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S1. Experimental 
S1.1. Antiprotein adhesion assessments 

The protein adhesion assay was adapted from the protocol already reported by Yang 
et al. [35]. The Micro BCATM protein assay was used to measure the adsorption of BSA on 
the samples. BG, poly(U−ea), and poly(U−ea/sb) coating samples (2 cm × 2 cm) were first 
sterilized under UV light for 30 minutes and then equilibrated in sterilized PBS (pH = 7.4) 
for 2 hours, after which the samples were immersed in a protein solution at a concentra-
tion of 2 mg/mL. After incubation for 4 hours at 37°C, samples were gently washed 3 times 
with PBS (pH = 7.4) and then placed in 4 mL of PBS (pH = 7.4) containing 2 wt% sodium 
dodecyl sulphate (SDS) and sonicated in SDS solution for 30 minutes to remove BSA that 
did not adhere to the surface. Absorbance at 280 nm was obtained by measuring the ab-
sorbance at 280 nm using a UV/visible spectrophotometer. The concentration of BSA ad-
hering to the surface of the coating was obtained by measuring the absorbance at 280 nm 
using a UV/vis spectrophotometer. γ-globulin was tested similarly. 

S1.2. Antibacterial assessments 
The antibacterial performance of poly(U−ea/sb) coatings was evaluated using four 

typical bacteria: Gram-negative E. coli BW 25113 and V. alginolyticus ATCC 33,787 and 
Gram-positive S. aureus ATCC 25923 and Bacillus sp. MCCC 1B00342. The freezing stocks 
of bacterial strains were maintained at −80 ℃ in a 1:1 solution of Luria-Bertani (LB) broth: 
40% (v/v) glycerol. Prior to use in antibacterial tests, the bacterial strains (E. coli and S. 
aureus) were first cultured in fresh LB broth at 37 ℃ by shaking at 170 rpm for 20 h until 
the O.D.600nm of 1.8–2.0 was reached. Marine bacteria (V. alginolyticus and Bacillus sp.) were 
then incubated at 30°C. Then, BG, poly(U−ea), and poly(U−ea/sb) plates (2 cm × 2 cm) were 
cleaned by wiping with anhydrous ethyl alcohol, sterilized with ultraviolet radiation for 
30 min, and placed in plastic Petri dishes [36-37]. The suspensions of bacteria were diluted 
to ca. 105~106 CFU/mL in fresh LB broth [38-40] and determined using a hemocytometer 
(Shanghai Qiujing Biochemical Reagent Instrument Co. Ltd., China). Subsequently, BG, 
poly(U−ea), poly(U−ea/sb) plates were inoculated with 100 μL of diluted bacterial suspen-
sion and covered with plastic wraps. The bacterial strains were incubated at 37℃ for 24 h 
under static conditions. (Marine bacteria are then incubated at 30℃). Afterwards, the plas-
tic wraps were removed, and the plates were gently rinsed with 10 mL of sterile phos-
phate-buffered saline (PBS) to ensure that non-adhered bacteria were washed away. The 
antibacterial ratio (A. R.) of poly(U−ea/sb) coatings was quantified for the PBS rinse solu-
tion by counting the number of colonies present on the agar plate according to Eq. [4].  𝐴. 𝑅. =  𝑁 − 𝑁𝑁 × 100% (s1)

where A.R. is the antibacterial ratio of UBMPs (%), Ncontrol is the number of bacterial colo-
nies on BG plates (CFU/mL), and Nsample is the number of bacterial colonies on poly(U−ea) 
and poly(U−ea/sb) plates (CFU/mL). Each sample was measured three times to obtain the 
averaged value and standard deviations.  

To quantify the amount of surface-adhered bacteria, the washed BG, poly(U−ea), and 
poly(U−ea/sb) plates were examined by FE-SEM (Hitachi SU8010, Japan). The PBS-rinsed 
samples were fixed in 2.5% glutaraldehyde, dehydrated in various concentrations of eth-
anol, freeze-dried, and then sprayed with gold. The samples were freeze-dried and then 
gold sprayed. FE-SEM was used to observe the surface morphology of the coating and the 
adhesion of bacteria to the surface. 

