
Citation: Firmino, H.B.; Volante,

E.K.T.S.; da Silva, A.C.P.; Scacchetti,

F.A.P.; Lis, M.J.; Martí, M.; Saxena, S.;

Tessaro, A.L.; Bezerra, F.M.

β-Cyclodextrin-Modified Cotton

Fabric for Medical and Hospital

Applications with Photodynamic

Antibacterial Activity Using

Methylene Blue. Coatings 2024, 14,

1100. https://doi.org/10.3390/

coatings14091100

Academic Editors: Tsvetelina

Batsalova and Denitsa Kiradzhiyska

Received: 10 July 2024

Revised: 21 August 2024

Accepted: 23 August 2024

Published: 1 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

β-Cyclodextrin-Modified Cotton Fabric for Medical and Hospital
Applications with Photodynamic Antibacterial Activity Using
Methylene Blue
Helen Beraldo Firmino 1, Emilly Karoline Tonini Silva Volante 1, Ana Claudia Pedrozo da Silva 2 ,
Fabio Alexandre Pereira Scacchetti 2 , Manuel José Lis 3,* , Meritxell Martí 3 , Siddanth Saxena 3 ,
André Luiz Tessaro 1,2 and Fabrício Maestá Bezerra 1,*

1 Post-Graduation Program in Materials Science and Engineering, Federal University of Technology,
Apucarana 86812-460, Brazil; millyk.tonini@outlook.com (H.B.F.);
emilly.karoline.tonini@gmail.com (E.K.T.S.V.); andretessaro@utfpr.edu.br (A.L.T.)

2 Research Group of Active Materials, Federal University of Technology, Apucarana 86812-460, Brazil;
anacsilva@utfpr.edu.br (A.C.P.d.S.); fabioscacchetti@utfpr.edu.br (F.A.P.S.)

3 Institute of Textile Research and Industrial, Cooperation of Terrassa, Universidad Politècnica de
Catalunya (INTEXTER-UPC), 0822 Terrassa, Spain; meritxell.marti.gelabert@upc.edu (M.M.);
siddanth.saxena@upc.edu (S.S.)

* Correspondence: manuel-jose.lis@upc.edu (M.J.L.); fabriciom@utfpr.edu.br (F.M.B.)

Abstract: The use of cyclodextrins in textiles for the development of biofunctional fabrics represents
an interesting alternative for the advancement of dental, medical, and hospital materials. Cyclodex-
trins can interact with the chemical groups present in cotton fibers, leading to the formation of a
nanostructured surface with specific functional properties, including antibacterial activity. Although
there are numerous antibacterial textile finishes, the use of methylene blue as a cyclodextrin host
molecule for photodynamic applications in textile materials remains to be investigated. This is because
methylene blue is a photosensitive dye capable of generating singlet oxygen (1O2) when illuminated,
which inactivates the pathogenic microorganisms that may be present in wounds. The objective of
this study was to develop a biofunctionalized and photoactivatable cotton fabric with antimicrobial
properties for use in the cosmetic or medical industries. The materials obtained were characterized
via scanning electron microscopy (SEM), Fourier transform infrared spectroscopy with attenuated
total reflection (FTIR-ATR), the determination of cotton fabric functionalization dyeing variables,
colorimetry, UV-VIS spectrophotometry, degradation of 9,10-anthracenediyl-bis(methylene)dimalonic
acid (ABDA), photodegradation tests, and microbiological analysis. The results showed that the
textile was functionalized with β-cyclodextrin, mainly evidenced by the appearance of the band
at 1730 cm−1, indicating the formation of the ester group. Thus, when exposed to light, the non-
functionalized material showed greater photobleaching, about 60%, compared to the material treated
with cyclodextrin. This result was also reflected in the ABDA degradation kinetics, with the treated
material showing 592.00% (first phase) and 966.20% (second phase) higher degradation than the
untreated sample. Finally, the photodynamic activity was determined based on the antimicrobial
properties of the textile, showing a reduction of more than 99% without exposure to light and 100%
when exposed to light. It is believed that this study could open avenues for future research and the
development of antimicrobial fabrics, as well as demonstrate the efficiency of the treatment with
cyclodextrin in relation to photobleaching.

