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Abstract 

We report that the nanometer-scale architecture of polymer chains plays a crucial role in 

its protein resistant property over surface chemistry. Protein-repellent (non-charged) a 

few nanometer-thick polymer layers were designed with homopolymer chains 

physisorbed on solids. We evaluated the anti-fouling property of the hydrophilic or 

hydrophobic adsorbed homopolymer chains against bovine serum albumin in water. 

Molecular dynamics simulations along with sum frequency generation spectroscopy data 

revealed the self-organized nano-architecture of the adsorbed chains composed of inner 

nematic-like ordered segments and outer brush-like segments across homopolymer 

systems with different interactions among a polymer, substrate, and interfacial water. We 

propose that this structure acts as a dual barrier against protein adsorption. 
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Fouling is the undesirable accumulation of a material on a wide variety of objects, 

such as medical devices, ship hulls, and membranes, and has now become a widespread 

global problem from land to ocean with both economic and environmental penalties1-4. 

Polymers have been used to develop efficient antifouling coatings against protein 

adsorption from a biological fluid on a solid surface5-8. Common chemical characteristics 

of antifouling polymer surfaces are hydrophilic, electrically neutral, or highly hydrated, 

as they can strongly bind with water molecules and reduce the interactions with proteins9-

11. It has been suggested that the “interfacial water molecules” act as a barrier against 

proteins since a large amount of energy is required to break the strong hydrogen-bonding 

network12-14. Vogler further proposed that protein adsorption does not occur when a 

contact angle (θ) of a polymer with water is θ < 65°9. 

In addition to this surface chemistry, the structures of polymer surfaces have been 

shown to play another major role in protein resistance15. In this regard, chemically end-

grafted polymer chains (i.e., polymer brushes) have been widely utilized16, 17 since the 

structure causes the steric repulsion force that prevents protein adsorption18, 19. Note that 

the chemical grafting also helps stabilize polymer coatings under various environmental 

conditions. With the strategies in mind, poly(ethylene glycol) (PEG) or oligo(ethylene 

glycol) brushes are well known as the “gold” standard for protein resistance20-25. 

Additionally, polymer brushes composed of zwitterionic molecules26, hydrophilic 

polymers10, 27, and amphiphilic cross-linked polymers28, 29 as well as self-assembled 

monolayers30-33 have been structurally designed to prevent protein adsorption. However, 

the mechanism of protein anti-fouling at the polymer surface is still controversial. 

In this Letter, we show that the nanometer-scale architecture of polymer chains on a 

solid emerges the protein resistant property against a model protein (bovine serum 

albumin (BSA)) regardless of a complex interplay of interactions among a polymer, 

substrate, and interfacial water. The anti-fouling polymer coating designed is composed 

of non-charged homopolymer chains physically adsorbed onto a solid, resulting in a few 
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nanometer-thick layer (“polymer nanolayer”). Sum frequency generation spectroscopy 

(SFG) results clarify (i) the non-significant role of the interfacial water in the emergence 

of an anti-fouling property and (ii) the two-dimensional chain architecture commonly 

shared among the polymers in water. Molecular dynamics (MD) simulation results 

further allow us to establish the generality of the self-organized structures of the polymer 

nanolayers in water: high-density “loops” (sequences of free segments connecting 

successive trains) and “tails” (non-adsorbed chain ends)34 and nematic-like order of 

“trains” (adsorbed segments) underneath. Hence, we anticipate that the loops/tails act as 

high-density polydispersed brushes34 and the trains behave as a molecular level “rigid-

wall”18, 19, such that most of the proteins are not allowed to penetrate into the nanolayer. 

Our present finding not only provides a better understanding of the mechanism behind 

protein adsorption on polymer surfaces but also facilitates a versatile design of anti-

fouling coatings with common types of synthetic homopolymers regardless of their 

hydrophilicity. 

Polystyrene (PS, weight-average molecular weight (Mw) = 17,000 g/mol, molecular 

weight distribution (Mw/Mn) =1.05, Pressure Chemical Co., hereafter assigned as PS17k) 

and poly(2-vinyl pyridine) (P2VP, Mw= 219,000 g/mol, Mw/Mn=1.11, Scientific Polymer 

Products, Inc.), were used as rational models. The water contact angles of PS was 

estimated to be 90 ± 1°, while the water contact angle of P2VP was reported to be 67°35 

that is nearly equal to the critical contact angle for protein adsorption defined by Vogler9. 

In addition, polyethylene oxide (PEO, Mn = 20,000 g/mol, Sigma-Aldrich, product no. 

