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Abstract Common cotton gauze was endowed with
both superhydrophobic and antibacterial properties by
a dip-coating method that involved sequential depo-
sition of positively charged chitosan (CS), negatively
charged gallic acid modified silver nanoparticles
(GA@AgNPs) and 1H,1H,2H,2H-perfluorode-
canethiol (PFDT) with low surface energy on cotton
fabrics. After such surface coating, the wettability of
gauze surface was converted from superhydrophilic to
superhydrophobic with a water contact angle (CA) of
158 4+ 2.2° and sliding angle (SA) of 5.2 £+ 1.8°,
exhibiting water repellency, antifouling ability as well
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as bacterially antiadhesive activity. Moreover, such
PFDT/GA @ AgNPs/CS-coated cotton fabrics showed
efficiently antibacterial activities against Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus),
which was mainly attributed to the synergistic effect of
contact-killing of CS and continuous release of Ag™.
In addition, it was found that the outer PFDT
deposition could act as a barrier to prevent leaching
of the AgNPs during laundry, enhancing the antibac-
terial durability.
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Introduction

Medical gauze made of cotton fabrics is a kind of
disposable and sterile device that commonly used for
dressing wound because of its low-skin-irritating
nature, softness, breathability and low cost (Zhu
et al. 2018). Now, cotton gauze used in hospital is
inherently superhydrophilic with CA close to 0°,
which enables it to absorb blood and other fluids from
wounds (Sasaki et al. 2016; Zhu et al. 2018). How-
ever, in practical application, especially for cotton
gauze as dressing for skin wound, patients have to
avoid touching water and suffer great inconvenience
in daily life (Liu et al. 2012b). More importantly, a
vital problem for cotton gauze is that bacteria in humid
atmosphere can easily adhere onto hydrophilic cotton
fabric surface and further migrate into fiber interior to
finally form a biofilm, which will serve as reservoir for
the development of pathogens, leading to health
threats such as infection to mankind (Chen et al.
2016). Therefore, water-repellent and antibacterial
gauze used in combination with common gauze will be
ideal as skin wound dressing (Liang et al. 2016). To
satisfy this urgent requirement, fabricating multifunc-
tional cotton fabrics with both superhydrophobic and
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antibacterial properties via surface coating approach
may be a feasible strategy (Xue et al. 2012; Fu et al.
2017; Karthik et al. 2017; Suryaprabha and Sethura-
man 2017; Liu et al. 2018b).

Superhydrophobic surface is highly repellent to
water with water contact angle larger than 150° and a
sliding angle less than 10° (Drelich and Chibowski
2010), which shows many attractive applications in
self-cleaning, antifouling, water collection and oil/
water separation (Sasmal et al. 2014; Teisala et al.
2014; Kollarigowda et al. 2017; Suryaprabha and
Sethuraman 2017; Das et al. 2018). Clinically used
cotton gauze has a weave thread structure and each
thread is consisted of micro-scaled fabrics with a
diameter of 10-20 um. Hence, the surface of micro-
scaled cotton fabric can be further modified by
secondary nanostructures and/or hydrophobic mole-
cules to become superhydrophobic. Recently, Zhu’s
group (Zhu et al. 2018) developed a superhydrophobic
gauze without sacrificing the inherently breathable
nature via decorating traditional cotton fabrics by
hydrophobic paraffin, which was used for bleeding
control with reducing blood loss. However, the
antibacterial property of such superhydrophobic gauze
was not mentioned, while the paraffin modified on
cotton fabric didn’t have any antibacterial activity.
Although superhydrophobic surface has been reported
that can effectively resist bacterial adhesion (Pernites
etal. 2012; Hizal et al. 2017), bacteria are just reduced
rather than killed. More importantly, the bacteria will
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still adhere to the superhydrophobic surface when the
surface becomes fully wet after long time exposure to
the moist environments (Hwang et al. 2018). There-
fore, more attention should be paid on to the combi-
nation of superhydrophobic surface and bactericidal
materials (Ou et al. 2016; Hwang et al. 2017; Watson
et al. 2017). Among numerous bactericidal materials,
silver nanoparticles (AgNPs) are acknowledged effi-
cient and safe antibacterial agents with broad-spec-
trum and long-acting antibacterial activity through the
continuous release of silver ions (Goli et al. 2013;
Rizzello and Pompa 2014; Ouay and Stellacci 2015;
Xie et al. 2017). Besides, nano-sized AgNPs are also
suitable to enhance the hydrophobicity of cotton fabric
surface via the formed micro-nanoscale structures
(Liu et al. 2012a; Ko et al. 2013). Despite, the leaching
of AgNPs from cotton fabric is still a major challenge
to its practical application. (Wu et al. 2016). Because
the loaded AgNPs are usually exposed to the outer
environments, which may be easily washed off from
the cotton fabric surface, resulting in rapid loss of their
antibacterial activity (Zhang et al. 2013; Yu et al.
2016).

