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Abstract: This review article summarizes the progress of research in the field of
polymer brush/metal nanoparticle hybrid materials. We will discuss the mutual
influence of polymer brushmatrix and particles. Self-assembly of particleswithin
polymer brushes, and ways to control the loading and location of nanoparticles
inside polymer brushes will be described, as well as the possibility to use the
brush templates as nanoreactors to generate metal nanoparticles. The combi-
nation of stimuli-responsive polymer brushes and nanoparticles exhibiting sur-
face plasmon resonance, such as gold or silver, enables the design of optical
sensors based on reversible variations of the brush conformation. Sensing de-
vices are capable of detecting a variety of extrinsic variations in their surround-
ing enviroments. The progress in the development of such optical sensors using
brush/particle hybrids will be discussed in more detail.
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1 Introduction
Polymer brush coatings have fascinated chemists, physicists, polymer scientists
and engineers due to advantageous properties and high impact for material and
life science for thepast30 years [1]. Polymer brushes arepolymer chainswhichare
end-grafted to a substrate [2]. The osmotic pressure between the polymer chains
favors chain stretching whereas the entropy opposes stretching. The conforma-
tion of the surface-grafted polymer chains is determined by a balance between
osmotic pressure and entropy which depends on the grafting density and the ge-
ometry of the substrate. At high grafting densities, the osmotic pressure forces the
polymer chains to stretch out and form brushes, whereas at low grafting densities
mushroom- or pancake-like conformations are exhibited.

Early research focused on understanding and tuning the structure of
a polymer brush. In the 1990s, a variety of advanced synthesis techniques for
preparing polymer brushes with tuned chemical composition and controlled
molecular weight have been published. As the knowledge about the unique prop-
erties of polymer brushes increased over time, the research focus changed from
fundamental research (“understanding the brush”) to advanced research (“engi-
neering the brush”) for catalysis, medicine and biomedicine,molecular engineer-
ing and nanotechnology. Polymer brushes are not only chemically and mechani-
cally stable but also show a variety of properties which are of high impact for the
creation of “smart” functional surfaces, i.e. tunable wettability, responsiveness to
external stimuli, photophysical properties and biocompatibility.

Polymer brushes are capable of serving as 3D matrices for the immobiliza-
tion of inorganic nanoparticles (NPs). In fact, colloidal suspensions can be sta-
bilized by a polymer brush if the interaction between polymer and particles is
strong [3]. Metallic nanostructures have awide field of applications; they are ca-
pable of serving as waveguides, optical transmitters, nanophotonic devices, sen-
sors, resonant light scatterers and switches [4]. The physico-chemical properties
of such brush/particle hybrid materials combine the sensitivity of the brush to
external stimuli with the optical, catalytic or mechanical properties of the parti-
cles. Using stimuli sensitive polymers facilitates controlling the distribution of the
particles during and after particle loading inside the brush. This phenomenon is
of high impact for nanotechnological applications including sensors, information
storage and medical diagnostics, as well as for catalytic applications [5].

Brush/particle hybrids are not limited to nanotechnological applications, but
alsohave significant impact formedicine/biomedicine andmaterial science. Poly-
mer brushes can be employed to generate “antifouling” surfaces due to their
ability of resisting non-specific protein adsorption and cell adhesion. Antifoul-
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ing properties are crucial for a variety of different fields such as ship hull fouling,
contamination of medical devices or food processing equipment [6]. Protein ad-
sorption is a very complex process, influenced by a large number of parameters.
Since the sizes of protein molecules and nanoparticles are comparable and their
interactions with the polymer can be governed by similar forces, brush/particle
hybrids can serve as simple model system for studying brush/protein systems. In
addition, the particle release from the brush upon changing some system param-
eters canbe studied,whichmakes brush/particle hybrids amodel system to study
drug delivery.

This review summarizes the achievements made in engineering hybrid ma-
terials consisting of polymer brushes and immobilized spherical metal nanopar-
ticles, and their impact on nanotechnological applications, especially sensoring.
Polymer brushes are ideal building blocks for the fabrication of colorimetric sen-
sors since they are optically transparent. Hence, they can serve as amatrix for
embedding noble metal nanoparticles, i.e. silver or gold particles, which induce
optical properties due to their surface plasmon resonance (SPR). Combining the
responsiveness of the brush with the optical properties of embedded particles,
such hybrids are capable of serving as nanosensors. The review mainly focuses
on polymer brush/particle hybrids anchored to planar impenetrable substrates
and their applications in optics.

2 Self-assembly of nanoparticles in polymer
brush matrices

2.1 Theoretical predictions

Almost twenty years ago, it was predicted that the insertion of nanoparticles will
lead to a repulsive pressure in the brush [7, 8]. Since this repulsive pressure is de-
caying exponentially in direction away from the point of particle insertion (typ-
ically the outer surface), it can be expected that the particle penetration will be
limited to a certain depth. In 2002, Kim and O’Shaughnessy theoretically stud-
ied the particle organization in ultrathin polymer brushes [9]. They showed that
the polymer medium generates anisotropic interactions between the nanoparti-
cles (NPs), directing aggregate growth and determining the morphology of the NP
dispersion. Two kinds of particles have been studied: polymer-soluble NPs, and
polymer-insoluble NPs. For polymer-soluble particles, the authors showed that
their penetration into the brush strongly depended on particle size (Figure 1). Very
small particles disperse freely in the film. Above a threshold size 𝑏∗, the penetra-
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Figure 1: (a) Polymer brushes with embedded nanoparticles in contact with air. (b) Phase
diagram for polymer-soluble nanoparticles. Reprinted with permission from Ref. [9], Copyright
2002 by The American Physical Society.

tion is limited to a depth 𝛿 and amaximum particle capacity 𝜙max. Both, 𝛿 and
𝜙max, were found to scale inversely with the particle volume 𝑏

3. If the particles are
larger than a second threshold 𝑏max ∼ (𝑁/𝜎)

1/4, where𝑁 is the chain length and
𝜎 is the grafting density, they are not able to penetrate the brushmatrix at all. For
polymer-insoluble particles, anisotropic aggregation occurs which is directed by
the brush. Larger aggregates are expelled toward the brush/air interface.

Later, the same authors studied the effect of nanoinclusions in dry polymer
brushes on brush configurations and the energy cost to introduce the inclusion
using self-consistent field theory calculations [10]. They reported that the energy
cost to introduce ananoinclusion in a polymer brush depends strongly on parti-
cle shape and size 𝑏, as does the degree of perturbation of the brush configuration
due to immobilized particles. The distribution of particles smaller than 𝑏∗ ∼ 𝜎−2/3

in the brush is uniformanddominated by entropy. The penetration depth of larger
particles depends on brush thicknessℎ and is given by𝛿 ≈ ℎ(𝑏∗/𝑏)3. Particles big-
ger than a size 𝑏max cannot penetrate the brush, in accordance with their previous
publication [9]. Particles bigger than the typical chain fluctuation scale or blob-
size 𝜁blob affect the chain configuration more strongly, they will be expelled from
the brush.