Keywords: photodynamic action; antimicrobial; biofunctional textile; cyclodextrin; methylene blue

1. Introduction

Biofunctional textiles are gaining prominence due to their ability to absorb substances
from the skin or release therapeutic or cosmetic compounds. Due to their interaction with
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the skin, the use of textiles is a growing trend in technology, which helps combat diseases
and provide additional benefits for the user [1–4]. Textiles with enhanced functionalities
can find a variety of applications, such as the controlled release of active agents [5], cos-
metotextiles [6], and temperature control [7]. Several techniques are employed to make
textile materials biofunctional, such as microencapsulation [8], the use of mesoporous silica
nanoparticles [9], metal-organic frameworks [10], and cyclodextrins [11].

The use of textiles as carriers for controlled-release devices and systems is character-
ized by their high skin contact area, drug-loading capacity, ease of application, low cost,
stimulation release, biocompatibility, anti-allergic, and non-toxicity [12]. In this context,
cyclodextrins (CDs) are becoming increasingly important due to their ability to encapsulate
bioactive substances, their biocompatibility, and their acceptance in biological applications,
allowing for the development of new finishes and the production of fabrics with new appli-
cation possibilities [11,13–15]. Additionally, charged cyclodextrins are of significant interest
for biomedical applications, as they offer protection to active molecules against detrimental
external factors [16–18]. CDs are characterized as being oligosaccharides composed of
glucose units organized in a truncated conical shape, which provides a well-defined cavity
for the formation of a host–guest system and the ability to create these systems with a
range of advantages [19,20]. Consisting of primary hydroxyl groups, the hydrogen atoms
attached to the ether-type oxygen and polar hydrogen groups determine the hydrophobic
character of the interior of the CD cavity, and the presence of free hydroxyl groups on the
exterior gives these molecules a hydrophilic character.

In addition, with regard to the application of CDs in the textile industry, these, CDs
can be used as leveling agents in dyeing [21,22] and in textile finishing [20,23–25], as well
as for the complexation of drugs [14,19], dyes [11,13], essential oils, or phytoactives [26,27],
cosmetics [28], and in biomedical applications [16,29]. The development of medical and
hospital textiles is of significant interest, particularly concerning infectious diseases caused
by pathogens [30]. Contact with contaminated surfaces can lead to serious illnesses and
poses a significant problem for public health [31]. Therefore, the development of new
finishes employing efficient techniques holds considerable value for both industry and
society, Figure 1.
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The inactivation of microorganisms is one of the functionalities being investigated
in the field of biofunctional textiles. In this context, photodynamic inactivation (PDI) has
emerged as a promising technique for controlling pathogenic microorganisms [32]. It is a
branch of photodynamic therapy (PDT) and involves the application of a photosensitive
compound (e.g., a dye) called a photosensitizer (PS) that preferentially accumulates in the
cell membrane of the microorganisms [33]. Irradiation with appropriate light triggers a
series of photophysical processes that can excite the PS to the triplet state (3PS*). Once
the chromophore reaches 3PS*, two mechanisms are proposed: in the type I mechanism,
electrons are transferred between 3PS* and biological substrates, generating radical ions
that subsequently react to form reactive oxygen species (ROS), such as the superoxide anion
(O2

−) and the hydroxyl radical (OH•). In the type II mechanism, energy is transferred from
3PS* directly to oxygen in its ground state leading to the formation of singlet oxygen (1O2),
a highly oxidizing species. Both pathways result in cell death and can occur simultane-
ously, with the relative contributions of each mechanism depending on the photosensitizer
used and the concentrations of substrate and/or oxygen present [34]. These species are
responsible for nonspecific oxidative damage as they attack multiple molecular targets,
such as lipids, proteins, and nucleic acids, promoting cell lysis and death [35]. In addition,
PDI has not been shown to lead to bacterial resistance even after several cycles of partial
killing and growth [34].

