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Biomimetic Honeycomb-patterned Surface as the 

Tunable Cell Adhesion Scaffold 

S. S. Chen,
a
 X. M. Lu,

 a* Y. Hu
 a

 and Q. H. Lu
 a*  

Inspired by the typically adhesive behaviors of fish skin and Parthenocissus tricuspidata, two 

different decorations of polystyrene honeycomb membrane (PSHCM) prepared by the breath 

figure approach were carried out with poly (N-(3-Sulfopropyl)-N-(methacryloxyethyl)-N,N-

dimethylammonium betaine)(polySBMA) to explore  controllable bio-adhesive surfaces. 

Casting and dip-coating were employed to graft polySBMA onto the plasma treated PSHCM. 

The polySBMA casted PSHCM showed a uniform covering layer on the PSHCM just like the 

mucus layer of fish skin，presenting excellent anti-fouling property. On the contrary, dip-

coated one showed the polySBMA aggregating on the honeycomb pore walls forming a large 

number of sucking disks like adhesive disks of the tendrils of P. tricuspidata, which 

remarkably boost cell adhesion on substrates. Thus, bio-adhesion could be regulated as desired 

by tuning the distribution of zwitterionic polymer on the honeycomb surface. The results may 

provide a new approach for the design of biomaterials surface. 

 

 

Introduction 

Natural and artificial biomaterials are characterized by micro- 

and nanoscale morphologies to response various physiological 

environments. For example, bone tissues need an appropriate 

surface topography to support cell adhesion, while some organs 

or organ transplantations, especially blood-contacted materials 

such as intravascular stents, need a certain degree of roughness 

to prevent bio-fouling.1-5 Thus, in the context of tissue repair 

and regeneration, an appropriate topological surface is an 

essential requirement for biomaterials.6, 7  

To investigate the adhesive behaviours between proteins/cells 

and surfaces, topological surfaces that mimic the natural ones 

have recently attracted much interest.8-10 Different 

morphologies such as grooves, pits, pillars have been 

investigated.11-15 The morphological parameters that affect 

cellular behaviours, including the density, shape and size, have 

been systematically studied.11, 13, 16 It has become increasingly 

apparent that a rough surface can stimulate cell adhesion and 

encourage cell differentiation.17 However, most above-

mentioned morphologies require elaborate and complex 

preparation.18, 19 Hence, it makes sense to develop a more 

convenient method to fabricate surface topographies. Breath 

figure as a water-driven template method has been utilized to 

prepare ordered hexagonally arranged pores, so called 

honeycomb structure.20-25 Compared with traditional patterning 

techniques, such as microcontact printing and dip-pen 

lithography, breath figure avoids specialized machinery or 

specifically designed templates, allowing for control of the 

structural properties.26, 27 For the porous character of 

honeycomb structure, various cells, such as hepatocyte, 

fibroblast, stem cell, and so on, have been widely 

investigated.28-33 It has been demonstrated that the honeycomb 

structure can greatly affect the cell adhesion, spreading and 

differentiation. In microscale aspect, the micropatterning 

protein has been successfully fabricated on the honeycomb 

structures.34, 35 However, to the best of our knowledge, the 

tunable bio-adhesion based on honeycomb surface has not 

hitherto been reported. 

Apart from the topological influence, the chemical component 

is another vital factor that affects the bio-adhesive behaviors.36 

Surface modification with hydrophilic polymers, such as poly 

(ethylene glycol) (PEG), poly (hydroxyethyl methacrylate) 

(PHEMA), poly (oligo(ethylene glycol) methacrylate) 

(POEGMA), has proved to be an efficient approach for 

changing the adsorption properties of non-specific proteins.37-39 

Recently, zwitterionic polymers have received much attention 

because of the stability of their surface properties and high 

efficiency as antifouling materials.40-42 Cellular attachment, 

spreading, and protein adsorption were resisted on the 

zwitterionic polymer surface, demonstrating that super-low 

fouling ability had been achieved.  

