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Abstract: Medical textiles are one of the most rapidly growing parts of the technical textiles sector
in the textile industry. This work aims to investigate the medical applications of a curcumin/TiO,
nanocomposite fabricated on the surface of cotton fabric. The cotton fabric was pretreated with three
crosslinking agents, namely citric acid, 3-Chloro-2-hydroxypropyl trimethyl ammonium chloride
(Quat 188) and 3-glycidyloxypropyltrimethoxysilane (GPTMS), by applying the nanocomposite
to the modified cotton fabric using the pad-dry-cure method. The chemistry and morphology of
the modified fabrics were examined by Fourier transform infrared spectroscopy, energy-dispersive
X-ray spectroscopy, and scanning electron microscopy. In addition, the chemical mechanism for
the nanocomposite-modified fabric was reported. UV protection (UPF) and antibacterial properties
against Gram-positive S. aureus and Gram-negative E. coli bacterial strains were investigated. The
durability of the fabrics to 20 washing cycles was also examined. Results demonstrated that the
nanocomposite-modified cotton fabric exhibited superior antibacterial activity against Gram-negative
bacteria than Gram-positive bacteria and excellent UV protection properties. Moreover, a good
durability was obtained, which was possibly due to the effect of the crosslinker used. Among the
three pre-modifications of the cotton fabric, Quat 188 modified fabric revealed the highest antibacterial
activity compared with citric acid or GPTMS modified fabrics. This outcome suggested that the
curcumin/TiO, nanocomposite Quat 188-modified cotton fabric could be used as a biomedical textile
due to its antibacterial properties.

Keywords: cotton fabric; TiO, nanoparticles; citric acid; Quat 188; curcumin; antibacterial; UV
blocking; durability

1. Introduction

Nowadays, one of the most promising fields of new textile materials is the manufac-
turing of antimicrobial-acting medical textiles. In fact, extensive work is being put into
improving substances and procedures that could provide safe and adequate protection
against various microorganisms. For example, chemical materials such as phenols, nitro
compounds, and formaldehyde derivatives, have been extensively used in the manufac-
turing of antibacterial medical textiles [1-4]. However, most of these compounds have
serious drawbacks in terms of toxicity and poor biodegradability, which make their use
quite limited. In order to avoid these issues, the textile industry has been utilizing natural,
nontoxic active substances that have no side effects on people or the environment [5-8].
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Fabric modification with nanomaterials designed for enhancing textile properties,
such as antibacterial properties [7,9], UV protection [10] wound healing, self-cleaning
and military application [11,12], is widely used. In this process, nanoparticles may be
incorporated into fabrics for medical applications without affecting their textile properties.
In particular, incorporation of antimicrobial agents in the form of nanoparticles can exhibit
high levels of antimicrobial activity as well as excellent durability (both in usage and by
repetitive laundering cycles), which is much more superior to metal salts or adsorbed
quaternary ammonium compounds that operate by leaching from the treated fabrics and
are often reduced by laundering [13,14].

Curcumin is a natural material that is used in medicinal textiles. It is a polyphenolic
compound and a yellow pigment derived from the ground rhizomes of the Curcuma
longa Linn plant, which has a wide variety of beneficial properties. It has a wide range of
pharmacological properties, including anti-inflammatory, antioxidative and anti-cancer
properties [15,16]. Curcumin contains two phenolic hydroxyl groups and two carbonyl
groups in the center, which can form keto-enol tautomers in solution. When it comes to
curcumin modifications, the phenolic group is the most important functional group. It is
capable of a wide range of reactions, including nucleophilic substitution with organic acids,
epoxide and their derivatives [17]. Several experimental studies have indicated that these
two groups exist primarily in the enolic form at room temperature [18]. Unfortunately, pure
curcumin has a low solubility, which limits its use in medical and clinical applications [19].
In order to overcome this problem, curcumin is used as a complex with other materials in
order to enhance its bioavailability [20,21]. Curcumin’s therapeutic effectiveness is limited
because of its low solubility, absorption, metabolism, and bioavailability [22]. In this regard,
curcumin research has recently focused on the production of possible delivery systems
to improve its aqueous solubility, stability, bioavailability and its controlled delivery at
specific sites. In order to achieve this, curcumin is incorporated into titanium dioxide
nanoparticles. In addition, for enhanced antibacterial activity, we chose hydrophilic tita-
nium dioxide nanoparticles to conjugate with hydrophobic curcumin. Titanium dioxide
nanoparticles are used in a wide range of consumer products, including sunscreens, cos-
metics, pharmaceutical additives, and food coloring agents. They are biodegradable [22]
and have good biocompatibility with little or no toxicity in vitro and in vivo. As a result,
titanium dioxide nanoparticles may be one of the most promising nanoparticles for a broad
variety of medical and pharmaceutical applications. Nano titanium dioxide can be used
in biomedical and bioengineering applications due to its special properties and high reac-
tivity [23]. Curcumin was recently used to sensitize TiO, for improved photodegradation
of dyes [24] and photodegradation of phenols [25]. In addition, a complex of titanium
dioxide nanoparticles with curcumin was developed as a wound dressing material using
chitosan and polypropylene fabric [26]. The incorporation of positively charged sites, such
as cationization, allows for the creation of an electrostatic attraction between the fiber
and negatively charged molecules. Cotton cationization yielded new cotton cellulose,
which could lead to new uses in cotton pre-treatment and chemical finishing. Previous
reports illustrate that cationization of cotton surfaces has been shown to improve silver
nanoparticle adsorption [27,28] and dye uptake [29,30].

In the current work, we aimed to develop cellulose-based materials that confer better
and more durable antibacterial applications. To achieve this, we prepared a curcumin/TiO,
nanocomposite for fabrication on the surface of cotton fabric using the pad-dry-cure
method. Titanium dioxide nanoparticles in the composite were used to enhance the stabil-
ity of the curcumin as well as its fabric finishing capacity. To improve the attraction forces
between the nanocomposite and the cotton fabric, we used three different crosslinkers,
namely 3-Chloro-2-hydroxypropyl trimethyl ammonium chloride (Quat 188), (3 glycidy-
loxy) propyltrimethoxysilane (GPTMS) and citric acid. This crosslinking process stabilized
the curcumin/TiO, nanocomposite. Finally, the mechanism of action of the modified
fabric was reported and its durability and mechanical properties were investigated under
different crosslinking schemes.
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2. Experimental
2.1. Materials

Mill bleached pure 100% cotton fabric (138 g/m?) was supplied by Misr Company for
Spinning and Weaving, Mehalla El-Kobra, Egypt.

