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To sustain life and maintain biological function, nature requires 
selectively tailored molecular assemblies and interfaces that 
provide a specific chemical function and structure, and which 

change in their environment. Synthetic polymer systems (Fig. 1) 
with very similar attributes are often prepared for a broad range of 
applications, such as responsive biointerfaces that are functionally 
similar to natural surfaces1; controlled drug-delivery and release sys-
tems2–4; coatings that are capable of interacting with and responding 
to their environment5–7; composite materials that actuate and mimic 
the action of muscles8; and thin films and particles that are capable 
of sensing very small concentrations of analytes9,10.

This article focuses on stimuli-responsive macromolecular 
nanostructures that are capable of conformational and chemical 
changes on receiving an external signal. These changes are accom-
panied by variations in the physical properties of the polymer. 
The signal is derived from changes in the materials’ environment, 
such as a change in temperature, chemical composition or applied 
mechanical force, or that can be triggered exogenously by irradia-
tion with light or exposure to an electrical and magnetic field. Here 
we analyse only the very recent developments (that is, in the past 
five years) on the route to applications using stimuli-responsive 
nanostructured polymer materials and systems in thin films and 
nanoparticles; the systems covered are summarized in Fig. 1. We 
discuss two-dimensional (2D) (films) and three-dimensional (3D) 
(particulates and their assemblies) stimuli-responsive systems from 
different architectures and fundamental approaches in the area 
of responsive materials. We then look at how these fundamental 
approaches to inducing stimuli-responsiveness in each type of 
system can be used for applications. Finally, challenges in theory 
and modelling of these complex systems and future prospectives 
are examined.

reconstructable surfaces and applications
Reconstructable surfaces change their wettability and permeability, 
as well as their adhesive, adsorptive, mechanical and optical prop-
erties. Emerging applications extend to materials with rapidly 
switchable adhesion to interacting materials (from sticky to non-
sticky surfaces) and wetting (from wettable to non-wettable), with 
switchable appearance and transparency, and coatings capable of 
rapid release of chemicals, as well as self-healing coatings.
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Responsive polymer materials can adapt to surrounding environments, regulate transport of ions and molecules, change 
wettability and adhesion of different species on external stimuli, or convert chemical and biochemical signals into optical, 
electrical, thermal and mechanical signals, and vice versa. These materials are playing an increasingly important part in a 
diverse range of applications, such as drug delivery, diagnostics, tissue engineering and ‘smart’ optical systems, as well as 
biosensors, microelectromechanical systems, coatings and textiles. We review recent advances and challenges in the develop-
ments towards applications of stimuli-responsive polymeric materials that are self-assembled from nanostructured building 
blocks. We also provide a critical outline of emerging developments.

Principal architectures and mechanisms. Reconstructable surfaces 
fall into several categories: (1) polymer surfaces formed sponta-
neously in bulk polymer materials; (2) grafted polymer thin films 
(here referred to as polymer brushes); (3) thin films of polymer 
networks; and (4) self-assembled multilayered thin films. In com-
paring different architectures one should consider dynamics (rate 
of response) and amplitude of changes of the materials’ properties, 
reversibility of the changes and the intensity of the external signal 
that could trigger the changes. 

Surface reconstruction of bulk polymers often results in long 
response times (minutes to tens of hours), during which various 
polymer constituents either migrate to the surface from the bulk 
or rearrange locally and decrease the interfacial tension11,12. The 
duration of that response is too slow for many applications. A rapid 
response with no corruption of the mechanical properties of the 
bulk material can be achieved through a thin polymer-film coating. 
By using new design techniques, response times in thin films can 
now be tuned smoothly from seconds to hours.

A specific example of stimuli-responsive thin films involves 
macromolecules that are grafted chemically to a surface at suffi-
ciently high grafting densities so that the polymer chains experience 
excluded volume repulsions and adopt a stretched conformation 
(that is, polymer brushes, Fig. 2a–c)6. The behaviour of polymer 
brushes is dictated by a combination of strong entropic repulsion 
between polymer chains in the crowded monolayer, entropic stretch-
ing costs and frozen constraints owing to irreversible grafting.

The discovery of reversible switching by external stimuli in 
polymer brushes — which were prepared either through the ‘grafting 
to’ approach13,14 or the ‘grafting from’ approach15–20 — has offered 
exciting possibilities for the fabrication of adaptive and responsive 
interfaces. Uniform13–16,18, patterned17 and gradient brushes (brushes 
in which grafting density and/or chemical composition gradually 
changes in one or two directions on the surface of the sample)6,19,20 
have been used to generate responsive films on planar13,15–20 and 
curved (for example, nanoparticle6,14) surfaces.

For single-component homopolymer brushes (Fig. 2a), respon-
sive behaviour originates from the properties of the grafted 
polymer chains and their grafting densities. Various changes in 
the environment of the brushes were used to trigger the recon-
struction of and change in the brush properties. For example, 
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poly(N-isopropylacrylamide) (PNIPAAM) brushes that possess 
a lower critical solution temperature undergo a phase transi-
tion owing to changes in the solvent quality and temperature15. 
Polyelectrolyte brushes respond with large conformational changes 
to alternating ionic strength and pH19, whereas some zwitterionic 
brushes17 possess an upper critical solution temperature and change 
their wetting behaviour with temperature (Fig. 2d). These changes 
are reversible, and the material can sustain several transitions 
backwards and forwards.

