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Nanoscopic Analyses of Cell-Adhesive Proteins Adsorption on 
Poly(2-methoxyethyl acrylate) Surfaces 

Kei Nishida,a Koki Baba,b Daiki Murakami,*a,b and Masaru Tanaka,*a,b 

Regulation of protein adsorption on the surface of biomaterials is important for modulating cell adhesion. Two important 

proteins in this regard are fibrinogen and fibronectin. Poly(2-methoxyethyl acrylate) (PMEA) and its derivatives have been 

developed as promising coating materials for biomaterial surfaces. Previous studies have highlighted that PMEA-coated 

substrates suppress thrombogenicity but promote cell adhesiveness. However, it was unclear what was responsible for these 

differences in adhesion. In this study, we focused on the correlation between protein adsorption and the nanometer-scale 

structures on the surfaces of the PMEA substrates. Atomic force microscopy using protein- or antibody-conjugated 

cantilevers were used to perform nanoscopic analyses of the adsorption forces and conformational changes in fibrinogen 

and fibronectin adsorbed on the nanometer-scale PMEA structures. The adsorption force of fibronectin in the polymer-poor 

regions was higher than that of fibrinogen, whereas the polymer-rich region showed a negligible difference in adsorption 

force between the two proteins. Interestingly, a greater conformational change in the adsorbed fibronectin was induced in 

the polymer-poor region than that of fibronectin in the polymer-rich region or that of fibrinogen in either region, resulting 

in the induction of cell adhesion. Nanoscopic analyses of protein adsorption on biomaterial surfaces promise insights for the 

design of novel biomaterials to control protein adsorption and cell adhesion.

Introduction 

 

Biomaterial design has greatly contributed to the 

development of medical and therapeutic devices such as 

artificial blood vessels, orthopedic implants, dental materials, 

and extracorporeal membrane oxygenation systems.1–4 

Polymeric biomaterials have been widely investigated owing 

to their ease of fabrication and functionalization.5 For 

example, commercial artificial blood vessels are mostly made 

of polyethylene terephthalate, polyurethane, or 

polytetrafluoroethylene. In addition, polymer coating is an 

effective approach to functionalizing biomaterial surfaces. 

Functionalization with poly(ethylene glycol) and zwitterionic 

polymers, including poly(2-methacryloyloxyethyl 

phosphorylcholine) (PMPC), suppresses biofilm formation, 

immune responses to the biomaterial surfaces, and the 

adhesion of platelets and bacteria.6–9  

Poly(2-methoxyethyl acrylate) (PMEA) is an advanced 

polymeric material used as a biomaterial coating.10,11 PMEA 

coatings, which display antithrombogenicity, have been used 

in artificial heart–lung bypass systems and to coat metallic 

stents. When considering the biological reaction on 

biomaterials with bodily fluids, including blood, the first step is 

to be the protein adsorption on the materials.12 Previously, we 

revealed that the hydration state of PMEA affected the 

amount of adsorption and the conformational changes in the 

proteins.13 From differential scanning calorimetry (DSC) 

measurements, three types of hydration states, non-freezing 

water (NFW), intermediate water (IW), and free water (FW), 

were observed in hydrated PMEA. Furthermore, the IW 

content of PMEA could be regulated by the systematic 

synthesis of PMEA derivatives, which indicates that the IW 

content in the polymers is an important factor for the protein 

adsorption behavior. An increase in IW content of the PMEA 

derivatives suppressed the adsorption and conformational 

changes in fibrinogen, which are related to the process of 

thrombogenicity with the adhesion and activation of 

platlet.14,15  

Conversely, PMEA promoted cell adhesion and regulated 

cell functions such as proliferation and differentiation.16–18 In 

addition, the droplets formed from PMEA selectively 

accumulated to tumor cells rather than to normal cells.19 This 

is because the PMEA-coated surface enhanced the 

conformational changes in adsorbed fibronectin, an adhesive 

cell protein.20,21 The adsorption behaviors of fibrinogen and 
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fibronectin on PMEA-coated surfaces are different, which 

causes the unique property of PMEA that it displays both 

antithrombogenicity and cell adhesiveness. However, given 

the surface properties of PMEA, the origin of such a large 

difference in the behavior of fibrinogen and fibronectin is 

unclear. In this regard, using atomic force microscopy (AFM), 

we discovered that the PMEA-coated surface formed 

nanometer-scale protrusions on which PMEA spontaneously 

assembles.22–24 This is attributed to the phase separation of 

the polymer and water, and the nanometer-scale structures 

are classified as polymer-rich regions (the protrusions) and 

polymer-poor regions (the flat areas). The regions could affect 

the interaction of proteins with PMEA-coated surface due to 

the polymer density which altered the hydrophobicity and 

water content of the regions. We hypothesized that a 

nanoscopic and quantitative analysis of both fibrinogen 

fibronectin adsorption on PMEA clarified the 

antithrombogenicity and cell adhesiveness of PMEA.  