2.2. Chemicals

3-Chloro-2-hydroxypropyl trimethyl ammonium chloride (69%) of technical grade
chemicals (known as Quat 188) was purchased under the commercial name CR-2000 from
Aldrich. Titanium dioxide P25 powder was provided by Degussa 3- glycidyloxypropy-
ltrimethoxysilane (GPTMS, 95%) was purchased from ABCR (Karlsruhe, Germany). Cur-
cumin powder (99.8% pure and anhydrous) was purchased from Sigma-Aldrich (Taufkirchen,
Germany). Sodium hydroxide, acetic acid, hydrochloric acid and sodium hypophosphite
were purchased from Loba Chemie (Mumbai, India). Ethanol was purchased from Fisher
chemical (Loughborough, UK)

2.3. Preparation of GPTMS Sol

GPTMS sol was prepared by mixing GPTMS (10 mL) with isopropanol water (20/80 mL)
and stirred at 25 °C for 20 min, 1.22 mL of 0.01 M hydrochloric acid solution was then
added dropwise to the GPTMS solution and stirred for 1 h at room temperature to obtain
the silica sol form [31].

2.4. Preparation of Curcumin: TiO, Nanocomposites

The solution of 0.5% (w/v) TiO, nanoparticles was resuspended in 50 mL of isopropyl
alcohol. Then, 5% (w/v) curcumin powder in isopropyl alcohol was prepared with stirring.
A measurement of 0.5 mL of this solution was then added dropwise to solution of TiO,
with continuous stirring for 3—4 h.

2.5. Cationization of Cotton Fabric

Chemical modification of the cotton fabric through cationization was carried out
using the pad-dry-cure method. The experimental procedures adopted were as follows. 3-
Chloro-2-hydroxypropyl trimethyl ammonium chloride (Quat 188) was mixed with sodium
hydroxide solution at a NaOH/Quat 188 M ratio of 2:1. The cotton fabric was padded
in 100 mL of the prepared mixture in two dips and two nips and then squeezed to a wet
pick up of about 100%. The fabric was dried at 40 °C for 10 min and cured at 120 °C for
3 min. Finally the cotton fabric was washed with cold water and 1% acetic acid, followed
by several washing cycles and dried under the normal laboratory conditions.

2.6. Coating of Cationized Cotton Fabric with TiO,/Curcumin Nanocomposite

Cationized cotton fabrics were padded in 100 mL of the 0.5% (w/v) solution of the
TiO, /curcumin nanocomposite prepared solution in two dips and two nips and then
squeezed to a wet pick up of 100%. Padded fabrics were dried at 80 °C for 5 min and then
cured at 180 °C for 3 min. Treated fabrics were rinsed with hot water, then with cold water,
and finally dried at room temperature.

2.7. Coating of Cotton Fabric with GPTMS/Curcumin/TiO, Nanocomposite

Solution of 2% (w/v) GPTMS sol was added to 0.5% (w/v) solution of the TiO, /curcumin
nanocomposite with continuous stirring under sonication for 2 h the cotton fabrics were
padded in the 100 mL of the previously prepared solution in two dips and two nips and
then squeezed to a wet pick up of 100%. Padded fabrics were dried at 80 °C for 5 min and
then cured at 180 °C for 3 min. Treated fabrics were rinsed with hot water, then with cold
water, and finally dried at room temperature.
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2.8. Coating of Cotton Fabric with Citric Acid/Curcumin/TiO, Nanocomposite

Aqueous solution of citric acid (30 g/L) with sodium hypophosphite (6% w/w) was
added to the 0.5% (w/v) solution of TiO,/curcumin nanocomposite. The cotton fabrics
were padded in 100 mL of the previously prepared solution in two dips and two nips and
then squeezed to a wet pick up of 100%. The padded fabrics were dried at 80 °C for 5 min
and then cured at 180 °C for 3 min. Treated fabrics were rinsed with hot water, then with
cold water, and finally dried at room temperature.

3. Characterization
3.1. Fourier Transform Infrared Spectroscopy (FI-IR)

FTIR spectroscopy has been extensively used in cellulose research since it presents a rel-
atively easy method of obtaining direct information on chemical changes that occur during
various chemical treatments. ATR-FTIR instrument (JASCO, Model IR 4700, Tokyo, Japan)
was used to scan from 4000 to 400 cm ! in ATR mode using KBr as supporting material.

3.2. Scanning Electron Micrograph SEM/EDX Analysis

SEM/EDX Analysis were carried out by using Tescan scanning electron microscope
which contains an energy dispersive X-ray (EDX) spectroscopy system (Model vega3,
Brono, Czech Republic).

3.3. Antibacterial Test

The antibacterial activity of the treated samples against Staphylococcus aureus, (Gram-
positive) and Escherichia coli (Gram—negative) bacteria were determined using an agar
plate. The antibacterial activity of the fabric samples was evaluated by using the disk
diffusion method. A mixture of nutrient broth and nutrient agar in 1 L distilled water at
pH 7.2, as well as the empty Petri plates, was autoclaved. The agar medium was then cast
into the Petri plates and cooled in laminar airflow. Approximately 105 colony-forming
units of bacteria were inoculated on the plates and 292 cm? of each fabric sample was
planted onto the agar plates. All the plates were incubated at 37 °C for 24 h and examined
to ascertain whether a zone of inhibition was produced around the samples.

3.4. UV Protection Factor

The ultraviolet protection factor (UPF) was measured using a UV Shimadzu 3101
Spectrophotometer (Shimadzu, Kyoto, Japan). UV Protection and classification according
to AS/NZS 4399:1996 were evaluated with a scan range of 200-600 nm.

