiplier, which used as
an excitation source a 375 nm diode laser (LDH-P-C-375B, PicoQuant
GmbH) driven by a PDL 820 computer-controlled, all connected in a
PicoQuant FluoTime 300.

2.2.4. Cotton fabric washing with household detergent
The cotton fabrics with FP and SB were washed with household

laundry detergent with the following composition: linear alkyl benzene
sodium sulfonate, sodium alkyl ether sulfate, buffering agents, pH-
adjuster, thickeners, coadjutants, dye, enzyme, optical brightener,
fragrance, anti-redeposition agent, isotiazolines, and preservants. The
washing consisted of immersion of the cotton fabric piece in a Becker
containing 50 ml of fresh water, in which the amount of detergent
prescribed by the manufacturer was added according to the mass of
clothes used for washing. The cotton piece was shaken for 10 min and
rested in the same detergent solution for 50 min. In the following, the
cotton piece was submitted to three cycles of rinsing with fresh water for
10 min. After washing, the cotton pieces were dried by purging N2
before characterizations. These washed fabrics were used in the viru-
cidal test to study whether the fabric retains its microbicidal properties
even after washing.

2.2.5. UV-visible spectrometry
The UVvisible spectra were recorded from 200 to 1100 nm in an

Evolution 220 UV–visible spectrophotometer (Thermo Fisher, USA). The
FP solution was analyzed using 10 mm cuvettes, and all fabrics treated
with FP and SB (before and after washing) were analyzed using the
sphere integrator module.

2.2.6. Electron paramagnetic resonance (EPR) spectrometry
Pieces of the treated fabrics (100 C+FP and 100 C+SB) were placed

in the tube for analysis, and EPR spectra were recorded at room tem-
perature (EPR EMX 10–2,7 Plus, Bruker, Germany). At a frequency of
about 9.4267 to 9.4406 GHz, three scans with a magnetic eld range
from 3470 to 3570 G were accumulated with 1023 data points each
(conversion time 10.24 ms), microwave attenuation of 10 dB, and a eld
modulation amplitude of 1 and 5 T at 100 kHz modulation frequency.

2.2.7. Color fastness to washing and light according to textile standards
The color fastness test for washing was carried out by ISO 105-

C06:2010. Textiles – Tests for color fastness. Part C06: Color fastness
for domestic and commercial laundering. The method used was the AIS
(simple test at 40◦C). Fabric color change assessments were carried out
by ISO 105-A02:1993 – Textiles – Color fastness tests – Part A02: Grayscale
for color change assessment. The ISO-A03:1993 standard was used for
color transfer evaluations as a basis – Textiles – Color fastness tests – Part
A03: Grayscale for stain evaluation - The colorimetric coordinates in the
CIEL*a* b* space, the color shift (ΔE) was measured using Konica
Minolta cm-2600d spectrophotometer, under the D65 illuminant with
10º observer angle, 400–700 nm scan, and with the inclusion of specular
reection measurement and UV lter. The color fastness test for arti-
cial light was performed by standard ISO 105-B02:2014 – Textiles - Tests
for color fastness part B02 Color fastness for articial light: Xenon arc
fading lamp test.

2.2.8. Traction and elongation
The specimens measuring 6 × 18 cm, with the largest measurement

in the longitudinal direction (warp), were stored at 20 ± 2 ◦C and
relative humidity of 65 ± 4 % for 24 h. The tests were performed ac-
cording to the ASTM D 3822 (2007) standard using a Universal Testing
Machine “Instron” model 5869, with 2 N of pretension, 100 mm min1
speed, and 200 mm distance. The tensile parameter was determined

when the ber yarn broke, immediately after maximum elongation. The
test was conducted at the Textile Technology Laboratory of the Institute
of Technological Research (LTT-IPT).

2.2.9. Air permeability
The air permeability test was performed in accordance with the ISO

9237:1995 standard, "Textile - Determination of the air permeability of
fabrics." The test specimens measuring 15 × 15 cmwere evaluated using
an air permeability meter with electronic ow control FX 3300-III -
Textest, with a 20 cm² clamping head and 3 3-range. The programmed
pressure was 100 Pa, and the results were obtained in L/m²/s as the unit
of measurement. The assay was performed at the Textile Technology
Laboratory of the Technological Research Institute (LTT - IPT).

