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Abstract Silver-functionalized textiles, as the most

common protective medical materials, have attracted

considerable attention. However, poor antibacterial

durability and relatively tedious preparation process

limit their applications. In this study, a kind of

multifunctional cotton fabric was prepared through

simultaneous dip-coating of silver-silica hybrid

nanoparticles (Ag-MSNs) and fluorinated MSNs (F-

MSNs), providing excellent antifouling ability due to

superhydrophobicity and long-term antibacterial prop-

erties from the sustained release of Ag ions (Ag?).

Detailed studies were performed to evaluate their

structure and protective performance, especially the

long-term antibacterial properties of the obtained

fabrics were tested by the inhibition zone experiment

for 25 d. The as-prepared fabrics showed good non-

wetting properties and sustained antibacterial activity

against Escherichia coli (E. coli) and Staphylococcus

aureus (S. aureus). Further washing and abrasion

experimentations demonstrated that the as-prepared

fabrics had stable hydrophobicity and antibacterial

properties, much more reliable than commercial

antibacterial gauze. Considering the inexpensive and

simple preparation process as well as long-term and

efficient effect for sterilization, the strategy paves a

new and facile way for the fabrication of multifunc-

tional fabrics with robust hydrophobic and antibacte-

rial activity.

Keywords Silver nanoparticle � Mesoporous silica

nanoparticles � Antibacterial fabrics � Non-wetting �
Long-term

Introduction

Cotton fabrics have a wide range of application

scenarios in civil and military fields for their good

air permeability, wearing comfort, and special protec-

tive properties (Xu et al. 2017; Wu et al. 2016).
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Although cotton fabrics provide a lot of unique

protective properties, the porous structure and hydro-

philic properties of the fabrics make them easily

absorb numbers of bacteria or fungi on the surface,

further resulting in adverse effects on the properties of

the fabrics (Elshaarawy et al. 2019). Especially, when

cotton fabrics infected by microorganisms are in close

contact with the wound, the microorganisms easily

grow and multiply in large numbers, and eventually

leading to serious wound infection (Zhang et al. 2015;

Li et al. 2011). Recently, much effort has been

dedicated to the development of functionalized fabrics

with antibacterial properties (Xu et al. 2017; Liu et al.

2012; Holt et al. 2018). Surface modification of cotton

fabrics with significantly antibacterial substances is

one of the most acceptable methods. A variety of metal

ions (Rizzello and Pompa 2014), polymers (Lin et al.

2018; Fan et al. 2018), and nanomaterials (Fu et al.

2017) with antibacterial properties have been widely

used to design antibacterial cotton fabrics. Among

them, silver ions are the optimum because of their

broad-spectrum bactericidal properties on both Gram-

negative and Gram-positive bacteria (Jin et al. 2018).

As the most common antibacterial fabrics, silver-

functionalized fabrics are widely used in medical care

and special military equipment due to their excellent

sterilization and applicability (Ouadil et al. 2019;

Syafiuddin et al. 2019; Krishnan et al. 2020).

Currently, there are two main methods for prepar-

ing silver-functionalized fabrics. The first one is to add

silver nanoparticles (Ag NPs) during the spinning

process to form antibacterial fibers and then Ag NP-

doped fibers are woven by the fibril method (Yu et al.

2021), by which Ag NPs can be introduced well.

However, this method is relatively complicated, and

the prepared nanofibers have lower mechanical and

tensile strength compared with ordinary fibers. The

flexibility and comfort of the functionalized fabrics

would also deteriorate (Zhang et al. 2016). The second

method is to form Ag NPs on the surface of the fabrics

in situ or to coat the prepared Ag NPs on the fabrics by

finishing methods such as coating, sputtering, and

printing (Krishnan et al. 2020; Xu et al. 2019; Chauhan

et al. 2019; Ou et al. 2019). Compared with the fibril

method, the finishing method is simpler in operation,

but the Ag NPs easily fall off or suffer from

uncontrolled release (Qiu et al. 2020). As a result,

the silver-functionalized fabrics prepared by this

method have poor durability and low antibacterial

stability. In addition, it is worth pointing out that the

aggregation of Ag NPs is often unavoidable during the

preparation of silver-functionalized fabrics, which

makes it hard for large-scale industrial production (Yu

et al. 2021). Consequently, it is highly worthy to

explore a facile and efficient approach to introduce

suitable Ag NPs onto the fabrics to produce antibac-

terial fibers with the durable coalition and controlled

distribution of Ag NPs.

