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Abstract In the textile industry, the use of naturally

occurring antibacterial products in simple one-pot

finishing processes is recommended. In this study, we

present a clean technology using betaine (Bet) as the

finishing reagent for preparation antibacterial fabrics.

The reactive carboxyl group of Bet binds to the

cellulosic fibers of fabrics via esterification, while the

quaternary ammonium moiety of this compound

exerts the antibacterial effect. Analyses show that

the antibacterial efficiencies of Bet-modified cotton

fabrics against E. coli and S. aureus are as high as 99.0

and 99.3%, respectively. Furthermore, these fabrics

are highly durable against washing, with antibacterial

activities greater than 91.5% after 20 washing cycles,

and they display an excellent anti-protein adsorption

property. The modification process proposed herein

does not compromise the original properties of the

fabric, and according to cytotoxicity tests, the mod-

ified fabrics are safe to wear against human skin.

Overall, the fabric treatment process designed in this

study constitutes a novel approach to the development

of green finishing technologies in the textile field.

Keywords Natural betaine � Antibacterial fabric �
Anti-protein adsorption � Cotton fabric

Introduction

Cotton is a very abundant natural polymeric material,

which has a huge worldwide production more than 20

million tons every year. Cotton consists of nearly 99%

cellulose, and the three hydroxyl groups on the

pyranose rings of the cellulose backbone are energet-

ically favorable for a variety of chemical reactions to

impart a new functionality to cotton fabric. Textile is

the main outlet of cotton because of its many desirable

properties, which include low skin irritation, warmth,

high breathability and good flexibility, offer excellent

wearing comfort for the clothing that made of cotton
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fabric (Xu et al. 2020; Liu et al. 2017; Zhu et al. 2019;

Yetisen et al. 2016). However, textile products made

of cotton fabrics are prone to bacterial attack, resulting

in discoloration, undesired odor, and health concerns

(Pan et al. 2018; Xu et al. 2019a, b; Reshma et al.

2018). During the past few decades, several types of

antibacterial agents have been assessed for use in the

cotton textile industry (Reshma et al. 2018; Amini

2019; Shahidul Islam et al. 2016; Chatha et al. 2019;

Fouda et al. 2013). However, most of these products

are toxic towards humans, and the finishing processes

that make use of them are generally complex (Rovira

et al. 2019;Jurewicz et al. 2018; Windler et al. 2013;

Wang et al. 2014). Indeed, the fabrication of antibac-

terial textile products consumes extensive energy,

produces a lot of waste water, and is hygienically

unsafe (Song et al. 2019; Chen et al. 2018; Rauytana-

panit et al. 2018; Lu et al. 2018; Liu et al. 2018). This

shows that more research is needed to develop ‘‘green

finishing techniques’’ for the preparation of cotton

textiles.

Betaine (Bet), also known as glycine betaine, is a

non-hazardous natural compound that exists in almost

all organisms (Zou et al. 2016; Cholewa et al. 2014;

Kishitani et al. 2000). In fact, this compound possesses

some medicinal activity and can be safely ingested by

humans at a maximum supplementation of 400

mg/day (Craig 2004; Turck et al. 2017; Choi et al.

2018). Some reports claim that Bet is non-toxic

towards bacteria (Zou et al. 2013, 2016; Cosquer et al.

1999; Su et al. 2018; Zhao et al. 2014; Xu and Xu

(2014). Others demonstrate that this compound has

bacteriostatic activity at high concentrations (Cham-

bers et al. 1996;Huang et al. 2014; Peddie et al. 1998).

Previously, a number of betaine analogues had been

developed and proposed for use in antibacterial

applications (Cosquer et al. 2004; Lindstedt et al.

1990; Cheng et al. 2009; Kritchenkov et al. 2019; Li

et al. 2018; Pu et al. 2017); however, analyses showed

that the toxicity of these compounds increased with

increasing antibacterial activity (Cosquer et al. 1999;

Burnett et al. 2018).

The grafting of betaine analogues on cotton fabrics

has also been explored as a means to achieve

antibacterial function (Chen et al.

2011a, b, c, 2016a, b; He et al. 2017; Zhang et al.

