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Abstract In this research, a one-step method for the

preparation of superhydrophobic and antibacterial

cotton fabric is presented, which has been modified

by zinc oxide (ZnO) nanoparticles and octade-

canethiol (ODT). The individual use of ZnO and

ODT resulted in superhydrophilic fabrics whereas

their combined use caused a transformation to the

superhydrophobic behavior. Based on the morpholog-

ical analysis, the distribution of ZnO nanoparticles on

the fabrics’ surfaces was notably improved leading to

a much more uniform rough structure. Such proper

level of roughness along with the hydrophobicity

induced by ODT were found responsible for the

observed high contact angle (161�). The deposition of

ZnO and ODT on the fabrics’ surfaces was further

proved by X-ray photoelectron spectroscopy. The

bacterial adhesion experiments revealed that even the

sole presence of ODT could notably reduce the

bacterial attachment to the fabric due to the reduced

surface free energy. The individual use of ZnO

nanoparticles was found to have a strong antibacterial

effect on both Staphylococcus aureus (Gram-positive)

and Escherichia coli (Gram-negative) bacteria. The

bacterial adhesion was even further diminished upon

the combined use of ZnO and ODT. The numbers of

adhered S. aureus and E. coli cells were highly

reduced from 438,000 and 192,000 CFU cm-2 for the

pristine fabric to 600 and 48 CFU cm-2 for the

superhydrophobic fabric, respectively. Simultaneous

achievement of superhydrophobicity and antibacterial

activity on the fabrics’ surfaces could have promising

potential in the hospital garments and facemasks

where patients and staff need to be protected from the

infections.
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Introduction

The tremendous potential of superhydrophobic mate-

rials has made them extremely intriguing for research-

ers worldwide since they are being used in a vast range

of applications such as self-cleaning, anti-biofouling,

anti-adhesive and anti-icing surfaces (Fürstner et al.

2005; Suryaprabha and Sethuraman 2017; Seyfi et al.

2016; Hejazi et al. 2017). To fabricate superhydropho-

bic surfaces, the water contact angles (WCAs) above

150� and sliding angles (SAs) below 10� have to be
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achieved via tuning the surface roughness and chem-

ical composition of the material’s surface layer. A

wide range of substrates have been used to fabricate

superhydrophobic surfaces including sponges (Sale-

habadi et al. 2017), carbon steel (Xiang et al. 2017),

filter paper (Piltan et al. 2016), and among them,

fibrous substrates have been greatly studied due to

their extensive applicability in various fields such as

self-cleaning textiles (Zhu et al. 2017), oil–water

separation (Yang et al. 2017), antibacterial textiles

(Ivanova and Philipchenko 2012), and microfluidic

transport (Xing et al. 2013). A diverse range of

methods has been utilized to impart superhydropho-

bicity onto the commercial fabrics. For instance,

Wang et al. (2016) fabricated superhydrophobic

textile for oil–water separation through the immersion

of the fabrics into a fly ash dispersion followed by

hydrophobic modification. Another group has used an

electrostatic layer-by-layer assembly of polyelec-

trolyte/nanosilica multilayers on cotton fabrics fol-

lowed by a fluoroalkylsilane modification (Zhao et al.

2010). In another work, a superhydrophobic anti-

bacterial textile was developed by spraying of fluoro-

carbon-modified chitosan nanoparticles dispersion

over the textile samples (Ivanova and Philipchenko

2012). As mentioned, a proper level of surface

roughness and a very low surface free energy are

required for achieving superhydrophobicity. Herein,

the major challenge is to properly lower the surface

free energy of the fabrics since they already possess a

micrometer-scale roughness naturally originating

from the fibers and the corresponding woven structure,

and thus, only a single-scale nanostructure needs to be

formed on the fibers. To this end, researchers have

used a wide range of nano-materials such as carbon

nanotubes (Hsieh et al. 2008), graphene oxide (Yan

et al. 2016), zinc oxide nanorods (Xu and Cai 2008),

and etc.

