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Abstract. 

Development of functional polymer-grafted nanoparticles for various nanotechnological 

applications, including nanomedicine, requires understanding of the interplay of design parameters 

governed by the underlying polymer physics principles. Using atomistic molecular dynamics 

simulation we investigate hydration and structural properties of spherical gold nanoparticles (1nm 

and 3nm radius) with grafted polyethylene oxide (PEO) of different lengths at two grafting 

densities. We demonstrate that the criterion for planar surfaces is insufficient to achieve the brush 

regime for nanoparticles of high curvature, as the chain conformation and hydration remain very 

similar to aqueous solution thereby exposing the nanoparticle surface, which may compromise the 

stealth properties of PEO-grafted nanoparticles. A new criterion for achieving the brush regime is 

proposed accounting for nanoparticle curvature. At high grafting density (4.2nm-2) we find that the 

PEO brush is rather dense and partially dehydrated in the vicinity of the gold nanoparticle surface 

in agreement with experimental observations. In contrast to experimental assumptions and some 

analytical predictions, we find that polymer density decreases with radial distance as r-4/3 

throughout the brush including the dense region, where PEO chains are stretched and oriented 

independent of PEO length. Chain stretching and orientation lead to a N4/5 scaling dependence for 

the brush height, which is stronger than classical theoretical predictions, but agrees with reported 

experimental data. PEO tail flexibility, which is relevant for inhibition of protein adsorption, is 

found to increase substantially with chain length and distance from the nanoparticle core. 
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Introduction 

Nanoparticles grafted with bio(compatible)polymers are actively studied for biomedical 

applications.1–6 In particular, gold nanoparticles have been intensely investigated due to their low 

toxicity, ability to produce local heating and plasmonic properties making them desirable for 

photodynamic therapy, cell imaging and biosensing.4,7 To ensure nanoparticle dispersion, long-

time circulation, protection from non-specific protein adsorption and impose functionality, e.g.  

attachment of drugs or targeting groups, nanoparticles are grafted by biopolymers or biocompatible 

polymers, most commonly poly(ethylene) oxide (PEO) due to its capability to inhibit protein 

adsorption.1,4,5,7,8 For a given nanoparticle size there is a choice of grafting densities and polymer 

molecular weights to use.1,3,6,7,9–11 The choice is often made based on available material and 

common wisdom of achieving a brush structure for planar surfaces, i.e. at least one chain per 

nm2.2,12 While there are some systematic studies exploring a range of nanoparticle sizes and PEO 

grafting densities,4,5,8,11,13,14 the general understanding of the effect of PEO chain length on the 

structure and properties of grafted spherical layers of PEO remains unclear, especially as concerns 

gold nanoparticles of small sizes,15 i.e. high curvature, and the PEO conformation and hydration 

properties within the layer. In this paper we investigate by means of atomistic molecular dynamics 

simulations the effect of PEO length on chain conformation and hydration of PEO in grafted 

spherical layers of moderate and high grafting density for small gold nanoparticles and make 

predictions that can be useful for further experimental development of PEO-grafted nanoparticles.  

 

The effect of chain length on the properties and performance PEO-grafted spherical nanoparticles 

has been studied experimentally7,10,11,16 with the results and conclusions varying from study to 

study. Some concluded that there is a preference for a  longer PEO length to achieve improved 
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circulation and prevention of protein adsorption, but the results depend also on nanoparticle size, 

i.e. curvature and grafting density and specific application (e.g. penetration of brain-blood barrier 

or cell internalization efficiency).1–3,5–7 Maintaining a high level of hydration and flexibility of 

PEO chains in a brush are considered among the important factors influencing protein 

adsorption.2,5,8,17–19 The interconnection of chain length, grafting density and nanoparticle size with 

polymer chain mobility and hydration within a grafted polymer layer is not an easy question to 

address, as these properties are not readily measured experimentally. Computer simulations can 

provide necessary insights to these characteristics but require an atomistic level of resolution and 

as such are limited to relatively small nanoparticles and PEO chain lengths. Recently the effect of 

grafting density on chain conformation and hydration of PEO grafted to gold  or TiO2 nanoparticles 

has been studied by computer simulations12,14,20,21 for a given chain length. From a theoretical 

perspective a longer polymer chain length implies that the transition from the mushroom to brush 

regime for a flat surface occurs at a lower grafting density according to the criterion σ*~1/Rgo
2,  

where  Rgo is the radius of gyration of a polymer chain in solution.22 In the mushroom regime PEO 

chains should be well-hydrated and maintain their natural flexibility, but whether they provide 

sufficient protection of the surface from e.g. protein adsorption, remains in question, especially for 

strongly curved surfaces such as small spherical nanoparticles, where the area available per chain 

significantly increases away from the surface.2,8 A range of gold nanoparticles of different sizes 

and shapes are achievable experimentally ranging from gold nanoclusters containing only a few 

Au atoms to a few nanometer gold nanoparticles.15,23  In the particular case of gold nanoparticles 

there is also some propensity for PEO adsorption on the gold surface to compensate for water 

layering (due to loss of hydrogen bonding) as  was reported experimentally and in computer 

simulation studies, including our previous work.20,21,24 Perhaps a more interesting question is the 
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structure of a grafted PEO layer just above the overlap limit for the nanoparticle surface, i.e. for 

σ≥σ*~1/Rgo
2. Are the PEO chains stretched as in a brush, what is the extent of hydration throughout 

the grafted layer and how are these properties affected by chain length and nanoparticle size? We 

are not aware of any experimental or computer simulation studies on this subject which will be 

investigated and discussed in this paper.     