Herein, we establish methodologies for nanoscopic and 

quantitative analyses of protein adsorption using AFM and 

investigate the adsorption behavior of fibrinogen and 

fibronectin on PMEA-coated surfaces. First, the distribution of 

adsorbed proteins on the nanometer-scale structures of PMEA 

was estimated from the change in the elastic modulus of the 

PMEA/water interface where the proteins were adsorbed. 

Second, the adsorption forces of the proteins on the 

nanometer-scale structures of PMEA were analyzed using 

force measurements. Fibrinogen- and fibronectin-conjugated 

cantilevers were fabricated for this purpose. Finally, the 

conformational changes in the proteins adsorbed on the 

nanometer-scale structures of PMEA were estimated. These 

measurements used AFM with cantilevers conjugated with 

monoclonal antibodies that recognize specific domains of 

fibrinogen and fibronectin. These experiments revealed that 

fibrinogen tended to adsorb in the polymer-rich region, 

whereas fibronectin adsorbed in both the polymer-rich and 

polymer-poor regions of the PMEA substrate. Interestingly, 

the conformational change in the adsorbed fibronectin was 

enhanced in the polymer-poor region of the PMEA substrate 

in comparison with that of fibrinogen. The adsorption 

behaviors of fibrinogen and fibronectin on PMEA are affected 

by the hydrophilicity and water content of the nanometer-

scale structures. These nanoscopic analyses of protein 

adsorption on PMEA substrates provide insight into the 

potential design of biomaterials that control 

antithrombogenicity and cell adhesiveness. 

Experimental 

Reagents 

PMEA was synthesized according to previously reported methods 

(Figure S1, Table S1).11,15,17 Poly(2-methacryloyoxyethyl 

phosphorylcholine-co-n-butyl methacrylate) (30 : 70mol%) (PMPC; 

Lipidure-CM5206 ) was obtained from NOF CORPORATION (Tokyo, 

Japan). 3-Aminopropyltriethoxysilane, carboxy acid-poly(ethylene 

glycol)-N-hydroxysuccinimide ester (HOOC-PEG13-NHS ester) (Mn = 

787, extended chain length: 4.5 nm), N-hydroxy succinimide, 

fibrinogen (from human plasma), fibronectin (from human plasma) 

were purchased from Sigma-Aldrich. 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide was from Wako, 

trimethoxy(propyl)silane was from Tokyo Chemical Ind. 2,2′ -

Azinobis(3-ethylbenzothiazoline-6-sulfonic acid ammonium salt) 

(ABTS) was from Roche Life Science, and Blocking One was from 

Nacalai tesque. Other reagents and solvents were obtained from 

Kanto Chemical (Tokyo, Japan). 

 

Instruments  

The contact angle values of PMEA analogues surfaces were 

calculated from the sessile drop of water at 25°C using a 

DropMaster DMo-501SA goniometer (Kyowa Interface Science Co., 

Tokyo, Japan). Scanning electron microscopic images were acquired 

by a Keyence VE-9800 scanning electron microscope. X-ray 

Photoelectron Spectroscopic (XPS) spectra were recorded by APEX 

ESCA instrument (ULVAC-PHI, Kanagawa, Japan). 

 

Fabrication and characterization of PMEA-coated substrates 

Polyethylene terephthalate (PET) sheet (thickness = 120 μm) 

(Mitsubishi Chemical, Tokyo, Japan) was cut out into a circle with a 

diameter of 14 mm. PMEA solution (0.2 wt%) dissolved in methanol 

were spin-coated on the PET substrates using a Mikasa Spin Coater 

MS-A100 at the consecutive rates of 500 rpm for 5 s, 2000 rpm for 

10 s, a ramp up for 5 s, 4000 rpm for 5 s, and a ramp down for 4 s 

and was then dried. 

 

AFM observation 

AFM was carried out by Bioscope Resolve (Bruker, Billerica, MA, 

USA) with peak force tapping mode. SNL-10-B cantilever (spring 

constant: 0.12 N m-1, tip radius < 12 nm, Bruker) was used as is for 

topographic imaging of the polymer/PBS interfaces. The feedback 

setpoint was set to 1.0 nN. The topographic and elastic imaging of 

the interfaces after protein adsorption was performed with SNL-10-

A cantilever (spring constant: 0.35 Nm-1, tip radius < 12 nm, Bruker) 

and the feedback setpoint of 3.0 nN. 10 μg mL-1 protein/PBS 

solutions were put on the PMEA surface, and the interfacial images 

at 0, 10, 30, and 60 min. after the deposition were obtained in the 

solutions. The feedback setpoint was set to 3.0 nN. For both cases, 

the scan rate was 5.0 m s-1 and the investigations were carried out 

at room temperature. 