In present work, we report a multifunctional cotton
gauze with both superhydrophobic and antibacterial
properties, which was fabricated via a solution-
dipping method that involves the sequential deposition
of positively charged chitosan (CS), negatively
charged gallic acid modified silver nanoparticles
(GA@AgNPs) and 1H,1H,2H,2H-perfluorode-
canethiol (PFDT) with low surface energy (as shown

Scheme 1 Fabrication of
PFDT/GA @AgNPs/CS
coating onto cotton fabrics
via a solution-dipping
method

Pristine

 —

CS solution

in Scheme 1). This PFDT/GA @ AgNPs/CS-coated
cotton fabrics with macro- and nano-scaled dual
structures covered by hydrophobic PFDT exhibited
excellent water repellency as well as efficient bacte-
rially antiadhesive and antibacterial activity. More
than that, the fluorinated PFDT could act as a barrier to
prevent leaching of the AgNPs during laundry,
enhancing the antibacterial durability. Such a super-
hydrophobic and antibacterial cotton gauze is very
promising to be used as outer layer in combination
with common gauze as inner layer for dressing skin
wound.

Materials and method
Materials

Chitosan (CS, M,, ~ 200 kDa, DAc > 85%) was
purchased from Zhejiang Golden-Shell Pharmaceuti-
cal Co. Ltd (Zhejiang, China). 1H,1H,2H,2H-perflu-
orodecanethiol (PFDT, 97%) was purchased from
Aladdin Reagent Co. Ltd (Shanghai, China). Ethanol
and glutaraldehyde 25% were purchased from Kelong
chemistry company (Chengdu, China). Nutrient agar
(NA) and nutrient broth (NB) and were purchased
from Qingdao Hope Bio-Technology Co. Ltd (Qing-
dao, China). Escherichia coli (E. coli, ATCC25922)
and Staphylococcus aureus (S. aureus, ATCC6538)
was purchased from BeNa Culture Collection (Bei-
jing, China). Medical gauze swabs were purchased
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from Jianghe Medical Material Co. Ltd (Qianjiang,
China).

Preparation of gallic acid modified silver
nanoparticles (GA @ AgNPs)

Silver nanoparticles protected by gallic acid
(GA@AgNPs) were synthesized according to our
previous work (Liu et al. 2018a). Briefly, 10 mL
AgNO;5; (5 mM) was first mixed with 10 mL gallic
acid solution (5 mM). Then, the above mixture was
added dropwise into 30 mL. NaBH, solution with a
concentration of 10 mM for reacting 2 h at dark. The
average diameter and zeta potential of the obtained
GA@AgNPs are 8.5 nm and — 25 mV, respectively
(see Fig. S1 in the supporting information). The
morphology of GA@AgNPs was measured by trans-
mission electron microscope (JEOL, JEM-2100F,
Japan). The zeta potential of the GA@AgNPs was
tested by Nano ZS instrument (Malvern, Zetasizer
Nano ZS, England).

