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1. LIST OF ABBREVIATIONS 

 

AA acrylic acid 

AFM atomic force microscopy 

ATRP atom-transfer radical-polymerization 

BA 4-acryloylbenzophenone 

BRB80 80 mM Brinkley Reassembly Buffer 

CVD chemical vapor deposition 

FITC fluorescein isothiocyanate 

FLIC fluorescence interference contrast 

IEP isoelectric point 

LHC light-to-heat conversion 

MMA methyl methacrylate   

NBA 2-nitrobenzyl acrylate 

NIPAM N-isopropylacrylamide 

P2VP poly-(2-vinylpyridine) 

PAA poly (acrylic acid) 

PBS phosphate buffered saline 

PCL polycaprolactone 

PDMAEMA poly(dimethylaminoethyl methacrylate) 

PGMA poly(glycidyl methacrylate) 

PMMA poly(methyl methacrylate) 

PNIPAM poly-(N-isopropylacrylamide) 

PSI polysuccinimide 

PtBA poly(tert butylacrylate) 

tBA tert butylacrylate 
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2. INTRODUCTION 

Design of 2D and 3D micropatterned materials is highly important for printing technology, 
microfluidics, microanalytics, information storage, microelectronics and biotechnology. 
Biotechnology deserves particular interest among the diversity of possible applications 
because its opens perspectives for regeneration of tissues and organs that can considerably 
improve our life. In fact, biotechnology is in constant need for development of microstructured 
materials with controlled architecture. Such materials can serve either as scaffolds or as 
microanalytical platforms, where cells are able to self-organize in a programmed manner.  
Microstructured materials, for example, allow in vitro investigation of complex cell-cell 
interactions, interactions between cells and engineered materials. With the help of patterned 
surfaces it was demonstrated that cell adhesion and viability as well as differentiation of stem 
cells1  depend of on the character of nano- and micro- structures 2 as well as their size. 

There are number of methods based on optical lithography, atomic force microscopy, printing 
techniques, chemical vapor deposition, which have been developed and successfully applied 
for 2D patterning. While each of these methods provides particular advantages, a general 
trade-off between spatial resolution, throughput, “biocompatibility of method” and usability of 
fabricated patterned surfaces exists. For example, AFM-based techniques allow very high 
nanometer resolution and can be used to place small numbers of functional proteins with 
nanometer lateral resolution, but are limited to low writing speeds and small pattern sizes. 
Albeit, the resolution of photolithography is lower, while it is much faster and cheaper.  

Therefore, it is highly desirable to develop methods for high-resolution patterning at 
reasonably low cost and high throughput. Although many approaches to fabricate 
sophisticated surface patterns exist, they are almost entirely limited to producing fixed 
patterns that cannot be intentionally modified or switched on the fly in physiologic 
environment. This limits the usability of a patterned surface to a single specific application 
and new microstructures have to be fabricated for new applications. Therefore, it is desirable 
to develop methods for design of switchable and rewritable patterns. Next, the high-energy of 
the ultraviolet radiation, which is typically used for photolithography, can be harmful for 
biological species. It is also highly important to develop an approach for photopatterning 
where visible light is used instead of UV light.  Therefore, it is very important for 
biotechnological applications to achieve good resolution at low costs, create surface 
with switchable and reconfigurable patterns, perform patterning in mild physiologic 
conditions and avoid use of harmful UV light. 

3D patterning is experimentally more complicated than 2D one and the applicability of 
available techniques is substantially limited. For example, interference photolithography 
allows fabrication of 3D structures with limited thickness. Two-photon photolithography, 
which allows nanoscale resolution, is very slow and highly expensive. Assembling of 3D 
structures by stacking of 2D ones is time consuming and does not allow fabrication of fine 
hollow structures. At the same time, nature offers an enormous arsenal of ideas for the 
design of novel materials with superior properties. In particular, self-assembly and self-
organization being the driving principles of structure formation in nature attract significant 
interest as promising concepts for the design of intelligent materials 3. Self-folding films are 
the examples of biomimetic materials4. Such films mimic movement mechanisms of plants 5-7 
and are able to self-organize and form complex 3D structures. The self-folding films consist 
of two materials with different properties. At least one of these materials, active one, can 
change its volume. Because of non-equal expansion of the materials, the self-folding films 
are able to form a tubes, capsules or more complex structure. Similar to origami, the self-
folding films provide unique possibilities for the straightforward fabrication of highly complex 
3D micro-structures with patterned inner and outer walls that cannot be achieved using other 
currently available technologies. The self-folded micro-objects can be assembled into 
sophisticated, hierarchically-organized 3D super-constructs with structural anisotropy and 
highly complex surface patterns.  
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Till now most of the research in the field of 
self-folding films was focused on inorganic 
materials. Due to their rigidity, limited 
biocompatibility and non-biodegradability, 
application of inorganic self-folding materials 
for biomedical purposes is limited. Polymers 
are more suitable for these purposes. There 
are many factors, which make polymer-
based self-folding films particularly 
attractive. There is a variety of polymers 
sensitive to different stimuli that allows 
design of self-folding films, which are able to 
fold in response to various external signals. 
There are many polymers changing their 
properties in physiological ranges of pH and 
temperature as well as polymers sensitive to 
biochemical processes. There is a variety of 
biocompatible and biodegradable polymers. 
These properties make self-folding polymer 
highly attractive for biological applications. 
Polymers undergo considerable and 
reversible changes of volume that allows 
design of systems with reversible folding. 
Fabrication of 3D structures with the size 
ranging from hundreds of nanometers to 
centimeters is possible. In spite of their 
attractive properties, the polymer-based 
systems remained almost out of focus – ca 
15 papers including own ones were 
published on this topic (see own review 8, 
state October 2011).  
 
Thereby the development of biomimetic materials based on self-folding polymer films 
is highly desired and can open new horizons for the design of unique 3D materials 
with advanced properties for lab-on-chip applications, smart materials for everyday 
life and regenerative medicine.  
 
  

Figure 1. Examples of self-folding in nature 
(pine cone and protein) and synthetic self-
folding polymeric films. (Ref 6, Copyright 
(2011) by Elsevier). 
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3. 2D MICROSTRUCTURING BY THIN RESPONSIVE POLYMER 
FILMS 

3.1 STATE OF THE ART IN 2D MICROFABRICATION USING THIN POLYMER 
FILMS 

Microstructuring is highly important technology for design of microelectronic devices9, 10,  
sensor11-17, printing, microfluidics18, 19, information storage20, photonic applications21 
biotechnology22-25, bioanalytics26, 27, and tissue engineering1, 2, 24, 28-33 as well as design of 
smart materials 34. Typically, topographical relief and/or a contrast of physico-chemical 
properties - such as wettability, charge, and fluorescence - are the results of 
microstructuring. All microstructuring approaches can be divided in two groups: top-down 
and bottom-up ones.  

Top-down approaches 

There are a number of top-down techniques including photolithography35, 36, microcontact 
printing16, chemical vapor deposition (CVD) 37, 38, atomic force microscopy (AFM)39, 40 , 
electron beam lithography and dip-pen technology 13, 16, 29-33, 41, 42,  which were used for 
surface structuring. While each of these methods provides particular advantages, a 
general trade-off between spatial resolution, throughput and maximum pattern size 
exists. For example, AFM-based techniques can be used to place small numbers of 
functional proteins with nanometer lateral resolution, but are limited to low writing speeds 
and small pattern sizes. Optical methods, such as the light-based activation of functional 
groups or ligands on the surface43, deserve particular interest because these techniques 
often offer sufficient resolution combined with the potential for high throughput 
production. However, when based on conventional lithography, expensive metal masks 
are needed and only predefined patterns can be created. Moreover, the high-energy of 

the ultraviolet radiation (< 350 nm) is often needed to trigger the photoactivation of 
proteins or protein-binding molecules and can be harmful for biological species such as 
proteins, DNAs, cells etc44. Continuous illumination with light can also lead to the 
photogeneration of highly reactive radicals causing undesirable effects including protein 
conformational changes and loss of biological function. 

Photolithography remain 

ns the cheapest and most efficient method for large scale fabrication of structured surfaces. 
The essential steps of photolithography are photocrosslinking or photodegradation. 
Therefore, different compounds undergoing photoinduced degradation 45 or crosslinking 46 
are implemented as photoresists for the fabrication of structured surfaces. In fact, the design 
of photosensitive compounds determines the applicability of any particular sort of 
photolithography. For example, water-soluble photoresists 45, 47 are of particular interest for 
the in situ patterning of proteins and cells 48-50 under biologically-relevant conditions. 
Recently, various photoresists that are water-soluble and can be developed in aqueous 
environment were designed. However, most of them undergo immediate development upon 
illumination. This causes an undesired contamination of the surrounding media due to the 
uncontrolled release of dissolved photoresist. 

Other methods employ a variety of photoactive moieties, which can link specific molecule of 
interest to the surface. For example, aryl azides and aryldiazirine moieties were used to 
capture proteins in patterns via light activation to highly reactive nitrenes51-53 and carbenes. 
54-59. Benzophenone groups were employed to create reactive benzhydrol radicals60-63. 
Various forms of deprotection chemistry using nitrobenzene as a caging moiety have also 
been used to pattern active surfaces64-68. Two particularly popular strategies employ caged 
biotin69, 70 and photobiotin71, 72, which exploit the ubiquitous biotinavidin/streptavidin 
interaction. 
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Most of current surface structuring approaches are almost entirely limited to producing fixed 
patterns that cannot be intentionally modified under physiological conditions. However, 
patterns that can be generated or modified on demand in aqueous environment would 
tremendously extend the applicability of structured surfaces. In order to achieve such in-situ 
treatment in a localized manner a number of optical 73-76 and electrochemical techniques 
have been proposed77-80. For example, structured illumination of a surface containing light-
sensitive groups was used to irreversibly add and to remove pattern elements 75, 81. 
Reconfigurable optical patterning was shown based on reversibly-isomerizable chemical 
groups74, 76 and application of such surfaces was demonstrated for light-programmed cell 
adsorption73, 74. However, most of the optical strategies use UV illumination, which is often 
harmful to biological species. 

Bottom-up approaches 

The use of self-assembling biological objects as templates (bottom-up approach) for the 
design of the nanostructures offers a range of advantages 82. In particular, selective 
molecular recognition and proof-reading during the build-up of biomolecules can provide 
a high degree of uniformity in the possible structures. Different biomacromolecules and 
their assemblies including DNA, viral capsids, cytoskeleton filaments and protein crystals 
were successfully applied as templates for the fabrication of inorganic nanostructured 
materials (see recent review 82). In fact, design of functional organic nanostructures 83-85 
using biotemplating is highly important research direction.  

There are many examples of use of natural self-assembling molecules for design of 
nanostructured materials. Oligo and polynucleotides are the most studied and widely 
applied for the fabrication of 2D and 3D structures. Due to very specific recognition, 
oligonucleotide chains are able to form very stable origami like structures with various 
chemical functionality and shape 86. Microtubules, which are cylindrical protein filaments 
with outer diameter of about 24 nm and length up to tens of micrometers, deserve a 
particular interest as templates87-90. First, microtubules can easily be formed by self-
assembly of tubulin dimmers. Second, microtubules are able to form segmented 
structures with different functionality in a controlled manner91. Third, a number of 
approaches to control position as well as orientation of microtubules on artificial 
substrates are available 92-96. This makes microtubules highly promising for templated 
synthesis of complex materials. 

3.2 NANOPATTERNED STIMULI-RESPONSIVE SURFACES BY 
BIOTEMPLATING 

In this chapter the possibilities of use of microtubules as templates for the fabrication of 
nanopatterned surfaces are discussed. The rhodamine- modified red-fluorescent 
microtubules, which are obtained by self-assembly of tubulin dimers, were first adsorbed 
on a silane-modified surface. The adsorbed microtubules were crosslinked in order to 
provide chemical stability and the reactive bromoisobutyryl groups capable of initiating 
atom transfer radical polymerisation were immobilized. The initiator-modified 
microtubules were the used to initiate growth of thermoresponsive PNIPAM – brushes 
from surface-adsorbed microtubules (Figure 2).  

Structural changes of the microtubule were imaged by AFM before and after the 
polymerisation (Figure 3). These measurements revealed that the contour length of the 
microtubules increased by up to 100 %. On the other hand, the end-to-end distance of 
the surface-attached microtubules remained almost unchanged. The increase of the 
contour length is attributed to stretching within and between the tubulin-dimers caused by 
steric repulsions between the grafted polymer chains.  
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Figure 2. Schematic diagram of microtubule modification and polymer grafting. The polymer 
chains were grown from microtubules that were adsorbed on a hydrophobic glass substrate 
and sequentially crosslinked and modified by initiator for ATRP 97. 

 

 
 

Figure 3. Morphology of microtubules at different stages of the modification procedure. AFM 
images (middle panel) of microtubules (a) after crosslinking, (b) after immobilisation of 
initiator, and (c) after grafting of poly-(N-isopropylacrylamide - fluorescein o-acrylate). Cross-
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sections (bottom panel) are given along the paths indicated with the corresponding colour on 
the AFM images. No tip-deconvolution was performed 97. 

Grafting density was found to be length  40 chains/nm (area  0.3 chains/nm2). The 

average distance D between grafting sites can then be calculated by D = area
-1/2 

 1.8 
nm. This value is substantially smaller than the gyration radius of PNIPAM chains with 

molecular weight around Mn = 69000 g/mol in the collapsed state (Rg  20 nm). 
Consequently, the polymer-grafted shell can be considered as a brush-like. The apparent 
density of potential grafting sites NPOL was found to be in the range NPOL = 100 nm-1 - 130 

nm-1  meaning that about length / NPOL = 30% - 40% reactive amino acid residues initiated 
growth of polymer chains 23. 

It was found that biotemplated PNIPAM brushes demonstrate pronounced switching 
properties. In particular, the fluorescence intensity of the polymer chains gradually 
decreased with increasing temperature (Figure 4), reaching almost zero above the low 
critical solution temperature of PNIPAM (T = 33°C). The reason of this effect was, most 
probably, fluorophore quenching by the collapsed polymer chains 98, indicating that the 
polymer chains were capable of switching. Given the optical resolution of the imaging 
system, no morphological changes of the PNIPAM-decorated microtubules resulting from 
temperature-induced swelling and collapse of the polymer were detected.  

 

Figure 4. Switching of PNIPAM grafted on protein microtubules. Dependence of 
fluorescence intensity of poly-(N-isopropylacrylamide - fluorescein o-acrylate) brushes on 
temperature upon heating (open squares, solid line) and cooling (open circles, dashed line).97 

In conclusion, a novel approach for the design of nanopatterned polymer brushes based 
on the use of microtubules as biological templates was developed. The formed structures 
have the width of around 100 nm that is smaller than the resolution of optical microscopy. 
The fabricated thermoresponsive nanopatterned PNIPAM brushes can be further used for 
design of responsive material systems 99as well as biomolecular switches 100 and will be 
of interest for a variety of nanotechnological and microelectronic applications.   

3.3 PATTERNED SURFACES WITH FIXED SWITCHABLE PATTERNS 

Another very important task is to develop simple methods for the fabrication of switchable 
patterned surfaces when the surface pattern can be switchable by external signal. One 
approach towards this goal is based on the site-selective deposition of stimuli-responsive 
materials forming self-assembled monolayers (SAM) or polymer brushes. On such surfaces, 
the topographical and physico-chemical properties can be locally triggered by external 
control over the environmental conditions. Novel surface properties are expected when two 
or more kinds of polymer chains are grafted onto the same substrate. However, the 



10 

 

fabrication of patterned two- and multi- component switchable surfaces is still not a trivial 
task 101. Commonly, for the fabrication of patterned surfaces, researchers use surface-
initiated polymerisation101-107, which requires high purification of the monomers and special 
conditions for polymerisation procedure. The goal is, therefore, to develop simple and 
robust method of patterning of two kinds of stimuli-responsive polymers on the 
surface.  

To fabricate micropatterned polymer surfaces that are switchable in aqueous environments, 
poly-(2-vinylpyridine) (P2VP) and polyacrylic acid (PAA) were used. These polymers 
reversibly change their conformation and charge depending on pH. The PAA chains are 
negatively charged and extended at pH > 5.5, while the P2VP chains are positively charged 
and extended at pH < 2.3. Both polymers are uncharged and collapsed at all other pH 
values. Surface grafted films of PAA and P2VP demonstrate reversible switching from 
moderately hydrophobic to hydrophilic behavior after treatment with alkali and acidic water, 
respectively.  

Micropatterning was performed by a combination of photolithography, lift-off, and grafting-to 
techniques (Figure 5). In brief, silicon wafers were coated with a thin film of poly(glycidyl 
methacrylate) (PGMA), which served as a coupling agent for carboxyl-terminated polymers 
108. Next, photoresist was spin-coated, illuminated through a mask, and developed. 
Afterwards, a thick film of carboxy-terminated poly(tertbutylacrylate) (PtBA-COOH) was 
deposited and the leftover photoresist was removed leaving the patches of PtBA film.  The 
resulting PtBA-COOH was grafted by annealing at elevated temperature. Next, P2VP-COOH 
has been spincoated on the top of PtBA patterned surface and grafted at elevated 
temperature. Finally, PtBA was hydrolyzed yielding PAA 109. The typical thicknesses of the 
PAA and P2VP grafted areas were found to be about 7 nm and 5 nm, respectively. 
Generally, the advantage of the technique is the combination of (i) high chemical stability of 
the obtained polymer layer (polymer chains are chemically anchored to the substrate), (ii) 
easy control over the molecular weight as well as the grafting density of the polymer and (iii) 
simplicity of the fabrication procedure.  