One of the outstanding features of superhydropho-

bicity is the greatly reduced bacterial adhesion on the

surfaces of superhydrophobic materials. In fact, these

surfaces have been recently considered as ‘‘antibacte-

rial’’ due to their remarkable inhibiting effect on the

bacterial adhesion without the use of any biocides

(Zhang et al. 2013). Superhydrophobicity could

diminish the adhesion force between bacteria and a

solid surface leading to the effortless removal of

bacteria before a thick biofilm is formed on the surface

(Crick et al. 2011). Protein adsorption is majorly

responsible for the bacterial adhesion process, which

has been proved to be highly diminished on superhy-

drophobic surfaces leading to a reduced bacterial

adhesion (Stallard et al. 2012).

As compared with organic antibacterial agents,

inorganic metal oxides are more robust and exhibit

higher stability and longer shelf life [20]. In both

microscale and nanoscale formulations, zinc oxide

(ZnO) is being increasingly investigated for its

remarkable antibacterial activity and has a huge

potential to be used in food and medical industries

due to being nontoxic, biosafe and biocompatible

(Raghupathi et al. 2011). In this work, ZnO nanopar-

ticles with the size less than 50 nm were utilized since

it has been reported that the smaller sized ZnO

nanoparticles have higher antibacterial activity rather

than the larger sized nanoparticles (Rosi and Mirkin

2005).

According to the literature, many of the proposed

methods were rather elaborative or substrate

restricted, and some of the simpler methods have used

fluorinated materials to reduce the surface free energy.

In the current research, a fluorine-free one-step

method based on the dip coating technique is

suggested to fabricate superhydrophobic cotton fab-

rics. ZnO nanoparticles were used to induce the

nanoscale rough structure, and was found to play an

essential role in achieving our main purposes, which

are, superhydrophobicity and antibacterial property.

Moreover, a surface free energy reducing agent,

octadecanethiol (ODT), was employed to reduce the

surface free energy of the fabrics. The major aim of

this work was to design and produce the fabric with the

highest superhydrophobicity and antibacterial activity

which can have the potential to be used in surgical

gowns and drapes, clean air suits, and facemasks in

order to effectively reduce the risk of nosocomial

infections. To the best of our knowledge, this is the

first report on the synergistic effect of the combined

use of ZnO nanoparticles and a surface free energy

reducing agent such as ODT on the superhydropho-

bicity and antibacterial activity of the cotton fabrics.
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Materials and methods

Materials

Zinc oxide nanoparticles with the size less than 50 nm

and the surface area higher than 10 m2 g-1 was

purchased from Sigma-Aldrich (St. Louis, MO, USA).

Octadecanethiol (ODT) with a molecular weight of

286 g mol-1 and density of 0.847 g mL-1 was also

obtained from Sigma-Aldrich. The cotton fabrics were

supplied from the local market with the thickness of

0.4 mm and the weight per surface unit of 130 g m-2.

Chloroform was obtained from Merck (Darmstadt,

Germany) and used as received.

Treatment process

A fixed amount of ODT (10 mg) and various contents

of ZnO nanoparticles (10, 30 and 50 mg) were added

to 10 mL of chloroform, and the suspension was

vigorously mixed by magnet stirring for 2 h. After-

wards, the fabric samples (3 9 3 cm2) were immersed

into the as-prepared suspension for different dipping

times (1, 5, 15, 30 and 60 min) while being gently

stirred. After the preliminary tests, the optimal dipping

time was introduced as 30 min, and thus, the final

samples were all prepared at the dipping time of

30 min. The dipped fabrics were then removed from

the suspension and dried at ambient conditions for 6 h

to thoroughly evaporate the solvent. Based on the

WCA measurements, 30 mg of ZnO was the optimum

content of nanoparticles, and thus, another sample was

treated with 30 mg of ZnO nanoparticles in the

absence of ODT. Moreover, a sample was also

prepared in the absence of nanoparticles, and only

10 mg of ODT was added to the chloroform. For

comparison reasons, the optimum formulation (30 mg

ZnO and 10 mgODT) was also prepared by a two-step

method. Firstly, the fabric samples were dip-coated

within the ZnO dispersion, removed and left to dry. In

the second stage, the ZnO coated fabric was immersed

into an ODT solution. The formulation of the prepared

samples is listed in Table 1.

