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Abstract

In recent years there has been significant interest in the development of mate-

rial surfaces that can control their interactions with proteins for mediating subse-

quent cell attachment. Such biointerfaces can have applications in e.g. medical de-

vices and biosensors. However, non-specific adsorption of unrelated proteins and other

biomolecules present in the cell environment can potentially mask the intended protein

presentation. Recently surface-grafted peptoid-based polymer brushes, both neutral

and zwitterionic, have emerged as candidate surfaces for resisting protein adsorption

and anti-fouling applications due to their strong hydration and chain flexibility. On

the other hand, specific peptoid sequences may also be prepared to enable specific

protein binding interactions. However, molecular level insight into peptoid and brush

interactions with proteins are both lacking. Using atomistic molecular dynamics sim-

ulation, we investigated the interaction of the fibronectin (Fn) FnIII9−10 domains,

which exhibit fibronectin’s integrin cell adhesive motifs, with neutral polysarcosine

and a sequence specific zwitterionic analog. As expected, peptoids simulated at dif-

ferent grafting densities exhibited protein adsorbing and antifouling regimes. however,

comparison of independent adsorption simulations, including with different starting
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orientations of the protein, identified regions of FnIII9−10 that are typically involved

in peptoid interactions, suggesting a degree of specificity in this. The binding regions

were distinct from the integrin binding motifs and different interactions were observed

between polysarcosine and the zwitterionic sequence. Unlike typical protein-surface

adsorption, the specific interactions are driven by polar interactions. These observa-

tions give new insight into protein-surface interactions, which can be used to guide the

development of new biomaterials.

Introduction

Surfaces that can control the adsorption of proteins are important in many applications.1,2

Adsorption of proteins onto medical implants can lead to unfavourable immune and inflam-

matory responses, so controlling this is important in the creation of materials for biomedical

applications.3 Protein adsorption is also a key step in the attachment of organisms onto sur-

faces,4 so understanding and controlling this vital in preventing biofilm formation in medical

settings5 and on attachment of molluscs to marine surfaces.6 Interactions between proteins

and surfaces also effects cell growth and can be used to control the cell differentiation, for

the creation of living biomaterials.7,8 Due to this there has been much interest in developing

materials that can control protein adsorption, with a wide-range of surfaces investigated.9

This work has generated some general rules for the development of anti-fouling materi-

als, such as high wettibility, presence hydrogen-bond acceptors, and lack of hydrogen bond

donors, although exceptions to these exist.10 Zwitterionic polymers have attracted particular

interest as anti-fouling materials;11 these are typically hydrophilic (so are highly wettable)

and the presence of both positive and negative charges can lead to a complex electrostatic

environment.12 However, due to the interplay between factors such as surface hydration,

electrostatic potential, and steric effects, understanding the origin of anti-fouling behaviour

for these materials is challenging.

While many different types of material have been investigated for biomaterials, sur-
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faces consisting of peptoid chains grafted onto them to form a polymer brush have been

shown to be particular attractive.13–17 Peptoids (N -substituted glycines) are peptidomimetic

molecules,18,19 with the side chains being attached to amine nitrogen rather than the alpha

carbon. This shift in side chain position affects the chain flexibility (through the removal

of the backbone hydrogen bonding). Peptoids can be synthesised using similar solid-phase

techniques as peptides,20 allowing for the creation of chains with precise lengths and se-

quences, which makes them an ideal experimental system for the investigation of polymer

sequence design. A number of studies have been performed on peptoid brushes, showing that

these can be grafted onto surfaces to form polymer brushes. These brushes can resist the

adsorption of proteins and bacteria, making them promising candidates for biomaterial sur-

faces. To optimise the design of peptoid sequences for these applications and to give insight

into factors that determine protein behaviour it is important to understand the structures

of these surfaces and the molecular interactions between them and proteins.

Understanding the interaction between proteins and surfaces requires knowledge of in-

teractions and processes on the molecular level. This can be performed using a range of

experimental methods. Reflectivity and scattering experiments using neutrons or X-rays

can give insight into the brush and protein structure, as can surface sensitive spectroscopy

techniques such sum frequency generation spectroscopy. Ellipsometry or quartz crystal mi-

crobalance with dissipation monitoring can be used to determine the amount of protein

adsorbed. The strength of protein-surface interaction can be estimated using atomic force

microscopy or surface force apparatus measurements.

