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Abstract In this study, cotton fabrics with improved

antibacterial efficiency and hydrophobic properties

were prepared with the coatings of N-halamine

siloxanes, ZnO, and silane precursors by the ultra-

sonic-assisted dipping-padding assembly technique.

The coated cotton fabrics were characterized by FT-

IR, SEM, XRD and XPS. The chlorinated cotton

fabrics showed good hydrophobicity with water

contact angle of 139o ± 2o. With the addition of

ZnO in the N-halamine coatings, the chlorinated

samples showed good antibacterial efficacy and could

inactivate both all inoculated Escherichia coli

O157:H7 (ATCC 43895) and Staphylococcus aureus

(ATCC 6538) within 10 min. The chlorinated samples

also showed good viability to mammalian cells. The

stabilities of the coated cotton towards UV light and

washing cycles and mechanical properties were

investigated. Over 69% of the chlorine was retained

after the equivalent of 25 machine washes. The

N-halamine siloxanes coating of cotton with ZnO

nanoparticles significantly enhanced the UV stability.

In addition, the coated cotton fabrics maintained high

tensile strength and fair air permeability.
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Introduction

The development of new antimicrobial materials in

textile helps in the reduction of harmful bacteria.

Cellulose, an excellent natural material, could be

considered as the major inexhaustible source of raw

materials, and meets the increasing appeal for green

and biocompatible products. However, textiles made

from cellulose are easily contaminated with bacteria

and other pathogenic microorganisms under an appro-

priate environments, such as suitable temperatures and

humidity, etc.(Shahidi et al. 2017; Xu et al. 2017;

Yazhini and Prabu 2015). Thus, cellulosic materials

with antibacterial abilities and hydrophobic properties

are highly desirable.

Of the various antibacterial materials, metal oxides

and metal ions, N-halamines, and quaternary ammo-

nium salts have attracted significant research interest.

N-halamines, as predominant biocides, have drawn

great attention over others for their antimicrobial

efficacy against a broad-spectrum of microorganisms,

long-term stabilities and regenerabilities (Demir et al.

2017; Dong et al. 2015). Recently, nanosized N-ha-

lamines have also been investigated due to their

enhanced antibacterial efficiency. Jang et al. (2008),

Yu et al. (2013) and Zhao et al. (2014)) investigated

the effect of particle size of hydantoin/SiO2 on

antibacterial activity and their results showed that

small particles had more functional N-halamine sites

on the surface leading on enhanced antibacterial

efficiency. Dong et al. (2014) prepared N-halamine-

decorated polystyrene nanoparticles to study the

correlation of antibacterial activity with surface area

using a plate counting test and confirmed that the

smaller particles had higher antibacterial activity.

However, under UV irradiation, N–Cl bonds and

bonds between N-halamine and substrates decompose

rapidly, leading to the loss of antimicrobial activity

(Kocer et al. 2010).

Several metal oxides such as ZnO, TiO2, MgO and

CaO exhibit high photocatalytic properties and could

be used as UV absorbers, self-cleaning materials, and

photo-sensors, etc. (Chen et al. 2015; Dong et al. 2016;

Horsthuis 2017; Jin et al. 2014), increasing their

popularity in recent research. Among these com-

pounds, ZnO has been considered as one of the most

promising photocatalysts due to its wide band gap

energy (3.37 eV), availability, low cost, physical and

chemical stability, and high oxidative capacity (Olson

et al. 2015; Silva et al. 2017; Zhang et al. 2016a). Up to

now, few studies have been reported to hybridize

N-halamine with ZnO nanoparticles.

Hydrophobic coatings combined with different

substrates have been reported to improve antibacterial

abilities of textiles by rolling droplets to remove

bacteria, which has certain guiding significance to the

development of outdoor sportswear via forming self-
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cleaning surface (Jeong et al. 2016; Zhang et al.

