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Responsive polymer brushes for controlled nanoparticle exposure 

Namik Akkilic,
a
 Frans A.M. Leermakers,

b
 and Wiebe M. de Vos

a* 

We propose the design of a novel mixed polymer brush system that could act as a selective sensor with a distinct on-off 

switch. In the proposed system, a (single) nanoparticle (such as an antibody) is end-attached to a responsive chain, which 

is surrounded by a brush of nonresponsive chains. The collapse of the responsive chain leads to a protected state, where 

the nanoparticle is hidden in the polymer brush, while swelling of the responsive chain brings the nanoparticle outside of 

the brush into an exposed and active state. We investigate this system by numerical self-consistent field theory and 

predict a first-order like transition between the active state and the protective state at a critical decrease in solvent quality 

for the responsive chain. We show that by careful design of the brush parameters such as grafting density and chain 

length, for a given particle size, it is possible to fine-tune the desired switching mechanism. 

Introduction 

An assembly of polymer chains that are tethered to an 

interface by one or more anchoring groups with a grafting 

density such that the chains interact laterally and therefore 

stretch in the normal direction is known as a polymer brush.
1
 

Polymer brushes are among the most powerful systems to 

create smart surface coatings. We can apply cooperative 

polymer properties to create polymer brushes, which respond 

dramatically to external triggers (e.g. pH, temperature, ionic 

strength, solvent quality or an applied potential) which are 

superior over traditional surfaces. Such a brush may be used to 

modify the wettability of a surface,
2-5

 control the cell and 

bacterial adhesion
6-12

 and tune protein adsorption.
6, 8, 11, 13-15

 In 

nanobiotechnology and material science we see many 

applications emerge wherein polymer brushes are combined 

with or interact with nanoparticles (NP), e.g. proteins, 

enzymes, inorganic NP’s.
16-19

 In combination with responsive 

polymer brushes, such functional coatings become even more 

promising for regenerative medicine,
20

 protein carriers
21

 and 

(bio)sensors.
20, 22-27

 

Compared to the ingenious mechanism found in nature 

wherein macromolecules (proteins, DNA), fine-tuned by 

evolution, feature in specific and complex tasks, man-made 

applications are rough and primitive. One way to bridge the 

gap with biology is to combine a brush with biological active 

species such as enzymes, antibodies or receptors. When this is 

implemented in such a way that the responsive nature of its 

polymeric ingredients is exploited, we arrive at an interesting 

advanced type of surface coatings.  

In this work, we propose a mixed polymer brush system that 

by combination of two chemically different polymer chains in 

one brush brings in new opportunities to control surface 

properties (Fig. 1). In this mixed brush, we consider a 

nanoparticle that is end-attached to an minority, active chain 

surrounded by unresponsive chains. This responsive polymer 

brush that with certain trigger switches between a protective 

state, in which the biological component is hidden deep inside 

a protective brush layer (black curves represents non-

responsive chains), and an active state in which the biological 

component is exposed to the solution. From Figure 1, it can be 

clear that an experimental design of such a system is rather 

complex, as many parameters such as particle size, grafting 

density and chain length play a critical role.
28-31

 To make this 

design work efficiently, a molecularly-detailed theoretical 

investigation is paramount. The Scheutjens-Fleer self-

consistent field (SF-SCF) method is a numerical approach to 

model polymers at interfaces and has been successfully 

applied to polymer brushes.
32

 The method compares 

favourably to Monte Carlo and Molecular Dynamics 

 

 

 

 

 

 

 

 

 
Figure 1. Schematic representation of a biomolecule end-attached to a responsive 

chain in the mixed polymer brush. Green curves and black curves are the minority 

responsive chains and non-responsive chains, respectively. A change in pH, 

temperature or salt concentration leads to a conformational change in the active chain. 
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simulations, but is computationally many orders of magnitude 

more efficient. One of the pioneering work
33

 on brush-particle 

interactions by SF-SCF calculated the free energy of the brush 

for a particle penetrating a brush  at different grafting 

densities, particle sizes and distances from the grafting 

interface. Following this investigation, Chen and Ma 
34

 showed 

an effective interaction between two colloidal particles when 

they penetrated in polymer brush at the different depths and 

particles sizes. Moreover, effective brush-mediated interaction 

between nanoparticles depends strongly on the shape of the 

nanoparticles, where vertically aligned particles attract each 

other and the particles at the same horizontal level repel.
35

  

We employ SF-SCF theory to demonstrate the feasibility of the 

complex system proposed in Figure 1, while at the same time 

elucidating the key parameters. Our calculations on free 

energy profiles precisely show the position of a single-

nanoparticle that is specifically attached to the end-group of a 

polymer chain, depending on the interaction parameter (𝜒). 