83100) was used as a representative of hydrophilic polymers commonly used for protein 

resistance36. To prepare the polymer nanolayers on silicon (Si) substrates, the established 

solvent rinsing approach34 was utilized. The detail of the polymer nanolayer preparation 

including surface treatments of Si has been described elsewhere35, 37-40 and is also 

summarized in Supporting Information (SI). We confirmed that the polymer nanolayers 

composed of the three different polymers covered the substrates homogenously (Figure 
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S1). The thicknesses of the PS17k, P2VP, and PEO nanolayers used in this study were 

determined to be 1.9 ± 0.2 nm, 3.0 ± 0.2 nm, 2.5 ± 0.2 nm, respectively, by using X-ray 

reflectivity. The results are in good agreement with previous reports35, 37-40. Based on 

their thicknesses relative to their radii of polymer gyration in the bulks, the polymer 

chains in the nanolayer are expected to lie flat on the solid with many solid-segment 

contacts37, 38. We hereafter assign these adsorbed polymer chains as “flattened chains”, 

and the polymer nanolayer consists of the lone flattened chains37, 38. 

Figure 1 shows the optical 

microscope (OM) images of the 

nanolayer surfaces after the protein 

adsorption experiments. Fluorescein 

isothiocyanate labeled BSA in 

phosphate buffer saline (PBS) was 

used for the protein adsorption 

experiments. The radius of gyration of 

the BSA in PBS was estimated to be 

3.4 nm (Figure S2). The polymer 

nanolayers were incubated in the 

protein solution (1 mg/ml) for typically 6 h at 25 °C, then extracted and rinsed with water 

and thereafter dried with a nitrogen stream. As a control, we also investigated the protein 

adsorption on a 50 nm-thick P2VP film (Figure 1a) and the bare Si (Figure S4). The OM 

images revealed a large number of BSA molecules (which appear green on the images) 

adsorbed on the P2VP thin film and bare Si. On the contrary, as shown in Figure 1b, the 

OM image demonstrated the anti-fouling property of the P2VP nanolayer. We also found 

that the PS and PEO nanolayers repel BSA (Figures 1c and 1d). Note that the PEO 

nanolayer was stable on the substrate for at least 60 days of immersion in the good 

solvent (i.e., PBS) (Figure S5). The anti-fouling/fouling switching observed in the OM 

(b) 

Figure 1. OM images of (a) the 50 nm thick P2VP 
film, (b) the P2VP nanolayer, (c) the PS17k 
nanolayer, and (d) the PEO nanolayer after the 
BSA adsorption experiments. BSA molecules 
appear green in the images. The scale bars 
correspond to 200 μm. 

(c)

(a)

(d)
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results were further confirmed by using a photon counting spectrofluorometer (PC1, 

Table S1). It is indicative a possible threshold thickness for the switching (Figure S6). 

To further extend our claim, two different molecular weights of PS (Mw = 4,000 

g/mol, Mw/Mn=1.06 and Mw= 30,000 g/mol, Mw/Mn=1.03, Pressure Chemical Co., 

hereafter assigned as PS4k and PS 30k, respectively) were also tested. The thicknesses of 

the PS4k and PS30k nanolayers were 1.9 ± 0.2 nm and the polymer nanolayers covered 

the substrates homogenously, as previously reported35, 38, 41. The PC1 results proved no 

BSA adsorption on the PS4k and PS30k nanolayers (Table S1 and Figure S6). Hence, we 

found the emergence of the antifouling 

property of the polymer nanolayers 

against the model protein regardless of 

the degree of polymer hydrophilicity 

and chain lengths. 

We next clarify the role of 

interfacial water, known as a barrier 

against protein adsorption12-14. For this 

purpose, SFG measurements were 

conducted in the O-H vibration region. 

The details of the SFG experiments are 

described in SI. Figure 2a shows the 

SFG spectra for water on the 

deuterated PS (dPS) thin film (50 nm 

in thickness) and nanolayer with a ssp 

(SFG/s; visible/s; and IR/p) polarization combination42. Note that dPS was used to 

quantify the vibrational modes of water that overlap with those of hydrogenated PS 

chains. Two broad peaks were observed at around 3200 and 3450 cm-1. The former can 

be assigned to the O-H vibrational mode of ordered water molecules which interact with 