 

In the opposite limit of high grafting density well into the brush regime PEO chains are expected 

to be crowded, so surface protection should be easily achieved. On the other hand, a high polymer 

density inside the layer may compromise hydration and chain mobility, which would be 

disadvantageous for prevention of protein adsorption.25,26 Thus, several experimental studies9,27,28 

using SAXS and SANS measurements suggested that nanoparticles densely grafted by polymers 

exhibit a region of constant high density in the vicinity of nanoparticle surface. Inside a dense 

brush polymer hydration and mobility can be limited, but detailed analysis of these properties is 

hard to achieve experimentally. In this paper using atomistic molecular dynamics simulations we 

investigate hydration and tail flexibility of PEO chains in dense spherical brush for PEO chains of 

different length. The obtained density profiles and brush height will be compared with theoretical 

predictions and the results of experimental and previous computer simulation studies. In particular, 

the existence of a concentrated region near the nanoparticle surface will be examined.  The 

obtained results can provide molecular level details of the hydration and chain conformation of 

spherical PEO polymer brushes and can bridge the gap between theory and experiments. Besides 

contributing to fundamental understanding of properties of spherical brushes, our results can also 

guide experimental development and improvement of existing nanomaterials for biomedical 

applications where polymer conformation and hydration can be important.  
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Simulation Details 

We performed all-atom molecular dynamics simulations of 1 nm and 3nm in radius spherical gold 

nanoparticles grafted by methyl-terminated PEO chains of different molecular weights: N=12, 

N=20, N=36 and N=45 repeat units. We considered two cases of moderate grafting density 

σ=1.5 𝑛𝑚−2 and high grafting density σ=4.18 chains per 𝑛𝑚2, which is close to the maximum 

experimentally achieved grafting density.1 To obtain an equilibrium structure of a dense spherical 

PEO brush, we started with coarse-grained molecular dynamics simulations using the Martini force 

field,29,30 similar to what was done in our previous work discussing the grafting density effect.20 

The gold nanoparticle was modelled as a spherical particle of coarse-grained beads using the same 

force field as  in our previous simulations.20 To model a spherical structure in coarse-grained 

simulations, we generated a spherical shell of atoms anchored to a center atom by a bond equal to 

the radius of the sphere. PEO chains were homogeneously grafted to gold beads on the nanoparticle 

surface. The NPT coarse-grained simulations were run using the GPU version of GROMACS-

4.6.5 for at least 500 ns to equilibrate the PEO-grafted gold nanoparticles (for details see 

supporting information). The equilibrated structure of PEO-grafted gold nanoparticles obtained in 

coarse-grained simulations was back-mapped31 to an atomistic structure (as discussed in 

supporting information). For atomistic simulations the gold nanoparticle was generated using FCC 

crystalline gold cut into a spherical shape of 1 or 3nm radius. For gold we used the force field 

reported in the literature32  as was done in our previous papers on planar and spherical PEO 

brushes.20,21 PEO chains were roughly homogeneously attached to the surface of the gold 

nanoparticle via sulfur bonds. The force field parameters for PEO and sulfur were the same as in 

our previous papers.20,21,33–35 The SPCE model for water was used in all simulations. Depending 

on the PEO chain lengths, the periodic box size varied from (17nm x 17nm x 17 nm) for shorter 
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chains to (30nm x 30nm x 30nm) for the longer ones. All simulations were carried out using the 

GPU version of GROMACS-4.6.5. We used an NPT ensemble to simulate the system using a V-

rescale thermostat at T=310k and Berendsen barostat at pressure 1 atm to be consistent with our 

previous computer simulations. The coupling time constants for temperature was 1ps and for 

pressure 2ps. Electrostatic calculation was done using PME method with Fourier spacing 0.12nm. 

The integration time step for the simulation was 2fs. Each system was equilibrated for at least 25 

ns to 60 ns.  

The volume fraction radial distributions for PEO and water were calculated using spherical layers 

of 0.3 𝑛𝑚  width in the radial direction starting from the gold nanoparticle center of mass. For 

volume fraction calculations we used 0.02 𝑛𝑚3 for the volume of the CH2 group and oxygen of 

PEO and 0.03 𝑛𝑚3 for the water volume, similar to our previous papers. 20,21 The hydrogen bond 

calculation was performed using the geometrical criteria for the distance between oxygens of PEO 

and water 𝑟𝑜𝑜 ≤ 3.5 𝑛𝑚  and angle between the vectors of hydrogen (H) to oxygen of water 

(satisfying the distance criterion) and oxygen of water (D)  to oxygen of PEO (A)   ∡𝐻𝐷𝐴 ≤ 30°.  

 

RESULTS AND DISCUSSION: 

Moderate grafting density. As discussed in our previous publication and reported 

experimentally20,21,24 at low to moderate grafting densities PEO chains exhibit some degree of 

adsorption to a gold surface (to substitute for water layering), which could also depend on the local 

morphology of Au atoms on the gold nanoparticle surface. Comparing 1nm gold nanoparticles 

grafted with PEO of different chain lengths, all at a grafting density of 1.5nm-2, as shown in Figure 

1, one can notice that some segments of PEO chains indeed reside in the immediate vicinity of the 
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gold surface. This is especially noticeable for shorter chain lengths. Overall the structure of the 

spherical polymer layer looks rather diffuse and does not show brush-like features (Figure 1), 

which could be expected as σ*~1/Rgo
2 is less than 1.5nm-2 for PEO with 15 or more repeat units 

(Table S2 of supporting information). Indeed, the polymer volume fraction profile shows that 

while near the surface the volume fraction of polymer reaches 0.5, it quickly decreases in an 

exponential-like manner away from the surface. The density profiles for PEO of different chain 

lengths coincide within about 1nm of the surface. Similar behavior is observed for 3mn gold 

nanoparticles grafted with PEO chains of 12 and 20 repeat units at the same grafting density of 

1.5nm-2 (inset of Figure 1). The strong decay of the polymer volume fraction away from the surface 

implies free water access to the nanoparticle surface, as will be discussed below, indicating that 

this grafting density may not provide sufficient protection of the core.2,3,5,7 
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Figure 1. Computer simulation snapshots of 1nm gold nanoparticle grafted with PEO chains of 

12, 20 and 45 repeat units. Grafting density, 𝜎 = 1.5 /𝑛𝑚2. Volume fractions of PEO (solid 

symbols) and water (open symbols) as a function of the radial distance from the center of the 

nanoparticle for PEO chains of different lengths:  N=12 (black squares), 20 (red circles) and 45 

(blue triangles) for gold nanoparticles of radius 1nm or 3nm (inset) at a grafting density of 

1.5chains/nm2. The snapshots were produced using VMD.36 
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Besides studying the overall polymer density profile, it is interesting to analyse the conformation 

of individual chains. As is seen from computer simulation snapshots there is some level of 

interactions (overlap) between different coils, at least for N=20 and 45, as is expected based on the 

average area per chain ~0.67nm2 being smaller than Rgo
2 for these chains, where Rgo is the radius 

of gyration of the PEO chain in solution. Taking this into account, one would expect some degree 

of chain stretching at least near the nanoparticle surface and an increase in the overall chain size. 