Characterization

A video-based contact angle measurement system

(OCA 15, DataPhysics Instruments GmbH, Germany)

was used to determine the CAs of the samples. The CA

measurement of each sample was carried out at least

three times across the sample surface using the sessile

drop method by dispensing 4 lL drops of de-ionized

water on the samples’ surfaces. All CA measurements

were taken under ambient laboratory conditions at a

temperature of about 25 Æ C. Morphologies of the

fabrics’ surfaces were evaluated on a scanning elec-

tron microscope (KYKY-EM3200) operated at 25 kV.

To increase the resolution for SEM observation, the

samples were plated with gold coating in order to

render them electrically conductive. X-ray photoelec-

tron spectroscopy (XPS) analysis was performed by

using XPS spectroscopy with a monochromatic AlKa

X-ray source (1486.6 eV photons), operated at 180 W

(12 kV and 15 mA) and under ultra-high vacuum

conditions. The mechanical properties of the pure and

superhydrophobic samples were measured via a

stress–strain test conducted by an Instron Universal

Testing Machine (Model 5566, Instron Corporation,

Canton, MA, USA) following the ASTM Standard

Test Method D 882-91.

Bacterial growth conditions

In this study, to assess the interactions between the

fiber surfaces with two types of gram positive and

gram negative bacterial cell walls, Staphylococcus

aureus and Escherichia coli were used, respectively.

Bacteria cells were obtained in the freeze-dried form

from Persian Type Culture Collection. Bacteria were

sub-cultured onto tryptic soy agar (TSA; Sigma) for

36 h at 37 �C, and then, three colonies from the TSA

were incubated in 15 mL of Tryptic soy broth (TSB)

aerobically for 24 h at 37 �C on a rotary shaker (Lab-

Line Lab Rotator, Barnstead International) at 120 rpm

until the stationary phase culture was reached. After-

wards, to obtain early logarithmic phase cells, 1 mL of

the culture suspension was inoculated into 30 mL of

fresh TSB under the same conditions for 12 h. Cells

were collected by centrifugation at 6500 rpm for

5 min, washed with 0.1 M phosphate-buffered saline

(PBS; Sigma), pH = 7.4, and resuspended in 0.1 M

PBS at a concentration of 108 colony-forming units

(CFU) mL-1, enumerated by plate count agar.

Bacterial adhesion assay

For evaluating the bacterial adhesion process, the

sterilized samples with 2.5 cm diameter were attached
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with carbon tape at the bottom of standard 24-well

culture plates containing 1.5 mL of TSB enriched with

0.25% of glucose (Merck). After that, 50 lL of the

bacterial suspension (108 bacteria mL-1) were seeded

into each well and incubated for 24 h at 37 �C in an

orbital shaker (120 rpm). All the experiments were

performed in triplicate, on three independent occa-

sions. The samples were removed from the wells and

washed twice with PBS to rinse away any non-

adherent cells and loosely attached bacteria, and then,

again placed in 0.5 mL TSB followed by ultrasonica-

tion in an ultrasonic cleaner (Medal W-375, Ultrason-

ics) at a frequency of 25 kHz for 10 min to remove the

bacteria from the surfaces. The samples were then

vortexed for 1 min, serially diluted and viable plate

counting was performed to quantify the numbers of

adherent bacteria in CFU cm-2. In order to observe

the attached bacteria by SEM analysis, the samples

were washed three times with sterile PBS and then

fixed in 2.5% glutaraldehyde in PBS for 24 h. After

fixation, the samples were dehydrated by a 10 min

immersion in water–ethanol solutions with increasing

concentrations of ethanol up to 100% and finally

placed in a sealed desiccator. After sputter coating

with gold, the samples were detected by scanning

electron microscopy.

Results and discussion

Wettability results

The wetting behavior of samples was investigated by

contact angle (CA) measurement. The pristine fabric

showed an utterly hydrophilic behavior such that the

water droplet completely wetted its surface. At first,

the ODT-treated and ZnO-treated fabrics were pre-

pared to understand the sole effect of each material on

the wetting behavior of the fabrics. It was observed

that both surface treated fabrics were highly hydro-

philic and completely absorbed the water droplets.