For current silver-functionalized fabrics, their

applications are still limited by low antibacterial

durability. As the concentration of Ag? reduces

through daily use, the antibacterial properties of the

silver-functionalized fabrics will gradually decrease

and eventually disappear, which render it unable to

defend microorganisms (Kim et al. 2018). Therefore,

it is particularly important to achieve the long-term

antibacterial properties of silver-functionalized fab-

rics. To achieve the long-term high-efficiency antibac-

terial effect, it is necessary to load more Ag NPs or to

slow the release rate of Ag? without reducing the

antibacterial effect. Unfortunately, the amount of Ag

NPs coated on the fabrics will be limited by the

aggregation of Ag NPs. In addition, a large amount of

Ag NPs coated on the surface of the fabrics will

deteriorate the fabrics’ flexibility, breathability, and

sense of comfort (Li et al. 2017a, b). Slowing down the

release of Ag? can be realized by coated certain silver-

loaded functionalized nanoparticles on the fabrics,

while the antibacterial ability of the fabrics will be

greatly reduced (Jin et al. 2018). There is a big

challenge to resolve the tradeoff between effective

antibacterial efficacy by sufficient release of Ag? and

long-term antibacterial properties by slow consump-

tion of Ag?. Recently, the superhydrophobic modifi-

cations by introducing low surface energy substances

and surface micro-nano structures have attracted great

attention as the main antifouling strategies for the

fabrication of antibacterial surfaces. Superhydropho-

bic surfaces are defined as contact angles (CAs) larger

than 1508, and sliding angles (SAs) less than 108
(Wang et al. 2020), which possess low adhesion to

bacteria (Li et al.2017a, b). In this case, the amounts of

bacteria attached per unit area of the superhydropho-

bic fabrics can be significantly reduced. As a result, the

small amounts of adhering bacteria can be easily killed

by a low concentration of Ag?. In another word, even

if the release of Ag? from silver-functionalized
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superhydrophobic fabrics is slow, the outstanding

bactericidal effect can be achieved.

Additionally, superhydrophobic surfaces can be

easily realized based on low-surface-energy materials

and micro/nanoscale surface roughness, minimizing

contact between water and the solid surface (Wang

et al. 2020). In our previous study, F-MSNs were

necessary nanoparticles which possessed both low

surface energy and nanostructures to endow the

functionalized fabrics superhydrophobicity (Ye et al.

2021). While, in the present study, we investigated the

release-killing antibacterial and antifouling properties

of superhydrophobic functionalized coating composed

of Ag-MSNs and F-MSNs (Scheme 1) through

simultaneous dip-coating, aiming to efficiently fabri-

cate a long-term antibacterial functionalized cotton

fabrics that could inhibit the growth of drug-resistant

bacteria and avoid wound infection.

Experimental section

Materials

Silver nitrate (AgNO3, 0.0242 mol/L), Tetraethyl

orthosilicate (TEOS, C 99%), trimethoxy (octade-

cafluorodecyl) silane (FAS, 97%), Poly(vinylpyrroli-

done) (PVP, Mw&30 k, powder), PDMS (prepolymer

named as PDMS-A and the thermal curing agent

named as PDMS-B) was purchased from Dow Corn-

ing Corp. Diethanolamine (DEA, C 99.5%), metha-

nol, ethanol, tetrahydrofuran (THF, C 99.5%),

hexadecyltrimethylammonium chloride (CTAC, 25

wt.%), and hydrochloric acid (37%, analytical grade),

were purchased from Sigma-Aldrich. Gram-positive

bacteria Staphylococcus aureus (S. aureus, ATCC

6538) and Gram-negative bacteria Escherichia coli

(E. coli, ATCC 25,922) were incubated at 378C for

Scheme 1 Preparation of Ag-MSNs a and superhydrophobic silver-loaded cotton fabrics b
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24 h before use. The cotton fabrics (200 g/m2,

21 9 16/107 9 59) were purchased from a local

store. All these above-mentioned reagents were used

as received.

