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A B S T R A C T   

Bacterial and viral infections are posing a huge burden on healthcare industry. Existing antimicrobial textiles that 
are used to prevent infection transmission are lack of durability and antiviral activity. Here, we report on silane- 
functionalized polyionenes-coated cotton textiles with durable potent antimicrobial and antiviral activities. To 
obtain silane-functionalized polyionenes, silane group-containing monomers were synthesized and used to 
polymerize with co-monomers. These polyionenes were then conjugated onto the surface of cotton fabrics via 
covalent bonds. These polymers demonstrated broad-spectrum antimicrobial activity against various types of 
pathogenic microbes as evidenced by low effective concentration. The fabrics coated with these polymers 
exhibited potent bactericidal (>99.999%) and virucidal (7-log PFU reduction) activities. In addition, the anti-
microbial efficacy was still more than 92% even after 50 times of washing. Evaluation of cytocompatibility and 
skin compatibility of the polymer-coated cotton fabrics in mice revealed that they were compatible with cells and 
mouse skin, and neither erythema nor edema was found in the area that was in contact with the polymer-coated 
fabrics. The silane-functionalized polyionenes are potentially promising antimicrobial and antiviral coating 
materials for textiles and other applications to prevent microbial and viral infections.   

1. Introduction 

Bacterial and viral infections are becoming an increasingly serious 
threat to public health, and the ability to fend off these threats on a large 
scale has become an uphill task [1,2]. Many bacterial and viral in-
fections such as COVID-19 are caused by contact [3–5]. Therefore, it is 
important to use antimicrobial textiles that can prevent the growth of 
the microbes or even kill them [6,7]. 

The antimicrobial activity of textiles can be obtained by coating 
antimicrobial materials onto fabrics through chemical or physical 
treatments [8,9]. Various antimicrobial agents, such as metal and oxide 
nanoparticles [10–13], N-halamine [14,15], guanidine [16,17], organic 
quaternary ammonium compounds [18,19], have recently been devel-
oped and applied to textiles. In addition, antibacterial materials such as 
cationic peptide polymers [20,21] have also been used as antimicrobial 
and antifouling coatings on other surfaces. Among them, cationic 

antimicrobial agents have received great attention due to their strong 
antimicrobial activity and prevention of microbial resistance develop-
ment. Despite considerable progress in developing antimicrobial fabrics 
in recent years, the ability of these fabrics to retain their antimicrobial 
activity for a long duration is still a major challenge in the field. 
Furthermore, the current COVID-19 pandemic has highlighted the need 
for antiviral fabrics to counter the spread of the virus, of which there has 
been an evident lack of research into this area. These gaps thus highlight 
the urgent need to design and develop textiles with both durable anti-
bacterial and antiviral activities. 

Polyionenes represent a family of highly effective cationic antimi-
crobial materials, wherein the quaternized nitrogens are located in the 
main polymeric chain or backbone of the polymer rather than in 
pendant groups [22–24]. Polyionenes have low minimum inhibitory 
concentrations (MICs) and exhibit rapid killing kinetics against a broad 
spectrum of microbes [25,26]. Additionally, these polymers have also 
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demonstrated effective mitigation of drug resistance, with superior skin 
biocompatibility and negligible in vivo toxicity [25]. These polymers 
would thus be a promising candidate for making antimicrobial textiles. 
While promising in potential, polyionenes are not without weaknesses. 
A key limitation which needs to be overcome involves the immobiliza-
tion of polyionenes onto the fabric surface without them leaching out 
into the environment, for instance, during washing [24]. One of the most 
effective ways of achieving antimicrobial durability is to design 
non-dissolution-type antimicrobial polymers, which could be achieved if 
the antimicrobial polymer chains are covalently attached to surfaces. 
However, to the best of our knowledge, very few reports were published 
about the antimicrobial polyionene coating. For instance, Sarah et al. 
chemically attached polyionenes to a glass surface. This involved several 
steps, 1) attachment of polydopamine to activate the surface, 2) surface 
functionalization and 3) in situ surface polyaddition reaction to syn-
thesize polyionenes [27]. The initial modification of the substrate may 
damage the structure of the substrate and change its color, thus limiting 
its application in textiles. Therefore, it is essential to explore a facile 
method capable of introducing specific functional groups into the pol-
yionenes, which can form covalent bonds directly with the fabrics under 
mild conditions. An example of a design incorporating such a method is 
that of dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium chlo-
ride (AEM 5700) from Dow Corning Company, in which the antimi-
crobial agents are covalently bonded onto the surface of the fabric via 
alkoxysilanes, thereby conferring durable antibacterial activity on the 
fabric [8,28]. Despite their durable antibacterial activity, antiviral ac-
tivity of its coating is unknown. In addition, their stability is poor due to 
the easy self-condensation of relatively rich siloxane groups [28,29]. Its 

low molecular weight may lead to skin penetration, resulting in toxic 
side-effects [30]. 

Here, we present a robust methodology to create durable antimi-
crobial and antiviral cotton fabrics by coating silane-functionalized 
polyionenes that possess excellent microbicidal/virucidal activity and 
durable stability. The antimicrobial activity and killing kinetics of the 
polymer-coated cotton fabrics against E. coli, S. aureus, and C. albicans 
were investigated. Furthermore, the antiviral activity of the coated 
fabrics was verified with p22 bacteriophages as model virus. In addition, 
the durability of antimicrobial activity was also examined after different 
washing cycles. Finally, the in vitro cytotoxicity and in vivo skin 
compatibility studies were also conducted to explore the applicability of 
these antimicrobial and antiviral textiles. 

2. Materials and methods 

2.1. Materials 

All chemical reagents were purchased from Sigma-Aldrich and 
Tokyo Chemical Industry (TCI), and used as received unless specified 
otherwise. Microbial broths were prepared using Muller Hinton Broth 
(MHB) powder (BD Diagnostics). Gram-negative bacteria E. coli (ATCC 
No. 25922), P. aeruginosa (ATCC No. 9027), Gram-positive bacteria 
S. aureus (ATCC No. 6538), and fungi C. albicans (ATCC No. 10231) were 
purchased from ATCC (U.S.A.). 