Figure 2. SFG spectra for the dPS nanolayer 
and dPS thin film (top) and the P2VP nanolayer 
and thin film in H2O (bottom) in the O-H 
vibration region with the ssp polarization 
combination. 
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one another via strong hydrogen bonding43. The latter is assignable to the O-H vibrational 

mode of more disordered water molecules44 that were previously observed at hydrophilic 

polymer surfaces45, 46. Tanaka and co-workers proposed the population of the disordered 

water as a gauge of biocompatibility/bioinertness47. Interestingly, the SFG data evidences 

the existence of the ordered and 

disordered water both on the 

hydrophobic PS thin film and nanolayer 

surfaces. The same result is also 

evidenced for the P2VP nanolayer/water 

and P2VP thin film/water interfaces 

(Figure 2b). Although the quantitative 

comparison of the peak intensity 

between the two different surfaces is 

difficult, the SFG data demonstrates that 

the local water structures are not relevant 

to the emergence of the present anti-

fouling/fouling switching between the 

nanolayer and thin film. We can also 

rule out a correlation between the anti-

fouling property and the surface 

roughness of the nanolayers in water 

(Table S2), which is known as another 

key parameter for protein adsorption48. 

 Grunze and co-workers predicted 

that the protein adsorption resistance of chemically grafted PEG brushes depended on the 

chain conformation18, 49-52. Their Monte Carlo simulations indicated that a PEG grafted 

chain on a gold surface, which formed a helical conformation, was inert to protein 

Figure 3. SFG spectra for (a) the P2VP 
nanolayer and (b) the PS17k nanolayer 
using the ssp and ppp polarization 
combinations in D2O. The peaks at around 
3020 and 3060 cm−1 in (b) are attributed to 
the contributions from the ν20b and ν2 
vibrational modes of phenyl rings (see, 
Figure S9). (c) Proposed chain 
conformations of the P2VP and PS17k 
nanolayers in water. 
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adsorption, while a PEG grafted chain on a silver surface, which resulted in a trans 

conformation, did not prevent protein adsorption50-52. Motivated by their results, we 

investigated the chain conformations of the adsorbed chains in water using SFG and 

explicit solvent coarse-grained MD simulations to understand the origin of the anti-

fouling property. 

Figure 3 shows the SFG spectra in the C-H stretching vibrational region with the ssp 

and ppp combinations acquired at the interface between the P2VP nanolayer and heavy 

water (D2O) (panel a). The SFG peaks located at around 2850 cm-1 and 2905 cm-1 shown 

in Figure 3a are assigned to symmetric C-H stretching vibration of methylene (CH2s) 

group and C-H stretching vibrations of methyne (CH) groups of the backbone 

chains, respectively42, 53. The peak at around 3020 cm-1 is attributed to the contributions 

from inseparable three vibration modes of pyridine rings (see SI, we hereafter assign as 

the ν* vibrational mode), while the peak at around 3070 cm-1 is attributed to the 

contribution from the ν2 vibrational mode54. As shown in Figure 3a, the vibrational 

modes of pyridine rings appear at the ppp polarization combination, while those at the ssp 

polarization combination are invisible. This is in contrast to the SFG spectra acquired at 

the interface between the thin film and water where the vibrational modes with both the 

ssp and ppp polarization combinations become very weak (Figure S7), indicating that 

there is no preferential orientation of the pyridine rings at the water interface. Given the 

fact that SFG signals with the ssp combination are sensitive to the orientation of 

functional groups along the film normal direction, while those with the ppp polarization 

are sensitive to all directions42, we conclude that the pyridine rings of the P2VP 

nanolayer have the tendency to line up along the direction parallel to the film surface in 

water. In addition, the restriction upon a bond rotation of pyridine groups requires the 

backbone chains to lie on the substrate55. The same conclusion was drawn for the PS17k 

nanolayer from the SFG results (Figure 3b and Figure S8) and PS thin film (Figure S9). 
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Consequently, as illustrated in Figure 3c, we propose that both the main chains and the 

side chains form a two dimensional (2D) structure on the substrate surface in water. 

To further generalize the polymer structure in water, we performed explicit solvent 

coarse-grained MD simulations. The details of the MD simulations (including how to 

prepare the flattened chains) have been 

described elsewhere56, 57 and are also 

summarized in SI. The interactions between 

Lennard-Jones (LJ) beads representing water 

and the flattened chain are either purely 

repulsive (i.e., hydrophobic) or with a short-

range attraction (i.e., hydrophilic) to mimic 

the experimental conditions. Figure 4 shows 

representative simulation images of the 

flattened chains in water. The attractive 

interaction between the flattened chain and the 

solid surface was set to 8 kBT (similar to the 

PEO-to-Si interfacial energy40), while that 

between the solvent and the solid surface was 

set to 1 kBT (similar to water-to-Si interfacial 

energy). We also changed the persistence 

lengths (lp) of polymer chains with lp ~ 0, 2σ, 

and 4σ ( is the diameter of a LJ bead)56 to 

illuminate the effect of chain rigidity on the 

resultant chain conformations58. 