3.5. The Add-On (%) loading
The add-on (%) loading was calculated as follows:

Wr — Wy

Add — on(%) = W
1

x 100 1)

where Wy and W, were the weights of the fabric specimens before and after treatment
respectively.

3.6. Durability Test

The treated fabric samples were subjected to 20 laundering cycles according the ASTM
standard test method (D 737-109 96) to determine the antibacterial durability to washing.

3.7. Tensile Strength

The tensile strength of the fabric samples was determined by the ASTM Test Method
D-1682-94 (1994). Two specimens for each treated fabric were tested in the warp direction
and the average value was recorded to represent the fabric-breaking load (Lb).
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3.8. Statistical Analysis

Results were expressed as a mean value with its standard deviation (mean =+ S.D.) for
each sample that was repeated three times (n = 3). Statistical analysis was performed using
a Student’s t-test and the differences were considered as significant at p-values below 0.05.

4. Results and Discussion
4.1. Mechanism of Deposition of the Curcumin/IiO, Nanocomposite on the Surface of
Cotton Fabric

Figure 1 illustrates the schematic mechanism of formation and fixation of curcumin/TiO,
on the surface of the cotton fabric. At the first stage of this process, formation of the
curcumin/TiO, nanocomposite takes place upon addition of the curcumin solution to
the TiO; nanoparticle solution, which suggested that the curcumin particles dispersed
on the surface of the titanium nanoparticles (Figure 1a). This could be attributed to the
high metal chelating potential of the diketone functional group located at the center of
the curcumin molecule where the diketone group effectively chelates the TiO, nanoparti-
cles through charge transfer complex formation [24]. Figure 1b illustrates fixation of the
curcumin/TiO, nanocomposite on the fabrics modified with citric acid in the presence of
sodium hypophosphite, which allows for formation of ester carbonyl linkages [32] with the
fiber. After treatment with citric acid modified fabric with curcumin/TiO, nanocomposite,
the -OH groups of curcumin in nanocomposite get attached to the functionalized carboxylic
group of citric acid on the modified fabric. This resulted in a strong electrostatic interaction
of opposite charges between the particles [33]. Interestingly, the negative surface charges
induced by the existence of carboxylic acid moieties improved the adsorption affinity of the
curcumin/TiO; nanocomposite [34]. In fact, the TiO, nanoparticles exhibited a strong bind-
ing to the carboxylic groups of the citric acid-modified fabric through a number of different
forms of binding, including weak anion-cation type attractions, hydrogen bonding and
coordination-type interaction [35]. The fabrication of the curcumin/TiO, nanocomposite
on fabrics modified with Quat 188 is presented in Figure 1c. Clearly, development of an
ether linkage between Quat 188 and cellulose resulted from the reaction of Quat 188 with
the cotton fabrics [36]. Deposition of curcumin/TiO, nanocomposite on Quat 188-modified
fabric was due to strong ionic and van der Waals forces between the -OH groups of the
curcumin molecule and the quaternary ammonium modified cotton fabric. Figure 1d
illustrates the final treatment of GPTMS-modified cotton fabric using the curcumin/TiO,
nanocomposite. GPTMS was pre-hydrolyzed for conversion of the alkyl oxygen groups
(-OCH3) to hydroxyl groups (-OH). The fabric was modified by GPTMS through ether
crosslinking within the cotton fabric via the reaction of epoxy groups of GPTMS with
hydroxyl groups of cellulose structure [31]. This allowed for hydrogen bond formation
between the GPTMS-modified cotton fabric and the hydroxyl groups of the curcumin
molecule [37].

4.2. FTIR Analysis

Existence of functional groups on the treated cotton fabric was investigated by fourier
transform infrared spectroscopy. Figure 2 illustrates the FTIR spectrum for the untreated
cotton fabric (a), curcumin/TiO,—citric-modified cotton fabric (b), curcumin/TiO,—Quat
188-modified cotton fabric (c), curcumin/TiO,—~GPTMS-modified cotton fabric (d), and
curcumin powder (e). In the untreated cotton fabric, spectrum (a), a band appears in
the range of 3200-3500 cm~!, which is attributed to O-H stretching. The presence of
C-H, O-H, C-O, and C-O-C vibrations caused the characteristic bands in the range
of 1500-800 cm ™! [38]. On the other hand, the absorption band at 3310 cm~ !, which
corresponded to the stretching vibration of phenolic O-H, was indicated in spectrum (e)
for pure curcumin. Moreover, sharp absorption bands appear in the range from 1430 to
1630 cm~!. These bands belong to the -OH, C=0, and C=C groups, respectively (enol).
Other bands are observed in the region between 1000 cm~! and 1300 cm~!. All bands could
be ascribed to the configuration of the symmetric and asymmetric C—-O-C groups [39].
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Interestingly, spectra (b), (c), and (d) look similar to untreated cotton fabric and curcumin
patterns with few significant changes. This could be attributed to the partial interaction
of the nanocomposite with the modified cotton fabric. Strong bands in the region 400-
600 cm ! were, however, noticeable in spectra (b—d), which corresponded to the Ti-O
stretching vibration [24]. This confirmed the deposition of curcumin/TiO, nanocomposite

on the surface of the modified fabric. Importantly, spectrum (b) showed a well-developed

band at 1720 cm ™! that could be assigned to a carbonyl group stretching, implying that

cellulose was successfully crosslinked with citric acid via the formation of ester carbonyl
linkages [40]. It is obvious from spectrum (c) that a new peak emerged at 1570 cm !, which
could be attributed to the quaternary ammonium groups. Clearly, spectrum (d) revealed

two new bands at 2905 cm ! and 2860 cm !, which could be aligned with the stretching of
the methylene groups from the GPTMS molecules.

o=—¢c O©OH
Structure a: Curcumine /TiO, nanoparticles

Structure c: curcumin/TiO, Quatt -188 modified cotton fabric

Strucure b: curcumin/TiO, citric acid modified cotton fabric
@)