2016b). Herein, in this work, we modified cotton

fabric with composites produced from N-halamine

precursors, ZnO, and hexadecyltrimethoxysilane via a

simple pad-dry-cure process (Scheme 1). The coated

cotton fabrics were characterized by FT-IR, SEM,

XRD and XPS. Intrinsic hydrophobic character was

identified by contact angle and sliding angle measure-

ments after different washing cycles. Antimicrobial

behaviors of composites were investigated against

both Escherichia coli O157:H7 (E. coli O157:H7) and

Staphylococcus aureus (S. aureus) strains. In addition,

UV light stability, UPF value, ventilation properties

and in vitro cytocompatibility were studied.

Experimental section

Materials and instruments

A 100% bleached cotton fabric was purchased from

Zhejiang Guangong Printing & Dyeing Company,

China. 5,5-Dimethylhydantoin was provided by Hebei

Yaguang Fine Chemical Co., Ltd. Hexade-

cyltrimethoxysilane (HDTMS) and c-chloropropyltri-

ethoxysilane were supplied by J&K Scientific Ltd,

Shanghai, China. Other chemical reagents in this

research were purchased from Sinopharm Chemical

Reagent Co., Ltd. All reagents were used as received

without further purification.

Fourier transform infrared (FT-IR) spectra were

obtained to confirm the chemical composition of the

modified fabric surfaces using a NEXUS 470 spec-

trometer (Nicolet Instrument Corporation, USA). An

ESCALAB 250 Xi (Thermo Scientific, USA) was used

to detect X-ray photoelectron spectroscopy (XPS) of

the modified cotton. X-ray diffractometer (Bruke

AXS, Germany) was used to characterize the crystal

structure of the samples in a 2h range of 10�–80�.
Scanning electron microscope (SU-1510, Japan) was

used to visualize the morphology and distribution.

Synthesis of ZnO NPs

Briefly, zinc acetate dehydrate (60 mmol) was dis-

solved in 40 mL methanol, and 60 mL of methanol

solution containing potassium hydroxide (130 mmol)

was added drop wise into the above solution. After

refluxing at 60 �C for 72 h, the product of ZnO NPs

was washed with ethanol for five times, isolated by

centrifugation (10,000 rpm), and dried in an oven at

50 �C.

Cotton fabric modified with N-halamine, ZnO,

and hexadecyltrimethoxysilane

Poly[5,5-dimethyl-3-(30-triethoxysilylpropyl)-hydan-

toin] (PSPH) was synthesized according to the method

reported previously(Worley et al. 2005) and the

structure was shown in Scheme 1. Typically, a bath

containing 5% PSPH and 5% ZnO in a 1:1 by weight

of ethanol and water was prepared. Swatches of 100%

cotton fabric were soaked in the bath with sonication

for 30 min, and dried at 95 �C for 5 min. HDTMS

Scheme 1 Schematic illustration of the preparation of antibacterial and hydrophobic cotton fabric
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(5 g) in another flask was completely hydrolyzed in

acetate for 30 min. The above swatches were

immersed in the complexes for 15 min with sonica-

tion, padded through a laboratory wringer, dried at

95 �C for 1 min, and cured at 130 �C for 3 min. The

treated cotton swatches (labeled as PSPH–ZnO–

PHDTMS/cotton) were soaked in a 0.5% detergent

solution for 15 min to remove un-reacted agents,

rinsed several times with distilled water, and dried at

room temperature.

Chlorination and titration

A 10% commercial aqueous sodium hypochlorite

(NaClO) was selected as the reagent to provide

oxidizing chlorine. The treated swatches were soaked

in NaClO solution at pH 7 for 2 h. After the

chlorination, the samples were washed thoroughly

with distilled water and dried for 60 min at 45 �C to

remove unbound chlorine. The loaded chlorine con-

centrations on the samples were determined by

iodometric/thiosulfate titration method. The weight

percentage of oxidative Cl? of the samples was

calculated using the following Eq. 1.

Clþð%Þ ¼ N � V � 35:45

2 �W
� 100 ð1Þ

where N and V are the normality (equiv/L) and volume

(L) of sodium thiosulfate, respectively, and W is the

weight (g) of tested sample.

