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Abstract Protection against bacterial contamination
remains a demand for healthcare textiles such as wound
dressings to reduce or eliminate hospital-acquired
infections related to antibiotic-resistant bacteria. We
report herein a simple and straightforward in situ
approach to deposit copper oxide and titanium oxide
nanoparticles onto cotton fabric using a sonochemical-
mediated sol–gel method. Modification of the cotton
surface was achieved by incorporation of citric acid
(CA) and polyethylene glycol (PEG) to improve the
attachment of the nanoparticles and reduce the attach-
ment of bacteria to the cotton surface, respectively. The
resultant cotton fabric was used against Escherichia coli
as a Gram-negative bacterium and Staphylococcus
aureus as a Gram-positive bacterium in dark condition
as an in vitro model for treatment of bacterial wound
infection. The effects of different treatment parameters
including duration and frequency of ultrasonic irradia-
tion, surface modification with PEG and/or CA, and
cotton chemical composition with different metal oxide
molar ratios on the antibacterial activity of the treated
cotton fabric were studied. All treated cotton fabrics
showed antibacterial activity, with higher efficiency for
those coated with CuO or CuO/TiO2 (1:1 molar ratio)
among the single metal oxide and composite-modified
cotton fibers, respectively. Our results show that such
functionalized cotton fibers could actively fight the
spread of bacterial infections by preventing bacterial
adhesion, enabling more efficient bonding, and ultra-
sonically promoting generation of nanoparticles and
their strong adhesion to the fabric surface.

Keywords TiO2/CuO/cotton nanocomposite,
Sonochemical coating, Surface modification, Bacterial
infection

Introduction

Substantial effort has led to the use of antimicrobial
finishes for production of antibacterial fabrics to
reduce or eliminate hospital-acquired infections
(HAIs) related to antibiotic-resistant bacteria. Many
conventional antimicrobial agents have been employed
to provide textiles with antibacterial activity, including
inorganic salts, antibiotics, phenolics, formaldehyde,
urea, and amine derivatives, many of which are toxic to
humans.1

Therefore, there is currently interest in the devel-
opment of efficient, nontoxic, durable, and cost-effec-
tive antimicrobial finishes for textiles. Nanoparticles
are currently being investigated as antibacterial agents
against both Gram-negative and Gram-positive
microorganisms. Among these, nano-TiO2-based mate-
rials have attracted significant attention for application
on self-cleaning, hygienic textiles or as antibacterial
coatings, owing to their nontoxicity, low cost, and
environmentally benign nature.2–4 Most results on
titania-based antimicrobials indicate enhanced antimi-
crobial activity in the ultraviolet (UV) region.5 How-
ever, the wide bandgap of TiO2 makes this
semiconductor inactive under visible-light irradiation.
Therefore, new research has focused on modification
of the electronic and optical properties of TiO2 to
expand its catalytic activity for practical use in medical
applications under visible-light irradiation or in dark
conditions6,7 through incorporation of coupled, doped,
and hybrid TiO2-based materials.8–11

In addition to modification of the optical properties
of TiO2, use of more than one antimicrobial agent
(known as combination antimicrobial therapy) is
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another approach based on incorporation of other
nanoparticles, to prevent or reduce emergence of
resistant strains. Among such incorporated nanopar-
ticle materials, CuO has also attracted significant
attention due to the extreme susceptibility of microor-
ganisms to copper,12 the fact that copper is essential
to human health,13 the use of wound-healing treat-
ments containing copper,14 the low sensitivity of
human tissue to copper,15 the extremely low risk of
adverse reactions from dermal exposure to copper,12

and the adsorption of copper or copper oxide through
the skin.16 Copper is an essential trace element
involved in numerous human physiological and meta-
bolic processes,12 including skin formation17 and
wound healing.18 The improved antibacterial activity
of such Cu/TiO2 composites in the dark19 and under
visible light7,20 has been well reported, especially at
higher copper content. To the best of our knowledge,
there are no reports on the antibacterial properties of
CuO/TiO2/cotton nanocomposites. However, Schmidt
et al. studied a solvothermally prepared copper-mod-
ified TiO2 composite for the realization of photocat-
alytically active and antimicrobial viscose fabrics.21

Since the initial reports on the ultrasonic-mediated
deposition technique from Bar Ilan University,22

sonochemical coating of cotton with copper oxide,
zinc oxide, and titanium oxide nanoparticles to pro-
duce valuable functional textiles with high quality,
stability, and antibacterial activity has been reported.23

