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ABSTRACT   

Using molecular dynamics (MD) simulations, we study the molecular behavior and hydration 

properties of a set of antifouling zwitterionic “peptoid” brushes, grafted on a rutile surface, that 

has been previously reported to exhibit excellent resistance against protein adsorption and cell 

attachment. Peptoids are novel poly(N-substituted glycine) peptide mimics with sidechains 

attached to amide nitrogens. They constitute a unique model polymer system because hundreds 

of sidechains have been demonstrated, and the exact chain length and sequence order of the 

residues/monomers may be specified in experiments. In this report, we vary the brush grafting 

density as well as the sidechain/polymer molecular volume. We include in our study 

polysarcosine as an uncharged comparison with a small polymer chain cross-section. Sarcosine 

is the simplest peptoid residue with only a nominally hydrophobic methyl group as sidechain but 

is also reported to exhibit high antifouling performance. Overall, we show in detail how 

molecular volume and hydration effects are intertwined in a zwitterionic polymer brush. For 

example, the zwitterionic design significantly promotes extended chain conformations and could 

actually lower the overall electrostatic potential. Some properties promoted by the balanced 

charges, such as chain flexibility and hydration, increase more prominently at “low” to 

“intermediate” chain densities. These and other observations should provide insight on the 

molecular behavior of peptoids and inform the design of zwitterionic antifouling polymer 

brushes.  
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1. Introduction 

Biofouling of material surfaces by the non-specific attachment of biomolecules, biological 

cells, and organisms can have very costly consequences, from infection of implanted biomedical 

devices and opsonization of nanotherapeutics, to the fouling of marine and engineering 

surfaces.1, 2 Antifouling surface-grafted polymer brushes are aimed primarily at preventing 

protein adsorption, which mediate many of the process that lead to further fouling by cells and 

organisms.1, 3 They are commonly formed by grafting one of the ends of a linear swollen polymer 

to the surface, which causes, on average, extension of the polymer chains away from the 

surface—hence the brush description—if the polymer molecular weight and areal chain density 

are sufficiently high. Foundational studies have shown how adsorption of biomolecules/proteins 

would require expulsion of the water hydrating the polymer and restriction of thermal 

fluctuations of the chains, both of which are unfavorable for highly flexible and water-soluble 

polymers.4-6, 7  Other pioneering work have highlighted the importance of selecting appropriate 

chemical designs of a surface or polymer for reducing the intermolecular interactions with 

proteins, in order to prevent protein adsorption.6, 8-10   

 Zwitterionic polymer brushes have been shown to have excellent antifouling properties.1, 7, 11-16 

These brushes may be constituted from different betaine derivatives9, 13, 14, 17 as well as from 

mixtures of anionic and cationic groups, which offer some synthetic convenience and 

flexibility.15, 18-20 The mixed brushes may also be advantageous in providing reactive groups for 

further surface functionalization and stimuli-responsive behavior.2, 21, 22 Relatively thick brushes 

may be grafted using controlled radical polymerization from surface-immobilized initiators, 

although control of polydispersity and grafting density for high antifouling performance requires 

synthetic care.16, 23 Tightly controlled polymers pre-formed with a surface anchor group may also 
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be grafted to a surface, but these brushes may be limited in molecular weight to enable efficient 

surface anchoring and hence require relatively high grafting densities to be effective.18 

Although recent work has continued to expand the potential applications of zwitterionic 

surface brushes from biomedical to membrane filtration and marine antifouling,24-28 a clear 

advantage compared to other polymer designs is not always observed.24, 29-31 The excellent 

antifouling properties of zwitterionic polymer brushes are frequently attributed to their high 

hydration by charge groups.2, 7, 13, 32-34 The water layer around highly hydrated phosphobetaine 

polymers has also been observed to display different dynamics from that around comparably 

hydrophilic polymers,35 which is hypothesized to be related to improved biomedical 

performance.7, 35 Details regarding the chemical structure of the zwitterionic groups, such as the 

separation between the oppositely charged groups, are also known to significantly alter the 

number and spatial arrangement (i.e. structuring) of water molecules hydrating the polymer.12, 36-

38 Overall, an improved understanding of the molecular behavior of zwitterionic polymer brushes 

should enable better design of such antifouling surfaces. 

To address this, we employ atomistic molecular dynamics with explicit water to 

computationally study the hydration and molecular behavior of mixed charge zwitterionic 

“peptoid” polymer brushes. Peptoids are novel peptide analogs with sidechains attached to the 

backbone amide nitrogens instead of the α-carbons.39, 40 This sidechain shift leaves behind a polar 

and water soluble poly(N-substituted glycine) backbone with only H-bond acceptors, resulting in 

an achiral and highly flexible polymer with behavior largely dependent on sidechain properties 

and that does not form intra-backbone H-bonds.41, 42 Peptoids may be synthesized by an efficient 

solid phase protocol to obtain exact chain lengths and specific monomer sequences.39, 43 Mimics 

of all 20 natural amino acids as well as a few hundred other residues with non-natural sidechains 
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have been demonstrated. These attributes make peptoids an unparalleled experimental model 

system for investigating polymer sidechain composition and sequence design.39, 44, 45 In addition, 

atomistic simulation parameters for peptoids have recently become available.46, 47 We therefore 

base our study on peptoid brushes that have previously been shown experimentally to exhibit 

excellent antifouling properties.18, 48-52 In particular, we simulate the behavior of a zwitterionic 

peptoid containing pairs of residues with oppositely charged sidechains interspaced between 

uncharged residues, which was previously shown to exhibit lower protein adsorption and E. coli 

attachment than an uncharged counterpart at low to intermediate grafting densities.18  