However, the water absorption rate was in the

following order: pristine fabric[ZnO-treated fab-

ric[ODT-treated fabric. In fact, both ODT and ZnO

could not significantly change the wetting behavior of

the fabrics, and no hydrophobicity was attained.

Quite oppositely, the fabric’s wettability was

transformed from an utterly hydrophilic character into

a very hydrophobic behavior upon treatment by a

combination of ZnO and ODT at different composi-

tions. Figure 1 demonstrates that the CA value for

Zn10–ODT, treated with the lowest amount of

nanoparticles, is 140�. However, this very high value

is not the true CA of this sample since the water

droplet completely wetted the fabric after several

seconds, and thus, Zn10–ODT was regarded as ultra-

hydrophilic because according to the literature, if only

the water droplet wets the surface under the time

period of 0.5 s, the surface would be regarded as

superhydrophilic (Han et al. 2007).

Increasing the ZnO content from 10 to 30 mg (in

10 mL of chloroform) has resulted in a superhy-

drophobic property showing the CA of 161� and a

sliding angle less than 2� indicating an absolutely self-
cleaning behavior. It should be mentioned that the

self-cleaning effect observed in this sample is based on

the flow of water droplets on the surface leading to the

efficient removal of dirt particles, and no photocat-

alytic self-cleaning was detected (Karimi et al. 2014).

Most probably, increasing the nanoparticle content

from 10 to 30 mg must have led to a complete

coverage of the fabric’s surface by ZnO particles.

More importantly, the observed superhydrophobic

behavior remained stable even after a long period of

time until the water droplet was eventually evapo-

rated. The high fragility of superhydrophobic surfaces

to hand touch has been reported because the induced

micro/nano structure to the surface is highly sensitive

Table 1 The formulation

of the prepared samples
Samples Chloroform (mL) ZnO (mg) ODT (mg) Process type

ODT 10 – 10 One-step

Zn30 10 30 – One-step

Zn10–ODT 10 10 10 One-step

Zn30–ODT 10 30 10 One-step

Zn50–ODT 10 50 10 One-step

Two_step 10 30 10 Two-step
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to even small abrasion forces (Verho et al. 2011). It

should be noted that the treated fabric in the case of

Zn30–ODT sample retains its superhydrophobicity

even after a severe finger touch. Despite its resistance

to the severe finger touch, the durability of the

superhydrophobic fabric was also studied under severe

washing conditions. To this end, the Zn30–ODT

sample was stirred in aqueous solution of laundry

detergent (500 rpm, 10 mL laundry detergent in

50 mL ultrapure water) for 24 h, and then, the CA

values were measured. Based on the results shown in

Table S1, the sample retains its superhydrophobic

property after 24 h of washing; however, the CA was

reduced to 151� and the SA was increased to 20�
indicating a slight reduction in the hydrophobicity of

the fabric. Moreover, the mechanical properties of the

pure fabric and Zn30–ODT are reported in Table S2.

As could be anticipated, the mechanical properties of

the fabric were not significantly changed, and only a

slight enhancement in the tensile strength andmodulus

and an insignificant decline in the elongation at break

were observed upon introducing the ZnO and ODT.

The reason for such insignificant influence on the

mechanical properties of the fabric could be attributed

to the fact that only the outmost layer of the fabric has

been modified by a nanoscale coating. Moreover, it

can be inferred that the used modification method had

no adverse effect on the structure and texture of the

fabric.

An insignificant reduction in the CA value of the

fabric was observed once the ZnO content increased to

50 mg indicating that the superhydrophobicity is

retained even at a higher loading of nanoparticles.

However, due to the lower nanoparticle requirement

and higher WCA value, the Zn30–ODT is introduced

as the optimum sample.

For comparison reasons, Zn30–ODT sample was

also prepared by a different route upon which the

treatment process was conducted in two steps. Quite

interestingly, the water droplet was observed to be

totally absorbed by the Two_step sample. It may be

inferred that the one-step process caused more strong

interactions to be formed between the ZnO particles

and ODT molecules. The possible reason for this

phenomenon will be further discussed by morphology

results. It also should be noted that no discernible

change was detected in the color of the fabrics upon

modifying by ZnO and ODT.