Ultrasound has been widely used in chemistry, dyeing,
finishing, and cleaning industries because of its obvious
advantages such as no requirement for posttreat-
ment,24 short processing time,25 increased high-velocity
interparticle collisions to avoid formation of larger
particles,26 simplicity, and energy efficiency.27

According to some reports, nosocomial infections
are estimated to occur in at least 5% of all hospitalized
patients,28 and 1.4 million people are affected by HAIs
throughout the world each day.29 The most common
wound-infection- and HAI-mediated pathogens in-
clude staphylococci (especially Staphylococcus aureus),
Pseudomonas, and Escherichia coli. These bacteria can
also develop multidrug resistance, so single-compound
therapy will not be effective against them. Moreover,
due to the development of various bacterial strains
resistant to antibiotics,30 use of antibiotics to control
acquisition of infections is not cost-effective and thus
not reasonable.

Wound dressings and devices form an important
segment of the medical and pharmaceutical wound
care market worldwide. Currently, much research
effort is being focused on acceleration of wound
healing through the use of systematically designed
dressing materials with antibacterial activity to treat
wounds infected with antibacterial-resistant microor-
ganisms. In this regard, application of nanotechnology
has been extensively studied to introduce antimicrobial
activity into medical textiles as well as to control the
growing problem of multidrug-resistant bacteria-re-

lated infections.31 However, due to the lack of attrac-
tion between inorganic particles and polymeric
materials such as textiles,32 a problem exacerbated
for nanoparticles with high specific surface area,
surface modification of textiles with nanoparticles is
not permanent. Therefore, structural modification of
the textile surface is performed by utilizing different
approaches such as introduction of a variable density
of negative groups, such as –COO�. Crosslinking of
cellulose is an important textile chemical process which
can be defined as stabilization of cellulosic fibers
through chemical reaction. Besides, some natural (e.g.,
collagen, honey)33 or synthetic-based products (e.g.,
polyethylene glycol, PEG)34 can be regenerated for use
as effective antimicrobial components in combination
therapy to prevent local infections. There are some
reports on use of PEG-based composites as wound
dressings.35–37

As a chemical raw material, cellulose has been used
for about 150 years.38 Cellulose-based materials with
amphiphobicity and adhesion-inhibition effects on
bacteria could be used to develop novel nanostructured
materials with designed functionalities. The combina-
tion of the specific chemical properties of the guest
substrate and the unique physical features of cellulose
materials as a template thus holds great promise for
use in various fields such as self-cleaning surfaces,
antifouling surfaces, and intelligent membranes.39 The
chemical inertness of the surface of cellulose fibers,
which represents a serious obstacle to modification of
the functional surface by coating, could be addressed
by using metal oxide as a guest substrate. Hydroxyl
groups on the surface of cellulose fibers provide a
suitable substrate for deposition of metal oxide thin
films via a surface sol–gel process.40

We report herein an easy method for ultrasonic
sol–gel in situ synthesis of a novel TiO2/CuO/PEG
nanocomposite with subsequent impregnation on a
cotton bandage to achieve superior bacterial growth
inhibition under dark conditions compared with single
TiO2- and CuO-treated cotton bandages. The effect of
pretreatment of the coated bandage cotton using citric
acid as a crosslinking agent on the efficiency of the
resultant antimicrobial textiles and on their durability
against washing was also examined. To evaluate the
efficiency of the biocidal-coated cottons, two methods
including the disk diffusion method and dynamic
shake method were used against Escherichia coli
(E. coli, ATCC 25922) as model Gram-negative
bacterium and Staphylococcus aureus (S. aureus,
ATCC 6538) as model Gram-positive bacterium.
The phase composition and surface morphology were
investigated by scanning electron microscopy (SEM)
and X-ray diffraction (XRD) analysis, respectively.
The obtained results lead to a new direction in the
design of multicomponent nanomaterials for en-
hanced bactericidal effect, which might help combat
emerging pathological bacteria that cause wound
infections.
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Experimental

Materials

Titanium(IV) isopropoxide, triethylamine, ethanol,
copper acetate, citric acid (CA), sodium hypophos-
phite, and hydrochloric acid were purchased from
Sigma-Aldrich. Poly(ethylene glycol) was purchased
from Fluka. Raw woven cotton fabric (100%) was used
with mass of 146 g/m2, weft yarn density of 25 yarns/
cm, 10 9 10 cm2 size, and thickness of 0.7 mm.