 
 

Figure 5. Preparation of micropatterned bicomponent polymer grafted layers using a 
combination of photolithography, “lift-off” and “grafting to” techniques. Polymer I – poly(tert-
butyl acrylate) - PtBA, polymer II – poly(2-vinylpyridine) – P2VP 12. 
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Figure 6. Surface topography of patterned PAA/P2VP under various conditions. (a) - AFM 
image after exposure to pure water (pH = 6.7); (b) - In-situ observation of topography 
switching upon exposure to HCl vapor. First, the surface was treated with pure water (cross-
section 1) and then exposed to HCl vapor twice (cross-sections 2 and 3); (c) - Quantification 
of the topographical profiles from (b); (d) - Schematic diagram of the switching. The PAA 
islands are swollen after exposure to pure water (cross-section 1). Exposure to HCl vapor 
leads to the depression of PAA while P2VP becomes protonated and swollen (cross-sections 
2 and 3). AFM scanning was performed in air at room temperature.  

The fabricated patterned P2VP/PAA brushes demonstrate pronounced responsive behavior. 
In particular, topography, charge and wetting can be switched by exposure to water with 
different pH. For example, the PAA-islands are elevated above the P2VP-areaafter treating 
the surfaces with pure water (pH = 6.7) and drying with nitrogen (Figure 6a and c cross-
section 1). However, exposure of the surface to HCl vapor inverted the surface topography: 
the collapsed PAA islands were lower than the now elevated P2VP structures (Figure 6b, c, 
d cross-section 3). This inverse switching results from electrostatic interactions within the 
polymer layer. Repulsion between the charged groups (carboxyl groups in alkalic medium 
and protonated pyridine rings in acidic medium) causes the swelling of the respective 
polymer incorporating water molecules from the moderately humid air atmosphere (Figure 
6d).  

Importantly, the switching of the surface topography was accompanied by the switching of 
the surface properties with regard to hydrophobicity. Local condensation of water droplets 
revealed a distinct contrast between P2VP and PAA areas (Figure 7a). After exposure to 
pure water (pH = 6.7), very small water droplets wetted the hydrophobic P2VP area, whereas 
larger drops occurred on the hydrophilic PAA islands. The inverse scenario was observed 
after exposure of the patterned surface to acidic water (pH = 2). The observed switching 
between hydrophobic and hydrophilic surface properties was applied to the generation of 
various liquid patterns (Figure 7b).  
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Figure 7. Adsorption of water droplets on structured PAA/P2VP brushes. Optical bright-field 
microscopy of water droplets on a PAA/P2VP boundary (a) and microstructure (b) at different 
pH. Water selectively wetted the P2VP or PAA areas at low or high pH, respectively 12. 

To test the usability of the switchable surface for programmed protein adsorption, 
fluorescently labeled protein (FITC-casein) was adsorbed on the micropatterned PAA/P2VP 
surfaces at different pH. It was observed that FITC-casein selectively adsorbed onto the PAA 
islands at pH = 1.2 and onto the P2VP areas at pH = 8.6 (Figure 8). The selective adsorption 
of FITC-casein (IEP = 7.63) onto the areas occupied by one of the polymers can be readily 
explained by considering electrostatic interactions. As stated earlier, P2VP is charged 
positively at pH < 2.3 and PAA is negatively charged at pH > 5.5. Therefore, FITC-casein is 
repelled from the P2VP features at low pH and from the PAA features at high pH. On the 
other hand, FITC-casein – similarly to most other proteins - can adsorb on polymer surfaces 
due to hydrophobic interactions or hydrogen bonds in the absence of electrostatic repulsion. 

 

Figure 8. Fluorescence micrographs of FITC-casein adsorbed onto PAA/P2VP 
micropatterned surfaces. Adsorption of FITC-casein was performed at pH = 1.2 (a) and pH = 
8.6 (b) 12. 

In summary, a straightforward method for the preparation of switchable micro-patterned 
polymer surfaces based on bicomponent polyelectrolyte brushes was developed. This 
method utilizes “grafting to” approach instead of widely used surface initiated polymerization. 
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It makes preparation of bicomponent patterned polymer grafted layers simple and quick. It 
was demonstrated that the approach allows the inverse and reversible switching of surface 
topography, wettability, and charge. This approach can be easily extended for the fabrication 
of multicomponent (n>2) micropatterned polymer surfaces by repeating the structuring cycle 
multiple times. One foresees a large potential of inversely switchable micropatterned 
surfaces for (i) microprinting where the topographical features of polymer layer can be used 
as a microstamp that is switchable via external stimuli, (ii) microfluidic devices where liquid 
movement (direction, speed, etc) can be easily manipulated by pH, and (iii) microanalytical 
purposes where chemicals and proteins can be deposited in a switchable site-selective 
manner (programmed protein adsorption).  

3.4 PATTERNED SURFACES WITH SWITCHABLE PATTERN SIZE 

While the switchable patterned polymer brushes discussed in previous chapter demonstrate 
switching of surface topography, charge and wetting, the surface pattern is fixed and cannot 
be altered. The next step towards the freely reconfigurable patters is to develop methods for 
the fabrication of patterns, whose lateral size can be reversibly changed.  

The design is based on the patterned surface-immobilization of thermoresponsive PNIPAM 
polymer chains. In aqueous environments, PNIPAM (homopolymer) chains undergo 
reversible collapse or swelling above or below the cloud point T = 33 °C, respectively. 
However, the cloud point can be gradually increased or decreased by incorporation of 
additional hydrophilic or hydrophobic comonomers, respectively. Likewise, the cloud point 
can be tuned by varying the ratio of both added comonomer types. Using this principle, a 
surface containing lateral cloud point gradients by laying down opposing gradients of 
hydrophilic and hydrophobic PNIPAM-copolymers was fabricated (Figure 9 a,b,c). Across 
this surface, polymers whose cloud point is above or below the actual temperature of the 
surrounding are collapsed or swollen, respectively. The changes in ambient temperature can 
alter the size of the area in which a particular polymer was collapsed or swollen (Figure 9d). 
Thus, the method allows design of surfaces with patterns whose size can be changed in 
response to variation of the environmental conditions, rather than local treatment.  

To demonstrate that the cloud point of thermoresponsive copolymers gradually changes with 
the ratio of hydrophilic to hydrophobic components, series of (poly(N-isopropylacrylamide-tert 
butyl acrylate - acrylic acid) (poly-(NIPAM-tBA-AA)) copolymers containing different tert butyl 
acrylate(tBA) to acrylic acid (AA) ratios were prepared. As expected, the cloud point 
decreased gradually as the tBA to AA ratio increased (Figure 10). Moreover, the cloud point 
depends on the ionic strength of the aqueous solution. Attributable to changing the balance 
between intramolecular hydrogen bonds and hydrogen bonds with water 110 an increase in 
ionic strength leads to (i) a pronounced increase in the cloud point of PNIPAM copolymers 
that have AA as the predominant co-monomer and to (ii) a decrease in the cloud point for 
PNIPAM copolymers that have tBA as the predominant co-monomer. 
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Figure 9. Concept of surfaces with size-controlled patterns: (a,b) Lateral gradients of 
thermoresponsive PNIPAM copolymers with hydrophobic or hydrophilic groups are formed 
on the surface; (c) cloud point of PNIPAM copolymers changes gradually with the ratio of 
hydrophobic to hydrophilic groups. The dashed lines indicate three examples of ambient 
temperatures T1, T2 and T3; (d) Polymer chains with an cloud point below and above ambient 
temperatures T1, T2 and T3 are collapsed and swollen, respectively. As a result, the size of 
the area containing the collapsed polymer depends on the ambient temperature and can be 
reversibly tuned 23.  

 

Figure 10. The cloud point of poly-(NIPAM-
tBA-AA) copolymers (%tBA + %AA in 
monomer mixture is 6 mol %) in different 
aqueous environments: 80 mM Brinkley 
Reassembly Buffer (BRB80, pH = 6.9), 100 
mM Phosphate Buffered Saline (PBS, pH = 
7.5) and pure water 23. 
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Next, surface-immobilized PNIPAM copolymer layers were fabricated and their swelling 
behavior was investigated. A poly-(NIPAM-tBA) layer grafted to the surface of the silicon 
wafer was prepared using surface-initiated atom-transfer radical polymerization. The 
thickness of the polymer layer in the dry state was hDRY = 33 nm. A poly-(NIPAM-AA) layer 
was obtained by hydrolysis of the poly-(NIPAM-tBA) layer in methanesulfonic acid 12. 
Ellipsometric investigations revealed that the poly-(NIPAM-AA) layer was thicker than the 
poly-(NIPAM-tBA) layer at both high and low temperatures as a result of electrostatic 
repulsions between negatively charged carboxylic groups Table 1). 

 

Polymer T (°C) h (nm) n h x n (nm) 

poly-(NIPAM-tBA) 
16 86.2 1.39 120 

55 27.2 1.52 42 

poly-(NIPAM-AA) 
16 118.7 1.37 163 

55 46.9 1.44 67 

Table 1. Height h and refractive indexes n of poly-(NIPAM-tBA) and poly-(NIPAM-AA) 
grafted layers obtained by ellipsometry in BRB80 at different temperatures. The initial 
thickness of the poly-(NIPAM-tBA) layer in the dry state was hDRY = 33 nm 23. 

Swelling properties of poly-(NIPAM-tBA) and poly-(NIPAM-AA) layers were investigated 
using fluorescence interference contrast (FLIC) microscopy in spatially resolved manner. For 
this fluorescent protein was adsorbed onto the polymer layers 111. FLIC microscopy is based 
on interference effects between the direct excitation and emission light with reflected light 
from the surface leading to a periodic modulation of the detected emission intensity as a 
function of height above the surface (Figure 11a)111. Due to a half wavelength phase shift 
upon reflection on the reflecting surface (silica-silicon interface), fluorescent molecules are 
almost invisible if located directly on the reflecting surface. The intensity increases as the 
distance between the fluorescent molecules and the reflecting surface grows, and it passes 
through the maximum at a distance of about a quarter of a wavelength. FLIC microscopy 
thus allows obtaining information about the vertical position of fluorescent objects in the 
vicinity to a reflecting surface with high spatial accuracy 112, 113. The intensity (I) can be 

expressed by the following equation 114: 
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where, I0 serves as a proportionality factor. Refractive indexes for the PNIPAM layer, PGMA 
with initiator and SiO2 are represented by nPNIPAM, nPGMA = 1.5 and nSiO2 = 1.46. hSiO2 = 1.4 nm 
is the oxide thickness, hPGMA = 2.2 nm is the height of PGMA layer,and h is the height of the 
fluorophores above the oxide surface. The reflection coefficient is represented by rf. A set of 

optical filters defining the excitation and emission wavelengths, EX = 565 nm and EM = 610 
nm, has been used.  

Rhodamine-labelled tubulin was adsorbed on polymer layer at T = 65 °C when it is collapsed. 
It was found that the poly-(NIPAM-tBA) area was brighter than the poly-(NIPAM-AA) area 
(Figure 11b) when the surface was imaged by FLIC microscopy at low temperature (T < 20 
°C, when both polymers were swollen.  The opposite behavior was observed when the 
polymers were collapsed at high temperature (T = 55 °C). Notably, this change in 
fluorescence intensity mainly originated from the changed distance of the fluorescent 
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proteins from the surface rather than from desorption or temperature induced changes in the 
quantum yield of the fluorophores. To clarify the differences in the fluorescence intensities of 
poly-(NIPAM-tBA) and poly-(NIPAM-AA) areas, the thicknesses and refractive index of the 
polymer layer were considered (Table 1). Considering the ellipsometric results, one can 
expect that the intensity of the collapsed poly-(NIPAM-AA) and collapsed poly-(NIPAM-tBA) 
areas must be relatively low because the h x n values correspond to a position close to the 
first minimum on the FLIC curve (Table 1, Figure 11c). The h x n values of the swollen poly-
(NIPAM-tBA) and swollen poly-(NIPAM-AA) areas correspond to the positions right before 
and after the first maximum, respectively, and the apparent fluorescence is predicted to be 
strong. Thus, the observed degree of fluorescence in poly-(NIPAM-tBA) area is consistent 
with the expectation (Figure 11c,d). The difference between the expected and observed 
behavior in the collapsed and swollen states of the poly-(NIPAM-AA) area was likely caused 
by a larger thickness of the poly-(NIPAM-AA) layer than detected by ellipsometry. 

 

Figure 11. Fluorescent Interference Contrast (FLIC) microscopy of poly-(NIPAM-tBA) and 
poly-(NIPAM-AA) surfaces; (a) Interference of exciting (green) and emitted (red) light near a 
reflecting surface; (b) Observed fluorescence of rhodamine-labelled tubulin adsorbed onto 
poly-(NIPAM-tBA) and poly-(NIPAM-tBA) layers in swollen (T < 20°C) and collapsed (T = 55 
°C) states; (c) and (d) h x n values for poly-(NIPAM-tBA) (blue symbols) and poly-(NIPAM-
AA) (red symbols) layers in swollen (open symbols) and collapsed (solid symbols) states as 
measured by ellipsometry (measured height values are projected onto the theoretical FLIC 
curve, c) and deduced from FLIC (measured intensity values are projected onto the 
theoretical FLIC curve, d)23.  

To directly investigate the switching of the polymer layers by FLIC microscopy, a gradient 
poly-(NIPAM-tBA-AA) layer with gradually changing ratio between tBA and AA was formed. 
FLIC images of adsorbed fluorescent tubulin (same preparation as described above) 
revealed a strong fluorescent signal on the poly-(NIPAM-tBA) area and a weak signal at the 
poly-(NIPAM-AA) area at low temperature (T < 20°C) (Figure 12a). At high temperature (T > 
50°C) the poly-(NIPAM-AA) appeared brighter than the poly-(NIPAM-tBA) area. This 
behavior was expected from the results shown in Figure 11. However, most interestingly, a 
bright, spatially confined band in the poly-(NIPAM-tBA-AA) gradient area was detected at 
temperatures between 21°C and 50°C.  

Considering equation 1, this bright band represents the maximum of the FLIC curve at n x h 

 140 nm (see also Figure 11c, d). The lateral coordinate of this band shifted towards the 
poly-(NIPAM-AA) areas when the temperature increased (Figure 12b). This directly indicates 
that the height and/or refractive index profile of the polymer layer changes with temperature. 
Since the difference in the refractive indicies in the swollen versus the collapsed polymers is 

rather small - namely 100% x ncollapsed-nswollen/ncollapsed  10% (Table 1) - the change in the 
intensity profile along the sample was mainly caused by changes in the height of the polymer 
layer. A qualitative reconstruction of the height profile of the polymer layer at different 
temperatures is shown in Figure 12 c. Here, one can see an obvious gradual shift of the 
border between the swollen and the collapsed areas. This border was not completely step-
like due to the unsharp transition between the collapsed and the swollen polymer chain 
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conformations. In this particular experiment, the border between the collapsed and the 

swollen areas was reversibly shifted by about 50 m, but shifts up to 120 m were obtained 
in additional experiments. Importantly, the changes in the size of the collapsed and the 
swollen areas were fully reversible. 

In order to fabricate circular patterns whose diameter can be controlled by temperature, a 
thermoresponsive polymer layer based on random copolymerization of NIPAM with 
hydrophobic photoliable 2-nitrobenzyl acrylate (NBA) was synthesized. The cloud point of the 

poly-(NIPAM-NBA) copolymer was about 7 °C in BRB80 (80 mM Brinkley Reassembly 
Buffer). Then a part of the poly-(NIPAM-NBA) layer was illuminated with narrow UV beam ( 

= 360 nm). This resulted in the localized cleavage (deprotection) of the hydrophobic 2-
nitrobenzyl groups and the formation of hydrophilic carboxylic groups (Figure 13) in a circular 
area. The cloud point of the fully deprotected polymer was more than 90 °C. Because, in this 
case, the degree of deprotection gradually decreased from the center of the illuminated area 
towards the edges, a two-dimensional poly-(NIPAM-NBA-AA) gradient was obtained. 

 
 

Figure 12. Switching of the height profile of the poly-(NIPAM-tBA-AA) gradient layer. (a) 
FLIC images of the poly-(NIPAM-tBA-AA) layer with adsorbed rhodamine-labeled tubulin at 
different temperatures. Intensity profile (b) and qualitatively reconstructed height profile (c) 
along red dotted line in (a) of the polymer layer at different temperatures. The initial thickness 
of the poly-(NIPAM-tBA) layer in the dry state was hDRY = 33 nm. 23 
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Figure 13. Conversion of poly-(NIPAM-NBA) copolymer into poly-(NIPAM-AA) upon UV 
illumination.23

 

Using FLIC microscopy (with fluorescent tubulin, as described above) a decrease in the 
fluorescence intensity in the center of the deprotected area as well as a decrease in the size 
of the bright area was observed upon raising the temperature (Figure 14a, b). This behavior 
is attributed to the collapse of the polymer chains and thus a decrease in the detected 
fluorescence intensity in a spatially varying manner. Remarkably, when the temperature was 
lowered back to the initial value the size of the swollen area was fully recovered (Figure 14a, 
lower right image). This observation indicates the reversibility of the switching process. Note, 
that smaller patterns can be fabricated on demand by UV-illumination through a mask 115.  

 

Figure 14. Switching the size of a circular poly-(NIPAM-NBA-AA) pattern. (a) FLIC images of 
rhodamine-labelled tubulin on poly-(NIPAM-NBA-AA) pattern at different temperatures. The 
size of the swollen (bright) area changes with temperature. (b) Normalized fluorescence 
intensity profiles of the polymer layer at different temperatures along the red dashed line in 
(a). The initial thickness of the poly-(NIPAM-NBA) layer in the dry state was hDRY = 15.7 nm. 
23 

In summary, a new concept to design bioactive patterned surfaces, whose size can be 
controlled by altering the ambient conditions, was developed. In one set of experiment, 
lateral gradients composed of thermoresponsive poly-(N-isopropylacryl amide – tert butyl 
acrylate – acrylic acid) copolymers was generated. It was shown that the border between the 

collapsed and the swollen polymer areas could be reversibly shifted by up to 120 m when 
raising or lowering the temperature between 21 °C and 50 °C. Circular gradients of poly-(N-
isopropylacryl amide - 2-nitrobenzyl acrylate - acrylic acid) by UV irradiation was generated 
in a second set of experiments. It is possible to use photolithography to produce switchable 
polymer gradients with customized layouts. Notably, the temperature range over which 
switching occurs can be precisely tuned by selecting the appropriate copolymer composition. 
This novel strategy to produce surface patterns, whose size and shape can be reversibly 
switched in-situ, will be of interest for a variety of biotechnological applications, such as 
programmed cell adhesion, viability and differentiation. 
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3.5 “IN-SITU” PHOTOPATTERNING USING STIMULI-RESPONSIVE 
PHOTORESISTS 

The methods discussed in the previous chapters allow design of patterns whose lateral and 
vertical dimensions can be switched by an external signal. While switching occurs under 
physiological conditions, the pattern cannot be really modified but remains within the borders, 
which are defined during preparation. 