Special attention is paid to the balance between charge, hydration, and molecular volume and 

chain density effects. We compare the zwitterionic sequence with its uncharged counterpart, and 

also compare the use of two different uncharged residues—N-methylglycine (a.k.a. sarcosine, 

the simplest peptoid) and the larger N-methoxyethylglycine (with sidechains that mimic the 

polyethylene glycol repeating unit). By also varying the grafted chain density and quantifying the 

water and brush structures with a range of representative parameters, we aim to uncover how 

incorporation of a zwitterionic charge design, together with molecular volume effects, could 

together control chain flexibility and brush extension as well as charge complexation and 

hydration. Although simulations of protein adsorption were not performed, the brush properties 

observed are expected to directly impact on antifouling behavior, and our results should inform 

the design and behavior of zwitterionic antifouling polymer brush surfaces in future studies. 

2. Simulation details 

2.1. Peptoid sequence design 

Our MD study is based on the uncharged 20-mer PS (polysarcosine) and PM brushes 

previously reported to exhibit excellent antifouling properties (Figure 1).48-50, 53 PS and PM are 
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composed of sarcosine (Sar) and N-methoxyethyl glycine (Nme) residues, respectively. Sar is the 

simplest peptoid monomer/residue with a single methyl group as sidechain while the Nme 

methoxyethyl sidechain is significantly larger, and mimics the terminus of antifouling methoxy-

terminated polyethylene glycol (PEG). The poly(N-substituted glycine) backbone of peptoids, 

with multiple H-bond accepting oxygen and nitrogen atoms, is inherently hydrophilic. 

 

 

Figure 1 Chemical structures of zwitterionic and uncharged peptoids. The corresponding 

monomer/residue sequences are specified under the structures of each species. See main text for 

explanation of the naming convention. The R group is a pentapeptide conferring surface 

adhesion as reported in the literature. 

 

The zwitterionic PMKE and PSKE peptoid sequences possess pairs of oppositely charged 

residues, Nlys and Nglu, that are direct analogues of the amino acids lysine (K) and glutamic 

acid (E), inserted into the PM and PS chains. The pairs of Nlys and Nglu are positioned near the 
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N-termini and in the middle of the chains (residues 2/3 and 10/11 counting from the N-terminus). 

The acetyl-capped N-terminus and the “outermost” residue 1 are always uncharged. In 

experiments, PMKE showed improved resistance against protein adsorption and E. coli 

attachment compared to PM brushes at low grafting densities.18 As Nme, Nlys and Nglu residues 

have very similar molecular volumes, comparison of PM and PMKE should reveal changes in 

brush structure and hydration directly due to the zwitterionic charged design. Although PSKE 

has not previously been reported, its behaviour as revealed by MD should point to the effects of 

modifying the polymer (side)chain molecular volume on the properties of zwitterionic brushes.   

2.2. MD methodology  

In mimicking the relevant experimental systems, the peptoid brush surfaces were constructed 

by placing a regular array of fully extended peptoid molecules on a rutile surface (with the C-

terminal DOPA anchoring group close to the surface). The underlying rutile (TiO2 (110)) surface 

has dimensions 72.14 Å and 74. 4 Å  (11 and 25 unit cells) in the x and y directions. In the z-

direction the slab thickness was 16 Å. The length of the simulation box in the z direction was 

140 Å. Following the strategy reported in the literature,54 peptoid chains are constrained to the 

surface by fixing the z coordinate of Hζ atom in the terminal DOPA residue to 1.78 Å above the 

highest atom in the rutile surface (corresponding to the minimum in the Lennard-Jones potential 

between these atoms). These atoms were free to move in the xy-plane, allowing the peptoid 

chains to adopt their preferred arrangement across the surface and simulating the initial surface 

binding of the DOPA to TiO2. The surfaces were solvated with water molecules (numbers of 

water molecules for each system listed in Table 1). Chloride ions were added to neutralise lysine 

(lys) residues in the DOPA-lys pentapeptide surface anchoring segment, with 12, 40, and 60 ions 

added to the systems with number of peptoid chains in the array (Nchain) set at 6, 20 and 30, 
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respectively. The system is periodic in the x- and y-directions, while it is confined between 

repulsive LJ walls in the z-direction. 

Nchain = 6, 20 and 30 correspond to grafting densities of 0.11 nm-2, 0.37 nm-2 and 0.56 nm-2, 

respectively. In comparison, the experimentally determined chain densities for preventing >95% 

of serum protein adsorption is ~0.3 nm-2 for the PM and PMKE brushes,18 and the “critical” 

density for essentially complete prevention of fibrinogen adsorption is ~0.5 nm-2 for PS, PM and 

PMKE brushes.18, 49, 50 Thus the lowest density studied is expected to be below the density needed 

for antifouling for all brush species, and the intermediate and highest densities are close to and 

above the critical density, respectively. 