Sol preparation and application onto cotton fabric

The sol–gel technique provides a new way to function-
alize fabrics, improving their chemical composition and
physical properties.41 For textile materials, this tech-
nique can modify the surface and thereby improve the
antibacterial finishing.

Two single metal oxide sols were prepared as
follows: As in other typical TiO2 sol syntheses,
titanium isopropoxide (0.01 mol) was added to ethanol
(50 ml) under vigorous stirring, then triethylamine
(0.005 mol) was added as solution stabilizer followed
by stirring (200 rpm) for 15 min under inert environ-
ment. Another solution was then prepared separately
as follows: dilute hydrochloric acid (2 M, 1 ml) and
water (0.5 ml) were added to ethanol (50 ml) and
mixed well using a magnetic stirrer for 10 min. This
solution was then added dropwise into the above
mixture consisting of titanium isopropoxide, ethanol,
and triethylamine. This mixture was stirred vigorously
at room temperature for hydrolysis. Subsequently,
after continuous stirring for 2 h, a yellowish transpar-
ent sol was obtained (solution A).

As in other typical CuO sol syntheses, 2 mmol
Cu(Ac)2Æ2H2O was added into 20 ml double-distilled
water. Secondly, ammonium hydroxide (NH3ÆH2O)
was dropped into the aqueous solution slowly until the
pH reached 7 (solution B). After adding the ammo-
nium solution, the color of the reaction mixture
changed from light blue to deep blue, then became
dark brown. To achieve binary metal oxide composite
sols with TiO2:CuO molar ratio of 1:1, 1:2, and 2:1,
volumes of solution A and B at ratios of 1:1, 1:2, and
2:1 were added together, respectively. All prepared
sols were kept for one day for aging.

Before coating, the cotton fibers were washed first
by water and detergent (Soap Liquid, detergent free of
optical brighteners and softeners) at 50�C for 30 min to
remove impurities such as wax and fat, then washed
several times using a large amount of deionized water.
They were further cleaned in acetone for 10 min and
dried at room temperature. The prepared two single
sols and three composite sols with different molar
ratios were coated onto freshly cleaned cotton fabric
using an ultrasonic-mediated dip-coating technique as
follows: 1 piece of 10 9 10 cm2 bandage (�0.7 g) was

added to each prepared sol in a 100-ml sonication flask.
The flask was placed in an ice–water cooling bath,
maintaining a constant temperature of 30�C during
sonication. The reaction mixture was irradiated for
different time intervals of 1, 2, and 5 h using a high-
intensity ultrasonic horn (Ti horn, 20 kHz, 750 W at
70% efficiency). This method serves as a simple green
route for homogeneous coating of the cotton fibers
without significant damage to their structure. The
fabric was then dipped in ethanol, washed with water
to remove any excess detergent, and finally dried in an
oven at different temperatures including 160 and 200�C
for 10 and 7 min, respectively. At the end of the
coating application, the color of the fabric changed
depending on the treatment condition as seen in Fig. 1.

In another experiment, cleaned cotton fabric was
first pretreated with 10% aqueous poly(ethylene gly-
col) (PEG 600) solution at 25�C for 60 min. Then, the
PEG-pretreated cotton fabric was treated in an ultra-
sonic bath containing separately the aforementioned
five sols plus citric acid (CA) as crosslinking agent
(6%, o.w.f = on weight of fabric) and sodium
hypophosphite (SHP) as catalyst (4%, o.w.f). PEG/
CA/metal oxide-modified and metal oxide-modified
cottons were obtained according to the previous
procedure and used for antimicrobial testing.

For convenience, the cotton fabrics treated under
the different conditions are denoted using the acro-
nyms presented in Table 1.

Fig. 1: Cotton treated under different conditions: (a) CuO/
CA/PEG, (b) CuO, (c) TiO2/CA, (d) CuO/CA, (e) CuO/PEG, (f)
TiO2/PEG, (g) Cu1–TiO2/CA, (h) Cu1–TiO2/PEG, (i) TiO2/CA/
PEG, (j) TiO2, and (k) Cu1–TiO2/CA/PEG