In nature, many of unique skills of animals and plants benefit 

from the coordination of the surface components and 

microstructures on their bodies.43, 44 It is well known that the 

smooth and soft mucus layer on fish surfaces endows its skin 

with prominent anti-fouling ability regardless of skin 

topologies.44, 45 Thus a promising strategy to decrease bio-

contamination is to obtain a smooth hydrophilic layer. Whereas 

the self-clinging P. tricuspidate can climb on house-outside 

walls with tendrils to obtain vertical growth. At the end of 

tendrils, a great deal of adhesive disks exist with porous surface 

appearance，through which the suction force was provided: the 

adhesive disks secrete a heave sticky fluid when stimulated, the 

chemical anchor of the sticky fluid and negative pressure of the 

adhesive disks make themselves attach quite firmly to house 

walls. 46, 47  
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Inspired by the nature, a tunable bio-adhesion surface based on 

honeycomb structure was explored in this work. A honeycomb 

structure prepared by the breath figure technique was decorated 

with zwitterionic polymer. Two different micro-distributions of 

the zwitterionic polymer (polySBMA) on the honeycomb 

surface were obtained, namely the fish surface- or tendril-like 

figures. The results of bio-adhesion experiments showed that 

the two figures presented the different adhesion behaviors. 

Anti-fouling surface as fish scales and highly adhesive surface 

as tendrils of P. tricuspidate demonstrated that the bio-adhesion 

properties of honeycomb-patterned surfaces could be tunable 

by controlling the distributions of zwitterionic polymer. 

 

Experimental 

Materials.  

Polystyrene (PS, Mw=250k) was purchased from Acros 

Reagents. N-(3-Sulfopropyl)-N-(methacryloxyethyl)-N,N-

dimethylammonium betaine (SBMA, 97%) was obtained from 

Sigma-Aldrich. Rhodamine B (Rh-B, 95%) was purchased 

from J&K Chemical Ltd. Toluene and other reagents were 

obtained from Sinopharm Chemical Reagent Co. HeLa cells 

were obtained from the Cell Resource Centre of Life Sciences 

in Shanghai. Bovine serum albumin (BSA, 66kD, >98%), fetal 

bovine serum (FBS), and Dulbecco’s modified Eagle medium 

(DMEM) were obtained from Gibco BRL. Cellular staining 

dyes and all other cell culture reagents were purchased from the 

Beyotime Institute of Biotechnology. Water used in the 

experiments was purified with a Hitech system to reach a 

resistivity of above 18.2 MΩ•cm. 

Preparation of PS Honeycomb Membrane 

PS honeycomb membranes were prepared through a typical 

breath figure approach.22 Firstly, a 10×10 mm glass slide was 

treated with Piranha solution at 120 ºC for 30 min to remove 

impurities. PS was dissolved in toluene at a concentration of 1 

mg/mL, and 40 μ L of this solution was coated onto the 

pretreated glass, with humid air (approximately 70% R.H., 4 

L/min) flowing across the surface in a home-made chamber. All 

processes were performed at room temperature. As a 

comparison, a flat PS membrane was prepared by solvent self-

evaporation in a dry chamber. 

Surface Modification of the PS Honeycomb Membranes 

The PS honeycomb membranes were exposed to O2 plasma at 

room temperature and a pressure of 40 Pa for 3 min using an 

SY-DT01 plasma apparatus (Suzhou OPS Plasma Technology, 

Co.), which endowed them with surface radicals. The surface 

modification procedure is shown schematically in Fig. 1. Two 

methods were then utilized for the grafting of polySBMA, 

namely casting and dip-coating. The casting process was as 

follows: 20 μ L of a 10%wt aqueous SBMA solution was 

directly cast onto the surface by means of a syringe. A UV-

induced grafting technique was then applied to accelerate the 

reaction of SBMA with the surface radicals. The UV light 

generator (Intelli-ray 600, China) was set at 365 nm with 

energy 35 Mw/cm2 and the exposure time was limited to 5 min.  

Dip-coating treatment was performed in a dip-coater 

(Panasonic, Japan); the dipping time and dragging speed were 

optimized at 5 min and 10 cm/min, respectively. After dip-

coating of SBMA, the membranes were irradiated with UV 

light for 1 min with energy 35 Mw/cm2. For convenience, the 

two modified membranes were named as casting and dip-

coating membranes, respectively. 

 
Fig. 1 Schematic illustration of the fabrication process of zwitterionic 

polySBMA grafted onto the honeycomb PS membrane: a highly 

ordered honeycomb membrane was prepared by the breath figures 
method; plasma treatment was then applied to generate surface radicals. 

The SBMA solution was introduced onto membrane by casting and dip-

coating. Finally, UV irradiation was then utilized to enhance the 
grafting reaction of polySBMA. 