The photodynamic inactivation of microorganisms has been tested on Gram-positive
and Gram-negative bacteria, such as S. mutans, S. sanguis, S. aureus, and Lactobacillus spp.
with different types of photosensitizers, such as porphyrins, phenothiazines, and xanthenic
dyes [36–39], which are present in the everyday human life. The bacterium Staphylococcus
aureus is one of the most important human pathogens and develops complex mechanisms
to evade the immune system, invade and efficiently damage host tissues, and cause various
clinical syndromes, such as atopic dermatitis [40]. S. aureus has evolved to be resistant to
almost all classes of antimicrobial agents, promoting the selection and spread of highly
antibiotic-resistant strains. These strains can spread efficiently in community and hospital
settings, dominating the S. aureus population structure and causing infections [41].

In this sense, phenothiazine dyes play a prominent role in PDI due to their remarkable
photophysical properties, such as strong light absorption in the red-light region and an
excellent ability to generate ROS. Methylene blue has long been used to detect premalignant
cells and as a tissue marker in surgery. It has analgesic, antimicrobial, antitumor, and healing
effects [42–45]. As a photosensitizer, it has advantages, such as low cost, easy application,
and fewer side effects. MB can induce the formation of hydroxyl radicals (type I) or singlet
oxygen species (type II), which further enhances its photodynamic effect [46–48]. The easy
availability of MB and the ability to use polychromatic light sources make this dye a potential
sensitizer for PDI that can be used in underserved populations for the treatment of a variety
of diseases [49,50].

In this context, we investigate the functionalization of cotton fabric by incorporating
β-cyclodextrin onto the textile surface through an esterification process, which results in a
nanostructured surface with specific functional properties. Subsequently, the fabric is dyed
with methylene blue, which acts as the guest molecule for the cyclodextrin. The outcome
is an advanced and innovative cotton fabric capable of proactively combating infections
through photodynamic therapy.

2. Materials and Methods
2.1. Materials

The materials β-CD (Cyclolab, Budapest, Hungary), citric acid (Synth, Diadema,
Brazil), sodium hypophosphite monohydrate (Synth, Diadema, Brazil), sodium hydroxide
(Synth, Diadema, Brazil), methylene blue (Dinâmica, Diadema, Brazil), and other analytical
grade products were used without prior purification. The fabric used is 100% cotton (Brazil)
with a weight of 228 ± 5 g/m2.
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2.2. Methods
2.2.1. Cross-Linking of β-CD in Textiles

Initially, the amounts of β-CD, citric acid, and sodium hypophosphite monohydrate
(SHP), the latter used as a catalyst for the reaction, were set at 100 g/L, 20 g/L, and 60 g/L,
respectively.

The samples were immersed in a solution comprising 30 mL of distilled water for
each gram of fabric (bath ratio 1:30). The described concentrations were used, and the
samples were immersed in the solution for 10 min, following methodology adopted by
Abdel-Halim and Al-Deyab [24] and Bezerra et al. [27].

Subsequently, the samples were subjected to the Pad-Dry-Cure process in a vertical
foulard (Texcontrol, São Paulo, Brazil) with 100% pick-up, and then, they were dried at
110 ◦C for 3 min. The β-CD was crosslinked by curing in a Rama (Mathis, Oberhasli,
Switzerland) for 3 min at a temperature of 190 ◦C. The entire experiment was performed in
duplicate.

2.2.2. Methylene Blue Dyeing Method

Dyeing was carried out using an exhaustion process on a lab dyeing machine (Kimak
AT1-SW, Brusque, Brazil). For the dyed samples, a fixed dye concentration of 6.25 µM,
a temperature of 50 ◦C, pH 10 (adjusted with NaOH), and a time of 1 h were used. UV-
Vis spectrophotometry was employed to complement the factorial analysis of samples
functionalized with and without β-CD and dyed with methylene blue. A UV-Vis absorption
spectrophotometer (Cary 60, Agilent Technologies, Palo Alto, CA, USA) was utilized, with
a spectral range of 190 to 1100 nm and a bandwidth of 1.5 nm. The samples were analyzed
within the range of 200 to 800 nm, and the residual dye baths were also examined.