However, this is not the case. Comparing the radius of gyration (and its components) for PEO 

chains (with N=12, 20 or 45) in solution and grafted to nanoparticles of 1nm with grafting density, 

𝜎 = 1.5 /𝑛𝑚2 we found practically no difference at all, not only in the average values (see 

supporting information, Figure S3), but for distributions of principal axis of the radius of gyration 

as well (Figure S4). In Figure 2 the end-group distribution is compared for free PEO chain in 

solution and grafted to 1nm or 3nm gold nanoparticles (with grafting density, 𝜎 = 1.5 /𝑛𝑚2). As 

is seen distributions are virtually identical for PEO with 12 repeat units and only slightly shifted 

to larger values for PEO with 20 repeat units grafted to a 3nm nanoparticle. This is consistent with 

an experimental report13 that  the PEO layer thickness (obtained using DLS) on 15 nm Au 

nanoparticles with grafting densities exceeding 1/ Rgo
2 is comparable to the PEO end-to-end 

distance in solution for a range of molecular weights (N from ca.47 to 1168), using the empirical 

scaling dependence relating molecular weight to the end-to-end distance.37 In contrast, the end-to-

end distance of PEO of 20 repeat units increased by 3.5 times when grafted to a planar surface 

with the same grafting density of  𝜎 = 1.5 /𝑛𝑚2 (see supporting information, Figure S3).  This 

implies that the high curvature of small nanoparticles provides sufficient space to accommodate 

packing of polymer chains without a noticeable distortion of their shape. Interestingly, significant 

overlap of polymer coils at the surface does not necessary translate into chain stretching and brush-
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like behaviour if nanoparticle curvature is high (at least for the range of studied chain lengths). 

This can have important implications for nanoparticle design: following a simple criterion of 

having grafting density exceeding 1/ Rgo
2 and/or 1nm-2 does not guarantee a dense brush-like 

structure of PEO layer around a nanoparticle. A similar conclusion was made recently by Di 

Valentin et al. based on experimental and computer simulation data12,14. It has been also concluded 

that a grafting density well in excess of 1nm-2 is required to ensure sufficient nanoparticle surface 

shielding2 and that PEO brush on small nanoparticle is more susceptible to protein adsorption at 

about 1nm-2 grafting density compared to PEO brush on planar surface.8 

 

Figure 2. The end group distribution of PEO chains of 12 repeat units (squares), 20 repeat units 

(circles) and 45 repeat units (triangles) grafted to 1nm (solid symbols) or 3nm (crossed symbol) 

gold nanoparticles at grafting density  1.5𝑐ℎ𝑎𝑖𝑛𝑠/𝑛𝑚2 in comparison to that for free chains in 

aqueous solutions (open symbols). The inset shows predictions of the theoretical model (eq.1) 
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(solid curve) for the polymer grafting density corresponding to the mushroom to brush transition 

for a spherical nanoparticle of 1nm in radius in comparison to that for planar surface (dashed curve) 

with data points showing the three molecular weights of PEO that we studied for nanoparticle of 

1nm radius and grafting density  𝜎 = 1.5nm-2 . 

 

In contrast to planar surfaces where the area per chain does not change with a distance from the 

surface, for spherical nanoparticles the area per chain increases as ~r2 with the radial distance r. 

Thus, chain crowding on the nanoparticle surface does not necessary ensure coil overlap just above 

the surface. Therefore, it would be logical to allow for higher polymer density at the nanoparticle 

surface and consider the coil overlap at the distance of a coil radius above the surface, i.e. at 

r=R+Rgo, where R is the core radius. This corresponds to the following condition: 

4𝜋(𝑅 + 𝑅𝑔𝑜)
2

= 𝜋𝑅𝑔𝑜
2 𝑄 ≡ 4𝜋2𝑅2𝜎𝑅𝑔𝑜

2        

leading to 

𝜎∗~ (
1

𝑅
+

1

𝑅𝑔𝑜
)

2

                                               (1) 

where Q is the number of chains grafted to a nanoparticle.  In the limit of a flat surface, i.e. R→∞, 

we arrive to the usual 𝜎∗~1/𝑅𝑔𝑜
2  for planar surfaces, while in the limit of very long polymer chain 

N→∞, 𝜎∗~1/𝑅2. Thus for very small nanoparticles it would require a rather high, perhaps 

unrealistic grafting density to achieve overlap at the distance of a coil radius above the surface, 

implying that the brush regime may not be reached.  

Applying similar considerations for cylindrical nanoparticles we arrive at 
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𝜎∗~
1

𝑅𝑔𝑜
(

1

𝑅
+

1

𝑅𝑔𝑜
)    (2) 

which also recovers 1/𝑅𝑔𝑜
2  for planar surfaces and accounts for the cylindrical curvature effect, 

which has been considered in literature 38,39 As expected, in this case the curvature effect is weaker 

than for spheres, as the area available per chain expands linearly with radial distance, i.e. ~r.  

Predictions for the overlap grafting density are summarised in Table 1.  

Table 1. Summary of predictions for the grafting density for the mushroom to brush transition. 