The responsive behaviour of block copolymer brushes (Fig. 2b) 
is based on the phase segregation of different blocks, specifically 
when solvent affinities of each of the blocks are significantly dif-
ferent20. The combination of different polymeric blocks in the 
responsive thin film results in a broadening of the switching range 
of properties, so that the surface property of the film changes from 
the property of one polymer to the property of the second polymer, 
or is locked in some intermediate state. A triblock poly(styrene-
block-2-vinylpyridine-block-ethylene oxide) (PS-b-P2VP-b-PEO) 
copolymer brush is a representative example of a material in 
which external stimuli are used to tune the balance among elec-
trostatic, steric and hydrophobic forces by exposing one or two 
polymers of these three constituent blocks to the thin-film bound-
ary. This behaviour of the block copolymer brushes was used to 
tune interactions between the brush-decorated materials. For 

example, the triblock-copolymer-coated pH-responsive colloids 
demonstrated switchable aggregation–dissociation of the particle 
assemblies (Fig. 2e)14.

In mixed polymer brushes (Fig. 2c), at least two chemically 
different polymers are grafted to the same substrate. Phase segrega-
tion causes the switching of the spatial distribution of the functional 
groups that are presented by the brush exterior so that the materials’ 
properties are switched between the properties of two constituent 
polymers, similar to block copolymer brushes. Switching of sur-
face composition and related physical properties in mixed brushes 
is a basic mechanism for dynamic changes of interactions between 
materials modified with the mixed brushes and their environment, 
including liquids and particulates. For example, a mixed poly-
mer brush prepared from polystyrene and P2VP macromolecules 
changed the surface composition and wetting behaviour after treat-
ment in different solvents13. The contact-angle change was found 
to be strongly amplified on a rough surface where the wetting 
properties switched from complete wetting to ultrahydrophobic 
behaviour7. It was shown that a mixed brush made of polystyrene 
and poly(methylmethacrylate) can induce the local motion (in the 
range of a few nanometres) of adsorbed nanometre-scale objects 
through solvent-induced topographical variations of the brush 
surface (Fig. 2f)18. A poly(ethyleneimine)–poly(dimethylsiloxane) 
mixed brush switched spontaneously from the hydrophilic state in 
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water to the hydrophobic one in air21. This adaptive behaviour of 
mixed brushes was used to develop materials with poor adhesion 
in a changeable environment. The surface coatings that were fabri-
cated from mixed PEO–poly(dimethylsiloxane) brushes22 or from 
fluorinated nanoparticles and PEO brushes23 were adaptive to liquid 
and vapour environments so that the surfaces were spontaneously 
transformed to non-sticky states in air and in water. This behaviour 
was observed on several cycles of exposure of the samples to air and 
aqueous solutions. If polymer brushes are grafted to a flexible sub-
strate, the osmotic pressure in the brush may cause a deformation or 
bending of the substrate (Fig. 2g).

Nanostructured thin network films (that is, gel films, which are 
in many cases hydrogel films prepared from water-soluble poly-
mers) are materials in which surface confinement brings a range 
of opportunities for engineering stimuli-responsive properties. An 
important attribute of gel thin films is their fast kinetics of swell-
ing and shrinking compared with bulk gels. According to Tanaka 
and Fillmore’s model24, which shows the characteristic time of the 
swelling transition to be directly proportional to the square of the 
linear size of the gel, the response times are less than 1 s for gel films 
that are thinner than 10 μm. The swelling response of these films 
is highly anisotropic, because the attachment of the network to a 
surface prohibits in-plane swelling. Thus, the volumetric expansion 
of the network occurs exclusively in the direction perpendicular to 
the substrate plane25.

Crowe-Willoughby and Genzer reported26,27 on the formation 
of polymeric materials with fast and tunable response times (that 
is, a few seconds) by chemically grafting poly(vinylmethylsiloxane) 
(PVMS) networks with alkanethiols bearing hydrophilic end groups 
(–COOH or –OH). The rapid response (measured by the transition 

from a hydrophobic state with a 110° contact angle in water to a 
hydrophilic one with a 55° contact angle) was facilitated by the 
liquid nature of the PVMS backbone, and it was found to decrease 
as the length of the methylene spacer (–(CH2)n–) in the alkanethiol 
pendant group decreased (Fig. 3a–c). For n = 2 and n = 6, the 
surface reconstructed almost instantaneously, whereas specimens 
with n = 11 resisted reconstruction because of strong van der Waals 
forces that led to the formation of semicrystalline regions.

Another important attribute can be found for porous thin gel 
films. It is well known that the swelling of porous bulk gels results 
in an increase in pore size. In contrast, surface-attached porous gel 
films demonstrate the opposite behaviour owing to the surface con-
straints28. Switching between open and closed pores in thin gel films 
on shrinking and swelling, respectively, provides a unique opportu-
nity for the regulation of transport through the film in a very broad 
diffusivity range from the level in solution down to a level in solids29.

Thin responsive (hydro)-gel films can be used as freestanding 
films or on various supports (adhered or covalently grafted). These 
films can accommodate various chemicals, biomolecules and 
nanoparticles29. In Fig. 3d,e, a porous P2VP thin gel film on the 
solid substrate shows pH-dependent porosity. The P2VP film is 
also responsive to cholesterol molecules (Fig. 3g,h). This response 
is used to tune the permeability of electrochemically active ions 
across a gel film that is placed on the surface of an electrode 
(Fig. 3i). The pH-dependent swelling of the P2VP film, which is 
loaded with gold nanoparticles, is used to tune the colour of the 
composite film with changes in plasmon coupling between gold 
nanoparticles (Fig. 3f)30.