These results were confirmed in 2009 by Yaneva and co-workers for nanoin-
clusions embedded in polymer brushes in explicit solvent [11], and under variable
solvent conditions in 2012 by Egorov [12]. Yaneva and co-workers studied the equi-
librium penetration depth and average particle concentration as a function of the
chain length, grafting density and particle size [11]. In agreement with previous
results, they found that, dependent on the grafting density of the polymer brush,
small particles are uniformly distributed within the brush matrix and larger par-
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ticles do not interpenetrate deeply. Taking up this issue for varying solvent condi-
tions, Egorov analyzed the free energy penalty associated with particle insertion
as a function of brush grafting density, particle size and solvent quality [12]. The
insertion free energy cost was found to increase with increasing grafting density
and particle size. For nanoparticles embeddeddeeply inside the brushmatrix, the
insertion free energy scales with the monomer fraction profile dependent on the
solvent (either squared for a good solvent or cubed for a poor solvent). If the parti-
cles are located at the brush surface, the insertion free energy scales linearly with
monomer volume fraction for good and𝛩 solvents.

Brush-particle interactions have been theoretically studied before by Steels,
Koska and Haynes [13]. The authors studied the effect of particle size, chain
length, surface density and Flory interaction parameters on the polymer density
distribution of interacting polymer chains around a solute particle, and brush-
particle interaction energies. They found that the interaction energy is purely re-
pulsive if no strong energetic attraction between polymer and particles is present
due to losses in conformational entropy of the polymer chains. For strong attrac-
tion between polymer and particle, aminimum in the interaction energy occurs.
Increasing the chain length leads to an inrease in particle loading due to an in-
creased number of favorable polymer-particle contacts.

The interactions betweenbrush and interpenetrating particleswere also stud-
ied by Halperin, Kroeger and Zhulina with respect to varying solvent condi-
tions [14]. The authors reported that the solvent quality strongly affected the inter-
action strength between neutral polymer brushes and colloids. In agreement with
previous results [9], non-adsorbing particles penetrate into the brush because of
gain in translational entropy. For non-absorbing large particles, where the inter-
action between polymer and particles is repulsive, lowering the solvent quality
and eventually collapsing the polymer chains decreases the osmotic pressure in
the brush.With that, the free energy penalty of inserting large particles decreases,
leading to a higher uptake of non-adsorbing particles in a poor solvent compared
with a good solvent (Figure 2). Thismutual effect betweenparticle size and solvent
quality is surprising, and experimental studies addressing the particle penetra-
tion and spatial distribution of the particles in collapsed brush layers are rather
restricted. The particle uptake changes if attractive interactions of the particles
with the substrate or the polymer are present. Attractive interactions can lead to
adsorption of the particles at the substrate (primary adsorption), as well as to ad-
sorption of the particles in the polymer matrix (ternary adsorption) (Figure 2). Pri-
mary adsorption arises formattractive substrate-particle interactions, while at the
same time the monomer-particle interactions are repulsive, which results in par-
ticle adsorption at the substrate. For ternary adsorption, weak monomer-particle
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Figure 2: Left: Nanoparticles penetrating a polymer brush for (a) repulsive and (b) attractive
interaction between particle and polymer/substrate. Attractive interactions are indicated with
green diamonds and give rise to primary (A) and ternary (B) adsorption. Right: Adsorption
isotherms of non-adsorbing small and large particles as a function of solvent quality. Reprinted
with permission from Ref. [14], Copyright 2011, American Chemical Society.

attractions are present. Ternary adsorption is stronger in a poor solvent because
the monomer volume fraction is higher in the collapsed brush.

Guskova and co-workers studied the organization of particles at the brush-
solvent interface [15]. The authors found that the particles are repelled from the
brush for increasing interaction strength between polymer and particles, forming
particle clusters. For low particle loading (i.e., weak interaction between polymer
and particles), particle aggregates are vertically oriented and cylinder shaped. In-
creasing the strength of interaction leads to the formation of a flattened sphere.
For very high particle loading, particle aggregates form horizontally oriented
cylindrical or baguette-like shapes.

In a brush/particle hybrid, not only interactions between polymer and parti-
cles need to be considered but also the interactions which are induced between
the colloidal particles themselves, when attached to a polymer brush. Chen and
co-workers proved the existence of complex attractive and repulsive interactions,
dependent on colloidal particle separation and brush grafting density [16]. Low
grafting density favors attractive interaction between the particles at short dis-



Polymer Brush/Metal Nanoparticle Hybrids | 1095

tances. These interactions are attributed to depletion effects of the particles in the
polymer.

The addition of nanoparticles was shown to affect brush morphology.
This was addressed by Opferman and co-workers for small nanoparticle inclu-
sions [17], as well as for nanoparticles of various sizes [18]. The authors studied
brush-particle systems with attractive interactions using self-consistent field the-
ory and Langevin dynamics simulations. Layer height, composition andmorphol-
ogy are very sensitive to particle concentration and strength of their interaction
with thepolymers [17]. For strong interactionbetweenpolymer andparticles, com-
pression of the polymer layer was found for increasing particle concentration. In-
creasing the concentration even further reverses this trend, and for very high par-
ticle concentration swelling of the polymer layer occurs. This is also dependent on
particle size [18]. For very large particles or high grafting densities, the particles
can only penetrate the top layer of the brush and the height does not change.

All these studies show that the choice of particle size, brush grafting density,
brushmolecular weight and solvent influences the structure of the brush/particle
hybrids, as does the choice of polymer and particle. The mentioned parameters
affect the interaction strength between polymer and particles and with that, the
particle interpenetration and brush configuration.

2.2 Experimental results

Next, experimental outcomes regarding self-assembly of spherical particles
within brushmatrices, and themutual effect of particle parameters (i.e. size, coat-
ing) and brush parameters (i.e. grafting density, molecular weight) are discussed
in more detail. From theoretical predictions, it can be assumed that all these pa-
rameters strongly influence the structure of the hybrid materials. With respect to
applications such as sensoring, it is crucial to understand how certain parameters
affect the hybrid structure, and even more important, how to tune that structure.

In 2001, Gage and co-workers studied the adsorption of nanocolloidal SiO2
particles of ∼8 nm diameter on poly-ethyleneoxide (PEO) brushes [19]. The au-
thors found that the loadingofSiO2 in thebrush increasedwith increasingpHand
depended on the brush grafting density (Figure 3). The solution pH was adjusted
using HCl and NaOH. Polymer and particles interacted via hydrogen bonding; in-
creasing pH led to a decreased density of hydrogen groups on the silica which
resulted in lower attraction between SiO2 and PEO. A generic maximum in SiO2
loading was found as the grafting density changes. The reason for the observed
maximum at intermediate grafting density is an optimum balance between the
number of polymer binding sites (increases with increasing grafting density) and



1096 | S. Christau et al.