2018). Unfortunately, the procedures implicated in the

preparation of Bet-modified fabrics are complex, and

they require multistep operations. Moreover,

relatively large quantities of waste water containing

hazardous betaine derivatives generated in these

procedures raise environmental risk, and thus, they

are considered environmentally unfriendly. To over-

come the toxicity, hazards, complexity, and high costs

of traditional textile preparation procedures, simple

one-pot finishing processes with non-toxic antibacte-

rial reagents are proposed. Bet constitutes an antibac-

terial agent with great potential for use in the field of

cotton fabric modification. The antibacterial activity

of this compound is ensured by the quaternary

ammonium moiety, whereas the carboxyl group

allows it to bind to the cellulose chains on fiber

surfaces via esterification reactions.

In this study, we report a novel non-hazardous

technology for the fabrication of durably antibacterial

fabrics using Bet as the finishing reagent. Experimen-

tal data show that the grafting of Bet on cotton fiber

surfaces endows them with good antibacterial and

anti-protein adsorption properties, without compro-

mising the comfort features. Together with the simple

process that may be easily scaled up to an industrial

finishing production, this approach allows for the

development of green finishing technologies for use in

the textile industry.

Experimental section

Materials

Betaine monohydrate, methyl orange and bovine

serum albumin (BSA) were purchased from Shanghai

Aladdin Co., Ltd. (China). Cell counting kit-8 (CCK-

8) was obtained from Dojindo (Japan) and Hacat cells

were iGell Bioscince Inc. (China). Cotton fabric (109

g/m2) was obtained from Suzhou Ke Chuan Textile

Co., Ltd (China). Before modification, the fabrics (10

pieces, 5 cm 9 5 cm) were cleaned by ultrasonic

washing in sodium dodecyl sulfate solution (200mL, 2

wt%) for 30 min, further washed using ethanol (200

mL, 95 wt%) for 1 h, rinsed with deionized water (100

mL, 30 min 9 3 times), and dried at 80 oC.

Preparation of antibacterial cotton fabrics finished

with betaine

Cotton fabrics (5 pieces, 5 cm 9 5 cm) were

immersed into a betaine monohydrate solution (100
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mL, 20 wt%) at 80 �C for 30 min, and cooled to room

temperature with the solution. After pH of the solution

was adjusted to 1.8 using a HCl solution, the cotton

fabrics were further dipped for 5 min, squeezed to wet

weight of 90 ± 2 wt%, cured at 180 �C for 5 min,

rinsed with deionized water (100 mL 9 3 times), and

dried at 80 �C for 1 h to obtain the Bet-Co-2 fabric

sample. Other samples were prepared using a similar

process but varied conditions (Table S1).

General characterizations

Surface morphologies of the cotton fabrics were

observed using a field emission scanning electron

microscope (FE-SEM) set (Ultra-55, Zeiss, Germany)

with an energy dispersive X-ray spectrometer (EDS)

after gold coating, adsorption of methyl orange and

anti-serum protein adsorption were tested used UV–

vis spectrophotometer (UV-2550, SHIMADZU).

Water vapor permeability, water absorption capabil-

ity, flexibility, tensile strength and laundering dura-

bility of the fabric samples were measured as our

previous reports (Xu et al. 2019a, b), and the assay

methods were described in the ‘‘Supporting Informa-

tion’’ part. Other instruments such as attenuated total

reflectance Fourier transform infrared (ATR-FTIR)

and X-ray photoelectron spectroscopy (XPS) were

same as in our previous reports (Xu et al. 2019a).

Escherichia coli (E. coli, ATCC 1555) and Staphylo-

coccus aureus (S. aureus, ATCC 547) were used as

test microorganisms. Before the tests, the bacteria

were activated with Letheen broth fluid nutrient

medium for 24 h in a constant temperature incubator.

The cotton fabric (0.24 g) was cut into pieces, added

into the sterilized centrifuge tube with the activated

bacteria of E. coli or S. aureus (10 lL, 106 CFU/mL)

and the sterilized Letheen broth fluid nutrient medium

(4 mL), and shaken at 25 �C for 18 h. The supernatant

was diluted to an appropriate concentration, dispersed

onto LB agar plants, and incubated at 37 �C for 24 h.

The bacteriostatic reduction rate (BR) was calculated

as following,

BR ¼ B� A

B
� 100%

where A and B are the number of colony-forming units

(CFU) of the surviving microorganisms for the treated

cotton fabric and the control sample (original cotton

fabric), respectively.