Scheme 1. Synthetic procedures and chemical structures of silane-functionalized polyionene P1 with one silane group and P2 with two silane groups.  
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2.2. Polymer synthesis 

2.2.1. Synthesis of silane-functionalized polyionenes using (3- 
glycidyloxypropyl)trimethoxysilane (P1 and P2, Scheme 1) 

The experimental procedure for synthesis of cationic polymer P2 is 
given below as a typical example. Briefly, (3-glycidyloxypropyl)trime-
thoxysilane (GPTMS, 0.338 mL, 1.5 mmol) was added dropwise to a 20 
mL of vial charged with 3,3-iminobis(N,N-dimethylpropylamine) 
(0.344 mL, 1.5 mmol) in DMF (2 mL) solution under stirring. The re-
action solution was heated to 65 ◦C and reacted overnight. Then, it was 
cooled down to room temperature and N,N,N′,N′-tetramethylethylene-
diamine (TMEDA, 1.272 mL, 8.5 mmol) was added. α,α′-Dichloro-p- 
xylene (1.75 g, 10 mmol) in 4 mL of DMF solution was slowly added to 
the above solution dropwise and then reacted overnight. The reaction 
solution was precipitated in diethyl ether, centrifuged, and washed with 
diethyl ether for three times, before drying in vacuo, giving rise to a 
crude product of P2 as white fine powder. Finally, the polymer was 
further purified via extensive dialysis against de-ionized (DI) water 
(molecular weight cutoff (MWCO) of membrane: 1 kDa), and freeze- 
dried to result in pure P2 as white solid (Yield, 62%). 1H NMR (400 
MHz, D2O, 22 ◦C, Fig. S2): δ 7.72 (m, 4 nH, -PhH-), 4.51–4.70 (m, 4 nH, 
-PhCH2-), 4.21 (s, 4 nH, -CH2CH2N⊕(CH3)2-), 3.38 (m, br, 0.49 nH, 
-CH2OCH2- of GPTMS), 3.13 (m, 12 nH, –N⊕(CH3)2-), 2.61 (m, br, 0.74 
nH, -CH2CH2N(CH2-)CH2CH2-), 2.04 (s, br, 0.49 nH, -CH2CH2N(CH2-) 
CH2CH2-), 1.59 (s, 0.25 nH, (HO)3SiCH2CH2-), 0.56 (s, 0.25 nH, 
(HO)3SiCH2CH2-). MnGPC = 5120 Da, Ð 1.67. 

P1, Yield, 65%; 1H NMR (400 MHz, D2O, 22 ◦C, Fig. S1): δ 7.74 (m, 4 
nH, -PhH-), 4.54–4.70 (m, 4 nH, -PhCH2-), 4.21 (s, 4 nH, 
-CH2CH2N⊕(CH3)2-), 3.42 (m, br, 0.25 nH, -CH2OCH2- of GPTMS), 3.16 
(m, 12 nH, –N⊕(CH3)2-), 2.62 (m, br, 0.38 nH, -CH2CH2N(CH2-)CH2CH2- 
), 2.13 (s, br, 0.25 nH, -CH2CH2N(CH2-)CH2CH2-), 1.62 (s, 0.13 nH, 
(HO)3SiCH2CH2-), 0.59 (s, 0.13 nH, (HO)3SiCH2CH2-). MnGPC = 4970 
Da, Ð 1.69. 

2.2.2. Synthesis of the silane-functionalized polyionene using 3- 
(triethoxysilyl)propyl isocyanate (P3, Scheme 2) 

In a 20 mL of vial, 3,3-iminobis(N,N-dimethylpropylamine) (0.688 
mL, 3 mmol) and 3-(triethoxysilyl)propyl isocyanate (IPTS, 0.78 mL, 3 
mmol) were dissolved in dry DCM (3 mL) and stirred overnight at room 
temperature under N2 atmosphere. Then, the solution was poured into 
diethyl ether to precipitate the product, centrifuged and washed with 
diethyl ether for three times. Finally, the product was dried in vacuo, 
giving DTA-TES as viscous liquid (Yield, 93%). 1H NMR (400 MHz, 
DMSO‑d6, 22 ◦C): δ 6.75 (s, 1H, -CONH-), 3.73 (q, 6H, -SiOCH2CH3), 
3.12 (t, 4H, -CH2CH2N(CO)CH2CH2-), 2.96 (s, 2H, -CONHCH2-), 2.11 
(m, 16H, -CH2N(CH3)2), 1.56 (m, 4H, -CH2CH2N(CH3)2), 1.43 (m, 2H, 
-SiCH2CH2-), 1.14 (t, 9H, -SiOCH2CH3), 0.51 (s, 2H, -SiCH2CH2-). 

α,α′-Dichloro-p-xylene (0.875 g, 5 mmol) in 4 mL of DMF solution 
was added dropwise to a 20 mL of vial charged with the above DTA-TES 
(0.217 g, 0.5 mmol) and TMEDA (0.674 mL, 4.5 mmol) in DMF (2 mL) 
solution under stirring and reacted overnight. The reaction solution was 
then precipitated in diethyl ether, centrifuged, washed with diethyl 
ether for three times, and dried in vacuo, giving crude product of P3 as a 
white fine powder. Finally, the polymer was purified using a similar 
protocol for P2 purification to obtain the pure P3 as white solid (Yield, 
67%). 1H NMR (400 MHz, D2O, 22 ◦C, Fig. S3): δ 7.73 (m, 4 nH, -PhH-), 
4.52–4.70 (m, 4 nH, -PhCH2-), 4.20 (s, 4 nH, -CH2CH2N⊕(CH3)2-), 3.33 
(m, br, 0.65 nH, -CH2(-CH2)N(CO)NHCH2-), 3.14 (m, 12 nH, –N⊕(CH3)2- 
), 2.11 (s, br, 0.43 nH, -CH2CH2N(CO)CH2CH2-), 1.49 (s, 0.22 nH, 
(HO)3SiCH2CH2-), 0.53 (s, 0.22 nH, (HO)3SiCH2CH2-). MnGPC = 5570 
Da, Ð 1.61. 