Figure 3: Adsorbed mass of SiO
2
as a function of PEO brush grafting density for different pH

values. Reprinted with permission from Ref. [19], Copyright 2001, American Chemical Society.

steric repulsion of the polymer chains (decreases with increasing grafting den-
sity).

Moving on to gold nanoparticles (Au-NPs) which are more interesting
with respect to sensor applications, Bhat and co-workers studied the uptake
of ∼3.5 nm diameter, negatively charged Au-NPs in neutral polymer poly(N-
isopropylacrylamide) (PNIPAM) brushes [20]. The authors reported that the parti-
cle concentration in the brush initially increasedwith increasing grafting density,
then reached amaximum at intermediate grafting density, and finally decreased
again for very high grafting densities. This result is in agreement with theoretical
predictions [9], andwith the aforementioned publication by Gage and co-workers
for PEO brushes [19]. The authors explain the observed grafting density as fol-
lows: In low grafting density regime, an increase in grafting density leads to an
increased number of binding sites for the particles, and thus an increasing parti-
cle loading. For a certain grafting density,𝜎max, a balance between enthalpic gain
associated with particle attachment and entropy losses due to osmotic swelling
is achieved. Further increasing of the grafting density leads to expulsion of the
particles from deeper regions of the brush, and lower particle loading.

A few years later, Bhat and co-workers published two papers where neg-
atively charged, citrate-coated gold nanoparticles were immobilized into posi-
tively charged poly(acryl amide) (PAAm) [21] and poly(2-(dimethyl amino) ethyl
methacrylate) (PDMAEMA) [22] brushes. The authors used molecular gradients in
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grafting density and molecular weight to determine the particle number density
as a function of those parameters. Au-NPs of ∼16 nm diameter were attached
to PAAm brush molecular weight gradients by incubation. Using UV/VIS spec-
troscopy and scanning force microscopy (SFM), the authors showed that the par-
ticle uptake in PAAm brushes increased along the gradient of increasing molecu-
lar weight (Figure 4) [21]. To reveal the difference in particle penetration depth in
homogeneous PAAm brushes upon varying the particle size (diameters ∼3.5 and
16 nm), X-ray photoelectron spectroscopy (XPS) experiments were carried out. By
careful analyzing the gold-to-carbon (Au/C) ratios as function of the XPS take-off
angle (associatedwith increasing the sampleprobingdepth), the authors reported
on an interplay between brush thickness and particle size (Figure 4). For very thin
brushes of ∼5.5 nm thickness, the Au/C ratio decreased with increasing take-
off angle for both particle sizes. From that, the authors concluded that the parti-
cles stayed near the brush-air interface for both particle sizes. For brushes with
∼10 nm thickness, the Au/C ratio increased with increasing take-off angle for
the smaller particles, suggesting particle interpenetration and formation of a 3D
assembly (Figure 4). For the larger particles, no difference compared to the thin
brushes was observed – the Au/C ratio was found to increase with increasing
take-off angle. To summarize, whereas the smaller particles are able to penetrate
the thicker brush, larger particles stay at the brush surface regardless of the brush
thickness (at least for the studied thickness regime).

The effect of PDMAEMA brush thickness on the uptake of∼13 nmAu-NPwas
further addressed by Christau and co-workers [24]. The authors combined X-ray
reflectivity (XRR), scanning force microscopy (SFM) and scanning electron mi-
croscopy (SEM) to study the loading and spatial distribution of the Au-NPs (Fig-
ure 5). The particle uptake was found to increase with increasing brush thickness
due to an increasing surface roughness (more binding sites for particle attach-
ment become available). At ∼120–130 nm brush thickness, roughness and parti-
cle uptake leveled off. Further particle attachment was hindered by electrostatic
repulsion of already attachedAu-NPs. The particles formed amonolayer attached
at the brush surface, only a low amount of Au-NPs was able to penetrate deeper.

For the PDMAEMA brushes with an orthogonal gradient in molecular weight
and grafting density, UV/VIS spectroscopy revealed that loading by ∼17 nmAu-
NPs increased with increasing molecular weight and grafting density along the
gradient [22]. Increasing particle uptake for increasing grafting density does not
agree with the theoretical predictions of maximum particle uptake at interme-
diate grafting densities. The reason could originate from more complex interac-
tions between PDMAEMA chains and particles, as well as the interplay between
the large particle size, the brush thickness (which was in the range of the parti-
cle size or smaller) and the grafting density. Another reason for the discrepancy
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Figure 4: Top: Scanning force microscopy images of PAAm/Au-NP hybrids along PAAm
molecular weight gradient (upper panel). Dry thickness of PAAm (circles) and particle number
density (squares) of attached Au-NPs along the gradient (lower panel). Bottom: Illustration of
2D and 3D hybrid assemblies (left). Au/C-ratio as funtion of XPS take-off angle for PAAm/Au-NP
hybrids using 3.5 nm diameterAu-NP (a) and 16 nm diameterAu-NP (b) for two different brush
thicknesses. Copyright IOP Publishing. Reproduced by permission of IOP Publishing from
Ref. [21]. All rights reserved.

might be a different grafting density regime (no values for the grafting density
were given). Addressing this discrepancy, Christau and co-workers studied the up-
take of ∼13 nmAu-NP in PDMAEMA brushes of high (∼ 0.5 nm−2), intermediate
(∼0.26 nm−2) and very low (∼0.0008 nm−2) grafting densities [23]. X-ray reflec-
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Figure 5: (a) XRR data and best fits for PDMAEMA/Au-NP hybrids with varying brush thickness.
(b) SEM cross-section image of ∼ 200 nm thick PDMAEMA/Au-NP hybrid. (c) Particle number
densities obtained from XRR and SEM top-view images (not shown). Reprinted with permission
from Ref. [24].

tivity (XRR) and UV/VIS spectroscopy were used to study the Au-NP loading and
spatial distribution of the particles inside the brush. Amaximum in particle up-
take was observed. For very low grafting densities, only a low amount of Au-NPs
was attached; this was attributed to the lack of polymermatrix andwith that, pos-
sible binding sites for theAu-NPs. The highestAu-NP uptake was observed for in-
termediate grafting densities while the particle loading decreased again for very
high grafting density. This shows that the choice of the grafting density regime
has high impact on the uptake of large Au-NPs into PDMAEMA brushes.

According to theoretical predictions, particle uptake and penetration depend
not only on particle size but also on their coating (adsorbing vs. non-adsorbing
particles having repulsive or attractive interactions with the polymer). Liu and
co-workers immobilized dodecanthiol-coated gold nanoparticles (Au-NPs) of ∼5
and ∼13 nm into poly(styrene-b-ethylenepropylene) (PS-b-PEP) diblock polymer
brushes [25]. In their experiments, the thickness of the brush was comparable to
the size of the nanoparticles, and the extent of phase separation was controlled
by varying the brush thickness. Thin diblock copolymer brushes were shown to
suppress aggregation of the NPs whereas thicker diblock copolymer brushes led
to particle aggregation at the brush surface. Aggregation of particles occurs due
to the poor interaction between the dodecanthiol-coated Au-NPs and the poly-
mer, as opposed to the study by Gage and co-workers using PEO brushes [19]
where strong interaction between the SiO2 particles and the polymer leads to
a stabilization of the particles by the polymer matrix. According to theory, the re-
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pulsive barrier for inserting a nanoparticle can be overcome only for strong inter-
actions due to high interaction enthalpy.