Preparation of two nanoparticles (MSNs and F-

MSNs)

Mesoporous silicon nanoparticles (MSNs) were syn-

thesized based on the Stöber method according to the

previous paper (Wu et al. 2019). Firstly, the solution of

ethanol (9 mL) and water (64 mL) with 0.10 g of

CTAC was magnetically stirred for 3 min. After that,

the DEA (0.02 g) was added to control the pH of the

solution. And then, 7 mL of TEOS was added

dropwise while the above solution was still stirred.

The reaction mixture gradually became milky white

due to the formation of silica particles at 608C. After
3 h, the silica particles were obtained by centrifuga-

tion at 8500 rpm for 15 min. To remove the unreacted

materials, the above silica particles were washed three

times with ethanol and water respectively. In addition,

F-MSNs were synthesized by the same process except

that 1.0 g of FAS was slowly added to the solution. To

remove the CTAC which was the template in the

above silica particles, both particles were all dispersed

in 500 mL of the methanol solution with hydrochloric

acid (30 mL), and the solution was refluxed for 24 h at

408C, respectively. To ensure that there was no

residual hydrochloric acid, the particles after cen-

trifuged were washed with distilled water and ethanol

three times, respectively. Finally, two kinds of meso-

porous nanoparticles were obtained after drying in a

vacuum oven for 24 h.

Preparation of Ag-MSNs

Ag-MSNs were synthesized according to a previous

report with appropriate modifications (Nie et al. 2018).

Firstly, 1.0 g of MSNs was ultrasonically dispersed in

100 mL of ethanol, and then the mixture was stirred

for 7 h at 458C. Whereafter, 87.5 mg of AgNO3 was

slowly added into the above mixture under vigorous

stirring and refluxed in the dark. And then, 2 mL

ethanol mixed with 0.02 g NaBH4 was added drop-

wise and stirred for 3 h. Finally, Ag-MSNs were

separated by using a centrifuge and washed with

ethanol and water to remove the superfluous Ag? if

any, and the precipitates were dried at 258C.

Preparation of functionalized fabrics

To obtain functionalized fabrics, the 0.15 g of Ag-

MSNs and 0.12 g F-MSNs were immersed into 30 mL

THF containing 0.15 g of PDMS -A and 0.015 g

PDMS-B by ultrasonic for 45 min. After that, clear

cotton fabrics (4 cm 9 10 cm) were put into the

above solution under vortex shocking for 15 min.

Finally, the fabrics were placed into the beaker and

cured at 708C for 3 h.

Characterization of F-MSNs, Ag-MSNs

and functionalized fabrics

Surface microstructures and morphology of F-MSNs,

Ag-MSNs, and functionalized fabrics were obtained

by TEM and SEM, and element mapping images were

obtained from an energy-dispersive spectroscope

which was attached to the SEM. The chemical

functional groups of the nanoparticles were analyzed

by a Fourier transform infrared spectroscopy (FTIR,

Thermo Fisher Scientific Inc.) which covers a

250–4000 cm-1 infrared range with a resolution of

2 cm-1. A Kruss Easy Drop goniometer (Kruss

Germany) was used to measure the water contact

angles (CAs) and sliding angles (SAs) of each sample.

Distilled water droplets with a volume of 8 lL were

deposited on the samples at 258C. The functionalized
fabrics were glued to the glass plate by double-sided

tape before measured to ensure the accuracy of CAs

and SAs, and average CAs and SAs had been

measured on 5 different positions.

Wetting evaluations of functionalized fabrics

The non-wetting properties of the functionalized

fabrics were evaluated by the droplets’ static contact

and rolling on the fabrics according to the previous

report (Su et al. 2017; Pan et al. 2018). Besides, the

floating experiment of glass glued with functionalized

fabrics on the water was also obtained.

Antibacterial activity of Ag-MSNs

and functionalized fabrics

The antibacterial activity of Ag-MSNs was deter-

mined by the colony count method, and the detailed

steps were described in our previous report (Ye et al.