Spherical surface Cylindrical surface Planar surface 

𝜎∗~ (
1

𝑅
+

1

𝑅𝑔𝑜
)

2

 𝜎∗~
1

𝑅𝑔𝑜
(

1

𝑅
+

1

𝑅𝑔𝑜
) 

 

𝜎∗~
1

𝑅𝑔𝑜
2

 

 

 

Applying eq. 1 for a spherical nanoparticle of radius 1nm, as considered in Figures 1 and 2, we 

arrive at σ*6.2 nm-2 for the grafting density required to see overlap at Rgo height for PEO of 12 

repeat units, σ*4.3 nm-2 for PEO with N=20 and σ*2.8 nm-2 for PEO with N=45, as is seen in 

the inset of Figure 2. Thus, for all chain lengths considered, we are in the mushroom regime, 

according to eq.1, which is consistent with the strong decay of the polymer volume fraction away 

from the surface (Figure 1) and the end-group distribution being nearly identical to the end-to-end 

distribution in solution (Figure 2). We note that for PEO of 20 repeat units attached to a gold 

nanoparticle of 3nm radius, σ*1.9 nm-2 which is only slightly larger than considered here σ=1.5 

nm-2, resulting in a slight deviation of the end group distribution towards larger distances as  a 

result of chain overlap at the surface.   
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As we established that the PEO size and shape does not appreciably change upon grafting to 

nanoparticles at this moderate grafting density, it is interesting to investigate the level of polymer 

hydration. An analysis of hydrogen bonding with water (Figure S5 of supporting information) 

shows that except for the near vicinity of the gold surface the level of hydrogen bonding of PEO 

is the same as in solutions, i.e. close to 1.2 hydrogen bonds per repeat unit of PEO.35 Similar 

observations have been made in recent computer simulations of PEO grated to TiO2 

nanoparticles.12  Perhaps it is more informative  to consider free water within the spherical shell 

of PEO, i.e. water which is not hydrogen bonded to PEO. Figure 3 shows radial dependence of the 

fraction of free water compared to total water at a given radial distance from the nanoparticle 

surface for PEO of different chain lengths grafted to 1nm and 3nm nanoparticles.  As is seen, for 

PEO grafted to a 1nm nanoparticle the free water fraction remains below 0.5 within 1nm of the 

nanoparticle surface and is the same for PEO of different lengths. At larger radial distances the 

free water fraction quickly increases, which implies relatively easy water exchange and access to 

nanoparticle surface, where the free water fraction remains non-zero. For 3nm nanoparticles the 

free water fraction is lower, almost approaching zero at the nanoparticle surface and the region 

with a low fraction of free water is somewhat wider, indicating a somewhat larger polymer overlap 

within the nanoparticle corona.  
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Figure 3. The average fraction of free water (e.g. fraction of water that is not hydrogen bonded to 

PEO) as a function of radial distance  from the nanoparticle surface for PEO chains of different 

lengths N=12 (squares), 20 (circles) and 45 (triangles) for gold nanoparticles of  radius 1nm or 

3nm (inset) at grafting density of 1.5chains/nm2.  

 

Thus, at a moderate grafting density PEO chains grafted to a gold nanoparticle of high curvature 

maintain the same size and shape as in solution with the polymer density decreasing in an 

exponential-like manner away from the surface. The polymer density and hydration near the 

surface does not change with polymer length and indicates some level of overlap, but does not 

reach the brush regime, even when the average distance between grafting sites is less than Rgo. At 

this grafting density accessibility of water to the nanoparticle surface remains high. 
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High grafting density. At a high grafting density of 𝜎 = 4.18 /𝑛𝑚2 polymer chains are in the 

brush regime, as is seen in  a cross-sectional view of computer simulation snapshots shown in 

Figure 4 for PEO chains of  lengths N=12, 20, 36 and 45. In the vicinity of the gold surface the 

polymer conformation and brush structure is rather similar in all cases and obviously grafting 

longer PEO chains to a gold nanoparticle results in spherical brushes of increased thickness. As 

will be discussed in more detail below, we observe a dense polymer-dominated zone near the gold 

surface and a more diffuse better hydrated outer shell. Qualitatively similar dense and semi-dilute 

regions of spherical polymer brushes were observed using SANS and SAXS measurements for 

gold and iron oxide nanoparticles of comparable sizes27,28,40 as well as silica nanoparticles of a 

larger size.41,42  

Figure 4. Cross-sectional computer simulation snapshots of the gold nanoparticles grafted with 

PEO chains of different chain lengths:  N=12, 20, 36 and 45. Gold nanoparticle is shown in yellow, 

PEO chains in cyan (carbons) and red (oxygen). PEO hydrogens and water are not shown for 

clarity.  Gold nanoparticle radius is 3nm and grafting density, 𝜎 = 4.18 /𝑛𝑚2 in all cases.  

 

We analyzed the spherical brush structure and calculated the volume fractions of PEO and water 

in the nanoparticle shell, which are shown in Figure 5 as functions of the radial distance from the 

PEO12                             PEO20                                      PEO36                                               PEO45 
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nanoparticle center of mass. As is seen, the volume fraction of PEO reaches about 0.7 in the 

immediate vicinity of the gold surface, which is to be expected for the high grafting density studied 

here. In general, a high volume fraction of PEO near the gold core can in part  be a result of PEO 

adsorption on gold20,21,24 to substitute for layered water43, but this effect should be rather small 

taking into account the high grafting density considered. Comparing results obtained for PEO 

chains of different lengths as shown in Figure 5, one can notice that all volume fraction profiles 

coincide within 2-2.5nm of the gold surface. This reflects the observation made from the snapshots 

shown in Figure 4 that in all cases the PEO layer structure looks practically identical near the gold 

surface. Inside the 2nm wide spherical zone near the gold surface the PEO volume fraction exceeds 

that of water (Figure 5) and PEO is dehydrated, as will be discussed below. A similar observation 

of a dense PEO region within ~1.7 nm of the surface of a spherical gold nanoparticle was made 

by Lennox et al.27 and based on SANS data fitting indicated nearly 0.93 volume fraction for PEO 

in this region for 2.5nm  radius gold nanoparticles with an estimated PEO grafting density of 