To complement experiment, computational studies using molecular dynamics (MD) sim-

ulations can also be used to investigate of protein-surface interactions.21 These give direct

access to the molecular level, so can give microscopic detail that is challenging to deter-

mine experimentally. Over the past two decades protein adsorption onto surfaces has been

investigated in a many studies using MD simulation. These have given significant insight

into the molecular factors that control protein adsorption, such as the role of surface bound
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water, surface structure,22,23 and surface chemistry.24 While these have often focused on

simple surfaces, including inorganic surfaces, such as metals25 or silica,26 and self-assembled

monolayers,27 increasingly these have started to target more complex surfaces, such as poly-

mers28,29 (crystalline or amorphous) and brushes.30 Simulations of these, even in the absence

of proteins, have identified features,31,32 such as surface hydration and mobility, that are cor-

related with protein resistance. Explicit simulation of the interaction of these more complex

surfaces with proteins is necessary to more fully understand these factors.

In this paper we build on this previous work by using molecular dynamics simulations to

investigate the adsorption and interaction of a fibronectin fragment onto peptoid brushes.

Fibronectin is found in high concentrations in blood and plays important roles in cell adhesion

and inflammatory response,33 so the interaction between fibronectin and material surfaces

is important in determining the body’s response to implanted medical devices. It is also the

target for a number of bacteria34 so adsorption of fibronectin onto device surfaces can also

be an initial step in implant-associated infections. Surfaces have been shown to drive the

formation of fibronectin fibrils that can be used on the control of cell differentiation35 and

the binding of growth factors.36 The particular fragment that is investigated consisted of

the ninth and tenth type-III domains (FnIII9−10). These contain the biologically important

synergy (PHRSN) and cell-binding (RGD) motifs, so play a key role in the function of

the protein. Two different brushes, either neutral brushes composed of polysarcosine or

zwitterionic brushes (using peptoid analogs of lysine and glutamic acid for the cationic and

anionic residues), were studied, with surface grafting densities below and above the critical

values needed for protein resistance (full details of the simulations are given in the following

section).
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Model and Methodology

Following previous work the peptiod brush32 was constructed from a placing a regular array

of fully extended peptoid molecules on a rutile surface (with the C-terminal DOPA anchoring

group close to the surface). To this was added a single protein, consisting of the FnIII9−10

domains, in the bulk liquid above the surface (Figure 1(a)). Brushes containing two differ-

ent peptoid sequences were studied; PS20 and PSKE20 (Figure 1(b)). The former is the

neutral 20-mer polysarcosine composed of Na, the simplest peptoid and analog of alanine.

(Following a recent proposal,37,38 names of residues peptoid start with “N” for the sidechain

substitution at the backbone nitrogen, followed by the 1-letter code of the amino acid for

direct analogs of natural residues). Polysarcosine is a well-known antifouling peptoid and

potential replacement of polyethylene glycol (PEG). PSKE20 is the (pseudo-)zwitterionic

charge-balanced analog of PS20, with specific cationic Nk (analog of K—lysine) and anionic

Ne substitutions (analog of E—glutamic acid), which we have previously studied.16,32 Both

peptoid chains had a terminal anchoring group (DOPA-Lys-DOPA-Lys-DOPA), linked to

the surface. The rutile (110) surface was 16 and 34 unit cells in the x and y directions,

giving a size of 104.9 Å and 101.2 Å and the slab had a thickness of 16 Å in the z-direction.

For each brush two grafting densities 0.11 nm−2 and 0.56 nm−2 (corresponding to 12 and 60

chains respectively, i.e. Nchain=12 and Nchain=60) were considered. These grafting densi-

ties are, respectively, below and above the critical grafting density (∼ 0.50 nm−2) needed to

suppress protein adsorption in for both brushes.16 To fix the peptoid chains to the surface

the z-coordinate of the Hζ atoms of the terminal DOPA residues were constrained to 1.78 Å

above the highest oxygen atom in the rutile surface (corresponding to the minimum in the

LJ potential between these atoms). As the constraint was only applied to the z-coordinate

the peptoid chains retained mobility in the plane of the surface. Prior to the insertion of the

protein, these surfaces were solvated and chloride counter-ions added to neutralise the sys-

tem. Each surface was then energy minimized and a 100 ns molecular dynamics simulation

was performed to generate an initial structure for the brush.
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The initial structure of the protein was taken from the protein database (1FNF39), with

the FnIII9 and FnIII10 domains corresponding to residues 1-89 and 90-184 respectively. This

was placed above the brush surface, with its centre-of-mass ∼8 nm from the rutile surface;

this made the lowest atom-atom separation between the protein and the brush at least

2 nm. To try to sample over different protein orientations nine simulations were performed

for each surface. Three different orientations of the protein long axis in the x-y plane were

considered (along x, along y, and at 45 degrees to the x-axis) and for each of these three

different orientations of the synergy (PHRSN) and cell recognition (RGD) motifs (pointing

away from surface, towards surface, and parallel to surface) were used. Note as experimental

work considered adsorption of the full fibronectin protein rather than isolated domains,27

conformations where the termini of these domains were oriented towards the surface were

not considered.