2021). E. coli and S. aureuswere cultivated at 378C for
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2 h. After cultivation, the bacterial solution (E. coli

and S. aureus, respectively) were diluted by PSB

buffer to 106 CFU mL-1. And then, 1 mL of the

diluted solution was mixed with 1 mL of PBS buffer

containing Ag-MSNs with a concentration of

40 lg mL-1, the newly mixed solution was incubated

at a constant temperature and shaking table (378C,
150 rpm min-1) for 24 h. Finally, 100 lL resulting

bacterial solution was quickly dispersed onto the LB

agar plate by bio-clean SS-Spreader. Bacterial colo-

nies on the cultural plates were counted after incuba-

tion at 378C for 24 h.

To evaluate the antibacterial activity of function-

alized fabrics, the fabrics were cut into 1 cm 9 2 cm,

and three samples were tested in parallel. The

functionalized fabrics and the pristine fabrics were

all immersed in 5 mL of bacterial suspension (S.

aureus or E. coli, 105 CFU mL-1) and subjected to

Vortex oscillation for 3 min to make the bacteria

solution contacted with the fabrics well. Then, the

samples were taken out and held vertically to allow the

droplets remaining on the surface to slide away.

Additionally, the samples were transferred into tubes

at 378C for 24 h. After the incubation, the fabrics were

put into test tubes containing 5 mL of PBS and

experienced a water bath ultrasonication for 10 min,

respectively. Finally, 100 lL of above-detached

bacteria in PBS was spread onto the LB agar plates

to incubate at 378C for 24 h. The antibacterial activity

of functionalized fabrics was calculated by counting

the number of colonies on plates.

To further test the antibacterial activity, inhibition

zone test of functionalized fabrics against S. aureus,

which is regarded as a quantitative technology against

S. aureus, was conducted according to the

AATCC100-2004 standard. As for the inhibition zone

test, 100 lL of bacterial solution (S. aureus, 106 -

CFU mL-1) was spread onto LB agar plate, and then

the sample (1.5 cm 9 1.5 cm circles of functionalized

fabrics) was put on it to incubate at 378C for 24 h.

Mechanical robustness and chemical durability

of functionalized fabrics

The stability of the antibacterial properties of the

fabrics was also tested by ultrasonic washing. And the

fabrics (5 cm 9 5 cm) were submerged in 50 mL

distilled water for 4 h under ultrasonication (40 kHz,

180 W). After that, the samples were collected at

certain intervals and dried at 1058C for 2 h, followed

by the measurements of CAs and antibacterial prop-

erties, respectively.

Abrasion resistance of fabrics is particularly critical

in daily use. Herein, the wear resistance of function-

alized fabrics was tested by sandpaper abrasion. A

200 g weight was put on the fabric while it was placed

facedown to the sandpaper (standard sandpaper, grit

no. 360). Then, the fabric was moved back and forth at

about 2 cm/s. Each iteration was counted as a cycle,

and CAs and antibacterial properties of the fabric were

tested after every 100 abrasion cycles.

As for chemical stability, the functionalized fabrics

were cut into 3 cm 9 5 cm, and then were immersed

in the prepared hydrochloric acid (HCl, pH = 2),

sodium hydroxide (NaOH, pH = 12) solution and

liquid nitrogen for 12 h, after which the fabrics were

taken out and dried in an oven for 2 h. The contact

angles were determined by measuring five random

positions of the dried fabrics.

Air permeability of functionalized fabrics

Air permeability was one of the important character-

istics of functionalized fabrics and measured by Air

Permeability Tester with a pressure applied of 128 Pa,

according to standard test method (Fabrics1 D737-04).

Additionally, the water vapor permeability was also

tested. The beaker containing water was sealed with a

functionalized fabrics (9 cm 9 9 cm, circle), and then

the bottom was heated with an alcohol lamp until the

water in the beaker began to boil, and the generation of

water mist above the fabric was recorded with a

camera.