 

Enzyme-linked immuno-sorbent assay (ELISA) 

PMEA substrate was incubated with PBS for 1 h at 37 °C. After 

removing the supernatant, PMEA substrate was immersed in 

solutions of fibrinogen (10 μg mL-1) and fibronectin (10 μg mL-1) 

dissolved in PBS at 37 °C for 10 min. Blocking One was treated with 

the substrate for 60 min at room temperature. Then, mouse anti-

human fibrinogen γ-chain antibody (clone 2.G2.H9; Santa Cruz 

Biotechnology Inc) (1:1000) and mouse anti-human fibronectin 

RGD-sequence antibody (Clone FN-12-8, Takara clontech.) (1:1000) 

at room temperature for 90 min, and subsequently treated with 
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HRP-conjugated goat anti-mouse IgG (H+L) antibody (1:5000 

dilution) at 37°C for 2 h. After washing by PBS twice, ABTS (1 mg mL-

1) solution was treated with the substrate at 37°C for 30 min. The 

absorbance was measured at a wavelength of 405 nm using Infinite 

200PRO M Plex microplate reader (Tecan, Zürich, Switzerland). 

 

Modification of cantilever (Scheme 1) 

The SNL-10-B and MSNL-10-A (spring constant: 0.07 Nm-1, tip radius 

< 12 nm, Bruker) cantilevers were used for the modification with 

proteins and antibody, respectively. The cantilevers were washed 

with water and ethanol, and subsequently irradiated with UV/O3 for 

30 min using UV ozone cleaner (Filgen Inc., UV253E(R)) twice. (3-

Aminopropyl)triethoxysilane dissolved in toluene (1 v/v%) was 

treated with cantilevers for 1 h. After washing with toluene, reacted 

cantilevers were dried at 100°C for 1 h under vacuum. The obtained 

cantilevers were immersed with the solution of HOOC-PEG13-NHS 

ester (1 mg mL-1) dissolved in PBS for 1 h. The reacted cantilevers 

were treated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(0.1 M) and N-hydroxy succinimide (0.1 M) dissolved in PBS at 4°C 

for 1 h. After washing with PBS, the solution of fibrinogen (10 μg 

mL-1) and fibronectin (10 μg mL-1) were treated with the cantilevers 

at 4°C for 1 h. The reacted cantilevers were washed with PBS twice 

to obtain fibrinogen- and fibronectin-conjugated cantilevers. 

Proteins-conjugated silicon wafer was synthesized in the same 

manner. Additionally, antibodies-conjugated cantilevers were 

synthesized in the same manner using mouse anti-human 

fibrinogen γ-chain antibody and mouse anti-human fibronectin 

RGD-sequence antibody.  

For the fabrication of hydrophobized cantilevers, UV/O3-

irradiated cantilevers (SNL-10-B) were reacted with 

trimethoxy(propyl)silane dissolved in toluene (1 v/v%) for 1 h. After 

washing with toluene, the reacted cantilevers were dried at 100°C 

under vacuum to obtain the hydrophobized cantilevers. 

Hydrophobized silicon wafer was synthesized in the same manner. 

  

Force measurement 

The force measurements with the protein-conjugated cantilevers 

were performed on PMPC, PET and PMEA in PBS. In the case of 

PMEA, the measured points were classified into polymer-rich or 

polymer-poor regions from their height variation. The 

measurements were done at 50 points for each PMPC, PET, PMEA 

polymer-rich and PMEA polymer-poor with the forwarding and 

retracting velocities of 1.0 μm s-1 and the setpoint of 1.0 nN. The 

adsorption force and the adsorption energy (the integration of 

force-distance curve) were obtained from the retraction curves. 

The force measurements with the hydrophobized cantilevers were 

performed in the same manner. 

For the force measurements with the antibody-conjugated 

cantilevers, first the 10 μg mL-1 protein/PBS solutions were 

deposited on the polymer samples for 10 min. and rinsed with PBS 

3 times. Then the interaction between the protein adsorbed 

polymer surfaces and the antibodies were measured (the 

forwarding and retracting velocities were 20 μm s-1 and the setpoint 

was 2.0 nN). The results obtained at 50 points for each combination 

of fibrinogen, fibronectin and polymer-rich, polymer-poor regions 

were used for analysis. 