Using the SF-SCF theory simulations, we are able to predict the 

location of a nanoparticle, which is attached to a minority 

responsive polymer chain, inside a brush of unresponsive 

polymers. We will demonstrate that a jumplike switching is 

expected between an on- and off-state at the exact trigger 

(e.g. temperature, pH, salt concentration) at which the switch 

take place can be fine-tuned by the brush design (e.g. polymer 

chain length, and the brush density) and size of the particle.  

Model and methodology  

To accurately model polymer brushes, it is necessary to solve 

the Edwards (diffusion) equation for polymer chains in 

inhomogeneous systems:
36
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where the Green’s function G represents the statistical weight 

of all possible conformations of polymer chains with segment 

s’ = 1 next to  the surface (rz = 1) and segment s’ = s at 

coordinate r. This quantity is closely related to the chain 

partition function (that is, when s = N) and hence to the free 

energy of the system. In equation (1), it is necessary to specify 

the (dimensionless) segment potential u(r). The role of the 

segment potential is to mimic the excluded-volume 

interactions as this result from, e.g., molecular crowding 

effects. This potential also accounts for the solvent quality. 

Here and below we assume that the solvent quality is good for 

the non-responsive polymers: the Flory-Huggins 

parameter 𝜒 = 0. In this case the bare second virial coefficient 

𝑣 = 1 − 2𝜒 is unity.
37

 Assuming for a moment that there is 

only one relevant coordinate, namely the distance to the wall 

(for which we use the z-coordinate), the segment potential 

becomes self- consistent when u(z) = v(z). A polymer chain 

should connect its free end, irrespectively to the z-position of 

this (free) end, to the grafting segment by taking N steps in this 

potential field. The system can realize this by insisting on a 

 
Figure 2. Schematic representation of the coordinate system used in the SF-SCF 

calculations. Here we show a small particle (top green cylinder) with radius R and 

height L positioned at a distance Z from the substrate. The particle is attached to a 

single minority responsive chain (red curve) placed in the middle of a brush of non-

responsive chains (black curves). The two-gradient coordinate system (z,r) is indicated; 

layers parallel to the surface are numbered z = 1, 2, ...,Mz. In radial directions the lattice 

shells are numbered r = 1, 2, ...,Mr. At the surface, a polymer brush with grafting 

density σ and chain length N is present. In the SCF model, we assume that the brush 

chains are laterally mobile along the surface. To avoid adverse effects of the finite size 

of the computation box, the boundary condition in the radial direction is mirror-like.38  

 

parabolic shape of the segment potential, that is u(z) = ABz
2
. 

A parabolic potential directly leads to the well-known 

parabolic volume fraction profile for a dense brush where the 

chains are strongly stretched.
37, 39

  

The differential equation (Eq. 1) highlighted above is solved 

numerically in a two-gradient coordinate system (Fig. 2) to 

high precision.
40-42

 Such a two gradient model is essential to 

properly model the penetration of brush system by a particle, 

but also allows a good description of a collapsing polymer 

chain at decreasing solvent quality. For an obtained solution 

we can evaluate the mean-field free energy of the system,  

 

({ }, , ) ln ({ }, , ) F n V T kT Q n V T  [2] 

 

where Q is the canonical partition function and n is the total 

number of molecules in the system. Other quantities have 

their usual meaning. In this system, the characteristic function 

is a partial open free energy given by: 

 

 po
  i i

i

F F n  
[3] 

 

In this equation, μ is the chemical potential and n is the 

number of molecules. The summation runs over all molecules i 

of which not the number, but the bulk concentration is fixed. 