Results and discussion

Characterization of Ag-MSNs and F-MSNs

The morphologies of the as-prepared Ag-MSNs and

F-MSNs were shown in Fig. 1. As shown in Fig. 1a,

the black spots were silver particles, which were

bonded with MSNs, and the synthetic Ag-MSNs

presented a ball-and-stick structure (Fig. 1c). The

sphericity of F-MSNs was irregular, with some

roughness (Fig. 1b), and the particle size of F-MSNs

was about 50–60 nm (Fig. 1d). The stretching modes

of the Si–O-Si groups belonged to MSNs and F-MSNs
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were shown at 804 cm-1 and 463 cm-1, while the

hydroxyl stretching of Si–OH groups was shown at

3372 cm-1. As for F-MSNs, the absorption peaks at

1147 cm-1 and 1207 cm-1 could be ascribed to

antisymmetric and symmetric C-F stretching modes

(Fig. 1e). Additionally, the EDS spectrum mapping of

Ag, Si and O elements indicated the successful

synthesis of Ag-MSNs (Fig. S1a). Besides, the clearly

visible lattice fringes with spacing of about 0.236 nm

of Ag NPs were directly detected in the HRTEM

image (Fig. S1b). The survey XPS spectra (Fig. S1c)

of the Ag-MSNs showed the featured bands corre-

sponding to Ag, Si and O. The signature of Ag 3d

doublet presented in high-resolution XPS spectra

(Fig. S1d) at 368.8 and 374.8 eV was ascribed to the

binding energies of Ag 3d5/2 and Ag 3d3/2 electronic

states, respectively. These results indicated the Ag-

MSNs and F-MSNs were successfully synthesized.

Characterizations of functionalized fabrics

The optical photo of THF solution mixed with two

functionalized nanoparticles after 15 min sonication

was shown in Fig. 2a. The solution was black because

of the presence of Ag-MSNs. As shown in Fig. 2b, the

surface of functionalized fabrics was covered with

nanoparticles, and four elements: Si, O, Ag, and F

were well shown in the element mapping. Due to the

nanostructure of the two kinds of nanoparticles and the

microstructure of the fabrics surface, combined with

the hydrophobic properties of F-MSNs and PDMS, the

functionalized fabrics had excellent superhydropho-

bicity (CA = 1518, SA = 68) shown in Fig. 2c. To

further evaluate the superhydrophobicity of function-

alized fabrics, Fig. 2d, e showed the photos of a water

droplet touching and leaving the pristine fabrics and

functionalized fabrics, respectively. The droplet was

Fig. 1 Characterizations of functionalized nanoparticles. a, b TEM images of two nanoparticles (Ag-MSNs and F-MSNs). c, d SEM

images of Ag-MSNs and F-MSNs. e FTIR spectra of MSNs and F-MSNs
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forced to contact the fabrics surface sufficiently with

an obvious change in sphericity, and when it was lifted

lightly, the water droplet showed almost no deforma-

tion in Fig. 2e, while the water droplet was quickly

immersed in the pristine fabrics in Fig. 2d, which

confirmed the extremely low water adhesion for

functionalized fabrics (Gu et al. 2019).

Non-wetting properties of the functionalized

fabrics

The superhydrophobicity of the functionalized fabrics

can reduce the adhesion of bacteria in the aqueous

solution (Zhu et al. 2020). To intuitively reflect the

superhydrophobicity of functionalized fabrics, related

experiments were designed as follows. Through the

static and sliding experiments of droplets, we further

verified that the fabrics had excellent superhydropho-

bicity. As shown in Fig. 3a left and Video. S1, five

kinds of common water-based droplets (from left to

right: milk, cola, coffee, juice, water) were dropped on

the functionalized fabrics (bottom) and the pristine

fabric (top), respectively. Compared with the pristine

fabrics in which the droplets permeated rapidly, the

functionalized fabrics possessed well non-wetting

properties that the droplets remained spherical. In

addition, the droplets would be easily absorbed away

by the paper and there were no droplets left on the

surface of the functionalized fabrics (Fig. 3a right and

Video. S2). After that, we glued the functionalized

fabrics and the pristine fabrics to the glass sheet with

double-sided adhesive, respectively. As shown in

Fig. 3b and Video. S3, when they were placed in the

dyed water at the same time, we found that the

functionalized fabrics with the glass plate could float

on the water surface, while the pristine fabrics with the

glass plate would sink in the water, which further

proved that the functionalized fabrics had excellent

hydrophobicity. As shown in Fig. 3c and Video. S4,

the droplets could slide quickly from the top to the

bottom of the functionalized fabrics. The experiment

of droplets’ roll-off further confirmed the non-stick

performance of the functionalized fabrics. The above

experiments further showed that low surface energy

and nanostructures of F-MSNs coated to the surface of

the fabrics by PDMS, resulted in superhydrophobic

and antifouling properties of functionalized fabrics.

