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1 Introduction 

 

Bacterial adhesion and subsequent biofilm formation lead to serious problems in many areas, 

including sanitary items1, food industry2, marine constructions3,4, and medical devices5,6. In 

particular, biofilm-induced infections in indwelling medical devices have been responsible for 

high mortality around the world, which warrants further investigation7,8. The biofilm formation is 

a multi-step process. Numerous biomolecules (mainly consisting of protein and polysaccharide) 

usually predominate the surface prior to bacterial adhesion and form a so-called “conditioning 

film”. Planktonic bacteria then transport onto a solid surface and perform a reversible attachment 

through gravitational force, van der Waals force, electrostatic attraction, and hydrophobic 

interaction9,10. Subsequently, molecular and/or cellular interaction at the proximity of bacterial 

cell and the solid surface turn the bacterial adhesion into the irreversible stage11,12. In this process, 

bacterial surface proteins play significant roles13-15. With time extension, bacterial cells 

accumulate on the primary adhered cells, and a multicellular biofilm was consequently formed. 

Bacterial cell-cell connections occur in the biofilm, which was established mainly through 

protein-based binding16 as well as the secretion of extracellular polysaccharide (EPS)17-19. It is 

reported that the ability to construct and maintain a structural multicellular biofilm depends 

critically on the production of EPS19, but the adhesion strength on the material surface is 

determined by the primary-adhered bacteria20. 

To effectively solve the biofilm-associated problems, it is necessary to prevent the protein-

surface interaction during the primary adhesion of bacteria. For reducing protein adsorption on 

materials surfaces, various materials which have an ability of anti-protein adsorption, are applied. 

Among them, 2-methacryloyloxyethyl phosphorylcholine (MPC) copolymers are known to have 

outstanding performance21, and the bacterial anti-adhesiveness of the modified MPC copolymer 

surface has been demonstrated22-26. Moreover, it was reported that not only the surface properties 

but also mechanical properties control the prokaryotic and eukaryotic cell behaviors27-30. Kolewe 

et al. reported that stiffer polyethylene glycol (PEG) hydrogel was more likely to attract bacterial 

adhesion31,32. However, a sub mm-sized hydrogel is not a suitable material for surface 
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modification on a medical device, like the inner wall of a thin catheter. Considering the 

applications in medical devices, we focused on the effects of the mechanical properties of the nm-

sized polymer coating thin-film on the bacterial adhesion. 

This research looked into the antibacterial property of phospholipid copolymer consisted of 

MPC, 3-methacryloxypropyl trimethoxysilane (MPTMSi) and 3-(methacryloyloxy) propyl-

tris(trimethylsilyloxy) silane (MPTSSi), this copolymer was denoted as PMMMSi in the 

following. Physical properties of PMMMSi thin-films and their influences on bacterial adhesion 

was investigated as the first part of this research. Bacterial adhesion behavior (strength) on the 

PMMMSi thin-films was studied using a customer-designed microfluidic chip. Effects of protein 

condition film on bacteria adhesion was simulated by fibrinogen (Fg) adsorption layer. Finally, 

in order to improve the antibacterial properties, antimicrobial peptide was introduced onto the 

PMMMSi thin-film which enabled the surface to kill the approaching bacteria and release their 

corpse. 

 

 

2 Influence of Mechanical Properties of Crosslinked Phospholipid Copolymer Thin-

Films on Bacterial Anti-Adhesiveness 

 

PMMMSi was synthesized through free radical polymerization using α,α′-

Azobisisobutyronitrile (AIBN) as initiator. Bacterial anti-adhesiveness of PMMMSi thin-film 

was investigated. The MPC unit is the main antibiofouling content, the MPTMSi unit with silane 

coupling sites covalently bound the polymer chains onto the hydroxylic substrate as well as 

crosslinks the adjacent polymer chains into a network structure, and the MPTSSi unit functions 

to maintain the homogeneity of the copolymer thin-films by hydrophobic interactions33. The 

contents of the obtained PMMMSi was determined to be MPC:MPTSSi:MPTMSi = 68:17:15 

(mol%) by 1H NMR, which was close to the feeding monomer ratio. This copolymer has a 

sufficient MPC component that can retain the antibiofouling feature as well as includes enough 

silane coupling sites for stable coating. PMMMSi can be easily modified onto the hydroxylic 
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substrate such as glass, the thickness and stiffness were modulated by changing the PMMMSi 

concentration in the coating solution and the crosslinking of each polymer chain33.  