2.2.3. Statistical Treatment

The dyeing process is a multivariate process in which the amount of dye introduced
into the fiber is dependent on several factors, including the temperature, initial concentra-
tions, time, pH, and electrolyte content. Consequently, a study of the different parameters
involved was conducted using ANOVA (software STUDIO R) with a 10% significance
level. The values under consideration were treated at three levels: pH (4.0, 7.0 and 10.0),
time (30, 45 and 60 min), temperature (50, 70, 90 ◦C), and NaCl concentration (0, 30 and
60 g/L). From these, the optimal conditions for the dyeing process were established using
the residual dye concentration (RDC) and K/S as the response.

2.2.4. Characterization of the Materials

The following evaluation methods were used for the untreated 100% cotton fabric, the
β-CD functionalized fabric, and the biofunctionalized fabric with dyes: Fourier transform
attenuated total reflectance infrared spectroscopy (Thermo Fisher Scientific, Madson, WI,
USA), scanning electron microscopy (JEOL Ltd., Tokyo, Japan), ultraviolet-visible light
spectrophotometry (Agilent Technologies, Palo Alto, CA, USA), colorimetric analysis
(PerkinElmer, Wellesley, MA, USA), microbiological analysis, singlet oxygen generation
efficiency, and photodegradation of the textile materials.

Scanning Electron Microscopy

Samples of untreated 100% cotton fabric and β-CD-functionalized fabric were taken
for electron microscopy analysis to assess the presence of β-CD on the fabric surface. The
morphology of the cotton fabric was evaluated using a scanning electron microscope,
JEOL-JSM 5610, coated with carbon.

Fourier Transform Attenuated Reflection Infrared Spectroscopy

FTIR-ATR was used to analyze the samples functionalized with β-CD, untreated 100%
cotton fabrics, and the fabric functionalized with β-CD and washed after the esterification
process. Scanning was performed at a wave number of 4000 to 500 cm−1 using the Nicolet
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Avatar apparatus (Thermo Fisher Scientific, Madson, WI, USA), OMNIC software (version
6.2), and an ATR plate.

Photodegradation Test

To evaluate the photodegradation of MB in the paint samples, cold light was obtained
by means of a fluorescent lamp used to simulate natural daylight, with a temperature of
6400 K and a luminous efficiency of 60 lm/W, information adapted from the technical
standard BS-950-1. The light source used was positioned at a distance of 5.0 cm from the
functionalized samples with and without β-CD and treated and dyed with AM, inside a
closed booth. The samples were then measured with the colorimetric analysis (Spectrum
550 remission spectrophotometer, PerkinElmer, Wellesley, MA, USA), at time intervals of
up to 72 h.

ABDA Degradation Kinetics

The singlet oxygen (1O2) generation was estimated via an indirect method using 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA) as a probe. The reaction between
1O2 and ABDA occurs through a cycloaddition (4 + 2) forming an endoperoxide (ABDA-
O2). Thus, the generation of singlet oxygen can be observed by the decrease in the ABDA
absorption band at 400 nm [51,52].

All samples were monitored and illuminated using a set of warm white LEDs, with an
emission range sufficient to excite the compound. The reactions were conducted in quartz
cuvettes containing textile samples with and without β-CD and MB. In each experiment,
the LED was positioned at a distance of 1.0 cm, resulting in an irradiance of 32 mW/cm2

measured using an Ocean Optics Radiometer Spectrum model USB2000+ (Ocean Optics,
Dunedin, FL, USA).

All the systems were kept under stirring conditions during the experiment. The
solutions were prepared in distilled water. ABDA degradation kinetics were monitored in
a UV-VIS (Varian Cary-60 spectrophotometer, Palo Alto, CA, USA) via scanning in kinetic
mode.

Microbiological Analysis

The antibacterial activity of the functionalized fabrics was evaluated by adapting the
AATCC 100—Test Method for Antibacterial Finishes on Textile Materials: Evaluation. The
method was applied to the bacterium Staphylococcus aureus ATCC® 6538TM (Gram-positive).
To carry out the test, a new bacterial culture in sterile broth (TSB) was activated for 24 h at
37 ± 2 ◦C. The culture was then diluted in sterile buffer solution (PBS) to a concentration of
approximately 1.5–3.0 × 105 CFU/mL (0.5 McFarland). The samples were placed in a flask
and inoculated with the suspension of microorganisms (500 µL volume).