If the particles are mobile within the brush matrix, it should be possi-
ble to measure their diffusibility. Filippidi and co-workers used evanescent
wave dynamic light scattering (EWDLS) to study Brownian diffusion of parti-
cles in polystyrene (PS) brushes for two different kinds of particles: poly(methyl
methacrylate) (PMMA) hard spheres of 120 nm diameter, and 64-armed star
polystyrene-polybutadien (PS-PB) soft spheres of 20 nm diameter [26]. They
found that the penetration into dense polydisperse brushes strongly depends on
particle size and solvent. The studied larger spheres were expelled from the brush
with only slightly slower diffusibility. The smaller soft particles were able to pene-
trate thebrush showing slower diffusibility for the interpenetratedparticles. Inter-
penetrating particles slowed down due to the increased frictionwithin the brush.

For some applications, it is important to achieve a very high particle loading
within the brush, especially for fabrication of sensors. Ferhan andKim elaborated
on a strategy to improve particle uptake in polymer brushes. Referred to as “in-
stacking”, this strategy uses repeated cycles of immersion-drying-re-immersion
of the brush sample in the nanoparticle solution. After every cycle, particle-free
chains are able to swell back with higher degree of conformational freedom, thus
fascilitating the uptake of more particles. Using UV/VIS spectroscopy, scanning
force microscopy and high-resolution scanning electron microscopy, a higher
loading of ∼13 nm diameterAu-NPs in poly(oligo(ethylene glycol) methacrylate)
(pOEGMA) brushes was found when “in-stacking” was used.

Corbierre and co-workers studied the dispersion of polymer-covered Au-NPs
in polymer matrices of the same chemical composition using small angle X-ray
scattering (SAXS), TEM and UV/VIS spectroscopy [27]. Different size gold parti-
cleswere coatedwith polystyrene (Au-NP/PS) or polyethyleneoxide (Au-NP/PEO)
and attached to polystyrene (PS) or poly(ethyleneoxide) (PEO) brush templates,
respectively. The dispersion of the particles depended on the grafting density and
molecular weight of the Au-NP grafted polymer chains, as well as on the molec-
ular weight of the polymer brush matrix itself. For high grafting density of the
Au-NP grafted polymer, partial dispersion was found in high molecular weight
matrices, and total dispersion in smaller molecular weight brushes (compared to
themolecular weight ofAu-NP grafted polymer). For lower grafting densities, dis-
persion of particles was found regardless of the molecular weight of the polymer
matrix.Here, a combinationof the lower graftingdensity andvoid volumesamong
the brushes favored dispersibility of the particles.

To summarize, experiments are in good agreement with theoretical predic-
tions, showing that brush thickness, grafting density and particle size affect the
resulting structure of thehybrid. Especially graftingdensity andparticle size influ-
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ence the penetration depth of immobilizedparticles inside the brush. The balance
between those two parameters determines whether a 3D hybrid assembly is built
up, rather than a 2D assembly where the particles are attached to the tip of the
brush surface and do not interpenetrate. Second, the experiments clearly show
that the brush matrix can prevent the particles to form aggregates which proves
the ability of polymer brushes to act as nanoparticle stabilizers.

3 Polymer brushes as nanoreactors for in situ
growth of nanoparticles

Adifferent approach to generate polymer brush/metal nanoparticle hybrids is
to synthesize the nanoparticles in situ using ametal salt precursor. The poly-
mer brushes act as nanoreactors where the growth of the nanoparticles is con-
fined by the polymer chains. Synthesizing the nanoparticles in situ in the confine-
ment of the polymer chains has the advantage of a homogeneous, uniform par-
ticle distribution in the brush matrix. Usually the reaction is carried out by ion
exchange with the metal salt precursor which limits the choice of polymer. This
approach does not allow tuning of the interaction between particles and poly-
mer since the particles are stabilized by the polymer matrix. Nevertheless, using
a polymer brush as nanoreactor to generate polymer-stabilized nanoparticles will
create a hybrid material with enormous potential for catalytic applications, as for
sensoring if the generated particles are large enough to exhibit surface plasmon
resonance (>2 nm).

Spherical substrates. A series of papers has been published by the Bal-
lauff group using spherical polyelectrolyte brushes for in situ growth of different
nanoparticles [28–37]. Spherical polyelectrolyte brushes consist of a core (mostly
polystyrene) with grafted polymer brushes which serve as confining matrix for
nanoparticle growth. The advantage of spherical substrates compared to planar
substrates is the high surface area [38]which is importantmostly for catalytic con-
siderations. Gold (Au) [28, 35], platinum (Pt) [29], palladium (Pd) [31], and silver
(Ag) [32] nanoparticles have been synthesized using salt precursors; the catalytic
activity of the nanoparticles immobilized in the spherical brushes was monitored
by reduction of p-nitrophenol byNaBH4.

Zhu and co-workers prepared nickel nanoparticles (Ni-NPs) in spherical
poly(acrylic acid) (PAA) brushes. They showed that the size of Ni-NPs can be
tuned by varying the reaction temperature. The size of in situ grown Ni-NPs in-
creased from 3 nm at 0 ∘C up to 7 nm at 30 ∘C reaction temperature.
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Figure 6: Left: (a) UV/VIS spectra of PMETAC@glass after 30 min incubation in 1.5 mMHAuCl
4
,

and maximum absorbance of charge-transfer band at 318 nm in dependence of AuCl
4

− solution
concentration (inset). (b) Maximum absorbance of the plasmon band at 542 nm and absorbance
spectra (inset) in dependence of AuCl

4

− concentration. Right (top): Auger electron
spectroscopy (AES) spectra for PMETAC+AuCl

4

− before (a) and after reduction usingNaBH
4
(b).

AES signals for Au (NVV, 69 eV); Cl (LVV, 181 eV) and N (KLL, 380 eV). Right (bottom): (a) X-ray
reflectivity (XRR) data (squares) and fits (lines) before (bottom) and after (top) loading and
reduction of AuCl

4

−. (b) Electron density profiles obtained from the fit. Adapted from Ref. [39],
with permission of The Royal Society of Chemistry.