(b)
OCH,

| H'/H,0
A/O\/\,?I OCHy —> A/O\/\,T i-OH
ydrolysis
OCH; !
OCH3 GPTMS

% O Tio2

o) CHs;
N——CH, H3C0Mv\‘OCH3
\ @
CHj

V\,O\/\, i-OH
O—=~Cell Cel—0O S\ OH

Strucutre d :curcumine /TiO, nanocomposite GPTMS modified cotton fabric

(d)

Figure 1. Schematic of the mechanism for the deposition of the curcumin/TiO, nanocomposite on cotton fabrics. (a) Struc-

ture a: curcumine/TiO, nanoparticles; (b) Structure b: curcumin TiO,: citric acid modified cotton fabric; (c) Structure

c: curcumin/TiO;, Quatt-188 modified cotton fabric; (d) Structure d: curcumine/TiO,, nanocomposite GPTMS modified
cotton fabric.
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Figure 2. FTIR spectrum of untreated cotton fabric (a), curcumin/TiO,—citric-modified cotton fabric (b), curcumin/TiO,—

Quat 188-modified cotton fabric (c), curcumin/TiO,-GPTMS-modified cotton fabric (d), and curcumin powder (e).

4.3. Surface Morphology of the Cotton Fabrics

SEM images are used to study the morphology of the fabric surface [41]. Figure 3
displays the variations in unmodified and modified cotton fabric morphology. Figure 3a
shows that the unmodified cotton fabric formed a fiber with a smooth surface. Figure 3b—d
illustrates the effect of deposition of different modifications of cotton fabric. All modi-
fied samples show homogenous distribution of the curcumin/TiO, nanocomposite with
less agglomeration in some points. In addition, there were no bridges between cotton
adjacent fibers, which is desirable as air and vapor permeability is required for their po-
tential application as wound dressings and medical materials. Figure 3b shows that the
curcumin/TiO, nanocomposite with citric acid-modified cotton fabric formed cracked
fibers, which could be attributed to the effect of crosslinking with citric acid. On the other
hand, Figure 3c shows a higher dense layer in the curcumin/TiO-Quat 188-modified cotton
fabric compared with the curcumin/TiO,—~GPTMS-modified cotton fabric. This may be
due to the cationic modification of cellulosic fibers bearing a positive charge, resulting in
higher deposition of curcumin/TiO, nanocomposite on their surfaces [42].
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Figure 3. SEM images of control cotton fabric (a), curcumin/TiO,—citric-modified cotton fabric (b), curcumin/TiO,—Quat
188-modified cotton fabric (c), curcumin/TiO,—GPTMS-modified cotton fabric (d).

4.4. EDX Analysis

Elemental analysis of the cotton fabric after modification was determined using the
EDX spectrum. Figure 4 (blank cotton fabric) shows that the atomic percentage of carbon
was 56.86% and oxygen was 43.14%. Interestingly, Figure 4a shows the atomic percentage
of carbon as 57.30% and oxygen as 40.61% along with the titanium element as 1.41%
for curcumin/TiO,—citric-modified cotton fabric. Moreover, Figure 4b shows that the
cotton fabric modified by curcumin/TiO,—-Quat 188 had the atomic percentage of carbon
at 55.97, oxygen at 36.76%, titanium at 2.42% and a new peak for nitrogen at 4.84%. Such
variation was due to the etherification reaction involved in the cationization process on
the cotton fabric surface. On the other hand, the cotton fabric that was modified using
curcumin/TiO,-GPTMS, Figure 4c, had the atomic percentage of carbon as 65.91%, oxygen
as 28.55%, titanium 0.66%, and a new peak for silicon at 4.04%. On the basis of these results,
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the higher peaks observed for the titanium element in Figure 4b can be related to the
higher content of the curcumin/TiO, nanocomposite deposited on the Quat 188-modified

cotton fabric.
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Figure 4. EDX analysis of blank cotton fabric, (a) curcumin/TiOp—citric-modified cotton fabric,
(b) curcumin/TiO,—Quat 188-modified cotton fabric, and (¢) curcumin/TiO,-GPTMS-modified

cotton fabric.
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4.5. Antibacterial Activity

The antibacterial activity of curcumin/TiO,-modified cotton fabric with various treat-
ments was analyzed against representative microorganisms of open interest, both Gram-
positive (S. aureus) and Gram-negative (E. coli) strains using the agar diffusion method were
used. The antibacterial effect for all treatments ranged from 10 mm to 20 mm of clear zone of
inhibition. Results mentioned in Table 1 indicated that Escherichia coli had a higher response
than Staphylococcus Aureus, which could be due to variations in bacterial cell wall organiza-
tion structure. Gram-positive bacteria had a thicker layer cell than Gram-negative bacteria,
which served as a barrier to the spread of active ingredient into the cytoplasm, thereby
protecting the cell wall [43]. On the other hand, TiO; nanoparticles that coated the modified
cotton fabric showed higher antimicrobial activity. This could be attributed to the effect of a
metal ion that may cause cytoplasmic leakage, protein denaturation, and enzyme malfunc-
tions. Reactive oxygen species (ROSs) are generated by photoactive metal oxides, which can
cause oxidative stress, cell content leakage, and DNA damage [26,44]. Since microbes are
inhibited, these ROSs can oxidize lipids and lipopolysaccharides. In addition, the curcumin
molecule in the cotton fabric modified with the curcumin/TiO, nanocomposite resulted in
higher antibacterial activity. As reported before, curcumin, being a lipophilic molecule, can
intercalate into the lipopolysaccharide-containing cell membrane and, thereby, increase
the permeability of Gram-negative bacteria. Furthermore, it has been reported that the key
mechanism involved in the killing action of curcumin is through the disordering of 1,2-
dipalmitoyl- sn-glycero-3-phosphocholine (DPPC) membranes found in both S. aureus and
E. coli [45]. Since curcumin can easily form a complex with titania, it may have been able
to break through the bacteria’s cell wall and enter the cell. This could have disrupted cell
organelles and induced lysis, that killed bacteria [26]. In addition, cotton fabric modified
with Quat 188 showed better antibacterial properties compared with fabric modified by
either citric acid or GPTMS. From the above results, hindrance against pathogenic strains
was accomplished in the following order: curcumin/TiO; nanocomposite-modified, Quat
188-cationized fabric > curcumin/TiO, nanocomposite-modified, crosslinked fabric with
citric acid/SHP > curcumin/TiO, nanocomposite-modified fabric with GPTMS.