Preparation of PFDT/GA @ AgNPs/CS-coated
cotton fabrics

PFDT/GA @AgNPs/CS-coated cotton fabrics were
prepared via a convenient solution-dipping method
that involves the sequential deposition of CS, gallic
acid GA@AgNPs and PFDT. Briefly, pristine cotton
fabric was first immersed into an acidic CS solution
(5 mg mL™") with pH of 4.0 for 30 min to obtain a CS
coating, which was then rinsed with deionized water to
remove the physically adsorbed CS and obtained as
CS-coated fabric. Then, this CS coated fabric was
immersed into an aqueous solution of GA@ AgNPs
with a weight ratio of AgNPs solution (0.2 mg mL™")
to cotton fabrics of 100:1 for 30 min under continuous
stirring, and the cotton fabric was rinsed by deionized
water to remove the physically adsorbed AgNPs and
defined as GA@AgNPs/CS coated fabric. Finally,
such GA@AgNPs/CS coated cotton fabric was
immersed into a PFDT ethanol solution (3 uL mL™")
for 20 min. After rinsing with ethanol, the PFDT/
GA@AgNPs/CS coated cotton fabric was dried at
room temperature.

@ Springer

The release behavior of silver ions from PFDT/
GA @AgNPs/CS-coated cotton fabrics

The release profile of silver ions from PFDT/
GA@AgNPs/CS coated cotton fabrics was investi-
gated by using inductively coupled plasma optical
emission spectrometry (ICP-OES, Optima 2100DV,
PerkinElmer). First, the silver content of PFDT/
GA@AgNPs/CS coated gauze was measured by
ICP-OES. Briefly, 100 mg dry PFDT/GA @AgNPs/
CS coated gauze was cut into pieces and sealed in a
high-pressure batch autoclave with 6 mL HNO; and
1 mL H,0, for 4 h at 120 °C (Ou et al. 2016). Then,
the acidic solution was diluted with water to 250 mL,
and the silver concentration was measured by ICP-
OES and determined by the silver calibration curve
which was plotted based on the standard solution with
the silver concentration of 10, 5, 1, 0.5, 0.1 pg mL ™",
For determining the release rate of silver ions, 100 mg
PFDT/GA @AgNPs/CS coated cotton fabrics was cut
into pieces and put into 10 mL PBS solution (pH 7.4)
and incubated on an automated shaker at 37 °C. At
predetermined time intervals, 10 mL solution was
withdrawn from the release media and another 10 mL
fresh PBS solution was added. Then the amount of
released Ag" was determined by using ICP-OES.

The antibacterial activity of PFDT/GA @ AgNPs/
CS-coated cotton fabrics

Bacterial antiadhesion ability

Bacterial antiadhesion ability of cotton fabrics coated
by CS, GA@AgNPs/CS or PFDT/GA @ AgNPs/CS
was evaluated according to a previous work (Lin et al.
2018). Briefly, coated cotton fabrics and control
(pristine fabrics) were immersed into 25 mL bacterial
suspension (S. aureus or E. coli) with concentration of
10" CFU mL ™", incubating under static conditions for
2 hat 37 °C. Then, cotton fabrics were transferred into
a tube with 25 mL of fresh NB, with further incubation
for 24 h at 37 °C at a shaking speed of 120 rpm. After
the incubation, cotton fabrics were taken out and
washed by sterile water to remove the unadhered
bacteria. Afterward, the cotton fabrics were put into a
test tube containing 5 mL PBS solution, and those
bacteria that strongly adhered on the fabric were then
ultrasonicated for 2 min. The same operation was
performed five times. The above detached bacteria in
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PBS solution was mixed and homogenized, and then
100 pL of this solution spread onto the NA plates and
further incubated at 37 °C for 24 h. After counting the
number of colonies, the number of adhered live
bacteria was calculated by multiplying the number of
colonies by the dilution factor. The bacterial antiad-
hesion rate was estimated as:

Bacterial antiadhesion rate (%)
= (CFUcnmrol mL71 - CFUsample mLil) /CFUcnmrol IIlL71
x 100%

Contact killing efficiency assay

The contact killing efficiency assay of PFDT/
GA @AgNPs/CS-Coated cotton fabrics was evaluated
against E. coli and S. aureus, respectively, according
to a standard procedure of ASTM E 2149-2001(Xiang
et al. 2018). Cotton fabric samples with a weight of
100 mg was cut into pieces and put into 10 mL
sterilized normal saline with bacterial concentration of
10* CFU mL™" in an Erlenmeyer flask. Then the
Erlenmeyer flask was incubated at 37 °C with shaking
at 150 rpm on an automated shaker. At O h, and 2 h
contact time, 20 pL bacterial solution was withdrawn
from flask and spread on NA plate. The culture dish
was incubated for another 24 h at 37 °C and counted
for colony-forming units. The contact killing effi-
ciency was defined as:

Contact killing efficiency (%)
= (CFUg, mL™" — CFUy mL™") /CFUg, mL ™"
x 100 %

Bacteria morphologies observation on cotton fabrics

Square cotton gauze samples with side length of
10 mm were put into sterile test tubes and rinsed by
40 pL solution with bacterial cell density of 10°
CFU mL~!, and then the tubes were incubated at
37 °C for 24 h. After incubation, gauze samples were
washed by sterile normal saline 3 times and immersed
in sterile glutaraldehyde aqueous solution (3 vol%)
4 h for immobilizing bacteria cells onto gauze surface
(Liu et al. 2017). Then, ethanol was used for
dehydration of the bacteria cells, and these gauze
samples were observed by field emission scanning

electron microscope after treatment of drying and
spay-gold.

Bacterial growth curves in the presence of PFDT/
GA@AgNPs/CS-Coated cotton fabrics

E. coli and S. aureus were first cultured in liquid
nutrient broth media for 18 h at 37 °C. For antibac-
terial test, a portion of pre-cultured E. coli and S.
aureus were diluted by culture media to 10 mL with an
ODgqg value of 0.05 (Wu et al. 2016). Then the 10 mL
bacteria in test tubes were incubated with 100 mg
gauze samples (cut into pieces) on an automated
shaker (150 rpm) at 37 °C. At pre-determined time
points, 150 pL of growth media was removed and the
ODgoo was measured using UV-vis spectrophotome-
ter (7225, Youke, China).

The durable antibacterial activity of PFDT/
GA@AgNPs/CS-coated cotton fabrics against
washing

The water-fastness of PFDT/GA @ AgNPs/CS-Coated
gauze sample was tested according to a modified ISO
105-C10: 2006 method (Ou et al. 2016; Wu et al.
2016). The tested gauze sample (50 mm x 50 mm)
was washed in a drum at 40 °C with 0.5 wt% detergent
for 30 min at a spinning rate of 40 rpm, which was
defined as one washing cycle. The mass ratio of water
to gauze sample was 50:1. After washing 1, 2, 3, 4, 5,
10, 20 cycles, respectively, gauze sample was taken
out, washed by sterilized water for several times and
cut into pieces. The killing efficiency was then tested
as described in “Contact killing efficiency assay”
section.

Characterization

Microstructures of cotton fabrics (CS-coated,
GA@AgNPs/CS-coated and PFDT/GA @ AgNPs/CS-
coated) and bacteria morphologies were observed on
an FE-SEM (Quanta 250, FEI, USA) at an accelerating
voltage of 5 kV. Water contact angles (CA) was
measured by Contact Angle System (OCAH200,
Dataphysics, Germany) at ambient temperature. A
water droplet of 8 puL was used as the indicator.
Average contact angle values were obtained by
measuring five different positions on the same sample.
The chemical compositions of the coated gauze were
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investigated by an X-ray photoelectron spectroscopy
(XSAMS800, Kratos, UK). The instrument was
equipped with a monochromatic Al Ka (1486.6 eV)
X-ray source operated at 12 kV x 15 mA at a pres-
sure of 2 x 1077 Pa. The C ls peak (binding energy
284.8 eV) was used as a reference for charge correc-
tion. The concentration of silver was measured by
ICP-OES (Optima 2100DV, PerkinElmer, USA).