A step towards development of patterns, which can be reconfigured on the fly under 
physiological conditions, is smart water-processable photoresists which development is 
triggered by temperature. The design is based on random copolymers of PNIPAM with 
photoclevable groups. In aqueous environment, PNIPAM homopolymer reversibly changes 
its solubility at the cloud point T = 33 °C. It was found that the incorporation of photosensitive 
nitrobenzyl acrylate reduced the cloud point by more than 20 °C (poly-(2-nitrobenzyl acrylate-
co-N-isopropylacrylamide) copolymers (poly-(NIPAM-NBA)), Figure 15). The conversion of 
hydrophobic nitrobenzyl acrylate groups into carboxylic acid occurred upon irradiation with 
UV light (poly-(acrylic acid-co-N-isopropylacrylamide) (poly-(NIPAM-AA), Figure 15a). The 
cloud point of the polymer thereby significantly increased due to the formation of hydrophilic 
groups. This remarkable change in the thermoresponsive behavior of PNIPAM-based 
copolymers after UV irradiation - in combination with the possibility to deposit it onto 
substrates from aqueous solutions - allows their use as photoresist with thermo-triggered 
development. 

 

Figure 15. Properties of 
photocleavable PNIPAM-copolymers: 
(a) Schematic conversion of poly-
(NIPAM-NBA) into poly-(NIPAM-AA) 
upon UV irradiation; (b) 
Thermoresponsive behavior (cloud 
point) of poly-(NIPAM-NBA) (open 
squares) and poly-(NIPAM-AA) (solid 
circles)  in PBS 100 mM buffer (pH = 
7) as a function of copolymer 
composition 116. 

 

 

The general concept of this novel type of photolithography using PNIPAM-based photoresists 
is illustrated in Figure 16. A thin film of poly-(NIPAM-NBA) (Figure 16a) is be deposited on a 
substrate and irradiated with UV light through a mask at elevated temperature (Figure 16b). 
Reducing the temperature slightly below the cloud point of the poly-(NIPAM-AA) leads to 
pattern development in biological buffer (Figure 16c). While proteins can bind to the 
patterned surface everywhere (Figure 16d), proteins adsorbed to the top of the photoresist 
are removed by lowering the temperature below the cloud point of the poly-(NIPAM-NBA) 
(Figure 16e). 

To experimentally demonstrate the thermo-triggered development of PNIPAM-based 
photoresist, films of poly(NIPAM-NBA) (cloud point = 6 °C) with admixed small amount of 
fluorescent nanoparticles were spincoated on a glass substrate. Illumination with the UV light 
through a mask caused the photocleavage of nitrobenzyl groups and changed the optical 
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properties of the photoresist. As a result, the contrast between illuminated and non-
illuminated areas can be detected using fluorescence microscopy (Figure 17a). The 
illuminated polymer was removed by rinsing in PBS buffer at 25°C leading to pattern 
development (Figure 17b). The photoresist pattern was completely removed by rinsing in 
cold PBS buffer at 4°C (below cloud point of poly-(NIPAM-NBA) which is 6 °C) (Figure 17c).  

Finally, the applicability of the developed method for protein patterning was demonstrated. 
Poly-(NIPAM-NBA) with admixed red-fluorescent CdSeS nanoparticles was used as 
photoresist. After illumination through a mask and development at moderate temperature (T 
= 30°C), fluorescent casein was adsorbed to the patterned surface. The unbound casein was 
then washed out by rinsing in warm PBS buffer (T = 30°C) 117 and the residual photoresist 
was removed by rinsing in cold PBS buffer (T = 4°C). A clear pattern of fluorescent casein 
(green) on the surface was observed (Figure 18a) and a minor residual red signal in the 
areas, which were covered by photoresist (Figure 18b).  

 

 
 

Figure 16. Scheme of photopatterning using PNIPAM-based photoresists with temperature-
triggered development. Thermoresponsive poly-(NIPAM-NBA) is deposited as photoresist 
onto a substrate (a). Illumination of the photoresist (b) results in photo-cleavage of 
nitrobenzyl acrylate groups and formation of poly-(NIPAM-AA), increasing the cloud point. 
After the photoresist pattern is developed at slightly lower temperature (c), proteins are 
adsorbed (d). The photoresist (together with the proteins on top) can be completely removed 
in aqueous environment at low temperatures (e) 116

. 
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Figure 17. Fluorescence micrographs of poly-(NIPAM-NBA) photoresist with admixed 
fluorescent CdSeSnanocrystals16 at different stages of processing: (a) after illumination; (b) 
after development at 25°C; and (c) after cooling to  4 °C 116

. 

 

 

Figure 18. Fluorescence micrographs of a FITC-casein pattern obtained by photolithography 
using poly(NIPAM-NBA) photoresist with added CdSeS fluorescent nanocrystals.  (a) Signal 
of FITC-casein (green) and (b) signal from the FITC-casein and from precipitated fluorescent 
nanocrystals (red) 116. 

In conclusion, a novel approach for the design of an environment-friendly (water-
soluble/water-developing) photoresists with stimuli-triggered development based on 
photoclevable copolymers of PNIPAM was developed. The proposed photoresists possess a 
unique combination of advantages: (i) they are soluble in PBS, (ii) their photocleaved 
products are soluble in aqueous environment as well, and (iii) their development is triggered 
by temperature in physiological buffer in a controllable way and no change of pH is required. 
The applicability of the presented method for in situ patterning inside microfluidic channels 
and for protein patterning on surfaces was demonstrated. There is a strong potential of the 
developed method for patterning and harvesting proteins, particles, and cells in microfluidic 
devices, where all procedures have to be performed in biological buffers. 
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3.6 “IN-SITU” PATTERNING USING VISIBLE LIGHT 

The approaches described in the previous chapters allow fabrication of patterns with 
switchable topography, size and in situ patterning. All these approaches utilized UV 
irradiation at least in one of the steps. UV irradiation is able to generate free radicals that can 
affect bioactivity of proteins and viability of cells. Therefore, the development of an approach 
for optical patterning using visible light is the next goal.    

The new approach allows pattern proteins onto a surface using visible light. The method is 
based on localized light-to-heat conversion (LHC) combined with a thermoresponsive 
polymer surface capable of binding proteins and maintaining their functionality. Previously it 
was shown that PNIPAM can be used to control the binding of proteins onto surfaces116, 118, 

119. There, the conformation of PNIPAM molecules in aqueous solution was switched in a 
spatially unstructured manner between the collapsed state at T > 33°C (protein-binding 
conformation) and the swollen state at T < 30°C (protein-repelling conformation). This 
approach was extended by using optical signals to generate heat in a highly-localized 
manner (Figure 19). In order to efficiently convert light to heat, glass-bound carbon layers 
with grafted PNIPAM chains were used. Illumination with a light beam causes local collapse 
of the surface-grafted PNIPAM molecules and allowed proteins in solution to bind to the 
surface in the illuminated areas exclusively. When the illumination was turned off, the heat 
quickly dissipated. The PNIPAM molecules resumed their extended conformation and either 
blocked the surface against further protein binding or led to release of proteins. The swollen 
polymer chains also protected the patterned proteins during consequent fluid exchanges. 
 

 

Figure 19. LHC photopatterning of biomolecular motors on PNIPAM surfaces. Kinesin was 
photopatterned onto the immobilized PNIPAM layer which was grafted onto the LHC layer 
After the patterning, the kinesin retained its biological functionality and provided continuous 
gliding of microtubules over the patterned surface at high temperature (35°C). Cooling down 
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to room temperature (25°C) led to the release of microtubules due to steric repulsion of the 
swollen polymer chains.  

Patterning experiments were performed by incubating kinesin-casein solutions onto 
PNIPAM-coated carbon-glass samples. The samples were kept at low temperature, e.g. 

22C, so that the PNIPAM was swollen and therefore protein-repelling. For illuminating the 
surface a collimated green laser beam was employed. The surface was illuminated for 2 min 
in order to allow the kinesin molecules to bind out of solution (Figure 19). After turning off the 
illumination, unbound protein was washed out. Successful patterning and functionality of 
patterned proteins were then confirmed by microtubule-based gliding motility assays. For 

this, the temperature of the sample was raised to 35C to collapse the PNIPAM chains on the 
entire surface and allow microtubules to bind to the patterned kinesin molecules. Indeed, it 
was observed that microtubules adsorb on the substrate and glide continuously solely in the 

preliminary illuminated areas (Figure 19). Though microtubule binding and motility was 

mainly confined to the illuminated areas, few microtubules were also observed in non-
illuminated surface parts. However, these microtubules were, in contrast to the ones moving 
in the patterned area, loosely bound to single motor molecules, often swiveled and mostly 
moved only short distances. These experiments proved that kinesin molecules could be 
patterned reproducibly onto PNIPAM-coated carbon-glass samples via photo-thermal 
patterning and they keep their biological activity and do not denature on the surface. 

In conclusion, the approach for irreversible photopatterning functional proteins using 
thermoresponsive polymer locally heated by light-to-heat conversion was developed. The 
approach was experimentally demonstrated on the example of irreversible sequential 
patterning of kinesin motor proteins on poly-(N isopropylacrylamide) surface. The suggested 
approach has distinct advantages that make it very promising: (1) any wavelength of light 
(VIS and IR) can be used under physiological conditions; (2) although the pattern resolution 
is lower than AFM or CVD techniques, one can potentially achieve sub-micron resolution 
based on heat diffusion calculations; (3) because the technique is maskless, arbitrary pattern 
sizes and shapes can be created. It is expected that this technique can find wide application 
as a method of simple and quick fabrication of protein microarrays for bio- and 
nanotechnological applications in lab-on-chip systems. 

4.  3D MICROSTRUCTURING USING SELF-FOLDING POLYMER 
FILMS 

4.1 STATE OF THE ART IN SELF-FOLDING FILMS 

Self-folding films are particularly attractive building elements for 3D fabrication. The self-
folding films consist of two materials with different properties. At least one of these materials 
can change its volume in response to change of temperature, pH or light illumination. 
Because of non-equal expansion of materials, the film bends and can form a tube, capsule or 
more complex structure. Similar to origami, the self-folding films provide unique possibilities 
for straightforward fabrication of highly complex 3D micro-structures with patterned inner and 
outer walls that cannot be achieved using other currently available technologies. The self-
folded objects can further be assembled in sophisticated 3D super-constructs with the 
structural anisotropy and highly complex surface patterns. The goals are to develop polymer-
based self-folding polymer films, investigate folding and unfolding and apply them for 
controlled encapsulation and release.  

Bending is essentially required for design of self-folding materials and allows conversion 
of semi one-dimensional (rods) and semi two-dimensional (sheets) objects into 2D and 
3D ones, respectively. Typically bending is the result of either expansion or contraction of 
a material caused by change of environmental conditions. In most cases change of 
conditions, however, results in homogenous expansion or contraction in all directions and 
does not lead to increase of dimensionality. Bending is produced as a result of 
inhomogeneous expansion/shrinking, which occurs with different magnitudes in different 
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directions. Bending can be achieved either (i) by applying gradients of field to 
homogenous materials or (ii) by applying non-gradient stimuli to inhomogeneous 
materials. The example of first case is the bending of polyelectrolyte hydrogel during 
electrolysis120. The examples of the second group are the bending of liquid crystalline 
films 121, hydrogel with the lateral gradient monomer concentration 122,  cantilever 
sensors123 and shape-memory polymers 124.  

Bending of films 

In 1925 Timoshenko125 published a paper, which considers bending of a metal bilayer 
consisting of two metals with different thermal expansion coefficients. He assumed that 
the bilayer can bend in only one direction and results in a bilayer with uniform curvature 
(Figure 20a): 
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where E1, E2 are the elasticity modulus; 1,  are the thickness of the layers; h is the 

total thickness (h = 1+2); 1,2 are the stress of the films,  is the radius of curvature. 
As it comes from the equations (2-4), the radius of curvature is inversely proportional to 
the film stress. The Timoshenko equation applies to a beam bending in only one 
direction, does not predict the folding direction and is applicable for reversible elastic 
deformations.  

More recent models have considered complex bending of a bilayer in two dimensions. 
Mansfield found analytical solutions for large deflections of circular 126 and elliptical 127 
plates having lens-shape cross sections with a temperature gradient through the 
thickness. For small gradients, the plates formed spherical caps, curved equally in all 
directions. At a critical gradient, a configuration with greater curvature in one direction 
became more favorable. Because of the lens-shaped thickness profile, even though the 
elliptical plate had a major axis, it showed no preferred direction for bending even for 
large deflections. Freund determined the strain at which a spherical cap, formed by 
circular bilayer of uniform thickness, becomes unstable using low order polynomial 
solutions and finite element simulations.128 Later Smela et al. showed that short-side 
bending of inorganic bilayer was preferred in the case of free homogeneous actuation 
(volume change) and that this preference increased with aspect ratio (ratio of length to 
width of a rectangular pattern)129. Li 130 et al and Schimd131 experimentally demonstrated 
the opposite scenario, namely a preference for long-side bending, in the case where 
bilayers are progressively etched from a substrate.  

Hydrogel-based bilayers, consisting of two kinds of hydrogel rods, behave similar to 
inorganic materials and are able to bend in different directions depending on the swelling 
properties of polymers132-135. First report of bending of a hydrogel bilayer rods, consisting of 
thermoresponsive part and non-thermoresponsive one, was published by Hu et al in 1985 136. 
It was demonstrated that rods bend due to shrinking of thermoresponsive hydrogel when the 
temperature changes. Similar to rods, bilayer hydrogel-based films are also able to bend 137. 
It was found that when the radius of curvature is small, bending of the films leads to their 
folding and formation of 3D structures, such as tubes 138.  
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Thermoresponsive hydrogels with radial gradients of swelling properties are able to deform 
and form complex figures with Gaussian curvature 122. Similar to this work, Hayward and 
Santangelo investigated folding of patterned rectangular strips divided into one high- and one 
low-swelling region, which can be characterized as thick but narrow bilayer 139. When swollen 
in an aqueous medium, it does not bend to the side of the less swelling component that is the 
case of “classical” bilayer discussed by Timoshenko (Figure 20a), but rolls into a three-
dimensional shape consisting of two nearly cylindrical regions connected by a transitional 
neck (Figure 20b).  

 

Figure 20. Bending of a “classical” bilayer (a) and rectangular strips divided into one high- 
and one low-swelling regions. 

Complex shapes by bending 

There are many parameters that determine the folded shape. For example, the shape of a 
formed 3D object depends on the 2D shape of the polymer films. The simplest bending is 
observed when the thickness of each layer is constant over the sample. For example, tubes 
are formed from rectangle bilayers 137, 138, 140-144. Envelope-like capsules with rounded corners 
or nearly spherical ones are formed from the homogeneous star-like polymer bilayers with 
four and six arms, respectively 143-145. By making a sloped bilayer structure, the planar 
structure can be twisted when one of the layers is asymmetrically expanded in a specifically 
selected solvent. When the bilayer actuating device with triangular layers with respect to the 
y-axis is swollen, a helical-type actuating sensor can be formed. A double twisted helical 
structure can also be formed.146 In these examples, rounded figures are formed (Figure 21, 
left). Objects with sharp edges are formed by patterned bilayer where the active component 
is deposited locally. The active component can either swell/shrink or change its shape due to 
melting. In this way cubes and pyramids are formed by patterned bilayer with active junction 
elements (Figure 21, right) 146-148.  

Importantly, in many cases folding runs in one step. Step-by-step folding of different 
elements of self-folding films can be achieved by local activation of selected areas of self-
folding films by light 149. Another possibility is to use two or more kinds of active material 
which are sensitive to different signals. Gracias et al. demonstrated two-step deformation of 
patterned films where the active elements are two kinds of biodegradable polymers150. Each 
of these polymers is degraded by specific enzyme. As a result, the film folds when the first 
enzyme is added and unfolds when the second one is added. 150 
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Figure 21. Two main approaches for the fabrication of self-folding structures: (left) bilayers 
(Reprinted with permission of refs180, 156Copyright (2011) by Wiley-VCH Verlag GmbH & Co. 
KGaA and American Chemical Society) and (right) patterned films (Reprinted with 
permission of ref 152, Copyright (2002) by Wiley-VCH Verlag GmbH & Co. KGaA).   

Properties & applications of folding films 

There are several reports describing fabrication of self-folding films with different 
responsive properties. For example, there are pH-responsive systems based on 
polyelectrolytes 138, 142, 144, 148, 153-158, thermoresponsive systems based on gradient of 
thermal expansion 140, 141, fusible polymers159160-162, solvent-responsive systems144, 146, 155, 

163, electric field responsive systems 164165166, enzyme-responsive systems150, light 
responsive systems based on light-to-heat conversion 167, 168. 