Electrostatic layer-by-layer (LbL) assembly has been introduced 
as a universal method for the facile fabrication of nanostructured, 
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Figure 2 | Cartoons and photographs illustrating various architectures and responsive behaviour of polymers. a, Single-component homopolymer brushes. 
b, Block copolymer brushes. c, Mixed brushes. d, Change of the wetting characteristics of zwitterionic 2-(methacryloyloxy)ethyldimethyl(3-sulphopropyl)
ammonium hydroxide brushes after increasing the temperature from 22 °C to 52 °C, where θAW is the advancing water contact angle. e, Effective diameter 
of the silica particles and their aggregates covered with triblock PS-b-P2VP-b-PEO copolymer brush as a function of pH. The error bars represent the 
standard deviation od the experimental data (ref. 14). f, Atomic force microscopy (AFM) images acquired from the same area on the polystyrene–
poly(methylmethacrylate) mixed brush covered with silica nanoparticles after a cycle of topographical variation of the thin film in different solvents. The 
position of three silica spheres relative to the underlying patterns of the brush can be pursued over cycles. The green arrow indicates the displaced silica 
particle. g, Deflection of cantilever versus time. Bias applied at the same time. With the cantilever at negative bias, the charges on the chain are drawn 
towards the cantilever, leading to large surface stresses and strong bending. At opposite bias, the counterions move towards the surface, resulting in 
smaller stresses but bending in the same direction. Figures reproduced with permission: d,f, © 2006 Wiley; e, © 2007 Wiley.
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organized, multilayered, organic and hybrid thin films (Fig. 4a–c)31,32. 
In the fabrication of LbL interfacial assemblies, Coulombic inter-
actions, ion pairing, hydrogen bonding, and polar and hydro phobic 
interactions are exploited to facilitate alternative deposition of 
complementary species, including polyelectrolytes, nanoparticles, 
colloids and biomacromolecules, which form functionalized con-
formal nanostructured interfaces33.

The mechanism of response of LbL assemblies was analysed by 
Rubner and co-workers34, who attributed the dramatic variation 
in the degree of swelling (up to 400%) to changes in the degree 
of ionization of the weak polyelectrolytes (that is, poly(allylamine 
hydrochloride), PAH) where surface constraints affect the local 
environment of the ionizable groups. A sharp swelling and de-
swelling transition detected for LbL films at pH > 8.5 manifested 
itself in reversible pH-controlled variations of swelling percentage, 

surface roughness and refractive index (Fig. 4a). The PAH swelling 
was associated with the variation in ionization of its free amine 
groups, and a hysteresis loop was related to the chain dynamics 
within swollen LbL films.

Recent studies exploited stimuli other than pH to alter the 
conformation and organization of the constituents of LbL films, 
including a response triggered by lower critical solution temperature 
at physiologically relevant temperatures (25–35 °C) by incorporating 
PNIPAAM interlayers35; magnetically responsive free-standing LbL 
structures with incorporated iron oxide magnetic nanocrystals36; or 
mechanically tunable elastic LbL films with a nanoporous interlayer 
acting as open–closed nanovalves when stretched and released from 
external mechanical stresses37.

The architectures of the stimuli-responsive surfaces and mecha-
nisms of their dynamic changes analysed in this section were suc-
cessfully applied for the development of a range of stimuli-responsive 
materials and applications that are discussed below.

Smart and self-healing coatings. Reconstructable polymer surfaces 
form a toolbox for the rapidly developing field of smart coatings38. 
The structure of the coatings can be programmed in the formula-
tion. After deposition, external stimuli affect the phase separation 
of the ingredients to self-assemble into a coating with programmed 
properties. For example, colloidal particles prepared by the emulsion 
copolymerization of acrylate and fluorinated acrylate monomers 
can form stratified film morphologies, where the fluorinated phase 
can be driven to the film/air or film/substrate interfaces. As a con-
sequence, static and kinetic coefficients of friction can be controlled 
at the film/air interface, resulting in superhydrophobic surfaces39. 
In another example of programmed behaviour, colloidal particles 
are stabilized in an acidic aqueous solution by grafted PS-b-P2VP-
b-PEO triblock copolymers. Casting of the particle suspension at 
higher pH results in a film consisting of particle aggregates, and, 
hence, a textured coating. The coating becomes superhydrophobic 
when heated to above the glass-transition temperature of poly-
styrene blocks, because these blocks migrate to the top-most layer 
of the coating40.

Coatings with self-healing capabilities fall in the category of 
smart coatings with a programmed structure and response41. A 
multi layered LbL system made up of polyelectrolytes and a cor-
rosion inhibitor could heal the corrosive area on a metal substrate 
and release the inhibitor during a corrosion attack. The origin of 
such self-healing behaviour lies in the breaking and re-establishing 
of polyelectrolyte complexes in response to changes in a corrosive 
environment (that is, high ionic strength)42.

Biointerfaces and bioseparation. The responsive properties of 
reconstructable thin polymer films are relevant to many biotech-
nological and biomedical applications5,43,44, because these films can 
undergo dynamic changes in accord with changes in living systems.

Several key aspects have attracted interest in stimuli-responsive 
polymeric biointerfaces. First, the possibility of tuning and switch-
ing adhesion between stimuli-responsive materials and proteins 
and cells has been explored for the control of cell45 and protein46,47 
adhesion, and used for tissue engineering and bioseparation.
Second, the possibility of exposing and masking functional moieties 
at the biointerface is very important for the presentation of regula-
tory signals and concomitant modulation of biomolecule activity48 
for cell research and bioengineering. Recently, PNIPAAM and its 
copolymers have been functionalized with recognition moieties (for 
example, synthetic peptides) that interact with cell components. 
Ebara et al.49 used stimulus-responsive PNIPAAM-based copoly-
mers to expose or mask arginine–glycine–aspartic acid (RGD) 
recognition sequences for cell binding.