Table 1. Antibacterial activity and durability properties.

Inhibition Zone (mm/1 cm Sample)

Table G— G+
Escherichia coli ~ Staphylococcus aureus
No. of washing cycles 1 20 1 20
Untreated cotton fabric 0 0 0 0
TiO,-coated, crosslinked fabric with citric acid /SHP 17 16 15 14
Curcumin/TiO, nanocomposite-modified, crosslinked fabric with citric acid /SHP 18 16 16 14
TiO,-coated, Quat 188-cationized fabric 19 17 14 13
Curcumin/TiO, nanocomposite-modified, Quat 188- cationized fabric 22 19 16 14
TiOy-coated, pretreated fabric with GPTMS 12 10 11 10
Curcumin/TiO, nanocomposite-modified fabric with GPTMS 14 13 12 10

Durability to washing cycles is shown in Table 1. Clearly, raising the number of
washing cycles to 20 caused a small decrease in the antibacterial properties of the washed
treated fabrics. This could be attributed to the effect of the crosslinkers used (citric acid,
Quat 188 and GPTMS) [46]. Crosslinkers were used in order to enhance bonding be-
tween the curcumin/TiO; nanocomposite and the cellulosic chains of cotton fabric. Thus,
favorable washing durability was obtained.

4.6. UV Blocking

UPF values were measured to determine the UV-radiation protection characteristics
of untreated cotton fabrics and nanocomposite-modified fabrics and the results are shown
in Table 2. Textiles can be classified into three protection groups according to BS EN
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13758-2:2003 [47]: good (UPF range 20-29), very good (UPF range 30—40), and excellent
(UPF range > 40).

Table 2. UPF values of cotton fabric treated with different conditions.

Treatment UPF Value UV-A UV-B UV Protection
Untreated cotton fabric 45 26 18.8 Non-ratable

TiO;-coated cotton fabric 20 15.29 13.69 Good
TiO,-coated, crosslinked cotton fabric with citric acid /SHP 27 7.74 6.11 Good

Curcumin/TiO, nanocomposite-modified, crosslinked cotton fabric with citric acid/SHP 50 3.5 3.1 Excellent

TiO,-coated, Quat 188-cationized cotton fabric 30 5.24 5.23 Very good

Curcumin/TiO, nanocomposite-modified, Quat 188-cationized fabric 55 2.7 2.5 Excellent
TiO,-coated, pretreated cotton fabric with GPTMS 23 14.1 12.2 Good

Curcumin/TiO, nanocomposite-modified cotton fabric with GPTMS 38 6.1 45 Very good

The calculated UPF value of untreated cotton fabric is 4.5. The UPF of coated cotton
fabric varies from 20 to 55, which is higher than the untreated fabric. In addition, the
results in Table 2 indicate that curcumin/TiO,-modified cotton fabric increases the UPF
values. Inspection of Table 2 revealed that the UPF value of TiO,-coated cotton fabric
was 20. The increased UPF could be attributed to the semi-conductive properties of the
TiO, nanoparticles, which can absorb ultraviolet photons [32]. On the other hand, there
was a significant increase in UPF values for TiO,-modified cotton fabric. The values varied
from 23 to 30 due to the effect othef different treatments according to the following order:

TiO;-coated, cationized cotton fabric > TiO;-coated, crosslinked fabric with citric
acid/SHP > TiO,-coated, pretreated cotton fabric with GPTMS.

Moreover, the results in Table 2 indicate that curcumin/TiO,-modified cotton fabric
increased the UPF values, which varied from 38 to 55 and were graded from very good
to excellent protection. This could be a result of the effectivity of the curcumin molecule
in increasing the ultraviolet protection of cotton fabric. It can be concluded that the
unmodified cotton fabrics exhibited a rather poor UV protection value due to the inability
of the cellulose in UV absorption. In contrast, all the nanocomposite-modified fabrics
showed better UV blocking properties than the unmodified fabric. The increasing UPF
values ofthe curcumin/TiO,-modified cotton followed the order:

Curcumin/TiO; nanocomposite-modified, Quat 188-cationized fabric > TiO;-coated,
crosslinked cotton fabric with citric acid/SHP > curcumin/TiO; nanocomposite-modified
cotton fabric with GPTMS.

4.7. Add-on and Tensile Strength Measurements

Table 3 shows the percentage of values for add-on measurements and mechanical
properties of chemically modified cotton fabric. The amount of chemicals deposited on
the cotton fabric during modification was indicated by the add-on values. The results
showed that for GPTMS-modified cotton fabric, the add-on values were between 8.45%
and 12.57%, whereas the modification of samples with citric acid and cationized agent
caused a significant increase in the add-on ranging between 8.65% and 18.87%, and 9.55%
and 15.45% respectively.

Table 3. Add-on measurements and tensile strength with standard deviations of treated cotton fabric.

Treatment Add on (%) Tensile Strength (Kg f)
Untreated cotton fabric 0 554+ 1.04
TiO,-coated, crosslinked fabric with citric acid /SHP 9.55 £+ 0.1 48 +£1.3
Curcumin/TiO, nanocomposite-modified, crosslinked fabric with citric acid /SHP 15.45 + 0.06 45+ 1.8
TiO,-coated, Quat 188-cationized fabric 8.65 + 0.05 47 £ 1.7
Curcumin/TiO, nanocomposite-modified, Quat 188-cationized fabric 18.87 £ 0.12 44 +1
TiO;-coated, pretreated fabric with GPTMS 8.45 + 0.1 51+ 05

Curcumin/TiO, nanocomposite-modified fabric with GPTMS 12.57 £ 0.4 47 +1.1
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On the other hand, Table 1 showed significant decreases in values of tensile strength.
This may be attributed to the effect of different modifications and crosslinking agents,
resulting in damaged cellulose chains.