𝜎~7 𝑡𝑜 7.9𝑛𝑚−2.  A dense (constant density) spherical PEO layer of 1 ± 0.2 𝑛𝑚 was also 

experimentally observed28 near the surface of spherical iron oxide nanoparticles of 3.7 ± 0.4 𝑛𝑚 

diameter for PEO grafting density 𝜎~3.5 𝑛𝑚−2. Further away from the gold surface the PEO 

volume fraction starts to decline at different radial distances from the gold nanoparticle centre 

depending on the PEO chain length (Figure 5). In this outer shell the water volume fraction 

dominates and PEO is expected to be well-hydrated, at least as in the semi-dilute regime.  
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Figure 5. Volume fractions of PEO (solid symbols) and water (open symbols) in the spherical 

shells of gold nanoparticles as functions of the radial distance from the center of the nanoparticle 

for PEO chains of different lengths:  N=12 (black squares), 20 (red circles), 36 (green down 

triangles) and 45 (blue up triangles). The gold nanoparticle radius is 3nm and grafting density 𝜎 =

4.18 /𝑛𝑚2.  

 

It is informative to plot the radial dependence of PEO volume fraction in spherical shells of 

nanoparticle in logarithmic scale, as shown in Figure 6. As is seen, the volume fraction profiles 

obtained for different PEO lengths coincide with each other and follow the same scaling 

dependence, except for the periphery of the polymer shell where polymer end-groups are located. 

Similar trends have been reported in generic MD and DFT calculations.44 The most commonly 
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used scaling model for polymer stars, micelles and polymer grafted spherical nanoparticles is the 

Daoud-Cotton model45 and its modifications and improvements46–48 which all lead to 

Φ(𝑟) ∝ 𝑟−
4

3    (3) 

for the semi-dilute regime expected for polymer corona in a good solvent, where Φ(𝑟) is the 

volume fraction and 𝑟 is the distance from the centre of nanoparticle. Similar to experimental 

observations and simulation results for generic polymers28,38,44 we indeed find that our results 

follow this expected scaling. It is interesting to note that even in the first zone closest to the gold 

surface, i.e. at 𝑟 ≤ 5.5𝑛𝑚, where the PEO volume fraction dominates and can be viewed as a 

concentrated regime, the scaling remains the same. We do not observe Φ(𝑟) ∝ 𝑟−1 expected for 

the concentrated regime45, nor do we see a constant density Φ(𝑟) ≈ 𝑐𝑜𝑛𝑠𝑡 in the dense PEO region 

as has been used to fit experimental scattering data.27,28 We believe that the disagreement with the 

theoretically expected45 scaling Φ(𝑟) ∝ 𝑟−1 arises from chain stretching and orientation, which is  

not accounted for theoretically, but does occur in the nanoparticle surface vicinity, as we will 

discuss next.  
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Figure 6.  Volume fractions of PEO in the spherical shells of gold nanoparticles as functions of 

the radial distance from the center of the nanoparticle plotted in a double logarithmic scale for 

PEO chains of different chain lengths: N=12 (black squares), 20 (red circles), 36 (green down 

triangles) and 45 (blue up triangles) in comparison with the analytical scaling of eq.3 (dashed line). 

 

To characterize the local PEO chain stretching in the spherical shell, we calculated the ratio 𝛼2 =

< 𝑟𝑠
2(𝑟) >/ < 𝑟𝑠𝑜

2 > of the square of oxygen-to-oxygen separation distance 𝑟𝑠 along the PEO chain 

(averaged among all chains and over 500 frames) in a given radial shell to that obtained for free 

PEO chain of the same length in dilute solution < 𝑟𝑠𝑜
2 > (< 𝑟𝑠𝑜

2 >= 0.0784𝑛𝑚2). The results are 

shown in Figure 7a as a function of radial distance 𝑟 from the nanoparticle centre. As is seen, PEO 

chains are most stretched near the gold surface, as expected, even though the extent of stretching 

is not so large. Local chain stretching is rather similar for PEO chains of different molecular 
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weights. Chain stretching dissipates approximately at 5-5.5nm from the nanoparticle centre (i.e. 2-

2.5nm from the gold surface), which coincides with the boundary of the dense PEO zone, shown 

in Figure 5. At larger radial distances no appreciable stretching is observed.  

Local chain stretching near the gold surface is obviously caused by chain crowding which should 

also lead to preferable chain orientation away from the surface. To quantify local chain orientation, 

we calculated the orientational order parameter: 

𝑆(𝑟) = 0.5 < (3𝐶𝑜𝑠2𝜃 − 1) >    (4) 

for oxygen-to-oxygen vectors along the PEO chain (starting from the oxygen closest to the gold 

surface) with respect to radial vector (drawn from nanoparticle centre to the grafting point of the 

chains) with  being the angle between these two vectors. The average is taken among all chains 

attached to the nanoparticles and over 500 frames. The obtained orientational order parameter S(r) 

is shown in Figure 7b for different PEO chain lengths. The order parameter behaves in a very 

similar manner in all cases and as is seen, PEO chains are noticeably oriented in the vicinity of the 

gold surface with the order parameter approaching 0.6. As the distance from the surface increases 

the preferential orientation along the radial direction diminishes and approaches S(r)0.2 at the 

boundary of dense PEO zone. It is interesting to note that the rate of the orientational parameter 

S(r) decline changes at this point, i.e. at approximately 5-5.5nm distance from the nanoparticle 

centre (i.e. 2-2.5nm from the gold surface). At large radial distances from the gold surface the 

orientational order continues to decline, but at a slow rate until it disappears. Comparing OCCO 

dihedral distributions for the sections of PEO chains in the dense region near the gold nanoparticle 

surface and at the periphery of grafted PEO layer (Figure S6 of supporting information), one can 

notice enhancement of the trans conformation near the nanoparticle surface, which is consistent 
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with the chain stretching and orientation shown in Figure 7, as well as with dehydration in this 

region, which will be discussed below. Thus, comparing Figures 5,6 and 7, we can conclude that 

higher PEO grafting density leads to chain stretching and orientation within 2-2.5nm of the gold 

surface, but it does not manifest itself in 𝑟−1 scaling dependence as Φ(𝑟) ∝ 𝑟−4/3 remains valid 

even in this zone.  