Washing stability and hydrophobicity tests

The accelerated washing test was performed by a

standard procedure according to AATCC 61-1996

Test Method. The treated samples (2.54 9 5.08 cm2)

were put into stainless steel canisters with 50 stainless

steel balls and 150 mL detergent water solution, and

washed at 42 rpm and at 49 �C for 45 min. One

washing cycle is equivalent to 5 commercial launder-

ings. After certain washing cycles, the samples were

rinsed using distilled water and dried. The chlorine

contents remaining on the samples were determined

according to Eq. 1. The water contact angle and water

sliding angle of the treated cotton fabrics were

measured by the digital microscope contact angle

tester (26700-300, Instrument & Equipment Spe-

cialties Inc. USA). Drops of dyed water (0.2 mg/mL

methyl orange, 10 lL) were added on the fabric

surface and after 1 min, the contact angle was

measured. Meanwhile, sliding angle of 15 lL water

was measured with above equipment with the clock-

wise rotation rate at 2o/s. The average of the five

measurements was used for analysis. Furthermore, in

order to evaluate its self-cleaning performance

directly after washing cycles, a stream of water was

used to remove contamination (Rhodamine B, 2 mg)

from the surface of fabrics.

Measurement of mechanical properties

According to the GB/T3923-1998 method, the break-

ing strengths of the samples were measured using an

electronic fabric strength tester (YG(B)461E, China).

Fabrics were cut into 50 9 200 mm2 pieces, and 5

pieces of each sample were measured. All of the

samples were stored and tested under the controlled

environmental conditions.

UV light stability, UPF value and ventilation

property test

UV light stability of Cl–PSPH–PHDTMS/cotton and

Cl–PSPH–ZnO–PHDTMS/cotton were performed on

an Accelerated Weathering Tester conforming to the

ASTMD4587 standards. Each specimen with dimen-

sion of 2 9 2 cm2 was exposed horizontally to

0.89 W/m2 external heat flux (Type A, 315–400 nm,

60 �C). The samples were removed from the UV

chamber and titrated, or rechlorinated and titrated after

exposure to UV light with times in the range of 1 h to

72 h.

According to AS/NZ 4399:1996, the UV-protection

level of fabrics can be rated into three levels based on

the UPF values: good (UPF = 15–24), very good

(UPF = 25–39), and excellent (UPF C 40). In this

study, cotton, Cl–PSPH–PHDTMS/cotton and Cl–

PSPH–ZnO–PHDTMS/cotton were cut into

50 9 50 mm2 and tested by a UV protective factor

tester (CARY50, China). Additionally, ventilation

property was tested at room temperature using an air

permeability tester (YG461E, China) according to

GB/T 5453-1997 method. Briefly, each specimen

(20 9 20 cm2) was fixed into the tester by using

100 Pa air pressure through the fabric, then the rate of

air flow was recorded for air permeability analysis.
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Antibacterial test

S. aureus (ATCC 6538) and E. coli O157:H7 (ATCC

43895) strains were incubated overnight at 37 �C in

Luria–Bertani broth, harvested by centrifugation, and

washed twice with phosphate-buffered saline (PBS).

An aliquot of 25 lL bacterial solution was dripped

onto the center of a one inch square swatch and

covered with another identical swatch which was held

in place by a sterile weight. When the contact times

reached 5 min, 10 min, and 30 min, each sample was

quenched with 5 mL sodium thiosulfate solution

(0.02 N) to remove oxidative chlorines. Then, a ten-

fold serial dilution was used to prepare bacterial

suspensions and each dilution was spread on agar

plates. Then, the plates were incubated at 37 �C for

24 h, and the bacterial colonies were recorded for

biocidal efficacy analysis.

In vitro cytotoxicity test

The XTT cytotoxicity test of ZnO NPs and Cl–PSPS–

ZnO–PHDTMS/cotton was evaluated using mouse

fibroblasts L-929 (ATCC CCL-1) according to ISO

10993-5. Cells were cultured and passaged three times

in DMEM (with 10% FBS and 1% antibiotics) at

37 �C in a humid atmosphere with 5% gaseous CO2.