5. Conclusions

In this work, we developed materials based on the fabrication of curcumin/TiO,
nanocomposite on the surface of cotton fabric via the pad-dry-cure method. To achieve this
goal, cotton fabric was modified with different crosslinkeres, namely citric acid, Quat 188
and GPTMS. Crosslinkers were used to improve the adhesion between cotton fabrics and
the prepared curcumin/TiO; nanocomposite. The prepared nanocomposite-modified fab-
rics were confirmed using FTIR, SEM and EDX. It has been concluded that curcumin/TiO,
nanocomposite-modified, Quat 188-cationized fabric showed the highest antibacterial activ-
ity compared with either curcumin/TiO; nanocomposite-modified, crosslinked fabric with
citric acid/SHP or curcumin/TiO; nanocomposite-modified fabric with GPTMS. More-
over, the curcumin/TiO, nanocomposite-modified, Quat 188-cationized fabric exhibited
higher efficiency against Gram-negative bacteria than Gram-positive ones. The durability
of curcumin/TiO; nanocomposite-modified cotton fabric showed negligible reduction in
antibacterial activity as a result of the crosslinker used. These results are promising for
the treatment of fabrics for medical applications. Cationic modification can be used for
the modification of cotton fabric to increase curcumin/TiO, nanocomposite adsorption
on the surfaces and produce stronger antibacterial activity. The results of UV protection
also revealed that curcumin/TiO; nanocomposite-modified, Quat 188-cationized fabric
acquired UPF values higher than 50, which indicated excellent UV protection properties.

Author Contributions: Conceptualization, M.M.A E.-H.; methodology, MM.A.E.-H., S.E.-S.S., S.Z.
and A F; software, M.M.A E.-H.; validation, S.E.-S.S.; formal analysis, A.F. and S.E.-S.S.; investigation,
AF. and S.E.-S.S,; resources, S.Z.; data curation, S.Z.; writing—original draft preparation, M.M.A.E.-H.
and S.E.-S.S.; writing—review and editing, M.M.A.E.-H. and S.E.-S.S.; visualization, M.M.A.E.-H.;
supervision, M.\M.A .E.-H. and S.E.-S.S.; funding acquisition, S.E.-S.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Edwards, ].V,; Buschle-Diller, G.; Goheen, S.C. Modified Fibers with Medical and Specialty Applications; Springer: Berlin/Heidelberg,
Germany, 2006.

2. Gert, E.; Torgashov, V.; Zubets, O.; Kaputskii, F. Combination of oxidative and hydrolytic functions of nitric acid in production of
enterosorbents based on carboxylated microcrystalline cellulose. Russ. J. Appl. Chem. 2006, 79, 1896-1901. [CrossRef]

3. Czaja, W.; Krystynowicz, A.; Bielecki, S.; Brown, R.M., Jr. Microbial cellulose—The natural power to heal wounds. Biomaterials
2006, 27, 145-151. [CrossRef] [PubMed]

4. Hoenich, N.A. Cellulose for medical applications: Past, present, and future. BioResources 2006, 1, 270-280. [CrossRef]

5. Zemlji¢, L.E,; Volmajer, J.; Risti¢, T.; Bracic, M.; Sauperl, O.; KreZe, T. Antimicrobial and antioxidant functionalization of viscose
fabric using chitosan—curcumin formulations. Text. Res. J. 2014, 84, 819-830. [CrossRef]

6. Ibrahim, HM.; Zaghloul, S.; Hashem, M.; El-Shafei, A. A green approach to improve the antibacterial properties of cellulose
based fabrics using Moringa oleifera extract in presence of silver nanoparticles. Cellulose 2021, 28, 549-564. [CrossRef]

7.  Hashem, M.; Abdalla, A.E.M.; Raouf, E.R.A.; El-Shafei, A.; Zaghloul, S.; El-Bisi, M. Moringa oleifera-silver nanohybrid as green
antimicrobial finishing for cotton fabrics. EQypt J. Chem. 2016, 59, 509-522.

8. Zaghloul, S.; El-shafie, A.; El-bisi, M.; Refaie, R. Herbal Textile Finishes-Natural Antibacterial Finishes for Cotton Fabric. Eqypt J.

Chem. 2017, 60, 161-180. [CrossRef]


http://doi.org/10.1134/S1070427206110309
http://doi.org/10.1016/j.biomaterials.2005.07.035
http://www.ncbi.nlm.nih.gov/pubmed/16099034
http://doi.org/10.15376/biores.1.2.270-280
http://doi.org/10.1177/0040517513512396
http://doi.org/10.1007/s10570-020-03518-7
http://doi.org/10.21608/ejchem.2017.541.1001

Polymers 2021, 13, 4027 13 of 14

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Hebeish, A.; Higazy, A.; AbdelHady, M.; Sharaf, S. Novel route for antibacterial finishing of cotton fabric based on Ag loaded
cyclodextrin-PAN copolymers. Egypt J. Chem. 2016, 59, 887-910.

Abd El-Hady, M.; Sharaf, S.; Farouk, A. Highly hydrophobic and UV protective properties of cotton fabric using layer by layer
self-assembly technique. Cellulose 2020, 27, 1099-1110. [CrossRef]

Montaser, A.; Rehan, M.; El-Senousy, W.; Zaghloul, S. Designing strategy for coating cotton gauze fabrics and its application in
wound healing. Carbohydr. Polym. 2020, 244, 116479. [CrossRef]

Sharaf, S.; Farouk, A.; El-Hady, M. Novel conductive textile fabric based on polyaniline and CuO nanoparticles. Int. J. Pharm.
Tech. Res. 2016, 9, 461-472.

Morris, H.; Murray, R. Medical textiles. Text. Prog. 2020, 52, 1-127. [CrossRef]

El-Shafei, A.; Sharaf, S.; Zaghloul, S.; Hashem, M. Development of softener containing metal nano-particle for multipurpose
textile finishing. Int. ]. PharmTech Res. 2015, 8, 123-138.