 

Table 1	Number of water molecules for each simulated system 

 σ=0.11 nm-2 
(Nchain=6) 

σ=0.37 nm-2 

(Nchain=20) 
σ=0.56 nm-2 

(Nchain=30) 

PM 20721 18536 16993 

PMKE 20693 18408 16819 

PS 20979 19380 18297 

PSKE 20901 19140 17944 

 

The interactions were modelled using the Charmm27 force field.55 Parameters for the Nme and 

Sar residues were taken from Mirijanian et al.47 Parameters for the Nlys and Nglu sidechains 

were taken from the corresponding amino acids (Lys and Glu), with the backbone parameters 

taken from Sar residues. The DOPA residues were modelled using parameters taken from the 

Swiss Sidechain database.56 Water was modelled using the modified TIP3P57 model and TiO2 

was modelled using the potential of Předota et al.58 
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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 sum,59 with a real space cut off of 12 Å and a reciprocal space grid of 48×48×280.  

All simulations were performed using the Gromacs60, 61 molecular dynamics package (version 

5.0), with standard Gromacs utilities used to construct the systems. The system was energy 

minimised using the steepest descents algorithm, followed by short (10 ps) NVT simulations. 

Simulations were performed at 298 K, with temperature controlled using the velocity rescaling 

algorithm62 with a relaxation time of 0.1 ps. Simulations of 100 ns were performed (with a 

timestep of 2 fs), with coordinates saved every 10 ps, giving a total simulation time of 1.2 µs 

across all systems. Analysis of the simulations was performed using standard Gromacs utilities, 

in-house scripts using the MDAnalysis63 package, and VMD.64 Only the last 50 ns of each 

simulation was used for the analysis. 

3. Results  

3.1. Brush structure 

Qualitative information on the structure of the brushes can be obtained from simulation 

snapshots (Figure 2). An increase in density and thickness of the layer with the increase in 

peptoids can be clearly seen in all cases, along with the location of the charged residues on the 

outside of the brush. From top-down views it can be seen that at the lowest density (0.11 nm-2) 

the surface is not uniformly covered by peptoids. Rather these chains cluster together leaving 

significant voids on the surface that are persistent over the 100 ns timescale of the simulations 

(see Supplementary videos 1-4), potentially allowing adsorption of proteins which are (or have 

domains that are) small enough to access. Nonetheless this effect is mitigated by the dynamic 
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thermal fluctuation of the chains. Thus experimentally, we have observed some protein 

adsorption at this chain density, but at a much lower level than without the peptoids.18, 49, 50 For 

the intermediate density (0.37 nm-2) the PS surface still has a significant amount of exposed 

surface, while for the other systems the surface is largely covered (Supplementary videos 5-8).  

 

Figure 2	Simulation snapshots of PM (top left), PS (top right), PMKE (bottom left), and PSKE 

(bottom right) peptoid brushes, showing grafting densities σ =0.11 nm-2, 0.37 nm-2, and 0.56 nm-2 

(left to right within each category of chains). For PMKE and PSKE, Nglu and Nlys residues are 

shown in blue and green, respectively. 

PM PS
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At the highest density (0.56 nm-2) the surface is more uniformly covered and the brush top 

surface is relatively uniform for the PM and PMKE brushes. However long-lived undulations, or 

layer imperfections, are found for the PS/PSKE brushes, especially for the uncharged PS 

(Supplementary videos 9-12). A measure of these undulations is the standard deviation of the z-

position of the heavy atom in each peptoid furthest from the surface – the values for PS/PSKE 

are larger than the corresponding brushes with Nme sidechains (e.g. 8.6 ± 0.5 Å (PS) vs. 6.8 ± 

0.7 Å (PM) at 0.37 nm-2 and 6.7 ± 0.6 Å (PS) vs. 6.5 ± 0.6 Å (PM) at 0.56 nm-2; see ESI Table S1 

for all layers). The long-lived undulations could indicate that, due to the lower molecular volume 

of the Sar sidechain, the higher chain density at 0.56 nm-2 is still not sufficient to enforce chain 

extension away from the surface, and certain conformations of the peptoid chain may persist 

without some other forcing. Indeed, we speculate that this “open” structure could contribute to 

the relatively low contact angles observed for the uncharged PS brush (~15° advancing and ~6° 

receding at 0.56 nm-2),50 given the peptoid backbone’s hydrophilic nature and the large number 

of water molecules allowed within the PS structure (see section 3.2).  

More quantitatively, the chain density profiles for the peptoid brushes are shown in Figure 3(a-

top). Clear differences between the brushes containing Nme and Sar residues (i.e. between 

PM/PMKE and PS/PSKE, respectively) can be seen for the lower density, with the Nme 

containing brushes being both denser and more extended. This arises due to the greater 

molecular volume of the Nme methoxyethyl sidechain compared to the Sar methyl sidechain. 