 

Statistical analysis 

Data are means ± SD of at least three independent trials. 

Significant differences between treatment means were 

assessed by one-way ANOVA followed by the Tukey-Kramer 

multiple comparison test in OriginPro v. 2020b (OriginLab, 

Northampton, MA, USA). Statistical significance was set at P < 

0.05. 

 

 

Results and discussion 

 

Macroscopic analyses of protein adsorption on PMEA 

substrates 

For cell adhesion, it is important that the binding site of the 

adsorbed protein is exposed on the biomaterial surface.25–27 

The relevant binding sites in this study are the γ-chain of 

fibrinogen is related to the adhesion and activation of platelets, 

leading to thrombogenesis. The arginine–glycine–aspartic acid 

(RGD) sequence of fibronectin is related to the adhesion of 

adherent cells such as fibroblasts, endothelial cells tumor cells, 

and stem cells.28,29 We first evaluated the amount of 

fibrinogen and fibronectin, with exposed binding sites, 

adsorbed onto a PMEA substrate (Figure 1a,b). The PMEA 

substrates were fabricated by spin-coating of the PMEA onto 

a PET substrate. In our previous research, transmission 

 
Scheme 1. Fabrication of protein-conjugated cantilever 
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electron microscopy observation revealed that the thickness 

of the PMEA layer fabricated by spin-coating was 

approximately 70–80 nm30. A PMPC-coated PET substrate was 

also prepared as a negative control for protein adsorption. The 

PET, PMPC, and PMEA substrates were exposed to fibrinogen 

or fibronectin for 10 min and subsequently characterized by 

indirect ELISA. The optical values from the ELISA results, which 

are related to the amount of exposure of the binding groups, 

were expressed relative to those of PET. The exposures of the 

γ-chains (fibrinogen) and RGD-sequences (fibronectin) on the 

PMEA and PMPC substrates were lower than those on PET. 

From micro BCA assay, the quantity of adsorbed proteins on 

the substrate surfaces after 10 min of adsorption, showed 

large errors (Figure S2). Our previous reports demonstrated 

that PMEA tended to suppress the adsorptions and 

conformational changes of serum proteins on its surface13–15. 

Although the quantities of adsorbed proteins on the substrate 

surfaces after 10 min of adsorption time were unclear, it 

suggests that the PMEA substrates suppressed conformational 

changes in the adsorbed fibrinogen and fibronectin. 

 

Nanoscopic analyses of protein adsorption on PMEA 

substrate 

  From AFM, the surface of PMEA in phosphate-buffered saline 

(PBS) showed the formation of protrusions in the surface 

structure, which were polymer-rich, and flat regions, which 

were polymer-poor, in agreement with our previous reports.22 

In contrast, the surface of PET and PMPC-coated PET at the 

water interface were smooth (Figure 2). To investigate the 

relationship between the nanostructure of the PMEA 

substrate and the protein adsorption, the distributions of 

fibrinogen and fibronectin adsorbed on the PMEA substrates 

were measured by the changes in the height and elastic 

modulus of the substrate with adsorbed proteins. From the 

height images, no significant differences in the adsorption of 

fibrinogen and fibronectin on the PMEA substrates are noted 

(Figure 3a,b). Our previous reports demonstrated that the 

amounts of fibrinogen and fibronectin adsorbed onto the 

PMEA substrates were consistent with their monolayer 

configurations, resulting in negligible changes in their heights 
14,31. In contrast, these substrates exhibited a decrease in the 

elastic modulus of the surface in a time-dependent manner. 

The histograms for the elastic moduli of the protein-adsorbed 

substrates were constructed from their moduli images (Figure 

3a,b). Considered alongside the height images, we confirmed 

that the elastic modulus of the polymer-poor region 

corresponded to log(Pa) > 8.0, and that of the polymer-rich 

region to log(Pa) < 7.5. In the polymer-poor regions of the 

PMEA, the fibronectin treatment significantly decreased the 

elastic modulus in a time-dependent manner in comparison 

with fibrinogen, resulting that fibronectin might adsorb onto 

the polymer-poor regions. In contrast, the elastic modulus of 

the polymer-rich region showed a slight change after the 

adsorption of both proteins.Although fibronectin might adsorb 

onto the polymer-poor region of PMEA, the detailed 

adsorption behavior was still unclear from these 

measurements. 