Planar substrates. Poly-2-(methacryloyloxy) ethyl trimethylammonium
chloride (PMETAC) brushes anchored to planar surfaces were used as templates
for Au-NP synthesis by Azzaroni and co-workers [39]. After ion exchange of Cl−

withAuCl4
−, the gold salt was reduced fromAu(III) toAu0 using aqueous sodium

borohydride (NaBH4). The brush/particle hybrids were investigated using X-ray
reflectivity (XRR), scanning force microscopy (SFM), Auger electron spectroscopy
(AES), transmission electron microscopy (TEM) and UV/VIS spectroscopy.
A linear relationship between AuCl4

− sorption in the brush and AuCl4
− precur-

sor solution concentration was found, measured by means of the charge transfer
peak at 318 nm using UV/VIS spectroscopy (Figure 6a). Subsequent reduction of
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the precorsorAuCl4
− withNaBH4 led to the formation ofAu-NPs, as revealed by

an increase in the plasmon band intensity at 542 nm. The authors observed an
increase in absorbance intensity with increasing AuCl4

− loading in the brushes
(Figure 6b). After cleaving the PMETAC/Au-NP layer from the substrate, TEM
measurements were carried out to determine the particle size (∼9 nm). In situ
formed Au-NPs were monodisperse and were fully stabilized by the surrounding
polyelectrolyte chains. XRR measurements revealed the presence of Au-NPs in
terms of an increased electron density after particle formation. From the electron
density profiles it is also apparent that fewer particles have formed in the region
close to the substrate. The thickness was found to be increased after particle
attachment (from 17 nm to 19 nm). Analysis of the electron densities revealed
a volume fraction of 7% Au in the hybrid. Using SFM measurements, the authors
showed that the swelling of the brush was not perturbed by the attachedAu-NPs.

Different combinations of polymers and generated particles were pre-
sented by Boyes and co-workers [40]. They used diblock copolymer brushes of
poly(styrene-b-methyl acrylate) (PS-b-PMA) or poly(styrene-b-acrylic acid) (PS-b-
PAA) grafted to planar substrates to generate silver and palladium nanoparticles
by treatment with aqueous metal salts.

Other systems. Calvo and co-workers presented that polyelectrolyte brushes
can be used to synthesize Au-NPs inside ordered mesoporous thin films [41].
PMETAC served as amatrix for generation ∼8 nm diameter Au-NPs. The modi-
fied mesoporous system preconcentrated the negatively charged gold salt precur-
sor. FromXRR analysis, a filling factor of 3%Auwas obtained, in good agreement
with the 7% Au volume fraction obtained for planar brushes by Azzaroni and co-
workers [39].

Iron (Fe) and silver (Ag) nanoparticles have been attached to poly(acrylic
acid) (PAA) brushes coated onto graphene nanosheets (GNs) [42]. FeSO4 and
AgNO3 have been used as precursors. The authors found that short PAA chains
were capable of controlling the size distribution of NPs. Using short polymer
chains led to small particle sizes and homogeneous particle distributions. Mag-
netic iron oxide particles have been grown in poly(3-sulfopropylmethacrylate)
templates by Choi and co-workers from FeSO4 and Fe(SO4)3 precursors by oxida-
tion [43]. Other than the expected superparamagnetic behavior, the ironoxidepar-
ticles which were grown in the confinement of the polymer brushes showed fer-
romagnetic behavior. These studies showed that polymer brushes can not only be
used as nanoreactors for creating NPs but also employed as magnetically driven
nanoreactors.

Other work was done by Benetti and co-workers involving surface-grafted
gel brush/silver nanoparticle hybrids [44]. Gel brushes are a cross-linked poly-
mer brushes, in that particular case poly(hydroxylethyl methacrylate) (PHEMA)
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brushes, cross-linked with different amounts of poly(ethylene glycol) (PEG). The
diameter of the silver nanoparticles (Ag-NPs) was ∼13 nm for 1% cross-linker,
∼15 nm for pure PHEMA brushes, and ∼20 nm for 2% cross-linker. It was found
that morphological and mechanical properties of the gel-brushes depended on
the relative amount of cross-linker PEG. An increasing concentration of cross-
linker led to smaller particles which were more uniformely dispersed in the
gel-brush matrix. This study showed, that cross-linking of brushes to form gel-
brushes can be used to tune size and distribution of in situ grown nanoparticles
simply by varying the amount of cross-linker.

To summarize, these studies emphasize the great potential of polymer
brushes to be used as nanoreactors. Due to confinement by the polymer chains,
the size distribution of growing particles is relatively narrow. Usingmetal salt pre-
cursors and subsequent reduction of themetal salt is a facile approach of generat-
ing brush/particle hybrids where small particles are homogeneously distributed
in the brush matrix.

4 Ordering of nanoparticles in polymer brushes
by means of external parameters

Recent publications have dealt with controlling the assembly of particles in
a polymer brush by means of changing some external parameters or applying
force to organize the particle in adesired manner.

The organization of polymer brush coated gold nanoparticles (Au-NPs) in di-
block poly(4-vinylpyridine-b-styrene) (P4VP-b-PS) brushes was investigated by
Oren and co-workers [45]. The 2.2 nm sizedAu-NPs were coated with polystyrene
(PS). Upon incubation, theAu-NPs were found to be randomly distributed within
both blocks without aggregation. After annealing the samples for 3 days, theAu-
NPs had migrated from the P4VP layer into the PS layer. This behavior was found
to be highly dependent on the grafting density of PS. For low PS grafting densi-
ties, the particles had not migrated into the PS domain after annealing but were
expelled completely. By annealing and tuning the grafting density, particles can
be miscible or immiscible with both, PS and P4VP.

Curk and co-workers investigated theoretically the collective sedimentation of
colloids in polymer brushes [46]. Colloidal particles were pulled into the polymer
brush matrix by external fields. The authors found that the insertion free energy-
tendency of the particles to traverse the brush layer depended strongly on colloid
size and strength of the external field. For dense colloidal suspensions and strong
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Figure 7: Schematic of the respective lithographic patterning process to form isolated chemical
patterns and regular arrays (top) and SEM images of the hybrid materials with increasing Au-NP
density for 4 different pattern pitches (bottom). The scale bar is 200 nm. Reprinted with
permission from Ref. [48], Copyright 2012, American Chemical Society.

exernal fields, the colloids penetrated the brush and formed internally ordered,
columnar structures.

Recently, the same authors published work on spontaneous organization
of nanoparticles in a confined, polymer-coated system under mechanical pres-
sure [47]. Canonical Monto-Carlo and molecular dynamics simulations showed
the formation of ordered patterns if a sandwich of two polymer brush layers with
nanoparticles in between was compressed. Very interestingly, the width of the
these patterns was found to be sensitive to the thickness of the polymer brush
layer. Pattern formation was also shown to be controllable by the applied pres-
sure.

Nanopatterns of polymer brushes have been used as platform to organizeAu-
NPs [48, 49]. Using standard lithographic techniques, Onses and co-workers gen-
erated chemical patterns of poly(2-vinyl pyridine) (P2VP) brushes. Isolated chem-
ical patterns were formed using electron-beam lithography, and dense chemical
patterns were obtained by block-copolymer assisted lithography. Citrate-coated
gold nanoparticles of ∼13 nm diameter were selectively attached to patterned
P2VP brushes (Figure 7). For isolated chemical patterns, the number of Au-NPs
bound per feature increased linearly with increasing area of the patterns. For
block-copolymer assisted lithography, the particles formed regular arrays when
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the dimension of patterned P2VP was decreased to below ∼20 nm. Onses and
Nealey also fabricated nanopatterned poly(ethylene glycol) (PEG) brushes which
were capable of adsorbing citrate-coated Au-NPs of 15, 30 and 50 nm size. The
density of Au-NPs was found to increase with increasing PEG molecular weight
and decreasing particle size.