2.2.3. Synthesis of the silane-functionalized polyionene using (3- 
halopropyl)trimethoxysilane (P4 and P5, Scheme 3) 

The experimental procedure for synthesis of cationic polymer P4 is 
given below as a typical example. Briefly, (3-chloropropyl)trimethox-
ysilane (TMSPrCl, 0.142 mL, 0.75 mmol) and TMEDA (0.749 mL, 5 
mmol) were dissolved in DMF (2 mL), in a 20 mL vial and heated to 85 ◦C 

Scheme 2. Synthetic procedures and chemical structure of silane-functionalized polyionene P3.  
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under N2 atmosphere. The reaction solution was stirred overnight. Then, 
it was cooled to room temperature and α,α′-dichloro-p-xylene (0.81 g, 
4.625 mmol) in 2 mL of DMF solution was slowly added. The reaction 
continued under stirring overnight at room temperature. The solution 
was then precipitated in diethyl ether, centrifuged, washed with diethyl 
ether for three times, and dried in vacuo, giving crude product of P4 as 
white fine powder. Finally, the polymer was purified using a similar 
protocol for P2 purification to yield the pure P4 as white solid (Yield, 
65%). 1H NMR (400 MHz, D2O, 22 ◦C, Fig. S4): δ 7.74 (m, 4 nH, -PhH-), 
4.70 (s, 4 nH, -PhCH2-), 4.20 (m, 4 nH, -CH2CH2N⊕(CH3)2-), 3.16 (s, 12 
nH, –N⊕(CH3)2-), 1.87 (s, 0.3 nH, (HO)3SiCH2CH2-), 0.62 (t, 0.3 nH, 
(HO)3SiCH2CH2-). Mn, GPC = 3330 Da, Ð 1.57. 

Similarly, (3-bromopropyl)trimethoxysilane (TMSPrBr) was reacted 
with TMEDA in excess at room temperature overnight to give TMSPr-TA. 
P5 was obtained via one-pot reaction as described above. Yield, 61%; 1H 
NMR (400 MHz, D2O, 22 ◦C, Fig. S5): δ 7.74 (m, 4 nH, -PhH-), 4.70 (s, 4 
nH, -PhCH2-), 4.18 (m, 4 nH, -CH2CH2N⊕(CH3)2-), 3.16 (s, 12 nH, 
–N⊕(CH3)2-), 1.87 (s, 0.33 nH, (HO)3SiCH2CH2-), 0.62 (t, 0.33 nH, 
(HO)3SiCH2CH2-). Mn, GPC = 3200 Da, Ð 1.61. 

2.2.4. Synthesis of the silane-functionalized polyionene using N,N,N′,N′′, 
N′′-pentamethyldiethylenetriamine (PMDTA) (P6, Scheme 4) 

PMDTA (1.06 mL, 5 mmol) and 3-trimethoxysilylpropyl bromide 
(TMSPrBr, 0.38 mL, 2 mmol) were dissolved in dry DMF (3 mL) was 
dissolved in a 20 mL vial and stirred overnight at room temperature 
under N2 atmosphere. The solution was then poured into diethyl ether to 
precipitate the product, centrifuged and washed with diethyl ether for 
three times. Finally, the product was dried in vacuo, giving TMSPr-DTA 
(Yield, 85%). 1H NMR (400 MHz, DMSO‑d6, 22 ◦C): δ 3.50 (m, 4H, 
-CH2N⊕(CH3)2CH2-), 3.34 (s, 9H, -SiOCH3), 3.16 (s, 6H, 
–CH2N⊕(CH3)2CH2-), 2.50 (m, 4H, -CH2N(CH3)CH2-), 2.35 (m, 2H, 
-CH2N(CH3)2), 2.24 (s, 3H, –CH2N(CH3)CH2-), 2.15 (s, 6H, –CH2N 
(CH3)2), 1.76 (s, br, 2H, -SiCH2CH2-), 0.66 (s, 2H, -SiCH2CH2-). 

α,α′-Dichloro-p-xylene (0.595 g, 3.33 mmol) in 4 mL of DMF solution 
was added dropwise to a 20 mL vial charged with the above TMSPr-DTA 
(0.208 g, 0.5 mmol) and TMEDA (0.426 mL, 2.83 mmol) in DMF (2 mL) 
solution under stirring and reacted at room temperature overnight. The 
reaction solution was precipitated in diethyl ether, centrifuged, washed 
with diethyl ether for three times, and dried in vacuo, giving crude 
product of P6 as white fine powder. Finally, the polymer was purified 
using a similar protocol for P2 purification to result in the pure P6 as 
white solid (Yield, 58%). 1H NMR (400 MHz, D2O, 22 ◦C, Fig. S6): δ 7.73 

Scheme 3. Synthetic procedures and chemical structures of silane-functionalized polyionene P4 and P5.  

Scheme 4. Synthetic procedures and chemical structure of silane-functionalized polyionene P6.  
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(m, 4 nH, -PhH-), 4.55–4.70 (m, 4 nH, -PhCH2-), 4.19 (s, 4 nH, 
-CH2CH2N⊕(CH3)2-), 3.14 (m, 12 nH, –N⊕(CH3)2-), 1.68 (s, 0.33 nH, 
(HO)3SiCH2CH2-), 0.58 (s, 0.33 nH, (HO)3SiCH2CH2-). MnGPC = 2890 
Da, Ð 2.02. 

2.3. Preparation of silane-functionalized polyionene-coated cotton fabrics 

Cotton fabrics were ultrasonically washed for 1 h using acetone and 
alcohol, and then rinsed several times using DI water. The fabrics were 
then dried at 70 ◦C overnight. Polymers (0.5 g) were added into a beaker 
with 200 mL of DI water, after dissolving at 70 ◦C and the clean cotton 
fabrics were then added, before being ultrasonically incubated for 1 h. 
Afterwards, the fabric samples were pre-dried at 80 ◦C for 5 min, and 
cured at 160 ◦C for 5 min with a coating of the antimicrobial polymer. 
The silane-functionalized polyionene-coated fabrics were then washed 
with DI water to remove the unreacted polymers before being dried in an 
oven for 12 h at 80 ◦C. 

2.4. Characterization of the polymers and the polymer-coated cotton 
fabrics 

The polymers were characterized by gel permeation chromatography 
(GPC) for molecular weight and molecular weight distribution [25], by a 
Bruker Advance 400 NMR spectrometer for chemical structures [31], by 
thermogravimetric analysis (TGA) for thermal properties, and by field 
emission scanning electron microscopy (FE-SEM) combined with 
energy-dispersive X-ray spectroscopy (EDX) for surface morphology and 
chemical properties of the polymer-coated fabrics [6]. 

The water contact angle (CA) of the pristine and polymer-coated 
fabrics was measured by a contact angle analyzer at room tempera-
ture. Water droplets of 2.5 μL were placed on the surface of the fabrics, 
and the CA was recorded by video. 

2.5. Evaluation of antimicrobial activity 

2.5.1. Minimum inhibitory concentration (MIC), minimum bactericidal 
concentration (MBC) and minimum fungicidal concentration (MFC) of the 
polymers 

The MICs of the polymers were determined against four clinically 
relevant microbial strains, namely E. coli and P. aeruginosa (Gram- 
negative), S. aureus (Gram-positive), and C. albicans (fungi) by a broth 
microdilution method [25]. 