 

Adsorption force of proteins on the nanometer-scale 

structures of PMEA 

Next, we evaluated the adsorption force of fibrinogen and 

fibronectin on the PMEA substrate to estimate the distribution 

of adsorbed fibrinogen and fibronectin in polymer-poor or rich 

regions of the PMEA substrates. This was done by AFM using 

fibrinogen- and fibronectin-conjugated cantilevers. The 

surfaces of the silicon nitride cantilevers were modified with 

carboxy group-terminated poly(ethylene glycol) (repeat units: 

 
Figure 1 (a,b) The amount of γ-chain of adsorbed fibrinogen (a) and RGD-sequence of adsorbed fibronectin (b) on the surfaces analyzed 

by indirect ELISA. Data were expressed as mean ± SD (n = 3, **p < 0.01, ****p < 0.0001, NS: not significant). 

 

 
Figure 2. Topographic images of surface on PET coated with 

PMPC and PMEA acquired by AFM in PBS (Scale bars: 1 μm).  
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13) (PEG13-COOH) linkers, and these reacted with amine 

groups from the proteins via a condensation reaction (Scheme 

1). However, it was difficult to confirm the conjugation of the 

protein on the triangular cantilever using X-ray photoelectron 

spectroscopy (XPS) because the sample size was too small. As 

an alternative, we confirmed the success of the reactions by 

measuring the protein conjugation to silicon wafers. XPS of 

these wafers showed that the elemental and chemical 

compositions of these surfaces showed a decrease in the ratios 

of Si and O, and an increase in the ratios of C and N after the 

modification with 3-aminopropyltriethoxysilane, PEG13-COOH, 

and fibronectin (Figure 4a,b). Conjugated fibronectins on the 

silicon surface were also detected by ELISA and scanning 

electron microscopic images (Figure S3a,b). The proteins-

conjugated cantilevers exhibited lower elastic moduli on PET 

substrate compared to the unmodified cantilever (Figure S4). 

In addition, the elastic modulus of fibronectin was lower than 

that of fibrinogen. It suggests that the change in the elastic 

moduli of fibrinogen-adsorbed PMEA substrates was related 

to not only the less adsorption amount of fibrinogen but also 

the fact that its elastic modulus was equivalent to that of 

PMEA substrates (Figure 3c,d). 

To measure the adsorption force of proteins on the PMEA 

surfaces, the PMEA surfaces were analyzed by AFM using the 

protein-conjugated cantilevers (Figure 4c). On PMPC 

substrates, the adsorption force of fibrinogen and fibronectin 

was lower than other polymer surfaces (Figure 4d). The 

adsorption force of fibronectin to PET substrates was higher 

than that of fibrinogen. On the PMEA surfaces, the adsorption 

force of fibronectin was significantly higher than that of 

fibrinogen in the polymer-poor regions, whereas there was no 

difference in the adsorption force of the proteins in the 

polymer-rich regions. The adsorption force of the protein-

modified cantilevers to PMEA substrates increased with 

inducing the conformational change to the protein by urea 

treatment (Figure S5). In addition, there was little difference in 

the adsorption forces after repeated measurements using the 

protein-modified cantilevers (Figure S6). These results suggest 

that the conformational changes in the proteins that had 

conjugated on the cantilevers after the repeated 

measurements, were negligible. These results suggest that 

fibronectin tended to adsorb more strongly on the polymer-

poor regions than fibrinogen, whereas both proteins adsorb 

equally well in the polymer-rich region.  

 
Figure 3 (a) Changes in height and log(modulus) images of PMEA surface treated with fibrinogen and (c) fibronectin for 10, 30, 60 min. 

(Scale bars: 1 μm). (b) Graph of the modulus of the PMEA substrates treated with fibrinogen and (d) fibronectin for 10, 30, 60 min.  
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Considering that PMEA is a water-insoluble (hydrophobic) 

polymer, hydrophobic interactions between proteins and 

PMEA should dominate. The hydrophobicity of the PMEA 

substrate differs between polymer-rich and polymer-poor 

regions. It suggests that the difference in the adsorption 

behavior between fibrinogen and fibronectin depends on the 

properties of the surface such as hydrophobic/hydrophilic 

balance. When protein adsorption occurs on surfaces of 

biomaterials, the conformational changes proceed in a time-

dependent manner, and lead to the exposure of hydrophobic 

segments in the proteins.32,33 Molino et al. used a quartz 

crystal microbalance with dissipation monitoring to 

demonstrate that the dynamic process of proteins adsorbing 

onto the substrate surface occurred over the duration of an 

hour or longer34. An increase in the contact time of the 

proteins would increase their adsorption forces via the 

conformational changes in the proteins. In addition, the 

adsorption forces of the proteins on the PMEA substrate may 

be related to the ease of conformational change in the protein 

when in contact with the substrate. 