Conversely, the profiles for PM and PMKE  are very similar to each other, reflecting the fact that 

the Nlys and Nglu residues are similar in molecular volume as the Nme sidechains.18 

Nonetheless, at the highest chain density (0.56 nm-2), a small expansion of the PMKE profile 

compared to that for PM can be seen around 80 Å, indicating the independent effects of the 
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zwitterionic charges. In comparison, a larger difference is seen at all densities for the Sar 

containing brushes, where PSKE is more extended than the neutral PS due to the larger size 

difference between the Sar and charged sidechains, in addition to the effects of the charged 

residues.  

Density profiles highlighting the charged residues (Figure 3(a)-bottom) indicate the cause of 

the chain expansion for the zwitterionic peptoids (PMKE and PSKE). Consistent with the 

snapshots (Figure 2), the charged Nlys and Nglu residues are clearly skewed towards the outside 

of the brush, in contact with the water. While these distributions are relatively broad, the Nlys 

residues of PMKE are found further from the surface than the Nglu residues at all densities, even 

though they participate less in H-bonding than Nglu sidechains (see section 3.2). This allows the 

larger Nlys sidechains to increase their free volume by partitioning into the water. For PSKE this 

effect is only seen at 0.11 and 0.37 nm-2, probably reflecting the fact that free volume effects is 

more important for PMKE brushes that incorporate the larger Nme residues.  

The extension of the chains may be quantified through the average chain end-to-end distance, 

ree (Figure 3 (b)). Typically ree increases with chain density. The largest change in ree from 0.11 

to 0.56 nm-2 is found for the zwitterionic PMKE, while the uncharged PM counterpart exhibits 

slightly smaller changes. These increase in ree are also reflected in the density profiles (Figure 

3(a)) and simulation snapshots (Figure 2). In comparison, the uncharged PS with much smaller 

Sar residues show relatively little increase in ree with chain density. Notably, the increases for its 

zwitterionic counterpart PSKE tracks more closely with the Nme-based PM and PMKE than 

with PS, indicating that the influence of the zwitterionic charge design can be as large as 

molecular volume effects for ree.   
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Figure 3.	Structure of peptoid brushes. (a) Density profile for the brush (top) and for only the 

charged peptoid residues (bottom) for (left to right) σ = 0.11 nm-2, 0.37 nm-2, and 0.56 nm-2 

brushes. In the top row black, red, green, and blue denote PM, PMKE, PS, and PSKE brushes 

respectively. In the second row red, pink, blue, and pale blue denote PMKE (Nlys), PMKE 
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(Nglu), PSKE (Nlys), and PSKE (Nglu). (b) Average end-to-end length for PM (black), PMKE 

(red), PS (green), and PSKE (blue) brushes. (c) End-to-end length probability histograms for PM 

(top left), PMKE (top right), PS (bottom left), and PSKE (bottom right) brushes. σ =0.11 nm-2, 

0.37 nm-2, and 0.56 nm-2 brushes denoted by black, dark grey, grey (PM), red, magenta, pink 

(PMKE), green, dark green, light green (PS), and blue, dark blue, and light blue (PSKE). 

 

The end-to-end probability distributions, P(ree) (Figure 3(c)) provide more information on the 

chain extension of the chains. For the Nme-based brushes more extended conformations become 

more common as the grafting density increases and the peptoid conformations become more 

constrained. Notably, even though the largest ree length only increases slightly as the chain 

density increases, the probability of more extended chains significantly increases, especially for 

the charged brushes (e.g. clear shifts of the centres of distribution from 40 to 50 Å for PMKE and 

from 35 to 45 Å for PSKE, as σ increases from 0.37 to 0.56 nm-2).  

Interestingly, Sar containing brushes (PS and PSKE) were extended even at the lowest grafting 

density (i.e. relatively flat distributions in ree spanning 10 to 60 Å, including a peak for PS at ree ~ 

60 Å). This corresponds to chains that are extended in the plane of the surface suggesting that the 

Sar residues may interact more strongly with the underlying rutile surface than the Nme residues, 

or that the smaller molecular volume of the Sar residues leaves sufficient openings/voids for such 

surface interactions at low chain grafting densities. This extension of PS chains might explain the 

similar abilities of PS and PM to resist protein adsorption at low chain densities (similar critical 

antifouling densities previously observed)18, 49, 50 even though the snapshots (Figure 2) show 

significant unevenness of the PS grafted structures. 
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Figure 4	Radial distribution functions involving Nζ (Nlys) and Oε (Nglu) atoms. Left and right-

hand panels show RDFs for PMKE and PSKE for (top to bottom) σ =0.11 nm-2, 0.37 nm-2, and 

0.56 nm-2. Black, red, and green denote gNZ-OE, gNZ-NZ, and gOE-OE respectively. 