 

Characterizations 

The chemical properties of the membranes were characterized 

by Fourier-transform infrared spectroscopy (FTIR, Perkin-

Elmer, Spectrum 100, USA), attenuated total reflectance 

Fourier-transform infrared spectroscopy (ATR-FTIR) and X-

ray photoelectron spectroscopy (XPS, PHI-5000 Versaprobe II, 

Japan). In order to avoid the interference of glass slide, all the 

membranes were peeled off from glass slides and attached onto 

a KBr tablet, then submitted to FTIR measurement. The 

scanning area of XPS was 200×200 μm . Scanning electron 

microscopy (SEM) images were acquired using an FEI Nova 

NanoSEM (FEI, USA). The swollen morphologies of the 

membranes under water were imaged using a Leica DM 4000 

optical microscope (OM) equipped with a CCD camera (Leica, 

Germany). In addition, the Rh-B labelling was applied to track 

the distribution of polySBMA. The membranes were firstly 

immersed in 10 μg/mL of Rh-B for 1h at room temperature, 

then observed with an inverted fluorescence microscope (IX 71, 

Olympus) equipped with a CCD camera. The wettability 

measurement was performed on an OCA 20 apparatus 

(Dataphysics, Germany).  

Protein Adsorption 

For the adsorption of BSA, membranes were first rinsed five 

times with phosphate-buffered saline (PBS, pH 7.4) and then 

immersed in PBS for 12 h to achieve swelling equilibrium. The 

membranes were then transferred to a 24-well plate and 

incubated with 1 mL of a 5 mg/mL solution of BSA in PBS for 

2 h at 37 ºC. Subsequently, the membranes were transferred to a 

new plate filled with 1 mL of PBS containing 1 wt.% Triton X-

100. The adsorbed proteins were desorbed by sonication for 20 

min. The protein concentration was quantitatively measured by 

a bicinchoninic acid protein assay (BCA). For this, 20 μL of 

desorbed protein solution was mixed with 200 μL of BCA 

reagent in a 96-well plate and incubated for 30 min at 37 ºC. 

Finally, the light absorbance at wavelength 570 nm was 

determined using a microplate reader. The absorbance of each 

sample was measured six times. A standard curve was then 

plotted. Additionally, the surface morphology of the 

membranes after adsorption of the protein was detected by 

atom force microscopy (AFM, BioScope, VEECO). 
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Cell Culture 

The membranes were sterilized with medicinal alcohol and 

exposed to UV light for 24 h, then placed in a 24-well plate and 

rinsed with PBS (2 × 1 mL). HeLa cells were cultured in 

DMEM with 10% FBS and 1% penicillin-streptomycin, seeded 

at a density of 4×104 cells per well, and incubated at 37 ºC in 

atmosphere containing 5% CO2 for 24 h. The membranes with 

adhered cells were then rinsed twice with PBS to remove 

unattached cells. The cell viability was assessed by dead/live 

(AO/EB) double staining. An inverted fluorescence microscope 

(IX 71, Olympus) equipped with a CCD camera was used for 

cell imaging. Cell counting and image overlay were carried out 

with Image J software. SEM was also used for cellular 

morphology analysis. Cells were fixed with 2.5% 

glutaraldehyde solution for 20 min and then dehydrated with 

graded ethanol solutions. Samples were sputtered with Pt and 

examined with an FEI Nova NanoSEM 450 (FEI, USA). 

 

 Results and discussion 

Chemistry and Wettability of membranes 

FTIR was applied to characterize the zwitterionic polymer 

decorated honeycomb membranes as shown in Fig. 2. The 

bands at ν=1180 and 1020 cm-1 can be assigned to asymmetric 

and symmetric vibrations of the sulfonyl group (–SO3) and the 

peak at 1720 cm-1 is the characteristic peak of carbonyl group 

(C=O) both decorated membranes (c and d) exhibited the 

characteristic bands of polySBMA, confirming the successful 

grafting of the zwitterionic polymer. Moreover, an obvious 

difference in intensity of the two characteristic peaks, where the 

stretching vibration peak of C=C in the benzene ring (ν=1490 

cm-1) is chosen as a reference, could be seen in the spectra of 

the two decorated membranes: the peak intensity in the 

spectrum of the casting membrane was stronger than that in the 

spectrum of the dip-coating membrane, implying a difference in 

SBMA grafting density. Same results were also observed in 

ATR-FTIR spectrum (Figure S1). 

In addition, N, S, and O atoms could be observed in the XPS 

spectra of both the dip-coating and casting PSHCM, 

furthermore demonstrating the success grafting of polySBMA 

on the membranes (Fig. 3). The peak information was 

summarized in Table S1.  