Results and discussion

Surface morphology and wettability of PEDT/
GA @AgNPs/CS-coated cotton fabrics

The surface morphology of PFDT/GA @ AgNPs/CS-
coated cotton fabrics is observed and investigated by
FE-SEM, using pristine, CS-coated and GA @ AgNPs/
CS-coated cotton fabrics as controls (shown in Fig. 1).
Compared to the SEM images of pristine cotton gauze
at lower magnifications (Fig. 1a, e), the morphologies
of CS-coated, GA@AgNPs/CS-coated and PFDT/
GA@AgNPs/CS-coated cotton fabrics don’t show
any changes (Fig. 1b—d, f-h). The results clearly
demonstrate that the original porous structure of

cotton gauze based on interwoven fibers were not
affected or destroyed by these coatings. Therefore,
according to the recent study reported by Zhu’s group
(Zhu et al. 2018), the breathability and moisture-
penetrability of CS-coated, GA@ AgNPs/CS-coated
or PFDT/GA @ AgNPs/CS-coated cotton fabrics can
maintain because of the micropores between the
weave threads. However, the surface of cotton fiber
becomes rougher than that of pristine after the CS
coating (Fig. 1i, j), which converts the surface wetta-
bility from hydrophilic to hydrophobic with a water
contact angel (CA) of 125 £ 1.3° (Fig. 2a, b). The
hydrophobicity will be further increased to
135 & 2.1° after the deposition of GA @ AgNPs which
are witnessed as white dots on the fabric surface
(Fig. 1k). Such increased hydrophobicity is ascribed
to the micro-scaled texture of cotton fabric decorated
by nano-sized silver nanoparticles. Simultaneously,
the cotton fabric is dyed a yellow color that inherited
from these tiny spherical silver nanoparticles with
average dimeter of 8.0 nm (Fig. 2c and Fig. S1). Then,
the GA@AgNPs/CS-coated cotton fabric was
immersed into a PFDT ethanol dispersion, and the
PFDT deposition further increased the surface rough-
ness of the cotton fabric (Fig. 11). As shown in Fig. 2d,

Fig. 1 SEM images of pristine (a, e, i), CS coated (b, f, g), GA@AgNPs/CS coated (c, g, k) and PFDT/GA @ AgNPs/CS coated (d, h,

1) cotton fabrics at different magnifications
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Fig. 2 Water droplets and corresponding water contact angle on pristine (a), CS coated (b), GA@AgNPs/CS coated (¢) and PFDT/

GA@AgNPs/CS coated (d) cotton fabrics

the cotton fabrics retain the yellow color, suggesting
that there was no dissolution of the deposited
GA@AgNPs during the PFDT coating. Importantly,
these PFDT/GA @AgNPs/CS-coated cotton fabrics
with macro- and nano-scaled dual structures covered
by low-surface-energy PFDT molecules are superhy-
drophobic with CA of 158 + 2.2° and SA of
5.2 £+ 1.8°. Water droplets can readily roll off this
cotton fabrics, exhibiting appreciable waterproofness
and excellent antifouling ability (see the dynamic
video in the support information).

Characterization of PFDT/GA @ AgNPs/CS-
coated cotton fabrics by XPS analyses

The depositions of CS, GA@AgNPs and PFDT are
also monitored and characterized by X-ray photoelec-
tron spectroscopy (XPS). Compered to XPS spectra of
pristine cotton fabric in Fig. 3a, N 1s peak appears at
399.8 eV (N-C) for CS coated sample (Fig. 3b, c),
suggesting the formation of CS coating with amino
groups(Wu et al. 2011; Wang et al. 2014). Due to the
abundant hydroxyl groups on pristine cotton fabric,
hydrogen-bond interaction maybe formed between the
hydroxyl groups and amino groups of CS, leading to
the stable CS coating on cotton fabrics. While for

GA @AgNPs/CS-coated cotton fabrics, the sequential
deposition of as-prepared GA@ AgNPs onto CS layer
makes typical Ag 3d signal emerge in the XPS spectra
(Fig. 3d). Highly resolved XPS spectra of Ag 3d in
Fig. 3e shows two individual peaks located at 368.1
and 374.1 eV that can be assigned to Ag 3ds,, and Ag
3ds,, binding energies, respectively (Zhang et al. 2011;
Wang et al. 2013). These two peaks are further
resolved to demonstrate the successful deposition of
metallic AgNPs (Ag®) on CS coating (Schlaich et al.
2018). Furthermore, the N 1s peak of this
GA@AgNPs/CS coating is also analyzed. As can be
seen from Fig. 3f, a new N 1s peak appears at higher
binding energy (400.6 eV) after the deposition of
GA@AgNPs. This result suggests a decrease of
electronic density around the N atom, which is mainly
due to the electrostatic interaction (C-NH;*---~00C—
) between partial amino groups of CS and carboxyl
groups of GA@ AgNPs (Liang et al. 2014). In fact, the
as-prepared GA @ AgNPs possess a negatively charged
surface with zeta-potential of around — 25 mV
(Fig. S1), which tended to form electrostatic interac-
tion with the CS layer during deposition process.