 

Hydrophobicity of the nanometer-scale structures of PMEA 

The hydrophobicity of biomaterials play a key role in regulating 

protein adsorption behavior on its surface.35,36 Because 

different regions of the PMEA substrate have different 

polymer densities, these regions exhibit different 

hydrophobicities. It has been reported that the hydrophobicity 

measured by the contact angle method is related to the 

adsorption force of cantilevers measured by AFM.37 

Hydrophobized cantilevers were therefore used to acquire 

force curves in order to measure the hydrophobicities of the 

various regions of the PMEA surfaces thorough the strength of 

 

Figure 4 (a) XPS profiles of unmodified and fibronectin-conjugated silicon wafers. (b) XPS atomic ratios of different elements on 

unmodified, 3-aminopropyl, PEG13-COOH-modified, and fibronectin-conjugated silicon wafers. (c) Schematic illustration for the 

measurement of the interaction of the protein-conjugated cantilever with polymer-rich or polymer-poor portion of the PMEA substrate. 

(d) Box plots for the adhesion force of fibrinogen- (Fng) and fibronectin- (FN) conjugated cantilevers interacting with PMPC, PET and the 

polymer rich and poor regions of PMEA. Data were expressed as mean ± SD (n = 50, ***p < 0.001, ****p < 0.0001, NS: not significant). 
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the hydrophobic interactions in PBS. The silicon nitride 

cantilever was modified using trimethoxy(propyl)silane, a 

silane coupling reagent. A silicon wafer was again used as a 

proxy for the cantilever to measure the modification of 

cantilever. Trimethoxy(propyl)silane-modified silicon wafer 

showed an increase in the contact angle compared to the 

unmodified silicon wafer, suggesting that the cantilever was 

hydrophobized (Figure 5a,b).  

From the retraction curves, the PET surface and both 

regions of the PMEA surface experienced an attractive force 

towards both the unmodified and the hydrophobized 

cantilevers (Figure 5c-h). The adsorption force of both 

cantilevers to the polymer-poor regions was lower than that 

of polymer-rich regions, indicating that the polymer-rich 

regions of PMEA were more hydrophobic than the polymer-

poor regions (Figure 5i). The adsorption energy was higher for 

the polymer-rich regions compared to the other surfaces 

owing to the entanglement of polymer chains (Figure 5j). 

Moreover, the hydrophobized-cantilever in contact with the 

polymer-rich regions showed a three-fold higher value of 

adsorption energy in comparison with the unmodified 

cantilever. This also suggests that the polymer-rich regions of 

PMEA had a higher affinity for hydrophobic molecules than the 

polymer-poor regions. Our previous reports have mentioned 

that polymer-poor regions of the PMEA substrate would be 

water-rich.22,38 Therefore, the polymer-poor regions of PMEA 

showed higher hydrophilicity than the polymer-rich regions, 

which leads to differences in the distribution and adsorption 

force of the proteins in these regions. It has been reported that 

fibronectin adsorbed on biomaterial surfaces exhibits a more 

favorable conformation in hydrophilic regions compared to 

hydrophobic regions, whereas the conformational changes in 

 

Figure 5 (a,b) Contact angle images for droplets of water on unmodified (a) and hydrophobized (b) silicon wafer as model surface of 

cantilever. (c-h) Representative force curves for unmodified and hydrophobized cantilevers in contact with: (c, d) the PET substrate, (e, 

f) the polymer-poor region of PMEA, and (g, h) the polymer-rich region of PMEA. (i, j) (i) Adhesion force and (j) energy of the unmodified 

and hydrophobized cantilevers in contact with the PET substrate, the polymer-rich and polymer-poor regions of PMEA. Data were 

expressed as mean ± SD (n = 50, ***p < 0.001, ****p < 0.0001, NS: not significant). 
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fibrinogen were increased in hydrophobic regions.39 The 

distributions and adsorption forces of fibrinogen and 

fibronectin on the nanoscale structures of PMEA help to 

determine their conformational changes. 