Third, the possibility of dynamic control of the permea-
tion of chemicals through nanoporous membranes10,28–30,50 or the 
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Figure 3 | Responsive behaviour of functional polymeric networks. 
a, Schematic illustrating the molecular orientation of PVMS-S-(CH2)nOH 
at the air/sample and water/sample interfaces in the network samples. 
b, Photographs of PVMS, PVMS-S-(CH2)6OH and PVMS-S-(CH2)11OH 
specimens. The opaqueness of PVMS-S-(CH2)11OH is indicative of the 
presence of crystallites. c, Time dependence of the deionized water contact 
angles (θDIW) for PVMS-S-(CH2)nOH surfaces measured by dynamic 
contact angle set-up. The error for θDIW is ± 1.5°. d,e, AFM topography 
images (7.5 × 7.5 μm2) of a P2VP network thin film with pH-tunable 
porosity at pH 5.5 (d) and pH 2 (e). f, Shifts of the absorption maximum 
(Δλmax) acquired from ultraviolet–visible spectra of a P2VP gel–gold 
nanoparticle composite film prepared on gold islands as a function of 
pH. g,h, AFM topography images (10 × 10 μm2) of a P2VP network film 
after washing in a chloroform solution with no cholesterol (g) and 0.13 M 
cholesterol (h). i, Normalized values of the electron-transfer resistance 
(open squares, derived from the Faradaic impedance spectra) and the 
film porosity (solid squares, derived from AFM measurements) shown as 
functions of the cholesterol concentration: Ret and Ret0 are the electron-
transfer resistance values for the film with cholesterol and without 
cholesterol, respectively; P and P0 are the porosities of the film with and 
without cholesterol, respectively. Figures reproduced with permission: 
b–i, © 2009 Wiley.
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interaction of biomolecules and ions with responsive surfaces47,51,52 
offers a unique opportunity for bioseparation52,53. Surface-grafted 
stimuli-responsive polymers provide an exciting means for control-
ling drug permeation through nano- and microporous membranes. 
Systematic work that explores the complex interrelationship among 
pore size, polymer molecular weight, grafting density and drug-
permeation flux has only recently begun50,52,53. 

Micro- and nanoactuation. Light-, pH- and temperature-responsive 
thin polymer films have been used for micro- and nanoactuation. 
Actuation by means of responsive polymer brushes originates from 
variable stretching of grafted macromolecules as a result of the 
strong steric repulsive interactions between neighbouring chains. 
In charged polyelectrolyte brushes, osmotic and Coulombic forces 
often lead to extra repulsive interactions and increase the level of 
reversible chain stretching. The forces that affect the conformations 
of tethered polymers on solid substrates can be harnessed for actua-
tion by growing brushes on flexible substrates. The brush can trans-
duce these forces into lateral surface stresses54 that cause the substrate 
to bend. As a result, bending can be modulated by charge screening 
with the use of solutions of varying ionic strength or pH55,56.

It was recently demonstrated that applied electric fields lead to 
the actuation (1–5 Hz) of cantilevers through the switching of sur-
face stresses in polyelectrolyte brush films (Fig. 2g)57. The presence 
of triggered reversible contraction and expansion of polymer 
brushes offers a design rule for nanoscale actuation that does not 
rely on chemical fuels such as acids and bases.

So far a variety of actuation mechanisms (and therefore sensing 
mechanisms) have been realized for flexible structures (mostly 
silicon microbeams coated with organic films) based on the swell-
ing and de-swelling, wetting and de-wetting, or adsorption and 
desorption of organic surface layers58. Recent work on nano patterned 
thermoresponsive brushes provides more insight into the challenges 
that lie ahead. In nanopatterned brushes, polymer chains are in a 
slightly different chemical environment; some are in the middle of 
a ‘sea’ of polymer chains whereas others lie at the edge and will be 
required to wet and de-wet from the surrounding surface. As a result, 
all chains show subtle differences in the degree of chain stretching 
and thermoresponsive properties, thus leading to an overall broad-
ening of the collapse temperature that is often extremely narrow in 
the bulk59,60. The main disadvantage of the brush-based actuators 
is their relatively slow response compared with polymer-gel-based 
systems61,62, which probably results from a difference in chain pack-
ing. The dense packing leads concurrently to unique properties that 
are found only in polymer brushes and that could be ideal for sensor 
applications. For example, large end groups in dense brushes will be 
‘expelled’ from the brushes; any (reversible) decrease in the size of 
these head groups will lead to the rapid contraction of the associated 
polymer chains into the brush layer63.

Sensors. That stimuli-responsive polymer systems facilitate efficient 
transduction mechanisms makes them suitable for use in sensor 
applications. For example, Tokareva et al.64 demonstrated the tun-
ing of the plasmon-resonance coupling between gold nanoparticles 
and a gold substrate mediated by a 20-nm-thick swellable P2VP 
brush layer. The film can be used as a highly sensitive pH-responsive 
nanosensor with short response times. The authors demonstrated 
a large (50 nm) shift in the plasmon-resonance position as a result 
of changing pH values (within pH = 3.8 ± 0.5) caused by shrinking 
of the brush thickness from 22 to 7 nm. Internal stresses caused 
by conformational transformations within brush layers were used 
to design pH-sensitive microsensors by grafting PNIPAAM onto 
microcantilevers15. This design provided a high level of sensitiv-
ity, reaching 121 nm of deflection per pH unit. The use of poly-l-
lysine–PEO–biotin brushes grafted inside a microchannel carved 
within a microcantilever allowed for the subfemtogram detection 

of the selective binding of γ-IgG (immunoglobulin G) in fluid, 
representing a dramatic improvement of sensitivity over a conven-
tional quartz microbalance65.

