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Abstract 

Zwitterionic Amphiphilic Copolymers (ZACs) have shown promise in resisting attachment 

of oil emulsions, proteins, and organic biomolecules, suggesting their potential to prevent 

microbial adhesion as well. However, there is a lack of comprehensive studies exploring the role 

of ZACs in regulating cell deposition and subsequent biofilm formation on surfaces. Here, we 

fabricated ZAC coatings including poly-(trifluoroethyl methacrylate-random-sulfobetaine 

methacrylate) (PTFEMA-r-SBMA or PT:SBMA), poly(trifluoroethyl methacrylate-random-2-

methacryloyloxyethyl phosphorylcholine) (PTFEMA-r-MPC or PT:MPC), poly(methyl 

methacrylate-random-sulfobetaine methacrylate) (PMMA-r-SBMA or PM:SBMA), and 

poly(methyl methacrylate-random-2-methacryloyloxyethyl phosphorylcholine) (PMMA-r-MPC 

or PM:MPC). These coatings were assessed for their resistance to conditioning with organic 

molecules, attachment of Gram-positive, Bacillus subtilis TR11 (B. subtilis), and Gram-negative, 

Escherichia coli K12 (E. coli), bacteria, and subsequent biofilm formation. Surface 

characterizations highlighted the role of organic molecule conditioning from the media in altering 

the ZAC-coated surface properties, subsequently influencing bacterial deposition and biofilm 

growth. Cell deposition results revealed that all ZAC coatings displayed higher resistance to B. 

subtilis attachment compared to E.  coli, indicating that bacterial adhesion to the surfaces depends 

on the type of bacteria. Among the tested ZAC coatings, PT: SBMA demonstrated the highest 

potential for resisting adhesion by both types of bacterial cells, as well as exhibiting lower surface 

energy, and lower roughness after organic medium conditioning. These findings contribute to 

enhancing our fundamental understanding of how zwitterionic materials control biofouling.
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1. Introduction 

Bacterial cells are ubiquitous in nature, existing either as freely suspended planktonic cells or 

as biofilms that attach to surfaces.1–6 Biofilm formation presents substantial challenges across 

multiple industries, including membrane treatment processes,7–9 marine environments,6,10 and 

medical devices.5,11 Microbial biofilms are complex, three-dimensional communities of 

microorganisms that adhere to surfaces. Biofilm growth is initiated through the conditioning of 

surfaces with organic molecules from the growth medium or the environment, followed by the 

initial attachment of bacteria to the surface, and subsequent growth and proliferation of cells at the 

interfaces.12,13

To curtail the formation of biofilm on surfaces, many researchers have proposed that 

hydrophilic and neutrally charged surfaces could be used. Therefore, hydrophilic polymers such 

as zwitterionic polymers, poly (ethylene glycol) (PEG),14 poly (acrylamides),15 and 

poly(acrylates)16 have been used to coat surfaces. These polymers have also been shown to present 

antifouling performance. While the latter three polymers corroborated the hydration-induced 

antifouling principle via hydrogen bonding,15 such interactions between polymers and water 

molecules are relatively easy to break, which could impact their antifouling performance.17 On the 

other hand, the unique structures of zwitterionic materials have been suggested to make ideal 

candidates for producing anti-fouling surfaces.18,19 

Zwitterionic (ZI) polymers have a unique structure with equal numbers of cationic and 

anionic groups, resulting in charge neutrality and high hydrophilicity.20  Such characteristics have 

been proposed to make them highly suitable for combatting persistent fouling issues by effectively 

preventing the attachment of organic molecules, such as proteins to surfaces.15,16,21 The fouling 
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prevention mechanisms of ZI  polymers were attributed to the excellent hydration capabilities of 

the material via strong electrostatically driven hydration.22 Comparisons with unmodified 

membranes and ZI-coated membrane surfaces revealed better performance of the modified 

membranes by reducing membrane flux decay caused by foulant adsorption. These results suggest 

the potential of ZI polymers for membrane modifications.15,17,23 Furthermore, zwitterionic 

monomers can be copolymerized with various hydrophobic monomers to create copolymers 

known as Zwitterionic Amphiphilic Copolymers (ZACs), which can resist the fouling caused by 

different organic molecules including proteins, alginate, dyes, and oil emulsions.24–31  ZAC-based 

membranes exhibit some of the highest levels of organic fouling resistance in the literature, 

enabling the filtration of wastewaters with extremely high oil and organics content. Interestingly, 

even highly hydrophobic ZAC surfaces can offer significant resistance to protein adsorption, 

indicating more complex mechanisms of adsorption prevention.27 Though ZACs have been 

extensively studied for organic fouling resistance in the context of filtration membranes, research 

on their effectiveness in mitigating bio-fouling remains an unexplored research gap. Unlike 

organic fouling, which involves non-living materials like proteins and lipids, bio-fouling involves 

living organisms such as microorganisms and algae that grow and interact dynamically with 

surfaces, often influenced by organic matter.2,32,33 Thus, understanding the role of organic 

conditioning in bio-fouling is essential. 

This study aimed to investigate the interactions between different types of ZACs and various 

bacterial strains concerning biofilm formation. Four copolymers containing different combinations 

of hydrophobic monomers (2, 2, 2-trifluoroethyl methacrylate (TFEMA) or methyl methacrylate 

(MMA)) and hydrophilic zwitterionic monomers (sulfobetaine methacrylate (SBMA) or 

methacryloxyphosphorylcholine (MPC)) were synthesized, and their resistance to biofouling was 
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assessed with two commonly studied microorganisms, the Gram-positive B. subtilis, and the 

Gram-negative E. coli. In the experiments, the initial cell deposition kinetics, and the subsequent 

formation of biofilm on different ZAC coatings were quantified and compared. To shed light on 

the underlying mechanisms governing the behavior of microorganisms on different ZAC coatings, 

comprehensive surface characterizations were conducted both before and after conditioning the 

coated surfaces with the growth medium, which is rich in diverse organic molecules.