The samples tested were divided into those exposed to a light source (white LED,
139.72 J/cm2) for 1 h and those kept in the dark for the same time. Immediately after the
1 h time, 50 mL of PBS was added to extract the bacteria, and the samples were serially
diluted before being seeded on agar (in duplicate). As a positive control (textile sample
without functionalization), the same concentration of CFU mL−1 was serially diluted, and
then, the standard plates were counted. The results were expressed as an average of the
CFU mL−1. The percentage reduction was determined according to Equation (1):

Reduction %
(

CFU
mL

)
=

B − A
B

× 100 (1)

where A indicates the number of CFU mL−1 for the bottle containing the finished tex-
tile sample after the contact time (illumination for 1 h), and B represents the number of
CFU mL−1 for the control sample. As a result, a colony count is carried out, and the values
are averaged according to the agar plate counting method.
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3. Results and Discussion
3.1. Analysis of the Fabric Treatment

Microscopy images of untreated and β-CD-treated cotton fabric are shown in
Figure 2A,B, respectively. The images reveal twists in the cotton fibers caused by the
spiraling of cellulose fibrils. The ribbon configuration with twists indicates a longitudinal
view of the cotton. As illustrated in Figure 2B, the presence of β-CD can be observed on
the surface of the treated cotton fabric, similar to the findings of Sundrarajan [53] and
Alzate-Sánchez [54], attesting to the efficacy of the treatment.
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Figure 2. Scanning electron microscopy: (A) cotton and (B) cotton after treatment with β-CD.

The characterization of the material was also conducted via FTIR-ATR, as illustrated
in Figure 3. The two curves shown demonstrate the presence of bands associated with
the cellulose in the cotton fiber, including the following: at 3330 cm−1, the O-H bond is
responsible for the observed band, which is related to the β-glycosidic bridge (1-4). This is
in addition to the band at 2930 cm−1, which is due to stretching (C-H). Furthermore, the
band at 1645 cm−1 is indicative of the C=C vibration in aromatic rings, while the C-O-C
bond of the pyranose ring is observed at 1030 cm−1. These bands are also evident in the
works of Lis et al. [55]. Additionally, Figure 3B illustrates the emergence of a band in the
1730 cm−1 region, identified as an ester formed through the linkage of cotton with citric acid
and the hydroxyl groups of β-CD. The band at 1730 cm−1 indicates the presence of cellulose
carbonyl groups in three forms: esters, carboxylic acids, and carboxylate anions. An alkaline
bath can convert the carboxylic group into a carboxylate anion, thereby highlighting the
ester band [56,57]. Consequently, the sample treated with β-CD was washed with NaOH,
and a new band at 1638 cm−1 was observed, confirming the existence of carboxylate anions.
Nevertheless, the band at 1730 cm−1 persisted, thereby corroborating the ester bonds
among β-CD, cotton, and citric acid. This result further substantiates the presence of
β-CDs on the surface of the cotton fabric, consistent with the microscopic observations and
suggesting that the finishing process was effective.
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3.2. Statistical Analysis of the Dyeing Process

In order to ascertain the optimal conditions for MB staining in cotton fabric, a series of
variables was selected for investigation: pH, time, temperature, and NaCl concentration.
These variables were observed to determine the extent to which they influence the residual
dye concentration, with the objective of identifying the values that minimize or maximize
this concentration. Additionally, the K/S parameter was chosen in response to the design
matrix. Table 1 depicts the factorial design matrix, as well as the results obtained using the
coloristic parameter (K/S) and residual dye concentration (RDC) as the response variables.

Table 1. Design matrix and experimental results considered in the factorial planning.