 

Table 2.1 Characteristics of PMMMSi thin-film 

Sample 
Thickness 

in air/in water (nm)a 
[P]/[C]b [N]/[C]b 

Static air contact 
angle (°) 

RMS roughness 
in air (nm)c 

RMS roughness 
in PBS (nm)c 

C-0.01 1.6 ± 0.5/4.9 ± 0.4 0.104 0.089 164.9 ± 6.3 0.3 ± 0.0 0.5 ± 0.3 

C-0.05 5.5 ± 1.0/9.6 ± 0.3 0.155 0.107 163.8 ± 3.8 0.8 ± 0.1 0.8 ± 0.1 

C-0.10 8.9 ± 0.5/15.4 ± 2.8 0.120 0.109 165.5 ± 5.6 0.5 ± 0.0 0.6 ± 0.0 

C-0.20 19.3 ± 2.0/36.4 ± 2.0 0.133 0.103 166.2 ± 5.9 0.5 ± 0.0 1.2 ± 0.7 

C-0.50 44.5 ± 5.3/86.7 ± 7.0 0.113 0.106 163.7 ± 4.2 1.5 ± 1.0 2.3 ± 0.8 

a Measured by ellipsometry 

b Measured under vacuum condition 

c Calculated on the basis of the topography measured by AFM  

 

Table 2.1 summarizes the characteristics of the PMMMSi thin-films prepared by changing 

the polymer concentrations (0.01 wt%, 0.05 wt%, 0.10 wt%, 0.20 wt%, and 0.50 wt%; coating 

samples corresponding to each concentration was denoted as C-0.01, C-0.05, C-0.10, C-0.20, and 

C-0.50, respectively). The elemental composition of the surface was examined by XPS. Nitrogen 

and phosphorous are the characteristic elements of the phosphoryl choline moiety of the MPC 

unit. The elemental ratios of phosphorous versus carbon (P/C) and nitrogen versus carbon (N/C) 

were calculated based on the integration of the peaks. Changing the PMMMSi concentration in 

the coating solution did not affect the chemical status of the resulting thin-films. Surface 

wettability by air bubble contact angle was subsequently measured in water. The contact angle of 

the air bubble on each surface was as large as ca.160°, which indicates the hydrophilic feature of 

the PMMMSi thin-film, and no significant deviation was observed among the samples. Root mean 

square (RMS) roughness of the samples of C-0.01 to C-0.20 in air and PBS, measured by AFM 

were small, but that of C-0.50 was a little larger. 

The thickness of the PMMMSi thin-film in air and distilled water were obtained by the 

spectroscopic ellipsometry measurement (Table 2.1 and Figure 2.1). The thickness of the 

PMMMSi thin-film increased as the PMMMSi concentration in the coating solution increased.  
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Figure 2.1 PMMMSi thin-films thickness measurement in air and water by ellipsometry 

measurement. 

 

Young’s modulus measurements were also carried out in dry and wet states. Figure 2.2 

shows the sample’s modulus of C-0.01, C-0.05, C-0.10, and C-0.20 which did not vary 

significantly, while C-0.50 displayed an obvious higher modulus. When the samples were soaked 

in PBS, sample’s modulus decreased in all the samples. It can be learned that with the increase in 

the coating thickness, sample’s modulus decreased from C-0.01 to C-0.20 in PBS. The sample’s 

modulus value of C-0.50 decreased to a value between those of C-0.10 and C-0.20 because 

sample’s modulus of C-0.50 in the air was higher than the other thin-film samples. 

 

 

 

Figure 2.2 Young’s modulus of PMMMSi thin-films in air and water calculated with 

classical Hertzian model. ** indicate p < 0.01 (n=3) 

 

Bacterial adhesion behaviors on the PMMMSi thin-films was subsequently investigated. The 

PMMMSi-coated glass slides were incubated with the Staphylococcus aureus in nutrition rich 
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TSB medium. The samples were washed with PBS before the observation. 