Polymer brushes have also been shown to be able of inducing motion
of nano-objects, as demonstrated by Santer and Rühe [50]. Diblock copolymer
brushes of poly(methyl methacrylate-b-glycidyl methacrylate) (PMMA-b-PGMA)
and poly(benzyl-n-methacrylate-b-styrene) (PBnMA-b-PS), or mixed brushes of
polymethylmethacrylate (PMMA) and polyglycidyl methacrylate (PGMA) were
used to drive 50 nm size silica particles across the surface. The polymers can
be phase-separated by solvent, forming different patterns. For diblock copolymer
brushes the authors observed ripple-like, worm-like, or spherical structural pat-
terns depending on the length of the first block. By exposing the samples to good
solvent for both polymers, a featureless surface structurewas obtained. By switch-
ing between the patterned and featureless states, the change of surface topogra-
phy due to phase separation of the polymers can drive the silica nanoparticles
across the surface.

The same approach was used by Yu and co-workers to achieve perpen-
dicular motion of small (2.4 nm diameter) CdS particles on polystyrene-b-
(poly(methyl methacrylate)-co-poly(cadmium dimethacrylate)) (PS-b-(PMMA-co-
PCdMA)) block copolymer brushes [51]. Phase separationwas inducedby selective
solvent treatment, and resulted in reversible lifting/lowering of the CdS particles
in perpendicular direction. The authors found that the extent of CdS motion was
tunable by the block layer thickness. If the outer block was too thick, the particles
were found to be less moving.

5 Polymer brush/nanoparticle hybrids for sensor
applications

Polymer brushes are ideal building blocks for the fabrication of optical sensors
since they are optically transparent and can serve as a 3D matrix for nanopar-
ticles, i.e. silver or gold NPs, which induce optical properties into the system.
Using stimuli-responsive polymers allow to tune the optical response of the
brush/particle hybrid system. Depending on the polymer matrix, these brush-
sensors can detect changes in pH, temperature or solvent, just to mention a few.
Such hybrid materials can be characterized using different techniques (for fur-
ther information, the reader is referred to [52]). Using noble nanoparticles which
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exhibit surface plasmon resonance in the UV/VIS region of the electromagnetic
spectrumallows characterizationof thematerial’s sensingability byUV/VIS spec-
troscopy, a facile, pervasive technique. Modulation in particle diameter and prox-
imity to other nanoparticles leads to a shift in the particles’ surface plasmon band
which can be exploited as sensing platform. For nanosensoring applications, par-
ticles should be reasonable small (<20 nm) and have a low polydispersity (for
more information, the reader is referred to [53]). The advantage of using metal
nanoparticles as a sensing platform instead of quantum dots or dyes is their high
absorption, tunability, selectivity, biocompatibility and stablity.

It is well known that gold nanoislands, if evaporated onto a transparent sub-
strate like glass, are suitable tools for chemical and biolgical sensoring in the
transmission surface plasmon resonance (T-SPR) mode [54]. This was exploited
creating novel sensing materials using polymer brushes as space-filler between
the gold nanoislands and brush-attached metal nanoparticles.

pH sensors. The ability of a brush/particle hybrids to act as colorimetric sen-
sors was first demonstrated by Tokareva and co-workers in 2004 [55]. The authors
embedded ∼12 nm Au-NPs into poly(2-vinylpyridine) (P2VP) brushes of 8.9 nm
dry thickness. P2VP brushes were coated on gold nanoislands (thickness ∼4 nm,
evaporatedonglass slides) andacted as spacefillers between thenanoislands and
the gold nanoparticles. The nanosensor was based on the real-time determina-
tion of swelling/shrinking of the P2VP brushes upon changing the pH (Figure 8).
Upon increasing the pH from 2 to 5, a reversible red-shift of the gold surface plas-
monpeak from574 to 624 nm accompaniedwith peak broadeningwas found (Fig-
ure 8). Only a small shift of the plasmon peak was found for P2VP coated on gold
nanoislands without embedded Au-NPs; the reason for this shift was explained
by an increase of the electrostatic repulsion between the positively charged P2VP
as the pH is reduced to 2. However, this effect was rather small compared to the
large shift observed after embedding theAu-NPs.

There was no explanation at that time, how the actuation of gold nanoparti-
cles within a 10–15 nm interparticle distance could result in the 50–60 nm shift
in the absorbance maximum. This was addressed in a careful analysis by Roiter
and co-workers in 2012 [56]. Citrate-coated Au-NPs of ∼11 nm were attached to
P2VP brushes at pH 5.5, and the sensing ability with respect to changes in solu-
tion pH was studied using UV/VIS spectroscopy. P2VP brushes acted as tunable
linkers between the gold nanoislands and the gold nanoparticles. In agreement
with Tokareva and co-workers, pH induced swelling/shrinking led to changes in
the UV/VIS transmission spectra of the P2VP/Au-NP nanocomposite. The mea-
sured plasmon absorption band of the polymer brush/particle hybrid can be de-
convoluted into four Gaussian peaks (Figure 9). The authors attributed these four
contributions to different interactions between particles and islands. These inter-
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Figure8: Top: Reversible swelling of the P2VP/Au-NP hybrids induced by changing the pH (left).
Shift of absorption maximum and brush thickness as a function of the pH (right). Bottom:
Transmission-surface plasmon resonance (T-SPR) spectra of Au-nanoislands/P2VP (A) and
Au-nanoislands/P2VP/Au-NP (B) at pH 2 and 5. Adapted with permission from Ref. [55],
Copyright 2004, American Chemical Society.

Figure 9: Surface plasmon bands of the brush/particle hybrids (circles) at pH 5.5 (A) and 2.5 (B).
The plasmon band can be deconvoluted into 4 individual Gaussian peaks. Band I: individual
contribution of single NPs. Band II: individual contribution of the nanoislands. Band III:Au-NP
plasmon coupling due to proximity to nanoislands and other particles/particle aggregates.
Band IV: nanoisland plasmon coupling due to proximity to the Au-NPs. Adapted from Ref. [56]
with permission of The Royal Society of Chemistry.
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actions are dominated by the thickness of the brush layer. For thick polymer layers
nanoislands andparticles are far apart fromeach other and experienceweakplas-
mon coupling. Band I arises from the individual contribution of single nanoparti-
cles, band II from the contribution of the nanoislands. If the polymer layer is thin,
the particles experience strong plasmon coupling due to proximity to the nanois-
lands and other particles or particle aggregates (band III), and thenanoislands ex-
perience strong plasmon coupling as well due to proximity to the particles (band
IV). If the brush layer which is coated onto the gold nanoislands, is not perfectly
flat and variations in thickness are present, all these contributions will have an
impact on the resulting plasmon band of the hybrid. All peaks are blue-shifted
after decreasing the pH from 5.5 to 2.5 due to a decreased plasmon coupling when
the brush layer is swollen and thus, the distance between nanoislands and par-
ticles is higher. The shift of the plasmon band originates from a synergetic effect
of changes in the positions and intensites the spectrally separated constitutent
peaks. In addition, the authors carried out in situ SFM and were able to show that
the particles were exposed to the surface in the collapsed state but were engulfed
by the polymer in the the swollen state.