Table 1: Definition of starting proteins orientations for each simulation. See Figure 1 for
illustration of initial positions of cell-binding and synergy motifs.

Run PHRSN/RGD orientation Long axis orientation
1 Away from surface Along x
2 Toward from surface Along x
3 Parallel to surface Along x
4 Away from surface Along y
5 Toward from surface Along y
6 Parallel to surface Along y
7 Away from surface 45 degrees to x
8 Toward from surface 45 degrees to x
9 Parallel to surface 45 degrees to x

The charmm27 force field,40 extended to consider peptoids41 and non-natural amino

acids,42 was used for the protein and brush along with the charmm-TIP3P43 water model

were used. The rutile surface was modelled using the potential of Predota et al.44

Van der Waals interactions were evaluated with a cut off of 12 Å, with corrections to the

energy and pressure applied. Electrostatic interactions were evaluated using a particle-mesh

Ewald sum45 with a real space cut off of 12 Å and a reciprocal space grid of 48×48×280.
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All simulations were performed using the Gromacs molecular dynamics package (version

2018.4).46–48 The system was energy minimised using the steepest descents algorithm, fol-

lowed by short (10 ps) NVT simulations. Simulations were performed at 298 K, with tem-

perature controlled using the velocity rescaling algorithm49 with a relaxation time of 0.1 ps.

For each system simulations of 200 ns were performed (with a timestep of 2 fs), with coor-

dinates saved every 10 ps, giving a total simulation time of 7.2 µs across all systems. Bonds

involving hydrogen atoms were constrained using the LINCS50 algorithm and the geometry

of water molecules was held rigid using the SETTLE algorithm.

Analysis of the simulations was performed using standard gromacs utilities and in-house

python scripts using the MDAnalysis library.51 Hydrogen bonds were identified using a donar-

acceptor cutoff of 3 Å and donar-hydrogen-acceptor angle greater than 150◦. Simulation

snapshots were generated using VMD52 (visual molecular dynamics).

To estimate the adsorption free energy (∆Gads) molecular mechanics Poission-Boltzmann

surface area (MM-PBSA) calculations53 were used. ∆Gads was calculated according to

∆Gads = Gprotein−surf −Gprotein −Gsurf (1)

whereGprotein−surf is the free energy of the protein-surface system andGprotein andGsurf were

the free energies of the protein and surface on their own. The calculations were performed

using the single trajectory approach, where the free energies were calculated from a single

simulation of the system. The free energy for each system was given by the sum of the

molecular mechanics (EMM) and solvation (Gsolv) energies

G = EMM +Gsolv = EMM +GPB +GSA. (2)

where the solvation energy consists of polar solvation (GPB) and non-polar solvation (GSA)

contributions. The conformation entropy is neglected due to the inaccuracy associated with

its calculation and the limited influence this has on the calculated values.54 The molecular
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mechanics energy was given by

EMM = Eint + Evdw + Eelec (3)

where the terms are the internal (bonded), VDW, and electrostatic energies. Note that for

the single trajectory method the internal energy of the protein-surface complex is the same

as the internal energies of the protein and surface added together, so this does not contribute

to the value of the adsorption free energy. The non-polar solvation energy was calculated

according to55

GSA = γSASA (4)

where SASA is the solvent accessible surface area, γ = 0.005 kcal mol−1 Å−2 was the surface

tension. A probe radius of 1.4 Å was used in the calculation of SASA. The polar solvation

energy was calculated using a Poisson-Boltzmann solver, with internal and external dielectric

constants of 1 and 80. The MM-PBSA calculations were performed using the MMPBSA.py

script,56 part of the Amber package (version 18).