2. Materials and Methods 

2.1 Synthesis of zwitterionic copolymers 

According to the protocols that were described in our previous publications, 34  the free-

radical polymerization (FRP) method was used to synthesize four different types of zwitterionic 

amphiphilic copolymers (ZACs), combining one of two hydrophobic monomers, 2, 2, 2-

trifluoroethyl methacrylate (TFEMA, abbreviated in copolymer structures as PT), methyl 

methacrylate (MMA, abbreviated in copolymer structures as PM), with one of two zwitterionic 

monomers, sulfobetaine methacrylate (SBMA) or methacryloxyphosphorylcholine (MPC). Briefly, 

the monomers were dissolved in dimethyl sulfoxide (DMSO) or ethanol, depending on the specific 

combination of monomers, with the addition of lithium chloride (LiCl) to improve solubility. The 

free radical initiator azobisisobutyronitrile (AIBN) was added, and the mixture was purged with 

nitrogen gas for 20 minutes to remove dissolved oxygen. The reaction was conducted in a sealed 

round-bottom flask at 70°C for 20 hours in a heated oil bath under stirring. After polymerization, 

the copolymers were precipitated by transferring the reaction solution into a non-solvent mixture 

(e.g., ethanol/hexane (v:v=1:1) or tetrahydrofuran (THF)). The precipitated polymers were then 

cut into small pieces, washed thoroughly multiple times with ethanol or isopropanol, air-dried, and 
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further dried in a vacuum oven at 50°C for 20 hours. The final copolymer composition was 

characterized by 1H-NMR using DMSO-d6 with a small amount of LiCl as the solvent, using a 

delay time of 10 s. Detailed synthesis procedures are provided in Text S1 of the Supporting 

Information. Additional details, including chemical structures and ¹H NMR spectra of all ZACs 

used in this study, have been reported in our prior work.34 The four ZACs used in this study were 

poly(trifluoroethyl methacrylate-r-sulfobetaine methacrylate) (PT:SBMA, 36 wt.% SBMA), 

poly(trifluoroethyl methacrylate)-r-methacryloxyphosphorylcholine (PT:MPC, 34 wt.% MPC), 

poly(methyl methacrylate)-r-sulfobetaine methacrylate (PM:SBMA, 40 wt.% SBMA), and 

poly(methyl methacrylate)-r-methacryloxyphosphorylcholine (PM:MPC, 34 wt.% MPC).25,26,34,35 

2.2 Preparation of copolymer film 

To prepare ZAC coatings, glass slides were selected as substrates. Before the coating, the 

slides were cleaned with acetone, isopropyl alcohol, and ethanol sequentially to remove any other 

bio-contaminants. These selected ZACs were first dissolved in 2, 2, 2-trifluoroethanol (TFE) at 

50 °C to make a 3 wt. % solution. The copolymer solutions were filtered using a 0.45 μm syringe 

filter made of polytetrafluoroethylene (PTFE, Wheaton Co.) and degassed by heating to 50 °C in 

a sealed vial for 1 h until no visible gas bubbles were observed.34 After that, a 120 μL solution was 

spin-coated on the glass slides. The samples were spun at 500 rpm for 20 s, and then 2000 rpm for 

1 min. It should be noted that, prior to spin coating, the glass substrates were treated with UV/ozone 

for 10 minutes to enhance the adhesion of the zwitterionic amphiphilic copolymers onto their 

surfaces. The successful coating was determined using Attenuated Total Reflection Fourier-

transform Infrared Spectroscopy (ATR-FTIR, Digital lab FTS- 700) to obtain the IR spectrum of 

the glass slides before and after spin coating.34
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2.3 Characterization of copolymer coatings before and after organic conditioning 

To assess the impact of organic matter in the growth medium on the surface properties of 

ZAC coatings, glass surfaces and freshly prepared ZAC substrates were immersed in Tryptic Soy 

Broth (TSB) solutions for 72 hours. TSB is rich in nutrients such as peptides, salts, phosphates, 

and glucose and supports bacterial growth and biofilm formation. To differentiate the effects of 

the adsorption of the organic compounds in TSB versus the effects of swelling and polymer- salt 

interactions on the surface properties of ZAC coatings, an organic-free salt solution composed of 

5 g/L sodium chloride (NaCl) and 2.5 g/L dipotassium phosphate was also used to treat ZAC 

coatings for 72 hours for further comparison. After treatment, the coatings were gently rinsed first, 

and then dried using Kimwipes to remove any remaining saline solution. Various characterization 

techniques were then employed to examine the ZAC coatings before and after conditioning with 

the salt and TSB solution.

To investigate the effects of the adsorption of any organic matter from the growth medium 

on the surface hydrophilicity of ZAC coatings, air contact angle was measured using the captive 

air bubble method.34 In this experiment, wet ZAC coatings before and after 72 h of TSB and salt 

solution treatment were fixed on a holder, and placed upside down on the top part of a rectangular 

chamber prefilled with DI water.34 An air bubble of 5 μL was dispensed on the ZAC coating 

surfaces from below using a syringe with a bent U-shaped needle tip. The air-in-water contact 

angle was captured using a Data-physics OCA 15EC goniometer with a live camera. Five triplicate 

measurements at different spots on the substrates were taken, and the average contact angles and 

their standard deviations were reported.

Tapping mode atomic force microscopy (Innova AFM - Bruker) was performed to obtain the 

surface roughness of ZAC coatings before and after 72 h of TSB and salt solution treatment. The 
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coated slides were placed on a carbon disk before the measurement, and an area of 10 μm by 10 

μm was scanned for each sample at a scanning rate of 0.5 Hz. Triplicate measurements for each 

coating were taken, and the surface roughness was calculated based on the collected height images 

using the Nano-scope Analysis program, version 1.5.36 In addition, ATR-FTIR measurements were 

performed to confirm the adsorption of organic matter on ZAC coatings. IR spectra of TSB, and 

ZACs before and after TSB solution conditioning for 72 hours were obtained in an absorbance 

mode within the range of 650−4000 cm−1. A total of 96 scans at a resolution of 4 cm−1 were taken 

during the measurement.37

To investigate the effect of TSB solution on the surface charge of ZAC coatings, we employed 

dynamic light scattering (DLS) using a Zetasizer Nano instrument (Malvern Instruments Ltd.). 