Bacterial adhesion property of the Bet-Co fabrics

The fabric (one piece, 5 cm 9 5 cm) was immersed in

20 mL of a bacterial solution (S. aureus or E. coli,

concentration, 107 CFU/mL), incubated at 37 �C for 2

h, held vertically for 3 min to remove the excess

bacterial solution, put into a fresh nutrient broth (20

mL) and incubated at 37 �C for 24 h with vibration at a

120 rpm. The sample was washed using sterile water

(50 mL 9 3 times) and sterile PBS (50 mL 9 3 times)

to remove the free bacteria, treated with 2.5 wt%

glutaraldehyde aqueous solution for 1 h to fix the

bacteria remained, washed using PBS (50 mL 9 3

times) and distilled water (50 mL 9 3 times). The

fixed bacteria were dehydrated using a series of graded

50 mL ethanol solutions (50, 75, 90, and 100 wt%, for

15 min each), dried in a dessicator overnight, and

subjected to FE-SEM observation.

Quantitative estimation of betaine moieties grafted

on cotton fabrics

To estimate the quantity of Bet molecules grafting on

the cotton fabrics, concentration decrease of a methyl

orange solution that caused by a fabric adsorption was

measured. The modified cotton fabric (5 cm 9 5 cm)

was immersed in a methyl orange solution (30 mL,

0.011 mmol/L) for 10 min. After removing the fabric,

absorbance value at 460 nm of the solution was

measured using the UV–Vis spectrophotometry to

determine the concentration of methyl orange. This

test was repeated for three times, and the adsorbed

quantity of Bet was calculated according to the

following formula (1):

m ¼ C� V

M
ð1:Þ

where C (mmol/L) is the concentration decrease, V

(L) is the solution volume, M (g) is the quality of the

fabrics, and m (mmol/g) is the Bet quantity adsorbed

by the cotton fabric. The quantity of Bet moieties

grafted on the cotton fabric is its m difference value

with original cotton fabric.

The anti-protein adsorption ability of the Bet-Co

fabrics

To evaluate anti-protein adsorption ability of the Bet-

Co fabric, two Bet-Co cotton fabrics (5 cm 9 5 cm)
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were immersed into a BSA solution (20 mL, 0.2 mg/

mL) and stirred for 10 min. The anti-protein adsorp-

tion ability was evaluated by measuring the decrease

in light absorbance at 280 nm using the UV–Vis

spectrophotometer.

Cytotoxicity analysis of Bet-Co fabrics

The cytotoxicity of the modified fabrics towards Hacat

cells was evaluated using CCK-8 cell counting kit

assays. Bet-Co-2 fabrics (2 pieces, 5 cm 9 5 cm) were

immersed in a physiological saline solution (10 mL)

and stirred at 25 �C for 24 h. The resulting leachate

solution was sterilized in an autoclave, diluted with

physiological saline solutions for two and four times,

which are named Bet-Co-2-2 and Bet-Co-2-4, respec-

tively (Table S4), and then transferred to 96 well plates

containing Hacat cells that had been cultured over-

night. After incubation for 24 h, a CCK-8 reagent

solution was also added to the wells, and the incubated

mixtures were analyzed by a microplate reader and

observed using an optical microscope. The physiolog-

ical saline solution was used as a negative control.

A CCK-8 reagent solution (10 lL) was further mixed

in the wells and incubated for 1 h. Finally, the

incubated mixtures were subjected to an absorbance

measurement at 450 nm using a microplate reader

(Epoch2, Biotek, America), and an observation using

an optical microscopy (LX53, Olympus, Japan).

Results and discussion

Surface modification of cotton fibers using betaine

Bet molecules were simply grafted onto the surface of

cotton fabric via a general pad-dry-cure process as

shown in Scheme 1. Cotton fabrics were immersed in a

betaine solution for 30 min followed by pH adjustment

of the solution. Then, the cotton fabrics were

squeezed, heated for several minutes, rinsed and dried

to obtain the modified fabrics. The synthesis results

suggest that the solution pH and the reaction temper-

ature are important factors on the Bet coating grafted

on the cotton fiber surface. The Bet layer was

successfully constructed by adjusting pH at 1.8 and

followed by heating the fabrics at 180 �C for 5 min,

whereas, the modification was failed when the pH was

9.0 or the fabrics were heated at 160 �C for 30 min.

The successful binding of Bet to cellulose chains on

the fiber surface was verified by ATR-FTIR analyses

performed in the spectral range of 400–4000 cm- 1, as

well as by XPS.