Antibacterial properties of Ag-MSNs

and the functionalized fabrics

The antibacterial ability of Ag-MSNs is a key factor in

determining the success of functionalized fabrics, and

we quantitatively evaluated the antibacterial proper-

ties of Ag-MSNs. As shown in Fig. S2, when the

concentration of Ag-MSNs reached 20 lg mL-1, the

antibacterial rates for E. coli and S. aureus were both

as high as 99.9%. As we all known, long-term

Fig. 2 Characterizations of functionalized fabrics. a Disperse

solution with functional nanoparticles. b The element mapping

images of functionalized fabrics. c The SEM and CAs images of

functionalized fabrics. Droplet wetting rates on pristine fabrics

d and functionalized fabrics e
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antibacterial properties of the functionalized fabrics

play an important role in daily use, and the stability of

the antibacterial properties can provide reliable pro-

tection (Lu et al. 2015). As shown in Fig. 4a,

functionalized fabrics named TF had excellent

antibacterial properties compared with the pristine

fabrics named F. In addition, the long-term antibac-

terial performance of functionalized fabrics was

verified through the colony counting method. As time

goes by, the antibacterial rates of the functionalized

fabrics decreased gradually due to the continuous

release of Ag? (Fig. 4b). Thanks to the synergistic

effect of superhydrophobic antifouling and Ag-MSNs

antibacterial properties, the antibacterial rates of the

functionalized fabrics could still reach 92.3% (E. coli)

and 90.1% (S. aureus) even after 30 d, which was

sufficient to ensure that the functionalized fabrics had

stable protective effects during daily use.

Antibacterial properties of the functionalized fab-

rics were directly reflected in Fig. 5. As-prepared

fabrics could keep an excellent zone of inhibition for

25 d because of the continuous release of Ag? from the

Ag-MSNs coated on the surface of the fabrics (Nie

et al. 2018). The diameters of the inhibition zones were

well observed, which intuitively revealed that the as-

prepared fabrics possessed prominent antibacterial

properties. In addition, we further explored the

influence of the concentration of PDMS in the dip-

coating solution on the zone of inhibition and found

that when the concentration of PDMS reached

Fig. 3 Non-wetting properties of functionalized fabrics. a The

still images of different droplets on functionalized fabrics

(bottom) and pristine fabrics (top). b the glass which was glued

with functionalized fabrics (left) and pristine fabrics (right).
c The sliding images of milk droplets on functionalized fabrics

Fig. 4 Antibacterial properties of functionalized fabrics. a The growth of E. coli and S. aureus on the agar plate for different fabrics.

b Antibacterial rates of functionalized fabrics from the first day to the 30th day
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0.02 g mL-1, the zone of inhibition did not appear

(Fig. S3a), which meant that the thicker PDMS coating

would completely prevent the release of Ag?.

The long-term antibacterial mechanism could be

explained from three points: Firstly, the superhy-

drophobic antifouling surface can greatly reduce the

infiltration of water droplets on its surface, thereby

reducing the adhesion of bacteria, fungi and other

microorganisms which are multiplied in the droplets.

Thus, few microorganisms attached can be killed by a

small amount of Ag?; secondly, mesoporous silicon

nanoparticles (MSNs) can avoid a large amount of

agglomeration of silver nanoparticles, and the large

specific area of MSNs can make the nanoparticles

bond more firmly on the fabrics, which ensures that

there are abundant antibacterial materials on the

functional fabrics; thirdly, PDMS is not only used as

a binder, but also as a layer of coating material to form

a barrier on the surface of Ag-MSNs, thereby slowing

the release rate and extending the release time of Ag?.

Owing to the superhydrophobic antibacterial proper-

ties of the surface, the few bacteria attached on the

fabrics could be killed by a small number of Ag?.