The method for characterizing the surface zeta potential of both bare and ZAC-coated glass was 

based on detailed protocols outlined in the instrument manual38 and previous publications.36,37 

Initially, the substrates were fixed between two electrodes and fully immersed in 1 mL of diluted 

TSB solution, which contains solutes such as peptides, salts, glucose, and others. Instead of the 

conventional tracer solution containing polystyrene latex particles, the diluted TSB solution was 

used to better reflect real environmental conditions.37 However, due to the high ionic strength and 

complexity of the full-strength TSB medium, it was necessary to dilute the original concentrated 

TSB solution 100-fold in order to ensure compatibility with the instrument’s operational range. 

The diluted TSB solution had a pH of 6.70 and a measured zeta potential of -29.42 ± 1.93 mV. 

The mobility of the diluted TSB solution (used as the new 'tracer') was measured using the 

surface zeta potential cell kit at five distances from the substrate surface: 125, 250, 500, 750, and 

3000 μm. To adjust the measurement distance, the cap on the dip cell was turned counterclockwise 

in 1/4-turn increments, with each increment corresponding to a displacement of 125 μm. This 
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approach allowed precise control over the distance between the solutes in TSB and the substrate 

surface, ensuring accurate mobility measurements at each location. At distances closer to the 

surface (125, 250, 500, and 750 μm), electro-osmotic flow dominated the mobility of TSB solutes, 

and the mobility was observed to decrease linearly with increasing distance from the substrate. 

The apparent mobility at these distances was plotted, and the resulting trend line was extrapolated 

to zero displacement to determine the intercept, which represents the electro-osmotic contribution 

at the surface (with a correlation coefficient, R², greater than 0.95). To calculate the surface zeta 

potential, the zeta potential of the diluted TSB solution was measured at 3000 μm from the 

substrate. At this distance, any influence from electro-osmotic flow was negligible, ensuring an 

accurate reference point. The surface zeta potential of the substrate was then determined using the 

following formula:

Surface zeta potential = – intercept +  the zeta potential of TSB solution (at 3000 μm)

2.4 Characterization of bacterial surface properties 

To perform bacterial surface characterization, we performed Microbial Adhesion To 

Hydrocarbons (MATH) tests and zeta potential measurements.39 The two microorganisms studied 

were Escherichia coli K12, and Bacillus subtilis TR11.  Initially, both bacteria were grown in 

Tryptic Soy Agar (TSA) medium plates at a temperature of 30 0C for 24 h. The cells were 

inoculated in TSB media for 24 h for the MATH test and centrifuged for 15 min at 5000 rpm. 

Following centrifugation, the cells underwent two rounds of washing, each with 15 mL of 

Phosphate Buffer Saline (PBS). After the washing steps, the cells were re-suspended in TSB media, 

with their concentrations adjusted to either an optical density (OD600) of 1.0 or 0.5. These prepared 

cell suspensions were then divided into 4 mL aliquots, to which 1 mL of hydrocarbons, specifically 
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hexane and decane, were introduced. After this step, the cells were vigorously vortexed for 30 s. 

Then, the cells were allowed to rest for 30 min to facilitate phase separation. The MATH value 

was calculated from the change in the OD600 as follows:40 

MATH (%) = (OD600 after treatment) ×100/(OD600 before treatment), 

Hydrophilicity here is defined as the amount of total cells divided into the aqueous phase, and the 

portion of total cells segregated into the hydrocarbon phase is defined as hydrophobicity.41

The zeta charge of the microorganism was measured with the Zetasizer Nano-ZSP (Malvern 

Industry Ltd). The microorganism was grown until the late log phase, which took place in about 

7-8 h after initial inoculation of the microorganisms (OD600=0.6) and then centrifuged at 5000 rpm 

for 10 min. The cells were then re-suspended and adjusted to OD600=0.6 in PBS and their growth 

media (TSB for E.coli and B. subtilis). The zeta potentials were measured with the suspensions at 

room temperature. 

2.5 Cell deposition experiments 

 Cell deposition experiments were done to investigate the resistance of the different 

copolymer coatings in repelling or attracting the bacterial cells. The bacteria investigated included 

E. coli K12 and B. subtilis TR11. An isolated colony from a TSB plate grown overnight for each 

isolate was transferred to 20 mL of TSB medium, and triplicate samples were prepared from this 

enrichment. The samples were incubated for around 5-6 h at 30 ℃. After incubation, cells were 

washed three times with PBS by centrifugation at 10,000 rpm for 15 min and re-suspended in TSB 

media to 0.1 absorbance at OD600. 
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For cell adhesion experiments, 2 × 2 cm glass slides were coated by each ZAC by spin coating 

at 500 rpm for 20 s, and then 2000 rpm for 1 min. A “well” that would hold the bacterial solution 

during the cell deposition experiment was created using a single-side press-to-seal silicone tape 

(Sigma-Aldrich). The tape was cut into a hollow circular shape with a 20 mm diameter and 1.0 

mm thickness using scissors, and then adhered to the coated slide. A volume of 25 µL of the cell 

suspension was added to the well, which allowed the solution to remain in place while a square 

coverslip was placed on top to prevent drying during the experiment, as illustrated in Figure 1.

During the experiment, the substrates were observed under an optical microscope (Olympus 

BX53) at 40× magnification. The microscope was equipped with a monochrome camera (Olympus 

XM10 monochrome camera) to acquire images and record videos at up to 30 fps (frames per 

second) with images captured every 5 minutes to monitor the cell deposition rate (Figure S7). 