Scheme 1 a Schematic of the cotton fabric functionalized by Bet, and b the esterification reaction between Bet and the cellulose

molecule on fiber surface
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As shown in Fig. 1a and S1, the modified cotton

fabrics Bet-Co-1, Bet-Co-2, Bet-Co-3, and Bet-Co-4,

exhibit new FTIR peaks that are not evident in the

spectrum of the original fabric. These peaks are

observed at around 1732 and 1475 cm- 1, and they are

attributed to the C=O and CH3-N
? groups of Bet,

respectively. Among the investigated fabrics, Bet-Co-

2 showed the most intense peaks, which suggests that

Bet grafting is most favored by pH and heating

conditions of 1.8 and 180 �C (5 min), respectively. To

confirm the effect of pH on grafting efficiency, four

samples of Bet, processed under varying conditions of

pH, were compared (Table S2). The results depicted in

Fig. 1b show that the Bet powders dried at pH = 9.0

present the typical characteristic peaks of the car-

boxylate group at 1392 and 1621 cm- 1 (Reinoso et al.

2012). Contrarily, the FTIR spectrum of the powders

dried at pH = 1.8 exhibits significantly weakened

carboxylate peaks; however, several new features that

can be assigned to the carboxylic acid group are

evident in this spectrum. These features include a

broad band centered at 3341 cm- 1, an intense peak at

1732 cm- 1, and a weak absorption band at 1448

cm- 1 corresponding to the O–H, C= O, and C–O

stretching vibrations, respectively. The strong peak

observed at 1334 cm- 1 for betaine-0 and betaine-1

samples probably corresponds to the vibration of the

bond between the –CH2N
?(CH3)3 group of Bet and

the OH- ionic. This peak disappears after acidic

treatment. Overall, the FTIR results suggest that acidic

conditions favor the transformation of the carboxylate

group into carboxylic acid, thereby promoting ester-

ification reactions on cotton fiber surfaces.

The Bet-modified fabrics were further analyzed by

XPS. Figure 2a and b compares the wide-range XPS

spectra of the cotton fabrics before and after Bet

modification. Unlike the spectrum of original cotton,

the spectra of Bet-Co-1 and Bet-Co-2 fabrics exhibit

characteristic N1s peaks at 400.6 eV. To confirm the

existence of covalent bonds between Bet and the

cellulose chains of cotton fibers, high-resolution C1s

XPS spectra of the original and modified fabrics were

also recorded. As shown in Fig. 2c, the C1s peak of the

original cotton fabric is deconvoluted into three peaks,

with binding energies of 288.0 (C–O–C), 286.5 (C–

OH), and 284.6 eV (C–C). Meanwhile, the C1s peaks

of Bet-Co-1 (Fig. S2) and Bet-Co-2 (Fig. 2d) are

deconvoluted into four peaks, appearing at 287.9

(C=O/C–O–C), 286.5 (C–OH), 284.6 (C–C), and

285.7 eV (C–N). Combined with the FTIR analyses,

the XPS results confirm the successful binding of Bet

molecules onto cotton fiber surfaces via esterification

reactions. In addition, the elemental composition data

(Table S3) determined from XPS spectra indicated

that Bet-Co-2 has more Bet molecules on the fabric

surface than Bet-Co-1.

To determine the number of Bet molecules bound

to the surface of a cotton fabric sample, adsorption

tests were carried out. Modified fabrics immersed in

methyl orange solutions adsorbed the methyl orange

Fig. 1 a ATR-FTIR spectra of original cotton and the Bet treated fabrics, and b FTIR spectra of the products of Bet experienced the

heating processes
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molecules by ionic effect, resulting in reduced

concentrations that were measured using UV–Vis

spectrophotometry. The spectra depicted in Fig. S3

show that the absorbance of methyl orange at 460 nm

is only slightly reduced upon the immersion of original

cotton (Fig. S3c), Bet-Co-3 (Fig. S3e), or Bet-Co-4

(Fig. S3f) fabrics. Repeated immersions do not

appreciably enhance the adsorption of methyl orange

on the fabric surfaces. Meanwhile the Bet-Co-1

(Fig. S3a) and Bet-Co-2 (Fig. S3b) fabrics provoke

significant reduction in methyl orange absorbance.