S1.3 Algal biofouling assessments 
To evaluate the effects of poly(U−ea/sb) coatings on algae, algal growth and attach-

ment experiments were conducted. Algal cells N. closterium, P. tricornutum, and D. zhan-



jiangensis were grown in f/2 culture media, which were prepared in ASW at 22 ± 2 ℃ 
under a cycle of 12 h of fluorescent light and 12 h of dark. After 7 days of growth, the 
culture media containing algal cells were diluted with fresh culture media to give the test 
media concentrations of algal cells of 105−106/mL, which were used for the following algal 
attachment experiments. Similar to the antibacterial assessments, the sterilized BG, 
poly(U−ea), and poly(U−ea/sb) plates were immersed in a glass Petri dish containing 30 
mL of culture media inoculated with N. closterium cells. After immersing for 1 day and 7 
days, the concentrations of N. closterium cells were determined by counting the number of 
cells using a hemocytometer (Shanghai Qiujing Biochemical Reagent Instrument Co. Ltd., 
China), and optical photographs of the algal growth process were recorded. The same 
immersion process was applied to P. tricornutum and D. zhanjiangensis cells. After settling 
down, BG, poly(U−ea), and poly(U−ea/sb) plates were taken out from the test media and 
rinsed with 20 mL of sterile PBS to wash away any non-adhered algae. Subsequently, BG, 
poly(U−ea), and poly(U−ea/sb) plates were examined using a fluorescence microscope 
(Axio Imager A2, Zeiss, Germany), and the images of five random fields (40 × magnifica-
tion, 0.156 mm2/per field) were recorded for each sample. The algal coverage over BG, 
poly(U−ea), and poly(U−ea/sb) plates was determined by analyzing the fluorescence mi-
croscope images using the ImageJ software. All the results and standard deviations are 
based on three parallel experiments. 

S1.4. 1H-NMR testing of urushiol-based benzoxazine (U−ea) and urushiol (U) monomers 
To determine the structure of the synthesized urushiol-based benzoxazine monomer 

U−ea, 1H-NMR tests were performed on the monomer U−ea (using deuterated chloroform 
as solvent), as shown in Figure S1. In the 1H-NMR spectra of the urushiol-based benzoxa-
zine monomer (U−ea) and the urushiol (U), the solvent peak appeared at 7.28 ppm. Com-
pared to the urushiol monomer, the U−ea monomer showed a peak at 4.86 ppm for the 
nuclear magnetic vibrations of the hydrogen atom on the oxazine ring O–CH2–N and at 
4.00 ppm for the Ar−CH2−N. The 1H-NMR also indicated the hydroxyl proton attached to 
the methylol group –CH2O–H at 4.36 ppm. In addition, the multiple small peaks in the 
range of 3.48 ppm–4.25 ppm of the U−ea monomer spectrum may be due to the ring open-
ing of some of the monomers to form dimers or multimers. 

 
Figure S1. Quantitative analysis of the 1H-NMR spectra of U and U−ea. 

S2. Comparison of antifouling properties 
In the present study, we utilized the modifiable molecular structure of the natural 

product urushiol and the exceptional antibacterial properties of zwitterion groups to pro-
duce an environmentally friendly, hydrophilic, and bio-based antifouling coating. This 



coating is not only resistant to protein adsorption but also possesses antibacterial activity. 
In contrast, we found that only a limited number of antifouling coatings possess broad-
spectrum antibacterial properties as well as effective antialgal properties. Table S1 pre-
sents a comprehensive comparison between the antibacterial and algal suppression capa-
bilities of our coating and those of the referenced studies. 

 

Table S1. Comparison of the functional properties of our poly(U−ea/sb) antifouling coatings and 
other works. 

WCA（°） Typical polymers 

Tested Fouling Materials 

Reference Antibacterial Algal suppres-
sion Gram-positive Gram-nega-

tive 

37.6° Zwitterionic urushiol 
benzoxazine >99.99% >99.99% >99% This work 

× PDA/AlgCAP@CSn 79% 74% × [41] 

× Bio-based amphiphilic 
epoxy/AgNPs <60% <87% <99% [42] 

>79° Ag@TA-SiO 82.7% 99% <98% [43] 
>100° QAS-SiO2 91%~97% 54%~80% [44] 

~108° PMMA@CuO/CuO-
CTAB/ZnO 97%~99% 24%~38% [45] 

48.6° Ca2+-ISE@GO 53.1% × [46] 

83° Quaternary ammonium 
@GO 85% 90% 53%~84% [47] 

>60° PBABs@PTPB 81.1% 95.1% <92.8% [48] 
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