For PFDT/GA @AgNPs/CS coated cotton fabrics,
the XPS spectra in Fig. 4a reveals the presence of Fls
and S2p signals, indicating the successful deposition
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Fig. 3 XPS spectra of pristine (a), CS-coated (b) and GA@AgNPs/CS-coated cotton fabrics (d); N 1s core levels XPS spectra for CS-
coated (c) and GA @ AgNPs/CS-coated cotton fabrics (f); Ag 3d core levels XPS spectra for GA@AgNPs/CS-coated cotton fabrics (e)
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Fig. 4 XPS spectra of PFDT/GA @ AgNPs/CS-coated cotton fabrics (a), and Ag 3d core levels XPS spectra for PFDT/GA @ AgNPs/

CS-coated cotton fabrics (b)

of PFDT layer on GA@AgNPs/CS coating. In addi-
tion, S2p has been used to evaluate the chemical
bonding between alkanethiol and metallic substrates.
It is accepted that the peak at around 162.0 eV is
corresponding to bound sulfur, and the peak at around
163.0 eV is identified as RS-SR or radiation induced
species (Ou et al. 2016). Moreover, it is found a
chemical shift (~ 0.3 eV) of Ag 3d signal to higher

@ Springer

binding energy after the PFDT deposition (Figs. 3e
and 4b). All these results suggest the modification of
PFDT on silver nanoparticles via chemical bonding.
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Fig. 5 a The wettability of GA@AgNPs/CS and PFDT/GA@AgNPs/CS coated cotton fabrics against laundry cycles; b the
accumulative release of Ag™ from GA@AgNPs/CS and PFDT/GA @ AgNPs/CS coated cotton fabrics
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GA@AgNPs/CS coated cotton fabrics; (c¢) the illustration of bacterially antiadhesive action of superhydrophobic surface
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The stability and Ag™ releasing of PFDT/
GA @AgNPs/CS-coated cotton fabrics

Except for enabling superhydrophobic property to
cotton fabrics, the deposition of PFDT also can
enhance the stability of the PFDT/GA @ AgNPs/CS
coating against laundry. The washing durability was
evaluated according to ISO 105-C10: 2006 standards.
As shown in Fig. 5a, the superhydrophobicity of
PFDT/GA@AgNPs/CS coated cotton fabrics is
retained after 3 washing cycles (CA = 151 &+ 1.2°).
Even after 10 cycles, the change of CA is still higher
than 140°, indicating that this PFDT/GA @ AgNPs/CS
coated cotton fabrics is durable to washing. While for
GA@AgNPs/CS coated cotton fabric without PFDT
layer, the CA dramatically decreases to around 110°
after 10 cycles, which implying the coating is
destructed during laundry. Therefore, UV—vis spec-
troscopy was employed to monitor the washing off
silver nanoparticles (see Fig. S2 in the supporting
information). After 2 h of washing (4 cycles), no
obvious absorbance of AgNPs is observed in the
washing solution from the PFDT/GA@AgNPs/CS
coated cotton fabrics. On the contrary, there is
absorbance of AgNPs at 400 nm in the washing
solution from the GA@AgNPs/CS coated cotton
fabrics. The enhanced stability of this PFDT/
GA@AgNPs/CS coating against laundry can be
attributed to the deposited PFDT which acts as a
barrier layer around AgNPs with high water-repellent
ability. As expected, such PFDT barrier can also slow
dawn the release of Ag" from silver nanoparticles,
which will give a long-acting antibacterial activity of
the PFDT/GA @ AgNPs/CS coated cotton fabrics. ICP-
OES was performed to monitor the release behavior of
Ag"t from the coating, and the silver nanoparticles
contents of PFDT/GA @ AgNPs/CS and GA@AgNPs/
CS coating are both about 0.12 mg per 100 mg dry
coated cotton fabrics. As shown in Fig. 5b, both
PFDT/GA @AgNPs/CS and GA@AgNPs/CS coating
exhibit continuous behavior of Ag*. However, the
release rate of Ag' from PFDT/GA@AgNPs/CS
coating is slower than that of GA@AgNPs/CS coating
without PFDT.