Spherical P2VP brushes with embedded Au-NPs have been shown to act as
single nanoparticle plasmonic devices by Lupitskyy and co-workers [57]. P2VP
brushesweregrownby the grafting toapproachon200 nm silica particles. Citrate-
coatedAu-NPs of∼12 nm size have been attached to these spherical brushes and
the hybrids were investigated using TEM and UV/VIS spectroscopy (Figure 10).
The authors showed that the nanoparticle plasmonic device was able to respond
to pH changes of the surrounding medium. Dispersion in the hybrid material
was found to result in a reversible color change from red to purple-blue as the
pH changed from 2.5 to 5.7. Compared to nanocomposites grown from a surface,
this single-particle sensor canbe employed in variousminiaturized analytical sys-
tems.

Using different kinds of nanoparticles allows tuning the position of the plas-
mon band. For example, silver nanoparticles (Ag-NPs) exhibit a surface-plasmon
band around 400 nm. Gupta and co-workers monitored the swelling/deswelling
of P2VP upon changing the pH by growing silver nanoparticles (Ag-NPs) inside
the brush in situwith a silver salt precursor [58]. A shift of the plasmon band from
410 nm to 430 nm was observed upon increasing the pH from 2 to 6.

A polymer with pH response in a different pH regime is poly(N,N’-
dimethylaminoethyl methacrlylate) (PDMAEMA) with a pK𝑎 value of 7.5. In
particular, studying PDMAEMA is interesting for biological applications since
the swelling/shrinking of PDMAEMA takes place in the physiological range. This
was addressed by Tokarev and co-workers. Brushes of PDMAEMA were coated
onto gold nanoislands and immobilized with citrate-coated Au-NPs of ∼12 nm
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Figure 10: Top: Spherical P2VP brushes with immobilized Au-NPs at pH values below and above
the pK

𝑎
of P2VP (left) and TEM images of SiO

2
/P2VP/Au-NP (right). Bottom: (a) Absorbance

spectra of SiO
2
/P2VP/Au-NP at pH 2.5 (squares), 5.7 (circles), and 2.5 (triangles). (b) Maximum

wavelength of the plasmon band for pH 2.5 and 5.7 for several pH change cycles. Adapted with
permission from Ref. [57], Copyright 2008, American Chemical Society.

diameter [59]. The swelling/shrinking of PDMAEMA upon varying the pH in the
range from 5 to 9 was monitored using UV/VIS spectroscopy. A red-shift of the
plasmon band was observed for higher pH when PDMAEMA is collapsed.

Solvent sensors. Many polymers respond to solvent conditions. Gupta and
co-workers showed that hydrophobic particles of 5–6 nm diameter can be at-
tached to polystyrene (PS) brushes, forming solvent-sensitive PS/Au-NP sen-
sors [60]. A blue shift of the plasmon band was observed as the surrounding
medium was changed from air to toluene, a good solvent of PS brushes.

Temperature sensors and surface-enhanced Raman sensing. For some
applications it is more useful to detect temperature changes in surrounding
environment. The neutral polymer poly(N-isopropyl acrylamide) (PNIPAM) has
a lower critical solution (LCST) temperature of ∼32 ∘C. This is particularly in-
teresting for medical applications since PNIPAM’s LCST can be tuned to body
temperature (37 ∘C) by adding co-monomers [61]. Since PNIPAM is temperature-
responsive, it can be used as template for thermosensitive sensoring. This was
demonstrated by Mitsuishi and co-workers in 2007 [62], as well as by Gupta and
co-workers [63] and Gehan and co-workers in 2010 [64] bymeans of gold nanopar-
ticle incorporation into PNIPAM brushes.
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Mitsuishi and co-workers combined citrate-coated Au-NPs with an average
size of 40 nmwith PNIPAM brushes of the same thickness (40 nm in air) [62]. The
surface plasmon resonance upon changing the temperature wasmonitored using
UV/VIS spectroscopy. An increase in absorption intensity and a shift from to 540
to 546 nm was found when the temperature was increased from 20 to 40 ∘C.

Gupta and co-workers used smaller (5–6 nm diameter) Au-NPs which were
carboxy-functionalized with a shell of 11-mercaptoundecanoic acid [63]. The hy-
drophobic particles were attached to PNIPAM brushes which were obtained by
the grafting to approach having a grafting density of 0.15 nm−2. PNIPAM brushes
suppressed particle aggregation. Thermosensitive sensor ability was monitored
using UV/VIS spectroscopy in water at 20 and 40 ∘C. The absorption peak upon
increasing the temperature has shifted from 547 nm at 20 ∘C to 559 nm at 40 ∘C,
thus monitoring a decreasing inter-particle distance when the brush collapses
(Figure 11).

Gehan and co-workers used surface enhanced Raman spectroscopy (SERS)
to monitor the thermo-induced electromagnetic coupling in PNIPAM/Au-NP
nanocomposite materials [64]. Au-NPs were separated from a gold film through
the thermoresponsive PNIPAM layer which was capable of varying the distance
betweenAu-NPs and gold film upon changing the temperature. The optical prop-
erties were probed by SERS using methylene blue (MB) as amolecular probe. An
increase of the external temperature (collapsing of PNIPAM) induced an enhance-
ment of MB SERS signal (Figure 12).

Using nanorods instead of spherical nanoparticles leads to two absorption
plasmon bands in the UV/VIS spectra, arising from the longitudinal and the
transversal mode. This allows tuning the plasmon absorption simply by tun-
ing the aspect ratio (length/width) of the rods. P2VP brushes have been used
by Contreras-Caceres and co-workers to immobilize gold nanorods, Au-NRs,
and gold-silver Au-Ag bimetallic nanorods [65]. The size of Au-NRs was 31.7 ×
11.2 nm. For the bimetallic rods, two different aspect ratios were used with diam-
eters of 35×7.8 nm and 36.9×30.1 nm. The presence of nanorods in P2VPbrushes
has been confirmed by X-ray photoelectron spectroscopy (XPS), scanning force
microscopy (SFM) and scanning electron microscopy (SEM). Using UV/VIS spec-
troscopy, the authors showed that a shift of 32 nm in the longitudinal plasmon
band was observed if the pH was changed from 2 to 6. Surface-enhanced raman
scattering (SERS) activity was monitored using the dye molecule rhodamine 6G.
The SERS intensity depends on the thickness of the silver shell surrounding the
gold rods in bimetallic Au-Ag nanorods. Compared to pure Au-NRs, an increase
of SERS intensity was found when Au-Agwas used.