Results

Trajectories of Fibronectin Interaction

Figure 2 shows the evolution of the FnIII9−10centre-of-mass positions over the 36 different

trajectories simulated (200 ns each). As expected, for both PS20 and PSKE20 grafted at

the lower Nchain=12 density (i.e., 0.11 nm−2), the protein was seen to drop dramatically

towards the underlying titania (Figures 2(a) and (c)). This process indicated penetration of

the protein into peptoid layer and took up to roughly 125 ns for PS20 and a shorter 100 ns

for PSKE20. Since the grafting density was below the critical density of ca. 0.5 nm−2,16 this

can be understood to represent protein adsorption, when there is an insufficient density of

polymer chains to form an antifouling brush.
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For Nchain=60 (i.e., 0.56 nm−2; Fig. 2(b) and (d)), above the critical density, FnIII9−10

remained above the peptoid layers throughout all trajectories. Nonetheless, like the case

at lower Nchain=12 density, the protein positions trended downwards and this process also

took a shorter time for PSKE vs. PS (roughly <50 ns vs. up to 75 ns, respectively).

Unlike the case at lower chain density, there is no correlation in the interaction energy with

distance to the surface (see ’Energetics and intermolecular interactions’ below), and there

is a clear “floor” of the protein position indicating that the peptoid brushes were able to

prevent penetration to the underlying titania. This floor was at a higher height for PSKE20

than for PS20 (ca. 70∼80 Å vs. 65∼75 Å), reflecting the higher chain compression of

the higher-molecular weight zwitterionic peptoid. (See later discussion for snapshots of the

protein-peptoid interactions.) In all cases, the relatively shorter times taken for PSKE20

and the protein to come into to contact suggest that the zwitterionic sequence may have a

different and stronger attractive interaction with fibronectin. This was unexpected given the

generally favourable antifouling properties of zwitterionic brushes.

Modes of interaction

It was further observed that there may be different peptoid interaction modes distinguished

by which of the domains, FnIII9 or FnIII10 came closer to the surface. As specified in Table 1,

each simulation for a peptoid type and grafting density started with the protein placed in a

different orientation with respect to the peptoid surface. However, comparison of the average

centre-of-mass of each domain (Figure 3) shows that the peptoid-protein interactions may

be classified as either 9-down (average FnIII9 z-position is lower than that of FnIII10 by

more than the sum of their standard deviations), 10-down (FnIII10 domain is lower), or even

(difference less than the sum of standard deviations) (see Table 2 for summary). Although

all the different modes can be observed for all surfaces, 10-down is more common for PS20,

and both modes are roughly equally likely for PSKE20. The comparatively more favorable

interaction of the 10-domain for PS20 may be due to a match between the less hydrophilic
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nature of FnIII10 (average hydrophobicity value of -0.454 vs. -0.115 for the net -1e charge

FnIII10) and the lower polarity of the neutral PS20 vs. the zwitterionic PSKE20, and vice

versa.

Table 2: Number of simulations with FnIII9 down, FnIII10 down, or even.

Surface 9-down 10-down even
PS20, Nchain=12 2 4 3
PS20, Nchain=60 2 4 3
PS20 (total) 4 8 6
PSKE20, Nchain=12 2 3 4
PSKE20, Nchain=60 3 3 3
PSKE20 (total) 5 6 7

We further investigated whether specific sequences may be closer to the surface than

average and hence may be associated with peptoid interactions (Figure 4(a)). For the FnIII9

domain, the I23-I29 and N76-G86 segments were found to be typically involved in adsorp-

tion, while A102-L109 and T148-G151 of FnIII10 are closer to the surface (see Table 3 for

sequences; G1-G7 between the 9 and 10 domains was also typically close to the surface

but this is the inter-domain linker and is unlikely to be relevant for adsorption of the full

protein). Notably, however, the functionally important synergy (PHRSN) and cell binding

(RGD) motifs are not found close to the surface (Figure 4(b)).

Since the aforementioned interaction segments contain a number of polar and charged

residues, electrostatic and dipole interactions may be the main contributions to the attractive

interactions (see further discussion in section C). This also corroborates the consideration of

overall domain polarity in driving the aforementioned 9-down and 10-down modes of inter-

actions. Moreover, some of the interacting segments overlap with past studies. Simulations

of FnIII8−10 adsorption found that the T104-T106 region of the 10-domain was associated

with adsorption onto a polar (OH-terminated) self-assembled monolayers (SAM).57 In an-

other study, T106 and G151 (as well as N132 and G136) were also found to be involved in

FnIII9-10 adsorption onto an OH-terminated SAM.58
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Table 3: Key protein regions and residues for protein interaction with peptoid brushes.