Therefore, the high loading of Ag-MSNs on the

functional fabrics and the slower release rate of Ag?

realize the long-term antibacterial properties of the

fabric.

Mechanical robustness and chemical durability

of the functionalized fabrics

Excellent mechanical robustness and chemical dura-

bility are prerequisites for the reliable protection of

functionalized fabrics. Ultrasonic washing and sand-

paper abrasion tests were used to evaluate the robust-

ness of the fabrics, and shown in Fig. 6. The difference

of morphology was compared by SEM in Fig. 6a and

c. After ultrasonic washing for 150 min, there were

still many functionalized nanoparticles on the surface

of the fabrics (Fig. 6a). Besides, the CAs and

antibacterial rates (S. aureus) of the functionalized

fabrics could still reach 1448 and 94.3%, which meant

the fabrics were extremely stable to keep their

hydrophobicity and antibacterial properties. During

the daily use of cotton fabrics, wear occurs over time.

The wear resistance of functionalized fabrics was

investigated through a mechanical wear test by using

sandpaper abrasion. As shown in Fig. 6c, the texture

structure of the surface of fabrics was greatly

destroyed after 500 times abrasion. Interestingly, the

CAs and the antibacterial rate (S. aureus) only

decreased to 1408 and 90.2%, which proved that the

fabrics still had excellent antifouling and antibacterial

properties. The reason why the worn fabric still had

good antibacterial properties was that the functional-

ized nanoparticles were firmly bonded to the surface of

the fabric fibers by PDMS. Even if the surface fibers

were damaged, the silver nanoparticles on the remain-

ing fibers could continuously release Ag? to achieve

the sterilization effect. Acid/alkali and liquid nitrogen

resistance of functional fabrics was tested according to

previous studies (Ye et al. 2021). Briefly, the func-

tional fabrics were immersed in HCl (pH = 2), NaOH

(pH = 12) solution and liquid nitrogen, respectively

for 12 h and then the changes of CAs were evaluated.

As shown in the Fig. S4, after treated by acid/alkali

solution or liquid nitrogen, the CAs of the fabrics were

only reduced to 139 ± 38, 142 ± 28 and 148 ± 28,
respectively. Owing to the stability of PDMS and the

superhydrophobicity of the fabrics surface which

reduced the contact between the coating and the

solution, functionalized fabrics had excellent chemical

durability.

Fig. 5 Zone of inhibition for long-term antibacterial properties

of functionalized fabrics
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Air permeability of the functionalized fabrics

Air permeability is one of the important characteristics

of fabrics. As shown in Fig. S5a, water vapor could

directly penetrate functionalized fabrics and con-

densed to visible mist above the fabrics, which

directly indicated that the functionalized fabrics had

good water vapor permeability. In addition, the air

permeability of functionalized fabrics (289 ± 25 mm/

s) had no significant decrease compared with the

pristine fabrics (300 ± 20 mm/s) owing to the thin

coating would not affect the pristine cotton fabric gap

too much (Fig. S5b), which proved that the function-

alized fabrics we prepared still had good air perme-

ability compared to the pristine fabrics.

Conclusion

In this study, two kinds of functionalized nanoparti-

cles, Ag-MSNs and F-MSNs, were well synthesized.

Functionalized nanoparticles, together with PDMS,

were added into the THF solution to prepare a

functionalized coating solution, which was coated

onto the cotton fabrics through the dip-coating

method. Furthermore, the functionalized fabrics with

both long-term antibacterial effect and superhy-

drophobic antifouling function were successfully

tested. Experimental studies showed that the prepared

fabrics had effective long-term inhibition effects on S.

aureus for up to 25 d. Besides, the superhydrophobic

properties resulted from the existence of F-MSNs,

which makes the functionalized fabrics inhibit the

antiadhesion of bacteria. It is because of the synergy of

antibacterial properties and antiadhesion of bacteria,

the antibacterial rates of functionalized fabrics up to

92.3% (E. coli) and 90.1% (S. aureus) even after 30 d.

More significantly, considering the simple preparation

process, low cost, antifouling, and long-term antibac-

terial properties of as-prepared fabrics, these func-

tionalized fabrics will have great application prospects

in medical materials and special textiles in the future.
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