Other sensing methods and applications. P2VP brushes have been used
by Ionov and co-workers for the attachment of fluorescent nanocrystals, namely
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Figure 11: (a) UV/VIS spectra of the pure PNIPAM brushes and PNIPAM/Au-NP hybrids in air and
aqueous media below and above the LCST. (b) Plasmon peak positions of the hybrids in air and
aqueous media below and above the LCST. (c) Plasmon peak positions below and above the
LCST for several heating and cooling cycles. Reprinted with permission from Ref. [63], Copyright
2010, American Chemical Society.
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Figure 12: (a) SERS spectra of MB attachted to Au-PNIPAM/Au-NP nanocomposites at different
temperatures below and above PNIPAM’s LCST (dry brush thickness: 20 nm). (b) Integrated
SERS intensities as a function of temperature for a dry brush thickness of 20 nm (circles) and
200 nm (squares). Adapted with permission from Ref. [64], Copyright 2010, American Chemical
Society.

CdSeS which are emitting at 570 nm. Hydrophobic CdSeS nanocrystals of 4.8 nm
diameter have been immobilized into the P2VP brushes having a grafting density
of ∼0.1 nm−2 to create an environmental sensor based on fluorescence interfer-
ence contrast (FLIC) of semiconductor nanocrystals near a reflecting silicon sur-
face. Since FLIC arises from interference between directly emitted (or absorbed)
light by aNP and reflected light by the silicon surface, the intensity of the detected
fluorescence light is a periodic function of the nanoparticle distance from the sur-
face. The fluorescence intensity of the P2VP/CdSeS nanocomposites depends on
the distance between the nanoparticles and the surface which can be adjusted by
swelling/shrinking of the P2VP brush simply by changing the surrounding sol-
vent.

A solid-phase colorimetric sensor for the detection of environmental pollu-
tants has been fabricated by Ferhan and co-workers using poly(oligo (ethylene
glycol) methacrylate) (POEGMA) brushes and 4.2 nm citrate-coatedAu-NPs [66].
The small particles were used since they are assumed to penetrate the brush ma-
trix under maintaining sufficient mobility better than bigger particles. The at-
tached Au-NPs can be released from the brush when they are exposed to lead
(Pb2+) ions . The POEGMA/Au-NP system can detect lead ions with 300- to 1000-
fold selectivity. This was proven by testing the responses of the samples after
adding different ions (Al3+,Ca2+ orCu2+ etc). The authors also detected lead from
human serum using different Pb2+ concentrations. Lead ions could be detected
even for very low concentrations of 100 pMwhich shows the enormous potential
of the POEGMA/Au-NP system for technical applications.
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In addition to their ability to act as highly selective nanosensors,
polymer/brush particle hybrids have been shown to have a large potential
for applications in heterojunction photovoltaic diodes. Snaith and co-workers
demonstrated that brush/particle hybrids can be used as organic optoelectronic
devices [67]. For construction of the diodes, 2.6 nm sized pyridine-capped CdSe
nanocrystals were attached to poly(triphenylamine acrylate) (PTPAA) brushes
coated on glass/ITO substrates. The PTPAA/nanocrystal films were then capped
with aluminium as a cathode and the ITO substrate as an anode, thus forming
dipolar diodes. The current density through the brush/crystal film was much
higher than throught standard spin-coated blend films. The crystals were inter-
penetrated in the brush from top to bottom and form effective electron transfer
through the bipolar diode.

6 Conclusion
The investigation of polymer brush/particle hybrids has evolved from fundamen-
tal research to nanotechnological oriented engineering to create smart surfaces
with tailored functions. This reviewhas summarized past and current research re-
garding particle self-assembly and controlled assembly within a brush, the use of
polymer brushes as nanoreactors, and advanced surface engineering for chemical
and biochemical sensing. The choice of brush chemistry, brush grafting density,
brush molecular weight, particle size and particle coating influences the interac-
tion strength between polymer and particles and with that, the structure of the
brush/particle hybrid. Theoretical and experimental studies revealed that the in-
terplay between grafting density, molecular weight and particle size determines
whether a 3D assembly is formed where the particles are interpenetrated into the
brush. The highest particle uptake was found to occur at intermediate grafting
densities where an optimum balance between the osmotic pressure within the
brush and the entropy losses due to particle attachment is achieved. The parti-
cles should be small to ensure interpenetration and formation of a 3D assembly.
Bigger particles will stay in the dilute outer region of the brush layer, or will be
expelled completely. The brush thickness should be higher than the particle size
to allow penetration into the layer. On the other hand, the brush should be thin
enough to avoid the formation of aggregates which can occur for thick brushes.
Accompanied with the choice of particle size is the choice of solvent since it has
been predicted by theory that larger particles penetrate the brush better in a poor
solvent, in contrast to small particles. So far, expermimental evidence is rather
restricted.
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Detailed information about the spatial distribution of the particles in the poly-
mer matrix is still unclear. Experimental studies regarding the strength of inter-
action between polymer and particles are still missing. Depending on the na-
ture of the polymer (charged polyelectrolyte or neutral polymer), the strength of
attraction/repulsion can be adjusted by tuning the particle coating. Such mu-
tual structural effects of polymer chains and particles still need to be studied in
more detail, especially in the spatial direction. The knowledge about their mu-
tual dynamic effects is rather restricted. Information about nanoparticle mobility
in a polymer brush with respect to brush thickness, brush grafting density, parti-
cle size, and chemical nature of polymer and particles is still missing. For mobile
particles, it should be possible to study induced particle motion on brushes.

The ability of the hybrids to act as a platform for optical sensing, thus detect-
ing changes in surrounding solvent, solution pH, or temperature, has been dis-
cussed. The sensingmechanismarises fromvariation of the interparticle-distance
which can be achieved by tuning the conformation of the polymer brush matrix
by reversible switching between collapsed and swollen state. The sensing ability
depends on the polymer’s nature, and can be improved by tuning brush parame-
ters like molecular weight or grafting density. Using different kinds (i.e. Au, Ag)
or shapes (i.e. spheres, rods, cubes) of nanoparticles allows to tune plasmon ab-
sorption.

Despite the large progress in polymer brush science in the last decade, further
development of such hybrid materials is necessary regarding technical applica-
tions. An advantage of using polymer brush coatings for technological applica-
tions is the low cost and ease of fabrication. For those applications, the effect of
environmental influences (such as humidity, temperature or light) on the struc-
ture and physical behavior needs to be understood and considered. The product
should exhibit a long-term stability and low attrition. We suppose that the fabri-
cation of responsive coatings with ahigh chemical and mechanical stability for
daily usage will be one of the engineering challenges in future research.

Considering the achievements made within the last decade, it is most likely
that engineering of such hybrid materials will lead towards real applications for
sensing/catalysis in nanotechnology, surface and materials science, chemistry
and physics.
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