Domain Region Residues

FnIII9
I23-I29 IAPRATI
N76-G86 NGREESPLLIG

FnIII10
A102-L109 AATPTSLL
T148-G151 TISG

The interacting segments were further verified in analyses of individual trajectories. Fig-

ure 5(a) shows the residue z-coordinates for representative examples of 10-down adsorption

(specifically corresponding to run 5 for PS20, Nchain=12, run 1 PS20, Nchain=60, run 9

PSKE20, Nchain=12, and run 3 PSKE20, Nchain=60). These trajectories were typified by

consistently low z-coordinates for the same residues in the 10-domain as the simulations

progressed, indicating long-lasting contacts formed with the peptoid surfaces. Note these

correspond to different starting orientations of the protein suggesting that the simulations

are long enough to allow for reorientation away from this and are unbiased in this respect.

To compare the interactions of the different peptoid surfaces we can examine the av-

erage difference between the z-coordinate of each residue and the protein centre-of-mass

(Figure 5(b)). This is calculated over the last 50 ns of each simulation, where the protein

had achieved stable positions relative to the brush. For all but the low chain density PS20

Nchain=12 brush, the trends were similar, with the two PSKE20 example surfaces shown

almost identical. This suggests a degree of specificity on the binding onto the brush, with

both the A102-L109 and T148-G151 segments found close to the surface. For the Nchain=12

PS20 brush, only the A102-L109 region in the 10-domain is found near the peptoid surface

and the adjacent FnIII9 domain was pulled closer to the brush (Figure 5(c)). It appears

that penetration of the FnIII10 domain into the brush and its adsorbed orientation is re-

sponsible for bringing the FnIII9 domain close enough to adsorb onto the surface. For the

other surfaces the orientation of FnIII10 on the brush allows the FnIII9 domain to remain in

solution.

For the 9-down interactions (Figure 6) we see more commonality in the adsorbed protein
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configuration between the different surfaces (exemplar cases shown are runs 6 and 4 for

PS20 at Nchain=12 and 60, respectively, and run 7’s for PSKE20 at Nchain=12 and 60,

respectively), indicating a stronger specific association of this domain. While Figure 6(a)

shows the long-lasting contacts of the FnIII9 interaction segments described earlier, as well as

an additional E128-N132 region found close to the surface for PS20 at Nchain=60, Figure 6(b)

most clearly shows the commonality in the residue positions across protein interactions with

the different brushes. Interestingly, FnIII9 interactions were also observed to be associated

with a degree of FnIII10 interaction. These are seen as lighter but also long-lasting contacts

(Figure 6(a)) of the FnIII10 interaction segments in the trajectories (i.e., A102-L109 and

T148-G151) that either coincided with or started after the FnIII9 interaction segments (i.e.,

I23-I29 and N76-G86) becoming associated with the surface. Since these interacting regions

are at the ends of the FnIII9 and FnIII10 domains, the tandem protein structure has to

adopt a more bent conformation and lie “flat” on the brush, which is quite different from

the 10-down case where the protein remains more linear with the FnIII9 domain typically

projecting above the brush into the solution.

Energetics and intermolecular interactions

To understand the driving forces for fibronectin association with the peptoids, the free en-

ergies of protein interaction/adsorption with the different peptoid brushes were calculated.

Moreover, the numbers of hydrogen bonds as well as the interacting residues on both the

protein and the brush were analyzed.

MM-PBSA calculations showed that, as expected, the total interaction was more attrac-

tive for the denser Nchain=60 surfaces with more peptoid chains (Figure 7). For example, for

the neutral PS20, the median energy decreased from -37 kcal mol−1 for Nchain=12 to -70 kcal

mol−1 for Nchain=60 The interaction is also higher for the corresponding charge balanced

PSKE20 brushes (median energies of -50 kcal mol−1 and -80 kcal mol−1 for Nchain=12 and

60, respectively). This corroborates earlier observations of, e.g., the shorter simulation times
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needed for the fibronectin domain positions to trend towards the peptoid layers. However,

the increases in the magnitude of interaction energies going to the denser brush is much less

than the factor of five difference in chain densities between the Nchain=12 and 60 surfaces,

which reflects our earlier observation that the Nchain=60 brushes retained an antifouling

effect (i.e., FnIII9−10 does not penetrate the denser brush).