J. Coat. Technol. Res., 14 (3) 651–663, 2017

653



Characterization

The surface morphology of cotton fibers in untreated
form and when loaded with CuO and TiO2 nanopar-
ticles was studied using a Philips XL30 scanning
electron microscope (SEM). The crystallinity and
average particle size were analyzed based on X-ray
diffraction (XRD) analysis using an X-ray diffractome-
ter (Bruker, D8 Advance, Cu Ka). The patterns were
recorded in the 2h diffraction range from 10� to 80� at
scan speed of 2�/min in steps of 0.040�. The hydropho-
bicity of the treated cotton was also evaluated by
measuring the water droplet contact angle under a
Philips UV-C lamp with intensity of 4 mW cm�2,
centered at 365 nm in atmospheric air and at room
temperature. Contact angles were determined from
corresponding pictures [obtained from a charge-cou-
pled device (CCD) camera–lens optical system, OCA
15 plus] using an image-processing algorithm. Electron
microscopy studies were carried out by transmission
electron microscopy (TEM, Philips CM 10).

To quantify the amount of nanoparticles present on
the fibers, one of the simplest methods is to burn the
organic support and weigh the final inorganic residue.
The amounts of TiO2 and CuO loaded on the cotton
fabric were determined by atomic absorption spec-
trometry (AAS, Unicam 939). Approximately 1 g of
each sample was burned. The nanoparticle support was
eliminated after burning the CuO- and TiO2-coated
cotton fibers at 500�C for 3 h, leaving behind the
nanoparticles in powder form. During this process, the
cellulose support was completely removed before
reaching temperature of 400�C.42 Thereafter, the burnt
samples were cooled in desiccators and the weight of
ash recorded. Then, 3 ml hot concentrated H2SO4 was
added to dissolve all TiO2 and/or CuO content. Finally,
the concentration of each solution sample was deter-
mined by AAS.

Microbiological tests

Several test methods have been developed to deter-
mine the efficacy of antimicrobial textiles, generally
falling into two categories: agar diffusion test (quali-
tative method) and dynamic shake test (quantitative
method). These two methods were used to evaluate the

antibacterial properties of the different modified cot-
ton fibers against two bacterial species: Escherichia coli
(Gram negative, E. coli, ATCC 25922) and Staphylo-
coccus aureus (Gram positive, S. aureus, ATCC 6538).

Agar diffusion test

The antibacterial activity of the fabrics was demon-
strated using the Kirby agar diffusion method by the
diameter of the inhibition zone.43 The agar diffusion
method is a qualitative, relatively quick, and easily
executed test when a large number of samples have to
be screened to determine the antibacterial activity of
diffusible antimicrobial agents on treated textile mate-
rial.

The initial bacterial concentration in the vial was
approximately 107 CFU/ml (colony-forming units,
working dilution). To ensure that any decrease in
bacterial number was likely to be due to exposure to
the coated bandage treatment, two 0.9% NaCl solu-
tions without any fabric and with uncoated bandage
were included separately in the experiment as addi-
tional controls. Prior to testing, these samples were
sterilized in covered glass by autoclaving them for
15 min at 120�C and 103 kPa. The treated cotton
fabrics and control sample were cut into small pieces
(1 9 1 cm2) and transferred into Petri dishes contain-
ing bacterial strains cultured on Luria–Bertani medium
solid agar. They were then incubated for 24 h at 37�C,
and the inhibition zone was recorded.

Dynamic shake tests

Dynamic shake testing provides quantitative values for
antimicrobial activity but is more time-consuming than
agar diffusion testing. Incubated test culture in nutrient
broth was diluted with sterilized 0.3 mM phosphate
buffer (pH 7.2) to concentration of �107 CFU/ml.
Each small (1 9 1 cm2) piece of fabric was transferred
to a flask containing 30 ml of working dilution. All
flasks were shaken for different contact times at
150 rpm. After obtaining a dilution series of the
bacterial solutions using buffer solution, 1 ml of
solution was plated in nutrient agar. The inoculated
plates were incubated at 37�C for 24 h. Colonies on the