Different LbL films with embedded biomolecules and nano-
particles have been exploited as soft organized matrices for 
uploading nanoparticles to fabricate pH-responsive and biosens-
ing nano materials based on the surface plasmon resonance (SPR) 
phenomena9. As well as conventional metal nanoparticles, which 
show SPR peaks in the range of 520–540 nm (refs 64,66), recent 
studies expanded this approach towards sensors that contain 
gold nanorods67. Specifically, gold nanorods were embedded in 
crosslinked poly(methacrylic acid) (PMAA)–PAH and PMAA–
poly(N-vinylpyrrolidone) LbL films to act as pH-responsive plas-
monic sensors (Fig. 5). Swelling and de-swelling of these gels at 
pH 8 and pH 5, respectively, resulted in reversible and large shifts of 
a strong, easily detectable longitudinal plasmon resonance located 
in the near-infrared region (≈700 nm) owing to variable side-by-
side nanorod interactions.

Colorimetric or electromechanical detection methods that are 
used for the reversible and dramatic reorganization of LbL coat-
ings, and that are typically triggered by pH or ionic strength, are 
achieved by the incorporation of inorganic nanoparticles with the 
characteristic optical signature and the conformal nature of LbL 
films. For example, Kotov et al.68 demonstrated reversible loading 
and unloading of quantum dots in highly hydrated LbL films from 
poly(diallyldimethylammonium chloride) and polyacrylic acid 
(PAA). These structural variations were accompanied by corre-
sponding changes in fluorescence. Changes in photoluminescence 
and plasmon resonances in the visible range have been observed for 
conventional PAH–poly(styrene sulphonate) (PSS) LbL films and 
LbL films that contain amine-terminated dendrimers69,70. A strong 
and easily detectable optical response was achieved by placing 
LbL films that contained either dyes or gold nanoparticles on gold 
substrates to exploit either a quenching mechanism or coupling 
plasmon resonances.

The responsive behaviour of thin hydrogel films has attracted 
great interest for a range of applications in sensors, including chem-
ical gating28–30,51, microgravimetric, micromechanical or optical 
transduction of chemical signals71,72. Responsive 3D 2-hydroxy-
ethylmethacrylate hydrogel and PNIPAAM colloidal crystals 
showed rapidly tunable photonic bandgaps in infrared regions73,74; 
free-standing flexible PAH–PSS films acted as pressure and acous-
tic sensors75; and PNIPAAM–PAA microlenses with tunable focal 
lengths allowed for autonomous focusing under external pressure76. 
In the case of the PNIPAAM–PAA microlenses, it has been sug-
gested that the tuning of the focal length is controlled by variations 
in the refractive index of the swollen or shrunken material caused 
by protonation or deprotonation of the acidic groups, temperature, 
or physical crosslinking or decrosslinking events77 (such as bind-
ing or release of antibodies). The tunable microlens arrays can be 
integrated into microfluidic and lab-on-a-chip technologies for bio-
sensing and medical diagnostics. Recently, a reversible switching 
of pillar arrays embedded in humidity sensitive gel films that can 
be used as tunable microfluidic sensors has been demonstrated78; 
and an intriguing model of mechanochemical transducing gels has 
also been constructed79. The computer simulations in these stud-
ies suggested that adaptive gel materials can sense local stresses by 
generating chemical waves and therefore potentially could be used 
as touch-sensitive sensors.

From two to three dimensions: responsive particles
Stimuli-responsive colloidal particles represent a rapidly developing 
class of stimuli-responsive materials that find applications in the 
stabilization, destabilization and inversion of colloidal disper-
sions (emulsions, foams and suspensions), in catalysis, sensors and 
drug-delivery capsules (Fig. 4b,c).
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Configurational design. The configurational design of responsive 
nanoparticles can be typically represented by a core–shell archi-
tecture formed through self-assembly of amphiphilic copolymers 
(polymer micelles or vesicles) or by means of surface modifica-
tion of various particles (inorganic or polymeric) with functional 
polymers. The core-forming polymer (in micro- and nanogels), 
shell-forming polymer, or both core and shell polymers can show 
stimuli-responsive behaviour (Fig. 6a–d). External stimuli are used 
to stimulate the self-assembled structures and may induce their 
reversible or irreversible disintegration, aggregation, swelling and 
adsorption. The toolbox of responsive colloids includes functional 
polymers, copolymers and inorganic nanoparticles.

Block copolymers form various types of self-assembled struc-
ture, from micelles to continuous bilayers, depending on the solvent 
selectivity of the different blocks80,81. The application of external 
stimuli in these systems may lead to a change in the aggregate size 

and/or to changes in the aggregate architecture and structure; that 
is, transformation from a spherical micelle to a polymersome in 
an aqueous medium, or the interchange between the blocks in the 
core and the corona. Polyelectrolyte micelles are obtained from 
stoichiometrically mixed, oppositely charged macro-ions, provided 
that one of the ingredients is a charge-neutral hydrophilic diblock 
copolymer. The purpose of this neutral block is to prevent the for-
mation of a macroscopic polyelectrolyte complex by protecting the 
core (which consists of the complex) with a neutral and hydrophilic 
corona (Fig. 6a). As a variant, one can use charged inorganic nano-
particles82 and self-assembled macro-ions as the second ingredient83 
or two diblock copolymers with two different neutral blocks. In the 
case of two different neutral blocks, a phase-separated corona can 
form fully equilibrated, yet symmetry broken, dumbbell-like parti-
cles (that is, Janus micelles)84.

Polymer vesicles (polymersomes, in which the central aqueous 
compartment is enclosed by an amphiphilic copolymer membrane) 
are another example of self-assembled stimuli-responsive polymer 
structures. The copolymer membrane regulates transport of mol-
ecules between the inside and outside of the vesicle; the permeabil-
ity is tunable and degradation of the membrane can be triggered by 
external stimuli85. Incorporation of pH-responsive domains, which 
renders the vesicle capable of regulating the transport of hydrophilic 
molecules across the membrane, results in a shell that resembles the 
transmembrane channels of living cells86.