We now refer to the z-coordinate of the center of mass of the 

protein as the distance Z of the protein to the surface. 

Systematic variation of Z gives insight in the insertion free 

energy, which is computed by 

 

         po po
   F Z F Z F  [4] 

 

where the latter term is calculated for the case that the 

protein-like inclusion is far from the brush without stretching 
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the minority responsive chain (attached to the particle) too 

much, that is for Z  50. One of our interests is in how the 

preferred location of the attached particle changes when we 

lower the solvent quality of the minority responsive chain.  

The Scheutjens-Fleer Self-Consistent-Field Approach and 

Parameter Setting  

All theoretical details of the equations outlined above and in 

particular, how these have been implemented in the lattice 

model of Scheutjens and Fleer are readily available in the 

literature.
32, 40, 43

 Hence, we will not repeat this here. 

The coordinate system is an important ingredient that is taken 

by the method as an input. It specifies exactly how the local 

mean field approximation is implemented, and this has direct 

consequences for the type of inhomogeneities that can 

develop. The current problem calls for a two-gradient 

coordinate system which is schematically shown in Figure 2. 

More specifically, we use a cylindrical coordinate system with 

rotational symmetry. Gradients in segment concentration may 

develop both in a radial direction, for which we use the r-

coordinate, and in the direction along the cylinder axis, that is 

the z-direction. The solid phase (substrate) is positioned at 

negative z-values; the surface is at z = 0, and the first layer 

accessible for molecules is z = 1. The latter layer is where the 

first segments of the polymer chains are confined to. In 

principle, there are two options for grafting these chains. One 

can either restrict the lateral mobility or allow for it. We have 

chosen for the latter. The lattice layers parallel to the surface 

are split up in concentric rings of lattice sites over which the 

meanfield approximation is applied. This means that we ignore 

the density gradients in these rings. The system size in the 

radial direction is set by Mr = 20, which is sufficient to allow 

the perturbations caused by the protein inclusion to relax. The 

system in the z-direction extends to Mz = 100. At this layer 

mirror-like boundary conditions are implemented.  

The overall grafting densities used in this work are σ = 0.05, 

σ = 0.1 and σ = 0.2 that are in the range of common 

experimental values (σ = 0.01-0.3 polymer chains/nm
2
).

29, 44
 

To describe the particle size, we use an object with a radius of 

R and a height of L lattice sites (LS). We refer to these numbers 

as (R × L). In this work we have compared three different 

particles sizes with 1×3; 3×3; 5×3. The volume of our 

cylindrical particles is thus simply equal to LπR
2
 lattice sites. 

Here 3 x 3 and 5 x 3 were chosen to reflect the size of proteins 

and/or small inorganic nanoparticles (taking one lattice site to 

be 1 nm), while 1 x 3 reflects a smaller molecule. The 

interaction between the particle and polymer segments in the 

brush is kept constant (𝜒𝑃 = 0), and the interaction of the 

polymer segments with the solvent is given by 𝜒. Further 

interaction parameters, such as the interaction between the 

minority and majority polymer chains, the interaction between 

the solvent and the majority polymers and any interactions 

with the surface are also kept constant at a value of 0. In this 

way, we really focus on the responsive behavior of the 

minority chain attached to the nanoparticle. 

Results and Discussion 

Free energy profile  

The Scheutjens-Fleer self-consistent field method generates 

for the macromolecules in the system the statistical weights 

for all possible and allowed freely-jointed chain conformations 

on a lattice. When the first segment of the chain is constrained 

to be attached to the surface, we obtain the segment density 

(volume fraction) profiles. Typically, the brush is submerged in 

a monomeric solvent. The solvent quality is parametrised by 

the Flory-Huggins interaction parameter 𝜒. The number of 

segment-solvent interactions is estimated using the Bragg-

Williams mean field approximation. The optimal structure of 

the brush is found after the optimization of the mean field free 

energy under the constraint that the sum of the polymer and 

solvent densities is unity (incompressibility relation).  