 
Fig. 2 FTIR spectra of the membranes: a) spectrum of the PS 

honeycomb membrane without modification, b) spectrum of the SBMA 
monomer, and zwitterionic polymer-modified membranes obtained by c) 

dip-coating and d) direct casting. 

 

 
Fig. 3 XPS spectra of the membranes. red) the casting membrane; blue) 
the dip-coating membrane; black) PSHCM. 
 

The wettability was evaluated by static contact-angle 

measurement. As shown in Fig. 3a, the water contact angles on 

the undecorated flat surface and honeycomb surface were 97.2° 

and 106.2°, respectively. According to Wenzel theory, rough 

surface can increase the hydrophobicity of hydrophobic surface 

(water contact angle greater than 90°) and the hydrophilicity of 

hydrophilic surface (water contact angle less than 90°), 

honeycomb structure endowed PS surface with a surface 

roughness. Thus, honeycomb holes enhanced the 

hydrophobicity of the membrane.48 After decoration with 

polySBMA, the contact angles of casting and dip-coating 

membranes were 30.5° and 25°, respectively. The slight 

difference in wettability of the casting and the dip-coating 

membranes was caused by different surface structures, as 

shown in Fig. 5 (b, c). The surface of the dip-coating membrane 

still retained porous structure, whereas that of the casting 

membrane was fully covered with polySBMA.  

 
Fig. 4 Static water contact angles and surface energies of the 

membranes. Smooth PS and PS-HCM represent the PS flat and PS 
honeycomb membranes, Casting HCM denotes the polySBMA-

modified honeycomb PS membrane obtained by casting, and Dip-

coating HCM denotes the polySBMA-modified honeycomb PS 
membrane obtained by dip-coating. 

 

The surface energy of membranes was calculated via OWRK 

method, based on the contact angle results of water and 

diiodomethane (SI). The results are shown in Fig. 4b. The 

undecorated PS membrane exhibited low surface energy; after 

the grafting of polySBMA, the surface energy increased from 

40 mN/m to approximately 70 mN/m. Moreover, there was a 17% 

increase in surface energy of the dip-coating membrane 

compared with the casting membrane. The difference in surface 
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energy between casting and dip-coating membranes plays an 

important role in the process of protein adsorption and cell 

adhesion (vide infra). 

Morphologies of the Membranes 

The morphologies of the membranes were firstly characterized 

by SEM, as shown in Fig. 5 (a-c). Fig. 5a shows an ordered 

honeycomb membrane. When SBMA was casted onto the 

membrane (Fig. 5b), the whole pores of PSHCM were filled 

with polySBMA due to sufficient amount of reactive monomers 

and the membrane became smoother than that before casting 

treatment, indicative of total coverage of the honeycomb 

structure with a uniform polySBMA layer. The cross-section 

SEM of this membrane further proved this result. By contrast, 

polySBMA aggregatively grafted around the wall of 

honeycomb hole by dip-coating (Fig. 5c) attributing to the 

capillary force. (Figure S2) The whole figures of cross-section 

SEM photographs were provided in Figure S3. The phenomena 

that honeycomb structure was filled with polySBMA by casting 

and it would exist after dip-coating can be further demonstrated 

by AFM (Figure. S4).  

 
Fig. 5 SEM, OM, and fluorescence photographs of honeycomb membranes: a), b), c) SEM images; the inserted photographs are 

the correspondent cross-section SEM, the whole figure showed in figure s3. d), e), f) OM photographs in water; g), h), i) 

fluorescence images of membranes after labelling with Rhodamine ; a), d), g) honeycomb membrane without modification; b), e), 

h) casting membrane; c), f), i) dip-coating membrane. 

 

Generally, the process of membranes interacting with proteins 

or cells is performed in aqueous media, and the swollen 

morphologies of the membranes directly influence cellular 

behavior.49 In order to characterize the swollen morphologies of 

decorated membranes in water, we utilized an optical 

microscope (OM) to observe the morphologies of the 

membranes. As shown in Fig. 5d, the honeycomb PS membrane 

was hydrophobic and could not be significantly infiltrated. 

Water could not enter its pores and just formed several liquid 

film caps over the membrane. The casting membrane that 

PSHCM was fully covered with polySBMA displayed distinct 

swelling behaviour, namely forming a hydration layer. The dip-

coating membrane still contained the honeycomb porous 

structure. However, the polySBMA aggregated around the pore 

walls of the honeycomb and only these domains can swell in 

water. An ordered array of zwitterionic polymer rings was 

formed. Because the hydrated layer is transparent, it is difficult 

to distinguish the difference of the two samples just using OM. 