Briefly, in this experiment, both attached cells and suspended cells were visible under the 

microscope. However, the analysis specifically focused on cells that deposited on the surface over 

time. In this assay, images were captured every five minutes over a two hour-period to quantify 

the cells depositing on the surface over time. To quantify the number of cells adhering to the 

surface, the images were processed using ImageJ (release 1.46, imagej.nih.gov).42 It should be 

mentioned that the initial image was used as a baseline to account for the cell deposited background, 

and subsequent cell counts represented the increase in deposited cells over time. 43 For each coating, 

the experiment was performed in triplicate, and the accumulated cell numbers, along with their 

standard deviations, were reported.

Page 12 of 39

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Figure 1. Illustration of the procedure employed to prepare the samples for the real-time 
observation of cell deposition. 

2.6 Biofilm quantification experiments

For the biofilm experiments, glass slides were initially cut into 2 cm × 2 cm squares using a 

diamond pen and subsequently coated with ZAC polymers. These coated and non-coated 

substrates were then arranged in 6-well plates to assess the potential formation of biofilms by E. 

coli and B. subtilis on their surfaces.  To prepare the cells for the experiments, E. coli and B. subtilis 

were grown in TSB until the late log phase (OD600=0.6). Then, 1 mL of  E. coli and B. subtilis cell 

suspensions were individually added to 5 mL of TSB solution in the 6-well plates containing the 

glass slides. The E. coli and B. subtilis cells were grown for 24, 48, and 72 h in the wells. Bare and 

ZAC-coated glass slides were taken out of the 6-well plates and dried gently with Kimwipes by 

allowing the solution flow to one end of the slide in a horizontal position and rinsed with PBS 

buffer, followed by staining with LIVE/DEAD™ BacLight™ Bacterial Viability Kit (Thermo 

Fisher, Invitrogen) for microscopy imaging and quantitative assays. 

The staining included two dyes: Syto 9 dye (component A - green) detecting live cells at an 

emission range of 485-498 nm and Propidium iodide (component B – Texas red) detecting dead 
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cells at an emission range of 535-617 nm. After initially washing the glass slides with PBS, 3µL 

of each of the dyes was added to 1mL of Hank's Balanced Salt Solution (HBSS) in a separate 

amber tube and mixed thoroughly before adding to the glass slide. From the tube, 30µL of the 

solution was added to the glass slide and incubated at room temperature in the dark for 30 min. 

Then, the glass slides were gently dipped and washed with 1× HBSS and proceeded for imaging. 

The images of the biofilms on the slides were obtained by confocal laser scanning microscopy 

(CLSM) using the Leica DM 2500 Microscope. Measurements were determined under a 10× 

objective at 0.30 numerical aperture. Five image stacks, each containing five optically sectioned 

images (512- by 512-pixel tagged image file format) per strain were collected at random. Z-stacks 

were taken at 1 µm increments from the surface (the first plane in which bacteria were identified), 

and hence the distance from the surface was equivalent to the biofilm thickness. COMSTAT 

(www.imageanalysis.dk) software was used to analyze the acquired Z-stack images to determine 

the biomass and average thickness calculations of the biofilms (Heydorn et al. 2000). Similarly, 

triplicate analysis was done for each sample at each time period investigated.

3. Results and discussion 

3.1  Characterization of ZAC coatings before and after conditioning with organic molecules 

We studied the biofouling behavior of four different ZACs, each combining one of two 

hydrophobic monomers (TFEMA, termed PT; or MMA, termed PM) with one of two zwitterionic 

monomers (SBMA; or MPC) (Figure 2). According to the 1H-NMR characterization reported in 

our previous publication, which studied the scaling behavior of the same set of ZACs, all four 

ZACs exhibited similar hydrophobic-to-zwitterionic monomer ratios by mass, with zwitterionic 

monomer contents ranging from 34 wt% to 40 wt%. 34 This ratio has been previously demonstrated 
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to be effective in forming membrane selective layers highly resistant to organic fouling by proteins, 

oils, and other organic matter, while maintaining insolubility in water.25,26,29 Due to fluorination, 

PT is more hydrophobic than PM, but also contains more polar bonds. PT-based ZACs have been 

extensively used in previous work to create both highly fouling-resistant membranes25,26,29 and 

hydrophobic yet fouling resistant materials. PM-based ZACs also form successful fouling-resistant 

membranes and surfaces,26 and can also work as surface-segregating additives for fouling-resistant 

membranes28. In a study of PT-based ZAC membranes, SBMA and MPC both created highly 

fouling-resistant surfaces, though MPC-based copolymers exhibited higher hydrophilicity28. 

However, SBMA- and MPC-based surfaces also show differing scaling propensity,34 which 

implies different surface-particle interactions. As such, it is valuable to study the effect of the 

chemical nature of each component of a ZAC on biofilm formation. XPS survey scans (Figure 

S11, Table S4) confirmed the presence of sulfonate (SBMA) and phosphate (MPC) groups on 

ZAC coatings surfaces, with similar S2p (1.4%) and P2p (2.0%) atomic ratios. These comparable 

functional group levels further suggest that differences in biofouling resistance stem from the 

intrinsic properties of the zwitterionic groups.
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Figure 2. Chemical structures of the four ZACs used in this study

Organic matter from the growth media could interfere with the ZAC coating properties by 

creating a conditioning film that could facilitate cell deposition and biofilm formation. Exposure 

to water and salts can also cause significant morphological changes in zwitterionic amphiphilic 

films.44 However, the films examined in this study remained stable when exposed to water, 

organic-free saline solutions, and even organic-rich media, as confirmed by AFM (Figures S1, S2, 

S8), captive air contact angle (Figures 3, and S9), FTIR (Figure S10) measurements. The effect 

of exposure to either an organic-free saline solution or to organic matter on the surfaces was 

observed by determining the changes in the captive air contact angle, surface roughness, and 

surface zeta potential. Before exposure to either solution, the captive air bubble contact angles 