 

 

Figure 2.3 Statistical analysis of S. aureus coverage development, * indicate p < 0.05, 

** indicate p < 0.01 (n=5) 

 

Figure 2.3 shows that S. aureus rapidly colonized the bare glass surface in the first 2 h, while 

few bacteria were found to adhere to the PMMMSi thin-film surfaces. With the extension of the 

incubation time, the S. aureus biofilm developed quickly on the bare glass surface and dominated 

the entire area within 4 h. At this time point, the surface of C-0.01 was also colonized by S. aureus, 

but the thicker and softer PMMMSi thin-films of C-0.20 and C-0.50 had less S. aureus adhesion. 

After 8 h, S. aureus biofilm completely covered the surface of C-0.01, while fewer S. aureus 

adhered to C-0.20 and C-0.50, even after 24 h incubation. S. aureus is an extracellular-

polysaccharide (EPS) produced species, EPS determines the characteristics of the top surface of 

the bacterial cells that control the bacterial initial adhesion. Bacteria probably use different 

mechanical to finish the adhesion under the environment with or without nutrient supply34. EPS 

coat not only helps S. aureus stick to the surface but are also involved in the construction of 

EPS17,18. EPS connected the adjustment S. aureus cells together when a number of bacterial cells 

accumulated on the surface due to gravitational force.  

From these investigations, the bacteria adhesion behavior on protein non-adsorbed 
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PMMMSi thin-films of a series of thicknesses and stiffness are summarized as follows: thicker 

and softer PMMMSi thin-films exhibit better anti-adhesiveness toward S. aureus. It is still unclear 

how bacteria recognize the mechanical properties of a surface; however, the bacterial cell surface 

appendages, like the flagella35, probably served as a mechanical sensor. We hope that these 

findings would be helpful in eradicating the bacteria-associated issues. 

 

 

3 Microfluidic Shear Device for Quantitative Investigation of Bacterial Anti-

Adhesiveness of Phospholipid Copolymer Thin-films 

 

In this section, a hydrodynamic shear assay based on a customer-designed microfluidic chip 

to study the bacterial adhesion behaviors was proposed. Microfluidic devices have emerged as a 

mutual technology and it is shown that microfluidic shear stress also offered unique advantages 

such as improving throughput, resolution, and fidelity in antibacterial surface evaluation36-39. The 

microfluidic chip was built via the 3D printing mold and rapid prototyping technique with 

polydimethylsiloxane (PDMS). After O2 plasma treatment, the molded PDMS can be bound onto 

transparent glass that enable the use of real-time observation (Figure 3.1). This strategy imparts 

benefits by allowing a fast turnaround time for device design and fabrication40. Particularly, 

microfluidic chip in this study provided a large dimension (4.2 mm in width (w), 0.5 mm in height 

(h) and 42 mm in length (L)) that ensured the broad observation area while guaranteed laminar 

flow even at very high linear fluid velocities. This is important because: 1) the susceptibility of 

bacterial adhesion is a result of statistical analysis which needed substantial data that collected 

from a wide area of the surface in question; and 2) the bacteria usually perform strong adhesion 

on material surface which needs strong shear to detach. With this device, Staphylococcus aureus 

initial adhesion strength on PMMMSi thin-films of different thickness (20 nm and 40 nm, denoted 

as C-20 and C-40) were investigated.  

As a rectangular channel whose width was much larger than its height, the effects of the side 

walls on the fluidic pattern is negligible, and the fluent thus can be considered to run in between 
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a pair of parallel plate (the top and bottom walls). the shear stress corresponding to a given flow 

rate can be calculated from Eq. 3.1. (the water molecules at the proximity of the channel walls 

was considered not moved along the main fluent body (non-slip condition)). 

τ =
6𝜇𝑄

ℎ2𝑤
                                                                𝐸𝑞. 3.1 

where µ is the viscosity of the fluid, Q is the flow rate and h and w are the height and width of the 

channel. 