Herewith, we first focus on the mixed brush system proposed 

in Figure 1, as modeled in Figure S1. A single responsive 

minority chain (N = 100) is surrounded by a brush of 

unresponsive chains (σ = 0.1, N = 100). The minority chain is 

connected to the grafting interface on one side, and to a 

particle with dimensions 3×3 on the other side. To predict the 

preferential location of the nanoparticle, we have calculated 

the change in free energy when this single particle is moved 

from outside of the brush (Z = 50) to a distance closer to the 

grafting interface. The resulting change in free energy (ΔF) 

profiles is shown in Figure 3 as a function of distance (Z) 

(where Z = 50 is set at brush zero point ΔF = 0). All energies are 

given in units of the thermal energy kBT.  

Here, the Flory-Huggins interaction parameter (𝜒) between the 

responsive polymer and the solvent can be seen as the 

"trigger" (e.g. pH, temperature, ionic strength, voltage) that 

induces collapse of the responsive polymer chain. For poly(N-

isopropylacrylamide) (PNIPAM) at lower polymer 

concentrations, a switch between an hydrophilic state (<32°C) 

and a hydrophobic state (>32°C) is associated with a change in 

𝜒  from approximately 0.3 to 1.1.
45,46

 For a weak 

polyelectrolyte such as poly(2-dimethyl aminoethyl 

methacrylate) (PDMAEMA), much lower 𝜒 values (>2) can be 

obtained in the uncharged state by copolymerization with the 

hydrophobic butyl methacrylate (BMA), while retaining strong 

swelling properties at a pH where PDMAEMA becomes 

charged.
47

 Clearly, a wide range of 𝜒 values is experimentally 

achievable with responsive polymers. 

  
Figure 3. Free energy of interaction (ΔF) between a nanoparticle with a particle size 

3×3 and polymer brush with a chain length N = 100 and grafting density σ = 0.1 as a 

function of distance (Z) from the grafting interface. A) 0 ≤ 𝜒 ≤ 0.7 and B) 0.8 ≤ 𝜒 ≤ 2. 
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When there is no attractive interaction between the segments 

of the polymer, at 𝜒 = 0 (Fig. 3A), ΔF shows a minimum value 

when the particle is located just at the edge of the brush (Z = 

36, see also Fig. 4A) as the polymer density in the brush 

decreases rapidly between Z=30 and Z=50 (Fig. S1) for σ = 0.1, 

N = 100. At this position, the particle has hardly any excluded 

volume interactions with the polymers in the brush, while the 

responsive minority chain is stretched to the same extend as 

the other polymers in the brush. Moving the particle into the 

brush (Z < 36) is unfavorable because of excluded volume 

interactions, moving the particle away from the brush (Z > 36) 

is unfavorable, as it would lead to stretching of the minority 

chain. However, this balance of forces shifts when we decrease 

the solvent quality for the responsive chain (by increasing 𝜒). A 

collapse of the responsive polymer becomes favorable, as 

observed from a second minimum in the free energy, but this 

does mean that the particle needs to enter the brush. Between 

𝜒 is 0.7 and 0.8 the collapse of the responsive polymer chain 

becomes so favorable that it is able to overcome the excluded 

volume interactions between brush and particle and the 

lowest minimum in the free energy becomes the one where 

the particle is located deep within the brush Z = 6. Two co-

existing minima in the free energy that move past each other 

are a clear indication of a (quasi) first order phase transition. 

Above 𝜒 = 0.9, the minimum in the free energy close to the 

interface become very dominating (Figs. 3B and 4B). These 

findings are very encouraging as they demonstrate that under 

reasonable conditions a nanoparticle can be moved in and out 

of a brush by changing the solvent quality of a responsive 

chain connected to the nanoparticle. Because the barrier 

between the minima is not infinitely high, the transition is 

(quasi) first order and therefore thermal fluctuations allow the 

chains to switch from the brush interface to the deep with the 

polymer brush. 