One field of application of self-folding polymer thin films is the controlled encapsulation 
and release of drugs, particles and cells. Kalaitzidou et al. demonstrated reversible 
adsorption-desorption of fluorescently labeled polyethylene glycol, which is considered as 
a model drug, inside PDMS-gold tubes at 60-70°C140. Gracias et al demonstrated 
irreversible encapsulation of yeast cells inside self-folding SU8 photoresist - 
polycaprolactone films upon heating above at 60°C 159 (Figure 22a). Self-folded objects 
with nanoporous walls and encapsulated cells were suggested as prototype of artificial 
pancreas. The small molecules such as glucose and dissolved oxygen are able to pass 
through the pores, while larger ones such as antibodies are unable to do it. This size-
selective permeability of self-folded capsules allows avoiding immune response that is 
highly demanded during transplantation of pancreas cells (Figure 22b) 169. Gracias et al. 
used rigid metal-made self-folding microgrippers for capturing pieces of tissues and their 
controlled transport (Figure 22c). Such systems are particularly attractive for non-invasive 
biopsy162. Self-folded objects were used as scaffolds for fabrication of 3D cellular 
constructs (Figure 22d)170, 171. 

Controlled release of small molecules through the pores of self-folded microconstructs 
was used to spontaneously organize cells in 3D environment 172. Self-folding films can 
also be used as smart plasters (Figure 22e). Lee et al. demonstrated this concept on the 
example of millimerter size poly(methyl methacrylate) - poly(2-hydroxyethyl methacrylate) 
(PHEMA) bilayer with attached mucoadhesive drug layer. The non-swelling PHEMA layer 
serves as a diffusion barrier, minimizing any drug leakage in the intestine. The resulting 
unidirectional release provides improved drug transport through the mucosal epithelium. 
The functionality of this device is successfully demonstrated in vitro using a porcine small 
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intestine 142. There are several non-biorelated examples of application of self-folding 
polymer films. Deposition of patterned metal on the polymer bilayer allowed fabrication of 
self-rolled tubes with patterned conductive inner wall 138. In another example, pyrolysis of 
polystyrene-poly(4 vinyl pyridine)-polydimethylsiloxane trilayer 153 was used for fabrication 
of silica tubes. Gracias et al. used self-folding polymers films to fabricate self-assembled 
curved microfluidic networks (Figure 22f) 173. 

 

 

Figure 22. Examples of applications of self-folding films: (a) - stained fibroblast cells 
encapsulated within a non-porous polymeric container (right, Reprinted with kind permission 
from Springer Science+Business Media permission, Copyright 2010 174); (b) - scheme of 
artificial pancreas based on nanoporous self-folded devices: glucose and oxygen can 
penetrate through the pores of the folded device with encapsulated pancreas cell while 
immune components are unable to penetrate (Reprinted with permission of ref 169, Copyright 
(2011) by Elsevier); (c) - self-folding microgripper with tissue (Reprinted with permission of 
ref 162, copyright 2009 PNAS); (d) - 3D cellular pattern produced by controlled diffusion of 
chemical through pores of self-folded object (Reprinted with permission of ref 172, Copyright 
(2002) by Wiley-VCH Verlag GmbH & Co. KGaA); (e) - smart plasters which direct diffusion 
of drugs and prevent their leakage (Reprinted with permission of ref 142, Copyright (2006) by 
Elsevier);  (f) - 3D mirofludic device obtained by folding (Reprinted with permission of ref 173, 
Copyright (2011) by Nature Publishing Group). 

4.2 POLYMER-BASED SELF-FOLDING FILMS WITH SPECIAL PROPERTIES 

The non-biodegradability and non-biocompatibility of developed self-folding films as well as 
the difficulty to locally control such low pH values and the high temperature hamper the use 
of these systems for biotechnological applications. Therefore, the goals were to design (i) 
self-folding films which can undergo folding within physiological ranges of different stimuli 
and (ii) self-folding films from fully biodegradable and biocompatible materials.  

Thermoresponsive self-folding films 

The thermoresponsive self-folding films were designed by using polymer bilayers where 
active component is PNIPAM (Figure 23a). Second polymer, which is non-active one, was 
either biodegradable polycaprolactone (PCL) or non-biodegradable PMMA. In aqueous 
media, PNIPAM homopolymer reversibly changes its solubility at the cloud point T = 33 °C. 
Photocrosslinkable polymers were prepared by copolymerizing of respective monomer with 
4-acryloylbenzophenone (BA). The polymers containing acryloyl benzophenone can be 
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crosslinked by UV light (260 nm). Photorosslinked PNIPAM thus undergoes reversible 
swelling and shrinking which is induced by change of temperature.  

The bilayers were prepared by sequential dipcoating of PNIPAM and PMMA containing 
photoactive groups. The bilayer was irradiated through photomask with UV light (250 nm). 
Non crosslinked polymers were removed by washing in chloroform leading to formation of 
patterned bilayers. The two-layer film made of these polymers is able to self-roll and unroll 
due to swelling and collapse of PNIPAM at low and elevated temperatures, respectively.  

It was found that bilayer films remain undeformed at T > 28 °C and start to roll and form 
tubes when the temperature decreases below the cloud point of thermoreponsive polymer. 
The following heating affects the morphology of the formed microtube. In particular, the 
microtubes produced by single revolution are able to unroll almost completely at elevated 
temperatures when the thermoresponsive hydrogel is shrunk. Contrary, tubes formed by 
multiple revolutions shrink at elevated temperature and are unable to unroll.  
 

 

Figure 23. Scheme of folding of thermoresponsive PNIPAM-based and fully biodegradable 
PCL-PSI polymer bilayers 137, 175. 

Fully biodegradable self-folding films 

The fully biodegradable self-folding films were designed by using crosslinked 
polysuccinimide (PSI)/polycaprolactone (PCL) bilayer, which contain benzophenone as 
photocrosslinker (Figure 23b). These polymers are biocompatible, biodegradable 176, 177, 
produced industrially and were already approved for biomedical purposes. Both 
polycaprolactone and polysuccinimide are hydrophobic and intrinsically water insoluble. 
Polysuccinimide, however, is able to hydrolyze in physiological buffer environment yielding 
water-swellable polyaspartic acid, which is also biodegradable (Figure 23b) 178.  

First, the swelling of photocrosslinked PSI thin film in physiological buffer (PBS 0.15 M, pH = 
7.4) at T = 25°C was investigated. The swelling of the PSI film had a step-like character 
(Figure 24a). The thickness of PSI increased slightly during the first period (0 – 9 h) and 
strong swelling started after 8 - 9 hours of incubation in buffer. The swelling was nearly 
completed after 24 h. The observed step-like characters of the swelling is most probably due 
to diffusion-limited penetration of water in hydrophobic PSI layer. In the beginning, water 
starts to diffuse slowly in the hydrophobic PSI layer hydrolyzing it. As soon as a threshold 
amount of succinimide groups is hydrolyzed, the PSI layer starts to swell to a higher degree 
due to repulsion between the formed negatively charged carboxylic groups. As a result, the 
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diffusion of water in the polymer layer increases that leads to a faster hydrolysis of the 
remaining succinimide groups.  

The folding PSI/PCL bilayers follows step-like swelling scenario of PSI layer. The bilayers 
remain unchanged during the first 9 hours at T = 25°C (Figure 24b). The rolling started after 
9 h of incubation and incompletely-rolled tubes (d = 55 µm, Figure 24c) were formed. Further 
incubation led to a shrinkage of the tubes and a decrease of their diameter (d = 25 µm, 
Figure 24d). The formed tubes can be easily detached from the silicon substrate due to the 
swelling of the polyaspartic acid (hydrolyzed PSI).  

 
 

Figure 24. Swelling of photo-crosslinked polysuccinimide films: (a) and morphologies of self-
rolling tubes (HPSI = 200 nm;  HPCL = 86 nm) on different stages of rolling; (b) – after 10 min of 
incubation; (c) after 9 h of incubation, d = 55 µm; (d) after 24 h of incubation, diameter of 
tubes (d) =  25 µm175. 

In conclusion, approaches for design of thermoresponsive self-folding films which can be 
reversibly folded at the physiological temperature and fully biodegradable self-folding films, 
which spontaneously fold due to hydrolysis of the components, were developed.  

 

4.3 PROPERTIES OF SELF-FOLDING FILMS 

Any practical application of self-folding films requires understanding of mechanisms of folding 
and of the ways how to control the folding. Previously, self-rolling systems, where the active 
component undergoes relatively small volume changes or actuation strains were 
investigated, which are nearly homogenous over the whole sample.  

Hydrogels, however, demonstrate considerably different properties. First, hydrogels undergo 
large volume changes (more than 10 times) upon swelling and contraction. Second, the 
swelling of a hydrogel is often kinetically limited: due to slow diffusion of water through 
hydrogel, the parts which are closer to the edges swell first while the parts which are closer 
to the center of the films swell later. Thus, the actuation profile inside the active layer is 
heterogeneous. The goal is, therefore, to investigate the effects of shape, size and rolling 
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curvature on the direction of folding of rectangular polymer bilayers placed on a substrate, 
where the bottom component is a stimuli-responsive hydrogel. 

Folding of rectangular polymer bilayers 

First, folding of rectangular films was investigated. Such films, as it was demonstrated earlier, 
form typicallytubes179. The goal was to find conditions which allow the most efficient 
fabrication of the tubes. It was found that the direction of rolling strongly depends on the size 
and shape of the films as well as on the relative thickness of the active and passive layer 
(Figure 25, Figure 26). Four general types of rolling were distinguished: long-side rolling, 
diagonal rolling, short-side rolling as well as mixed all-side rolling, which is a combination of 
the three first types. For example, all-side rolling is observed when both length (L) and width 
(W) considerably exceed the circumference. Diagonal rolling is observed when L = W and 
both are comparable to the circumference. In this case, short diagonally-rolled tubes are 
formed. Mixtures of diagonal rolling and the formation of “tick or check mark-like” structures 
is observed when L > W and both L and W are comparable to the circumference (C). The 
long-side rolling takes place when the length considerably exceeds the deformed 
circumference (L/C > 4) and aspect ratio is larger than 4. Short-side rolling was observed 
very rarely in a combination with diagonal rolling when L/C and W/C were small. 

In order to clarify the variety of observed rolling scenarios, the time evolution of swelling and 
rolling of the bilayers was experimentally investigated. Diagonal rolling started from corners 
in a dog-ear manner and stopped, when two rolling fronts met each other (Figure 27a). Long-
side rolling started later (Figure 27b) but eventually dominated leading to a switching of the 
diagonally-rolled corners to long-side rolled (Figure 27c,d). The formed double tubes were 
unrolled at elevated temperature. The subsequent rolling proceeded similar to the first one: 
rolling started from the corners and then switched to long-side rolling. This shows that the 
adhesion forces between the bilayer and the substrate are restored during unrolling. In order 
to explain the fact that rolling starts from the corners, swelling process was experimentally 
investigated (Figure 27e). It is observed that color of the films start to change at the corners 
first, which confirms the assumption that the inhomogeneous activation profile in the active 
layer due to slow water diffusion into the hydrogels. This can be at the origin of the 
experimentally observed fact that rolling starts at the corners. 
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Figure 25. Microscopy snapshots of folded poly(N isopropylacrylamide – co- acrylic acid-co- 
benzophenone acrylate) (P(NIPAM-AA-BA)) – poly(methyl methacrylate – co – 
benzophenone acrylate) (P(MMA-BA)) bilayers of different length (L) and width (W) which 
form narrow tubes of diameter d = 20 µm, HP(MMA-BA) = 500 nm; HP(NIPAM-AA-BA) = 1200 nm 180. 

 

Figure 26. Dependence of preferential rolling direction of P(NIPAM-AA-BA) - P(MMA-BA) 
bilayers on the size and shape of the films (a) (d = 20 µm, HP(MMA-BA) = 500 nm; HP(NIPAM-AA-BA) 
= 1200 nm). Dashed lines correspond to L/C = 1 and W/C = 1; Schematic diagram of rolling 
scenario as a function of normalized length and width (b) 180. 
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Figure 27. Time-resolved rolling of P(NIPAM-BA) - PCL bilayer (HPCL = 300 nm, HP(NIPAM-BA) = 
750 nm, 930µm x 90µm), diameter of the tube d = 41 µm; (a-d) experimentally obtained 
microscopy snap-shot of swollen P(NIPAM-BA) - PMMA bilayer (HP(MMA-BA) = 400 nm; 
HP(NIPAM-AA-BA) = 35 nm); (e) after few seconds of swelling 180. 

The following scenario of rolling of hydrogel-based polymer bilayer laying on a substrate is 
assigned by considering experimental results. The rolling starts from the edges due to faster 
diffusion of water from the lateral surfaces, which then are able to detach from the substrate 
and to bend. Rolling can start either from two adjacent or opposite edges or from all corners 
simultaneously, which is less probable if the bilayer is small due to the presence of 
imperfections and becomes energetically unfavorable once a sufficient actuation strain is 
reached. Rolling is almost immediately finished if the films are small and if the deformed 
circumference is comparable to the size of the bilayer (Figure 28a). As a result, diagonally-
rolled tubes are formed if rolling starts from two opposite corners or “tick or check mark-like” 
structures are formed if rolling starts from two adjacent corners. 

A more complicated scenario is observed when the width of the films is small and the length 
is considerably larger than the deformed circumference. Rolling starts at the corners first like 
before, but long-side rolling starts later (Figure 28b) and is energetically favored. Rolling 
along the short side is unfavorable because it implies more stored stretching energy along 
the long side. Further long-side rolling makes diagonally rolled corners unfavorable and leads 
to the switching of bent corners to a “long-side rolling” scenario. Depending on the width of 
the film compared to the deformed circumference, either an incompletely rolled tube is 
formed, or the two long-side rolling fronts collide into a completely rolled or doubled tube. 

 
 

Figure 28. Schematics of rolling leading to in diagonal rolling, long-side rolling and all-side 
rolling 180. 
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If the deformed circumference is considerably smaller than the width and length of the films 
(which implies a high activation strain), then rolling starts first from corners and then 
continues along all sides (Figure 28c). The rolling fronts do not collide until several 
revolutions are made, which were shown to be almost irreversible. As a result, already rolled 
fronts are unable to unroll and irreversible all-side rolling is observed. 

Folding of complex shapes 

In the next step, folding of complex shapes such as four and six-ray stars was investigated. It 
was assumed that stars must be able to fold and form capsule-like structures (Figure 29). In 
the experiments three types of folding behavior were observed depending on the ratio 
between radius of curvature of the folding film and size of the film. Multiple folds along 
the perimeter of star are formed, when the radius of curvature of bending films is small 
(Figure 30a). Increase of the curvature radius leads to the decrease of number of the 
folds (n) until two half-rolled tubes along shoulders of each arm are formed (Figure 30b). 
Further increase of the curvature radius results in bending of arms in the direction to the 
center of star (Figure 30c). The tubes are formed when the arms are considerably smaller 
than the curvature radius (Figure 30d). 
 

 

Figure 29. Scheme of folding of star-shaped polymer bilayer. Swelling of thermoresponsive 
hydrogel layer at lower temperature increases stress in the film that results in bending of the 
star arms and folding145. 

 

Figure 30. Folding of star-like films with different radius of curvature: n is the number of folds 
per star arm. Insets are illustrations of the shape of the bent rays.  

Multistep folding of complex shapes 

Important, in all reported cases the folding runs in one step: the active polymer changes its 
volume that results in simple bending. Complex folding is achieved by site-selective 
deposition of active polymer and by the shape of the folding film. Rectangular bilayers, for 
example, form tubes while star-like films form capsules reminding flower buds, which are 
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formed by semi-tube-like folded star arms. In both these examples, simple rounded figures 
based on different combinations of fully or semi-folded tubes are formed. Moreover, because 
of the isotropy of mechanical properties of the bilayer, formation of hinges during folding of 
bilayers was considered to be impossible. Here, it is demonstrated that shape of isotropic 
polymer bilayer is able to direct its folding in a highly sophisticated manner leading to highly 
complex hierarchical folding. In particular, films can undergo sequential steps of folding by 
forming various 3D shapes with sharp hinges. By analyzing the folding of bilayer empirical 
rules, which allow programming of folding and design 3D shapes in a predicted manner, 
were elucidated.  

We experimentally investigated the folding of circular/elliptical and star-like films. Swelling of 
the polymer layer leads to the formation of wrinkles along the perimeter. The spatial 
wavelength of the wrinkles is proportional to the activation depth (AD) as observed in the 
wrinkles of leafs. As the activation depth increases, the number of wrinkles decreases as 
P/AD, where P is the perimeter of the shape (Figure 31e). The fact that there is both a 
gradient in radial- (edge-activation) and transversal direction (bilayer), results in a 
combination of wrinkling and bending respectively. Due to the transversal bending effect, the 
wrinkles actually evolve into local partial tubes as the activation depth increases. We 
observed that, at some point, the wrinkles stop to merge and their number remains constant. 
The probability of merging of two tubes depends on the angle between them (β, Figure 31e). 
Experimentally, we found that the critical value of β below which merging of folded tubes was 
not observed is ca. 120-150°. This corresponds to 6 – 8 wrinkles when starting with a circular 
shape (inset in Figure 31e). Based on these experimental observations we can derived the 
first folding rule, which is “Bilayerpolymer films placed on a substrate start to fold from 
their periphery and the number of formed wrinkles/tubes decreases until the angle 
between adjacent wrinkles/tubes approaches 150°”. 

 

Figure 31. First step of folding of circular (a) and star-like (b-e) bilayer polymer films. The 
experimental observation of heptahedrons (a) when folding is typically stopped in the case of 
circular shapes; (b-e) two rays of six-ray star during wrinkling, decrease of number of 
wrinkles is observed. Scale bar is 200 µm 181. 