(Figure 3) of ZAC coatings containing the MPC monomer (i.e., PT:MPC, PM:MPC) were lower 

than those coatings containing the SBMA monomer (i.e., PT:SBMA, PM:SBMA), which indicated 

that the phosphorylcholine (MPC) was more hydrophilic than the sulfobetaine (SBMA). This is in 

accordance with the findings in our prior study, where such a difference was attributed to lower 

charge density between cation and anion moieties of MPC compared to those of SBMA.25,34 

To distinguish the impact of exposure to an aqueous salt solution on surface properties, the 

captive air contact angle of ZACs coatings after salt conditioning were characterized. ZAC-coated 

samples were immersed in an organic-free salt solution that serves as the background of the broth 

used in biofouling experiments (5 g/L NaCl and 2.5 g/L K2HPO4) for 72 hours. It was found that 

captive air contact angle values for PM:SBMA and PM:MPC also increased after salt conditioning 

compared to before conditioning. This suggests that copolymers containing MMA units may swell 

more readily in the presence of salt, thus affecting their surface hydrophilicity. Among these 

copolymers, the salt conditioning have more influence on PM:SBMA coatings than PM:MPC 
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coatings. This finding is consistent with our previous study, which showed that PM:SBMA is more 

prone to conformational changes in the presence of 100 mM NaCl  solution.25,34

To study the effects of exposure to organic media, ZAC-coated samples were conditioned in 

TSB, a nutritional medium rich in organic matter (e.g. peptides, glucose) in saline used in 

biofouling experiments, for 72 hours. The captive air bubble contact angle values of PT:SBMA 

and PT:MPC showed no significant statistical difference compared to before conditioning (Figure 

3). In contrast, captive air bubble contact angle values of PM:SBMA and PM:MPC increased by 

~5o after conditioning, a statistically significant change (ANOVA statistical analysis was 

performed comparing the ZAC polymers wherein:  p <0.05), indicating that their surfaces became 

less hydrophilic after TSB treatment. However, it is worth noting that these contact angles were 

similar to or lower than the contact angles obtained upon exposure to salt solutions without the 

organics. This implies that, while surface changes occurred, they are at least not exclusively 

associated with organics adsorption.
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Figure 3. Captive air bubble measurement results for different ZAC coatings before and after 

conditioning in a mixture of 5 g/L NaCl and 2.5 g/L K₂HPO₄, and TSB media, for 72 hours. Error 
bars represent standard deviations of five replicates for each condition. ANOVA statistical analysis 
was performed to compare the ZAC polymers, where asterisks (*) indicate statistically significant 
differences (p < 0.05). 

Surface hydrophilicity can be affected by surface roughness and surface charge at the 

molecular level. The roughness of various ZAC coatings was measured using AFM scanning and 

the results are presented in Figure 4 and Figures S1-S2. Prior conditioning, the surface roughness 

of PT:SBMA shows a little bit higher than those PT:MPC, whereas the surface of PM:SBMA 

coating was rougher than that of PM:MPC. After 72 hours of conditioning in a salt solution, the 

surface roughness of all copolymer coatings except PM:MPC significantly increased compared to 

their pre-conditioning state, while PM:MPC’s surface roughness remained unchanged. These 
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changes indicate that the salt solution in the media tends to produce rougher surfaces except in the 

case of PM:MPC. This effect is likely due to the swelling and de-swelling of the copolymer 

coatings in the salt solution, which alters their surface morphology (Figure S1 and 2).44  In contrast, 

after 72 hours of conditioning in the TSB solution, the surface roughness of PT:SBMA, and 

PM:SBMA decreases. Meanwhile, PT:MPC, and PM:MPC show an increase in surface roughness 

after 72 hours of TSB conditioning compared to their pre-conditioning state. The relative rougher 

surfaces on PM:SBMA, and PM:MPC after TSB conditioning could be responsible for the 

observed changes in their surface hydrophilicity. Notably, prior to conditioning, all examined ZAC 

coatings had a film thickness of approximately 200 nm, with no significant differences among the 

copolymer coatings, except for PT: SBMA, as confirmed by our prior AFM measurements.34 

Following salt and TSB conditioning, the maximum value of surface roughness can only reach 50 

nm (Figure 4), which is still substantially smaller than the overall film thickness. This indicates 

that the changes in surface roughness are independent of the total film thickness and are unlikely 

to compromise the structural integrity or performance of the coatings.
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Figure 4. Surface roughness (root mean square, Rq) of different ZAC coatings after conditioning 

in TSB medium and a mixture of 5 g/L NaCl and 2.5 g/L K₂HPO₄ salt solutions for 72 hours. 
Representative AFM images are provided in the Supporting Information (Figures S1 and S2). Error 
bars represent standard deviations from measurements at three different locations per coating, both 
before and after conditioning. Statistically significant differences between ZAC polymers, 
determined by ANOVA, are indicated by asterisks (p < 0.05). 

Besides the surface roughness, the surface zeta potential of PT:MPC, PM:SBMA, and 

PM:MPC measured in the TSB medium was also investigated (Figure 5). To better analyze the 

effect of organic matter from the TSB medium on the surface charge of the ZAC coatings, the zeta 

potential values of ZAC coatings measured in 10mM NaCl solution from our previous publications 

were used as a comparison.34 The surface zeta potential measurements in various solution 

environments consistently show negative values. These polymers are chemically neutral because 

they lack weak acidic or basic groups in their structures. However, various zwitterionic groups, 

especially sulfobetaines, have been shown to exhibit negative zeta potentials over a broad pH range. 
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This is believed to arise from the adsorption of salt ions due to interactions with zwitterionic groups, 

with stronger zwitterion-anion interactions resulting in an apparent net charge.45,46 All four ZAC 

coatings exhibited similar zeta potentials, within error margin of each other. The surface zeta 

potential values for the ZAC coatings did not display any significant statistical difference upon 

immersion in TSB, which implied that organic media does not measurably change surface charge. 
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Figure 5. Surface zeta potential measurement results of different ZAC coatings measured in the 
TSB media and 10 mM NaCl (from our previous publication34). The error bars correspond to 
standard deviations of different time runs for each ZAC coating. Due to the limitations of the 
instrument's operational range for measuring surface zeta potential, a 100-fold dilution of the 
initially prepared TSB solution was employed to assess surface zeta potential. All these 
measurements were performed at room temperature. The error bars represent the standard 
deviation of three replicates.