Following that, cells were trypsinized and resus-

pended in culture medium. An aliquot of 100 lL of the

cell suspension (6300 cell/well) was seeded in 96-well

plates for another 24 h incubation. Then 100 lL of

sample extracts was used to replace the culture

medium. After another 24 h incubation, the absor-

bance of each well at 490 nm was measured with a

reference wavelength of 690 nm using a microplate

reader. Cells on the culture plate without treatment

were served as controls. All the experiments were

performed in triplicate.

Results and discussion

Chemical structure and morphologies

characterization of the modified cotton

The FT-IR spectra of prepared samples are shown in

Fig. 1a. The band at 3367 cm-1 was due to the

stretching vibrations of –OH mode (spectrum A), and

similar bands were observed for the modified samples.

The bands in the range of 2904 cm-1 and 1369 cm-1

were attributed to characteristic C–H stretching and

bending vibrations, respectively (Yu et al. 2013).

Meanwhile, the absorption bands at 1640 cm-1 were

ascribed to the C=O stretching in cotton (Navik et al.

2017). A band at 1709 cm-1 was found in PSPH–

ZnO–PHDTMS/cotton reflecting the successful depo-

sition of PSPH onto cotton substrates (Fei et al. 2018;

Pan et al. 2018), which shifted to 1713 cm-1 after

chlorination, mainly caused by the electron withdraw-

ing effect of oxidative chlorine(Dong et al. 2017). The

bands at around 960 cm-1 and 1100 cm-1 were

expected to be the stretching vibration of Si–O–Zn

and symmetric stretching of Si–O–C group and were

not observed due to the overlap of the strong bands

ranging from 900 to 1150 cm-1, attributed to the

complex stretching of C–O–C groups (de Oliveira

et al. 2016).

To further investigate the chemical composition as

well as the binding state of Cl–PSPH–ZnO–

PHDTMS/cotton, XPS spectra were investigated

(Fig. 1b). In the Fig. 1b (A), two peaks of 286.8 and

580.4 eV were observed in the pristine cotton fabric,

which were associated with C 1 s and O 1 s, respec-

tively. Figure 1b (B) shows the stack views of the XPS

core patterns of Zn (2p), N (1 s), and Si (2p) on the

cotton coated with PSPH–ZnO–PHDTMS. The typi-

cal Si 2p region was divided into three peaks, which

were 103.00 eV, 102.29 eV, and 101.75 eV. The

binding energies at 103–104 eV and 101–102 eV

were contributed to the chemical species of Si–O–Si

and Si–O–C, respectively (Bastarrachea and Goddard

2013). The peak at 102.29 eV was related to the

chemical species of Si–O–Zn (Jeong et al. 2014)

(Fig. 1c). The obtained data can be explained by the

attachment modes between siloxane molecules and the

matrix surface. In addition to the formation of Si–O–Si

bonds between adjacent siloxane molecules, the

surface complexes occurred through dehydration of

Si–OH with the hydroxyl groups of cotton and ZnO

reported previously (Kamegawa et al. 2012; Mal-

lakpour and Nikkhoo 2013). After chlorination, an

additional peak with binding energy of 200 eV

appeared (Fig. 1 d) reflecting that the N–H groups

were converted into N–Cl covalent bonds(Ma et al.

2016).

The SEM photographs of cotton, PSPH–ZnO–

PHDTMS/cotton, and Cl–PSPH–ZnO–PHDTMS/cot-

ton were presented in Fig. 2 (a, b, c). A smooth surface
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was observed for untreated cotton. Once modified with

siloxane and ZnO particles, Cl–PSPH–ZnO–

PHDTMS/cotton showed rough surface with dispersed

particles, which indicated the coating of the hybrid

composites on cotton was successful. Figure 2d

showed the XRD patterns of cotton and Cl–PSPH–

ZnO–PHDTMS/cotton. It can be seen that three sharp

diffraction peaks occurred in Cl–PSPH–ZnO–

PHDTMS/cotton samples, at 31.7�, 34.4�, 36.2�,
which were indexed to the wurtzite structure of ZnO

(Kadam et al. 2018). The intense and sharp peaks

elucidated that the products were well-crystallized.