2.3. Microbicidal application

2.3.1. Cell viability
The MTT assay was used to evaluate the cytotoxicity of 100 C+FP

and 100 C+SB by measuring cell viability, following ISO 10993-5:2009
standards, which dene ≥ 70 % viability as non-toxic. Human lung
broblast cells (MRC-5 line) were cultured in DMEM with supplements
and maintained until 90 % conuence. After plating 10,000 cells per
well and incubating for 24 h, cells were treated with the medium used to
rinse the FP-impregnated 100 C and SB-dyed 100 C and incubated for
another 24 h. MTT solution was then added, followed by a 4-h incuba-
tion, DMSO addition to dissolve formazan crystals, and absorbance
measurement at 570 nm to assess viability, as reported in the literature
[21]. The objective was to exclude the chemical toxicity of residues
extracted from fabrics by rinsing. Considering that the impregnation of
FP in fabrics is done by incubating the fabric in the phenothiazine so-
lution under irradiation, the stable radical cation of FP should also be
present in the fabric. SB absorbs visible light in all the visible spectral
range, and radical cation can be formed even upon exposure to room
light. Still, the sample was also UV-irradiated for this assay.

2.3.2. Viral inactivation assay
Virucidal assays were conducted using Human Coronavirus 229E

(HCoV-229E) and MRC-5 lung broblast cells. One day prior, 20,000
cells were seeded per well in 96-well plates. Samples (1 cm²) treated
with FP and SB were exposed to 1000 ID₅₀ of HCoV-229E for 5 min, then
rinsed with culture medium, which was transferred to the cell wells.
After 4 days of incubation at 37◦C with 5 % CO₂, wells were imaged, and
viral RNA was extracted for analysis. cDNA was synthesized, and qPCR
was performed in triplicate targeting the ORF1 region to quantify
remaining viral RNA. Reactions were run in duplicate for each replicate,
and results were statistically analyzed using one-way ANOVA and
Bonferroni’s post-test (P < 0.001), as described elsewhere [3].

2.3.3. Lipoperoxidation assay
An in-situ ATR-FTIR technique was employed to investigate the

oxidation of phosphatidylcholine liposomes, simulating the lipid
component of viral envelopes. Liposomes (14 mM L-α-Phosphatidyl-
choline) were incubated with 100 C+FP and 100 C+SB prepared as
described in Sections 2.2.1 and 2.2.2. The samples were incubated in the
liposome suspensions under visible light and agitation for 30 min. Af-
terward, cotton fabrics were washed with chloroform, and the lipid-
containing solution was collected. The chloroform phase was sepa-
rated and analyzed. For spectral analysis, 10 µL of each sample was
applied to a diamond ATR crystal and dried. Infrared spectra were
recorded using a Varian 640-IR spectrometer, processed from 64 scans at
4 cm⁻¹ resolution. Spectra were referenced to air, analyzed with Varian
Resolutions Pro software, and normalized and compared using Origin
Pro 8.5. This method was adapted from Bronzato et al.

2.3.4. Mechanism of virus inactivation analyzed by EPR
The fabrics with FP and SB were analyzed in the EPR. Then, they
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were embedded in the egg Phosphatidylcholine (PC) liposome and
analyzed again. Electron Paramagnetic Resonance Spectroscopy spectra
were recorded at room temperature (EPR EMX 10–2,7 Plus, Bruker,
Germany). At a frequency of about 9.4267 to 9.4406 GHz, three scans
with a magnetic eld range from 3470 to 3570 Gwere accumulated with
1023 data points each (conversion time 10.24 ms), microwave attenu-
ation of 10 dB, and a eld modulation amplitude of 1 and 5 T at 100 kHz
modulation frequency.