To examine interactions between ZAC coatings and organic matters from TSB, ATR-FTIR 

spectra were collected for all ZAC coatings before and after conditioning at different time periods. 
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As shown in Figure S3, prior to conditioning, peaks were observed at 1036 and 1201 cm⁻¹, 
corresponding to the sulfobetaine moieties in PT:SBMA (Figure S3A) and PM:SBMA (Figure 

S3B), respectively. Similarly, peaks at 1086 and 1235 cm⁻¹ were noted for the phosphonate 

moieties in PT:MPC (Figure S3A) and PM:MPC (Figure S3B), respectively, confirming 

successful ZAC coating. After 72 hours of TSB conditioning, it was observed a peak at ~1640 

cm⁻¹, typically associated with water. This is consistent with water absorption into the ZAC 

materials. No other clear new peaks that would document significant adsorption of organic 

molecules in TSB were observed (Figure S3). However, prior AFM and contact angle 

measurements have shown that TSB conditioning does affect the surface morphology and 

hydrophilicity, especially for PM:SBMA and PM:MPC coatings. If any organic adsorption is 

occurring, it is probably below the detection threshold of the instrument.

3.2 Characterizations of bacterial surface properties 

To understand the interactions between different bacterial cells and ZAC-coated substrates, 

E. coli and B. subtilis grown on TSB medium were investigated. As shown in Figure 6A, the 

affinity of different bacterial strains towards hexane and decane was compared. The results showed 

that E. coli exhibited similar affinity (85%) toward hexane and decane, while B. subtilis exhibited 

less affinity (70%) toward decane compared to hexane, which suggests that B. subtilis cell surface 

is less favorable for interacting with decane molecules compared to hexane. Several studies 

previously found that bacteria tend to differ from each other based on their hydrophilicity and 

surface charge properties under different solution chemistries.47,48 The interactions between B. 

subtilis and decane were found to be smaller, suggesting a lower affinity towards non-polar 

solvents compared to E. coli. Thus, as a Gram-positive bacterium, B. subtilis demonstrated less 

hydrophobicity in comparison to E. coli.  The results of this study align with those of a previous 
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investigation into the hydrophobicity profile of E. coli K12 strains, and B. subtilis as shown in 

Table S3.39 Moreover, Gram-negative E. coli is typically less vulnerable to organic solvents 

compared to Gram-positive B. subtilis due to their robust outer membrane, which serves as a 

formidable permeability barrier. In Gram-negative bacteria like E. coli, the presence of an outer 

membrane notably enhances the hydrophobicity of the cell surface.49–51 

The average zeta potential of E. coli, a Gram-negative bacterium, was -14 mV in TSB medium 

and -20 mV in PBS. Conversely, the Gram-positive bacteria, B. subtilis, exhibited lower zeta-

potential values. The results showed that B. subtilis had a zeta potential of -5 mV in TSB and -10 

mV in PBS, as depicted in Figure 6B. The dissimilarity in surface charge between Gram-negative 

and Gram-positive bacteria can be attributed to the presence of an extra layer of negatively charged 

lipopolysaccharide in Gram-negative bacteria, which aligns with the findings of M. Arakha et al.52 

Their study also demonstrated that the surface charge of bacteria can be influenced by the presence 

of organic molecules in the growth media. The presence of organic molecules in TSB reduced the 

negativity of the zeta potential results.
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Figure 6. (A) Percentage of cell hydrophilicity of E. coli and B. subtilis in hexane and decane, 

ANOVA statistical analysis was performed wherein: F value: 115.02, p-value: 4.50x10-79 (B) Zeta 

potential measurements of different bacteria measured in the TSB medium and PBS. ANOVA 

statistical analysis was performed wherein: F value: 402.86, p-value: 1.52 x 10-38.  The error bars 

correspond to standard deviations from E.coli and B. subtilis samples. Both of the results were 

statistically significant at 0.05 level. 

3.3 The roles of surface properties of ZAC coatings in controlling cell deposition/attachment 

Biofouling occurs as a series of interconnected events, starting with the deposition and 

attachment of cells, followed by their subsequent growth and proliferation, ultimately resulting in 

the formation of a biofilm. Therefore, to understand the cell adhesion/attachment behavior 

concerning different types of ZAC coatings, the cell deposition rate of B. subtilis and E. coli onto 

bare and ZAC-coated glass slides were quantified as shown in Figure 6A-B, and Figure S4, 

respectively.  By continuously monitoring the entire cell deposition process at 5-minute intervals 

over a span of 2 h, it was observed that the number of B. subtilis cells deposited on ZAC coatings 

(except for PT:MPC) initially increased but eventually reached a plateau after 100 min (Figure 

7A). In contrast, the number of E. coli cells exhibited a consistent upward trend on all ZAC 

coatings throughout the same time period (Figure 7B). Interestingly, B. subtilis cell deposition on 

ZAC-coated surfaces was found to be lower than E. coli cell deposition after the whole cell 

deposition experiment  (Figure 7C). Additionally, among all ZAC coatings, PT:SBMA exhibited 

the lowest number of B. subtilis and E. coli cell depositions (Figures 7 , and S4), implying that 

PT:SBMA surfaces have the highest potential for resisting cell attachment. 
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Figure 7. Quantification of cell deposition behavior of (A) B. subtilis, and (B) E. coli on different 
ZAC-coated surfaces throughout 2 h. (C) ANOVA analysis of cell deposition of B. subtilis, and E. 