The quantities of grafted Bet molecules were esti-

mated using Eq. (1) and the calibration curve of

methyl orange presented in Fig. S4. The values listed

in Table 1 show that approximately 0.35 mmol of Bet

Fig. 2 XPS survey spectra of the cotton fabric samples on awide range and b partly detailed range of binding energy, the deconvoluted
Cls XPS spectra of c original cotton fabric and d Bet-Co-2 fabric

Table 1 Estimated quantities of Bet molecules that grafted on

the cotton fabrics

Sample MODa (mmol/L) BMFb (mmol/g)

Original cotton 20 9 10- 4 71 9 10- 6

Bet-Co-1 86 9 10- 3 31 9 10- 4

Bet-Co-2 10 9 10- 2 35 9 10- 4

Bet-Co-3 80 9 10- 4 22 9 10- 5

Bet-Co-4 30 9 10- 4 39 9 10- 6

aDecrease in methyl orange concentration
bEstimated Bet moieties that grafted on the fabrics
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Fig. 3 SEM images and elemental mapping (N, C, O) of the fiber surfaces in Bet-Co-1 and Bet-Co-2 fabrics

Fig. 4 a Optical images of the antibacterial tests against S. aureus and E. coli, b antibacterial rates of the Bet treated fabrics, and

c antibacterial durability of Bet-Co-2 fabric
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are bound to one kilogram of the Bet-Co-2 cotton

fabric, compared to only 0.039 mmol bound to one

kilogram of Bet-Co-4. Based on these results, it is

concluded that temperature and pH conditions are very

important factors affecting the grafting reaction.

The SEM images depicted in Figs. 3, S5, and S7

show that Bet modification induces no significant

changes in the morphology of the original cotton

fabric (Fig. S5). Furthermore, EDS spectra of the

investigated samples demonstrate that in addition to

the carbon and oxygen elements present in the original

fabric (Fig. S6a), the modified fabrics are composed of

nitrogen (Fig. S6b and c). Mapping images (Figs. 3

and S7) show that the micro distribution of N atoms on

the surfaces of modified cotton fabrics is relatively

uniform, and that the distribution density increases

with increasing Bet concentration (Table S3). The

optical images shown in Fig. S8 indicate that the Bet-

modification provokes insignificant changes in fabric

color, which renders it favorable for use in the clothing

industry. Comparatively, silver nanoparticle treatment

leads to substantial color changes (Fig. S8c) and is

thus, unsuitable for the engineering of clothes fabrics

XRD analyses were also performed in order to

detect the structural damage evoked by Bet modifica-

tion. As shown in Fig. S9, the XRD pattern of the

modified Bet-Co-1 and Bet-Co-2 sample is very

similar to that of the original cotton fabric, with

typical diffraction peaks observed at 2h values of

14.7�, 16.4�, 22.6�, and 34.3� (Xu et al. 2019a, 2020)

are all observed in the XRD spectrum. This indicates

Fig. 5 SEM images of the adhered bacteria on the original cotton and Bet-Co-2 fabrics

Fig. 6 UV–Vis absorbance changes of the BSA solutions

caused by the immersion of the fabric samples
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that the modification process does not significantly

damage the crystalline structure of cellulose.

Antibacterial effects of the Bet-Co fabrics

The images showing the antibacterial activity of the

original cotton, Bet-Co-1, and Bet-Co-2 fabrics

against S. aureus and E. coli are shown in Fig. 4a.

Meanwhile, Fig. 4b compares the statistically calcu-

lated BR values. The results indicate that Bet-Co-1

and Bet-Co-2 possess excellent antibacterial activity

(BR[ 99%) compared to the original cotton fabric

(control sample). Furthermore, the antibacterial func-

tion of the modified fabrics is durable (Figs. 4c and

S10), with E. coli and S. aureus BR values maintained

above 90%, even after 20 cycles of laundering.

The images showing the antibacterial activity of the

original cotton, Bet-Co-1, and Bet-Co-2 fabrics

against S. aureus and E. coli are shown in Fig. 4a.

Meanwhile, Fig. 4b compares the statistically calcu-

lated BR values. The results indicate that Bet-Co-1

and Bet-Co-2 possess excellent antibacterial activity

(BR[ 99%) compared to the original cotton fabric

(control sample). Furthermore, the antibacterial

Fig. 7 a–cApoptosis assays and d in vitro cytotoxicity (CCK-8) assessments of the leachate solution from Bet-Co-2 fabric. Results are

presented for a control, b Bet-Co-2-4, and c Bet-Co-2-2
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function of the modified fabrics is durable (Figs. 4c

and S10), with E. coli and S. aureus BR values

maintained above 90%, even after 20 cycles of

laundering.