Chlorine content and hydrophobic stability

towards washing

The stability of Cl–PSPH–ZnO–PHDTMS/cotton

with initial chlorine load of (0.33 ± 0.05)% was

studied. The chlorine content gradually decreased with

the increase of washing cycles due to the hydrolysis of

N–Cl bonds and amide group. After 25 washing

cycles, the chlorine load decreased to (0.23 ± 0.02)%,

which was still effective in inactivating bacteria.

Meanwhile, most of the chlorine could be regained

upon exposure to household bleach solution, indicat-

ing a full recovery of the biocidal efficacy.

The water contact angles of Cl–PSPH–ZnO–

PHDTMS/cotton were also investigated against dif-

ferent laundering cycles. The surface of Cl–PSPH–

ZnO–PHDTMS/cotton exhibited good hydrophobicity

Fig. 1 FT-IR (a) and XPS spectra of cotton before and after modification (b) (cotton (A) PSPH–ZnO–PHDTMS/cotton (B) and Cl–

PSPH–ZnO–PHDTMS/cotton (C)) Si 2p (c) and Cl 2p of Cl–PSPH–ZnO–PHDTMS/cotton (d)
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with a contact angle of 139� ± 2�. The coated samples

had a contact angle of 117� ± 2� after 25 cycles of

laundering indicating that the hydrophobic surface

was durable for potential long-term application.

According to Fig. 3b, sliding angle showed slightly

increased from 18� ± 2� to 26� ± 4� after 10 times

washing. With the extension to 25 cycles, water

droplets required a large angle of 50� ± 2� to roll off

the surface of the modified cotton fabrics which was

due to the damage of hydrophobic film by washing.

Obviously, a stream of water could clean the contam-

ination on the treated fabrics laundered 25 cycles and

the surface of the fabric remained dry, which showed

favorable self-cleaning capabilities (Fig. 3c). These

results showed that the hybrid composites on cotton

were quite stable to withstand laundering since the

compounds were bonded to cotton via covalent

bonding.

Breaking strength

The breaking strengths of chlorinated and unchlori-

nated swatches in warp and weft directions are

presented in Fig. 4. Compared to the control samples,

the coating of PSPH–ZnO–PHDTMS on cotton

showed a small degree of tensile strength loss.

Chlorination process has little effect on the breaking

strength of the PSPH–ZnO–PHDTMS coated cotton

fabrics, and more than 90% of the original breaking

strength was maintained in warp and weft directions

Fig. 2 The SEM images of cotton (a) PSPH–ZnO–PHDTMS/cotton (b) and Cl–PSPH–ZnO–PHDTMS/cotton (c) XRD spectra of

cotton and Cl–PSPH–ZnO–PHDTMS/cotton (d)
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after chlorination. The results indicated that the

addition of PSPH, PHDTMS and ZnO NPs on the

fabric did not cause significant damage to fabric

structures.

UV light stability and air permeability

Kocer et al. (2010) reported that the scission reaction

existing in N-chlorinated coatings could cause unre-

covered chlorine loss upon heat and UV irradiation. Li

et al. found that the introduction of titanium dioxide

could significantly improve the UV stability of

N-halamine diol and N-halamine siloxane, respec-

tively (Li et al. 2013; 2014). In this study, ZnO

nanoparticles were added into solution with N-hala-

mines to prevent the breaking of the N–Cl bonds.