Table 1: Acronyms for cotton fabric treated under different conditions

Sample acronym Treatment condition Sample acronym Treatment condition

CuO Single metal oxide CuO/CA/PEG Single metal oxide/citric acid/PEG
TiO2 TiO2/CA/PEG
CuO/CA Single metal oxide/citric acid Cu1–TiO2/CA CuO:TiO2 with molar ratio (1:1)/CA
TiO2/CA Cu1–TiO2/CA/PEG CuO:TiO2 with molar ratio (1:1)/CA/PEG
TiO2/PEG Single metal oxide/PEG Cu2–TiO2/CA CuO:TiO2 with molar ratio (2:1)/CA
CuO/PEG Cu2–TiO2/CA/PEG CuO:TiO2 with molar ratio (2:1)/CA/PEG
Cu3–TiO2/CA CuO:TiO2 with molar ratio (1:2)/CA Cu3–TiO2/CA/PEG CuO:TiO2 with molar ratio (1:2)/CA/PEG
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nutrient agar plates were counted to determine the
number of viable cells of each diluted sample, reported
as colony-forming units (CFU)/ml. The antimicrobial
activity is expressed as the number of surviving
organisms after contact for different times with the
test specimen compared with the number of bacterial
cells surviving after contact with the control. For each
sample, the colony number was taken as the average of
the values from three experiments.

Washing durability test

The treated cotton samples were washed in a bath
containing 2 g/l nonionic detergent with liquor-to-good
(L:G) ratio of 50:1 at 50�C for 15 min. Next, they were
rinsed with distilled water and dried at 100�C for
5 min. The antimicrobial activity was assessed using
the same procedure as described above after 5–10
washing cycles, reported as the percentage reduction of
bacteria calculated using the following formula:

R ¼ N0 �Ntð Þ=N0;

where R is the percentage reduction, N0 is the number
of bacteria in the broth inoculated with the treated test
fabric sample immediately after inoculation, i.e., at
zero contact time, and Nt is the number of bacteria
recovered from the broth inoculated with the treated
test fabric sample after the desired contact period
(3 h).

Results and discussion

Structural and morphological characterization

XRD analysis was used to investigate changes of the
phase structure of cotton samples before and after
treatment. The diffraction pattern for untreated cotton
showed characteristic broad peaks at 17–19� and an
intense one at 26� indicating cellulose crystallinity44

(Fig. 2a). Additionally, the XRD pattern for sample i
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Fig. 2: XRD patterns for (a) untreated cotton fabric, (b) sample i (* cotton peak), (c) sample a, and (d) sample k (# TiO2 peak).
Samples assigned as in Fig. 1
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Fig. 3: SEM images of (a) untreated cotton fabric, (b) Cu1–TiO2/cotton at higher magnification to show undamaged fabric
texture after 5 h of sonication, (c, d) TiO2/cotton, (e, f) CuO/cotton, and (g, h) Cu1–TiO2/cotton sample
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(TiO2/CA/PEG) (Fig. 2b) indicated presence of TiO2

as anatase [Joint Committee on Powder Diffraction
Standards (JCPDS) 84-1286] with peaks assigned at
�25� (1 0 1), �38� (0 0 4), and �48� (2 0 0). The
characteristic peaks for monoclinic CuO (JCPDS 80-
1917), located at �35.7� (�1 1 1), �38� (1 1 1), �48�
(�2 0 2), and �58� (2 0 2), were found for sample a
(CuO/CA/PEG) (Fig. 2c). Figure 2d shows character-
istic peaks of both TiO2 and CuO for sample k (Cu1–
TiO2/CA/PEG). Due to the unique hot spots generated
under ultrasound irradiation, synthesis of nanoparticles
may occur under milder operating conditions such as
low temperature and pressure. Furthermore, sono-
chemical irradiation leads to the formation of crys-

talline phase without needing to heat the coated
textile, as a consequence of the formation, growth,
and collapse of cavitation bubbles. This plays a critical
role in deposition of nanoparticles, particularly metal
oxides, onto textiles.45

The crystallinity and average particle size were
calculated using the Debye–Scherrer equation for the
most intense XRD peaks: (1 0 1) for TiO2/cotton,
(�1 1 1) and (1 1 1) for CuO/cotton, and (1 0 1), (�1 1 1),
and (1 1 1) for Cu1–TiO2/cotton, being found to be
�65, �87, and �45 nm, respectively.

To investigate the morphology of all the cotton
samples, comparative SEM images are shown in Fig. 3.
As seen, the clean and smooth surface of the uncoated
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cotton fibers (Fig. 3a) changed to a homogeneously
coated surface with nanoparticles of size ranging from
40 to 95 nm after sonication. In situ sonosynthesis of
CuO/TiO2 on the cotton was achieved without signif-
icant damage to the yarn’s structure by ultrasonic
irradiation even up to 5 h as an important and serious
issue as shown in Fig. 3b. The smaller and more
homogeneous particle size distribution could be con-
sidered as favoring the antibacterial activity of the
Cu1–TiO2 sample (Fig. 3g and 3h). EDAX analysis of
the cotton samples (Fig. 4) confirmed presence of TiO2

and CuO nanoparticles on the cotton surface.
Figure 5 shows a TEM image of the Cu1–TiO2/CA/

PEG cotton fiber after burning in oxygen to eliminate
the cotton fiber, indicating particles with nanoscale
size.