Nanoparticles that possess an internal network structure — that 
is, they have properties of hydrogels — are called nanogels (Fig. 6b)87. 
A simple and effective approach to heat-sensitive nanogels involves 
PNIPAAM–polysaccharide (graft) copolymers, which are soluble in 
cold water and self-assemble into nanogels as a result of the heat-
triggered collapse of the PNIPAAM chains88. Such nanogels disin-
tegrate on cooling. Nanogels can also be designed to be reversibly 
responsive to two different stimuli, for example, temperature- and 
redox-sensitive nanoparticles89. 

Stimuli-response macromolecules have been incorporated 
into the outer shell of hybrid colloidal core–shell particles 
(Fig. 6c,d). Often, an inorganic material with specific optical or 
magnetic properties is chosen for the core. The properties of the 
shell can be tuned by physico-chemical means, so that the tendency 
of particles to aggregate and their affinity for liquid interfaces can be 
reversibly manipulated. The result is the reversible regulation of the 
microscopic and macroscopic properties of colloidal dispersions 
(for example, sols, suspensions, emulsions and foams) under the 
action of suitable external stimuli. For example, a pH-responsive 
polymer shell grafted to the surface of silica nanoparticles controls 
the nanoparticles’ reversible aggregation and deaggregation, and 
can be coupled with pH changes owing to a complex combination 
of biocatalytic reactions (Fig. 6d)90.

Layer-by-layer assembly has been applied successfully for a 
template fabrication of responsive capsules by coating micrometre- 
and submicrometre-sized particles (Fig. 4b)91,92. After the core has 
been coated with an LbL shell, the colloidal core can be dissolved, 
therefore leaving hollow capsules. In general, these microcapsules 
show a responsiveness that is similar to that of LbL films (Fig. 4c)93,94. 
The LbL microcapsules made of composite polyelectrolytes and 
nano particle shells can be manipulated by remote physical stimuli 
(for example, magnetic field and light). 

Stimuli-responsive particles could find use in numerous 
applications in the chemical, coatings, cosmetic, detergent and 
food industries, as well as drug delivery and diagnostics where the 
stimuli-triggered formation, disintegration, or inversion on demand 
of the particles and their dispersions could be used for the develop-
ment of new technologies and products.

Stimuli-triggered stabilization of colloidal dispersions. 
Amphiphilic responsive colloidal particles can be introduced into 
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the interface between two immiscible fluids (that is, liquid/liquid or 
liquid/gas), where the particles are strongly pinned owing to their 
large surface areas. They can then stabilize emulsions and foams 
(Pickering dispersions), primarily as a result of the formation of a 
mechanical barrier that prevents the coalescence of the dispersed 
phase and that reduces the bending rigidity of the interface. More 
hydro phobic particles preferentially stabilize water-in-oil emul-
sions (because asymmetric positioning in the interface imposes a 
tendency to curve towards the least preferred phase), and vice versa. 
Hence, a key parameter is the preference of the particles for either 
phase. The particles will expose a larger fraction of their surface to 
the liquid phase that has a higher affinity to the particle surface; this 
phenomenon can be used to produce various effects. For example, 
detaching particles entirely from the interface is possible in the pres-
ence of a sufficiently strong shift (induced by external stimuli such 
as a pH change) in the interaction balance towards a preferential 
liquid phase (Fig. 6c). Particles are then pulled off the interface into 
the selective phase14,95, and the emulsions ‘break’. Milder shifts lead 
to the inversion of emulsions and foams (that is, from air-in-water 
foam to water-in-air powder)96,97.

Tunable catalysis. The possibility of exposing or hiding functional 
groups or nanoparticles in the reconstructable surfaces has opened 
new directions in chemical and biochemical catalysis. For example, 
Ballauff et al.98,99 described a switchable catalyst that was made by 
synthesizing 10-nm metal nanoparticles inside a thermoresponsive 

polymer shell that had been grafted to the surface of a much larger 
colloidal particle. Temperature-dependent swelling and shrink-
ing of the shell were used to alternatively expose and hide the 
silver nano particles on the surface of the colloids, thereby modulat-
ing the catalytic activity of the composite particle. Conjugation of 
stimuli-responsive polymeric systems with catalytic nano particles 
and enzymes could thus create new opportunities for bio- and 
chemical technologies.

Drug delivery. Recently, stimuli-responsive nanoparticles and 
nanocapsules have attracted great interest because of the broad 
opportunities for in vivo applications. Such nanosized capsules 
could store and protect various drugs, and release them inside cells 
after the capsule has been internalized. A smart drug-delivery poly-
meric system should undergo a complex chain of responses to sur-
vive in vivo, deliver the cargo, release the drug into the target cells, 
and match the desired kinetics of the release. Among the various 
approaches used to enhance the efficacy of chemotherapy is the use 
of carrier systems that release a drug in response to stimuli, such as 
changes in pH, glutathione concentration, or the presence of specific 
enzymes that are selectively encountered in relevant cell organelles. 

Hollow LbL capsules can be refilled with various molecules 
for drug delivery. Drug release can be activated on demand by 
local changes in pH or by remote physical stimuli. For example, 
Skirtach et al.100 demonstrated the selective addressing of intra cellular 
LbL microcapsules with laser light. Kreft et al.101 demonstrated pH 
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monitoring and LbL microcapsule tracking inside cells through the 
encapsulation of pH-sensitive dyes. One of the limitations of the 
capsule applications is the size of the capsule. Although most reports 
consider capsules in the micrometre range, only a few attempts 
have been made to fabricate LbL capsules smaller than 200 nm in 
diameter. It is prudent to stress that the optimal size for an efficient 
delivery to cells and internalization within them is considered to be 
in the range 25–100 nm.