2.3.5. Antimicrobial inactivation assay
The methodology was adapted from previous studies [22,23]. An

inoculum (Escherichia coli ATCC 25922) was prepared in 20 ml of BHI
broth (Brain Heart Infusion, Kasvi, Pinhais, PR, Brazil) and incubated for

24 h at 37◦C. Then, the bacteria concentration was adjusted to 3 × 108
cells/ml, and a volume of 400 μL from the previous suspension was
added to 20 ml of BHI broth and incubated for 2 h at 37◦C. The bacteria
concentration was measured again and diluted in BHI broth until it
reached 150 × 106 cells/ml. 100 μL of this inoculum was added to
1 × 1 cm pieces of 100 C+FP and 100 C+SB fabrics, prepared as
described above, and incubated at 37◦C for the appropriate time. Sub-
sequently, 10 ml of sterile physiological saline solution was added to the
samples, and they were vortexed for 1 min. The number of live bacteria
was assessed by the serial dilution plate count method using Macconkey
agar plates (Kasvi, Pinhais, PR, Brazil), which were incubated for 24 h at
37◦C. The test was performed in triplicate, and the average was used to
analyze the result. To analyze the results, using 100 C as a negative

Fig. 2. (a) Photographs of 100 % cotton fabric (100 C), 100 C with irradiated uphenazine (100 C+FP), and irradiated FP solution (FP•+). (b) UV–vis absorption
spectra of FP solution (dotted line) and 100 C+FP at the concentrations of 1 (blue line), 8 (black line), and 13 mM (light grey line) - The spectra were subtracted for
the fabric and background. (c) EPR spectra of 100 C+FP at the concentrations of 0 mM (dotted black line), 1 mM (blue line), 8 mM (black line), and 13 mM (light
grey line).

Fig. 3. Simulation of the EPR spectra using the HStrain program. (a) The black line corresponds to the experimental spectrum of 100 C+FP and the red line to the
simulated spectrum; (b) The black line corresponds to the experimental spectrum of 100 C+SB after washing with water; the red line corresponds to the simulated
spectrum; the blue line corresponds to the monomeric fraction of the SB radical cation; the green line to the aggregate fraction of the SB radical cation. The inset
shows the structure of sulfur black.
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control, Eq. 1 was used:
numberofbacteriaoncontrolfabricnumberofbacteriaontreatedfabric

numberof bacteriaoncontrolfabric
∗100

(1)

3. Results and discussion

3.1. Impregnation and characterization of radical cations in cotton
fabrics

When irradiated, an aqueous solution of FP (colorless) is converted
to a red solution, which is characteristic of the formation of FP•+
(Fig. 2a).

A cotton fabric piece immersed in a red uphenazine solution takes
on a reddish color (Fig. 2a), and its absorption spectrum exhibits a band
in the visible region at 520 nm that overlaps the band of FP•+ aqueous
solution (zoomed inset of Fig. 2b). A piece of 100 % cotton fabric was
impregnated with FP•+ photogenerated in FP solutions of 1, 8, and
13 mM to analyze the effect of FP concentration on the radical cation
impregnation in 100 C. The samples of 100 C were immersed and irra-
diated in 0, 1, 8, and 13 mM of FP solutions and analyzed by UV–visible
and EPR (Fig. 2b and c, respectively). Fig. 2b shows that the higher in-
tensity of the band assigned to FP•+ was present in 100 C treated with
the FP•+ solution. The corresponding EPR spectra showed spectral dif-
ferences in the 100 C samples incubated in FP solution of 1 and 8 mM.
These differences are probably related to the aggregation states of FP
molecules in the cotton fabric weft. In contrast, the EPR signal was
similar but slightly lowered in the sample incubated with the FP solution
of 13 mM. Therefore, 100 C treated with an FP solution of 8 mM
(100 C+FP) was chosen for subsequent characterizations and micro-
bicidal application. A standard industrial protocol for dyeing 100 C with
SB was used, and this sample was analyzed and applied as received.

The simulations of EPR spectra for 100 C+FP and 100 C+SB were
consistent with the presence of FP•+ and SB•+ in 100 C with unpaired
electrons in nitrogen (Fig. 3a and b, respectively).