 

Figure 7.  Local chain stretching parameter 𝛼2(𝑟) (a) and the orientational order parameter S(r), 

eq.4 (b) as functions of the radial distance from the center of the nanoparticle for PEO chains of 

different chain lengths: N=12 (black squares), 20 (red circles), 36 (green up triangles) and 45 (blue 

down triangles). Two different slopes for the orientational order parameters are shown as thin 

straight lines. The boundary of the dense PEO zone is marked by the vertical dashed line.  

a) 

b) 
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 Accounting for chain stretching, e.g. using the approach of ref.46, results in the familiar Φ(𝑟) ∝

𝑟−4/3 scaling even in the theta-solvent or polymer melt regime near the surface, as is seen in Figure 

6. Thus, the observed Φ(𝑟) ∝ 𝑟−4/3  scaling dependence does not necessarily imply a good solvent 

condition or swelling of polymer inside the polymer corona. While we observe some chain 

stretching near the interface, Figure 7a, it seems to be independent of chain length. From the 

orientational order analysis we can see some increased orientation of the polymer chains near the 

gold surface. To test the end group exclusion zone as suggested by Dan and Tirrell,48 we calculated 

end group distributions (Figure S7 in supporting information) for the spherical shells of PEO of 

different lengths. For all cases, we see  an exclusion zone, which increases with the chain length: 

for PEO12 the exclusion zone is ~1.5 𝑛𝑚, for PEO20 it increases to ~2𝑛𝑚, for PEO36 ~3.5𝑛𝑚 

and for PEO45~4𝑛𝑚. The origin of the exclusion zone is the existence a strong steric repulsion 

between PEO chains near the gold surface, which depends on PEO grafting density and makes this 

area of high polymer concentration less penetrable for the end groups. This behaviour is in contrast 

to what we observed for moderate grafting densities (Figure 2) where no exclusion zone is 

observed and end-group distribution was rather similar to that in solution.  

 

Chain stretching and orientation away from nanoparticle surface have important implications 

regarding the brush height. To further characterize the effect of chain orientation and stretching on 

the overall chain dimensions in the brush, we calculated the end-to-end distance and radius of 

gyration for different chain length in the spherical brush and compare to solution values (Table S2 

in supporting information). We find that the end-to-end distance for a chain in the spherical brush 

exceeds that in solution by more than 1. 5 times as shown in the inset of Figure 8 and Rg exceeds 
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the solution values by more than ~1.3times. This indicates that chain orientation and stretching 

have significant impact on brush height as expected for high grafting density. 

Figure 8: Average brush height calculated using eq.5 (open symbols) and by analysing end-group 

distribution (solid symbols) as a function of the number of PEO repeat units. The dashed line 

shows 𝑁
3

5 dependence whereas dash-dot line shows 𝑁
4

5 scaling. The inset shows the end-to-end 

distance distribution for PEO36 chain in water (striped grey bar) and PEO36 chain in a spherical 

brush (red solid bar). Gold nanoparticle radius is 3nm and grafting density, 𝜎 = 4.18 /𝑛𝑚2. 

 

We calculated the average height of the spherical brush as second moment of density profile 

defined as49,50  

𝐻𝑎𝑣𝑔
2 = ∫ 𝑟2𝑑𝑟 Φ(𝑟)(𝑟 − 𝑅)2/ ∫ 𝑟2 𝑑𝑟 Φ(𝑟)

∞

𝑅

∞

𝑅
,  (5) 
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where 𝑅 is core radius, 𝑟 is the distance from the centre of the gold nanoparticle. Figure 8, shows 

in a logarithmic scale the brush height as a function of chain length N. The line with open symbols 

represents the average brush height obtained using eq. 5, while the line with solid symbols is the 

average brush height estimated from the end group distribution (Figure S7 in supporting 

information) taken as the position of the maximum of the distribution. As is seen, the estimation 

of brush height from the end group distribution yields a systematically somewhat higher value than 

obtained using eq.5, which is not unexpected as these two definitions are based on different brush 

properties. More importantly both definitions result in a similar scaling dependence.  In general, 

there is an established notion that the average height of a spherical surface scales as 𝐻𝑎𝑣𝑔 ≅

𝜎
1

5 𝑁
3

5𝑅
2

5 in the semi-dilute regime45,47 and can achieve 𝐻𝑎𝑣𝑔~𝑁 in a concentrated regime (in the 

absence of swelling by solvent).9,51 Our results shown in Figure 8 seems to follow somewhat 

stronger dependence than 𝑁
3

5, more like  𝑁
4

5, even though we note the large error-bars in brush 

height estimations.  Computer simulation data obtained by generic MD and self-consistent DFT 

analysis also show somewhat stronger than N3/5 scaling for a polymer star, which follows a 𝑁
2

3 

dependence.38,44 Experimentally a  𝑁
4

5 scaling dependence for the brush height was reported for 

polystyrene-grafted silica particles of 14 ± 4 𝑛𝑚  diameter 41 and 𝑁0.83 scaling has been observed 

for high molecular weight poly(methyl methacrylate) (PMMA) chains grafted on silica 

nanoparticle with core radius 2.5nm.9 In both cases grafting densities were around 1 𝑛𝑚−2. Thus, 

our results show, in agreement with experimental data, that at high grafting densities chain 

stretching and orientation results in a dense polymer area near the nanoparticle interface leading 

to a brush height increase with chain size exceeding that expected for the semi-dilute regime.      
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Figure 9: Cross-sectional view of a PEO45 brush illustrating the two-shell model. The circle(red) 

indicates the ~2 𝑛𝑚 radius dehydrated region. We removed PEO from bottom left 1/4th portion 

and water and PEO hydrogens from the remaining 3/4th portion for clarity. The central region 

(yellow beads) represents the gold nanoparticle. Gold nanoparticle radius is 3nm and grafting 

density, 𝜎 = 4.18 /𝑛𝑚2. 