Micelle-like nanoparticles can easily approach the submicro metre 
scale. Several types of such micelle-like nanoparticle and vesicle 
have been prepared based on block copolymers and polyelectrolyte 
complexes. For example, linear-dendritic block copolymers com-
posed of a linear PEO block and either a polylysine or polyester 
dendron were used for the fabrication of pH-responsive micelles 
for drug delivery102. It was shown that an encapsulated agent can be 
stored in prepared micelles at pH 7.4 and released at pH 5 by means 
of gradual disintegration of micelles into unimers.

In polyelectrolyte micelles, electrostatic forces keep these 
particle assemblies together. It is obvious that they respond to added 
salt103. If the core is made of weak polyelectrolytes the integrity of 

the particles is pH-dependent, because the balance between the 
positive and negative charges is affected. Such particles, loaded 
with drugs and enzymes, become unstable and release the drugs on 
changes in pH104.

Stimuli-responsive nanogels represent another type of promising 
material for drug delivery. Nagasaki’s team prepared nanogels from 
a crosslinked, pH-sensitive polyamine core, surrounded by PEO 
chains that were conjugated to ligands recognized by cell-specific 
receptors105. These nanogels were internalized by cells through 
receptor-mediated endocytic pathways. In the acidic endosome, the 
nanoparticles swelled and released drugs sequestered in the particle 
core. Furthermore, a virus-mimetic nanogel was developed by Bae 
and colleagues106. These nanogels possess the trademark property 
of viruses to migrate from one cell to another, leaving part of their 
cargo behind. The virus-mimetic nanogels consist of a drug-loaded 
copolymeric core surrounded by a PEO–bovine serum albumin 
double shell that is decorated with folate groups able to bind to spe-
cific cell receptors. Internalized virus-mimetic nanogels enter the 
endosomes, where the nanogels experience a pH-triggered volume 
expansion that is accompanied by the release of the drug. However, 
the swollen nanogels disrupt the endosomal membranes and escape 
from the endosome. The nanogels then encounter a less acidic pH, 
shrink back to their initial size, and migrate to another cell, just as 
a virus does.

The discussed examples demonstrate the essential progress 
in the area of smart drug-delivery systems. Capsules and vesicles 
show much higher drug-loading capacity than micelles and nano-
gels. Capsules and nanogels are much more stable than micelles 
and vesicles. The kinetics of drug release can be adjusted across a 
very broad range by the conjugation of drugs with macromolecules 
and the regulation of the transport across the capsule wall. Stability 
(both mechanical and chemical) can be regulated by crosslinking 
of the polymers. Prolonged circulation in vivo has been accom-
plished by modification of the outer shell with PEO brushes, and 
target delivery could be solved through the incorporation of spe-
cific ligands on the shell. An ideal drug-delivery device could be 
foreseen as a 25–100 nm capsule decorated with the PEO brush and 
ligands (specific for target cells). The shell should be an imperme-
able film with stimuli-responsive pores for triggered gating of the 
drug release. The release dynamics should be regulated by the pre-
cise control of the open-pore dimensions and/or by conjugation of 
the drugs with macromolecules.

Challenges for modelling, simulation and theory
The structure of stimuli-responsive polymer systems is dictated 
by a subtle interplay among non-bonded interactions, the confor-
mational entropy of the macromolecules, and frozen constraints 
resulting from irreversible grafting and network formation, or 
the geometry of the substrates. The description of these collective 
phenomena requires a coarse-grained approach. Scaling consid-
erations and self-consistent field theory107–109 as well as particle-
based simulations110,111 have been used in conjunction with 
coarse-grained models to investigate, inter alia, the properties of 
polymer brushes, polyelectrolyte layers and the phase separation in 
multi-component networks.

Although standard coarse-grained models112 and systematic 
coarse-graining procedures113,114 are available for simple systems, 
the development of coarse-grained models of stimuli-responsive, 
multicomponent systems in aqueous solution is still in its infancy.

For practical applications, the kinetics of structural changes in the 
presence of external stimuli is most relevant. Although it is a prereq-
uisite for designing systems with rapid switching times, it sometimes 
remains unclear if equilibrium can be attained on the pertinent 
experimental timescale. Thus, the kinetics may dictate the observed 
structure. The investigation of the temporal re-arrangements in 
response to external stimuli has just begun115,116.
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Figure 6 | Various configurational schematic designs of stimuli-responsive 
nanoparticles. a–d, Micelles (a), nanogels (b), and core–shell particles in 
suspensions (c) and at interfaces (d).
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Molecular modelling of responsive polymer layers. One important 
aspect of responsive polymer layers is the coupling that exists between 
the conformational degrees of the chain molecules, the specific intra- 
and intermolecular interactions, and the possibility of reversibly 
regulating chemical reactions within the polymer layer. The basic 
idea is to look at each molecular species with as much molecular 
detail as possible while treating intermolecular interactions within a 
mean-field approximation. These approaches predict both thermo-
dynamic and structural properties and can incorporate many of the 
different interactions117–119, hydrogen bonding120 and chemical reac-
tions118,121–123 present in these systems. The inclusion of molecular-
level detail of the polymers allows the structure of the layers to be 
described in great detail using density functional theory119,124, self-
consistent field theory118,121,125, and single-chain (molecular) mean-
field theory117,120,122. The main differences among these approaches 
are in the level of detail with which the molecules are treated; in 
fact, they become equivalent within certain limits117,124. These 
approaches have shown good predictive power, but they also have 
several limitations such as the lack of inter molecular correlations 
and the assumption that the systems are laterally homogeneous so 

that surface domains109,126 cannot be treated. Also, the incorporation 
of electrostatic interactions within a mean-field approach can be 
problematic in some regimes127.

