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Materials: 

Waterborne polyurethane and gemini quaternary ammonium salt waterborne polyurethane (GWPU) were 

synthesized as described in our previous report (Table S1).R1 Tryptone was supplied by Oxoid Ltd, UK. 

Beef powder was purchased from Beijing Solarbio Science&Technology Co., Ltd., China. Sodium 

chloride (NaCl) was obtained from Chengdu Kelong Chemical Co., Ltd., China. Agar was obtained from 

Biosharp, Japan. 2,3,5-triphenyltetrazolium chloride (TTC) was supplied by Sanland-chem International 

Inc. Staphylococcus aureus (S. aureus, gram-positive, ATCC 6538) and Escherichia coli (E. coli, gram-

negative, ATCC 25922) were used for antibacterial and antifouling tests. 

 

Table S1. Theoretical composition of GWPU samples 

Samples 
Molar ratio of IPDI/PEG/PTMG/ 

chain extender 

Molar ratio of EG12/chain 

extender (%) 
EG12 (mol %) EG12 (wt%) 

GWPU0 3:0.25:0.75:1.7 0 0 0 

GWPU20 3:0.25:0.75:1.7 20 5.96 9.91 

GWPU30 3:0.25:0.75:1.7 30 8.95 14.16 

GWPU50 3:0.25:0.75:1.7 50 14.9 21.81 

GWPU70 3:0.25:0.75:1.7 70 20.9 28.90 

GWPU100 3:0.25:0.75:1.7 100 29.8 37.44 

 

Water contact angle (WCA) measurement: 

The surface hydrophilicity of various multi-block GWPUs is determined by contact angle measurements, 

and the data are illustrated in Fig. S1. The surface of GWPU0 without GQAS is hydrophilic because the 

new hydrogen bonds between water molecules and PEG segments or carboxyl groups aggregated onto 

the surfaces as soon as contacting with water.R2 The WCAs on of GWPU are much lower than those of 

GWPU0, indicating that the hydrophilicity of GWPU films surface are significantly enhanced with the 

incorporation of EG12. The decreased time-related water contact angle and good hydrophilicity are 

attributed to the cationic nature of gemini quaternary ammonium polyurethanes on their surfaces. Slightly 



S3 
 

rebound of the WCAs of GWPU70 and GWPU100 are ascribed to the migration of more hydrophobic 

long alkyl chain to the surface and the lower degree of surface rearrangement upon water contact.R3,4 

 

Figure S1. Time-related water contact angle of GWPU films surfaces 

 

Fourier transform infrared (FTIR) spectra: 

 

Figure S2. a): The transmission FTIR spectra of GWPU samples. b): The ATR- FTIR spectra of GWPU 

samples. 

It can be concluded from the transmission FTIR spectra (Fig. S2a) that most N-H groups of GWPU are 

involved in hydrogen bonds and C–H deformation vibration in the methyl and methylene groups linked 
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with N positive ions are also observed at around 1,440 cm-1.1 Interestingly, the adsorption assigned to ν 

(C=O) of the carbonyl in carbamido groups of GWPU at around 1650 cm-1 in ATR-FTIR spectra (Fig. 

S2b) is much stronger than that of corresponding sample in transmission FTIR spectra (Fig. S2a), which 

is attributed to migration of most EG12 onto these surfaces, resulting in the aggregation of carbamido 

groups on the surfaces. In addition, the hydrophilic carboxyl group of lysine and PEG in GWPU0 are able 

to migrate onto the film surfaces, leading to certain growth of carbamido group in ATR-FTIR spectra of 

GWPU0 (Fig. S2b). These results indicate that these GWPU samples have been successfully prepared. 

 

Samples for XPS analysis and contact-active antibacterial test: 

Samples were prepared through casting the emulsions (50 μl) onto cover glasses for XPS analysis and 

glass slides for contact-active antibacterial test (1.5×1.5 cm2) and drying. Then these samples were 

immersed in water at 37 oC for 60s, 1day and 7days, respectively. The water was replaced every 12 hours 

in the first day, then every 2 days in the following time. Samples were taken out at the set time and dried 

in vacuum oven.  
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Figure S3. The C 1s and N 1s XPS spectra of GWPU films at 30o takeoff angle 
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Table S2. Atomic percentages on the surfaces of GWPU films from XPS spectra at 30° takeoff angle. 

 

Samples 

Carbon components Nitrogen components Surface atomic percentages 

C=O 

(%) 

C-

C/C-H 

(%) 

C-O/ 

C-N 

(%) 

Urea 

N (%) 

Uret-

hane 

N(%) 

N+ (%) O (%) C (%) 
N 

(%) 
N+ (%) 

60s 

GWPU0 7.26 50.09 42.65 46.95 53.05 0.00 
22.86 

(21.36
a
) 

69.54 7.60 

0.00 

 (0.00
a
) 

GWPU20/GWP

U0-01 
7.41 51.85 40.74 51.72 40.52 7.76 19.27 71.73 9.00 

0.70 

(0.018
a
) 

GWPU20/GWP

U0-02 
7.84 50.75 41.42 60.71 28.57 10.71 18.12 72.83 9.06 

0.97 

(0.036
a
) 

GWPU20/GWP

U0-05 
5.41 52.10 42.48 61.40 25.12 13.49 17.53 73.09 9.37 

1.26  

(0.09
a
) 

GWPU20/GWP

U0-10 
5.56 55.62 38.09 66.67 16.67 16.67 17.73 72.63 9.64 

1.61  

(0.18
a
) 

GWPU20 5.77 56.46 37.77 61.46 11.85 26.70 
16.98 

(19.80
a
) 

74.80 8.22 

2.19  

(0.36
a
) 