Table 1 showed that the chlorine degradation in Cl–

PSPH–PHDTMS/cotton was fast in the initial 4 h of

irradiation, and about 71% chlorine was lost. While

the Cl–PSPH–ZnO–PHDTMS/cotton had better UV

stability, and only about 50% chlorine was lost with

same irradiation conditions. After 24 h, almost all the

loaded chlorine was lost in Cl–PSPH–PHDTMS/cot-

ton. While Cl–PSPH–ZnO–PHDTMS/cotton retained

Fig. 3 Chlorine content and contact angle (a) sliding angle

(b) of Cl–PSPH–ZnO–PHDTMS/cotton before and after various

washing cycles captured images of water droplet movement at

different time periods on the surface of Cl–PSPH–ZnO–

PHDTMS/cotton laundered 25 cycles (c)

Fig. 4 Tensile strengths of cotton (a) PSPH–ZnO–

PHDTMS/cotton (b) and Cl–PSPH–ZnO–PHDTMS/cotton (c)
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about 50% of its initial chlorine load. As reported by

Li et al. about 80% of the chlorine loadings were

regained for the cotton coated with TiO2 after 24 h of

UV irradiation when exposure to sodium hypochlorite

solution. Herein, 90% of the active chlorine on Cl–

PSPH–ZnO–PHDTMS/cotton could be recovered

after 24 h of irradiation. Notably, with the extension

to 72 h, it was observed that the chlorine load of Cl–

PSPH–ZnO–PHDTMS/cotton was maintained at a

constant level, and 83% of the lost chlorine on Cl–

PSPH–ZnO–PHDTMS/cotton could be recovered

upon the exposure to an aqueous sodium hypochlorite

solution compared with 47% recovery of the lost

chlorine on Cl–PSPH–PHDTMS/cotton. Overall, ZnO

nanoparticles significantly reduce the chlorine loss of

hydantoin unities from the surface of the coated cotton

and showed remarkable stability towards long-term

UV light irradiation.

The effect of ZnO NPs on the UV-protection of the

treated fabric was also studied. Table 2 shows that the

addition of ZnO in the coatings of cotton fabric could

significantly improve UV protection with UPF values

increasing from 5.45 to 101.16. Interestingly, the UPF

values did not change obviously even after 25 washing

cycles. However, Cl–PSPH–PHDTMS coatings with-

out ZnO didn’t show any UV-protection capability

with UPF value of 5.36. Compared with the cotton

control, air permeability of chlorinated PSPH–

PHDTMS/cotton decreased slightly, which might be

due to the deposition of polymers on the surface of

cotton fabrics. After coated with ZnO, the air perme-

ability of Cl–PSPH–ZnO–PHDTMS/cotton decreased

from 150.66 mm/s to 113.14 mm/s due to the cover-

age of ZnO nanoparticles and polymers on the surface

of substrates.

Antibacterial and in vitro cytocompatibility

evaluations

The biocidal efficacies of the cotton swatches coated

with PSPH–PHDTMS and PSPH–ZnO–PHDTMS

against S. aureus and E. coli O157:H7 are shown in

Table 3. The control cotton caused a certain degree

reduction of bacteria due to the adhesion of the

Table 1 UV light stability

of Cl–PSPH/cotton and Cl–

PSPH–ZnO–

PHDTMS/cotton

Irradiation time (h) Chlorine loadings (%)

Cl–PSPH–PHDTMS/cotton Cl–PSPH–ZnO–PHDTMS/cotton

0 0.32 ± 0.02 0.30 ± 0.03

1 0.17 ± 0.04 0.21 ± 0.05

2 0.16 ± 0.02 0.19 ± 0.01

4 0.10 ± 0.01 0.16 ± 0.01

8 0.09 ± 0.03 0.16 ± 0.02

12 0.06 ± 0.01 0.14 ± 0.01

24 0.05 ± 0.01 0.14 ± 0.01

48 0 ± 0 0.14 ± 0.03

72 0 ± 0 0.14 ± 0.02

24 (Rechlorination) 0.16 ± 0.02 0.27 ± 0.02

72 (Rechlorination) 0.15 ± 0.04 0.24 ± 0.01

Table 2 UV-protection property and air permeability of cotton, Cl–PSPH–PHDTMS/cotton and Cl–PSPH–ZnO–PHDTMS/cotton

Sample UPF Air permeability (mm/s)

Cotton 5.45 ± 1.77 150.66 ± 0.64

Cl–PSPH–PHDTMS/cotton 5.36 ± 0.41 144.82 ± 0.90

Cl–PSPH–ZnO–PHDTMS/cotton 101.16 ± 24.32 113.14 ± 1.22

Cl–PSPH–ZnO–PHDTMS/cottona 85.82 ± 13.22 –

aThe modified cotton after 25 cycles of laundering
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bacteria to the fabrics instead of inactivation (Pan et al.