The percentage of TiO2 and CuO nanoparticles
incorporated into the cotton fabrics was measured by
AAS. The results revealed that the TiO2 and CuO
loading was in the range of 10–12 wt% for the metal
oxide loaded cotton fibers.

Antibacterial activity

Agar diffusion test results

The results of the antibacterial efficacy tests carried out
against E. coli using the disk diffusion method with the
different coated cotton fabrics are shown in Fig. 6. The
inhibition zone for the tested samples was measured in
millimeters (mm) as a qualitative measure of antimi-
crobial activity. The influence of the different treat-
ments with different duration and frequency of
ultrasonic irradiation, surface modification with PEG
and/or CA, and cotton chemical composition with
different metal oxide molar ratios on the antibacterial
activity of the cotton fabrics was studied and is shown
in Fig. 6. From these results, the following conclusions
can be drawn: (1) No bacterial reduction was found on

the untreated cotton sample even after 6 h of contact
time (not shown in Fig. 6), indicating that the tested
bacteria may use cotton as a nutrient.44 (2) All the
single metal oxide treated cottons showed antibacterial
activity, with higher efficiency for the CuO-coated
cottons. This may be related to the lower bandgap
energy of CuO compared with TiO2 (�1.7 eV vs
�3.2 eV, respectively), causing higher antibacterial
activity for the former under dark condition. It has
been suggested that TiO2 and CuO nanoparticles may
use at least four antimicrobial mechanisms: intimate
contact between the nanoparticle surface and bacteria,
causing physical damage to the bacterial cell wall;45,46

reactive oxygen species generated on the surface of the
particles, inhibiting both DNA replication and amino
acid synthesis in microbes and leading to cell death;47,48

ion release;46 and nanoparticle internalization.48,49 (3)
The cottons treated with crosslinker showed improved
antibacterial activity compared with those without
crosslinker. The bonding mechanism of the nanopar-
ticles with the cotton fibers includes both chemical
bonding and physical adsorption of nanoparticles onto
the fiber surface. Citric acid (CA), a trifunctional
carboxylic acid, is known as a cost-effective and
environmentally friendly cotton crosslinking agent.
Use of this crosslinking agent may enable more
effective bonding of CuO and TiO2 to functional
groups on the cellulose. In addition, the more acidic
pH on the CA-treated cotton surface (�pH 4) would
lower the growth rate of microorganisms compared
with untreated fabric.50 (4) Greater improvement of
the antibacterial activity was obtained by cotton
modification using both PEG and CA. Bacterial
adhesion leading to biofouling is a widespread problem
that affects the functioning of a variety of engineered
systems. Both bacterial (surface charge and membrane
composition) and solid surface properties (roughness,
solid surface chemical structure, and hydrophobicity)
govern the initial adhesion phase of bacteria to a
surface. Functionalized microbicidal coatings can
actively fight the spread of bacterial infections by
preventing bacterial adhesion, killing adherent bacte-
ria, and inhibiting biofilm formation as three principal
strategies for antibacterial surface design.51–53 The
effect of substrate wettability on bacterial adhesion has
been known for a long time.54 To better understand the
effect of the hydrophobicity or hydrophilicity of the
PEG-modified cotton fabrics on their antibacterial
property, contact angle analysis was performed for
convenient assessment of surface wettability. The static
contact angles were obtained from measurements of
deionized water droplets to characterize the hydro-
philic or hydrophobic properties. As shown in Fig. 7,
the contact angle changed significantly for the PEG/
CA-treated Cu1–TiO2 (�51�) cotton as compared with
Cu1–TiO2 (�83�) cotton. Surface modification to
prevent bacterial colonization using hydrophilic poly(-
ethylene glycol), which reduces bacterial adhesion, has
been previously reported.55–57 Park et al. reported
decreased E. coli adhesion on PEG-modified sur-

Fig. 5: TEM image of Cu1–TiO2/CA/PEG cotton fiber after
burning in oxygen to eliminate cotton fiber
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Treatment condition: drying: 160°C (10 min), sonication: 2 times (each 30 min)