In contrast to the EPR of FP•+, the spectrum of 100 C+SB reveals the

presence of two populations of the radical, one more abundant, 74 %
monomeric, and the other 26 % corresponding to the aggregate of the
radical (Fig. 3b). The simulation of the EPR spectra using the HStrain
program revealed that the spectrum has a nitrogen moiety associated
with the following signal characteristics depicted in Table 1. Consid-
ering the diversity of possible structures of black dyes containing the
phenothiazine moiety, the structure provided to the simulation soft-
ware, which resulted in simulated spectra well-tted to the experimental
result, was chosen as the probable structure of the SB used in the present
study.

The samples of 100 C+SB were submitted for testing to evaluate light
exposure and washing fastness (Tables 2 and 3, respectively).

Table 2 shows that 100 C and SB-dyed 100 C resist color change by
light exposure. The low score obtained by 100 C+FP results from the
intensication of the red color, indicating an increase in FP•+ in the
fabric.

Washing fastness analyzes the resistance to color removal and
transfer by washing color-dyed fabrics together (Table 3). It is essential
to analyze color fastness to determine the viability of washing different
colored pieces together and the stability of the photosensitizers in the
textile. Furthermore, since FP could be used as a temporary additive for
non-disposable PPEs, it is essential to know if a reapplication is neces-
sary after each washing.

Based on the grayscale, samples were evaluated before and after
treatment or dyeing. The color transfer of the samples to the multiber
fabrics was analyzed on the color transfer scale. Grades were assigned to
solidity grades 5, 4, 3, 2, and 1, and intermediate grades 4–5, 3–4, 2–3,
and 1–2. A score of 5 equals no color change/transfer, and 1 equals
excessive color change/transfer. In the grayscale, the fabric with SB had
an almost imperceptible change when washed (45). Meanwhile, the
fabric with FP showed a more noticeable change (1). The color variation
between the fabric before and after washing, measured by the spec-
trometer, shows that industrial dyeing results in better xation of SB
(0.63) compared to FP (14.88). The coloring in the wash of the dyed
fabrics (Table 3) was classied as “very good” (5) for all bers of the
multiber fabric, except wool (45), in both fabrics evaluated [4],
which shows that both FP and SB were satisfactorily impregnated the
fabric.

Additionally, tests of tensile strength and air permeability were
performed and are available in the Supplementary Material.

3.2. Virucidal application

The 100 C+FP and 100 C+SB were evaluated as self-disinfecting
materials.

The treated fabrics and their corresponding control (100 C) were
inoculated with human coronavirus 229E (HCoV-229E). HCoV-229E is

Table 1
EPR parameters obtained for FP and SB free radicals.
Samples g1 g2 g3 Lwpp1 (mT) Lwpp2

(mT)
A1
(MHz)

A2
(MHz)

A3
(MHz)

100 C+FP 2.0077 2.0027 2.0053 0.853 0.0766 0.0 48.72 4.72
100 C+SB (monomeric) 2.0023 2.0062 2.0099 0.192 0.057 9.87 0.09 0.94
100 C+SB (aggregate) 2.0046 2.0053 2.0064 0.267 0.314

Table 2
Color fastness results to light, after 30 h under light exposure.
Samples Score after 30 h under light D65

100 C 4
100 C+FP 23*
100 C+SB 5
* Sample exhibited intensication of red color

Table 3
Washing fastness of cotton fabrics.
Samples Visual change grayscale ΔE* Color staining

Acetate Cotton Polyamide Polyester Acrylic Wool

100 C+SB 45 0.63 5 5 5 5 5 45
100 C+FP 1 14.88 5 5 5 5 5 45
* Difference between the input content’s displayed color and the original color standard. The lower ΔE, the greater the accuracy, while the higher ΔE, the more

signicant the mismatch.
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an enveloped virus used as a model that can be extrapolated to SARS-
CoV-2 and other enveloped viruses, as the oxidative damage induced
by ROS is a nonspecic mechanism of viral inactivation. The fabrics
inoculated with HCoV-229E for 5 min were washed with culture me-
dium and transferred into MRC-5 cells in culture [18]. To warrant that
residual FP and SB toxicity should not signicantly contribute to MRC-5
cell death, the virucidal assays were preceded by an MTT cell viability
assay (Figure S1a and b). MTT is based on the ability of viable cells to
metabolically reduce the MTT salt through the succinic mitochondrial
dehydrogenase enzyme. The salt reduction promotes the formation of