For this, fluorescent labelling method was applied to 

characterize the distribution of zwitterionic polymer on the 

surface. In this work, a water-soluble Rh-B with excitation 

wavelength 552 nm was selected to label the polySBMA on the 

surface. The zwitterionic polymer contained a large number of 

ammonium (-NH2
+-) and sulfonic (-SO3

-) groups, which could 
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combine with the fluorescent dye. In contrary, the PS does not 

interact with Rh-B. Thus the Rh-B labelling can be applied to 

exhibit the distribution of polySBMA. The results are shown in 

Fig.5 (g-i). The undecorated honeycomb membrane could not 

interact with Rh-B and so could not emit fluorescence showing 

a dark image (Fig. 5g). However, the casting membrane 

exhibited a uniform fluorescence emission. This phenomenon 

suggested that the honeycomb structure had been fully covered 

with polySBMA (Fig. 5h). The dip-coating membrane emitted 

fluorescence only around the pores indicating the enrichment of 

polySBMA in the pore (Fig. 5i). Namely, the polySBMA 

aggregated around the honeycomb structure. In this case, the 

different decoration procedures gave rise to different 

distributions of the zwitterionic polymer. These composite 

architectures could then be utilized to investigate the 

interactions between cells and these surfaces. 

Protein Adsorption 

The adhesion of cells essentially corresponded to the adsorption 

of proteins, because the extracellular matrix (ECM) is made up 

of all kinds of proteins.50 To study cellular behaviours on the 

membranes, the adsorption of BSA was utilized to investigate 

the interactions between proteins and surfaces. 

It is well known that hydrophobic surfaces benefit protein 

adsorption.51 An effective method for reducing the nonspecific 

adsorption of proteins is to improve the wettability of surfaces. 

In this work, the original PSHCM surface was hydrophobic, but 

was rendered hydrophilic by decoration with the zwitterionic 

polymer. Fig. 6 (a-e) shows AFM images of membranes after 

the adsorption of BSA. Both the smooth and honeycomb PS 

membranes showed obvious protein adsorption, which can be 

attributed to their hydrophobicity. When the PS surfaces with or 

without honeycomb structures were decorated by grafting the 

zwitterionic polymer by casting, they exhibited repelling 

protein fouling. Two basic mechanisms of antifouling, namely 

steric repulsion and hydration theory, have been proposed.41, 52 

The former supposes that hydrophilic polymers bind with water 

through hydrogen bonds and swell, and the swollen polymer 

acts as a barrier that prevents proteins from attaching to the 

substrates; the hydration theory regards the hydration layer as 

an excellent antifouling barrier, because the displacement of 

bound water (ice-like water) molecules constitutes a major 

barrier in the adsorption and adhesion phenomena to highly 

hydrophilic surfaces.53 In our works, the zwitterionic polymer 

layer by casting can strongly bond with water through hydrogen 

bonds and electrostatic interactions and form a thick hydration 

layer.  The thick zwitterionic polymer-water layer looks like 

being fish scales efficiently reducing the adsorption of proteins.  

A significant increase in protein adsorption was observed on 

dip-coating membrane, as shown in Fig. 6e. To quantitatively 

compare the protein adsorptions on the different membranes, 

the BCA assay was used to detect the adsorption of BSA 

quantity (Fig. 6f). The protein adsorption on the hydrophobic 

PSHCM surface was as high as 15 g/cm2, but decreased when 

the surface was covered with the zwitterionic polymer by 

casting. However, the BSA adsorption on the dip-coating 

membrane maintained a high level. As shown in Fig. 5c and f, 

we can find that polySBMA mostly aggregated around the pore 

walls, forming sucker disks as the adhesive disks of the tendril 

of self-clinging P. tricuspidate. The distribution of the 

zwitterionic polymer on the honeycomb surface prevented the 

formation of a uniform hydration layer. Moreover, the surface 

of the honeycomb structure partially retained the properties of 

uncovered PS, which imparted high surface energy because the 

PS surface was treated with O2 plasma before grafting 

polySBMA. The sucker disk structure with high surface energy 

caused that proteins underwent conformational changes and 

entropy gained upon adsorption on solid surfaces,54 and the 

protein affinity on the dip-coating surface was obviously higher 

than that on the casting membrane. Besides, the protein 

adsorption on the PSHCM was different from that on the dip-

coating membrane. Due to hydrophobic interaction, the protein 

on PSHCM was physically adsorbed as shown in Fig. 6b and e. 