As the interaction energy should depend on the protein distance from the surface in

the case of adsorption, it is useful to examine the correlation between the average protein

position and interaction free energies across the different simulation runs for each system

(Figure 8). For the low density Nchain=12 surfaces a larger, more negative energy is indeed

noticeably trending with the protein being at a lower surface height as it penetrated into

the peptoid layer, indicating adsorption on the peptoid-rutile surface. For denser Nchain=60

brushes there is no such correlation. This decoupling between interaction energy and height

position suggests that the attraction of FnIII9−10 towards the peptoids simulated represents

a different phenomenon, e.g., reversible adsorption.

Shown in Figure 9 are the average numbers of hydrogen bonds formed between the protein

and peptoid brush in each simulation. For PS20, the number of hydrogen bonds formed were

similar for both grafted chain densities (2.85 bonds at Nchain = 12 and 3.29 bonds at Nchain

= 60). For PSKE20, significantly more hydrogen bonds were formed, with 6.32 and 12.20

bonds at Nchain = 12 and 60, respectively. While charged residues typically form more

hydrogen bonds, this effect may be especially enhanced since we previously found that the

bulkier Nk and Ne charged residues in PSKE20 are preferentially concentrated on the surface

of the brush to reduce steric hindrance and the electrostatic potential.32

While many different protein residues on the protein exterior are involved in hydrogen

bonding with the peptoids, some residues were found in a number of the simulations (Ta-

ble 4). Generally these were polar or charged residues and, as may be expected, only a

few hydrophobic residues (L83, I85) were found to participate in hydrogen bonding. For

the neutral PS20 brush, most of the protein residues involved were correspondingly neu-
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tral polar ones. For the zwitterionic PSKE20 brush, charged protein residues were more

commonly involved, especially when interacting with the lower density PSKE20 Nchain=12

layer that FnIII9−10 was able to penetrate. This likely reflected the simultaneous electrostatic

attractions with oppositely signed residues in the peptoid.

Table 4: Residues forming hydrogen bonds with peptoid brush in multiple simulations.
Number in parentheses give number of simulation runs where that protein residue forms a
hydrogen bond with the peptoid brush.

Protein residues
PS20, Nchain=12 T6 (2), A24 (2), R78 (2), L83 (3), Q87 (2), E99 (4), T148 (2)
PS20, Nchain=60 G1 (2), T6 (2), A24 (2), R26 (4), T104 (3), R120 (2), Y121 (2),

T139 (2), K144 (5), T148 (4), R183 (2)
PSKE20, Nchain=12 D9 (5), R26 (5), T28 (2), R35 (2), E39 (3), E67 (4), R78 (5),

Q87 (3), D97 (2),E99 (5), D113 (3), R120 (3), E128 (2), K144 (3),
Y182 (2), R183 (3)

PSKE20, Nchain=60 G1 (4), T6 (2), D9 (7), D12 (2), R26 (6), T28 (2), E39 (3), S42 (2),
N55 (3), E67 (4), R78 (6), I85 (2), E80 (5), Q87 (3), Q88 (2),
E99 (5), T104 (2), S107 (2), W112 (2), D113 (5), T118 (2), R120 (4),
S143 (2), K144 (7), S145 (3), T146 (2), T148 (2), S150 (2), D157 (2),
R183 (3)

Turning to the average number of hydrogen bonds with peptoid residues, Figure 10

shows bonding differences corresponding to brush densities and peptoid types that further

detail and corroborate the protein-peptoid interactions. In parallel to Figure 9, significantly

fewer number of hydrogen bonds were seen with the PS20 chains. Meanwhile, the majority

of the increased number of hydrogen bonds with PSKE chains were associated with the

charged Nk and Ne residues (Figure 10). In fact, the number of bonds with the neutral

Na were relatively fewer when Nk and Ne were present (compare, e.g., Figure 10 (b) and

(d)). Moreover, the number of hydrogen bonds with Ne were typically higher than with Nk,

possibly reflecting Ne’s higher polarity (i.e., Ne’s ethylene vs. Nk’s butylene linker, and two

nucleophilic oxygen atoms in Ne’s acid group vs. Nk’s single amine). In addition, only for

the sparser brushes (Figure 10(a) and (c)), hydrogen bonds were also seen to form with the

Lys and DOPA residues anchoring the peptoid chains to bottom titania surface, confirming
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protein penetration into the interior of the brush.