blue-purple formazan crystals that accumulate in the cell cytoplasm
[21]. The cell medium used to rinse 100 C+FP and 100 C+SB was added
to the MRC-5 cell culture. The cell viability after incubation with the
solutions used to rinse 100 C+FP and 100 C+SB was tested using an
MTT assay. The results in Figures S1a and b show that residual FP and SB
in the rinsing medium did not promote signicant cell death. After the
fabric washing, the cell viability remained equal to that of the control.
The infection by HCoV-229E affects the cell phenotype, as shown in the
insets of Figs. 4 and 5 (+HCoV-229E samples versus -HCoV-229E sam-
ples). Viral load (copies) of HCoV-229E was detected by qPCR 4 days

Fig. 4. Virucidal activity of the cotton fabric impregnated with FP (100 C+FP). Viral load (genome copies) of Human Coronavirus 229 (HCoV-229E) detected by
qPCR 4 days post-infection and after 5 min of incubation to either 100 C+FP before and after washing with soap or 100 C only. The inset shows representative images
of the MRC-5 cells, using a 100X magnication, after 4 days of incubation. One-way ANOVA was used for the statistical analysis with Bonferroni’s post-test (**,
P < 0.01). +HCoV-229E, infected cells; -HCoV-229E, non-infected cells infected with virus exposed to original cotton fabric, cotton fabric with FP, cotton fabric with
FP after washing with soap, and cotton fabric with FP after washing and irradiation.

Fig. 5. Virucidal activity of the cotton fabric impregnated with SB (100 C+SB). Viral load (genome copies) of Human Coronavirus 229 (HCoV-229E) detected by
qPCR 4 days post-infection and after 5 min of incubation to either 100 C+SB before and after washing with soap or 100 C only. The inset shows representative images
of the MRC-5 cells, using a 100X magnication, after 4 days of incubation. One-way ANOVA was used for the statistical analysis with Bonferroni’s post-test (**,
P < 0.01). +HCoV-229E, infected cells; -HCoV-229E, non-infected cells infected with virus exposed to original cotton fabric, cotton fabric with SB, cotton fabric with
SB after irradiation.
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post-infection, and the results are presented in Figs. 4 and 5. The cotton
fabric impregnated with FP (Fig. 4) showed an eight-million-fold
reduction in the recovered virus compared to the control fabric. After
the fabric was washed with soap and dried, it presented a six hundred
and thirty percent decrease in the recovered virus compared to the
control fabric, yet signicantly different from the control. Irradiating the
fabric after washing did not increase the virucidal capacity of the fabric.
Fig. 5 shows the virucidal results of cotton fabric dyed by SB. The fabric
dyed with SB also promoted a signicant decrease in virus genome
copies relative to 100. Consistent with a higher virucidal effect of FP,
washing of 100 C+FP decreased the absorbance and EPR radical cation
signals (Figures S2a and b), whereas 100 C+SB retained signicantly the
UV–visible and EPR signal intensity after washing (Figures S2c and d).
These results show that the efciency of the PTZ virucidal action de-
pends on the dye’s availability to contact the viral envelope.

Considering that the PTZs’ virucidal action comes from the genera-
tion of pro-oxidant species that attack viral envelopes, they also showed
promising bactericidal action. 100 C+FP and 100 C+SB were tested

against Escherichia coli (Fig. 6a and b).
The results of the bactericidal tests reveal that the fabrics dyed with

FP and SB exhibit microbicidal properties with varying efciencies. The
100 C+FP immediately reduced 80 % of the bacterial colonies, whereas
100 C+SB required 1 h of contact to achieve a statistically signicant
reduction in bacterial colonies. The different microbicidal actions of
100 C+FP and 100 C+SB could result from the production mechanisms
of other oxidative species. The radical cations are formed by the type I
mechanism [3,7,8]. However, it was essential to investigate whether the
type II mechanism also occurred and contributed to the microbicidal
action of the PTZs. Fig. 7 shows the spectra of monomol emission of ¹O2
produced by different sensitizers in acetonitrile. [Ru(bpy)3]2+ was used
as a pattern of photosensitizers with a high yield of ¹O2 (brown lines). FP
irradiated in acetonitrile generated ¹O2 (red line), as shown by the
overlap of the spectrum obtained with the standard solution. The
acetonitrile SB solution did not exhibit a signal of ¹O2 production (black
line). The attempts to measure singlet oxygen (¹O2) generated at the
100 C+FP and 100 C+SB surfaces were unfruitful (Figure S3).