2018). After coated with PSPH–ZnO–PHDTMS, the

samples showed the bacterial reduction rates of

28.53% and 41.20% against S. aureus and E. coli

O157:H7 with 30 min contact, respectively. After

chlorination, the Cl–PSPH–PHDTMS/cotton samples

inactivated 100% of S. aureus and E. coli O157:H7

within 30 min. The Cl–PSPH–ZnO–PHDTMS/cotton

samples could cause 100% reduction on both bacteria

with 10 min contact, which was due to the larger

functional surface area of N-halamines with the

introduction of ZnO NPs. The N-halamine com-

pounds, high efficient antibacterial agents, can directly

contact with the bacterial cell, transfer oxidative

halogen (Cl?) to biological receptor, and then destroy

the cell by oxidizing the cells by oxidizing thiol groups

or halogenating amino groups in proteins(Lin et al.

2018). The addition of ZnO in the coating with

N-halamines could enhance antibacterial efficacy.

Figure 5 shows the cell viability after exposed to

ZnO NPs and Cl–PSPH–ZnO–PHDTMS/cotton

hybrid extracts for 24 h. As can be seen, ZnO NPs

represented toxic performance, which might be due to

the release of Zn2?(Aditya et al., 2019). However,

after coating onto fabrics with siloxane, Cl–PSPH–

ZnO–PHDTMS/cotton showed good biocompatibility

with 91.86% viable cells. These results are consistent

with previous findings that silane-modified ZnO

nanoparticles could delimit Zn2? ionic dissolution

and maintain NPs dispersion, thus improved their

safety (Mu et al. 2014; Zabihi et al. 2019).

Conclusion

N-halamine precursor was synthesized and coated

onto cotton fabrics with ZnO NPs and silane via a pad-

dry-cure process. The characterization of the coated

cotton fabrics by FT-IR, SEM, XRD and XPS

confirmed the successful coatings of the hybrids. The

coated fabrics were rendered antibacterial after expo-

sure to diluted household bleach. The biocompatible

Cl–PSPH–ZnO–PHDTMS/cotton samples had excel-

lent antibacterial activities and caused 100% reduction

of inoculated S. aureus (ATCC 6538) and E. coli

O157:H7 (ATCC 43895) within 10 min. Hydropho-

bicity of Cl–PSPH–ZnO–PHDTMS/cotton was quite

stable even after 25 washing cycles. The chlorinated

Cl–PSPH–ZnO–PHDTMS/cotton samples exhibited

prominent UV light stability, and about 83% of the

active chlorine could be regained after 72 h of

irradiation, which were still effective in killing

bacteria. The prepared Cl–PSPH–ZnO–

PHTDMS/cotton fabrics have potential for outdoor

textiles.
Fig. 5 Cell viability of control (a) ZnO NPs (b) Cl–PSPH–

ZnO–PHDTMS/cotton (c) after 24 h incubation

Table 3 Antibacterial

efficacies of the treated

cotton against bacteria

aInoculum was 1.50 9 106

CFU per sample
bInoculum was 3.76 9 106

CFU per sample
cThe initial cotton

concentration was 0.24%

Sample Contact time (min) Bacterial reduction (%)

S.aureusa E. coli O157:H7b

Cotton 30 78.11 60.80

PSPH–PHDTMS–ZnO/cotton 30 28.53 41.20

Cl–PSPH–PHDTMS/cottonc 5 86.60 80.40

10 99.87 97.33

30 100 100

Cl–PSPH–ZnO–PHDTMS/cottonc 5 99.99 99.99

10 100 100

30 100 100
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