 
Fig. 6 AFM photographs of membranes after adsorption of BSA: a) 

smooth flat PS; b) the PS honeycomb membrane; c) polySBMA-
modified flat PS obtained by casting; d) polySBMA-modified 

membrane obtained by casting, and e) polySBMA-modified membrane 

obtained by dip-coating. f) The results of BSA protein adsorption 
experiments, measured by the BCA method: smooth PS is the PS flat 

surface, PSHCM, smooth PS casted the polySBMA grafted PS flat, 

HCM casted is the casting membrane and HCM dip-coated is the dip-
coating membrane. 

 

Cell Adhesion 

The HeLa cells adhered on the membranes were counted based 

on the fluorescence images. As shown in Fig. 7, the cell density 

on the PS honeycomb was 53 cells/mm2. Few cells were found 

on the polySBMA-covered surface. Compared with the casting 

membrane, the dip-coating showed excellent cell adhesion (443 

cells/mm2). Thus, a remarkable phenomenon was described that 

the PSHCM could be modulated into cell-phobic or cell-philic 

by regulating the surface distribution of polySBMA on the 

honeycomb membrane. 
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Fig. 7 Adhesion densities of HeLa cells on the surfaces after culturing 
for 24 h. 

 

To acquire more detailed information of the HeLa cells on the 

polySBMA decorated PS honeycomb, the cells were fixed with 

glutaraldehyde and observed by SEM. For comparison, SEM 

images of the cells and the corresponding fluorescence images 

are shown in Fig. 8. The cells adhered on PSHCM were mostly 

tower-shaped and formed visible lamellipodia. Because the 

PSHCM was hydrophobic, a further spreading of cell is seldom 

to be found. Notably, there was not cell can be observed on the 

casting membrane due to the hydration layer.  

However, on dip-coating membrane, the cells clearly spread 

and protrusions of different cells interconnected. The 

honeycomb pores were almost covered with the cell protrusions, 

the cells were firmly immobilized on the dip-coated PSHCM. 

In contrast to the casting membrane, the polySBMA patterned 

surface was cell-philic due to the lack of a hydration layer. 

To understand the cellular behaviour on the surfaces, we 

postulated that there are two possible ways of attaching cells 

onto the zwitterionic polymer decorated surfaces, as shown in 

Fig.  9. As mentioned above, polySBMA has already covered 

the honeycomb structure on casting membrane and uniformly 

form a hydration layer.55 And the hydration layer just like the 

mucus layer on fish scales, which prevented proteins and cells 

from attaching to the surface.  

While the polySBMA only aggregated around the pore walls 

and formed sucker disks as the adhesive desks on the tendrils of 

P. tricuspidate. The structured membranes not only hindered the 

formation of a uniform hydration layer but also provided 

favourable conditions for both protein adsorption and cell 

adhesion. In addition, the cavities part of honeycomb structure 

can provide negative pressure.56 It is hard for cell to escape 

from the dip-coating membranes after the cells cover the 

honeycomb surface. Thus, the cells were stabilized on the dip-

coating surface. In contrast, the honeycomb structure without 

zwitterionic polymer decoration was hydrophobic and showed a 

higher level of protein adsorption. Besides, the cytomembrane 

is hydrophilic; an appropriately hydrophilic surface is required 

for the permeation of culture medium and the growth of cell.57 

The hydrophobicity of the PSHCM restricted the spreading of 

the cells (Fig. 9). 

 
Fig. 8 AO/EB double-staining fluorescence images and SEM photographs of HeLa cells on the membranes. a)-c) Fluorescence images; d)-i) SEM 

photographs of HeLa cell adhesion on the membranes, where a), d), g) show the honeycomb PS membrane, b), e), h) show the polySBMA cast 
membranes, and c), f), i) show the polySBMA dip-coated membranes. 
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Fig. 9 Schematic illustration of cell behaviors on the different 

membranes. Cells on the undecorated HCM surface were spherical 

whose spreading was restricted; then two different decoration of 
polySBMA was process on it, namely dip-coating and casting. The dip-

coating PSHCM endowed PSHCM with a Parthenocissus suckers-like 

topological surface, resulting in cell-philic, while a confluent 
polySBMA layer formed on the casting one, which can form a 

hydration layer to keep cell from adhering, which was inspired by the 

fish surfaces. 