MBC or MFC was defined as the lowest polymer concentration at 
which approximately 99.99% microbes were killed in the planktonic 
culture. Following the MIC experiment, 20 μL of microbial culture from 
each concentration was taken out from the 96 well plate and plated onto 
LB agar plates. The bacteria were incubated at 37 ◦C for 24 h, and the 
fungi were incubated at room temperature for 42 h. Samples from each 
test concentration were carried out in triplicates. 

2.5.2. Killing efficiency of antimicrobial fabrics 
Antimicrobial activity of the cotton fabrics was evaluated against 

E. coli, S. aureus, and C. albicans according to the protocol reported 
previously [7,32]. Bacterial and fungal cells were diluted to approxi-
mately 1-9 × 105 CFU mL− 1 in PBS (70 mL), respectively. The 
polymer-treated cotton fabrics (0.75 g) and pristine cotton fabrics (0.75 
g) were cut into pieces and added to the bacterial or fungal suspension, 
which were incubated at 37 ◦C for 24 h with shaking at 130 rpm). After 
that, 100 μL of culture medium was removed and serially diluted to the 
appropriate dilution before plating onto LB agar plates. The bacteria 
were incubated at 37 ◦C for 24 h, and the fungi were incubated at room 
temperature for 42 h. After that, the number of bacterial or fungal col-
onies on the plates were counted and killing rate was evaluated using the 
following equation: Killing Efficiency (%) = (Ccontrol − Tsample)/Ccontrol ×

100, where Ccontrol is the number of bacterial or fungal colonies of the 
control sample; Tsample is the number of bacterial or fungal colonies of the 
treated cotton fabrics. 

2.5.3. Bacterial and fungal killing kinetics 
The bacteria and fungi were inoculated and prepared according to 

the same procedure as stated in Section 2.5.2. The coated and pristine 

Table 1 
Summary of the experimental conditions for antibacterial polymers (nucleo-
philic addition and quaternization) and antibacterial cotton fabrics.   

Polymer Silane 
coupling 
reagent 

Tertiary amine Fabrics 

Nucleophilic 
Addition 

P1 GPTMS 3,3-iminobis(N,N- 
dimethylpropylamine) 

F1 

P2 GPTMS 3,3-iminobis(N,N- 
dimethylpropylamine) 

F2 

P3 IPTS 3,3-iminobis(N,N- 
dimethylpropylamine) 

F3 

Quaternization P4 TMSPrCl TMEDA F4 
P5 TMSPrBr TMEDA F5 
P6 TMSPrBr PMDTA F6  

Table 2 
Summary of the molecular characteristics for antibacterial polymers.   

Product 
name 

Mn/ 
PDIa 

DP of 
polyionene 

Number of 
silane grafted 

Nucleophilic 
Addition 

P1 4970/ 
1.69 

16 1 

P2 5120/ 
1.67 

16 2 

P3 5570/ 
1.61 

18 2 

Quaternization P4 3200/ 
2.07 

10 2 

P5 3330/ 
2.00 

11 2 

P6 2890/ 
2.02 

9 2  

a Number-Average molecular weight (Mn) and Polydispersity (PDI) values of 
the polymers were determined by aqueous GPC. 

Table 3 
MICs of the polymers.   

Product 
name 

E. coli 
(μg/ 
mL) 

S. aureus 
(μg/mL) 

P. aeruginosa 
(μg/mL) 

C. albicans 
(μg/mL) 

Nucleophilic 
Addition 

P1 7.81 3.91 7.81 3.91 
P2 7.81 3.91 15.63 3.91 
P3 7.81 7.81 7.81 3.91 

Quaternization P4 7.81 7.81 7.81 3.91 
P5 7.81 3.91 7.81 3.91 
P6 7.81 7.81 7.81 3.91  

Table 4 
MBCs of the polymers.   

Product 
name 

E. coli 
(μg/ 
mL) 

S. aureus 
(μg/mL) 

P. aeruginosa 
(μg/mL) 

C. albicans 
(μg/mL) 

Nucleophilic 
Addition 

P1 7.81 7.81 7.81 7.81 
P2 7.81 7.81 15.63 3.91 
P3 7.81 7.81 15.63 7.81 

Quaternization P4 15.63 7.81 31.25 15.63 
P5 7.81 7.81 7.81 7.81 
P6 7.81 7.81 7.81 7.81  
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cotton fabrics (0.75 g) were cut into pieces and added to the bacteria or 
fungi-containing PBS suspension (105 CFU mL− 1), and were incubated at 
37 ◦C under constant shaking of 130 rpm. At regular time intervals (0 
min, 15 min, 30 min, 60 min, 120 min, and 180 min), 100 μL of the 
bacterial samples was taken out for a series of 10-fold dilutions. The 
diluted bacterial suspension (20 μL) was plated onto a LB agar plate, and 
incubated for 24 h at 37 ◦C for bacteria, and for 42 h at room temper-
ature for fungi. After incubation, the bacterial and fungal colonies were 
enumerated. 

2.5.4. Zone of inhibition (ZOI) of antibacterial fabrics 
ZOI is a parameter used to evaluate antimicrobial activity of mate-

rials [33,34]. The cotton fabrics were cut into circular samples with a 
radius of 1 cm. A 300 μL of bacterial suspension with 108 CFU mL− 1 was 
plated onto the LB agar plates, and allowed to be absorbed for 10 min. 
The cotton fabric samples were then placed on the surface of the LB agar 
and incubated at 37 ◦C for 18 h. The pristine cotton fabric was used as 
control. 

Fig. 1. FESEM images of bacteria before and after polymer treatment ((a) and (b) for control of E. coli and S. aureus, respectively, without any treatment; (c) and (d) 
for E. coli and S. aureus after treatment with P1 at MBC for 2 h, respectively); (e) Antibacterial mode of action of the polymers. 
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2.5.5. Inhibition efficiency of bacterial adhesion of cotton fabrics 
Bacteria adhesion of the antimicrobial polymer-treated cotton fab-

rics was studied as reported in the literature with slight modifications 
[35,36]. Both coated and pristine fabrics were immersed in 25 mL of 
bacterial suspension (S. aureus) with 107 CFU mL− 1 and incubated under 
static conditions for 2 h at 37 ◦C. The fabrics were taken out and held 
vertically for 3 min to let remaining droplets slide away. Afterwards, the 
fabrics were placed in a tube containing 25 mL of fresh MHB and 
incubated for 24 h at 37 ◦C with shaking at 130 rpm. After the incuba-
tion, the samples were taken out and washed twice with 5 mL of sterile 
water to remove any unadhered bacteria. The samples were then put 
into a centrifuge tube containing 5 mL of PBS and sonicated for 2 min to 
remove the strongly adhered bacteria. The same procedure was per-
formed five times and then mixed with the above PBS solution. After-
wards, 20 μL of this solution was plated onto the LB agar plate and 
further incubated at 37 ◦C for 24 h. After counting the number of col-
onies, the bacterial anti-adhesion rate was estimated as follows: 
Inhibition efficiency of bacterial adhesion (%)

=
(
CFUcontrolmL− 1 − CFUsample mL− 1)/CFUcontrolmL− 1 × 100,

where CFUcontrolmL− 1 is the number of the viable bacteria for the pristine 
cotton fabrics, CFUsamplemL− 1 is the number of viable bacteria for the 
treated fabrics. 