SEM results

To better delineate the reasons for the interesting

wetting results, scanning electron microscopy (SEM)

was utilized. Figure 2a, b show the surface morphol-

ogy of the pristine fabric at two different magnifica-

tions. It is seen that the average diameter of the fibers is

around 20 lm. Figure 2c depicts the surface morphol-

ogy of ODT-treated sample. It could be inferred that

the surface of fibers in the case of the ODT-treated

sample is nearly smooth and only some aggregations

in the nano-scale are hardly detectable at some spots

on the surface of fibers. Therefore, a proper level of

surface roughness cannot be expected from the ODT-

treated fabric. On the other hand, Fig. 2d–f illustrate

the surface morphologies of Zn30 in which the ODT is

absent. Figure 2e clearly shows that the fabric’s

surface was severely coated by ZnO nanoparticles,

and thus, a very rough structure has been formed on

the surface of Zn30. However, due to the formation of

agglomerations at some spots, the rough structure was

not evenly distributed. The role of surface roughness

uniformity on achieving superhydrophobicity and

self-cleaning behavior has been previously empha-

sized in our previous publications (Bolvardi et al.

2017; Seyfi et al. 2015). Having said that, it has to be

noted that the surface energy of Zn30 has been quite

high due to the absence of any hydrophobic surface

modifications. In the literature, numerous publications

reported the use of surface energy reducing agents

along with nanoparticles to achieve

Fig. 1 The water drop

profiles and water contact

angles for the treated fabrics
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superhydrophobicity. It is well-established that a

proper level of roughness along with a sufficiently

low surface energy could result in a superhydrophobic

character (Esmaeilpour et al. 2016). Based on Wenzel

model, an intrinsically hydrophilic surface would

become superhydrophilic if a proper level of rough-

ness is induced on the material’s surface (Wenzel

1936). Figure 2f further demonstrates the as-formed

packed structure of ZnO nanoparticles on the surface

of a fiber.

Figure 3 illustrates the surface morphologies of the

fabrics treated with a combination of ZnO and ODT.

Based on Fig. 3a, an utterly uniform distribution of

nanoparticles could be observed throughout the whole

fabric’s surface; however, the higher magnification

image shown in Fig. 3b indicates the formation of

disperse rough structure on the surface of fibers due to

the low content of used nanoparticles. The maximum

size of ZnO clusters reaches 2 lm but the distance

between the clusters exceeds several micrometers at

some spots suggesting that the surface layer of fibers is

not completely covered by nanoparticles. According

to the wetting results, the initial CA for this sample

was measured as 140� but after a few seconds, the

water droplet was thoroughly absorbed by the fabric.

Figure 3c, d evidently shows that further increment

of ZnO content resulted in a remarkable change in the

surface morphology, and as a result, an utterly packed

structure has been formed. In fact, the ZnO clusters

were more adhered to each other forming an ordered

and uniform rough structure. One could state that all

the necessary prerequisites for a self-cleaning behav-

ior are provided in the case of Zn30–ODT. First of all,

the level of surface roughness is suitably high due to

the formation of ZnO clusters on the surface layer of

the sample. Secondly, the induced rough structure is

notably uniform throughout the whole fabric’s sur-

face, and finally, the surface energy of sample must

have been greatly diminished by using a proper

amount of a surface energy reducing agent (ODT).

Another important observation could be made by

comparing the SEM images of Zn30–ODT (Fig. 3c)

and Zn30 (Fig. 2e). It could be realized that the

addition of ODT to the formulation has resulted in a

much more uniform surface morphology impeding the

formation of agglomerations. It could be claimed that

ODT molecules have facilitated the dispersion of ZnO

nanoparticles within the solution which could impede

the formation of agglomerations at the fabric’s surface

after evaporation of the solvent.

Figure 3e demonstrates that increasing the exceed-

ingly high amount of ZnO nanoparticles caused the

surface rough structure to be more coarsened as

compared with Zn30–ODT. The distribution of ZnO

clusters is still satisfactory and just a few agglomer-

ations could be detected on the surface layer which is

Fig. 2 SEM images from the surfaces of a, b pristine fabric at magnifications of 9 50 and 9 500, c ODT-treated fabric at

magnification of 9 1000, and d–f Zn30 sample at magnifications of 9 50, 9 1000 and 9 5000
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quite expected since a high concentration of nanopar-

ticles was used in that sample (5 mg mL-1).