 

 
Fig. 10 AO/EB double-staining fluorescence images of cells on a 
designed PSHCM model. The PSHCM was coated with polySBMA by 

casting, and then a channel was cut with a needle. 

 

Based on the above results, a simple pattern on the surface was 

created to prove the controllable cellular adhesion on the 

modified membrane: the honeycomb membrane with cast 

polySBMA was selected as the substrate, and then a channel 

was made with a needle. The cells were seeded onto the 

membrane. The results are shown in Fig. 10 and provide clear 

evidence that the area of the PS honeycomb membranes fully 

covered with polySBMA had antifouling ability. The HeLa 

cells adhered selectively in the channel, where substrate was 

not covered with polySBMA. 

Conclusions 

Inspired by nature, tunable bio-adhesive membranes, including 

highly adhesive and  anti-fouling surface,  were prepared based 

on a PS honeycomb structure, two methods have been applied 

to graft polySBMA onto the surface, namely directly casting 

and dip-coating, which gave rise to different bio-adhesive 

behaviors. The casting membrane showed super-low protein- 

and cell-binding properties. In contrast, on the dip-coating 

membrane, most of the polySBMA aggregated around the pore 

walls. In this case, the surface of the PSHCM membrane was 

protein- and cell-philic. Because of the array of pores, the 

breath figure method offers a facile route to mimic biosurfaces. 

Here, we have decorated the honeycomb surface to render it 

either cell-phobic or cell-philic by regulating the grafting of 

polySBMA and our results may be applicable to the design of 

many biomedical surfaces. 
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PS honeycomb structured surfaces were modified into both cell-philic and 

cell-phobic by dip-coating and casting polySBMA, respectively, which 

was inspired by two typically adhesive behaviours of fish skin and 

Parthenocissus tricuspidata. 
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Attenuate total reflectance-Fourier-transform infrared spectroscopy (ATR- FTIR) was recorded 

using a Perkin-Elmer Spectrum 100 (USA). 
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Figure S1. The ATR-FTIR spectra of PSHCM and the modified membranes by dip-coating and 

casting.  

 

Similar peak information of membranes was obtained via ATR-FTIR compared with FTIR. The 

bands at ν=1180 and 1020 cm-1
 can be assigned to antysimmetric and symmetric vibrations of the 

sulfonyl group (–SO3) and 1720 cm
-1
 is the typical peak of carbonyl group (C=O), both groups are 

of the SBMA segment. Moreover, an obvious difference in intensity of the two characteristic 

peaks, where the stretching vibration peak of C=C in the benzene ring (ν=1490 cm-1
) is chosen as 

a reference, could be seen in the spectra of the two decorated membranes: the peak intensity in the 

spectrum of the polySBMA-decorated membrane obtained by direct casting was stronger than that 

in the spectrum of the dip-coated membrane, implying a difference in SBMA grafting density. 
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The X-ray Photoelectron Spectroscopy (XPS) was measured on PHI-5000 Versaprobe II (Japan). 

The scanning area is 200×200μm.  
Table S1. XPS results of membranes. 

Membranes 
S 2p C 1s N 1s O 1s 

Peak/eV Atomic % peak/eV Atomic % peak/eV Atomic % peak/eV Atomic % 

PSHCM 166.7 0.00 283.5 97.09 400.4 0.00 530.6 2.91 

Dip-coating 165.75 3.36 283.5 64.82 400.4 5.80 530.6 26.02 

Casting  166.7 4.22 283.5 64.79 400.4 5.51 530.6 25.68 

 

As shown in Table S1, the peaks of polySBMA (N and S elements) can’t be observed on PSHCM, 

which is attributing to that the chemical property of PSHCM only contains carbon and hydrogen 

elements. After modification by polySBMA, both on the dip-coating and casting PSHCM exhibit 

the information of S and N elements. The XPS furthermore demonstrated the grafting of 

polySBMA on the membranes. 
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The wettability of membranes was measured using an OCA 20 apparatus (Dataphysics, Germany). 

Table S2. Water and diiodomethane contact angle 

Surfaces Water Diiodomethane 

Smooth PS 97±1˚ 41±1˚ 

PS-HCM 106±5˚ 37±4˚ 

Casting HCM 30±2˚ 56±1˚ 

Dip-coating 25±4˚ 64±3˚ 

 

The surface energy was calculated based on Owens, Wendt, Rabel and Kaelble (OWRK) method. 