@ Springer

Antibacterial ability of PFDT/GA @ AgNPs/CS
coated cotton fabrics

Bacterially antiadhesive ability

Since the superhydrophobic surface can resist the
bacteria adhesion, the bacterial antiadhesion ability of
the PFDT/GA@AgNPs/CS coated cotton fabric was
tested. As shown in Fig. 6a, compared to that of CS
coated or GA@AgNPs/CS coated cotton fabrics,
nearly no live bacteria adhered to the PFDT/
GA@AgNPs/CS coated cotton fabric after incubation
with high concentration bacterial suspension. In
Fig. 6b, the bacterial antiadhesion rates for CS coated,
GA@AgNPs/CS coated and PFDT/GA@AgNPs/CS
coated cotton fabrics against E. coli are 89.84, 98.11
and 99.99%, respectively; against S. aureus are 82.15,
97.00 and 99.97%, respectively. This result demon-
strates that the more hydrophobic the fabric, the higher
is the bacterial antiadhesion rate. Especially for this
superhydrophobic surface with low surface energys, its
excellent water-repellent ability makes bacteria sus-
pension in the aqueous environment hard to wet and
attach the fabric surface, and therefore no bacteria can
penetrate into the fiber interior (Fig. 6¢). In fact,
bacteria adhesion onto solid surface is a key step for
biofilm formation which will reservoir for the devel-
opment of pathogens, leading to infection threats. The
efficient bacteria antiadhesive ability is very helpful

B2 CS coated

XN GA@AgNPs/VCS coated

W77 PFDT/GA@AgNPs/CS coated
*p <0.05

*p < 0.05
100

?

90 4

80

Killing Efficiency(%)

70

dyéll . .

60 - N
E.coli S.aureus

Fig. 7 The killing efficiency of CS coated, GA@AgNPs/CS
coated and PFDT/GA @ AgNPs/CS coated cotton fabrics against
E. coli and S. aureus, respectively



Cellulose (2019) 26:1383-1397

1393

Fig. 8 Morphologies of
E. coli and S. aureus in
contact with pristine, CS
coated, GA@AgNPs/CS
coated and PFDT/
GA@AgNPs/CS coated

cotton fabrics Pristine

CS coated

GA@AgNPs
/CS coated

PFDT/
GA@AgNPs/
CS Coated

for this PFDT/GA @ AgNPs/CS coated cotton gauze in
dressing wound.

Bactericidal activity

Though superhydrophobic surface can resist bacteria
adhesion, it is only a passively antibacterial strategy
rather than kill them. To achieve the excellent
antibacterial effect, the PFDT/GA @AgNPs/CS coat-
ing should also rapidly kill the contacted and invasive
pathogenic microbes. Therefore, the bactericidal
activity of PFDT/GA @ AgNPs/CS coated fabrics were
studied. As shown in Fig. 7, it is obvious that the
killing efficiencies of GA@AgNPs/CS and PFDT/

E.coli

S.aureus

GA@AgNPs/CS coated cotton fabrics against E. coli
and S. aureus are similar (higher than 99%), which are
much higher than that of single CS coating (lower than
80%). The result indicates the higher bactericidal
activity of GA@AgNPs/CS coated or PFDT/
GA@AgNPs/CS coated cotton fabrics is ascribed to
the synergism of contact killing of CS and Ag™ release
killing of GA@AgNPs. To further understand such
synergistically bactericidal activity, the morphologies
of bacteria on coating surface were observed by SEM.
After incubation with bacteria for 24 h, attached
bacteria cells could be observed and displayed in
Fig. 8. Compared to live bacteria cells on pristine
cotton fabric with intact membranes, the membranes
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of bacteria on CS coating are visibly damaged with
lesions. That is mainly because of the contact-active
disruption of microbe cell membrane by the cationic
chitosan. However, for those bacterial cells attached
on GA@AgNPs/CS coated or PFDT/GA @ AgNPs/CS
coated cotton fabrics, not only lesions but also
distorted and wrinkled membranes with holes are
observed. Such serious damage is supposed to be
caused both by contact-killing activity of CS and Ag™
release-based killing activity of silver nanoparticles,
implying the antibacterial advantage of such dual-
action bactericidal coating.