Fibronectin Mobility on Peptoid Brushes

A central feature of fibronectin is its multimerization/assembly into fibrils, for which diffusion

on the surface is needed. Comparison between the in-plane motion of FnIII9−10 on the differ-

ent surfaces (Figure 11(a)) suggests that the protein is more mobile among the Nchain=12

chains, reflecting the greater volume of voids within the peptoid layer at Nchain=12. On the

densier Nchain=60 brushes, our results show that the protein remains at the top of these

peptoid brushes, the lower mobility within the simulated time-scale seen may reflect the

attractive interactions between fibronectin and the peptoids. This higher mobility on the

sparser brushes may promote fibril formation on these compared to denser surfaces.

The in-plane diffusion coefficient (Dxy) was also calculated to quantify the mobility (Fig-

ure 11(b)). Corroborating the in-plane motion shown visually (Figure 11(a)), the highest

mobilities were obtained for the sparser Nchain = 12 layers. A wider variation in Dxy and

higher mobilities were also seen for the neutral PS20 compared to the zwitterionic PSKE20 at

a corresponding chain density, which might lead to differences in fibronectin fibril formation.

Conclusions

Using atomistic MD simulation, the interaction of FnIII9−10 with peptoid brushes was inves-

tigated in detail. The peptoids studied were a neutral PS20 polysarcosine and a zwitterionic

PSKE20 analog. While the present MD results are consistent with previous experimental

observations indicating that both peptoids could resist gross protein adsorption, they also

reveal that fibronectin interacts with peptoids via certain specific interactions, especially

when the peptoids are grafted on the surface below their critical chain density and proteins

can penetrate in between the peptoid chains. Moreover, by performing simulations from

different initial protein orientations, two general modes of adsorption were identified. In

15

https://doi.org/10.26434/chemrxiv-2024-5p4kw ORCID: https://orcid.org/0000-0002-3994-2295 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-5p4kw
https://orcid.org/0000-0002-3994-2295
https://creativecommons.org/licenses/by-nc/4.0/


“10-down” interactions, FnIII10 is preferentially oriented towards the peptoid surface based

on polar interactions of the A102-L109 and T148-G151 fragments. In “9-down” interactions,

FnIII9 is first brought closer to the surface, with association of the even more hydrophilic

and/or charged I23-I29 and N76-G86 regions, which then bring FnIII10 to co-adsorb. Both

modes are equally likely for PSKE20, but there appears to be a preference for 10-down for

PS20.

In our system, notably the biologically relevant synergy (PHRSN) and cell binding (RGD)

motifs are not involved in the peptoid interactions. Moreover, the interactions are driven

by a combination of polar and electrostatic interactions as well as hydrogen bonding, and

are distinct from the hydrophobic interactions that commonly drive non-specific protein

adsorption. Additionally, MM-PBSA free energy calculations and other lines of evidence

indicate a stronger attraction of fibronectin to PSKE20 that is driven by hydrogen bonding

with Ne and Nk charged residues.

Hydrophilic peptoids such as PS20 and PSKE20 are conventionally promoted as antifoul-

ing sequences. However, our MD analysis has revealed that specific fibronectin residues can

drive specific polar interactions with the hydrophilic peptoids in 9-down and 10-down con-

figurations. This may have relevance to phenomena such as the generation of different soft

protein coronas even around nanoparticles functionalized by antifouling surfaces.59,60 On the

other hand, our results further showed that FnIII9−10 adsorbed on low density peptoid layers

can exhibit relatively high surface mobilities for promoting fibronectin multimerization into

extracellular matrix fibrils. Since the fibronectin synergy (PHRSN) and cell binding (RGD)

motifs are located, respectively, on the FnIII9 and FnIII10 domains, our results also hold out

the intriguing possibility of enabling oriented and specific fibronectin surface presentations

that can be evaluated in future cell culture experiments.
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Figure 1: (a) Example of initial simulation structure. PHRSN (synergy) and RGD (cell
recognition) motifs highlighted as red and green spheres respectively. (b) Chemical struc-
tures of the PS20 and PSKE20 peptoids simulated. The sequences are specified under each
structure. Peptoid residue names, according to a recent proposal, start with “N” to indicate
the backbone nitrogen sidechain substitution, followed by the 1-letter code of the amino
acid).37,38
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Figure 2: Protein centre-of-mass positions for FnIII9−10 on PS20 Nchain=12 (top left), PS20
Nchain=60 (top right), PSKE20 Nchain=12 (bottom left), and PSKE20 Nchain=60 (bottom
right). Black, red, green, blue, yellow, purple, turquoise, cyan, and magenta denote runs 1-9
respectively. Dotted black line shows brush density profile.
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Figure 3: Average centre-of-mass positions for FnIII9 and FnIII10 domains from simulations
of FnIII9−10 on PS20 Nchain=12 (top left), PS20 Nchain=60 (top right), PSKE20 Nchain=12
(bottom left), and PSKE20 Nchain=60 (bottom right). Red and green show centre-of-mass
positions for FnIII9 and FnIII10 domains respectively. Dotted lines show average values for
each system.