 

Having discussed conformational properties of PEO in a spherical layer, it is worthwhile to look 

at the polymer hydration. Figure 9 shows the cross-sectional view of PEO45 spherical brush and 

water inside the brush. As is seen, near the gold surface, where the polymer is stretched and 

oriented, the water concentration is rather low. Accordingly, the degree of hydrogen bonding 

between the polymer and water is very low, about 0.5-0.6 water molecules per repeat unit of PEO, 

i.e. half of the solution level (Figure 10a). We note that in this region all available water is 

hydrogen bonded to PEO, so no free water can be found (Figure 10b). Farther away from the 
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surface the water concentration increases, while the polymer orientation dissipates and the degree 

of hydrogen bonding increases as well. At radial distances exceeding 2-2.5nm from the gold 

surface the free water level stabilizes and hydrogen bonding reaches the bulk values (Figure 10a). 

We note that the hydration shell of PEO remain incomplete at about 2 water molecules per PEO 

repeat unit at 2nm radial distance from the gold surface, (Figure S8, supporting information) as 

the fraction of free water remains very low at that distance (Figure 10b). Thus, with respect to 

water distribution in the spherical shell, one can separate the inner shell of low hydration r<5nm 

where the polymer is present at high concentration, stretched and oriented along the radial direction 

and the  outer shell r≥5nm where the polymer is more hydrated, maintaining solution level degree 

of hydrogen bonding, but with less than complete hydration shell. This subdivision into the zones 

remains valid for a given high grafting density independently of the chain length, since the 

hydration of polymer brushes is mainly independent of chain length (Figure 10, Figure S8 of 

supporting information). The observed difference in hydration in the inner and outer shells is 

consistent with experimental observations for polymer-grafted nanoparticles.27,28 Experimentally, 

Lennox et. al. analysed SANS data for PEO capped gold nanoparticles using a two-shell model 

with an inner shell of about ~1.7𝑛𝑚 containing nearly completely dehydrated PEO (93% by 

volume) and an outer hydrated shell with almost 60% of PEO by volume.27 We note that PEO of 

45 repeat units was attached to a gold nanoparticle of ~2.5 𝑛𝑚 radius at a rather high grafting 

density  𝜎~7 𝑡𝑜 7.9𝑛𝑚−2 far exceeding what we used in our simulations, 𝜎~4.18𝑛𝑚−2. Recent 

scattering experiments on PEO (Mw=5000Da) grafted iron-oxide nanoparticle of 3.7 nm radius 

with a grafting density of 3.5nm-2 also invoke a core-shell model with a constant density profile 

for the concentrated brush regime within ~1nm of nanoparticle surface.28 While the width of the 

low hydration zone is mainly independent of molecular weight, it is strongly influenced by 
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polymer grafting density and nanoparticle curvature, as discussed in our previous publication.20 

Using atomistic molecular dynamics simulations we have shown that the low hydration zone 

increases from a few angstroms for small nanoparticles with low polymer grafting density to 2-

2.5nm at high grafting density and larger nanoparticle size and can reach 5.5nm for a planar PEO 

brush of high density 𝜎 = 4.18 /𝑛𝑚2 .20  

 

Figure 10: a) The average number of hydrogen bonds with water per repeat unit of PEO; b) the 

average fraction of free water that is not hydrogen bonded to PEO as functions of radial distance 

from the gold nanoparticle centre. Vertical dashed line indicates the boundary of the dense and 

a) 

b) 
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partially dehydrated PEO region. Gold nanoparticle radius is 3nm and grafting density, 𝜎 =

4.18 𝑛𝑚−2. 

 

To investigate the dynamics of PEO chains within the spherical brush we monitored changes in 

polymer conformations as a function of time. Figure 11a shows the series of time trajectory 

snapshots of PEO chain conformations within spherical brushes of different sizes obtained during 

a 1ns time period for one of the representative chains from each polymer brush. As is seen, within 

about 2nm from the gold surface the PEO chain conformation remains rather stagnant and similar 

for all PEO chain lengths considered. This is consistent with the chain stretching and orientation 

within this dense inner shell discussed above which does not contain free (unbound water). For the 

shortest chain length studied, N=12, the inner zone represents the majority of the shell, so only the 

chain tails are mobile and significantly change conformation with time. With an increase of PEO 

chain length the fraction of the inner dense zone diminishes and we start to observe variation in 

the chain conformation within the outer shell. This variation becomes more pronounced with an 

increase in chain length and in all cases the very ends of the PEO chains exhibit the maximum 

mobility. To characterize the chain tail flexibility we calculated the time dependent orientational 

order parameter 𝐶𝑡𝑎𝑖𝑙 for oxygen-oxygen vector for last three monomers of the chain tail using 

subsequent time frames: 

𝐶𝑡𝑎𝑖𝑙(𝑡) = ⟨
1

2
(3 Cos2 𝜃 − 1)⟩ (6) 

where 𝐶𝑜𝑠𝜃 = [𝑟𝑖(0). 𝑟𝑖(𝑡)]/|𝑟𝑖(0)||𝑟𝑖(𝑡)|  and 𝑟𝑖(𝑡) is the three segment tail vector at time t, as 

shown in the Figure 11b and 𝑟𝑖(0) is the vector at t=0 . This function goes to zero when there is 

no correlation with the original orientation of the chain tail. The obtained time-dependent 
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orientational order parameter 𝐶𝑡𝑎𝑖𝑙 is shown in Figure 11b. We find that for longer chains the initial 

tail orientation dissipates within 0.5ns, while for shorter chains correlation with initial orientation 

persists over 1ns time range.  The mobility of PEO chain is considered to be one of the important 

factors in preventing protein adsorption.2,17,24–26,52 The results shown in Figure 11 indicate that 

longer chains retain higher mobility that is preferable for prevention of protein adsorption.  
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Figure 11 a) Computer simulation snapshots of PEO chain conformation recorded over 1ns time 

evolution trajectory for PEO of 12, 20, 36 and 45 repeat units in a spherical polymer brushes. b) 

Tail end flexibility autocorrelation function 𝐶𝑡𝑎𝑖𝑙(t) for PEO chains of different length N=12, 20, 

36 and 45 in a spherical brush. Gold nanoparticle radius is 3nm and grafting density, 𝜎 =

4.18 𝑛𝑚−2. The inset in 11b shows PEO chain snapshot with a vector along the last three tail 

monomers used to calculate the tail end flexibility. 