Fig. 6. Percentage of reduction in bacterial colonies after contact with fabrics with (a) FP and (b) SB relative to the control. One-way ANOVA was used for statistical
analysis with Bonferroni’s post-test (*, P < 0.05).

Fig. 7. Sensitized singlet oxygen emission spectra generated by using (a) 100 C+FP (thin and thick red lines) and 100 C+SB (thin and thick black lines) immersed in
chloroform and compared to [Ru(bpy)3]2+ (where bpy = 2,2’-bipyridine) in CH3CN (thin and thick brown lines). The overlapped spectra are on different scales to
provide a normalization with a maximum of 1270 nm. The emission intensities of FP and SB (right red and black vertical axes) are only the observed intensities since
it was impossible to determine the exact dye quantities in fabrics. The thick lines are the corresponding signal smooth. The inset shows the same results with a single
y-axis.
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However, these negative results could not be assigned to the absence
of singlet oxygen generation in fabrics since ¹O2 was not detected in
fabrics impregnated with [Ru(bpy)3]2+. The results of lipid damage in
liposomes (Figs. 9a-d and b and 10a-d) corroborated that singlet oxygen
contributed to the microbicidal action of 100 C+FP. The formation of
free radicals and the generation of singlet oxygen by FP and SB sug-
gested that lipid oxidation may be a mechanism contributing to the
destruction of viruses and bacteria. Thus, another approach to investi-
gating the mechanism of viruses and bacteria destruction by PTZs was to
expose egg yolk PC liposomes to contact with 100 C+FP and 100 C+SB.
Phosphatidylcholine (PC) liposomes, a model of the lipid fraction of the
viral envelope and bacterial membrane, were used to study the

oxidation promoted by fabric with FP and SB (Figs. 8a and b, 9a-d and
10a-d). The PC liposomes were exposed to cotton fabrics impregnated
with FP and dyed with SB employing an industrial process. Before and
after contact with the fabrics, the samples were analyzed by EPR and
FTIR.

Fig. 8a shows that the contact of PC liposomes with cotton fabric
impregnated with FP and irradiated with a UV lamp signicantly
decreased the EPR signal of FP radical cation, indicating the reaction of
the pro-oxidant species with lipid molecules. Consistent with the less
intense virucidal and bactericidal effects, a less intense decay of the EPR
signal of cotton fabric dyed with SB was observed after liposome
exposure (Fig. 8b). FTIR was also used to analyze the samples of

Fig. 8. Reaction of PTZ radical cation with egg yolk PC liposomes. a) EPR spectra of 100 C+FP (light gray line), UV-irradiated 100 C+FP (blue line), and irradiated
100 C+FP immersed in a liposome (black line). b) EPR spectra of 100 C+SB (light gray line), UV-irradiated 100 C+SB (blue line), and irradiated 100 C+SB immersed
in a liposome (black line).

Fig. 9. FTIR analysis of the effect of 100 C+FP on phosphatidylcholine in liposome membrane models. In a), b), c), and d), the panels show the FTIR spectral region
of PC pristine in H2O (dark blue lines) and D2O (blue lines) and exposed to 100 C+FP (gray and red lines, respectively).
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liposomes exposed to contact with 100 C+FP and 100 C+SB (Figs. 9a-
d and 10a-d, respectively). For FTIR analysis, PC liposomes in deuterium
oxide (D2O) were also prepared to investigate the participation of singlet
oxygen in lipid damage (Figs. 9c-d and 10c-d). Fig. 9a-d shows changes
in the vibrational bands of PC after exposure to FP-treated cotton fabric,
with different results for the samples prepared in water and deuterium
oxide. The PC liposomes prepared in deuterium oxide and exposed to FP
in cotton fabric exhibited a broadening of all vibrational bands. This
result indicates a signicant increase in the sample uidity due to
oxidative damage and lipid degradation.