As mentioned in the previous section, the optimum

formulation was also prepared by a two-step method to

compare the effect of preparation process on the final

wetting behavior. The surface morphology of the

sample made by two-step method is shown in Fig. 4.

Comparing Figs. 4a, b and 3c, d leads one to conclude

that the treatment process has a remarkable influence

on the surface morphology of the fabrics. Quite

surprisingly, the wetting behavior was shifted from

superhydrophobic in the case of the one-step method

to superhydrophilic in the case of the two-step method.

According to the obtained SEM images, one could

infer that the incomplete coverage of the fabric’s

surface was mainly responsible for the observed shift

in the wetting behavior.

XPS results

In order to prove the efficient deposition of ZnO and

ODT on the surfaces of fabrics, X-ray photoelectron

spectroscopy (XPS) was utilized to determine the

elemental composition of the surface layer of samples.

To this end, the pristine fabric, the ODT-treated fabric

and the fabric treated with the optimum formulation

(Zn30–ODT) were analyzed by XPS. In the wide-scan

spectrum of the untreated fabric (the middle spectrum

in Fig. 5), two distinguished peaks could be observed

at binding energies of 285 and 532 eV which corre-

spond to carbon and oxygen, respectively. This result

was anticipated since the pristine fabric is utterly made

of cellulose.

The atomic percentages of different elements were

calculated based on the area under the peaks and

Fig. 3 SEM images from the surfaces of a, b Zn10–ODT, c, d Zn30–ODT, and e, f Zn50–ODT at magnifications of 9 1000 and

9 5000
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reported in Table 2. As can be seen, the surface of the

pristine fabric is equally made of carbon and oxygen,

and the ratio of carbon to oxygen is 0.96. Once the

fabric is treated by ODT, it is seen that the [C]/

[O] ratio is increased from 0.96 to 1.14 which could be

attributed to the presence of ODT chains on the surface

of the fabrics. Due to the molecular structure of ODT,

CH3(CH2)16CH2SH, which has 18 carbon atoms and

zero oxygen atoms, the [C]/[O] ratio is increased on

the surface of ODT-treated fabric further proving that

ODT was successfully deposited on the fabrics’

surfaces.

In contrast with the pristine fabric and the ODT-

treated fabric, which exhibited rather similar XPS

wide-scan spectra, the Zn30–ODT treated fabric

shows a totally different XPS spectrum. In addition

to the variations in the intensity of C1 s and

O1 s peaks, several other peaks also appeared all of

which are ascribed to the zinc atoms. The peaks

appeared at binding energies of 1028 and 1051 eV are

related to Zn(2p3/2) and Zn(2p1/2), respectively. Two

distinct peaks around the binding energies of 479 and

499 eV are due to the oxygen vacancies on the ZnO

particles (Zn LMM). As can be seen in the XPS spectra

of Zn30–ODT treated fabric, the Zn 2p peaks are very

pronounced implying the strong presence of ZnO

nanoparticles at the surface layer of the optimum

sample. The quantified results also prove that the

surface layer is mainly composed of ZnO particles

since a very high atomic concentration was obtained

for the zinc atom (30.7%). Obviously, the cellulose

chains were less detected by XPS due to the coverage

of the surface by ZnO nanoparticles. Having said that,

the carbon concentration is still rather high (42.5%)

the majority of which could be attributed to the ODT

chains present at the surface layer of the fabric since

the ratio of [C]/[O] was notably increased to 1.58. This

claim could be further corroborated if one considers

the fact that the majority of detected oxygen atoms

(26.8%) belong to the ZnO nanoparticles, not the

cellulose chains.

Bacterial adhesion results

Firstly, the attachment of both Gram-positive and

Gram-negative bacteria on the surface of the pristine

fabric and the superhydrophobic sample (Zn30–ODT)

is investigated by SEM analysis. Figure 6 shows the

surface morphology of the pristine fabric and the

superhydrophobic sample after 24 h of incubation.