An example of a highly complex responsive layer is a redox- 
polymer-modified electrode (Fig. 7a–e). This layer responds to 
changes in pH, solvent quality, solution ionic strength and applied 
electrode potential122,123. Figure 7 shows the predictive power of the-
ory as a function of pH and ionic strength for the reversible curves 
of current density divided by scanning velocity versus potential 
(Fig. 7b,c). Moreover, the theory explains the molecular organiza-
tion within the film. The most important feature is that even within 
the 3 nm thickness of the film, the distribution of polymer segments 
and redox (osmium) sites (Fig. 7d), the local proton concentration 
and the apparent redox potential (Fig. 7e) are highly inhomoge-
neous. These very large local changes are important because they 
determine the true state of the film.

Particle-based simulations of large 3D assemblies. Computer 
simulations of particle-based models require substantial computa-
tional resources. To study the self-assembly and phase separation of 
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large, 3D systems, coarse-grained models with soft potentials have 
been devised128. In these models, the absence of excluded volume 
allows the beads, which represent the centre of mass of a few 
atoms, to overlap. Thus, systems with an experimentally large and 
invariant degree of polymerization and realistic fluctuations can 
be described. The soft interactions can be pair-wise (for example, 
dissipative particle-dynamics models129) or they can take the form 
of a density functional model, which allows for a close connection 
with the molecular, mean-field approaches (described above) and 
which incorporates the rich thermodynamics of multicomponent 
systems130. These models have been applied for the study of, for 
example, the strong amplification of quenched fluctuations in the 
grafting-point density by the structure formation in a mixed polymer 
brush. This effect causes the morphology to be correlated between 
different cycles of stimuli switching (that is, domain memory meas-
ure131,132) and prevents the formation of long-range periodic order. 
Thus, the structure factor of lateral density and composition fluc-
tuations does not distinguish clearly between different disordered 
morphologies. This absence of long-range order is also observed 

in the phase-separated morphology of diblock copolymer brushes 
(Fig. 8), and Minkowski measures have been used to characterize 
the structures of these brushes128.

Future directions
Responsive polymer systems can be used for a variety of applica-
tions, such as switching surfaces and adhesives, protective coatings 
that adapt to the environment, artificial muscles, sensors and drug 
delivery. Biochemistry, environmental sciences and biomedical sci-
ences are just a few examples of important areas that will benefit 
greatly from further development of applications of stimulus-respon-
sive polymeric materials. In fact, it is a challenge to develop complex 
systems that are responsive to biochemical signals or biomarkers 
typically present in a less than nanomolar concentration range. Such 
systems-within-systems need a complex, hierarchical organization 
of the responsive particles discussed here to accommodate various 
possible amplification mechanisms. A hierarchical organization (for 
example, hierarchical compartmentalization) will also be important 
for the development of systems where the functions of ‘receiving’ 

Figure 8 | Molecular structure of a diblock copolymer brush observed by single-chain-in-mean-field simulations showing lateral phase separation. The 
system mimics a PAA–polystyrene diblock copolymer brush in water at high pH value. a, Top view of morphologies for different values of molecular 
asymmetry (f). PAA is shown in yellow, whereas polystyrene is depicted in red. On increasing the fraction of the bottom block, PAA, we observe a gradual 
crossover from a continuous, collapsed polystyrene layer (f = 0.25), a perforated layer (f = 0.5) to spherical micelles (f = 0.75). b, Reduction from a 3D 
snapshot of a configuration with f = 0.75 (that is, diblock copolymers represented by NAA = 24 coarse-grained PAA segments and NS = 8 polystyrene 
segments), by means of a continuous 2D level image to a 2D binary contour with different threshold values, which is analysed by Minkowski measures. 
c, Minkowski measures characterizing the disordered morphology: fractional domain area, S, measured in units of the lateral system size, L2 = 256Reo

2 
(Reo being the polymer’s end-to-end distance), length of the domain boundary (U) in units of L2/Reo, and Euler characteristics (χE). The Minkowski measures 
are analysed as a function of the threshold, Σzρ of the vertically averaged density (ρ) difference providing information about the type of morphology (ripple 
versus dimple/spherical micelles), the segregation and spatial extension of the domains. The plateau value of χE quantifies the number of domains in the 
dimple morphology (spherical micelles), whereas breaking up of the structures, signalled by large absolute values of χE indicates that they do not span the 
entire film thickness (σ is the grafting density). Figures reproduced with permission: b,c, © 2009 ACS.
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the signal and ‘responding’ by changing the material’s properties are 
separate because, in some cases, the changes affected by the stimuli 
may interfere with the desired changes in the material’s properties. 
In living systems, nature broadly exploits the principle of partition-
ing; local dynamic changes take place in compartments that are sep-
arated by permselective membranes. This type of organization in 
stimuli-responsive materials will provide great opportunities with 
regard to a programmable, complex response of the materials.

Another challenge is to develop systems that can respond to 
several external stimuli in an intelligent way. Although several exam-
ples of such ‘biocomputing’ systems51,90,133,134 and surface-encoded 
assemblies of nanoclusters135 have been reported recently, much 
more remains to be done before practical applications are viable.

One significant challenge that is inherent to almost all organic 
systems pertains to long-term stability (that is stability to temper-
ature, ultraviolet light, solvent vapours and so on) and durability 
(that is, mechanical stability, abrasion and so on).

Responsive systems can be introduced into many products at 
a relatively low cost, because often only a very thin (nanometre-
thick) coating is required. Providing added functionality with such 
a coating can enhance the value of a product significantly — for 
example, materials that are capable of repairing themselves in less 
than an hour can be used in many coatings applications ranging 
from decoration to biomedical industries136. The concepts presented 
in this review will be beneficial for many new applications in the 
future because they will allow for the introduction of new aspects 
and possibilities in the field of conventional materials.
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