Probability of a particle being inside a brush 

To show the transition of the particle location more clearly, we 

have calculated the probability distributions from the free 

energy profiles (Fig. 3) as shown in Figure 4A (see also Fig. S2 

for different particle sizes). When there is no or minimum 

interaction between the brush and particle (𝜒 = 0-0.6), the 

total number of degrees of freedom becomes large enough, 

and thus the canonical probability distribution peaks around 

the position Z = 36. This canonical probability distribution can 

thus be well approximated by a Gaussian distribution centered 

at the outside of the brush. Further increasing the interaction 

parameter from 𝜒 = 0.6 to 0.9 leads to a binodal distribution 

where the particle is either located at the edge of the brush or 

deep inside of the brush. At 𝜒 > 0.9, binodal distribution 

disappears and probability distribution peaks sharply around 

the position Z = 6 as seen in Figure 4A. In Figure 4B, we show 

the systematic investigation of the relation between the most 

probable distance, Z, and the average distance, <Z>, of a 

nanoparticle from the grafting interface as a function of 

interaction parameter, 𝜒. The most probable distance of the  

  

Figure 4. (A) Probability distributions of a nanoparticle end-attached to a polymer 

brush as a function of distance from the grafting interface for various interaction 

parameters: from 𝜒 = 0 to = 3.0 ; Particle size is 3×3, σ = 0.1. (B) Distance (Z) and 

average distance (<Z>) of a nanoparticle end-attached to a polymer brush from the 

grafting interface as a function of Flory-Huggins interaction parameter (𝜒). N = 100, σ = 

0.1 and particle size 3×3. 

 

nanoparticle with a size of 3×3 to the grafting interface (N = 

100, σ = 0.1) was obtained by simply taking the lowest point 

in the free energy profiles (Fig. 3). Figure 4B shows more 

clearly, what was discussed before. There are two optimal 

positions for the nanoparticle, either at the edge of the brush 

or deep inside of the brush. Between 𝜒 = 0.7 to 𝜒 = 0.9 there is 

a smooth but sharp transition from one state to the other. 

Effect of particle size and grafting density 

The difficulty for a particle to penetrate a polymer brush is 

governed by two key parameters: The polymer density in the 

brush (connected to the grafting density) and the size of the 

particle. To investigate in detail how these two parameters will 

influence the switching of a particle in and out of the brush, 

we have considered three different particle sizes with 1×3, 

3×3 and 5×3 (L x R) and three different grafting densities 0.05, 

0.1 and 0.2. For all these conditions (Fig. 5) we see generally 

the same behavior, there are two optimal positions for the 

particle, one at the edge of the brush (the location of which 

depends on the grafting density, see Fig. S1A) and one deep 

inside of the brush. By changing the solvent quality of the 

minority chain there is a switch from one position to another. 

What is determined by the combination of grafting density and 

particle size is the 𝜒 value at which the transition takes place 

and the sharpness of the transition. For a small particle (1×3) 

and low grafting density (Fig. 5A), the particle can easily 

penetrate the brush as also seen in the probability 

distributions (Fig. S2A), and thus a low decrease of solvent 

quality for the responsive polymer (~0.3) is sufficient to pull 

the particle into the brush. For these conditions, the transition 

is also quite gradual in nature. However, for higher grafting 

densities the transition becomes sharper and moves to higher 

values of 𝜒. Increasing particle size also leads to transitions at 

higher 𝜒 value and to sharper transitions (Figs. 5B and 5C, see 

the probability distributions in Figs. S2B-C). 

These results show very clearly that the switch from an 

exposed particle to a protected particle is the result of a force 

balance. On one hand, there is the force as a result of excluded 

volume interactions that pushed the particle to the edge of the 

polymer brush. On the other hand, a decrease of solvent  
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quality for the responsive polymer chain leads to a force on 

the particle pulling it inside of the brush. A switch in location 

occurs when the pulling force becomes larger than the pushing 

force or vice versa. These results indicate, that by carefully 

balancing the grafting density of the brush and the size of the 

attached bio-macromolecule, one could control the exact pH, 

salt concentration or temperature (represented here by 𝜒) at 

which the transition occurs.  