Quite expectedly, Fig. 6a, b clearly demonstrate the

colonization of S. aureus bacteria on the surface of the

pristine fabric. The higher magnified image seen in

Fig. 4 The surface morphology of Two_step sample at

magnifications of a 9 1000 and b 9 5000

Fig. 5 The wide-scan XPS spectra for the untreated fabric, and

the fabrics treated with ODT and ZnO
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Fig. 6b evidently proves that the S. aureus bacteria

have been severely colonized on the whole surface of

the fiber, and their shape is spherical exhibiting an

average diameter of 1 lm. As can be seen in Fig. 6c,

the surface of the superhydrophobic sample was

remarkably more resistant to S. aureus as compared

with the pristine fabric since only a few cells could be

observed which were marked in the figure. Based on

Fig. 6d, it can be seen that the resistance to the

bacterial attachment is even further increased in the

case of E. coli since much fewer cells were observed

attached on the fabrics based on a large scanned area.

These qualitative results imply the fact that the

superhydrophobic sample exhibited an outstanding

antibacterial activity against both Gram-positive and

Gram-negative bacteria.

Apart from the qualitative analysis of the bacterial

adhesion, the number of adhered cells on the surface of

several samples were measured to quantitatively study

the bacterial adhesion as well. Figure 7 depicts the

number of adhered cells (CFU cm-2) after 24 h of

incubation for samples with different compositions

and thus wettabilities. The first observation is that the

Gram-positive bacteria were more adhered on the

surface of the pristine fabric as compared with the

Gram-negative bacteria. Such remarkably lower adhe-

sion of E. coli with respect to the S. aureus (* 56%)

could be explained by both geometrical and chemical

factors. Apart from the considerably different compo-

sition of the cell wall of Gram-positive and Gram-

negative bacteria (Poortinga et al. 2002), it should be

reminded that S. aureus is a spherical coccus (diameter

less than 1 lm) and E. coli is a cylindrical bacillus

(width * 0.5 lm and length * 2 lm). Therefore, it

is likely that the spherical bacteria would need a much

lower degree of surface contact to allow successful

Table 2 The quantified XPS results for several samples

Samples [C] (%) [O] (%) [Zn] (%) [C]/[O]

Untreated fabric 49.15 50.85 – 0.96

ODT-treated fabric 53.4 46.6 – 1.14

Zn30–ODT treated fabric 42.5 26.8 30.7 1.58

Fig. 6 SEM images of S. aureus on the surfaces of a, b the pristine fabric and c Zn30–ODT treated fabric, and E. coli on the surface of

d Zn30–ODT treated fabric at incubation time of 24 h
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adhesion compared to the rod-shaped bacteria

(Fadeeva et al. 2011).

Quite interestingly, a reduced bacterial adhesion is

observed for the ODT-treated fabric as compared with

the pristine fabric for both types of bacteria. Such

result indicates that the presence of a low surface free

energy material on the fabric’s surface is rather

influential on the bacterial adhesion. Herein, and

according to the SEM results (Fig. 2c), the geomet-

rical factors are negligible, and instead, the chemical

factors are majorly responsible for the reduced bac-

terial adhesion. It also should be reminded that both

pristine and ODT-treated fabrics exhibited the CA

* 0�, and thus, the reduced bacterial attachment

could be attributed to the lower water absorption rate

in the case of ODT-treated fabric which is originated

from the lowered surface free energy.

According to Fig. 7, the numbers of adhered

S. aureus and E. coli cells have been decreased from

430,000 and 192,000 CFU cm-2 for the pristine fabric

to 4440 and 1800 CFU cm-2 for the Zn30-treated

fabric. Such striking decline in bacterial adhesion for

Zn30-treated fabric has to be attributed to the

antibacterial character of ZnO nanoparticles. One of

the suggested mechanisms for the antibacterial behav-

ior of ZnO nanoparticles is their surface abrasiveness

which has been reported to produce disorganization of

both cell wall and cell membrane of E. coli (Padma-

vathy and Vijayaraghavan 2008). Another suggested

mechanism is based on the deposition of the nanopar-

ticles on the surface of bacteria or accumulation of

nanoparticles either in the cytoplasm or in the

periplasmic region which could lead to the disruption

of cellular function (Raghupathi et al. 2011; Brayner

et al. 2006).