coli across different substrates at the end of cell deposition process (150 min), where * represents 
statistically significant (p<0.001). Both cells were grown in TSB media and washed with PBS 
buffer. It should be noted that the accumulation of cells deposited was based on additional cells 
attaching to the surface by subtracting the background of cells on the first image. The images of 
the sequential cell deposition are presented in the supporting information (Figure S4). The error 
bars correspond to the standard deviations of three replicates for each type of ZAC coating. All 
cell deposition experiments were performed at room temperature and in PBS
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To uncover the underlying mechanisms governing cell attachment on ZAC coatings, we 

examined the surface hydrophobicity of both cells and materials, along with their associated 

surface tension parameters. As previously mentioned, both E. coli and B. subtilis strains exhibited 

distinct hydrophobicity characteristics, with B. subtilis displaying lower hydrophobicity than E. 

coli. It should be mentioned that all ZAC coatings exhibited water contact angles greater than 90 

degrees in the dried state, indicating their hydrophobic nature in our previous publication.34 

Therefore, it can be inferred that the initial attachment rate of B. subtilis, being less hydrophobic, 

should be smaller compared to E. coli on the hydrophobic surfaces. 

 In Figure 3, all ZAC coatings presented relatively low captive air contact angles when they 

were measured under hydration. This is because, in aqueous environment, the polymer surface 

undergoes local rearrangement of side groups to expose hydrophilic groups, thus creating 

hydrophilic surfaces.53 However, it was found that after the conditioning with organic molecules 

from the growth medium, there was a reduction in the surface hydrophilicity for PM:SBMA and 

PM:MPC, however, this change did not occur with the PT:SBMA and PT:MPC coated surfaces. 

The organic molecule conditioning of the surface was responsible for enhancing the cell 

attachment on PM:SBMA and PM:MPC coating surfaces (Figure 6A-B). 

In addition, it has been reported that the lower surface energy typically correlates with 

increased hydrophobicity, which is known to reduce fouling. According our prior finding, the 

surface energy of PT:SBMA and PT:MPC was lower than those of PM:SBMA and PM:MPC, 

PT:SBMA with the lowest surface energy among all four coatings (Table S2). The lower surface 

energy and increased hydrophobicity of PT:SBMA and PT:MPC coatings may explain their higher 

resistance to organic fouling and subsequent cell attachment.34 However, it is important to note 

that surface energy was determined from contact angle measurements taken in air, not in 
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environments such as TSB media or water, where surface energy is likely higher. Additionally, 

hydrophobicity alone is a poor predictor of protein and heterogeneous macromolecular adsorption 

on chemically heterogeneous surfaces. Research suggests that adsorption is primarily influenced 

by the local interaction energy between foulants and surface domains and is inhibited when the 

length scale of foulant anchoring sites exceeds that of the surface domains.30 Therefore, further 

investigation is still needed to fully understand these mechanisms in the future.

 Derjaguin, Landau, Vervey, and Overbeek (DLVO) model was also used to predict the 

mutual interactions among ZAC coatings, microbes, and growth medium. DLVO is a basic model 

for characterizing the initial adherence of bacteria to particles in suspension,48 and it has been 

modified for cell adhesion prediction with the extended DLVO theory (x-DLVO), which considers 

the interaction of repulsion caused by electrostatic charges and the attraction of Van der Waals 

forces between colloidal particles.54
 More details relevant to the model can be found in previous 

publications.55 By referencing previously reported surface tension components of both 

microorganisms and TSB growth medium (Table S1-S2),56,57,58 the total interfacial energy among 

the microbes, TSB media, and ZAC coatings was calculated as shown in Figure 8A-B. 

As depicted In Figure 8A, the total free energy of interaction (ΔGmlc
T) between B. subtilis 

and various coatings (i.e., PT:SBMA, PT:MPC, PM:SBMA, and PM:MPC) tended towards neutral 

or positive values. This indicates an unfavorable adsorption of B. subtilis onto ZAC coatings. It's 

widely recognized that the more negative the total interaction energy, the more favorable the cell 

adhesion.59–62 The total interaction energies for B. subtilis-ZAC coatings (Figure 8A) were higher 

(less negative) compared to those of B. subtilis-Glass (-11.9 mJ/m2). This elucidates why fewer B. 

subtilis cells were adsorbed onto ZAC coatings compared to glass surfaces, as illustrated in Figure 

7A. In contrast, the total interaction energies for all four ZAC coatings with E. coli were negative, 
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suggesting attraction between E. coli and ZAC coatings (Figure 8B). Furthermore, these total 

interaction energies for E. coli were notably more negative than those for B. subtilis. This 

discrepancy can elucidate why the deposition number of  E. coli cells was significantly higher than 

that of B. subtilis (Figure 7C).   

It's worth noting that for both types of cells, the total interaction energy for PT:MPC was 

higher (less negative) compared to that of PT:SBMA. This suggests that fewer cells would be 

expected to deposit on PT:MPC coatings than on PT:SBMA. Interestingly, it was observed that 

PT:SBMA exhibited the lowest number of B. subtilis and E. coli cell depositions.  Such observed 

fouling behaviors with the ZAC coatings were inconsistent with the x-DLVO prediction values. 

Hence, it seems that the total interaction energy calculated solely based on x-DLVO theory might 

not adequately explain the true cell adhesion phenomenon. Based on our previous study, this could 

be attributed to significant variations on surface chemistry (such as charge density) or morphology 

(such as roughness).34 These factors can influence surface energy distribution and subsequently 

cell adhesion.
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Figure 8. Total free energy of interaction (ΔGmlc
T) and its components (Van der Waals interaction- 

ΔGmlc
Lw , Lewis acid base -ΔGmlc

AB ) among the bacteria, coatings, and TSB media which were 
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calculated based on the DLVO prediction model for (A) B. subtilis, and (B) E. coli. From 

thermodynamic prediction point of view, the adhesion of bacterial cells is favorable only when the 

total energy of interaction is negative. The interaction energy values are applicable at the closest 

proximity of approximation (0.157 nm), which can be interpreted as the distance between the outer 

electron shells (van der Waals boundaries) of adjacent non-covalently interacting molecules. 