 

The intrinsic flexibility of the peptoid backbone regardless of the sidechain design42 appears to 

allow for a significant degree of complexation between the charged residues, as examined 

through the radial distribution functions between the sidechain nitrogen (in Nlys) and oxygen 

atoms (in Nglu; Figure 4). These show a large peak at around 3 Å, corresponding to the close 

contact between oppositely charged atoms. There are also a number of additional peaks, showing 

longer-ranged ordering. This is strongest for the lowest grafting density, where there is a broad 

secondary peak in the RDF around 10 Å for both PMKE and PSKE. PSKE also has a sharp peak 

around 4 Å. As the grafting density increases the ordering beyond the first peak becomes weaker, 

with only a single secondary peak (at approximately 5 Å) being present. This may correspond to 
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the second Oε atom in the Nglu sidechain, and is stronger for the PSKE brush, which may be due 

to the smaller Sar residues making these more flexible compared to the bulkier Nme sidechains. 

At low grafting densities there is little correlation between like charge atoms (Nζ-Nζ and Oε-

Oε). As the grafting density increases a peak appears in the RDFs for the like charged atoms 

around r ~ 4 Å (note that Oε atoms on the same residue are excluded from the calculation of gOE-

OE). This is at a larger separation than in the gNZ-OE so it corresponds to Oε atoms on different 

residues interacting with the same Nζ atom (and vice versa). This pairing of ions acts to reduce 

the electrostatic potential compared to the non-zwitterionic brushes. 

The electrostatic potential calculated for the peptoid brushes are shown in Figure 5. At lower 

grafting density the potentials for the different brushes are qualitatively similar. Notably, due to 

the ion pairing, the potential for the zwitterionic brushes are lower than for the neutral brushes. 

As the grafting density increases the potential becomes more complex and no longer decays 

monotonically with increasing height, in particular with a shoulder in the potential appearing 

inside the zwitterionic brushes at around a height of 60 ~ 80 Å. This arises due to the charged 

residues partitioning to the brush surface located at these heights.  For the PMKE brush the 

surface localization of the potential is most pronouced as chain density increased to 0.56 nm-2. 

However, in all cases, the magnitude of the electrostatic potential is overall lower for PMKE 

(and PSKE, albert not at 0.37 nm-2) than for the corresponding uncharged brush. It might be 

interesting to study if such a lowering of the potential could lessen the electrostatic interaction 

between the surface and charged residues in adsorbing proteins.  
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Figure 5 Electrostatic potential for (top to bottom) σ = 0.11 nm-2, 0.37 nm-2, and 0.56 nm-2 

brushes. Black, red, green, and blues lines denote PM, PMKE, PS, and PSKE brushes 

respectively. 

 

We calculated the root-mean-squared fluctuations (RMSF) of each residue to characterize the 

mobility of the different peptoid species (Figure 6). For low to intermediate grafting densities 

(0.11 and 0.37 nm-2), the zwitterionic chains (PMKE and PSKE) have higher RMSF than the 

neutral chains (PM and PS). For all peptoids and chain densities, residues at the N-terminus 

(residue 0) are more mobile than those in the centre, likely due to the higher free volume 

0.11 nm-2

0.37 nm-2

0.56 nm-2

σ = 
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available at the brush surface. Increasing the grafting density decreases the mobility of chains, 

due to the reduced free volume for the chains, and a difference between the charged and 

uncharged chains is no longer seen. Nonetheless the chains can all be considered fairly mobile 

even at the highest grafting density, with a RMSF greater than 2 Å for all residues in all cases. A 

high mobility is considered to be necessary for brushes to act as an entropic barrier to the 

approach of proteins to the surface, thus preventing protein adsorption. 

 

 

Figure 6	Average root mean-squared fluctuations (RMSF) per residue for (top to bottom) σ = 

0.11 nm-2, 0.37 nm-2, and 0.56 nm-2 brushes. Black, red, green, and blues lines denote PM, 

PMKE, PS, and PSKE brushes respectively. Residues numbered from the N-terminal acetyl 

group (residue 0) to the C-terminal DOPA (residue 25) anchored on the surface. 

Away from surface
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3.2. Water structure and brush hydration 

The structure and dynamics of water near the surface plays a key role in determining the anti-

fouling behaviour of a surface. Analysis of the number of hydrogen bonds that each residue 

forms with water molecules (Figure 7(a)) shows that every peptoid residues participate in 

hydrogen bonding, indicating a high degree of hydration of the brushes. Nme residues form 

slightly more hydrogen bonds than Sar residues, due to the oxygen atom in the methoxyethyl 

sidechain in addition to the O and N of each peptoid tertiary amide linkage. Typically each Nme 

residue forms slightly more than 2 hydrogen bonds with water molecules on average, consistent 

with previous simulation studies,65 while each Sar forms slightly fewer (~1.5) H-bonds. The 

charged Nlys and Nglu residues for both PMKE and PSKE brushes form, respectively, 4 and 10 

hydrogen bonds on average, significantly more than the uncharged residues (see also discussion 

of Figure 9 below). 