The highest degree of antibacterial behavior was

observed in the case of the superhydrophobic sample

(Zn30–ODT treated fabric). The inset in Fig. 7 shows

the differences in the bacterial adhesion of Zn30 and

Zn30–ODT samples more clearly. The numbers of

adhered S. aureus and E. coli cells were reduced from

4440 and 1800 CFU cm-2 in the case of Zn30 treated

fabric to 600 and 48 CFU cm-2 in the case of Zn30–

ODT treated fabric. The further reductions observed in

the bacterial adhesions could be majorly ascribed to

the notably reduced surface free energy of the fabric as

a result of the presence of ODT. It could be concluded

that the use of a surface free energy reducing agent

alone cannot guarantee an effective antibacterial

property (ODT-treated fabric); however, if accompa-

nied by a proper level of rough structure, a significant

antibacterial behavior would be expected.

It is also noteworthy that the superhydrophobic

sample follows the Cassie–Baxter regime based on

which a superhydrophobic behavior with ultra-low

sliding angles can be obtained thanks to the air

entrapment inside the surface pores and cavities,

which increases the solid–vapor interface (Cassie and

Baxter 1944). Based on the literature, the air-trapping

ability of a Cassie-Baxter state, which leads to an anti-

bioadhesive property, could greatly reduce the adhe-

sion of different strains of bacteria (Bruzaud et al.

2017; Freschauf et al. 2012; Qian et al. 2017). In the

current study, it can be inferred that, apart from the

remarkably reduced surface free energy and the

obtained Cassie-Baxter state, the uniformity of surface

rough structure was enhanced upon addition of ODT

to the Zn30 formulation which also might be one of the

reasons for the further reduced bacterial adhesion.

Another interesting observation from Fig. 7 is that

the adhesion of E. coli cells was more inhibited as

compared with that of S. aureus upon the transforma-

tion to a superhydrophobic state. It is true that the total

surface area of the fabric increased as a result of the

ZnO deposition, but the available surface area for cell

adhesion is notably decreased due to the nano-scale

distances formed between the surface rough features

which are significantly smaller than the size of E. coli

and S. aureus bacteria. It has been previously

suggested that the bacterial adhesion to substrates

Fig. 7 The number of adhered bacteria for both S. aureus and

E. coli bacteria after 24 h of incubation
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requires the presence of an appreciable amount of

initial cellular contact with the surface (Fadeeva et al.

2011), and thus, it could be speculated that such initial

cellular contact is less available for the E. coli bacteria

due to its larger size with respect to the S. aureus.

Conclusion

Superhydrophobic and antibacterial cotton fabric

treated with ZnO nanoparticles and octadecanethiol

was prepared via a one-step dip coating technique. The

individual utilizations of ZnO and ODT in preparation

of the surface treated fabrics resulted in a superhy-

drophilic behavior similar to the pristine fabric;

however, the rate of water absorption was different

which was attributed to the variation in the surface free

energy of the samples. Once a combination of ZnO

and ODT was utilized in the surface treatment of the

fabrics, it was found that the uniformity of the

morphology was notably improved, and the wetting

behavior was shifted from superhydrophilic to super-

hydrophobic since a proper level of roughness along

with a low surface energy were provided in the case of

the optimum sample (Zn30–ODT). The XPS analysis

proved that ZnO was efficiently deposited on the

surface of the fabrics. The SEM results from the

adhered cells demonstrated that the pristine fabric was

severely colonized by S. aureus cells while the

superhydrophobic sample exhibited a remarkably

lower level of S. aureus and E. coli adhesion on its

surface. The number of adhered cells was also

measured and the results showed that the S. aureus

and E. coli cells were reduced from 438,000 and

192,000 CFU cm-2 for the pristine fabric to 600 and

48 CFU cm-2 for the superhydrophobic sample,

respectively. Such strong antibacterial property was

attributed to the role of ZnO nanoparticles in killing

the bacteria via their surface abrasiveness and also

accumulation on the surface of bacteria leading to

disorganization of the cells. Moreover, the role of the

trapped air on the surface of the fabric and its anti-

bioadhesive property was highlighted in inhibition of

the cell adhesion on the surface of the superhydropho-

bic sample.
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