As shown in Figure 4a, the MD results show highly ordered train segments of the 

flattened chains on the substrate surface in water. Interestingly, the sets of the trains show 

highly packed nematic-like order56, 59 in solvents. We also found that the average 

Figure 4. Simulation snapshot of the 
flattened chains (lp = 4σ) showing (a) 
the in-plane structure of the train 
segments showing nematic-like order 
of trains and (b) the out-of-plane 
polydispersed brush conformation of 
the loops and tails of the flattened 
chain in a good solvent. The trains are 
adsorbed beads whose distance is 
within 1.18 σ from a substrate bead. 
Each polymer chain is displayed with a 
different color. 

z

x

y

x

(a)

(b)
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neighboring distance between the trains is just about 1σ in both good and poor solvents 

(Figure S10). Since the polymer model used for the simulations (i.e., linear chains) is 

general and lacks any specific chemistry, it can fit any polymer and can be mapped back 

to a real polymer chain based on its Kuhn segment length. Furthermore, we previously 

reported that the formation of the flattened chains takes place (regardless of the presence 

of side groups) on weakly interactive solid surfaces as well37-39. Therefore, it is 

reasonable to deduce that the highly-packed 2D chain architecture in water can be 

generalizable across homopolymer systems with various chemical interactions, chain 

conformations, and chain rigidity. At the same time, as shown in Figure 4b, the remaining 

parts of the flattened chains become tails or loops and collectively act as polydispersed 

brushes34 with a high “effective” 

grafting density (the strand-to-strand 

distance of physisorbed chains was on 

the order of one statistical Kuhn 

segment (~1 nm)56). According to 

Sofia and co-workers60, when open 

spaces between chemically end-grafted 

polymer chains become smaller than 

the effective size of a protein, the 

protein can no longer adsorb on the end-grafted brush due to the excluded volume 

effect61, which is in good agreement with theoretical studies18, 19, 62. Hence, the positive 

structure-property correlation established in this study indicates that the outer high-

density tails/loops and the inner densely packed trains, which reduce the amount of 

available surfaces for the adsorbing protein, act as a “dual” structural barrier. 

To further test the effectiveness of the flattened chains as an anti-fouling polymer 

coating, we investigated the adsorption of PS17k onto the PS17k nanolayer. Note that the 

bulk Rg of PS17k is almost equivalent (3.5 nm) to that of the swollen BSA. The PS17k 

Figure 5. XR profiles of the PS17k nanolayer 
before and after the PS17k adsorption 
experiments. 
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nanolayer prepared on the Si substrate was immersed into a bath of a PS17k/toluene 

solution with the concentration of 1 mg/ml for 5h, then extracted and dried it under 

ambient conditions. The PS17k nanolayer was then rinsed with chloroform a few times to 

remove unadsorbed polymer chains and dried at 150 °C for 2h before X-ray reflectivity 

(XR) experiments. Figure 5 shows the XR profiles in the air before and after the PS17k 

adsorption experiments. The two XR profiles overlap exactly, proving no changes in the 

roughness, thickness, and density of the PS17k nanolayer before and after the adsorption 

experiments. Consequently, this demonstrates the supreme performance of the polymer 

nanolayer that precludes penetration of chemically identical polymer molecules as well. 

In summary, we reveal that the novel architecture of physisorbed (non-charged) 

homopolymer chains on Si substrates emerges the anti-fouling property against the model 

protein. The experimental and computational studies elucidated that this nanoarchitecture 

can be generalized across homopolymers with various chemical interactions, polymer 

rigidity, and polymer lengths. Our results show one example of the possible anti-fouling 

behavior of proteins on the polymer surface. As many factors, such as charged groups 

and hydrophobic patches on a protein and the shape of a native protein conformation (e.g., 

a globular or rod-like shape), can also come into play15, 18, 19, subtle differences may be 

observed for different proteins. However, as theory predicted18, 19,62, available open 

spaces between (adsorbed) polymer chains on a substrate is the most critical parameter to 

prevent protein adsorption. Therefore, the dual chain architecture of the physisorbed 

polymer chains would prevent adsorption of even very small proteins like cytochrome-c 

(the size of 3.4 nm60). 
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