Bacterial adhesion on the fabrics was observed under FE-SEM after 
the above experiments. The resultant cotton fabrics were fixed with 
2.5% glutaraldehyde solution for 1 h at 4 ◦C, and then washed twice 
with PBS. After that, the samples were dehydrated with a series of 
graded ethanol solution (50, 75, 90, and 100 wt %, for 15 min each), and 
then observed under FE-SEM after drying and treatment with platinum. 

2.5.6. Antivirus assay using p22 bacteriophage 
Briefly, 400 μL of p22 (~109 PFU mL− 1) suspension was spotted on 

the surface of polymer-treated and untreated cotton fabrics (50 × 50 
mm2) (samples were sterilized by autoclaving prior to starting the 
experiment). Then the samples were covered using PE cover slips (40 ×
40 mm2) to flatten the droplet (PE film cover slip sterilized using 75% 
ethanol and dried). Afterwards, the samples were incubated for 24 h at 
25 ◦C at 90% humidity. After incubation, the cotton fabrics were 
resuspended in 10 mL of MHB medium to remove the adhered p22. The 
resuspended sample (100 μL) was then taken out and used for testing 
along with appropriate dilutions. After serial dilution, 60 μL of the 
resuspension was mixed with 60 μL of Salmonella suspension. Then, 6 mL 
of molten LB agar at 55 ◦C was added, and immediately poured onto a 
prewarmed LB agar plate, and allowed to solidify. Upon solidification of 
the agar, the plates were incubated at 37 ◦C overnight, before counting 
the plaques. The antivirus activity was calculated as follows: 
Antiviral Activity = log10((U24h − U0h) − (T24h − U0h)), where U24h is 
the number of the plaques for the untreated cotton fabrics at 24 h, U0h is 
the number of the plaques for the untreated cotton fabrics at 0 h, T24h is 
the number of the plaques for the treated cotton fabrics at 24 h. 

2.5.7. Antibacterial durability of the treated cotton fabrics 
The washing procedure was performed according to the AATCC test 

method 61–2007 with some modifications. The fabrics were washed in 
DI water with 0.93% soap at 40 ◦C for 30 min, which was equivalent to 
five typical hand or home launderings. The samples were washed with 
different washing cycles, and then dried in ambient. The bacterial in-
hibition rate was measured after 10, 20, 30, 40 and 50 repetitive cycles. 

Fig. 2. Thermal properties of the silane-functionalized polyionenes. TGA curves of polymers: (a) P1, P2, and P3; (c) P4, P5, and P6. DTG curves of polymers: (b) P1, 
P2, and P3; (d) P4, P5, and P6. 
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2.6. Cytotoxicity evaluation of the polymer-treated cotton fabrics 

The cytotoxicity of the treated cotton fabrics was evaluated with 
alamar blue (ThermoFisher, U.S.A.) using L929 Fibroblast Cells. Both 
treated and untreated cotton fabrics (60 cm2) were immersed into 20 mL 
of DMEM, and incubated at 37 ◦C, 5% CO2 overnight. After that, the 
extracts of fabric samples were obtained. L929 cells were seeded into six- 
well plates at a density of 2 × 105 cells/mL (2 mL) and incubated at 
37 ◦C, 5% CO2 for 24 h. After incubation, the spent media was removed 
and replaced with aliquots of the respective sample extracts. Each 
sample was carried out in triplicates. The plates were incubated at 37 ◦C, 
5% CO2 for 48 h. Following that, the spent media was removed and 1 mL 
of fresh growth media comprising alamar blue (10% v/v) was added to 
each well and incubated for 3 h. The media with alamar blue from the 
various samples was then transferred into 96-well black plates with clear 
bottom (Greiner, Germany) and fluorescence was measured with exci-
tation at 560 nm and emission at 590 nm using a microplate reader 
(TECAN, Switzerland). 

2.7. Evaluation of skin irritation of the polymer-coated cotton fabrics in a 
mouse model 

The animal skin irritation test was conducted according to ISO 
10993-10: 2010: Biological evaluation of medical devices Part 10: Test 
for irritation and skin sensitization with some modifications. Female 
Balb/c mice (6–8 weeks old) were obtained from INVIVOS PTE. LTD. 
(Singapore). The mice were raised in a specific pathogen free animal lab. 
The animal study protocols were approved (IACUC No. 151096) by the 
Institutional Animal Care and Use Committee of Biological Resource 
Centre, Agency for Science, Technology and Research (A*STAR), 
Singapore. The fur on the back of BALB/c male mice was carefully 
clipped before directly applying either antibacterial or pristine cotton 

fabric (1 × 1 cm2) to the clipped area for five days. After five days, the 
cotton fabrics were removed and the skin area in contact with the fabrics 
was observed for erythema and edema. The skin area in contact with the 
fabrics was then excised, embedded in paraffin, sectioned and stained 
with Haematoxylin and Eosin (H&E) to observe for any inflammatory 
signals with a brightfield microscope (Leica DMi1). 