Sample pH Time
(min)

Temperature
(◦C)

NaCl Concentration
(g/L)

RDC
(g/L) K/S

1 4 30 50 0 0.001171 26.1172
2 10 30 50 0 0.000283 30.61208
3 4 60 50 0 0.001032 25.79435
4 10 60 50 0 0.00022 34.56379
5 4 30 90 0 0.001236 21.71599
6 10 30 90 0 0.000175 34.16909
7 4 60 90 0 0.000437 23.52474
8 10 60 90 0 0.000387 3458468
9 4 30 50 60 0.000839 29.78177

10 10 30 50 60 0.000839 28.35535
11 4 60 50 60 0.000741 31.69385
12 10 60 50 60 0.000592 26.93975
13 4 30 90 60 0.001179 26.45997
14 10 30 90 60 0.001088 24.78423
15 4 60 90 60 0.001188 25.09617
16 10 60 90 60 0.001194 26.29626
17 7 45 70 30 0.001213 22.49068
18 7 45 70 30 0.001166 23.94341
19 7 45 70 30 0.001249 25.09617
20 7 60 70 30 0.001084 26.39438
21 7 30 70 30 0.001255 22.51928
22 7 45 70 30 0.001173 27.99113
23 7 45 50 30 0.00101 27.02324
24 7 45 70 0 0.000359 35.98995
25 7 45 70 30 0.001185 23.62882
26 10 45 70 30 0.001082 25.42733
27 7 45 70 60 0.000924 28.70613
28 7 45 90 30 0.001442 23.65863
29 7 45 70 30 0.001215 25.04917
30 4 45 70 30 0.00127 26.08476
31 7 45 70 30 0.00115 24.98661

Figure S1 presents the average values and the deviations of the considered variables
in the experiment when RDC was used as the response variable. It can be seen that the
absence of salt (NaCl = 0) produces the lowest levels of the residual dye concentration and,
to confirm this fact, an analysis of variance was carried out considering only the factor
NaCl concentration, which confirmed the hypothesis that an NaCl concentration equal to
0 g/L differs significantly from other NaCl concentrations. Therefore, only the results of
NaCl = 0 were used for the following analyses.

The fitted model is shown in Equation (2), in which only the pH variable was sig-
nificant at the 10% level (p-value = 0.03). It can be concluded that higher pH values lead
to lower dye bath concentrations. The contour plots show that the lowest concentrations
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(green in Figure S2) were achieved at the highest pH and time values and at the lowest
temperatures, again highlighting that only pH was significant.

BC = 9.47× 10−4 − ph× 1.79× 10−4 − time× 6.60× 10−5 + temperature× 8.88× 10−5 (2)

To verify the effects of variables on K/S, the same preliminary procedure was adopted.
Figure S3 shows that the highest K/S values are observed for a high pH and temperature
and, apparently, for NaCl = 0. However, unlike what was observed in the study analyzing
the residual concentration, the confidence intervals for the mean K/S for NaCl = 0 and
NaCl = 60 overlap, indicating no significant difference.

Using ANOVA combined with variable selection methods, we found that the linear
terms for the pH, time, temperature, and NaCl concentration were significant. Furthermore,
the interactions among pH, temperature, and the NaCl concentration were significant, and
the NaCl concentration was the only significant quadratic term that remained in the model.
The final ANOVA model (Equation (3)) indicates that while the effects of time and the
interaction between temperature and the NaCl concentration were not significant at the
10% level, their inclusion enhanced the model’s performance, ensuring that there was no
lack of fit. The time variable was the only one with a linear effect in the model, indicating
that longer time durations resulted in higher K/S values.

K
S = 24.94 + ph × 1.63 + time × 0.57 − temperature × 1.14 − NaCl × 1.05 + pH : temperature × 0.99

−pH : NaCl × 2.71 − temperature : NaCl × 0.69 + NaCl2 × 3.67
(3)

Figure S4 shows the interaction fitted by the model presented in the Equation. Al-
though it is not possible to determine a maximum point, we can conclude that the exper-
imental conditions for achieving the maximum of KS is 60 min, 50 ◦C, pH 10, and the
absence of NaCl. Those parameters are consistent with the interaction among MB, a cationic
dye, and the OH groups of cotton, which are deprotonated at pH 10. Thus, the conditions
were used in the dyeing process for both untreated and β-CD treated fabrics.

After the dyeing process, we investigated the release of MB from the fabrics. For this,
a small sample of each fabric (0.8 × 0.8 cm2) was put in contact with a PBS solution under
constant stirring, and the UV-Vis spectra of the supernatant were collected over the time.
The presence of β-CD subtly influences the release rate of MB in PBS but has a substantial
impact on the percentage of dye released. For untreated fabrics, 9.5% of MB was released,
whereas samples treated with β-CD released only 2% of the dye, resulting in nearly a
five-fold reduction in the amount released. The impact of the β-CD on the dyeing process
is also observed in the color intensity parameters and the photodegradation profile (see
Section 3.4).