After the number of wrinkles/tubes along the perimeter of the bilayer film stopped to change 
the bilayers are locked for some time until the subsequent folding step occurs. For example, 
the wrinkled semi-ellipse bends towards its base (Figure 32a). To explain the origin of the 
second step of folding we considered the geometry of the film after the first folding step. As 
mentioned, wrinkling of a bilayer leads to the formation of tubes along the perimeter of the 
film. Considering the fact that the rigidity of tubes is higher than that of the undeformed films, 
the polygonal shapes are stiffened by this tube formation, and therefore possess a number of 
weak points located at the intersection of the tubes, i.e. at the vertices. These points act like 
hinges and folding is only observed along the lines connecting them (dashed line in Figure 
32a). The formation of hinges during folding of isotropic bilayers, which to our knowledge has 
not been reported in the literature, is induced by the progressive activation from the lateral 
sides and the folded shapes are controlled by the initial shapes of the bilayers. This leads to 
the second rule of the folding, which states: “After the wrinkles along the perimeter of the 
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film form tubes, further folding proceeds along the lines connecting the vertexes of 
the folded film”. 

In case there are more than two hinges in the film, a question arises upon which connecting 
line will the folding occur? The number of hinges is substantially determined by the shape of 
the semi-ellipses. The regular semi-ellipse, which has a triangular shape after the first step of 
folding, simply bends towards the base along the line connecting the two bottom vertexes 
(dashed line in Figure 32a). If the semi-ellipse is more rounded, it forms a trapezoid after the 
first-step of folding (Figure 32b). In the second step of folding, the trapezoid bends along one 
of the lines connecting the opposite top and bottom vertexes (dashed line in second image 
from left in Figure 32b). Next, the formed triangle bends towards its base along the line 
connecting the two bottom vertexes. The elongated semi-ellipse forms four folds after the 
first step of folding (Figure 32c). Interestingly, the semi-ellipse folds further along the lines 
connecting the vertexes at the base and the top vertex and no folding along the lines 
connecting neither the vertexes of the middle nor the ones at the base is observed. Looking 
at the evolution of the activation pattern through time, we observe that the lines connecting 
the hinges can only be used if they are within the activated pattern (red). Thus, the third rule 
of the folding states: ”the folding goes along the lines which are closer to the periphery 
of the films”.  

 

Figure 32. Scheme and experimental observation of second step of folding of elliptical arms 
depending on their shape: (a) H(PNIPAM-AA) = 1200 nm, HPMMA = 170 nm; (b) (H(PNIPAM-AA) = 1200 
nm, HPMMA = 400 nm; (c) H(PNIPAM-AA) = 900 nm, HPMMA = 170 nm181. 

Six-ray stars demonstrate the formation of very complex structures (Figure 33). Notably 
simultaneous folding of all rays is observed very rarely and in most cases triangles (Figure 
33g) were formed. We investigated the folding in a time resolved manner in order to explain 
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the formation of the triangles (Figure 34). Similar to the experiment demonstrated in Figure 
31, wrinkles get longer and bend transversally into tubes (Figure 34b) thus increasing the 
rigidity of the ray. Next, one of the rays folds towards the center of the star (II in Figure 34c). 
Folding of this ray leads to the formation of a rigid semi-rolled tube, which is formed by the 
folded ray and the tubular shoulders of the adjacent rays (Figure 34c). The angle between 
the base of the folded ray and the shoulders of the neighboring arms is close to 180° (Figure 
34c). In this configuration, the weak points located at the intersection between I- II and II- III 
has disappeared and rays I and III (Figure 34c) cannot bend anymore. As a result, only three 
remaining rays (IV, V, VI) can bend. If ray V folds, no additional rays can bend (Figure 4l). If 
ray IV folds (Figure 34d) ray V is blocked. Finally, ray VI can fold leading to the formation of a 
triangle (Figure 34e). The discussed principle can be easily applied to understand the 
formation of the other observed figures (Figure 33c-l). In fact, several factors can be held 
responsible for the observed symmetry breaking (rays do not fold at the same time) such as 
inhomogeneities in the films and shape imperfections resulting in small deviations from the 
symmetric diffusion profile. Based on these experimental observations, one can derive the 
fourth folding rule: “Folding of the rays may result in blocking of the neighboring rays if 
the angle between the base of the folded ray and the shoulders of the neighboring 
rays is close to 180°”. 

 

Figure 33. Examples of structures obtained by progressive edge-activation of six-ray star-
like bilayers: (a) – patterned bilayers; (b) – First step of actuation: wrinkles collapse into 
tubes; (c-l) – Second step of actuation: rays fold leading to several configurations depending 
on the order of folding. Scale bars are 200 µm, H(PNIPAM-AA) = 1200 nm, HPMMA = 260 nm 181. 
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Figure 34. Microscopy snap-shots illustrating the mechanism of formation of triangles during 
actuation of a six-ray stars. Scale bar is 200 µm, H(PNIPAM-AA) = 1200 nm, HPMMA = 170 nm181. 

Finally, the derived rules were applied for the design of truly 3D structures – pyramids. In 
fact, the reason why six-ray star formed flattened folded structures is their short arms and the 
hindering of the folding. Therefore, in order to fabricate pyramids we increased the relative 
length of the rays and changed the angle between them by decreasing their number (Figure 
35a, b). The rays of the fabricated four-ray stars first wrinkle along their perimeter (Figure 
35c, d). Four tubes are formed along the perimeter of each ray (first rule, Figure 35c), which 
then collapse two by two and form triangles (second rule, Figure 35d). Since the angle 
between the folds located on the shoulders of each ray is considerably smaller than 180°, the 
folding of rays is not self-interfering (forth rule) and all rays fold in the direction of the center 
of the star (third rule) thus forming a hollow pyramid (Figure 35e, f, g). In fact these rules are 
also applicable to other shapes such as rectangles. As an example we included two-step 
folding of rectangles. 

 

Figure 35. Sequential actuation of four-ray stars leads to the formation of pyramids: (a, b) – 
unactivated film; (c, d) – after wrinkling of the ray periphery into tubes, red arrows indicate 
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four wrinkles formed on each arm during first step of folding ; (e, f, g) after folding of rays 
leading to the formation of pyramids. Scale bar is 200 µm, H(PNIPAM-AA) = 1200 nm; HPMMA =  
260 nm181. 

In conclusion, folding of bilayers was investigated. It was demonstrated that the shape of 
folded 3D object is determined by the shape and size of the 2D film. For example tubes are 
formed by rectangular films and capsules are formed by star-like films. It was also 
demonstrated that folding depends strongly on the presence of the substrate, where the 
bilayer is located. In fact, folding starts from periphery due to restricted diffusion of solvent 
inside the active polymer. For the first time it was demonstrated that the bilayer can undergo 
multi-step complex folding that resulted in a variety of shapes. Empirical rules which allow 
programing of the folding of polymer films were derived basing on the experimental 
observations. In particular, one can introduce hinges into the folded structure by proper 
design of the bilayer shape of the bilayer. The advantage is that no site selective deposition 
of active polymers is required. It is expected that derived algorithm will allow very simple (one 
step photolithography) design of highly complex self-folding 3D folding objects and will open 
new horizons for 3D patterning which is highly important for design of microfluidic device, 
biomaterials, electronics, etc.  

 

4.4 PROPERTIES AND APPLICATIONS OF SELF-FOLDING FILMS 

Controlled encapsulation and release 

The developed self-folding films are very promising for different kinds of applications. The 
main focus is, however, controlled encapsulation and release of particles and cells. In 
particular, we demonstrated that colloidal particles and cells can be both reversibly and 
irreversibly encapsulated inside thermoresponsive self-folding films. For the demonstration of 

the approach, 10 m large SiO2 microparticles were adsorbed from their aqueous dispersion 
on PNIPAM-PCL bilayer film at elevated temperature, when PNIPAM is collapsed and the 
film is unfolded. Decrease of the temperature resulted in swelling of the PNIPAM and led to 
the formation of microtubes with encapsulated microparticles (Figure 36). Two mechanisms 
of particle encapsulation were observed – microparticles were either encapsulated inside 
rolls or entrapped between the rolls. The microparticles encapsulated inside the rolls 
produced by multiple rolling cannot be released at elevated temperature due to unability of 
microtubes to unroll. These particles remain entrapped inside the microtubes. On the other 
hand, microparticles encapsulated inside one-revolution rolls and between the rolls are able 
to leave the microtubes at elevated temperatures when thermoresponsive polymer is 
collapsed. These experiments demonstrated the possibilities to encapsulate, trap and 
release particles using self-rolling tubes.   

 
Figure 36. Encapsulation and release of microparticles from microtube at different 
temperatures. The one-revolution microtubes unroll at elevated temperature and release the 
particles 137. 
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Cells can also be irreversibly encapsulated and grown inside fully biodegradable self-rolled 
tubes. For the demonstration, the bakery yeast cells were adsorbed on patterned PSI/PCL 
bilayer from PBS pH = 7.4 buffer. After 27 h of incubation, the PSI/PCL bilayer formed tubes 
with diameter 80-100 µm with encapsulated yeast cells (Figure 37a). The number of cells 
remained approximately constant in PBS. One microtube with encapsulated yeast cells was 
transferred into the nutrition media (Figure 37b) and further incubated for 14 hours. 
Incubation in nutrition media led to proliferation and division of the yeast cells that increased 
their number.  

The advantage of the thermoresponsive microtubes is the possibility of both encapsulation 
and release, which occurs due to folding and unfolding, respectively. The disadvantage is 
non-biodegradability that limits in vivo applications. On the other hand, due to possibility of 
reversible encapsulation, PNIPAM-based systems can be readily applied for micro-analytical 
investigation of cell behavior in confinement. The PSI-PCL systems are more suitable for 
biomedical applications since both polymers are biodegradable and were already approved 
for biomedical applications.  

 

Figure 37. The PSI/PCL self-rolled tubes: (a) after encapsulation of yeast cells in PBS buffer, 
(b) directly after the transfer to the nutrition media and (c) after 14 hr of incubation in the 
nutrition media. Scale bar is 100 µm175. 

Manipulation with self-folded objects 

Micro-analytical application of self-folding films will definitely require development of the 
ways to control their position and orientation in 3D space. Toward this goal, the possibility 
to manipulate particle-loaded microtubes using magnetic field was tested. For this, 
microtubes containing Fe3O4 supermagnetic nanoparticles in the thermoresponsive layer 
were first prepared and then loaded with microparticles. It was found that the freely 
flowing particle-loaded microtubes start to move in the direction of the magnet (Figure 
38). The direction of the microtubes flow can be immediately switched by changing the 
position of the magnet, thus demonstrating the possibility to manipulate the position of 
microtubes using magnetic field. 
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Figure 38. Magneto-sensitive properties of microtubes. Microcopy snapshots of microtubes 
containing magnetic nanoparticles flowing in the applied magnetic field. Arrows show the 
direction of flowing 137. 

Self-assembly of self-folded objects 

Many kinds of tissues such as bones182, vascular tissue 183, 184, cardiac tissue 185-187, 
nerves 188, 189 have either tubular or uniaxially aligned porous structures. In order to mimic 
the tubular structural environment, phase separation techniques 183, 184, 190, polymer fiber 
templating185, 188, 189, directed foaming 191, directional freezing 183, 192-195 , prototyping 186, 
uniaxial stretching of porous materials 196, or using of natural porous materials such as 
wood 197 were used. In these approaches the separate tubes or scaffold with tubular 
structure are first fabricated and then filled with a material. This “post-filling” strategy 
suffers, however, often from non-homogenous filling of porous scaffold.  

Self-folding films offer a very elegant solution to the problem of non-homogenous 
distribution inside the pores 4, 8, 198. The main advantage of self-folding films is that they 
can be filled during formation and then assembled that provides desired homogeneity of 
filling 8, 137, 145. Moreover, self-rolled tubes are able to provide structural anisotropy. Our 
approach consists of the fabrication of homogenously filled self -rolled tubes and their 
self-assembly in complex 3D constructs with uniaxially aligned pores. 

In order to demonstrate this approach, pH-responsive self-rolling polymer bilayer films 
were used. The bilayer consists of hydrophilic stimuli-responsive poly(N-
isopropylacrylamide-co-acylic acid-co-benzophenoneacylate) (p(NIPAM-AA-BA)) bottom 
layer and hydrophobic poly(methylymethacrylate-co-benzophenoneacylate) (p(MMA-BA)) 
top layer.  

In order to assemble the tubes, they were transferred into pure water and a small amount 
199 of water dispersion of SiO2 particles with grafted polycation poly((2-
dimethylamino)ethyl methacrylate) (PDMAEMA) brush layer was added (Figure 39a). 
This led to fast aggregation of the tubes due to formation of a polyelectrolyte complex 
between the charged groups on the particles (amino, PDMAEMA) and the tubes 
(carboxylic, PAA) surfaces (Figure 39b-e). The formed aggregates are mechanically 
stable in pure water. Upon intensive shaking they can break apart into smaller 
aggregates, which however, re-assemble again (Figure 39f-h). The aggregates are less 
stable in a saline buffer environment (Figure 39i). In fact, an increase of ionic strength 
leads to screening of the charges of the carboxylic and amino groups that results in 
weakening of the bonds between the tubes and disassembly. Transfer of the tubes 
obtained by disassembly of aggregates back into pure water leads to restoration of the 
electrostatic interactions and re-agglomeration of the tubes (not shown). The self-rolled 
tubes, thus, demonstrate the ability to undergo reversible stimuli-controlled assembly-
disassembly. 
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Figure 39. Self-assembly of self-rolled tubes: (a) – scheme of physical crosslinking of tubes 
by oppositely charged particles; (b-e) optical photographs of microtubes during self-assembly 
(concentration 180 tubes/ml); (f-g) optical photographs of microtube aggregates in water after 
shaking (concentration 90 tubes/ml); (i) optical photographs of the disassembly of microtube 
aggregates in PBS buffer 200. 

The tubes strongly align in one direction when a force is applied. This, for example, 
occurs when the aggregates are pulled out from the water with a needle (Figure 40). 
Moreover, aggregates where tubes are aligned are more stable compared to ones where 
the tubes are disordered – the aligned aggregates do not break apart in the PBS buffer. 
The character of tube orientation corresponds to orientation in nematic liquid crystals – 
tubes are oriented in one direction while their centers of mass are unordered. We 
estimated a two-dimensional degree of tube orientation (S) using equation 5 201. It was 
found that the orientation degree in the sample illustrated in Figure 40f-h (50 tubes/ml) is 
extremely high S = 0.98. Tubes in the sample illustrated in Figure 40c-e, which was 
obtained by assembly at higher concentration of microtubes (250 tubes/ml), have an 
apparently lower orientation degree.  
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where  is deviation angle of each individual tube with respect to the average direction of 
orientation of the tubes in the aggregate.  

We estimated porosity of the formed agglomerates by considering the inner diameter of 
the tubes, wall thickness as well as packing density of the tubes. The inner diameter (dinn) 
varies in the range of 10 – 100 µm, the thickness (dwall) of swollen wall is ca 1 - 5 µm 
depending on the thickness of polymer layers. The maximal packing density of cylinders 
is ca 0.91. The porosity (P, ratio of pore volume to total volume), which was estimated 
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using equation 6, varies in the range P = 76% - 90%.  
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where  dinn and dwall are internal and external diameters of the tubes.   

 

Figure 40. Aligned self-assembled self-rolled tubes.(a,b) – optical microscopy (c-h) scanning 
electron microscopy images of two aggregated (c-e and f-h) formed by self-rolled tubes 
crosslinked by positively charged particles and aligned by pulling out from the water with a 
needle 200. 

Next, the possibilities for the fabrication of complex porous architectures consisting of 
microtubes with different properties was demonstrated. In particular, two types of porous 
structures formed by tubes of two sorts, which are labeled with green and red fluorescent 
quantum dots admixed to PMMA layer, were fabricated. In one experiment, tubes of one 
sort (red ones) were assembled by crosslinking with colloidal particles and stretched by 
pulling with a needle. The formed aggregate of uniaxially aligned tubes was immersed in 
dispersions of tubes of the second sort (green ones). The negatively charged green tubes 
stuck to the positively charged particles patches presented on the aggregate of red tubes 
(Figure 41a,b), starting to form a “core-shell” structure. In the second experiment, green 
tubes were mixed with an excess of PDMAEMA-coated particles in PBS buffer that 
terminates aggregation, and incubated together for 30 min. The particle-coated but not 
agglomerated green tubes were added to a dispersion of red ones in water and as a 
result agglomerate (Figure 41c,d) consisting of randomly distributed red and green tubes 
was formed (cross-sections in Figure 41e,f).  
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Figure 41. Confocal microscopy images of assemblies of microtubes with different colors: 
(a,b) – 3D reconstruction of a “core-shell” porous scaffold, where green tubes are 
immobilized on an assembly of red ones; (c,d) – 3D reconstruction of a “mixed” porous 
scaffold, where green tubes are first coated by PDMAEMA particles and then assembled 
together with red ones; (e,f) – cross-section of a mixed scaffold (c,d) in different planes. Due 
to low penetration depth of light beam imaging of whole aggregate was not possible 200. 

Finally, the possibility to fabricate a porous self-assembled construct where tubular pores 
are filled with cells was explored (Figure 42). For this, we adsorbed yeast cells from a 
water dispersion on the top of a patterned unfolded p(NIPAM-AA-BA)/p(MMA-BA) bilayer. 
After the yeast cells had settled down from their aqueous dispersion, the tubes were 
rolled that resulted in encapsulation of the yeast cells. The tubes filled with cells were 
washed off from the substrate with several milliliters of water into a glass vial. Afterwards, 
the tubes were assembled, aligned and transferred into the culture medium and 
incubating them for 24 h at room temperature. The number of cells in the tubes increased 
significantly that indicates viability of yeast cells as well as on free diffusion of nutrition 
molecules into the tubes (Figure 42b). In this experiment, we fabricated tubes with a 
small diameter (d = 20 µm), which is very close to the size of the yeast cells (d= 5µm) in 
order to demonstrate the advantage of our method. Obviously, post filling of narrow 
tubes, which is disconnected from tubular network, with cells is almost impossible due to 
slow migration of cells into the narrow tubes. Indeed, some tubes, which were 
occasionally not filled with cells during tube formation, remained empty after incubation in 
cell culture medium. For example tube 1 (Figure 42a) was empty after cell encapsulation 
and it remained empty after 24 h of incubation in cell culture medium. In contrast, tube 2, 
which was initially partly filled with yeast cells, become completely filled with yeast cells 
after incubation. In this experiment yeast cells were used for demonstration of the proof 
of the concept. In fact it was demonstrated that number of yeast cells increases with time 
and cells receive enough nutrition, which might be the issue in the narrow tubes. 
Previous research demonstrated that mammalian cells can also be encapsulated inside 
tubes 202 that potentially allows fabrication of 3D scaffolds for tissue engineering.  
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Figure 42. Porous 3D construct obtained by self-assembly of self-rolled tubes filled with 
yeast cells: (a) – directly after self-assembly; (b) – after 1 day of incubation in the cell culture 
medium. The images in the lower panel are the microscopy snap shots of the whole cell-filled 
agglomerate. The images in the middle panel are the magnifications of the areas restricted 
by rectangles. Tubes 1 and 2 are empty and partially filled with yeast cells, respectively right 
after assembly. Tube 1 remains empty after incubation in the cell culture medium. Tube 2 is 
completely filled with cells after incubation in the cell culture medium 200. 