The large number of H-bonds with water for each residue suggests that the brush interior is 

quite hydrophilic. Water density profiles with height from surface, ρ(z) (Figure 7(b)), for the 

different brushes show that there is a significant amount of water within the brushes. The water 

density within the PS/PSKE brushes is higher than for PM/PMKE brushes, consistent with the 

smaller volume of the Sar vs. Nme sidechains, but in all cases the brushes are significantly 

hydrated. This is consistent with a hydrophilic interior to the brushes, which has been shown to 

be advantageous for anti-fouling behavior.66 In all cases there are large peaks in the water density 

near the TiO2 surface, with the height of this peak decreasing as the chain density increases (see 

also ESI Figure S1). This is due to the ability of water to penetrate into the peptoid brush and the 

hydrophilic nature of the underlying TiO2 substrate. Similar peaks have been seen in previous 

simulations of water in contact with bare TiO2 surfaces.58, 67 
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Figure 7 (a) Average number of hydrogen bonds for each residue in the peptoid segments for 

(top to bottom) σ = 0.11, 0.37, and 0.56 nm-2. Black, red, green, and blue denote PM, PMKE, PS, 

and PSKE brushes respectively. (b) Water density profiles for (top to bottom) σ = 0.11, 0.37, and 

0.56 nm-2. See Figure S1 for full-scale graphs of the insets, which highlight the density of the 

adsorbed water on TiO2. Colours as in (a). (c) Radial water density around carbonyl oxygens for 

(top to bottom) σ =0.11, 0.37, and 0.56 nm-2. Colours as in (a).  
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The interaction of water molecules with the peptoids can be more closely examined through 

the water radial density profiles around the backbone carbonyl atoms (Figure 7(c)). The peaks at 

~3 Å are essentially identical for the different brushes, indicating that water is strongly bound to 

the peptoid backbone, irrespective of the sidechains or surface density. Differences appear for 

the different brushes at larger separations. Consistent with Figure 7(b), the density of water about 

10-15 Å away from the carbonyl O atoms for PM is the lowest among the brush species due to 

the larger sidechain of Nme. However, the water density is higher for the zwitterionic brushes 

than the uncharged counterparts, although this difference is greater for Nme based brushes.  

 The number of water molecules around each carbonyl oxygen can be quantified by 

integrating the radial density profiles 

𝑁!"#$% = 4𝜋 𝑟!𝜌!!"#$(𝑟)
!!

!
 

where the integral is taken up to the second solvation shell (rc=7 Å). This is higher for the 

zwitterionic peptoids than for their neutral equivalents (Table 2). The number of water molecules 

is also higher for the Sar based peptoids than the Nme peptoids, due to the lower side chain 

volumes. 
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Table 2 Number of water molecules around carbonyl oxygen atoms for all residues (Nwater) and 

Nlys and Nglu (Nwater (Nlys) and Nwater (Nglu)) residues or their equivalents in neutral peptoids. 

Peptoid Density Nwater Nwater (Nlys) Nwater (Nglu) 

PM 0.11 nm-2 21.32 21.41 20.92 

0.37 nm-2 20.50 20.17 19.94 

0.56 nm-2 19.48 18.27 17.22 

PMKE 0.11 nm-2 24.24 24.21 24.01 

0.37 nm-2 21.97 21.91 21.43 

0.56 nm-2 21.08 21.58 21.24 

PS 0.11 nm-2 26.59 26.09 26.24 

0.37 nm-2 23.92 24.68 24.17 

0.56 nm-2 23.49 24.68 23.63 

PSKE 0.11 nm-2 27.41 27.39 27.71 

0.37 nm-2 25.50 26.89 27.63 

0.56 nm-2 24.11 25.43 24.91 

 

The role of the charged Nglu and Nlys residues in binding water can be examined by 

comparing the structure of water around these residues with those at equivalent sequence 

positions in the neutral peptoids. While the radial density profiles (Figure 8) are relatively similar 

between the neutral and charged residues for the first peak (around 2 Å), there is more water 

beyond this around the charged residues than the equivalent neutral residues. The increased 

density of water may arise due to the strong attraction between the charged sidechains and water. 

At large distances the water density is higher for PMKE than PM, but similar for PS and PSKE. 
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This is also reflected by the higher number of water molecules around the charged residues then 

in the neutral equivalents (Table 2). 

The location of the charged residues on the outside of the zwitterionic brushes (Figure 3(a)) 

means that these may play a role in ordering water near the surface where proteins first interact 

with the brushes. Inspection of the RDFs between the charged atoms on the sidechains (Nζ on 

Nlys and Oε on Nglu) and water show tight ordering of water (Figure 9(a)). At low separation < 

7 Å there are a number peaks in the Nζ-water and Oε-water RDFs indicative of the hydrogen 

bonding between them and water molecules. The location and heights of the peaks for Nlys and 

Nglu are essentially the same for PMKE and PSKE, indicating that the local water structure 

around these residues is similar. The rest of the peptoid chains appear to have little effect on the 

water structure around the charged residues.  

 
Figure 8 Comparison of water radial density profiles for charged and neutral peptoid residues. 