3. Results and discussions 

3.1. Polymer synthesis and characterization 

To prepare potent antibacterial and antiviral polyionenes that can be 
coated onto hydroxyl-rich cotton fabrics, various silane-functionalized 
cationic polyionenes were synthesized. (3-Glycidyloxypropyl)trime-
thoxysilane (GPTMS), as a widely used coupling reagent, is a bifunc-
tional organosilane bearing epoxy functional group. The methoxy 
groups attached on the silicon atom of GPTMS could be hydrolyzed in 
water to form silanol groups (Scheme 1), which can be further conju-
gated to the hydroxyl groups on the substrate surface via covalent bonds. 
To react with the epoxy group of GPTMS, (Scheme 1), 3,3-iminobis(N,N- 
dimethylpropylamine) was used to form DTA-TMS monomer via a ring- 
opening nucleophilic addition. Silane-functionalized polyionenes, P1 
and P2, were synthesized by varying the molar ratio of DTA-TMS, N,N, 
N′,N′-tetramethylethylenediamine (TMEDA) and α,α′-dichloro-p-xylene. 
The number of the silane groups in P1 and P2 is one and two, respec-
tively. It is worth noting that the number of silane groups grafted to the 
polyionene was restricted to one or two groups to prevent the possible 
self-condensation of silanols when the silane-functionalized polyionenes 
were hydrolyzed and coated onto the surface of cotton fabrics [37,38]. 
The polymers were purified by extensive dialysis against DI water using 
dialysis membrane with a molecular weight cutoff (MWCO) of 1 kDa to 
further remove any trace small molecules left after the reaction, 

Fig. 3. Illustration of the coating process of cotton fabrics treated by the silane-functionalized polyionenes. The polymers were hydrolyzed first and then the hy-
drolytic polymers attached on the surface of cotton fabric by chemical conjugation and ionic interaction. 
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especially ungrafted silane-containing monomers or oligomers, prior to 
GPC and 1H NMR analyses. This was to achieve a relatively accurate 
number of silane groups grafted on the polymers. The unpurified poly-
mers were directly coated onto the surface of the cotton fabric during the 
finishing process for easy preparation. GPC data showed that the elution 
curve of P1 presented a single unimodal peak (Fig. S7) with an average 
molecular weight (Mn) of 4970 and the polydispersity (PDI) of 1.69 
(Table 2). In contrast, a small shoulder peak present ahead of P2 peak 
was observed in the GPC diagram (Fig. S8). This was probably due to the 
self-condensation between the silanol and hydroxyl groups derived from 
the nucleophilic addition of the silane-functionalized polyionene. The 
compositions of the polymers were estimated from 1H NMR spectros-
copy (Figs. S1 and 2) by quantitative comparisons between integral in-
tensities of the peaks of the phenyl hydrogens from 
α,α′-dichloro-p-xylene at 7.72 ppm and the methylene protons attached 
to the silicon atom at 0.56 ppm, giving the number of silane grafted on 
the polyionene as one and two for P1 and P2, respectively. Together 
with Mn values obtained from GPC diagrams, the degree of polymeri-
zation (DP) for the polyionenes was determined to be 16 for both P1 and 
P2 polymer (Table 2). 

Similarly, 3-(triethoxysilyl)propyl isocyanate (IPTS) was also 
employed as the bifunctional coupling reagent for the monomer modi-
fication via addition reaction, giving rise to DTA-TES as another silane- 
conjugated monomer. Silane-functionalized polymer P3 was obtained 
using the same polymerization protocol. A single unimodal peak was 
seen in the GPC diagram (Fig. S9) and the composition was estimated 
from 1H NMR spectrum (Fig. S3) using the same calculation method for 
P1 and P2, giving the number of silane grafted onto the polyionene as 
two. The molecular weight (Mn), PDI and DP values of the polyionene 

P3 closely resembled those of P1 and P2 in Table 2 due to their similar 
synthetic protocols. 

To simplify the synthesis of silane-functionalized polyionenes on a 
large scale, (3-halopropyl)trimethoxysilanes (TMSPrX, halo represents 
chloride or bromide) was employed to prepare the silane-functionalized 
polyionenes via a one-pot quaternization reaction. As shown in Scheme 
3, TMSPr-TA could be synthesized to completion by the quaternization 
of TMSPrX with TMEDA in excess. α,α′-Dichloro-p-xylene was then 
added to the above reaction solution to yield the silane-functionalized 
polyionene P4 or P5. GPC data showed that the elution curve of each 
polymer presented a single unimodal peak (Figs. S10 and 11) with the 
molecular weight (Mn) of 3200 and 3,330, as well as the PDI value of 
2.07 and 2.00, respectively. Similarly, the compositions of the polymers 
were estimated from 1H NMR spectra (Figs. S4 and 5) using the same 
calculation method as above, giving the number of silane groups 
terminated on both polyionense chain approximately two. The molec-
ular weight and DP values of P4 and P5 are nearly half of those of P1 to 
P3 due to the single tertiary amine of the silane-conjugated TMEDA 
which prevented chain propagation. 

To enhance the polymerization and thereby enable the polyionene to 
achieve a high molecular weight, N,N,N′,N′′,N′′-pentam-
ethyldiethylenetriamine (PMDTA) was used to quaternize TMSPrBr to 
form a silane-grafted monomer (TMSPr-DTA) bearing two tertiary 
amines (Scheme 4). P6 was obtained using the same polymerization 
protocol for P1 to P3. A single unimodal peak was observed from the 
GPC diagram (Fig. S12) and the composition was estimated from 1H 
NMR spectrum (Fig. S6) using the same calculation method with P1 to 
P5. The number of silane groups grafted on the polyionene was deter-
mined to be approximately two. However, the molecular weight and DP 

Fig. 4. (a) XPS spectra of P2, F2 and pristine cotton fabric. (b) high-resolution N1s spectra of P2, F2 and pristine cotton fabric. High-resolution C1s spectra of pristine 
cotton fabric (c) and F2 (d). 
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values of P6 were observed to be slightly lower than those of P4 and P5. 
This could probably because the two tertiary amines of TMSPr-DTA were 
sterically hindered by its quaternary amine group, leading to low chain 
propagation of the polyionene. 

All the experimental conditions for synthesis of the above silane- 
functionalized polyionenes are summarized in Table 1, and their mo-
lecular characteristics data are summarized in Table 2. 

3.2. Antimicrobial properties of the polymers 

MIC and MBC/MFC of the polymers were evaluated to ascertain the 
antimicrobial activity of the polymers against bacteria and fungi. As 
shown in Tables 3 and 4, all the polymers demonstrated potent anti-
microbial activity against E. coli, S. aureus, P. aeruginosa and C. albicans, 
with low MICs ranging within 3.91–15.63 μg/mL and low MBCs ranging 
from 3.91 to 31.25 μg/mL. It is interesting to note that the polymers 
exhibited high potency towards Gram-negative bacteria and inhibited 
the growth of both E. coli and P. aeruginosa at 7.81 μg/mL. Furthermore, 
the polymers also showed excellent activity towards fungi and the MICs 
of the polymers against C. albicans were between 3.91 and 15.63 μg/mL. 
In general, these results highlight the fact that the various factors such as 
silane coupling agent, tertiary amine used and DP of silane grafted does 
not affect the antimicrobial activity of these polymers significantly. 