27

https://doi.org/10.26434/chemrxiv-2024-5p4kw ORCID: https://orcid.org/0000-0002-3994-2295 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-5p4kw
https://orcid.org/0000-0002-3994-2295
https://creativecommons.org/licenses/by-nc/4.0/


Figure 4: (a) Difference between average residue centre-of-mass and protein centre-of-mass
positions for FnIII9−10 on PS20 Nchain=12 (top left), PS20 Nchain=60 (top right), PSKE20
Nchain=12 (bottom left), and PSKE20 Nchain=60 (bottom right). (b) Structure of FnIII-
9-10 with regions involved in adsorption highlighted (silver and gold show regions in FnIII9
and FnIII10 domains respectively). Synergy and cell binding motifs highlighted in red and
green.
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Figure 5: Adsorption for exemplar 10-down simulations (details in text). (a) Residue centre-
of-mass z co-ordinates for (top to bottom) PS20, Nchain=12, PS20, Nchain=60, PSKE20,
Nchain=12, and PSKE20,Nchain=60. (b) Average difference between residue centre-of-mass
and protein centre-of-mass z-co-ordinates. Red, green, blue, and magenta denote PS20,
Nchain=12, PS20, Nchain=60, PSKE20, Nchain=12, and PSKE20, Nchain=60 respectively.
(c) Representative snapshots for PS20, Nchain=12 (top left) ,PS20, Nchain=60 (top right),
PSKE20, Nchain=12 (bottom left), and PSKE20, Nchain=60 (bottom right).
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Figure 6: Adsorption for exemplar 9-down simulations (details in text). (a) Residue centre-
of-mass z co-ordinates for (top to bottom) PS20, Nchain=12, PS20, Nchain=60, PSKE20,
Nchain=12, and PSKE20, Nchain=60. (b) Average difference between residue centre-of-
mass and protein centre-of-mass z-co-ordinates. Red, green, blue, and magenta denote PS20,
Nchain=12,PS20, Nchain=60, PSKE20, Nchain=12, and PSKE20, Nchain=60 respectively.
(c) Representative snapshots for PS20, Nchain=12 (top left), PS20, Nchain=60 (top right),
PSKE20, Nchain=12 (bottom left), and PSKE20, Nchain=60 (bottom right).
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Figure 7: Average adsorption free energies for each simulation run for (top to bot-
tom) FnIII9−10 on PS20 Nchain=12, PS20 Nchain=60, PSKE20 Nchain=12, and PSKE20
Nchain=60. Dotted line shows average across all runs.

Figure 8: Correlation between average protein-surface interaction energy and protein centre-
of-mass position. Red, green, blue, and magenta denote PS20, Nchain=12, PS20, Nchain=60,
PSKE20, Nchain=12, and PSKE20, Nchain=60 respectively.
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Figure 9: Average number of protein-peptoid hydrogen bonds for (a) PS20, Nchain=12, (b)
PS20, Nchain=60, (c) PSKE20, Nchain=12, and (d) PSKE20, Nchain=60 (bottom right).
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Figure 10: Average number of protein-peptoid hydrogen bonds formed for different types of
peptoid residues for (a) PS20, Nchain=12, (b) PS20, Nchain=60, (c) PSKE20, Nchain=12,
and (d) PSKE20, Nchain=60. Number of hydrogen bonds for Ace, Na, Nk, Ne, Arg, and
DOPA residues denoted by red, green, blue, magenta, cyan, and gold respectively.
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Figure 11: (a)Protein motion in xy-plane over last 50 ns of each simulation for PS20,
Nchain=12 (top left), PS20, Nchain=60 (top right), PSKE20, Nchain=12 (bottom left),
and PSKE20, Nchain=60 (bottom right). Black, red, green, blue, yellow, purple, turquoise,
cyan, and magenta denote runs 1-9 respectively. (b) Lateral diffusion coefficients (in Å2

ps−1) calculated over last 50 ns of each simulation.
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