 

Conformational changes in adsorbed proteins in relation to 

the nanometer-scale structures of PMEA 

Finally, the conformational changes in adsorbed fibrinogen 

and fibronectin in relation to the nanometer-scale structures 

of PMEA were investigated. We have developed a method to 

quantitatively measure the conformational change in 

adsorbed proteins on PMEA by AFM. The cantilever and silicon 

wafer substrates were modified with monoclonal antibodies 

that recognize a cell-binding site of fibrinogen (γ-chain; Fib-

cantilever) or fibronectin (RGD-sequence; FN-cantilever) via a 

PEG linker. The Fib-cantilever showed a significant attractive 

force of over 30 nm on fibrinogen-modified substrates (Figure 

6a-c). Because the chain length of the PEG linker was 

 

Figure 6. (a-c) Retraction curves: (a) between the unmodified cantilever and the fibrinogen-modified silicon wafer, (b) between the anti-

fibrinogen monoclonal antibody-conjugated cantilever (fib-cantilever) and an albumin-modified silicon wafer, and (c) between the fib-

cantilever and fibrinogen-modified silicon wafer. (d) Schematic illustration for the acquisition of the cumulative frequency plots of 

adhesion force, for measuring the interaction between the monoclonal antibody-conjugated cantilever and the protein-adsorbed PMEA 

substrate. (e-h) Cumulative frequency plots of adhesion force; (e) between the fib-cantilever and the pre- or post-fibrinogen-adsorbed 

polymer-rich region, (f) the fib-cantilever and pre- or post-fibrinogen-adsorbed polymer-poor region, (g) between the anti-fibronectin 

monoclonal antibody-conjugated cantilever (FN-cantilever) and the pre- or post-fibronectin-adsorbed polymer-rich region, and (h) the 

FN-cantilever and pre- or post-fibronectin-adsorbed polymer-poor region. Data were expressed from 50 points of force curves. 
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estimated to be 4.5 nm, the force distance between the Fib-

cantilever and the fibrinogen-modified substrate contained 

the length of the extended PEG-linker. In contrast, there were 

weak forces between the unmodified-cantilever and  

fibrinogen-modified substrate, or between the antibody-

modified cantilever and an albumin-modified substrate. This 

confirms that the Fib-cantilever recognized the exposed γ-

chain of adsorbed fibrinogen on the substrate. Therefore, the 

degree of   the adsorbed proteins can be measured by the 

adsorption force between the antibody-modified cantilevers 

and the adsorbed proteins.  

From the force and height maps acquired with the antibody-

modified cantilevers on the protein-adsorbed PMEA 

substrates, we measured the force at 50 points each in the 

polymer-rich and polymer-poor regions. We then plotted the 

force and the cumulative frequency at which the force 

occurred (Figure 6d). Adsorbed fibrinogen and fibronectin 

with exposed binding sites increase the force applied to the 

antibody-modified cantilever compared to the substrate pre-

protein adsorption, resulting in an increase in the incidence of 

large forces (Figure 6e-h). In the polymer-rich region, the 

differences in forces between the pre- and post-protein-

adsorbed substrates increased significantly above 250 pN 

(Figure 6e,g). Fibrinogen adsorption on the PMEA surface 

increased the force on the Fib-cantilever by more than 100 pN, 

with a cumulative frequency of 68% (Figure 6e). Fibronectin 

adsorption in the polymer-rich region of PMEA increased the 

force applied to the FN-cantilever more than 250 pN with a 

cumulative frequency of 58% (Figure 6g). The antibodies 

modified on cantilevers recognize the exposed binding sites of 

the proteins on the substrates, resulting in an increase in 

antibody–protein interactions. The threshold for an antibody–

protein interaction was set to 250 pN in the polymer-rich 

region, and suggests that 32% of the fibrinogen and 42% of the 

fibronectin adsorbed in the polymer-rich regions had exposed 

binding sites. On the other hand, the threshold for an 

antibody–protein interaction was set to 100 pN in the 

polymer-poor region because the force between the polymers 

and antibodies was small. The differences in force between 

pre- and post-protein-adsorbed substrates increased 

significantly above 100 pN in the polymer-poor region (Figure 

6f,h). The threshold of this force was achieved in 76% of the 

fibrinogen-adsorbed polymer-poor region interactions, and in 

24% of the fibronectin-adsorbed polymer-poor region 

interactions. These results suggest that 24% of the fibrinogen 

and 76% of the fibronectin adsorbed in the polymer-poor 

regions that had exposed cell-binding sites. Therefore, the 

exposure of the RGD sequence of fibronectin was increased in 

the polymer-poor region, while the exposure of the γ-chain of 

fibrinogen was suppressed. Furthermore, we measured 

fibronectin-adsorbed PMPC substrates as control samples 

(Figure S7) because a significant difference between PMPC 

and PMEA was observed from the ELISA results regarding the 

conformational change in fibronectin (Figure 1a). The changes 

in the force values between pre- and post-protein-adsorbed 

PMPC substrates were negligible. Because the conformational 

change in fibronectin adsorbed onto PMPC was lower than 

that adsorbed onto PMEA, the results for the force–frequency 

measurements were consistent with the ELISA results. 

However, it is necessary to verify the generality of this 

measurement method using other polymer materials. 