 

Polymer hydration is another factor affecting protein adsorption.2,18,24 As discussed above, the 

dehydration zone is practically independent of chain length for the high grafting density considered 

here. For shorter PEO chains the contribution of inner less hydrated zone to the overall shell is 

larger, the PEO chains are effectively less hydrated and less mobile. Thus, not only the tail 

flexibility but also the overall hydration of the shell and dynamics of hydrating water in the shell 

depend on the chain length with longer PEO chains being beneficial in protecting nanoparticle, 

maintaining a high water content in the shell and chain tail flexibility that can be favorable in 

preventing protein adsorption.2,7,18,53 

 

Conclusions 

Using atomistic molecular dynamics simulations we investigated polymer conformation and 

hydration of PEO layers grafted to spherical nanoparticles of 1-3nm radius at moderate (1.5 nm-2) 

and high (4.2nm-2) grafting densities for different PEO lengths. We found that at moderate grafting 

density the polymer conformation remains rather similar to that in solution, at least for the polymer 

lengths studied, despite polymer overlap at the nanoparticle surface. This indicates that the 
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mushroom to brush criterium for planar surfaces σ*~1/Rgo
2 does not ensure achievement of an 

actual brush structure when chains are attached to small nanoparticles of high curvature because 

the radially increasing (away from the surface) available space allows enough freedom to 

accommodate the preferable chain conformations similar to dilute solution. Polymers remain well-

hydrated within the layer with a decrease in the fraction of free water only close to the surface. To 

achieve a consistent polymer coverage of the nanoparticle surface, one may require polymer 

overlap not only at the surface, but at height Rgo, which leads to modified estimate for the required 

grafting density to achieve the brush regime, σ*~(1/Rgo+1/R)2 for spherical nanoparticles of radius 

R, which accounts for both the curvature of the nanoparticle and polymer coil dimension. Similar 

consideration can be applied to cylindrical surfaces, as summarized in Table 1. These expressions 

recover the mushroom-to brush criterium for planar surfaces and predict that for nanoparticles, of 

high curvature an increasingly large grafting density is required to achieve the brush regime, which 

is important to ensure nanoparticle shielding and inhibition of protein adsorption.2,18,24 

 

For a densely grafted PEO layer we observe highly oriented, stretched and dehydrated PEO (with 

practically no free water) within 2nm of the gold nanoparticle surface independent of the PEO 

chain length. Further away from the surface the PEO layer become disoriented and more hydrated. 

For the whole width of the spherical layer, including the dense area near the nanoparticle surface, 

the PEO density decreases following a ~r-4/3 dependence, as expected based on the Daoud-Cotton 

model and observed experimentally.28,45 In contrast to experimental data interpretations we do not 

observe a constant density area or ~r-1 dependence for the polymer density near the nanoparticle 

surface. Chain orientation and stretching in this area show that a model of screened volume 

interactions near the surface may not be valid for densely grafted nanoparticles, but rather an 
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oriented stretched brush needs to be considered. The overall polymer layer height follows a N4/5 

rather than the expected N3/5 dependence, similar to what was observed experimentally and 

reported in (generic MD or MC) simulations. 9,38,41,44 The structural properties of the spherical 

layers formed by PEO of different lengths coincide within a certain distance from the gold surface 

with the largest difference in the chain tail flexibility. For the shortest PEO chain length 

considered, chain orientation persists throughout the whole layer, resulting in low flexibility of the 

tails. With an increase in chain length the orientation starts to dissipate with tails becoming more 

flexible at the periphery of the layer and above some length tail flexibility starts to achieve that 

found in dilute solution.  

The obtained results show that the curvature of nanoparticles and grafting density both play an 

important role in determining hydration and structural properties of PEO spherical brushes. Closer 

to the nanoparticle surface the brush properties are nearly independent of the PEO length, but the 

flexibility of chain ends may depend on it. We suggest a modified criterion for achieving the brush 

regime for curved nanoparticles, which can be used to guarantee sufficient chain overlap within 

the grafted polymer layers. The obtained insights on hydration, chain conformation and mobility 

of PEO chains in grafted spherical layers can guide experimental exploration and technological 

development of polymer-grafted nanoparticles for biomedical applications.   
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Supporting Information: Computer simulation details for backmapping and equilibration; the 

end-to-end distance, radius of gyration and the aspect ratio for PEO chains of different lengths in 

aqueous solutions; comparison of Rg and end-to end distance for PEO chains grafted to 

nanoparticles at grafting density 1.5𝑛𝑚−2 to that in solution; distributions for the principle axis of 

the radius of gyration for PEO of 45 repeat units grafted to 1nm nanoparticle with grafting density 

σ = 1.5  nm-2; average number of hydrogen bonds with water per repeat unit of PEO chains of 12 

and 20 repeat units grafted to 1 and 3nm gold nanoparticle at grafting density of 1.5𝑛𝑚−2; dihedral 

angle distribution for OCCO dihedrals near the gold surface and away from it for PEO36 and 

PEO45 grafted to spherical gold nanoparticles (R=3nm) at grafting density 𝜎 = 4.2𝑛𝑚−2; end 

group distribution, water hydration for PEO chains grafted to 3nm gold nanoparticles at grafting 

density of 𝜎 = 4.18𝑛𝑚−2.  
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