GWPU100 5.61 58.84 35.55 59.81 7.7 32.49 
8.89 

(15.32a) 
81.58 9.53 

3.10 

 (1.38a) 

1d 

GWPU0 3.20 54.74 42.06 69.05 30.95 0.00 22.80 70.47 6.74 0.00 

GWPU20/GWP

U0-01 
2.78 60.49 36.73 66.33 26.02 7.65 20.52 71.44 8.04 0.62 

GWPU20/GWP

U0-02 
3.97 60.72 35.32 65.09 23.67 11.24 20.42 71.32 8.26 0.93 

GWPU20/GWP

U0-05 
2.89 61.33 35.79 71.79 14.65 13.55 20.12 71.49 8.38 1.14 

GWPU20/GWP

U0-10 
6.60 61.80 31.60 68.60 16.86 14.53 17.25 73.24 9.51 1.61 

GWPU20 4.78 62.50 32.72 67.48 14.11 18.40 16.89 74.27 8.83 1.63 

7d 

GWPU0 5.05 55.89 39.06 63.91 36.09 0.00 24.25 69.17 6.58 0.00 

GWPU20/GWP

U0-01 
6.21 58.76 35.03 72.75 19.63 7.62 22.31 69.59 8.11 0.62 

GWPU20/GWP

U0-02 
5.01 59.91 35.08 72.78 16.67 10.56 21.46 70.17 8.37 0.90 

GWPU20/GWP

U0-05 
5.75 60.41 33.83 68.57 18.29 13.14 17.23 73.91 8.86 1.16 

GWPU20/GWP

U0-10 
6.08 60.99 32.94 69.43 14.77 15.80 16.64 73.83 9.47 1.51 

GWPU20 4.22 61.33 34.44 68.28 14.20 17.52 14.73 76.75 8.51 1.49 

a: The theoretical atomic percentages in bulk 
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It can be observed that peaks at around 284.8, 286.0 and 287.8 eV (Fig. S3 - C1s) are attributed to the 

functional groups of C-C/C-H, C-O/C-N, and C=O respectively, and peaks at around 399.9 and 400.2 eV 

(Fig. S3 - N1s) are corresponding to the nitrogen in  NH-CO-NH and NH-CO-O groups respectively.R5,6 

The contents of C-C/C-H and C % on the upper surfaces of GWPU films escalate along with the increase 

of EG12 content (Table S2), even after 7d washing. The N1s peaks at binding energy around 402.4 eV 

originating from the quaternary ammonium nitrogen (N+) are also enhanced with EG12 content increasing 

in all GWPU films (Fig.S3-N1s,Table S1). On the other hand, the concentrations of N in urethane groups, 

C=O and O % on GWPU surfaces decreased as EG12 increased. The possible reasons is that hydrophobic 

long alkyl chain of EG12 gradually moves to the water-air interface, leading to the aggregation of N+ onto 

the film surfaces, simultaneously, the groups of C=O, N in urethane groups might be covered by long 

alkyl chain of EG12. These results show that surfactant EG12 could gradually move to the water-air 

interface and aggregating on the film surfaces in the film-forming process of waterborne polyurethane 

emulsions, as demonstrated by WCA, ATR-FTIR and XPS. Even though the contents of GQAS in these 

blends films are dramatically reduced, their surfaces retain good hydrophilicity, and antibacterial moieties 

GQAS could effortlessly migrate onto surfaces of these blends film with higher migration ratio (8.94-

38.89). Alternatively, after 1 day and 7 days of washing in water, the atom percentage of quaternary 

ammonium nitrogen (N+) on GWPU20 surface shows a significant reduction due to parts of GWPU 

dissolved in water. Fortunately, a minor reduction of N+ is merely observed on the blend films surfaces 

because insoluble cross-linked GWPU0 could anchor soluble GWPU. 

𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =
𝑁+ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑁+ 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑖𝑛 𝑏𝑢𝑙𝑘
 

The antibacterial and antifouling activity of the GWPU blend films: 

As shown in Table S3, it is more difficult to kill E. coli than S. aureus because it has an outer 

membrane. In our research, we found that the blend films containing more than 4.96 wt% EG12 have 

antifouling and antibacterial activity against both gram-positive and gram-negative bacteria. Thus, under 

the critical concentration (4.96 wt% EG12) for GWPU20/GWPU0-01 and GWPU20/GWPU0-02, it is not 
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stable for the blend films to kill E. coli or S. aureus, which possibly caused by heterogeneous charge 

density or charge distribution of these surfaces. 

Table S3. The numbers of live bacteria adhered to these GWPU and their blends films surface, and the 

antibacterial ratio of these film. 

 

Samples 

 

Weight ratio 

of EG12/WPU 

(%) 

E.coli (105 CFU/cm2) 

Killing 

efficiency of 

E.coli (%) 

S. aureus (105 

CFU/cm2) 

Killing 

efficiency of     

S. aureus (%) 

GWPU20/GWPU0-01 0.5 1.55±0.49 68.36 0.55±0.39 92.76 

GWPU20/GWPU0-02 0.99 1.75±0.71 64.28 0 99.99 

GWPU20/GWPU0-05 2.48 0.29±0.23 94.08 0 99.99 

GWPU20/GWPU0-10 4.96 0 99.99 0 99.99 

GWPU0 0 4.90±0.71 0 7.60±1.13 0 

GWPU20 9.91 0 99.99 0 99.99 

GWPU20-7d <9.91 0 99.99 0 99.99 

GWPU30 14.16 0 99.99 0 99.99 

GWPU50 21.81 0 99.99 0 99.99 

GWPU70 28.90 0 99.99 0 99.99 

 

 

Figure S4. Weight loss of GWPU films after washing in water. 
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After 1 day washing, the weight of GWPU films had no big changes in the subsequent washing. 
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