On the PMEA substrates, the degrees of the conformational 

changes in both adsorbed proteins in the polymer-rich region 

remain the same. Considering the adsorption force of 

fibrinogen and fibronectin (shown in Figure 4), the 

conformational changes in the proteins on the PMEA substrate 

were related to the adsorption force. Although the threshold 

values for the polymer-poor and polymer-rich regions were set 

to 250 pN and 100 pN, respectively, it was unclear whether the 

threshold values were suitable for measuring the 

conformational change in the adsorbed proteins. Further 

clarification is needed to investigate the relationship between 

the degree of conformational change of the adsorbed protein 

and the adsorption force of the antibody-conjugated 

cantilever. 

It has been reported that the adhesion and activation of 

platelets is suppressed on PMEA-coated substrates, while the 

adhesion of cells is enhanced.11,15,16 In the present study, 

PMEA inhibited the conformational change in fibrinogen 

adsorbed on polymer-poor and rich regions, while adsorbed 

fibronectin showed greater conformational changes in the 

polymer-poor regions (Table 1). The nanometer-scale 

structures of the PMEA substrates play a key role in the 

adsorption and conformational change in the adsorbed 

proteins. Berglin et al. demonstrated that the conformational 

change in adsorbed fibrinogen on polymer surfaces was 

suppressed with decreasing glass transition temperature 

(Tg).40 Because PMEA possessed a Tg of -49 °C in hydrated 

conditions, polymer chain flexibility could be one of the factors 

suppressing the conformational change in fibrinogen (Table 

S1). Our previous reports have demonstrated that the 

polymer-poor region (water-rich region) of PMEA might be 

Table 1 Summary of the relationship between the nanometer-scale structures of PMEA and proteins adsorption behavior 

Region Hydrophobicity 
Adsorption force (nN) Conformational change (%) 

Fibrinogen Fibronectin Fibrinogen Fibronectin 

Polymer-rich High 0.43 ± 0.18 0.45 ± 0.27 42 32 

Polymer-poor Low 0.12 ± 0.04 0.34 ± 0.13 24 76 
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abundant in water, including non-freezing water (NFW) and 

intermediate water (IW), leading to the suppression of 

adsorption and conformational change in fibrinogen.41 

Meanwhile, it has been reported that the conformational 

change in adsorbed fibronectin on a substrate was promoted 

more by hydrophilic surfaces compared to hydrophobic 

surfaces.34,42 In this regard, the hydrophilicity of the polymer-

poor region was higher than that of the polymer-rich region 

(Figure 5). The hydrophilicity of the polymer-poor region of 

PMEA suppresses the exposure of the γ-chain of adsorbed 

fibrinogen, which is related to thrombogenicity, and enhances 

the exposure of the RGD-sequence of the adsorbed 

fibronectin, which is related to cell adhesiveness. The 

hydrophobic–hydrophilic balance at the water/PMEA 

interface is modulated by the formation of nanometer-scale 

structures, altering the adsorption and conformations of the 

adsorbed proteins. Consequently, protein adsorption behavior 

notably varies with the nanoscopic properties of surfaces; 

thus, nanoscopic evaluation is necessary for the design and 

characterization of biomaterial surfaces, including PMEA. In 

addition, further investigation is needed to reveal the effect 

that the conformations of proteins conjugated on cantilevers 

have on the results of the measurements, and the effect of the 

nanoscopic properties of the substrate surfaces on their 

protein adsorption behavior. These can be done using AFM-

based infrared spectroscopy, scattering-type scanning near-

field optical microscopy, and surface-assisted laser 

desorption/ionization mass spectrometry imaging.43–45 

Conclusions 

This study detailed the nanoscopic analyses of protein 

adsorption on the nanoscale structures of PMEA substrates. 

The polymer-rich and -poor regions on PMEA substrates 

exhibited different protein adsorption behaviors, such as 

adsorption force and conformation changes. There was no 

significant difference in the adsorption behavior between 

fibrinogen and fibronectin in the polymer-rich region. 

Meanwhile, the polymer-poor region displayed increased 

adsorption force and enhanced conformational change in 

fibronectin in comparison with fibrinogen. This suggests that 

the hydrophilicity and water content of the polymer-poor 

region affected the interactions with fibrinogen and 

fibronectin. Hence, the conformations of fibrinogen and 

fibronectin adsorbed in the polymer-poor region would 

suppress the thrombogenicity and promote the cell 

adhesiveness, respectively. Taken together, nanoscopic 

analyses of biomaterials, including PMEA derivatives, play a 

key role in revealing detailed protein adsorption behavior, and 

can aid in the development of novel biomaterials that can 

regulate cell adhesion. 
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