To understand the antibacterial mechanism of polymers, the 
morphological changes of bacteria after contact with polymers were 
investigated. As shown in Fig. 1, both E. coli and S. aureus bacteria which 
were not incubated with the polymer retained a smooth surface as well 
as their respective rodlike or spherical morphologies. This was in 
contrast to polymer-treated bacteria, which exhibited deformed surface 
membrane morphology. Moreover, lysis of the bacterial cells revealed 
numerous debris, which was indicative of substantial membrane dam-
age and cytoplasmic leakage, and was consistent with the results of other 

studies in the literature [6,39,40]. 

3.3. Thermal stability of the polymers 

Thermogravimetric analysis (TGA) of the polymers was carried out 
to evaluate their thermal stability as the cationic quaternary ammonium 
groups might decompose at high temperature with substantial loss of 
antibacterial activity during the fabric coating process [41,42]. Partic-
ularly, the thermal stability of the silane-functionalized polyionenes was 
investigated by thermal gravimetry (TG) and derivative thermog-
ravimetry (DTG) analysis (Fig. 2). 

Thermal degradation of the polyionenes which occurred over several 
stages was measured as the loss of polymer mass over various temper-
atures. Fig. 2a and c showed the weight loss below 150 ◦C, which was 
attributed to the evaporation of absorbed water molecules. The poly-
mers showed two main degradation steps in Fig. 2b and d, which could 
have been attributed to disintegration of the backbone of the poly-
ionenes [43], and the low temperature stage may be due to the degra-
dation of the oligomers, and the high temperature stage may stem from 
the degradation of the polymers. Overall, these results showed that the 
silane-functionalized polyionenes demonstrated good thermal stability 
below 180 ◦C. This was higher than the maximum temperature required 
for the fabrics finishing process (80–160 ◦C), thus further cementing the 
promising potential of silane-functionalized polyionenes as an antimi-
crobial coating for fabrics. 

3.4. Preparation of antimicrobial cotton fabrics 

The antimicrobial coating process of the cotton fabrics is shown in 
Fig. 3. Following the hydrolysis of trialkylsilane, the newly introduced 
silanol groups in the polyionene backbone were able to react with the 
hydroxyl groups present on the surface of the cotton fabric. This resulted 

Fig. 5. FE-SEM images and EDX results of the antimicrobial cotton fabrics: F1 (a), F2 (b), F4 (c), and F5 (d). Water contact angle of the antimicrobial cotton fabrics: 
F1 (e), F2 (f), F4 (g), and F5 (h). 
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in the formation of covalent bonds between the antimicrobial poly-
ionenes and cotton fabrics during the curing process, thus transforming 
the cotton fabrics into antimicrobial textiles. In addition, ionic in-
teractions were also formed between the polyionenes and cotton surface 
as a result of the attraction between the cationic charge on the polymers 
and the negative charge on the surface of the cotton fibers. The success 
of the curing process was evidenced by X-ray photoelectron spectros-
copy (XPS). Compared to the pristine cotton fabrics in Fig. 4a and b, the 
N1s peak at 402.5 eV that was assigned to the positively charged ni-
trogen (N+) was found in the XPS spectra of the finished cotton fabrics 
with P2 [8,28]. Additionally, in Fig. 4c and d, for the pristine cotton 
fabric and F2, the C1s peaks at 284.4 eV, 286 eV, and 287 eV could be 
attributed to the C–C and C–H bonds, C–O bund, and O–C–O bond, 

respectively [44]. Notably, the C1s peak at about 286.5 eV can be found 
in the Fig. 4d, corresponding to the C–N group of P2, in the 
high-resolution C1 spectrum of F2 [8]. These results indicate that P2 
was successfully attached to cotton fabrics through chemical bonding. 

Field emission scanning electron microscopy (FE-SEM) and SEM with 
energy dispersive X-Ray analysis (SEM-EDX) mapping demonstrated 
that the surface elements (C, O, N, Cl/Br, and Si) were distributed uni-
formly on the treated fabric surface (Fig. 5a–d). Moreover, FE-SEM 
images showed that the fibers of the polymer-treated cotton fabrics 
remained intact during the coating process. Further investigation was 
undertaken by measuring the water contact angles (WCAs) on the 
treated cotton fabrics. As shown in the Figure S13, due to the rough, 
porous, and naturally hydrophilic properties of the pristine cotton 

Fig. 6. (a) Antibacterial properties of the treated fabrics by plate counting method, raw cotton as control sample. (b) Inhibition rate of the treated cotton fabrics. 
Killing kinetics of F1 and F4 on E. coli (c), S. aureus (d), and C. albicans (e) (♥♣ denote no colonies were observed). 
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fabric, the water droplets could spread at an extremely fast speed on the 
fabric surface and the WCAs reached 0◦ immediately. By comparison, as 
exhibited in Fig. 5e–h, the WCAs of the treated cotton fabrics reached 
0◦ after more than 25 s. It was deduced that the coated polymers could 
change the surface properties of the fabric, thereby leading to a change 
in the contact angle. The presence of aryl groups in the polymer back-
bone and silicon-oxygen bond in the polymer side chain could have 
reduced the hydrophilicity of the fabrics. 

3.5. Activity of polyionene-coated cotton fabrics against bacteria, fungi 
and virus 

Antimicrobial activity of the silane-treated cotton fabrics upon con-
tact with E. coli, S. aureus and C. albicans was evaluated. It was found 

that the polyionene-coated fabrics were able to achieve a 5 log CFU 
reduction for E. coli, S. aureus and C. albicans, which corresponded to a 
killing efficiency of 99.999% (Fig. 6a and b). This was in line with the 
minimal number of bacterial or fungal colonies observed on the plates as 
compared to the significant microbial growth of the controls. These re-
sults thus demonstrate the highly potent antimicrobial activity of the 
polyionene-coated cotton fabrics. The killing kinetics of the treated 
cotton fabrics were further evaluated on E. coli, S. aureus and C. albicans. 
Herein, the fabrics coated by P1 and P4 were used as examples. As 
illustrated in Fig. 6c and e, the P1 and P4-treated cotton fabrics induced 
a greater than 2-log reduction in the number of viable E. coli and 
C. albicans colonies (＞99% killing efficiency) within 5 min, and eradi-
cated all the microbial cells in 15 min, indicating a rapid bactericidal/ 
fungicidal mechanism. In the case of S. aureus, the killing efficiency was 

Fig. 7. FE-SEM images of the adhered bacteria on the pristine cotton and polymer-coated cotton fabrics. (a) pristine cotton, (b) F1, (c) F2, (d) F4, (e) F5, and (f) F6.  