In conclusion of this section, it was demonstrated that self-folding approach can be used for 
controlled reversible/irreversible encapsulation of particles and cells. Moreover, self-folded 
objects can be manipulated by magnetic field and assembled in porous 3D constructs.   
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5.  CONCLUSIONS 

This work aimed to develop novel approaches for 2D and 3D micro and nanostructuring, 
which allow design of patterned surfaces with switchable and reconfigurable patterns, as 
well as to develop methods for patterning in physiologic conditions without using of harmful 
UV light. The second goal was development of approach for design of complex 3D 
structures using self-folding polymer films. The main achievements are summarized 
below: 

1.  It was demonstrated that protein assemblies can be used to fabricate 
nanopatterned stimuli-responsive surfaces. The approach was demonstrated on the 
example of the synthesis of nanostructured stimuli-responsive polymer brushes using 
atom transfer radical polymerization initiated on protein filaments of the cytoskeleton. In 
particular, microtubules were used as template for the synthesis of nanostructured 
thermoresponsive PNIPAM brushes with incorporated fluorescent groups.  

2. Novel approach for the fabrication of switchable patterned surfaces where two 
kinds of stimuli-responsive polymers are grafted in site-selective manner was developed. 
Micropatterned surfaces were prepared by grafting two oppositely charged polyelectrolytes 
(polyacrylic acid and poly(2-vinylpyridine)) using a combination of photolithography, “lift-off” 
and “grafting to” techniques. This method utilizes “grafting to” approach instead of widely 
used surface initiated polymerization. That makes preparation of bicomponent patterned 
polymer grafted layers simple and quick. The patterned surfaces demonstrate switching of 
surface topography, wetting and character of adsorption of proteins. This approach can be 
easily extended for the fabrication of multicomponent (n>2) micropatterned polymer surfaces 
by repeating the structuring cycle multiple times.  

3. Novel method to fabricate patterned stimuli-responsive surfaces with the pattern 
whose lateral size can be controlled by external stimuli was developed. In one set of 
experiment, lateral gradients composed of thermoresponsive poly-(N-isopropylacryl amide – 
tert butyl acrylate – acrylic acid) copolymers were generated by local hydrolysis using 
methanesulfonic acid. It was shown that the border between the collapsed and the swollen 

polymer areas on these gradients could be reversibly shifted by up to 120 m when raising or 
lowering the temperature between 21 °C and 50 °C. Utilizing kinesin-driven motility of 
microtubules, we demonstrated the applicability of these gradients for the temperature-
induced size-control of bioactive surface patterns. In a second set of experiments circular 
gradients of poly-(N-isopropylacryl amide – 2-nitrobenzyl acrylate – acrylic acid) were 
generated by UV irradiation. It is thus possible to use photolithography to produce switchable 
polymer gradients with customized layouts. Notably, the temperature range over which 
switching occurs can be precisely tuned by selecting the appropriate copolymer composition. 
It was demonstrated that the area where protein molecules are active, which are 
adsorbed on the patterned surface, can be reversibly switched by temperature.  

4. A novel approach to design of an environment-friendly (water-soluble/water-
developing) photoresists with stimuli-triggered development based on photoclevable 
copolymers of PNIPAM was established. The proposed photoresists possess a unique 
combination of advantages: (i) they are soluble in biological buffers, (ii) their 
photocleaved products are soluble in aqueous environment as well, and (iii) their 
development is triggered by temperature in physiological buffer in a controllable way and 
no change of pH is required. The applicability of the presented method for in situ 
patterning inside microfluidic channels and for protein patterning on surfaces was 
demonstrated. The method has a strong potential for patterning and harvesting proteins, 
particles, and cells in microfluidic devices, where all procedures have to be performed in 
biological buffers. 

5. Two approaches for irreversible and reversible photopatterning functional proteins 
using thermoresponsive polymer locally heated by light-to-heat conversion were 
developed. The approaches were experimentally demonstrated on the example of 
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irreversible sequential patterning of kinesin motor proteins on poly-(N 
isopropylacrylamide) surface as well as on the example of reversible activation of kinesin 
adsorbed on substrate between grafted poly-(N isopropylacrylamide) chains. The 
suggested approaches have distinct advantages that make them very promising: (1) any 
wavelength of light (UV to VIS) can be used under physiological conditions; (2) although 
the pattern resolution is lower than AFM or CVD techniques, sub-micron resolution could 
be achieved basing on heat diffusion calculations; (3) because the technique is maskless, 
arbitrary pattern sizes and shapes can be created  We expect that this technique can find 
wide application as a method of simple and quick fabrication of protein microarrays for 
bio- and nanotechnological applications in lab-on-chip systems. 

6. Novel approach for design of complex 3D polymer structures using self -folding 
polymer films was developed. The self-folding polymer films are polymer bilayer, which 
consists of one layer of hydrophobic polymer and a layer of hydrophilic stimuli-responsive 
hydrogel. The hydrogel is able to undergo reversible volume changes stimulated by 
change of environmental conditions. The bilayer folds, that leads to the formation of tubes 
and unfolds upon swelling and shrinking of hydrogel layer. 

7.  Approaches for design of thermoresponsive and fully biodegradable self -folding 
polymer films were developed. The developed self-folding systems demonstrate folding 
within physiological ranges of temperature and pH. Thermoresponsive self-folding films 
were fabricated using poly(N isopropylacrylamide) as active layer. The advantage of this 
approach is that folding/unfolding is reversible and occurs in physiological buffer at 
temperature close to body temperature. The fully biodegradable self-folding films were 
fabricated using polycaprolactone and polysuccinimide. Polysuccinimide is active 
component and is able to slowly hydrolyze and swell in a physiological buffer 
environment leading to self-rolling of the polymer bilayer and the formation of microtubes. 
It was also demonstrated that the self-rolled tubes can be used for encapsulation of cells, 
which proliferate and divide inside the tube. Since the used polymers are biocompatible, 
biodegradable, produced industrially and are approved for biomedical purposes, the 
proposed approach is of practical interest for controlled cell delivery and the design of 
scaffolds for tissue engineering. 

8. Folding of polymer bilayers with different lengths, widths and thicknesses was 
investigated. It was found that long-side rolling dominates at high aspect ratios (ratio of 
length to width) when the width is comparable to the circumference of the formed tubes. 
Rolling from all sides occurs when the width and length considerably exceed this 
circumference. Diagonal or all-side rolling is observed when the width and length are 
comparable to the circumference. Short-side rolling was observed very rarely and in 
combination with diagonal rolling. Based on both experimental observations, we argued 
that bilayers placed on a substrate start to roll from corners due to quicker diffusion of 
water. Rolling from long-side starts later but dominates at high aspect ratio due to 
energetic considerations. It was shown experimentally that the main reasons causing  a 
variety of rolling scenarios are (i) non-homogenous swelling due to slow diffusion of water 
in hydrogels and (ii) adhesion of polymer to a substrate until a certain threshold. 
Moreover, non-homogenous swelling determines folding in first moments while adhesion 
player decisive role at later stages of folding. 

9. Folding of bilayers with complex shape was also investigated. It was found that 
films can demonstrate several kinds of actuation behaviors such as wrinkling, bending 
and folding that result in a variety of shapes. It was also demonstrated that one can 
introduce hinges into the folded structure by proper design of the bilayer’s external shape 
through diffusion without having to use site selective deposition of active polymers. 
Experimental observations allowed deriving of four empirical rules. It was then 
demonstrated how those rules can be used to direct the folding of edge-activated polymer 
bilayers through a concrete example – the design of a 3D pyramid.  
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10. It was demonstrated that self-folding films are very promising for controlled 
encapsulation and release of cells. The folded objects can be controlled by magnetic field 
and can be assembled in complex 3D constructions mimicking structure of bones and 
muscles.  

11. A novel approach for the fabrication of self-assembled porous scaffolds with 
uniaxial tubular pores was developed. The approach is based on the use of microtubes 
formed by the stimuli-induced rolling of rectangular bilayers consisting of hydrophobic 
and stimuli-responsive hydrophilic polymers. Any micrometer objects, for example yeast 
cells, can be encapsulated inside the tubes during their rolling. The self -rolled tubes filled 
with yeast cells can be easily assembled into a uniaxial tubular scaffold homogeneously 
filled with the cells. The main advantage of this approach is the possibility to 
homogenously fill the pores with any kind of matter – inorganic, organic or living. 
Moreover, the approach allows design of porous materials with complex architectures 
formed by tubes of different sorts. 
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6. OUTLOOK 

Nowadays methods for the 2D surface structuring are already very strongly developed. 
The best illustration of this is the fact that 16 nm and 22 nm lithographic technologies are 
already applied for the large-scale manufacturing of computer chips. This clearly 
illustrates that current top-down technologies allow achievement of resolution, which is 
comparable with that which can be achieved using bottom-up approaches. Nevertheless, 
development of methods for freely reconfigurable patterning, which can be applied 
for biotechnology and microelectronics is still a big challenge. Development of such 
method is expected to allow appearing of dynamically smart substrates where cells can 
change their shape, orientation, connection with other cells that may be used for 
development of reconfigurable neural networks.  

Current approaches for 3D structuring are less developed. The 3D structures are typically 
fabricated by multistep deposition of one structured layer on another that is performed by 
printing of lithography. Interference and two photon lithography can be used for 3D 
structuring but they are expensive and relatively slow. Use of self -folding films can be a 
good alternative to these methods. The self-folding films are potentially very promising for 
microelectronics as well as for biotechnology (controlled encapsulation and release of 
drugs and cells). In the case of self-folding films, cells are not locked inside amorphous 
and densely crosslinked matrix, as it happens in the case of hydrogels, but are free to 
move. This is particularly important for design of tissue engineering scaffolds. The limited 
applicability of self-folding films for design of scaffolds is, on one hand, caused by their 
folding at non-physiological conditions. On the other hand, pH is not favorable signal to 
trigger folding for encapsulation of cells. Use of temperature as stimuli is more suitable, 
since cells readily withstand temperature variation. On the other hand, most of the 
reported systems are non-biodegradable. There is only one own report about fully-
biodegradable self-folding polymer film. In future, these two problems must become the 
focus of research in this field. 

One of the recent trends is the development of approaches which allows design of 
complex 3D structures. One approach to design complex structures, which is inspired by 
nature, is to use inhomogeneity of swelling path that allows very complex folding in the 
way that star-arm bilayers build pyramids with sharp hinges. Further development in 
understanding of basic principles of folding is expected to allow design of 3D 
shapes with the complexity close to origami. 

One of the factors limiting broad applicability of self-folding polymer films is the 
manufacturing cost. In fact, because polymer can be deposited by using spin and dip coating 
at ambient conditions, the fabrication of polymer self-folding films is substantially cheaper 
than fabrication of inorganic ones, which are produced by vacuum deposition. Therefore, I 
believe, development of the route for cheap and fast manufacturing of large quantity 
of self-folding films will boost their broad application. 

Due to their softness, better biocompatibility, possible biodegradability and easy 
manufacturing polymer self-folding films can compete with inorganic ones in the field of 
microelectronics and bio-microelectronics for in vivo applications. I believe that self-
assembled polymer 3D constructs formed by uniaxially alighted tubes remind 
morphologies of bones and cardiac tissue and may be used to their regeneration. 
Self-rolling tubes can be also potentially used to assist with regeneration of 
neurons and to replace blood vessels. 
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Figure 43. Potential biomedical applications of self-folding polymer films. 
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  1. Introduction 

 Active motion is intrinsic to all kinds of living organisms from 
unicellular ones to humans. In nature motion occurs on every 
scale of organization of organisms: from individual animals or 
their groups down to a single molecule. For example, motor 
proteins convert chemical energy directly into mechanical work 
and allow cell migration, division, sensing and adaptation. [  1  ]  
Contrary to animals, where macroscopic movement is pro-
vided by cooperative nanoscale movement of motor proteins, [  1a  ]  
motion in plants is provided by microscopic swelling of cells [  2  ]  
( Figure    1  a). In different schemes relatively slow swelling/
shrinking can result in slow shape changes such as elongation, 
contraction, bending, twisting or fast snap-buckling and frac-
ture-dominated movement that allow their rotation toward the 
sun, growth and dissemination of seeds. [  2,3  ]  Nature has many 
actuators, such as jellyfi sh, sea cucumbers, sea anemones, 
Venus fl ytraps, touch-me-nots, etc.  

 Hydrogels, which are three dimensional polymer net-
works imbibed with aqueous solutions, mimic the swelling/
shrinking behavior of plant cells and produce macroscopic 
actuation upon swelling and shrinking (Figure  1 b). [  4  ]  There 
are also many reports describing the design of hydrogels, 
which can swell and shrink in response to a change in light 
intensity, pH, temperature, biochemical processes, and 
electric and magnetic fi elds. [  5  ]  Exposure to one or multiple 
stimuli causes reversible contraction/swelling of hydrogels 
that is due to a change of interactions of the polymer mole-
cules with water. The reversible changes in size and shape of 

hydrogels have found broad applications 
in the design of micromechanical and 
drug delivery systems, as well as for 
microfl uidic devices and sensors (see 
recent reviews). [  4b  ,  6  ]  

 In the fi rst part of the Feature Article 
(Section 2), a brief description of revers-
ible mechanisms of movement in plants 
is given. Design and applications of 
hydrogel actuators based on principles 
of movement in plants and other more 
complex mechanisms of movement is dis-
cussed in the second part (Section 3). 

   2. Reversible Movement of Plants 

 This section aims to give brief overview of mechanism of 
reversible movement in plants. The more detailed overviews 
of different mechanisms of movement of plants are given in 
recent reviews. [  2,3,8  ]  The irreversible movement due to growth 
of cells and disruption of tissues is not discussed. 

 Uptake and release of water is the main driving force of 
movement in plants. One aspect of this phenomenon is turgor 
pressure caused by osmotic fl ow of water in cells, which is 
due to concentration gradients ( Figure    2  a). In many cases, a 
whole organ is actuated by the changes in turgor pressure. Two 
prominent examples of rapid movements are the leaf folding 
of mimosa ( Mimosa pudica ) and of the Venus fl ytrap ( Dionaea 
muscipula ). Another aspect of swelling-driven deformation of 
plant tissues is swelling and shrinking of cell walls (Figure  2 b). 
In this case, the directionality of deformation is controlled by 
orientation of cellulose fi bers. The principle is based on the 
fact that the length of cellulose fi brils remains unchanged and 
swelling occurs preferentially in the direction perpendicular to 
the fi brils. A well-known example is the release of ripe seeds 
from conifer cones. The cones are formed by two kinds of tis-
sues with different orientation of cellulose fi brils. As a result, 
length of one kind of the tissue and the width of another 
one increases in humid environments. This inhomogeneous 
increase in the volume results in opening of the cone. [  9  ]   

Biomimetic Hydrogel-Based Actuating Systems

 Active motion is intrinsic to all kinds of living organisms from unicellular 
ones to humans and inspires development of synthetic actively moving mate-
rials. Hydrogels, which are three dimensional polymer networks imbibed with 
aqueous solutions, mimic the swelling/shrinking behavior of plant cells and 
produce macroscopic actuation upon swelling and shrinking. This Feature 
Article covers basic principles of design as well as recent advances in the 
development of hydrogel based actuating systems. It is discussed how simply 
swelling can be used to generate very complex multistep motion, which can 
be used to develop new optical devices, sensors, biomaterials, smart surface, 
etc.  

 DOI: 10.1002/adfm.201203692 

     Figure  1 .     a) Reversible swelling of natural plant tissue of ice plant seed 
capsules. Reproduced with permission. [  2a  ]  Copyright 2011, Nature Pub-
lishing Group. b) Synthetic polymer hydrogel. Reproduced with permis-
sion. [  7  ]  Copyright 2011, American Chemical Society.  
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 It was observed that a change in the amount of water in plant 
tissues can result in relatively slow movement, such as in the 
case of cone, or can lead to extremely fast movement, such as 
in the case of Venus fl ytrap. The origin of the difference in the 
speed of actuation is the mechanism of the movement. [  8  ]  In the 
case of the cone, tissues with different orientation of cellulose 
fi brils act as classical bilayers, as described by Timoshenko: [  10  ]  
an increase of the volume of one of the components results 
in bending (Figure  2 c). [  9  ]  The geometry of the Venus fl ytrap is 
far more complex. The leaf has a doubly curved shape and a 
bistable confi guration. Swelling of the cells results in snap-buck-
ling transition from one stable state to another (Figure  2 d). [  11  ]  

 It was found that change of the amount of water in plat tis-
sues can results in various shape changes. Wheat awn and pine 
cone bend when humidity changes that is used for burying 
itself and dissemination of seeds, respectively (Figure  2 e). [  3b  ,  9  ]  
The fi laree ( Erodium cicutarium ) seeds can bury themselves by 
drilling into the ground, twisting and untwisting in response to 
changes in humidity (Figure  2 f). [  12  ]  The Venus fl ytrap changes 
its shape from double curved to another one that is used to trap 
insects (Figure  2 g). [  11  ]  

    Leonid Ionov  came to Leibniz 
Institute of Polymer Research 
Dresden in 2009 as a group 
leader for stimuli-responsive 
interactive polymeric mate-
rials. After studying polymer 
chemistry at the Lomonosov 
Moscow State University/
Russia and graduation at the 
Technical University Dresden 
he spent his post-doc at 
the Max Plank Institute of 
Molecular Cell and Biology 

with Prof. S. Diez, working on biomolecular motors on 
responsive thin polymer fi lms. He completed a research stay 
at the Clarkson University/USA with Prof. S. Minko working 
on biotechnology approaches. 2012 he was awarded with 
the Georg Manecke Award of the GDCh (German Chemical 
Society). The research of Leonid Ionov is multi-discipli-
nary and exploratory positioned at the interface between 
synthetic polymer chemistry, physics and cell biology. His 
current focus lies on the design and self-assembly of func-
tional stimuli-responsive polymeric materials and bio-active 
hydrogels. 