Before exposure to oxidative species, PC liposomes prepared in water
and deuterium oxide exhibited vibrational bands related to the lipid
functional groups. In the spectral region of 3600–3300 cm1, the
contribution of OH and NH stretching is observed. After exposure to FP-
treated cotton fabric, PC liposome presented higher bands below
3300 cm1, consistent with increased lipid hydroperoxides. Within the
spectral region of 3100–2800 cm1, the expected contribution of CH,
CH2, and CH3 stretching is evidenced. In the area of 1800–1300 cm1,
the band peaking at 1735 cm1 is assigned to the stretching vibration of
ester carbonyl groups. The decrease of these bands in PC liposomes after
oxidation is consistent with lipid fragmentation in the terminal step of
lipid peroxidation (see steps of lipid oxidation in Fig. 11). In the 1300 to
1000 cm1 region, where the vibrations of phosphate groups are found,
more signicant changes were observed in the samples prepared in D2O.

These results indicate a substantial contribution of singlet oxygen.
The oxidation of the lipid acyl chain and the formation of lipid hydro-
peroxides signicantly affect lipid packing and have repercussions on
the lipid head groups. In the spectral region of 1000 to 700 cm1, a

signicant increase in the signals associated with cis-conjugated dienes
was observed. The intensication of cis-conjugated diene signals was
higher in the sample prepared in water than in D2O, suggesting a
competition between the oxidative attack by free radicals and singlet
oxygen. Consistent with the less efcient virucidal and bactericidal ef-
fects, the EPR signal and changes in vibrational bands of liposomes
exposed to cotton fabric dyed with SB were less intense. Signicant band
broadenings were not observed in the liposomes prepared in D2O after
exposure to 100 C+SB, reinforcing that band broadening resulted from
lipid damage and not an intrinsic effect of D2O on liposomes.

4. Conclusion

In conclusion, the ndings presented in this article demonstrate that
fabric dyes containing phenothiazine moieties exhibit photoactivated
microbicidal action against viruses and bacteria, providing a guide for
developing new phenothiazines for use as microbicidal dyes. The anal-
ysis of fabric impregnation with FP and SB dyeing, conducted using
UV–visible and EPR techniques, was consistent with the successful
impregnation of the PTZs in the fabrics. The virucidal and bactericidal
properties of fabrics impregnated with FP and SB highlight the potential
of fabrics impregnated with PTZs as self-disinfecting materials, offering
a promising avenue for combating the spread of pathogens. In this re-
gard, the present study is the rst account of the microbicidal action of
an industrial dye. Another signicant contribution of the present study
was demonstrating that the microbicidal action of PTZs has a structural
dependence related to the degree of impregnation and sensitization of
molecular oxygen to the singlet excited state. Additionally, the results

Fig. 10. FTIR analysis of the effect of 100 C+SB on phosphatidylcholine in liposome membrane models. In a), b), c), and d), the panels show the FTIR spectral region
of PC pristine in H2O (dark blue lines) and D2O (blue lines) and exposed to 100 C+SB (gray and red lines, respectively).
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demonstrated the importance of using non-specic pro-oxidant agents
because they provide broad efcacy against various viruses and bacte-
ria, underscoring the versatility and utility of these treated fabrics.

Several points that were not contemplated in the present study can
be addressed in future studies about the microbicidal action of photo-
activated phenothiazines, such as:

• Synthesis of different phenothiazine derivative dyes and other aro-
matic dyes that can generate stable radical cations and singlet oxy-
gen upon irradiation.

• Synthesis of a dye containing a phenothiazine moiety that should be
appropriate for synthetic bers.

• Association of phenothiazine dyed fabrics with metallic nano-
particles, with overlapping of dye luminescence (uorescence and
dimol singlet oxygen emission) with the surface plasmon resonance
band of the nanoparticles, a strategy with potential to intensify
microbicidal action.

• The application of phenothiazine compounds, alone and in associa-
tion, against non-enveloped viruses and the H5N1 virus that has the
potential to lead to a new pandemic.
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