Top and bottom panels show σ = 0.11 nm-2 (top) and σ = 0.56 nm-2 (bottom). Left-hand panel 

shows Nlys and equivalent residues (residues 2 and 10) in neutral brushes, right-hand panel 

shows Nglu and equivalent residues (residues 3 and 11) in neutral brushes. Black, red, green, and 

blue denote PM, PMKE, PS, and PSKE respectively. 
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Figure 9 (a) RDFs between water molecules and charged residues for σ =0.11 (top) and 0.56 nm-

2 (bottom). Red, pink, blue, and light blue denote Nlys (PMKE), Nglu (PMKE), Nlys (PSKE), 

and Nglu (PSKE). (b) Histograms of numbers of hydrogen bond for charged residues for σ = 

0.11 (top) and 0.56 nm-2 (bottom). Colours as in (a) (c) Hydrogen bond auto-correlation 

functions, c(t),  for PMKE σ = 0.11 nm-2 (top left), PMKE σ = 0.56 nm-2 (bottom left), PSKE σ = 

0.11 nm-2 (top right), PSKE σ = 0.56 nm-2 (bottom right). c(t) is 1 if that pair of atoms forms a 

hydrogen bond and 0 otherwise. Blue, red, and black lines denote hydrogen bonds with Nlys 

residues, Nglu residues, and all residues respectively. 

 

Furthermore, we have calculated the probability distribution of the numbers of hydrogen bonds 

(P(NHB), Figure 9(b)) and the hydrogen bond autocorrelation function (c(t), Figure 9(c)) for 

charged residues, to investigate the stability/dynamics of the water layer near the surface. 

Consistent with Figure 7(a), the probability distribution shows that Nglu residues form more 

hydrogen bonds with water than the Nlys residues regardless of whether these are on PMKE or 

PSKE chains. (There are two oxygens vs. one nitrogen as hydrogen bond acceptors in Nglu vs. 

Nlys sidechains). The characteristic relaxation time for H-bonding with the charged residues (the 

PMKE PSKE

0.11 nm-2

0.56 nm-2

σ = 
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time over which c(t) drops to 1/e) is approximately 20 ps. This is similar to the previous 

simulation work of Ham65 but is longer than typical for hydrogen bonds between water 

molecules (~5.5 ps65), indicating that the hydrogen bonding of the brush with water is relatively 

persistent near the brush surface. When all residues throughout the brushes are considered, the 

autocorrelation functions assume slightly higher values, indicating longer decay times. This is 

due to the slower dynamics of water molecules trapped in the interior of the brush, which may 

further augment the hydration of the zwitterionic brushes.  

 

4. Discussion  

4.1. Peptoid brush structure and chain flexibility 

The typical peptoid brush thickness is shown by MD to increase with grafting density (Figures 

2 and 3), as also previously shown by molecular theory.49, 50 Our MD results show that at 

intermediate to high densities (0.37 and 0.56 nm-2), the zwitterionic peptoids form a well-defined 

layer with relatively uniform thickness and top surface. In particular, the charged residues enable 

the PSKE brush with the smaller Sar “background” residue to become more uniform compared 

with its uncharged PS counterpart.  

All the brush species display a high degree of mobility, as measured through the root mean-

squared fluctuations of the peptoid residues (Figure 6). The mobilities of the zwitterionic brushes 

are even higher than the uncharged counterparts at 0.11 and 0.37 nm-2 chain densities, although 

this difference is suppressed at a higher chain density (0.56 nm-2). A highly flexible brush layer 

may be expected to promote resistance  against protein adsorption.  

Interestingly, the zwitterionic brushes (PMKE and PSKE) adopt configurations that 

preferentially present the charged peptoid residues on the exterior of the brush surface (Figures 2 
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and 3), notwithstanding the fact that the poly(N-substituted glycine) peptoid backbone itself is 

also polar and highly hydrophilic.50 While the end-to-end chain lengths (ree) of PM and PMKE, 

which have similar molecular volumes, are also similar, PSKE with the lower molecular volume 

also adopt ree close to that of PMKE (Figure 3(b)). In contrast, the underlying uncharged PS 

design adopt significantly shorter ree. Thus the zwitterionic residues appear to dominate the chain 

behaviour when present and contribute to extended brush conformations. The presence of the 

charged groups of opposite sign on the surface acts to minimize the dipole of the surface, 

enhancing the surface hydration while possibly also suppressing electrostatic interactions with 

proteins (see also section 4.2), as seen in previous work on self-assembled monolayers.34, 68 In 

these previous cases, however, the oppositely charged units are found to form into well-ordered 

arrays, unlike the fluctuating/disordered chain structures seen in our simulations (Figure 2). 

At lower grafting densities, the uncharged PS chains with smaller molecular volume tend to 

leave voids in the brush structure (Figure 2), but the chains are also observed to be more able to 

adopt lateral extended conformations (Figure 3(c)) that (at least partially) span these voids, 

perhaps due to the larger free volume available in these layers. This could contribute to the 

similar critical brush densities for preventing protein adsorption observed experimentally for 

both PS and PM brushes.18, 50   

4.2. Charge effects and water structure 

We have characterized the H-bonding associated with each residue along the peptoid 

sequences as well as with the charged sidechains (Figures 7 to 9). All the peptoid brushes are 

highly hydrated, containing a significant amount of water. We also observe significant charge 

complexation and neutralization of the oppositely charged groups on PMKE and PSKE, as 

characterized by the RDF involving oppositely charged atoms on the brush sidechains, especially 
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at lower chain densities (Figure 4). Moreover, the calculated electric potential profiles for the 

zwitterionic brushes, which include also partial charges of all groups, are similar or lower than 

the corresponding uncharged brushes, notwithstanding slight protrusions of the profiles near the 

brush surface due to segregation of the charged residues (Figure 5). Interestingly, the PMKE 

profile compared to all other brushes is roughly reduced by half, and might correlate with lower 

electrostatic interactions with incoming proteins.    