Microfluidic chip device was able to modulate the retraction strength (shear stress) upon the 

adhered bacterial cell, and the bacterial adhesion strength was quantitatively analyzed under this 

condition. Bacteria was firstly introduced into the fluidic channel and allowed to attach to the 

bottom under static condition. Subsequently, shear stress was applied to the adhered bacteria using 

a syringe pump. When shear stress was 1 Pa, the bacteria still adhered on all the surfaces. The 

bacterial anti-adhesiveness in C-20 and C-40 surfaces were not shown as well as the non-coated 

glass surface. Increase the shear stress lead to the removal of the attached bacteria. Under 2 Pa 

shear stress, a number of attached bacteria were detached from C-40 surface while relative smaller 

amount of bacteria were moved away from C-20 surface despite the modification of phospholipid 

copolymer thin-film. The equal shear stress resulted in variated retraction effects among C-20 and 

C-40 surfaces demonstrates the variated bacterial anti-adhesiveness of the phospholipid 

copolymer films of different thickness. 

Further increased the shear stress as large as 3 Pa for the rinse caused greater detachment of 

the adhered bacteria from the phospholipid copolymer films. However, the deviation between C-

20 and C-40 was weaken (p < 0.01). It is rational to speculate that approximately 100% of adhered 

bacteria would be detached from both the C-20 and C-40 surfaces under a much greater shear 

stress.  

These results demonstrate that phospholipid copolymer reduced the adhesion of S. aureus 

and the thicker film had better bacterial anti-adhesiveness. The microfluidic device provides an 

easy and reliable way for the estimation of bacterial adhesion susceptibility of a variety surfaces 

under multiple conditions which was supposed to serve as a useful tool in the investigation of 
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bacterial adhesion behaviors and antibacterial surface development. 

 

 

4 Antimicrobial Peptide Immobilization Improved Antibacterial Property of 

Crosslinking Phospholipid Copolymer Film 

 

An anti-adhesive surface reduces bacterial adhesion rather than completely blocks the 

bacterial attachment., It is necessary to incorporate the bactericidal agents into the anti-adhesive 

modification. Here, a two-steps technique of fabricating a bacterial anti-adhesive and bactericidal 

bifunctional surface is described. In the first step, PMMMSi was coated on glass. the polymer 

film was aminated by 3-Aminopropyl)triethoxy silane (ATPSi) which enable AMP to bind to the 

surface through a glutaraldehyde (GA) bridge41. Immobilization of AMP (Tet-213, 

KRWWKWWRRC) enhance the antibacterial property and enable the surface to against a wide 

variety of bacteria, they are nontoxic to humans, and bacteria hardly acquire resistance42,43. 

Subsequently, the contact killing effect of the AMP immobilized surface was tested with S. 

aureus. The test sample was incubated in S. aureus/PBS suspension (107 cell/mL) for 24 h and 

LIVE/DEAD staining was applied to the bacteria that adhered on the sample surface. S. aureus is 

a strong biofilm formation species. After 24 h incubation, vast S. aureus cells were found to 

adhered on the bare glass. Almost all the adhered cells are alive. When PMMMSi was coated onto 

the surface, the bacterial adhesion strength was weakened. Before rinse, many bacteria can still 

attach to the PMMMSi surface, but the rinse removed most of the attached S. aureus cells from 

the PMMMSi surface. On the AMP immobilized PMMMSi thin-film, S. aureus was killed on the 

surface which demonstrated the contact killing effect. Moreover, the dead bacteria can be released 

from the surface  

 

 

5 Conclusion 

In conclusion, the antibacterial property of crosslinked phospholipid copolymer thin-film 

was firstly investigated from the standpoint of physical properties. Results demonstrated that the 
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thicker and softer PMMMSi thin-films have better bacterial anti-adhesiveness. Bacterial adhesion 

strength was quantitatively studied via a customer-designed microfluidic platform. This platform 

interpreted the anti-adhesiveness of PMMMSi thin-films into numerical value. Finally, AMP 

immobilization turned the PMMMSi thin-film into bifunctional surface that possessed both anti-

adhesive and bactericidal properties. These findings would be of instructive significance to the 

investigation of bacterial adhesion behaviors and the development of antibacterial surface, like 

the design of the indwelling medical devices. 
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