Effect of chain length 

The other key parameter of any polymer brush is considered 

to be the chain length. To investigate the chain length effect 

on the penetration of a nanoparticle, we consider the main 

polymer chain of the non-responsive chains with chain length 

(N1) is fixed while the chain length of responsive minority 

chains (N2) are varied (Fig. 6A). We have considered three 

different responsive chain lengths (N2): (1) N2 < N1; (2) N2 = N1 

and (3) N2 > N1. Here, the size of the nanoparticle which is end-

attached to the responsive polymer chain is 3×3 and grafting 

density is σ = 0.1. In the case of N2 (50) < N1 (100), the most 

probable location for the particle is inside of the brush  

layer, even at 𝜒 = 0. For the short chain, stretching all the way 

to the edge of the brush is too unfavorable and as such, the  

 

  

Figure 6. (A) Illustration of nanoparticle position from the grafting interface as a 

function of active chain length (N2). Particle (green) is attached to the end-group of an 

active chain (red curves). Nonresponsive chain (black curves) length N1 = 100, grafting 

density σ = 0.1 and particle size 3×3 are constants. (B) Position of a nanoparticle from 

the grafting interface as a function of Flory-Huggins interaction parameter (𝜒) at 

different active chain lengths: N2 = 50 (green); N2 = 100 (blue) and N2 = 200 (red). 

particle is already pulled into the brush (Fig. 6B, green curve). 

A further decrease of solvent quality leads to a gradual change 

to a position close to the interface. As the particle is already in 

the brush, there is no large excluded volume penalty to pay 

the responsive polymer chain to collapse, and as a result, the 

transition is very gradual. As discussed before, when the 

lengths are equal (N2 = N1 = 100) for both chains, a sharp 

transition from outside of the brush (Z = 36) and to deep inside 

(Z = 6) was predicted (Fig. 6B, blue curve). If the responsive 

chain length is larger than that of the unresponsive brush 

chains, N2 (200) > N1 (100), we observed a slow transition from 

just above the edge of the brush to the edge of the brush (red 

curve in Fig. 6). This is similar to what is observed for a 

minority chain behavior in a polymeric brush.
48-50

 Under these 

conditions, much of the long polymer can already form a 

dense coil (collapse) without the particle having to penetrate 

the brush. Only at very poor solvent qualities, we find the 

transition of the particle from the edge of the brush to inside 

of the brush. From these results, we can conclude that in 

general it will be favorable to have both the responsive and 

the unresponsive chains of approximately the same chain 

length as this provides the sharpest switching at more 

reasonable values of 𝜒.  

 

 
 

Figure 7. (A) Illustration of nanoparticle position from the grafting interface as a 

function of active chain length (N2). Particle (green) is attached to the end-group of an 

active chain (red curves). Active chain length kept equal to the nonresponsive chain 

length at each condition. Particle size is 3×3. (B) Position of a nanoparticle from the 

grafting interface as a function of Flory-Huggins interaction parameter (𝜒) at different 

active chain lengths: N1 = 50 and N2 = 50 (green); N1 = 100 and N2 = 100 (blue) and N1 = 

200 and N2 = 200 (red). 

   
Figure 5. Position of a nanoparticle from the grafting interface as a function of Flory-Huggins interaction parameter (𝜒) at grafting densities of σ = 0.05 (green), σ = 0.1 (blue) and 

σ = 0.2 (red). N = 100. A) 1×3; B) 3×3; C) 5×3. 
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We can further design a mixed brush system, considering the 

responsive chain length equal to the nonresponsive chains. In 

Figure 7, we have illustrated such a system with chain length 

equal to 50, 100 and 200 for both types of chains. Again, the 

size of the nanoparticle which is end attached to the 

responsive polymer chain is 3×3. For all chain lengths, we find 

sharp switching between two optimal locations, at the edge of 

the brush (which varies with N as shown in Fig. S1B) and deep 

inside of the brush. However, the critical 𝜒 parameter at which 

the transition between the two locations occurs is strongly 

influenced. For the longest chain length the critical 𝜒 is around 

0.45, while for the shortest (N = 50) critical 𝜒 is as high as 1.6. 

This is opposite to what was observed in Figure 6, when only 

the chain length of the responsive chain was varied. This can 

be explained by a simple energy balance: A longer chain length 

of the whole brush has no effect on the energy required to pull 

a particle into the brush as the brush density remain the same. 

However, a longer chain gains much more energy from 

collapsing with a larger number of monomers clustering 

together. Furthermore, a larger collapsed coil has better 

volume to surface ratio, meaning that a lower fraction of 

monomers will interact with the (poor)        solvent.  