The Surface free energy of water and diiodomethane was provided by Busscher as showed in 

Table S2. 

Table S3. The surface free energy and component of water and diiodomethane 

Liquids SE(mN/m) Dispersion(mN/m) Polar(mN/m) 

Deionized water 72.10 19.90 52.20 

Diiodomethane 50.00 47.4 2.60 

 

The OWRK method is a standard method for calculating the surface free energy of a solid from 

the contact angle with several liquids. In doing so, the surface free energy is divided into a polar 

part and a disperse part. 

The OWRK equation 

γ�� = �� + �� − 2(
��� ∙ ��� +
��� ∙ ���) 
And the Young’s equation 

�� = γ�� + cos� ⋅ �� 
Where,  

γ��: Solid-liquid interfacial tension; 
�� , ��: Surface energy of solid and liquid, respectively; 
��� ∙ ���: Disperse part of surface energy; 
��� ∙ ���: Polar part of surface energy; 
cos�: Contact angle. 
The above two equations can be consolidated. When a solid was tested with two liquids whose ��� 
and ���has been known. Three unknown parameters need to be solved, namely �, ���	and ���. 
The contact angles would be obtained by experiment and plugged into the equations to solve the 

equations. 

In our systems, the surface energy results were showed in Table S3.  

Table S4. Surface energy and components of membranes 

Liquids SE(mN/m) Dispersion(mN/m) Polar(mN/m) 

Smooth PS 40.43 40.42 0.01 

PS-HCM 46.07 45.31 0.76 

Casting HCM 59.98 16.45 43.13 

Dip-coating 69.14 11.60 57.54 
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Figure S2. The Schematic illustration of the fabrication process of zwitterionic polySBMA grafted 

onto the honeycomb PS membrane. 

 

The dip-coating and casting process can be applied to obtain different distribution of polySBMA 

as shown in Figure S1. After PSHCM being treated with plasma, the surface would be abundant 

with free radical. When modified by dip-coating method, the SBMA solution would aggregate in 

the honeycomb cavities for the capillary force. The film was further treated with UV radiation. 

Owing to the surficial free radical, the SBMA polymerized onto the wall of honeycomb hole. 

When modified by casting method, the SBMA solution would totally cover the surface of plasma 

treated PSHCM. After the UV radiation, the polySBMA would uniformly cover the surface. 

Here, a mythological repetitive dip-coating process was exhibited. If the dip-coated membrane 

was retreated with dip-coating process, the hole of honeycomb would be decorated with more 

polySBMA. The conceivable result of repetitive dip-coating membranes is that the cavities would 

be fully filled with polySBMA until to be uniformly covered liking casting membrane. 
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Figure S3. Cross-section SEM photographs of PSHCM (a), casting PSHCM (b) and dip-coating 

PSHCM (c). The hole of PSHCM after casting was filled with polySBMA, while that after 

dip-coating the porous structure was retained, and most of the polySBMA aggregated around the 

wall of the pores. 
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Figure S4. Plane AFM images (a,c) and 3D AFM (b,d) images of polySBMA casted PSHCM (top) 

and polySBMA dip-coating PSHCM (bottom). The hole of PSHCM after casting was filled with 

polySBMA. Thus, the AFM images showed a plane surface. While PSHCM after dip-coating 

retained the porous structure, and most of the polySBMA was aggregatively grafted around the 

hole of the pores.  

Page 16 of 17Biomaterials Science



 

Figure S5. Fluorescence images of polySBMA modified PSHCM via casting (line 1) and 

dip-coating (line 2): a,d) the bright-field. b,e) fluorescent-field. c,f) bright/fluorescent composited 

field. Scale bar= 20 nm 

 

PolySBMA contains a large number of ammonium (-NH2
+
-) and sulfonic (-SO3-) groups, which 

could combine with the fluorescent dye (Rh-B). In contrary, the PS does not interact with Rh-B. It 

means that only the domain which had been decorated by polySBMA can emit fluorescent light in 

the exciting fluorescent field. Thus the Rh-B labelling can be applied to exemplify the distribution 

of polySBMA. 

When observed under fluorescent field, the polySBMA casted PSHCM formed a uniform 

fluorescence layer. While that of dip-coated one was quite different from it. Only fluorescent 

circle around the honeycomb holes can be observed which indicating a micro-distribution of 

polySBMA. Due to the difference in refractive index between PS and polySBMA, porous 

structures can be observed on the casting membranes under optical field. 
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