Bhawana, B.R.; Buttar, H.S,; Jain, V.; Jain, N. Curcumin nanoparticles: Preparation, characterization, and antimicrobial study. J.
Agric. Food Chem. 2011, 59, 2056-2061. [CrossRef] [PubMed]

Jaisamut, P.; Wiwattanawongsa, K.; Graidist, P.; Sangsen, Y.; Wiwattanapatapee, R. Enhanced oral bioavailability of curcumin
using a supersaturatable self-microemulsifying system incorporating a hydrophilic polymer; in vitro and in vivo investigations.
Aaps. Pharmscitech. 2018, 19, 730-740. [CrossRef]

Bigand, V.; Pinel, C.; Perez, D.D.S.; Rataboul, F; Huber, P,; Petit-Conil, M. Cationisation of galactomannan and xylan hemicellu-
loses. Carbohydr. Polym. 2011, 85, 138-148. [CrossRef]

Singh, U.; Verma, S.; Ghosh, H.; Rath, M.; Priyadarsini, K.; Sharma, A.; Pushpa, K.; Sarkar, S.; Mukherjee, T. Photo-degradation
of curcumin in the presence of TiO2 nanoparticles: Fundamentals and application. J. Mol. Catal. A Chem. 2010, 318, 106-111.
[CrossRef]

Jain, N.; Bhawana, R.; Basniwal, H. Buttar and VK Jain. J. Agric. Food Chem. 2011, 59, 2056.

Kuthati, Y.; Kankala, R.K.; Busa, P; Lin, S.-X.; Deng, J.-P.; Mou, C.-Y.; Lee, C.-H. Phototherapeutic spectrum expansion through
synergistic effect of mesoporous silica trio-nanohybrids against antibiotic-resistant gram-negative bacterium. J. Photochem.
Photobiol. B Biol. 2017, 169, 124-133. [CrossRef]

Anand, P,; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of curcumin: Problems and promises. Mol. Pharm.
2007, 4, 807-818. [CrossRef]

Musial, J.; Krakowiak, R.; Mlynarczyk, D.T.; Goslinski, T.; Stanisz, B.]J. Titanium dioxide nanoparticles in food and personal care
products—What do we know about their safety? Nanomaterials 2020, 10, 1110. [CrossRef] [PubMed]

Sherin, S.; Sheeja, S.; Devi, R.S.; Balachandran, S.; Soumya, R.S.; Abraham, A. In vitro and in vivo pharmacokinetics and toxicity
evaluation of curcumin incorporated titanium dioxide nanoparticles for biomedical applications. Chem.-Biol. Interact. 2017, 275,
35-46. [CrossRef]

Buddee, S.; Wongnawa, S.; Sriprang, P.; Sriwong, C. Curcumin-sensitized TiO, for enhanced photodegradation of dyes under
visible light. J. Nanoparticle Res. 2014, 16, 1-21. [CrossRef]

Haghighatzadeh, A. Comparative analysis on optical and photocatalytic properties of chlorophyll/curcumin-sensitized TiO,
nanoparticles for phenol degradation. Bull. Mater. Sci. 2020, 43, 1-15. [CrossRef]

Marulasiddeshwara, R.; Jyothi, M.; Soontarapa, K.; Keri, R.S.; Velmurugan, R. Nonwoven fabric supported, chitosan membrane
anchored with curcumin/TiO, complex: Scaffolds for MRSA infected wound skin reconstruction. Int. |. Biol. Macromol. 2020, 144,
85-93. [CrossRef]

Khalil-Abad, M.S.; Yazdanshenas, M.E.; Nateghi, M.R. Effect of cationization on adsorption of silver nanoparticles on cotton
surfaces and its antibacterial activity. Cellulose 2009, 16, 1147-1157. [CrossRef]

Refaie, R.; Zaghloul, S.; Elbisi, M.; Shaaban, H. Bioactive Cotton for Packaging and Storage of Grains using Aromatic Components.
Int. Res. J. Appl. Sci. 2020, 2, 40-49.

Acharya, S.; Abidi, N.; Rajbhandari, R.; Meulewaeter, F. Chemical cationization of cotton fabric for improved dye uptake. Cellulose
2014, 21, 4693-4706. [CrossRef]

Grancari¢, A.M.; Tarbuk, A.; Sutlovi¢, A.; Castellano, A.; Colleoni, C.; Rosace, G.; Plutino, M.R. Enhancement of acid dyestuff
salt-free fixation by a cationizing sol-gel based coating for cotton fabric. Colloids Surf. A Physicochem. Eng. Asp. 2021, 612, 125984.
[CrossRef]

Shang, S.-M.; Li, Z.; Xing, Y.; Xin, ].H.; Tao, X.-M. Preparation of durable hydrophobic cellulose fabric from water glass and mixed
organosilanes. Appl. Surf. Sci. 2010, 257, 1495-1499. [CrossRef]

Al Sarhan, TM.; Salem, A. Turmeric dyeing and chitosan/titanium dioxide nanoparticle colloid finishing of cotton fabric. Indian J.
Fibre Text. Res. 2018, 43, 464-473.

Wani, K.D.; Kitture, R.; Ahmed, A.; Choudhari, A.S.; Koppikar, S.J.; Kale, S.N.; Kaul-Ghanekar, R. Synthesis, characterization and
in vitro study of Curcumin-functionalized Citric acid-Capped Magnetic (CCF) Nanoparticles as drug delivery agents in cancer. J.
Bionanosci. 2011, 5, 59-65. [CrossRef]

Lee, W.-H.; Loo, C.-Y.; Rohanizadeh, R. Functionalizing the surface of hydroxyapatite drug carrier with carboxylic acid groups to
modulate the loading and release of curcumin nanoparticles. Mater. Sci. Eng. C 2019, 99, 929-939. [CrossRef]