Furthermore, the radial density profile of water with backbone carbonyl oxygen atoms and 

hydrogen bonding groups in sidechains (Figures 8 and 9) show high amounts of water around 

these polar groups, which also show reduced dynamics. The structuring of water 

(kosmotropicity) has been identified in previous studies.69, 70 The water radial density profile 

involving backbone carbonyl oxygens also show the highest amounts of water around PSKE 

chains (Figure 7), the zwitterionic peptoid with the lower molecular volume that can 

accommodate more water molecules within the brush. Overall long lived contacts between water 

molecules and the zwitterionic brushes, as measured by the autocorrelation decay time of 

hydrogen bonds (Figure 9), is significantly longer than between free water molecules.    

Unlike surfaces such as self-assembled monolayers, the diffuse nature of the brush surface 

does not lead to significant ordering of water molecules, even though ordering is observed at the 

smaller length scale around individual charge/polar groups of the peptoid chains. This can be 

seen by the smoothness of the water density profiles near the surface. Examination of the number 

of peptoid-water hydrogen bond profiles (Figure 10) also shows this lack of ordering at the brush 

surface. For the uncharged PM and PS brushes the peptoid-water hydrogen bond profile 

essentially follows the peptoid brush density profile. For the PMKE and PSKE there is an 

increase in the number of hydrogen bonds per residue near the brush surface; this is due to the 
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concentration of Nlys and Nglu residues, which have more hydrogen bonding groups than the 

neutral residues, partitioning towards the brush surface. In neither case are significant differences 

seen between the behaviour of water molecules at the brush surface and those within the brush. 

 

Figure 10 Number of peptoid-water hydrogen bonds (left) and number of peptoid-water 

hydrogen bonds normalized by number of peptoid atoms (right) as a function of z. PM, PMKE, 

PS, and PSKE denoted by black, red, green, and blue lines respectively.  
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Figure 11. Schematic illustrating the balance between charge, hydration, chain density and 

molecular volume effects for the zwitterionic peptoid brush system studied.  

 

5. Conclusion  

The excellent antifouling properties of zwitterionic brushes have been well reported. While it 

is unsurprising that zwitterionic groups may confer greatly to hydration of the hydrophobic 

backbones of polyvinyl polymers grafted by surface initiated polymerization, this MD study 

shows that the contribution by pairs of oppositely charged residues to hydration around natively 

hydrophilic chains is also highly significant. Where present, the zwitterionic pairs play major 

roles in hydrogen bonding, structuring, and the stability of water around the peptoid brush chains 

studied. This MD study also investigated the balance between charge, hydration, and molecular 

volume/chain density effects. The principal effects are illustrated in Figure 11. The zwitterionic 

pairs significantly promote extended chain conformations further than by lateral chain 

compression as chain density increases and regardless of sidechain molecular volume. Charge 
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complexation, or “self-association”,71-74 of the charged sidechains is especially significant at 

“low” chain densities but still leads to lowered electrostatic potentials of the zwitterionic brushes 

compared to their uncharged (but polar) counterparts at all chain densities. Indeed, we emphasize 

in this study a highly dynamic nature of such transient charge complexation. Some properties 

promoted by the charged residues, such as chain flexibility and the water density around chains, 

actually increase more prominently at “low” and “intermediate” chain densities, and are 

suppressed by free volume effects as chain densities increase further.  

Antifouling polymer brushes are considered to require high degrees of hydration, extended 

chain conformations, as well as high chain flexibility.32, 65 Our computational study shows in 

detail how a zwitterionic charge design promotes these properties. Experimental data reported in 

the literature shows that the relatively short peptoids modelled require high grafting densities to 

enable good antifouling properties.18, 49, 50 However, the “low” density (0.11 nm-2) condition in 

our current simulations may nonetheless be relevant for antifouling brushes in general since it 

could correspond more closely to higher molecular weight polydisperse brushes grafted by 

surface-initiated polymerization. In fact, at higher chain densities, we show that some of the 

effects conferred by the charged residues are suppressed by the molecular volume taken up by 

peptoid chains (of uniform chain lengths) at high grafting density, as well as by larger sidechains 

if present. Although higher chain densities generally promote antifouling properties, at low, 

intermediate or polydisperse polymer densities, or when high grafting densities are not available, 

it is conceivable that zwitterionic designs could be (especially) advantageous. Future protein 

adsorption studies, by computation or experiments, that directly investigate the interplay between 

chain density, hydration, and zwitterionic charge effects could provide a fruitful avenue of 

research to improve resistance against biofouling. 
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Supporting Information.  Simulation input files (initial conformations in gromacs gro format, 

gromacs topology files, force field parameter files) and video representations of the peptoid 

brush simulations are available free of charge at http://pubs.acs.org. 
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