Treatment condition: drying: 200°C (7 min), sonication: 5 times (each 1 h)

Treatment condition: drying: 200°C (7 min), sonication: 2 times (each 1 h)

CuO CuO/CA CuO/PEG CuO/CA/PEG

TiO2

Cu1–TiO2/CA Cu2–TiO2/CA Cu3–TiO2/CA

Cu1–TiO2/CA/PEG Cu2–TiO2/CA/PEG Cu3–TiO2/CA/PEG

Cu1–TiO2/CA/PEG Cu2–TiO2/CA/PEG Cu3–TiO2/CA/PEG

Cu1–TiO2/CA/PEG Cu2–TiO2/CA/PEG Cu3–TiO2/CA/PEG

TiO2/CA TiO2/PEG TiO2/CA/PEG

Fig. 6: Antibacterial efficiency of different coated cotton fabrics against E. coli, as inhibition zone using disk diffusion
method
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faces.58 Overall, E. coli adheres more to hydrophobic
than hydrophilic surfaces.59 (5) the TiO2/CuO/CA/
PEG nanocomposite-treated cotton fabrics showed
even more improved antibacterial activity depending
on the drying temperature and sonication frequency
(the higher the temperature or the frequency, the
greater the activity). These results might be explained
based on a combination of the different mechanisms of
action of the two metal oxide components and also a
change in the nanoparticle surface chemistry. The
improved anchorage of the nanoparticles to the fabric
due to the use of CA as a crosslinking agent, the
ultrasonic promotion of generation, fast migration, and
strong adhesion of the nanoparticles to the fabric
surface, the antiadherence offered by the hydrophilic,
polymer-modified surface, as well as synergistic
improvement of the antibacterial activity through the
use of the two metal oxide components resulted in the
highest efficiency of the resultant antimicrobial cotton
bandages. The only drawback of TiO2 as a bactericide
is its near-UV bandgap, resulting in creation of
electron–hole pairs that initiate photocatalytic pro-
cesses only under UV light. Therefore, obviously any
modification of the TiO2-based photocatalyst resulting
in narrowing of the bandgap could be a useful
development. Most recently, copper-doped TiO2

nanoparticles exhibited greater antibacterial activity
in comparison with equivalent levels of Cu2+60 or
pristine TiO2.61 Cu is abundant in the Earth, being an
essential trace element to most living organisms,
environmentally benign, and relatively inexpensive.62

Therefore, Cu is a good candidate to replace noble-
metal materials in antibacterial applications. CuO
nanoparticles are also very efficient in imparting
antibacterial effect to fabric.63 Cu2+ ions released from
copper-based materials in the presence of water and
oxygen form complexes with bacterial cell-wall com-
pounds, resulting in damage to the cell wall and
proteins. Moreover, copper ions can interact with
DNA, preventing bacterial reproduction.64 The nega-
tive charge of bacterial cells at biological pH due to the
excess number of carboxylic and other groups results in
electrostatic forces with Cu2+ ions released from TiO2/
CuO nanocomposites, which may be the reason for
adhesion and bioactivity.65 Finally, the XRD and SEM
analyses reveal that the ultrasonically treated TiO2/

CuO/CA/PEG nanocomposite fabrics contained smal-
ler particles which would have improved bacteria
contact on the higher surface area of the treated
cotton.

Dynamic shake test results

In general, our results indicated that the coated CuO/
TiO2 nanocomposite cotton fibers exhibited excellent
antimicrobial activity against both Gram-positive and
Gram-negative bacteria. The shake test results pre-
sented in Fig. 8 show that the antibacterial activity
exhibited the following trend: TiO2 < CuO < Cu1–
TiO2/CA < Cu1–TiO2/CA/PEG for the cotton samples
prepared using the same treatment conditions, i.e.,
drying at temperature of 160�C for 10 min and soni-
cation two times for 30 min each. The lower resistance
of the E. coli bacterium to the antimicrobial action of
all the coated cotton samples in comparison with
S. aureus may be due to the thicker cell wall of the
former, consistent with previous reports.66,67 Gram-
positive and Gram-negative bacteria have different
membrane structures. Gram-negative bacteria such as
E. coli contain only a thin peptidoglycan layer between
the cytoplasmic membrane and outer membrane,
whereas Gram-positive bacteria have a thick wall
composed of multilayers of peptidoglycan.