The residual baths from the MB depletion dyeing of fabrics, both with and without β-
CD treatment, are shown in Figure 4. A superficial visual analysis reveals that the colors of
the residual baths are lighter in the samples treated with β-CD. Theoretically, this suggests
that the textile samples treated with β-CD will exhibit greater color intensity.
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Table 2 presents the initial and final concentrations of the dyeing process, allowing for
the determination of the percentage of dye adsorbed by the fiber in each experiment.

Table 2. Residual dye bath with methylene blue dye on 100% cotton fabric treated and untreated
with β-CD.

Sample Initial Concentration
(mg/L)

Final Concentration
(mg/L)

Adsorption
(%)

Untreated 25.60 3.50 ± 0.20 86.14 ± 0.94%
Treated with β-cyclodextrin 25.60 0.60 ± 0.17 97.73 ± 0.57%

Thus, it is observed that there is greater dye adsorption when the cotton fabric is
treated with β-CD, at 97.73 ± 0.57%. This is attributed to the increased interaction between
the dye and the β-CD present on the fabric’s surface, which, being rich in -OH groups,
hosts the dyes more efficiently than untreated cotton.

3.3. Photobleaching Tests

It is well established that photosensitizers, such as methylene blue, undergo a photo-
bleaching processes. Consequently, experiments were conducted to assess the impact of
β-CD on this phenomenon, specifically examining the photobleaching process. Figure 5
illustrates the decline in color intensity (K/S) of the treated and untreated samples over
72 h, accompanied by images of the materials before (left) and after (right) exposure to light.
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(b) untreated and (c) treated with β-CD.

The data indicate that the samples treated with β-CD and dyed with MB exhibit a
higher color intensity compared to the sample that was not treated with β-CD and dyed
with MB. In other words, samples that were not treated with β-CD exhibited a greater
K/S loss following exposure to light, with a rate of approximately 60%. The graphs
corroborate these results and demonstrate that the presence of β-CD in the samples reduces
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the photobleaching rate of MB. This result is significant in the context of photodynamic
action and material durability.

3.4. Kinetics of ABDA Degradation via Singlet Oxygen

To evaluate the formation of the singlet oxygen, the primary cytotoxic agent respon-
sible for bacterial death, the well-established ABDA assay was performed. It has been
demonstrated that fabric samples dyed in an aqueous medium can release singlet oxygen
after illumination, which then reacts with the ABDA probe. Figure 6 depicts the decay
of ABDA (λ = 400 nm) as a function of the singlet oxygen release time. It is important to
highlight that the experiments were also carried out in the dark as a control and that no
reduction in the ABDA band was observed.
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By adjusting Equation (4), it is possible to determine the ABDA decay rate and conse-
quently the singlet oxygen formation rate in the presence of light.

y = y0 × e
−k
t (4)

The adjustments showed that the fabric dyed with MB without β-CD exhibits two events
with rates of 0.025 min−1 and 0.207 min−1. The results indicate the presence of two distinct
MB populations. It is conceivable that competition exists between two mechanisms: the
diffusion of ABDA and its reaction with singlet oxygen (1O2), and the release of a small
percentage of the dye into the aqueous medium. It is well established that the reaction of
1O2 is highly dependent on its proximity to the target, given that its lifetime is extremely
short. Consequently, it is probable that the degradation of ABDA (in the aqueous medium)
from the 1O2 generated by MB in the fibers will be slower. Nevertheless, the release of a
percentage of this dye into the aqueous medium makes the Diels–Alder reaction considerably
more favorable and, consequently, faster.

A similar result was observed for the material treated with β-CD. In this case, the
events exhibited rate of 0.148 min−1 and 2.000 min−1, respectively. For an easier compari-
son, the data are listed in Table 3.
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Table 3. ABDA degradation kinetics of fabric dyed with MB.