Fig. 8. (a) Antiviral test of the treated cotton fabrics for p22. (b) PFU reduction count of the treated cotton fabrics for p22 (The error bar is too small to display).  
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almost 100% at 5 min (Fig. 6d). This might be due to the lack of the outer 
membrane, which makes Gram-positive bacteria more susceptible to the 
polyionene-coated fabric treatment as compared to Gram-negative 
bacteria [45,46]. 

Bacterial adhesion to the fabric surface was also observed by FE- 
SEM. As shown in Fig. 7, the polyionene-coated fabrics demonstrated 
considerable reduction in bacterial adhesion as compared to the pristine 
cotton fabrics. Currently, the strategies commonly employed to reduce 
bacterial adhesion to surfaces involve either the repulsion or killing of 
the bacteria in contact with the surface. Bactericidal effects were ach-
ieved through release- or contact-killing methods [45,47–50]. In our 
study, the bactericidal effects of the polyionene-coated fabrics were 
achieved via contact killing as a result of covalent bonds formed be-
tween the polyionenes and cotton fabrics. 

As a result of the heightened threat of viral outbreaks to public health 
in recent years, the ability of cotton fabrics to kill or inactivate viruses 
has become an increasingly important attribute. To assess the antiviral 
potential of the polyionene-treated cotton fabrics, the anti-viral activity 

of the polyionene-coated fabrics was evaluated using p22 bacteriophage 
as a model virus by salmonella-based plating assay. As observed in 
Fig. 8a and b, the polyionene-coated cotton fabrics achieved rapid and 
effective killing of the p22 phages as evidenced by the 7-log PFU (pla-
que-forming units) reduction. This contrasted with the controls in which 
the harvested phages were able to proliferate rapidly on the Salmonella- 
based culture media. These results further highlight the excellent anti-
viral activity of the polyionene-coated fabrics and pave the way for 
further investigation of the anti-viral activity of these polymers against 
other viral species for future work. 

3.6. Laundering durability of the antimicrobial cotton fabrics 

The antimicrobial durability of the polyionene-coated cotton fabrics 
was assessed by analyzing the antimicrobial activity of these fabrics 
when subjected to different numbers of wash cycles. As shown in 
Fig. 9a–c, the antimicrobial activity of the coated cotton fabrics against 
E. coli, S. aureus and C. albicans did not show significant change even 

Fig. 9. Antimicrobial activity of the polyionene-coated cotton fabrics after washing. (E. coli (a), S. aureus (b), and C. albicans (c)). (d) ZOI of the coated cotton fabrics 
on E. coli and S. aureus. (e) FE-SEM of the F1 after 10, 30 and 50 cycles of washing. (f) Analysis of quaternary ammonium cations remained on F1 using bromophenol 
blue after different washing cycles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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with high number of washes, up to 50 times. This thus demonstrated the 
durable retention of antibacterial activity of the polyionene-coated 
fabrics even when the coated fabrics were subjected to high stress ac-
tivities such as detergent washing. 

The excellent retention of antibacterial activity of these polyionene- 
coated cotton fabrics could be attributed to the silane groups introduced 
into the polyionene backbone. These groups covalently reacted with the 
hydroxyl groups on the fabric surface, thus preventing the dissolution 
and subsequent loss of these polymers in water when subjected to 
increasing numbers of wash cycles. Additional evidence further lends 
credence to the high retention of antibacterial activity of these 
polyionene-coated fabrics. These include no polyionene leakage as 
determined by the ZOI tests (0 mm, Fig. 9d) using E. coli and S. aureus 
and negligible alteration of surface topography of the coated fabrics 
after different numbers of wash cycles (Fig. 9e). 

An additional qualitative test involving the use of bromophenol blue 
to form blue complexes with quaternary ammonium cations was used to 
determine the amount of quaternary ammonium polymers left on the 
coated cotton fabrics following the different numbers of wash cycles. As 
shown in Fig. 9f, the deep blue coloration demonstrated the presence of 
the quaternary ammonium polymers on the cotton fabrics even after 50 
washes. This was in contrast to the pristine cotton fabrics which only 
showed a light blue color, which was indicative of only bromophenol 
blue. 

3.7. Biocompatibility of the treated cotton fabrics 

3.7.1. In vitro cytotoxicity studies 
Cytotoxicity of the polyionene-coated fabrics was determined in 

L929 cells using the alamar blue cell viability assay. Incubation of the 
polymer-coated fabrics with the cells demonstrated minimal cytotox-
icity as evidenced by the high cell viability of >85%, which was 
measured post 48 h of incubation (Fig. 10b). A similar explanation un-
derlying the long retention of antimicrobial activity of the coated fabrics 
could also be used to explain the low cytotoxicity of the polymer-coated 
fabrics. The technique used to covalently graft the polymer onto the 
fabric surface ensured that the polymer did not leach out into the culture 
media over time. This explanation was further supported when the cells 
were treated for 48 h with previously prepared leachate (polymer- 
coated fabrics immersed in DMEM). As seen in Fig. 10c, the cells were 

able to proliferate well and no abnormal cellular morphology was 
observed. 

3.7.2. Evaluation of skin irritation 
In accordance with safety standards for antibacterial textiles, eval-

uation of skin irritation must be carried out in pre-clinical models. To 
evaluate the safety of the polyionene-coated fabrics, both the pristine 
and treated cotton fabrics were applied directly onto the back of mice. 
After five days, neither erythema nor edema was observed on the skin as 
shown in Fig. 11b and c. Staining of the paraffin-embedded skin tissue 
which was in contact with the fabrics with haematoxylin and eosin 
(H&E) did not reveal any obvious histopathological abnormalities 
(Fig. 11d and e). These results thus revealed that the polymer-coated 
cotton fabrics were compatible with the skin. 

4. Conclusion 

Several series of silane-functionalized polyionenes have been 
designed, synthesized and applied onto cotton fabrics through chemical 
conjugation to render antimicrobial and antiviral activities. Assessment 
of antimicrobial activity of the polymers revealed high potency with low 
MIC and MBC/MFC values against E. coli, S. aureus, P. aeruginosa, and 
C. albicans caused by cell membrane disruption. More importantly, the 
polyionene-coated fabrics exhibited strong antiviral activity. The 
excellent retention of antimicrobial activity even after repeated washes, 
prevention of bacterial adhesion, potent antiviral activity, good cyto-
compatibility and skin compatibility of these polyionene-coated fabrics 
further highlight their promising potential as coating materials for tex-
tiles and other applications to prevent microbial and viral infections. 
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