Since the Ag ions can be slowly released from
GA@AgNPs/CS or PFDT/GA@AgNPs/CS coating
(Fig. 5b) into environment with subsequent killing of
bacteria, the growth inhibition of bacteria was inves-
tigated. Pristine and CS coated cotton fabrics were
used as controls. Precultured E. coli or S. aureus with
an optical density at 600 nm (ODggg) of around 0.05
were cultured in presence of cotton fabric samples.
The changes in ODgq values over time are recorded
and showed in Fig. 9. Clearly, pristine and CS coated
cotton fabrics can’t inhibit the bacterial growth and the
ODgqo values for both E. coli and S. aureus increased
with culture time. It is easy to understand that pristine
cotton fabrics don’t have any antibacterial property,
while for CS coated cotton fabric, the CS coating can
be easily masked by adsorbed bacterial cells (live or
dead) due to its poor bacterial antiadhesion ability (As
shown in Fig. 6b), causing loss of bactericidal activity.
In contrast, in the presence of GA@AgNPs/CS or
PFDT/GA@AgNPs/CS coated cotton fabrics, the
growth of both types of bacteria is completed inhibited
in 24 h of the culture period. That is because the
released Ag ions from these two coatings with
excellent bacterial antiadhesion ability can steadily
bind with bacteria and annihilate them, exhibiting
efficient and long-term antibacterial performances.

Durably antibacterial activity

The antibacterial durability of PFDT/GA @ AgNPs/CS
coated cotton fabrics was assessed by determining the
change of killing efficiency against E. coli or S. aureus
under different laundering cycles. From Fig. 10, it is
found that PFDT/GA @ AgNPs/CS coated cotton fab-
rics maintain excellent antibacterial efficiency higher
than 98% even after 20 washing cycles, indicating
appreciable antibacterial durability. However, the
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Fig. 9 Growth curve of E. coli (a) and S. aureus (b) as a
function of culture time in the presence of pristine, CS coated,
GA@AgNPs/CS coated and PFDT/GA@AgNPs/CS coated
cotton fabrics

killing efficiency of GA@AgNPs/CS coated cotton
fabrics significantly decrease with increase of accel-
erated laundering cycles. The result is consistent with
the coating stability test in Fig. 5a that the water-
repellent PFDT deposition protected the coating not to
be dissolved or lost over time, thus providing a durable
antibacterial capability.

Conclusions

In summary, the super-hydrophobicity contributed by
micro-scaled texture of cotton fabric and nano-sized
silver nanoparticles covered by low surface energy
PFDT molecules, not only provided complete water-
proofness but also greatly enhanced the bacterial
antiadhesion, enabling the treated cotton fabrics to



Cellulose (2019) 26:1383-1397

1395

(a) GA@AgNPs/CS coated
E.coli PFDT/GA@AgNPs/CS coated |]
100 -
N §\R

&
S 90

2

=
2

=3
& 80-

=

£
g 704

60 - T %
0 5 10 20
Washing cycles
(b) GA@AgNPs/CS coated |
S.aureus PFDT/GA@AgNPs/CS coated
100] s § §

~~

J
S 904

&

=
2

&
& 80
=
)
R
§ 70
60 T T / T
0 5 10 20
Washing cycles

Fig. 10 The changes of killing efficiency of GA@AgNPs/CS
coated and PFDT/GA @ AgNPs/CS coated cotton fabrics against
E. coli or S. aureus under different washing cycles

have long-lasting antibacterial activity through the
sustained release of Ag"™ with washable durability.
Such multifunctional PFDT/GA @ AgNPs/CS coating
is very suitable for medical gauze to dress the wound
in the moist and insanitary environment.
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