     Figure  3 .     Different scenario of swelling of hydrogels: a) homogeneous 
deformation of homogeneous hydrogel; b) inhomogeneous deformation 
of homogeneous hydrogel; c) inhomogeneous deformation of inhomo-
geneous hydroge  

   3. Hydrogel-Based Moving Systems 

 This part of the article aims to discuss principles of design of 
actuating structures, based on reversible swelling/shrinking of 
stimuli-responsive hydrogels. Typically change of conditions 
such as temperature, pH, light, results in homogeneous expan-
sion or contraction of hydrogels in all directions that is similar 
to swelling/shrinking of cells ( Figure    3  a). Complex deformation 
such as bending and twisting as well as even more complex 
folding is produced as a result of inhomogeneous expansion/
shrinking, which occurs with different magnitudes in dif-
ferent directions [  16  ]  and can be achieved either (i) by applying 
inhomogeneous fi eld, for example gradient of temperature 
or concentration, to homogeneous materials (Figure  3 b) or 
(ii) by applying homogeneous fi eld to inhomogeneous mate-
rials (Figure  3 c). There is no known example in the plants, 

     Figure  2 .     Summary of examples of reversible movement in plants with 
respect to driving force: a) turgor, b) swelling of cell walls; mechanism: 
c) swelling, d) snap-buckling; and trajectory: e) bending, f) twisting, 
g) change of 2D curvature of movement. b) Reproduced with 
permission. [  2a  ]  Coypright 2011, Nature Publishing Group; c) Reproduced 
with permission. [  13  ]  Copyright 2011, Elsevier; d) Reproduced with permis-
sion. [  14  ]  Copyright 2007, Wiley-VCH; e) Reproduced with permission. [  3b  ]  
Copyright 2007, AAAS; f) Reproduced with permission. [  12  ]  Copyright 
2011, The Company of Biologists Ltd; g) Reproduced with permission. [  15  ]  
Copyright 2012, Elsevier.  
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of macroscopic hydrogels was used to control the fl ow inside 
microfl uidic devices. [  26  ]  The hydrogel acts as a smart valve, 
which allows the liquid to fl ow when the hydrogel is shrunk and 
closes the channel when swollen. There are many examples of 
such smart microfl uidic valves sensitive to various signals, such 
as pH, temperature, enzyme, light and electric fi eld. [  27  ]  For 
lab-on-a-chip applications, the use of light and electric fi eld as 
stimuli hold the promise, since they allow switching with both 
high spatial and temporal resolution. For example, Richter and 
co-workers explored possibilities to control the liquid fl ow by 
stimuli-responsive hydrogels. In particular, they used hydrogels 
as pumps and gates, which control liquid fl ow in microfl uidic 
devices. [  28  ]  

 Swelling/shrinking of hydrogels can be used not only to 
affect optical properties that are perceived by visual sense but 
also to change topography that can be felt by touching. Very 
recently, Richer and co-workers reported design of palpable dis-
plays based on thermoresponsive hydrogels. [  29  ]  They integrated 
4000 temperature-sensitive controlled actuators, each of them 
being heated by an individual electro-heating element. The 
designed hydrogel array was able to form a visual and palpable 
artifi cial imaging system. 

 Homogeneous swelling of macroscopic layers was also 
applied for the design of sensors. [  30  ]  One approach is based 
on the direct detection of changes in the hydrogel volume 
or mass. This, for example, can be done by ellipsometry, 
quartz microbalance (for hydrogel thin fi lms) or scattering 
techniques (for hydrogel particles). [  30  ,  31  ]  Another approach 
for design of hydrogel-based sensors is the incorporation 
of semiconductor or metal nanoparticles into the hydrogel 
matrix. In this case, particles serve as optically active probes. 
Contraction/swelling of hydrogels switches interactions 
between nanoparticles that results in the change of optical 
properties [  17a  ,  32  ]  

 Macroscopic hydrogels have been utilized for design of 
smart lenses with switchable focal length as well. In particular, 
adjustment of focal length by changing the curvature of the 
meniscus between water and oil by switching of the swelling 
of hydrogel was used to tune focal length of the optical lens. [  33  ]  
The basic design ( Figure    4  ) consists of a stimuli-responsive 
hydrogel ring placed within a microfl uidic channel system and 
sandwiched between a glass plate and an aperture slit, the latter 
with an opening centered over the ring. The microchannels are 
fi lled with water and oil is placed on top of this structure and 
capped with a glass cover slip. The sidewall and bottom surface 
of the aperture are hydrophilic and the top surface is hydro-
phobic, which ensures that the water–oil meniscus is pinned 
along the hydrophobic–hydrophilic contact line. When exposed 
to an appropriate stimulus, the hydrogel ring underneath the 
aperture responds by expanding or shrinking. This leads to a 
change in the volume of the water droplet located in the middle 
of the ring. The net volume change—the change in the volume 
enclosed by the ring and the change in water droplet volume—
causes a change in the pressure difference across the water/
oil interface that directly determines the geometry of the liquid 
meniscus.  

 Homogeneous swelling/shrinking of macroscopic hydro-
gels can be used to change the shape of mammalian cells. For 
example, Pelah and co-workers have developed an approach to 

where applying an inhomogeneous fi eld to homogeneous 
materials (Figure  3 b) was used, because it is rather diffi cult to 
keep the concentration or temperature gradient constant. Nev-
ertheless, this approach is included in the present article, since 
it is very important part of the fi eld of hydrogel-based actuators. 
The plants typically form tissues with inhomogeneous proper-
ties (Figure  3 c), which are use used to produce complex move-
ments such as bending or twisting.

    3.1. Homogeneous Deformation of Hydrogels 

   3.1.1. Microgels 

  In most cases swelling/shrinking results in a change of 
volume of the hydrogel object while the shape remains nearly 
the same; this is similar to the behavior of plant cells. [  17  ]  
Homogenous swelling, for example, is demonstrated by ther-
moresponsive poly(N-isopropylacrylamide)-based hydrogel 
micro- and nanoparticles. The microgel particles swell 
above the lower critical solution temperature (LCST) and 
shrink below the LCST. Homogeneous swelling of hydrogel 
microparticles can be used for a variety of applications. For 
example, reversible swelling and shrinking of thermorespon-
sive and pH-sensitive hydrogels was used as a mean for smart 
release of drugs. [  18  ]  The microgel particles, which have tran-
sition temperature of around 40  ° C, are imbibed with water-
soluble drug. The microgel particles are swollen at normal 
body temperature and the drug is not released. Since the 
infl ammation induces a local increase in temperature, the 
drug-loaded microgel particles shrink at the point of infl am-
mation which leads to the release of drugs. [  19  ]  Stimuli-respon-
sive hydrogel microparticles can also be used as microlenses 
with tunable by external stimuli focal length. [  20  ]  Incorporation 
of gold or semiconductor nanoparticles in hydrogel particles, 
which are able to reversibly change their volume, can be used 
for design of hydrogel-based materials with tunable optical 
properties. [  21  ]  In this case, swelling and shrinking of hydrogel 
particles results in the change of aggregation/disaggregation 
of the incorporated nanoparticles that change their plasma 
resonance properties or fl uorescence. Closely-packed homo-
geneous swelling hydrogel microparticles can also be used 
for design of photonic crystals with switchable optical proper-
ties. [  22  ]  Spherical particles form densely packed arrays, their 
periodicity being defi ned by the size of the particles and their 
reversible swelling/shrinking being responsible for changes 
in the periodicity of the lattice that results in the change of 
the wavelength of transmitted and refl ected light. Different 
signals, such as mechanical treatment, [  23  ]  temperature, [  22d  ]  
light, magnetic [  24  ]  and electric [  25  ]  fi elds were used as stimuli 
to switch optical properties. Notably, this mechanism of 
switching of periodicity is similar to the natural mechanism 
of the change in coloration of squid. [  1e  ]  

    3.1.2. Macroscopic Hydrogels 

  Large pieces of hydrogels demonstrate similar homogeneous 
swelling; [  17a  ]  the size of sample changes while the shape 
remains unchanged. The homogeneous swelling/shrinking 
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reversibly deform cells using a thermoresponsive polymeric 
actuator, [  34  ]  which squeezes the cell from two sides. Since the 
behavior of cells (differentiation, growth, apoptosis) depends 
on geometrical constraints, one can expect that this actuator 
can be used to study cell responses on mechanical treatment. 
Langer and Khademhosseini used a similar approach for the 

fabrication of 3D structures formed by two 
kinds of cells. [  35  ]  They fabricated thermore-
sponsive wells and fi lled them with cells at 
24  ° C when the hydrogel is swollen. The 
hydrogel was heated to 37  ° C that caused its 
shrinking and formation of a gap between 
the cell cluster and the hydrogel well. The 
gap was fi lled with cells of a second kind. 
As a result, cell clusters with core formed by 
cells of one sort and shell formed by cells of 
a second sort were fabricated. 

 Very recently Aizenberg and Sidorenko 
demonstrated that homogeneous swelling 
of hydrogel fi lms can lead to an “inhomoge-
neous” response and the appearance of aniso-
tropic surface properties. They fabricated thin 
hydrogel fi lms with incorporated high-aspect 
ratio rods. Collapse or swelling of the thin 
hydrogel layer caused change in the orienta-
tion of the rods [  36  ]  Due to the contraction of 
the polymer fi lm upon drying, tensile forces 
arise, which are then transferred into a lateral 
actuation by nanocolumns, thus resulting in 
a tilt of the partially exposed nanostructures. 
The tilt angle is controlled by the volume 
change of the gel and can be therefore regu-
lated by an appropriate choice of the polymer. 
Re-hydration of the sample leads to swelling 
and relaxation of the hydrogel. This results in 

normal orientation of the bristles ( Figure    5  ). [  37  ]  These hydrogel 
fi lms were, in particular, used for the design of surfaces with 
“conventional” and “reverse” switching behavior. These surfaces 
revealed conventional switching–hydrophilic after exposure to 
water and hydrophobic after drying if the rods are fi xed on the 
surfaces. They could achieve reverse switching—hydrophobic 

after exposure to water and hydrophilic after 
drying—by using hydrogel fi lms with non-
fi xed rods. The hydrogel-actuated hairs can 
further be used to control fl ow of reaction 
and to design really self-regulating systems. 
The idea is to fi x a catalyst, which catalyzes 
certain chemical reactions, on the top of 
the hairs. Bending of the hairs changes the 
accessibility of the catalyst to the reagent 
in solution that affects the rate of chemical 
reactions. Use of thermoresponsive hydrogel 
coupled with the catalyst which catalyzes exo-
thermic reaction allows for the design of self-
regulating oscillating systems. [  38  ]   

  Summary:  The homogenous expansion/
shrinking of hydrogels can be used for (i) 
controlled release of drugs, (ii) design of 
smart lenses with switchable focal length, 
(iii) design of materials with switchable col-
oration, (iv) control of fl ow in microfl uidic 
devices, (v) design of sensors, (vi) control 
shape of cells and design complex 3D struc-
tures from cells, (vii) design of surfaces with 
switchable topography. 

     Figure  5 .     Gel-embedded array of rigid setae (GEARS) designed to provide a reverse response 
to exposure to water. a) Schematic of the setae transfer into the hydrogel layer attached to 
the confi ning solid surface modifi ed with the PGMA anchoring layer upon in situ synthesis. 
b) Schematic illustration of the dynamic rearrangement of the GEARS in the dry and wet states. 
c) Representative SEM image of the GEARS bristle in the dry state. D) Optical microscopy 
analysis of the dry GEARS surface reveals highly tilted setae. The surface is relatively hydrophilic 
(d, inset). E) Optical microscopy analysis of the same region as in (D) in a humid atmosphere 
reveals setae standing perpendicular to the surface and its hydrophobic character (e, inset). 
Reproduced with permission. [  37  ]  Copyright 2008, Royal Society of Chemistry.  

     Figure  4 .     Design of smart lenses with switchable focal length using reversible swelling/
shrinking of hydrogels. a) water/oil interface forms liquid microlens. Microchannels allow the 
fl ow of fl uids to the microlens structure. b) Smart variable-focus mechanism. The hydrophilic 
sidewall and bottom surface (‘ca’) and hydrophobic top surface (‘ts’) of the aperture pin the 
water–oil meniscus along the contact line ‘ca-ts’. The expansion and contraction of the hydrogel 
regulates the shape of the liquid meniscus by changing the angle   θ   of the pinned water/oil 
interface. The blue dashed lines show the expanded state of the hydrogel ring (‘I h ’) and the cor-
responding divergent microlens (‘I m ’) at   θ    =    θ a . The red dashed lines show the contracted state 
of the hydrogel ring (‘II h ’) and the corresponding convergent microlens (‘II m ’) at   θ    =  –(90 °  –   θ    β  ). 
c–f) The shape of the liquid microlens varies with local environmental temperature. Scale bars: 
1.0 mm. Reproduced with permission. [  33  ]  Copyright 2006, Nature Publishing Group.  
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behavior. [  45  ]  They predicted that the swelling 
behavior is governed by the concentration 
of the dominant ions and that the swelling 
speed is proportional to the square of the 
electric current. 

 Varghese and Arya have extended this 
theory in conceptual terms by relaxing one 
of its assumptions that the concentration of 
gel anionic groups remains constant during 
the bending process, which leads to a new 
scenario that the same anionic hydrogel 
can be made to bend in two different direc-
tions by changing its crosslink density. [  46  ]  
They considered an anionic hydrogel poly 
(2-acryloylamido-2-methyl propane sulfonic 
acid) (PAMPS) containing SO 3   −   within the 
electrolyte: NaCl solution. When an electric 
fi eld is applied across the hydrogel, Na  +   and 
Cl  −   ions travel towards the cathode and the 
anode, respectively. The Doi theory shows 
that with time the interfacial concentration of 
Na  +   will increase and decrease at the cathode 
and anode sides, respectively ( Figure    6  a). 
At the same time, the interfacial concen-
tration of Cl  −   will decrease and increase at 
the cathode and anode sides, respectively 
(Figure  6 a). The theory also shows that for 
hydrogels with a fi xed concentration of ani-
onic groups ( c  SO3– ) that are fully dissociated, 
the osmotic pressure ( Π ) within the hydrogel 
decreases monotonically with increasing Na  +   
concentration ( c  Na +  ) on the solution side, and 
that each  Π – c  Na  plot (at fi xed  c  SO3- ) shifts 
upward with increasing  c  SO3-  (Figure  6 b). 
This implies that  Π  will increase at the anode 

side (due to decreasing  c  Na +  ) and decrease at the cathode side 
(due to increasing  c  Na +  ). The solid black and gray arrows in 
Figure  6 b schematically depict one such trajectory of  Π  vs.  c  Na +   
at the two hydrogel interfaces, and the solid black and gray 
lines in Figure  6 c show the corresponding  Π  vs. time behavior. 
Thus, the model explains how anionic hydrogels swell at the 
anode side and shrink at the cathode side causing it to bend 
towards the cathode (Figure  6 d left).  

 Varghese and Arya showed that an anionic hydrogel could 
be designed to swell on the cathode side and shrink at the 
anode side such that it bends towards the anode, exactly oppo-
site to the behavior described by the Doi theory. Indeed, such a 
hydrogel could be achieved if one realizes that hydrogel swelling 
at the anode side is also accompanied by a decrease in the effec-
tive concentration of anionic groups ( c  SO3- ). Similarly, as the 
hydrogel shrinks at the cathode side, the effective concentra-
tion of anionic groups increases. This implies that the osmotic 
pressure trajectory at the anode side does not follow a single 
 Π  −  c  Na +   curve but instead moves downwards to lower  Π  −  c  Na +   
curves corresponding to a smaller  c  SO3-  while climbing up each 
 Π  −  c  Na +   curve. Therefore, it is envisioned that if the change in 
 c  SO3-  is suffi ciently large, the trajectory will exhibit a maximum 
in the  Π  −  c  Na +   plot and then dip downwards, as indicated by 
the black dashed arrow in Figure  6 b and by the black dashed 

    3.2. Non-Homogeneous Deformation of Hydrogels 

 Non-homogeneous deformation (bending, twisting) could 
be achieved by applying either (i) an inhomogeneous fi eld to 
homogeneous materials or (ii) homogeneous stimuli to inho-
mogeneous materials. An example of the fi rst case is the 
bending of polyelectrolyte hydrogel in solution with lateral gra-
dient of pH, which is formed during electrolysis [  39  ]  or PDMS 
strips with locally deposited solvent droplets. [  40  ]  Examples of 
the second group include bending of a liquid crystalline fi lm, [  41  ]  
hydrogel with a lateral gradient monomer concentration, [  42  ]  and 
cantilever sensors. [  43  ]  

  3.2.1. Homogeneous Hydrogels in an Inhomogeneous Field 

 There are no known examples of the use this principle of move-
ment in plants. The main reason is that it is rather diffi cult to 
generate and maintain continuous gradients (gradient of pH, 
salt concentration or temperature). On the other hand, this 
approach for the design of actuators is discussed in this paper 
since this is widely used for design of synthetic actuators. 