Wijesena, R.N.; Tissera, N.D.; Perera, R.; de Silva, K.N.; Amaratunga, G.A. Slightly carbomethylated cotton supported TiO,
nanoparticles as self-cleaning fabrics. J. Mol. Catal. A Chem. 2015, 398, 107-114. [CrossRef]


http://doi.org/10.1007/s10570-019-02815-0
http://doi.org/10.1016/j.carbpol.2020.116479
http://doi.org/10.1080/00405167.2020.1824468
http://doi.org/10.1021/jf104402t
http://www.ncbi.nlm.nih.gov/pubmed/21322563
http://doi.org/10.1208/s12249-017-0857-3
http://doi.org/10.1016/j.carbpol.2011.02.005
http://doi.org/10.1016/j.molcata.2009.11.018
http://doi.org/10.1016/j.jphotobiol.2017.03.003
http://doi.org/10.1021/mp700113r
http://doi.org/10.3390/nano10061110
http://www.ncbi.nlm.nih.gov/pubmed/32512703
http://doi.org/10.1016/j.cbi.2017.07.022
http://doi.org/10.1007/s11051-014-2336-z
http://doi.org/10.1007/s12034-019-2016-9
http://doi.org/10.1016/j.ijbiomac.2019.12.077
http://doi.org/10.1007/s10570-009-9351-8
http://doi.org/10.1007/s10570-014-0457-2
http://doi.org/10.1016/j.colsurfa.2020.125984
http://doi.org/10.1016/j.apsusc.2010.08.081
http://doi.org/10.1166/jbns.2011.1041
http://doi.org/10.1016/j.msec.2019.02.030
http://doi.org/10.1016/j.molcata.2014.11.012

Polymers 2021, 13, 4027 14 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Farouk, A.; Sharaf, S.; Abd El-Hady, M. Preparation of multifunctional cationized cotton fabric based on TiO, nanomaterials. Int.
J. Biol. Macromol. 2013, 61, 230-237. [CrossRef]

Ahmadi Nasab, N.; Hassani Kumleh, H.; Beygzadeh, M.; Teimourian, S.; Kazemzad, M. Delivery of curcumin by a pH-responsive
chitosan mesoporous silica nanoparticles for cancer treatment. Artif. Cells Nanomed. Biotechnol. 2018, 46, 75-81. [CrossRef]
Farouk, A.; Saeed, S.E.-S.; Sharaf, S.; Abd El-Hady, M. Photocatalytic activity and antibacterial properties of linen fabric using
reduced graphene oxide/silver nanocomposite. RSC Adv. 2020, 10, 41600—41611. [CrossRef]

El-Hady, A.; Saeed, S. Antibacterial Properties and pH Sensitive Swelling of Insitu Formed Silver-Curcumin Nanocomposite
Based Chitosan Hydrogel. Polymers 2020, 12, 2451. [CrossRef]

Boonroeng, S.; Srikulkit, K.; Xin, ].H.; He, L. Preparation of a novel cationic curcumin and its properties evaluation on cotton
fabric. Fibers Polym. 2015, 16, 2426-2431. [CrossRef]

Gashti, M.P;; Alimohammadji, F,; Song, G.; Kiumarsi, A. Characterization of nanocomposite coatings on textiles: A brief review on
microscopic technology. Curr. Microsc. Contrib. Adv. Sci. Technol. 2012, 2, 1424-1437.

Cheng, D.; He, M.; Cai, G.; Wang, X.; Ran, J.; Wu, J. Durable UV-protective cotton fabric by deposition of multilayer TiO,
nanoparticles films on the surface. J. Coat. Technol. Res. 2018, 15, 603—-610. [CrossRef]

Kim, J.S.; Kuk, E.; Yu, KN; Kim, J.-H.; Park, S.J.; Lee, H.J.; Kim, S.H.; Park, YK,; Park, Y.H.; Hwang, C.-Y. Antimicrobial effects of
silver nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2007, 3, 95-101. [CrossRef] [PubMed]

Behnam, M.A.; Emami, F; Sobhani, Z.; Dehghanian, A.R. The application of titanium dioxide (TiO,) nanoparticles in the
photo-thermal therapy of melanoma cancer model. Iran. J. Basic Med Sci. 2018, 21, 1133. [PubMed]

Saha, S.; Pramanik, K.; Biswas, A. Antibacterial activity and biocompatibility of curcumin/TiO, nanotube array system on
Ti6Al4V bone implants. Mater. Technol. 2021, 36, 221-232. [CrossRef]

Hao, L.; An, Q.; Xu, W. Facile fabrication of superhydrophobic cotton fabric from stearyl methacrylate modified polysiloxane/silica
nanocomposite. Fibers Polym. 2012, 13, 1145-1153. [CrossRef]

EN, C. 13758-2: Fabrics—Solar UV Protective Properties—Classification and Marking of Apparel; European Committee for Standardization:
Brussels, Belgium, 2003.


http://doi.org/10.1016/j.ijbiomac.2013.06.022
http://doi.org/10.1080/21691401.2017.1290648
http://doi.org/10.1039/D0RA07544B
http://doi.org/10.3390/polym12112451
http://doi.org/10.1007/s12221-015-4585-6
http://doi.org/10.1007/s11998-017-0021-8
http://doi.org/10.1016/j.nano.2006.12.001
http://www.ncbi.nlm.nih.gov/pubmed/17379174
http://www.ncbi.nlm.nih.gov/pubmed/30483386
http://doi.org/10.1080/10667857.2020.1742984
http://doi.org/10.1007/s12221-012-1145-1

	Introduction 
	Experimental 
	Materials 
	Chemicals 
	Preparation of GPTMS Sol 
	Preparation of Curcumin: TiO2 Nanocomposites 
	Cationization of Cotton Fabric 
	Coating of Cationized Cotton Fabric with TiO2/Curcumin Nanocomposite 
	Coating of Cotton Fabric with GPTMS/Curcumin/TiO2 Nanocomposite 
	Coating of Cotton Fabric with Citric Acid/Curcumin/TiO2 Nanocomposite 

	Characterization 
	Fourier Transform Infrared Spectroscopy (FT-IR) 
	Scanning Electron Micrograph SEM/EDX Analysis 
	Antibacterial Test 
	UV Protection Factor 
	The Add-On (%) loading 
	Durability Test 
	Tensile Strength 
	Statistical Analysis 

	Results and Discussion 
	Mechanism of Deposition of the Curcumin/TiO2 Nanocomposite on the Surface of Cotton Fabric 
	FTIR Analysis 
	Surface Morphology of the Cotton Fabrics 
	EDX Analysis 
	Antibacterial Activity 
	UV Blocking 
	Add-on and Tensile Strength Measurements 

	Conclusions 
	References