In the proposed mixed polymer brush system (Fig. 1), a 

conformational change for the active chain (green curves) can 

be triggered by varying parameters such as temperature (e.g. 

PNIPAM), pH and/or ionic strength (e.g. poly(methacrylic acid)) 

while the other polymer chains (black curves) are mainly non-

responsive (e.g. poly(ethylene oxide)). A biomolecule, for 

example, an enzyme is then tagged to the end-group of the 

responsive chain as shown in Figure 1 (red sphere). This 

enzyme will bind to its substrate to form the product only 

when it is exposed to the bulk solution by an external trigger. 

Accordingly, glucose oxidase was covalently attached to a 

poly(glycidyl methacrylate) and poly(2-

hydroxyethylmethacrylate) mixed brush to generate a glucose 

sensor.
27

 Another approach can be use of an antibody and/or 

receptor molecule (red V-shape) end-attached to responsive 

chain.
20, 51

 Consequently, this receptor molecule will capture a 

specific target molecule when it is exposed to the surface. 

Simultaneously, non-specific adsorption of target molecules 

either to the surface or receptor molecule are prevented by 

the non-responsive, second brush (black curves) such as 

poly(ethylene oxide).
6, 10, 20

 By preventing the adsorption of 

protein molecules and bacteria, the brush helps to prevent the 

growth of microorganisms, so-called biofilm
9, 52

 and thus 

possible infections. As investigated experimentally, grafting 

density and chain length are the two key parameters to control 

the interfacial properties of a polymer brush.
12, 28-31, 53

 By 

varying the interaction parameter, 𝜒, by means of controlling 

the pH (or salt concentration),
11, 28, 54-56

 temperature
5, 28, 44

  or 

voltage
23

 it is indeed possible to obtain a sharp transition of a 

responsive (homo)polymer brush from a stretched state to 

collapsing state. Similar to our results shown in Figure 6, Dori 

and coworkers
53

 showed that accessibility of a peptide ligand 

on a surface to cells can be controlled by varying the non-

responsive PEG lipid lengths. 

Conclusions 

In this manuscript, we propose the design of a novel mixed 

polymer brush that could act as a very selective biosensor with 

a clear on-off switch. In the proposed mixed polymer brush 

system, a nanoparticle (such as an antibody or a catalytic 

nanoparticle) is end-attached to responsive chain surrounded 

by a brush of nonresponsive chains. Collapse of the responsive 

chain leads to a protected state, where the nanoparticle is 

hidden in the polymer brush, while swelling of the responsive 

chain brings the nanoparticle outside of the brush into an 

exposed and active state. By use of SF-SCF theory, we 

investigated this system theoretically to establish if the 

proposed system is feasible, and what the critical design 

parameters are. For given grafting density, chain length and 

solvent quality (for the responsive chain), the free energy was 

calculated for all possible particle positions. For a good solvent 

for the responsive chain, the nanoparticle is always located at 

the edge of the polymer brush. In this way the responsive 

chain has the optimal stretching (identical the other polymer 

chains) while the nanoparticle is still outside of the brush. A 

decrease in solvent quality however, at a critical 𝜒 value, leads 

to a sharp (quasi first order) transition where the nanoparticle 

moves to a position deep inside of the brush. The grafting 

density, particle size and chain length together determine this 

critical 𝜒 value, with larger grafting density and particle size 

leading to an increase (a larger penalty for particle 

penetration) while a longer chain length leads to decrease 

(more energy gain upon chain collapse). The most optimal 

switching is found when the responsive chain and the 

surrounding non-responsive brush have approximately the 

same chain length. Our theoretical results confirm the large 

potential of our proposed system. Switching of the 

nanoparticle occurs between a well-defined exposed and a 

protected state and is expected to show a sharp transition at a 

well-defined solvent quality for the responsive chain. The exact 

solvent quality can be tuned/optimized by (for a given 

nanoparticle size) tuning the grafting density and chain length. 

We believe these findings can be used to experimentally 

develop this polymer/nanoparticle system for responsive fast 

and specific (bio)sensors at the single-molecule sensitivity. 

Experimental design for such a system is underway. 
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