All of the above results suggest that the antibacterial
activity of the nano-TiO2-modified cottons was greatly
improved by incorporation of CuO nanoparticles to
form a combinative therapy system, even in the
absence of light irradiation.

Wash durability results

Although washing durability and reusability should not
be as important for antimicrobial textiles such as
bandages compared with healthcare workers’ uniforms
or hospital sheets, antibacterial tests were carried out
on the treated cottons after 10 washing cycles.

As seen in Table 2, it was observed that, after
application of TiO2/CuO nanoparticles to the cotton
surface, the antimicrobial activity of the fabric against
either E. coli or S. aureus bacteria was improved up to

Fig. 7: Contact angle for treated Cu1–TiO2/CA/PEG cotton (right) compared with Cu1–TiO2 cotton (left)
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100%. Furthermore, the obtained results indicate that
the efficacy of the nanoparticles against the microor-
ganisms decreased with increasing number of washing

cycles due to physical desorption of the coated
nanoparticles. The stability of the CA-modified Cu1/
TiO2 cotton against the washing process was higher
than for the Cu1/TiO2 cotton.

Thus, application of citric acid as a crosslinking
agent allowed the bactericidal effect of the modified
fibers to be maintained. In the presence of the
crosslinking agent, hydroxyl groups of cellulose can
form covalent bonds with carboxyl groups of polycar-
boxylic acid in an esterification reaction as one end
with metal oxide hydroxyl groups created by alkaline
hydrolysis on the other, effectively embedding the
nanoparticle metal oxides into the fabric and resisting
their removal during the washing cycles.68–70 After six
washes, the bacterial growth inhibition was low, and no
antibacterial activity was found for the fabrics after 10
washes.

Conclusions

There is continuous effort to develop more suit-
able wound-dressing materials. Improving the antimi-
crobial activity of textile-based nanocomposites is a
key issue for the development of useful wound dress-
ings. In this study, through a synergistic combination of
CA, PEG, and sol–gel-derived TiO2 and CuO nanos-
tructures, various features such as wash durability,
hydrophilicity, and antimicrobial action were obtained
and improved for the modified cotton fabrics, respec-
tively. Sonochemical treatment of the cotton fibers
during immersion resulted in coating with nanoparti-
cles via physical adsorption onto the surface, and more
efficient chemical bonding of the nanoparticles en-
trapped in crosslinked cellulose using CA. Further-
more, surface modification was achieved using
hydrophilic PEG to prevent bacterial colonization
and reduce bacterial adhesion. The results demonstrate
that higher antibacterial activity was found against
S. aureus than E. coli, in both qualitative and quanti-
tative tests, for the ultrasonically PEG/CA-modified
TiO2/CuO/cotton nanocomposite.

The combination of copper with TiO2 synergistically
improved the electronic properties for antibacterial
activity in dark condition, and also increased the
antibacterial activity against Gram-positive and Gram-
negative bacteria that cause wound infections. Further-
more, the proved absorption of copper or copper oxide
through the skin could be considered an important
feature for wound healing. The washing durability of the
nanoparticles applied on the cotton surface was evalu-
ated up to 10 consecutive washing cycles. The achieved
results indicate that, with increasing washing cycles, the
efficacy of the nanoparticles against the microorgan-
isms decreased, with less reduction for the CA-treated
cottons. The results obtained in this work will lead to a
new direction in the design of multicomponent nano-
materials as model hydrophilic wound dressings with
enhanced bactericidal effect, which might help combat
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Fig. 8: Antibacterial efficiency of different coated cotton
fabrics as CFU/ml against (a) E. coli and (b) S. aureus: (A)
TiO2, (B) CuO, (C) Cu1–TiO2/CA, and (D) Cu1–TiO2/CA/PEG
cottons prepared under the same treatment conditions, i.e.,
drying at temperature of 160�C for 10 min and sonication
two times for 30 min each

Table 2: Antibacterial assessment of Cu1–TiO2 and
Cu1–TiO2/CA/PEG cotton up to ten cycles as CFU/ml for
treatment condition of drying temperature of 200�C for
7 min and sonication five times for 1 h each

No. of washing
cycles

% Bacterial reduction

Cu1–TiO2 Cu1–TiO2/CA/PEG

S. aureus E. coli S. aureus E. coli

0 81 89 90 100
3 52 60 63 74
6 8 10 16 21
10 0 0 0 3
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emerging pathological bacteria that cause wound infec-
tions. However, before introduction of such systems into
consumer products, their toxicological potential should
be considered.
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