Material Kinetic Rate
(First Phase)

Kinetic Rate
(Second Phase)

Untreated 0.025 min−1 0.207 min−1

Treated with β-cyclodextrin 0.148 min−1 2.000 min−1

ratio 592.00% 966.20%

It was observed that the presence of β-CD resulted in an acceleration of the reaction
between 1O2 and ABDA. This phenomenon can be elucidated by considering the results of
the photobleaching tests. As illustrated in Figure 5, the materials treated with cyclodextrin
exhibited a more intense color even in the absence of illumination. It can be posited that the
presence of this binder enhanced the interaction between the fabric and the MB, thereby
facilitating dyeing. Moreover, β-CD protected the dye from photobleaching processes,
thereby enhancing its photodynamic action. Consequently, the generation of singlet oxygen
is likely to be greater in the treated sample, as, in addition to having more MB molecules,
these are not degraded as easily.

3.5. Microbiological Analysis

The microbiological analysis tests are conducted to verify the effectiveness of the
textile finish and validate the antibacterial properties of the cotton fabric. This validation
is crucial as the fabric is intended for use as a biofunctional textile to prevent bacterial
proliferation on the skin. Table 4 presents the observed reduction in the bacterial count.

Table 4. Antibacterial reduction, using S. aureus bacteria and a control containing 2.6 × 105 CFU mL−1,
in fabrics untreated and treated with β-cyclodextrin under the same conditions.

Samples N. of Bacteria (CFU mL−1)
in 1 h

Reduction
(%)

MB (no light) 1.5 × 103 99.42
MB 0 100

MB + β-CD (no light) 1.1 × 103 99.57
MB + β-CD 0 100

From the data presented in Table 4 and Figure 7, it can be observed that there was a
significant degree of bacterial inactivation even in the absence of light. This property of
MB has already been described in the literature and can be observed at high concentra-
tions [58]. Nevertheless, it is also evident that the system exhibits a photodynamic effect,
with complete bacterial inactivation achieved following illumination.
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Miazaki et al. [59] and colleagues also tested the S. aureus bacterium in their work on
photodynamic inactivation with MB and obtained results that confirmed its beneficial
antibacterial properties against Gram-positive organisms. The S. aureus bacterium is
currently a significant concern in human skin health. The development of cosmetotextiles
and dressings that prevent the proliferation of this bacterium is a topic of interest in the
medical and hospital environments [60]. It is evident that MB exhibits exceptional microbial
inactivation capabilities, achieving rates above 99.42% for MB samples. This makes it an
ideal choice for use as a photosensitizer in antimicrobial skin treatments [61].

4. Conclusions

The use of cyclodextrins in textiles for the development of biofunctional fabrics repre-
sents an alternative approach for creating medical materials. The integration of cyclodextrin
molecules at the nanoscale onto the surface of cotton fibers created a nanostructured surface
with functional properties. Cyclodextrins can be used to complex with active molecules
that will be released, such as dyes and drugs. The study indicates that the MB dye exhibits
a significant reduction in bacterial viability, particularly in the presence of light, due to the
generation of singlet oxygen. Even in the absence of direct light exposure, the presence of
MB results in antimicrobial effects. MB appears to be a promising candidate for use as a
photosensitizer in cutaneous antimicrobial treatments.

Finally, in addition to all the aforementioned advantages of using β-CD to dye cotton
fibers, in the specific case of developing materials with photodynamic potential, the pres-
ence of cyclodextrin plays an additional role in protecting the dyes from photodegradation,
allowing the useful life of the material to be longer than that of samples not treated with
β-CD, without altering its antimicrobial capacity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings14091100/s1, Figure S1: Means and standard deviations
of residual dye concentration based on each level of variables in the study: (a) pH, (b) time (min.),
(c) temperature, and (d) NaCl concentration.; Figure S2: Contour plots for the fitted model (a) split
at 70 ◦C, (b) split at 45 min, and (c) split at pH 7; Figure S3: Means and standard deviations of K/S
based on each level of variables in the study: (a) pH, (b) time (min.), (c) temperature, and (d) NaCl
concentration; Figure S4: Fitted effects on K/S of interactions in the model for samples dyed with MB,
(a) fixed at an NaCl concentration [45 g/L], (b) fixed at a temperature of 70 ◦C, and (c) fixed at pH 7.
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