To understand the bacterial adhesion behavior of

Bet-modified fabrics, SEM images showed the adhe-

sion of bacteria to different fiber surfaces were

recorded and compared. S.aureus and E.coli were

used as bacterial models in this investigation. The

images presented in Fig. 5 show that a number of

bacteria, with relatively pristine shapes, are adhered to

the surface of the original cotton fibers (Fig. 5),

whereas no bacteria are detected on Bet-Co-2 (Fig. 5).

Considering that the bacterial morphologies observed

herein are consistent with those reported previously

for cationic bactericides (Hoque et al. 2012; Qiao et al.

2019). It is suggested that the antibacterial effect of

Bet-modified fabrics is due to the quaternary ammo-

nium group of Bet.

The anti-protein adsorption performance of the

modified (Bet-Co-1 and Bet-Co-2) and original cotton

fabrics was also evaluated. The light absorbance data

illustrated in Fig. 6 demonstrate that the amounts of

BSA present in solution after the immersion of the

original cotton fabric is below the detection limit.

However, the concentration of BSA (absorbance at

280 nm) remains relatively the same before and after

the immersion of the modified fabrics. This indicates

that unlike the original cotton sample, the Bet-

modified fabrics do not significantly adsorb proteins.

Therefore, Bet grafting enhances the anti-protein

fouling property of fabrics, thereby blocking the

nutritional source needed for bacterial growth and

preventing biofilm formation (Dang et al. 2015; Harris

et al. 2011).

Fig. 8 aWater absorbability, b vapor transmissibility, c tensile strength, and d flexibility of the original cotton fabric and Bet treated

fabrics
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Safety and wearing comfort properties of Bet-Co

fabrics

To evaluate the safety of fabrics that are in direct

contact with human skin, cytotoxicity measurements

are commonly carried out. In this work, cell viability

was assessed using leachates (Table S4) of fabrics

immersed in physiological saline solution. The apop-

tosis assays presented in Fig. 7 show no obvious

differences between the original and modified cotton

fabrics. In fact, both fabrics exhibit good cell viability,

meaning that the compounds leached from them are

non-toxic against Hacat cells.

Water vapor permeability, water absorbability,

mechanical strength, and flexibility are typical wear-

ing comfort properties of cotton fabrics. To ensure that

the modification process does not appreciably damage

these features, they were measured and compared for

all investigated fabrics. As shown in Fig. 8a, the vapor

transmissibility of the modified cotton is similar to that

of the original sample. However, Bet grafting

increases water absorbability from 145.9% in original

cotton to 163.6 and 167.7% in Bet-Co-1 and Bet-Co-2

fabrics, respectively (Fig. 8b). Such increase is

attributed to the highly hydrophilic nature of Bet. As

for tensile strength, it decreases slightly upon modi-

fication, probably due to the effect of esterification

reaction in increasing acidity (Fig. 8c). Finally, the

original and modified fabrics possess comparable

flexibilities, with the former presenting a maximum

loop height of 10.3 mm, compared to 11 mm for the

latter (Fig. 8d).

The thermal stability of fabrics was studied by

thermogravimetric analysis (TGA). Based on the

results depicted in Fig. S11, the thermal decomposi-

tion profiles of modified fabrics are consistent with

those of the original cotton, which indicates that the

Bet coating layer is sufficiently stable under drying

and ironing conditions.

Conclusion

In this study, betaine, an antibacterial agent, was

covalently bonded to cotton fiber surfaces via the

esterification reaction between the carbonyl groups of

the modifier and the hydroxyl groups of cellulose. This

modification endowed the fabric with excellent

antibacterial and anti-serum protein adsorption

capacities, without compromising its wearing comfort

properties, such as water absorbability, vapor trans-

missibility, and flexibility. The experimental results

indicate that the Bet-modified fabrics exhibit inhibi-

tion rates of E. coli and S. aureus ([ 99%) much

greater than those of the original cotton fabric.

Furthermore, the antibacterial effect of the former is

largely maintained, even after 20 washing cycles.

Cytotoxicity tests confirm that the modified fabrics

pose no health hazards and are thus safe to wear

against human skin. The harmless nature of betaine

and the simplicity of the grafting process render the

proposed modification strategy an advantageous and

environmentally friendly approach for the fabrication

of antibacterial textiles.
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