Surface roughness plays a significant role in providing favorable sites for colonization, as 

rough surfaces have larger surface areas and depressions that facilitate attachment.63,64 The 

changes observed in the surface roughness of ZAC coatings after conditioning with organic 

molecules indicate that the organic matter from the media solution tends to cause rougher surfaces 

on the coatings, except for PT:SBMA (Figure 4), thus, in turn, facilitating the cell attachment on 

the surface. Notably, due to B. subtilis having a lower surface charge (approaching neutral, Figure 

6B), the surface charge presented a greater impact on B. subtilis compared to E. coli. Consequently, 

it may have restricted cell transport and even hindered the growth of biofilms in the case of B. 

subtilis.

3.4. Effects of organic conditioning ZAC coatings on the formation of biofilm 

In addition to the cell deposition experiment, the biofilm layer resulting from the attachment, 

growth, and proliferation of E. coli and B. subtilis cells on various types of ZAC coatings was 

analyzed using CLSM. The biofilms were characterized by quantifying the total biomass 

deposition, biofilm thickness, roughness coefficient, and percentage cell death after 72 hours, as 

depicted in Figure 9, and Figure S5. The combined biomass (Figure 9A), and biofilm thickness 

(Figure S5A) of B. subtilis on all ZAC-coated surfaces were observed to be lower than those on 

uncoated glass slides. Conversely, the total biomass (Figure 9B) and biofilm thickness (Figure 

S5B) of E. coli did not show any statistically significant differences between bare glass surfaces 

and four ZAC-coated surfaces. Notably, B. subtilis biofilm resulted in reduced biomass and biofilm 
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thickness on all four ZAC-coated surfaces compared to E. coli; though there was no significant 

difference among different ZAC coatings. The biofilm quantification results further confirmed that 

ZAC coatings showed better resistance to the biofilm formation caused by B. subtilis than by E. 

coli. This is consistent with the previous quantification results of cell attachment where ZAC 

coatings were less favorable for the cell attachment of B. subtilis than E. coli. Similar findings 

were observed when analyzing the percentage of cell death.  The percentage of cell death for B. 

subtilis (Figure 9C) showed no significant differences between bare glass slides and the four ZAC-

coated surfaces. However, for E. coli (Figure 9D), the percentage of cell death on bare glass slides 

was lower compared to the ZAC-coated surfaces. This suggests that the chemistry of the ZAC-

coated surfaces enhances detachment-induced cell death in E. coli more effectively than in B. 

subtilis. This difference is likely attributable to variations in the cell membrane structure between 

the two bacterial species.65–67 Further investigation into this phenomenon is warranted but falls 

outside the scope of the current study.

(A) (B) 

Page 30 of 39

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



(C) (D)

Figure 9. CLSM results related to total biomass and average thickness for bare and ZAC-coated 
glass for B. subtilis (A, and C), and E. coli (B, and D) at room temperature. The standard deviations 
are represented in the graph as error bars.

To establish a stronger connection between biofilm formation and cell attachment on various 

ZAC coatings, the bacterial deposition kinetics of both B. subtilis and E.coli were quantified by 

calculating the bacterial transfer rate coefficient.39 More calculation details can be found in the 

supporting information (Text S2). As shown in Figure S6, the cell deposition kinetics of both 

microorganisms on various ZAC coatings exhibited a similar pattern, with the only distinction 

being the lower initial attachment rate for B. subtilis (Figure S6A) compared to E. coli (Figure 

S6B). However, with time, both microorganisms reached a saturated phase in which the number 

of attached cells became stabilized, and no further attachment occurred. These model calculations 

have two significant implications: Firstly, the calculated difference in the initial attachment rate 

aligns with the experimental findings in the cell deposition experiments. Secondly, the limited 

kinetics of cell attachment over time ultimately hinder the formation of biofilm on all ZAC coating 

surfaces, resulting in negligible differences in biofilm quantification among the different ZAC 

coatings. Nevertheless, when compared to glass slides, it was evident that ZACs exhibited superior 

effectiveness in inhibiting attachment of B. subtilis cells, and thereby enhancing resistance against 
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biofilm formation. In contrast, all ZAC coatings, except PT: SBMA, facilitated the deposition of 

E. coli cells, promoting biofilm formation. Among the ZAC coatings tested, PT: SBMA coating 

displayed the highest potential for resisting biomolecule conditioning, leading to unfavorable cell 

attachment and further biofilm formation. 

5. Conclusions 

In this study, zwitterionic amphiphilic copolymers were synthesized using different 

zwitterion monomers (i.e. SBMA, and MPC) and hydrophobic monomers (i.e. TFEMA, and 

MMA). Exposure of ZAC coatings to the growth media led to changes in surface roughness and 

contact angle, which influenced cell attachment and biofilm formation. Bacterial cell deposition 

(i.e., B. subtilis, and E. coli), and biofouling experiments on various ZAC coatings revealed that 

both types of bacteria showed a tendency to deposit on the coatings. However, it was observed that 

all ZAC coatings exhibited higher resistance to the attachment of B. subtilis compared to E. coli, 

which consequently hindered the formation of biofilms on the coated surfaces. This can be 

attributed to the decreased hydrophilicity of B. subtilis. Conditioning with PM:SBMA and 

PM:MPC resulted in reduced hydrophilicity, making it easier for bacteria to adhere. Among the 

tested ZAC coatings, PT:SBMA demonstrated the highest potential for resisting cell attachment, 

likely due to its lower surface roughness after conditioning with TSB. In summary, the deposition 

rate of cells varied depending on the type of bacteria and the type of ZAC coating. Therefore, to 

design anti-biofouling coatings, the selection of ZAC coatings should consider the type of bacterial 

strains and their anti-fouling mechanisms. 
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Supporting information

The Supporting Information includes the materials, ZAC synthesis protocols, Definition of the 

bacterial deposition kinetics, Derjagiun-Landau-Verwey-Overbeek (DLVO) model, and biofilm 

quantification results.
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