 It is well known that a strip of an anionic hydrogel bends 
towards the cathode in an electric fi eld. [  44  ]  Doi and co-
workers have provided a comprehensive theory to explain this 

     Figure  6 .     Theoretical concept behind unidirectional and bidirectional bending hydrogels. 
a) Expected accumulation of Na +  and depletion of Cl −  ions at the cathode-side hydrogel 
boundary and depletion of Na +  and accumulation of Cl −  ions at the anode-side hydrogel 
boundary with time. b) Variation of osmotic pressure with solution Na +  concentration for 
different concentrations of anionic groups (SO 3 −  ) within the gel. Solid arrows indicate the 
anticipated (from Doi theory) monotonic swelling and shrinkage of a high crosslink density 
hydrogel at the anode (black) and cathode (gray) sides, respectively. Dashed arrows indicate 
the non-monotonic swelling behavior (from modifi cation of Doi theory) expected from a low 
crosslink density hydrogel as a result of swelling and shrinkage of the gel causing large changes 
in the concentration of anionic groups within the gel. c) Time evolution of the osmotic pres-
sure of a high and low crosslink hydrogels at the anode and cathode sides. Solid and dashed 
lines correspond to trajectories for high and low crosslink density hydrogels, respectively. 
d) Steady-state bent conformation of high and low-crosslink hydrogels predicted by our modi-
fi ed theory. Reproduced with permission. [  46  ]  Copyright 2011, Wiley-VCH.  
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Yoshida fabricated gels exhibiting autonomous peristaltic 
motion without external stimuli, prepared by copolymerizing 
temperature-responsive N-isopropylacrylamide with ruthenium 
tris(2,2 ′ -bipyridine) (Ru(bpy)3) as a catalyst for the BZ reaction 
and were used for directed particle transport. [  51  ]  BZ reaction 
results in local swelling of the hydrogel that changes with time. 
As a result, a moving wave of swollen hydrogel is formed. The 
wave provides peristaltic motion of the adsorbed microparticles. 
In another approach, Maeda fabricated a self-oscillating gel 
actuator without external stimuli by producing a gradient struc-
ture, which generates a pendulum motion by fi xing one edge of 
the gel ( Figure    8  ). [  52  ]   

  Summary : It was observed that homogeneous hydrogels 
typical undergo simple bending, which is caused by a 1D gra-
dient of fi elds (concentration or temperature). The reason for 
such relatively simple behavior is that it is rather diffi cult to 
form complex spatial gradient of concentration, which can, for 
example, cause twisting. More complex behavior can, in prin-
ciple, be achieved using oscillating reactions. 

   3.2.2. Inhomogeneous Hydrogels in a Homogeneous Field 

 This principle of hydrogel-based actuators is inspired by the 
actuating behavior of pine cones, wheat awn and the Venus 
fl ytrap, which are built by materials with different swelling 
properties. 

line in Figure  6 c. At the cathode side, the osmotic pressure 
trajectory will hop to higher  Π  −  c  Na +   curves due to the increase 
in  c  SO3-  while climbing down each  Π  −  c  Na +   curve, allowing for 
the possibility of a reversal in the direction of  Π , as indicated 
by the gray dashed arrow in Figure  5 b and gray dashed line in 
Figure  6 c. Depending on the conditions, the fi nal location of 
the osmotic pressure at the anode side could end up lower than 
that at the cathode (Figure  6 b,c), causing the gel to eventually 
bend towards the anode after transiently bending towards the 
cathode (Figure  6 d, right). 

 Thus, it is expected lightly-crosslinked hydrogels to initially 
bend towards the cathode, then straighten out and eventually 
bend towards the anode (Figure  6 d right). On the other hand, 
a highly crosslinked hydrogel that is relatively stiffer possesses 
little capacity to further swell or shrink in an electric fi eld. 
The osmotic pressure of such a hydrogel would therefore be 
expected to exhibit the conventional monotonically increasing 
and decreasing osmotic pressure trajectory at the anode and 
cathode respectively, making the gel bend towards the cathode 
(Figure  6 d left). 

 Bending of electroactive hydrogel strips in a microfl uidic 
channel was applied to control fl ow as well as to sort particles 
and cells. [  39  ]  The hydrogel strip is integrated in a Y-junction and 
is able to bend either to one side or to another depending on 
the polarity of the applied voltage ( Figure    7  ). It was demon-
strated that the device is suitable for sorting mouse embryoid 
bodies (mEBs). The sorted and collected mEBs maintained 
pluripotency and selected mEBs successfully differentiated 
into three germ layers: endoderm, mesoderm, and ectoderm, 
thereby indicating the “biocompatibility” of the sorting device.  

 Non-homogenous swelling of polypyrole-based fi lms in 
humid air was used to make actuator which reversibly bends 
folds and form the tubes. [  47  ]  The actuator generates a contractile 
stress up to 27 MPa, lift objects 380 times heavier than itself, 
and transports cargo 10 times heavier than itself. 

 In these examples, bending occurred when an electric fi eld 
was applied and repeatable changes in shape require applying 
of alternating electric fi eld. Alternatively, cyclical changes in 
shape of a homogeneous hydrogel [  48  ]  can be achieved by using 
the Belousov–Zhabotinsky (BZ) reaction. [  49  ]  The BZ reaction 
is well known as a non-equilibrium dissipative reaction and 
generates autonomous oscillations in the redox potential that 

     Figure  8 .     A gel actuator that can generate autonomous motility with 
a wormlike motion without external driving stimuli. The autonomous 
motion is produced by dissipating the chemical energy of an oscillating 
reaction occurring inside the gel. Even though the gel is completely 
composed of synthetic polymer, it shows an autonomous motion as if 
it were “alive”. By coupling this with a ratchet mechanism, the gel walks 
by repeatedly bending and stretching itself like a looper. Reproduced with 
permission. [  52b  ]  Copyright 2007, Wiley-VCH.  

     Figure  7 .     a) Schematic of the sorting device composed of three parts: 
an electrically-driven hydrogel sorter, a droplet generation channel, and 
a focused mEBs channel; b) Examples of droplet sorting (oil phase fl ow 
rate  =  2  μ L min  − 1  and water phase fl ow rate  =  6  μ L min  − 1 ). The scale bar 
indicates 1 mm. Reproduced with permission. [  39  ]  Copyright 2010, Royal 
Society of Chemistry.  

Adv. Funct. Mater. 2013, 23, 4555–4570
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The fi rst report of bending of a hydrogel bilayer rod, consisting 
of thermoresponsive part and non-thermoresponsive one, was 
published by Hu and co-workers in 1985. [  54  ]  They demonstrated 
that rods bend due to shrinking of thermoresponsive hydrogels 
when the temperature changes.  

 The bilayer rod with constant ratio between thicknesses of 
each layer along the sample bends in one direction ( Figure    10  a). 
By making a sloped bilayer structure, the planar structure 
described in Figure  10 b can be bended along the y-axis as 
well as be twisted around this axis when one of the layers is 
asymmetrically expanded in a specifi cally selected solvent. 
When the bilayer actuating device with triangular layers with 
respect to the y-axis is swollen, a helical-type actuating sensor 
can be formed. A double twisted helical photonic actuator 
can be formed as shown in Figure  10 c. The double twist actu-
ating behavior is due to the competition of the twisting powers 
between the right-handed and the left-handed polypeptide-like 
helical structures. [  55  ]   

 Turcaud and co-workers simulated deformation of rods with 
different geometry and asymmetry. [  56  ]  For constant cross-sec-
tions, it is possible to achieve planar bending ( Figure    11  a) or 
twisting when the material distribution breaks some of sym-
metry elements of the initial shape, preserving one mirror 

  Rods : The deformation of inhomogeneous materials has 
been known for a very long time and in 1925, Timoshenko [  10  ]  
published a paper, which considered bending of a metal bilayer 
consisting of two metals with different thermal expansion coef-
fi cients. The deformation of non-hydrogel-based inhomoge-
neous inorganic materials is considered because the effects, 
which are produced by them, are similar to effects that can 
be achieved using hydrogels. Timoshenko assumed that the 
bilayer can bend in only one direction and results in a bilayer 
with uniform curvature:

 
1

ρ
= 6 (ε2 − ε1) (1 + m)2

h
(
3 (1 + m)2 + (1 + mn)

(
m2 + 1

mn

))   (1)   

 
E1

E2
= n   (2)   

 
a1

a2
= m   (3)   

where  E x   are the elasticity modulus,  a x   are the thickness of the 
layers,  h  is the total thickness ( h   =   a 1 +  a 2),  ε  is the stress of the 
fi lms,  ρ  is the radius of curvature. From  Equations (1–3) , the 
radius of curvature is inversely proportional to the fi lm stress. 
Moreover, the radius of curvature fi rst decreases and then 
increases with the increase in  m . The resultant curvature is 
not very sensitive to the difference in stiffness between the two 
layers and is mainly controlled by the actuation strain and the 
layer thickness. 

 Similar to bimetal strips, hydrogel-based ones consisting of 
two kinds of hydrogel rods are able to bend in different direction 
depending on the swelling properties of polymers ( Figure    9  ). [  53  ]  

     Figure  9 .     Bending of a biopolymer strip by positively and negatively 
charged polyelectrolytes. Reproduced with permission. [  53a  ]  Copyright 
2007, American Chemical Society.  

     Figure  10 .     Schematic illustrations of a) bending, b) polypeptide -type 
twisting, c) DNA-type twisting actuators and d) formation of sharp 
hinges. Reproduced with permission. [  55  ]  Copyright 2011, Royal Society 
of Chemistry.  

     Figure  11 .     Simulated actuation for several cross-sections with passive/
active areas ratio of 50:50: (from left to right). a) classical bilayer bending 
in its mirror plane; b) closed fourfold cross-section with bilayer repetitive 
unit cell remains straight; c) opened fourfold cross-section with bilayer 
repetitive unit cell shows huge twisting; d) opened fourfold cross-section 
with bigger moment of inertial shows less twisting than (c). Reproduced 
with permission. [  56  ]  Copyright 2011, Carl Hanser Verlag.  

Adv. Funct. Mater. 2013, 23, 4555–4570
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other geometrical factors. In the case of compact cross-section 
(Figure  11 b), no actual twisting is observed despite the fourfold 
rotational symmetry axis. However, the augmentation of free-
border with the volume ratio of the two phases staying equal 
triggers twisting (Figure  11 c). The moment of inertia of 
the cross-section relates inversely to the amount of twisting 
(Figure  11 d). The eccentricity of the expanding region relative 
to the geometric centre of the cross-section is proportional to 
the degree of twisting.  

  Bending of Hydrogel Films With Vertical Swelling Gradients : 
Deformation of fi lms is more complex than the deformation 
of rods. The Timoshenko equation applies to a beam bending 
in only one direction, does not predict the bending direction 
and is applicable for reversible elastic deformations. More 
recent models have considered complex bending of a bilayer 
in two dimensions. Mansfi eld found analytical solutions for 
large defl ections of circular [  57  ]  and elliptical [  58  ]  plates having 
lenticular cross sections with a temperature gradient through 
the thickness. For small gradients, the plates formed spherical 
caps, curved equally in all directions. At a critical gradient, a 
confi guration with greater curvature in one direction became 
more favorable. Because of the lens-shaped thickness profi le, 
even though the elliptical plate had a major axis, it showed 
no preferred direction for bending even for large defl ections. 
Freund determined the strain at which a spherical cap, formed 
by circular bilayer of uniform thickness, becomes unstable 
using low order polynomial solutions and fi nite element simu-
lations. [  59  ]  Later Smela and co-workers showed that short-side 
bending of inorganic bilayer was preferred in the case of free 
homogeneous actuation and that this preference increased with 
aspect ratio (ratio of length to width of a rectangular pattern) [  60  ]  
( Figure    12  ). Li and co-workers [  61  ]  and Schimdt [  62  ]  experimentally 
demonstrated the opposite scenario, namely a preference for 
long-side bending, in the case where bilayers are progressively 
etched from a substrate.  

 In inorganic bilayer systems, the active component under-
goes relatively small volume changes or actuation strains, which 
are nearly homogeneous over the whole sample. Hydrogels, 
however, demonstrate considerably different properties. First, 
hydrogels undergo large volume changes (up to 10 times) upon 
swelling and contraction. Second, the swelling of a hydrogel is 
often kinetically limited: due to slow diffusion of water through 
a hydrogel, the parts which are closer to the edges swell fi rst 
while the parts which are closer to the center of the fi lms swell 
later. 

 It was found that when the radius of curvature is small, 
bending of the fi lms leads to their folding and formation of 
3D structures, such as tubes. [  63  ]  We investigated the bending/
folding of rectangular stimuli-responsive hydrogel-based 
polymer bilayers with different aspect ratios and relative thick-
nesses placed on a substrate ( Figure    13  ). [  64  ]  It was found that 
long-side folding dominates at high aspect ratios (ratio of 
length to width) when the width is comparable to the circum-
ference of the formed tubes, which corresponds to a small actu-
ation strain. Folding from all sides occurs for a higher actuation 
strain, namely when the width and length considerably exceed 
the deformed circumference. In the case of moderate actuation, 
when the width and length are comparable to the deformed 

     Figure  13 .     Different scenarios of deformation of polymer bilayers on a 
substrate depending of the width and length. Adapted with permission. [  64b  ]  
Copyright 2012, American Chemical Society.  

     Figure  12 .     Simulations of curvature of free-standing inorganic bilayer as 
a function of actuation strain  ε a. The insets show shapes for A (ratio of 
length to width of the fi lm)  =  2 at the indicated  ε a; the out-of-plane z 
axis is greatly exaggerated for illustration. The colors go from blue to red 
as the z displacement increases. Simulation show that above threshold 
strain short side rolling dominates. Reproduced with permission. [  60  ]  
Copyright 2011, American Chemical Society.  

Adv. Funct. Mater. 2013, 23, 4555–4570
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  Bending of Hydrogels Films with Lateral Swelling Gradients:  
Similar to bilayers, hydrogels with lateral gradients of swelling 
properties are also able to deform. They form complex fi gures 
with Gaussian curvature. [  42  ]  Similar to this work, Hayward and 
Santangelo investigated folding of patterned rectangular strips 
divided into one high- and one low-swelling region, which can 
be characterized as a thick but narrow bilayer. [  71  ]  When swollen 
in an aqueous medium, it does not bent to the side of the 
less swelling component that is the case of “classical” bilayer 
discussed by Timoshenko ( Figure    15  a), but rolls into a three-
dimensional shape consisting of two nearly cylindrical regions 
connected by a transitional neck (Figure  15 b).  

 Santangelo and Hayward further extended investigation 
of hydrogel fi lms which consist of multiple areas with dif-
ferent swelling properties. The hydrogel was patterned using 
so-called halftone gel lithography using only two photomasks, 
wherein highly cross-linked dots embedded in a lightly cross-
linked matrix provide access to nearly continuous and fully 
two-dimensional patterns of swelling. This method is used to 
fabricate surfaces with constant Gaussian curvature (spherical 
caps, saddles, and cones) or zero mean curvature (Enneper's 
surfaces), as well as more complex and nearly closed shapes 
( Figure    16  )  

 Similar to the work of Hayward and Santangelo, Kumacheva 
and co-workers investigated deformation of hydrogel fi lms 
formed by multiple regions with different swelling proper-
ties. [  74  ]  They demonstrated that the fi lms are able to undergo 
multiple shape transitions when different polymers are swollen 
and shrunk. Thus, the polyelectrolyte fi lm can be unfolded 
when there is no salt in solution, moderate increase of the 
ionic strength leads to folding and formation of tube, further 
increase of ionic strength results in unfolding of the fi lm. 

  Snap-Buckling Deformation : In all these examples of hydro-
gels with vertical and later swelling gradients and in most 
plants movement occurs relatively slowly. Some plants such 
as the Venus fl ytrap, however, are able to move very quickly, 
which is due to a swelling-induced snap-buckling between two 
stable shapes. For snap-buckling instability, it is essential for 
the device to have directional swelling capability in addition to 
a doubly curved shape. The Venus fl ytrap, for instance, actively 
regulates the internal hydraulic pressure to bend its leaves in 

circumference, diagonal rolling is observed. Short-side folding 
was observed very rarely and in combination with diagonal 
bending. In fact it was observed that bilayers placed on a sub-
strate start to roll from corners due to quicker diffusion of 
water. Folding from the long-side starts later but dominates at 
high aspect ratios in agreement with energetic considerations. 
It was showed experimentally and by modeling that the main 
reasons causing a variety of rolling scenarios are (i) non-homo-
geneous swelling due to the presence of the substrate and 
(ii) adhesion of the polymer to the substrate. On the other 
hand, fi lms, which are fl oating in solution, bend along their 
short side and formed scrolls.  

 One of the parameters, which determines the shape of 
a formed 3D object is the 2D shape of the polymer fi lms. 
For example, tubes are formed from rectangle bilayers [  63     −     65  ]  
(Figure  13 ). Envelope-like capsules with rounded corners or 
nearly spherical ones are formed the homogeneous star-like 
polymer bilayers with four and six arms, respectively ( Figure    14  , 
left). [  65d  ,  65e  ,  66  ]  Importantly, in many cases folding runs in one 
step. Step-by-step folding of different elements of self-folding 
fi lms can be achieved by local activation of selected areas of 
self-folding fi lms by light. [  67  ]  Another possibility is to use two 
or more kinds of active material which are sensitive to dif-
ferent signals. Gracias and co-workers demonstrated two-step 
deformation of patterned fi lms where the active elements are 
two kinds of biodegradable polymers. Each of these polymers 
is degraded by specifi c enzyme. As a result, the fi lm folds when 
the fi rst enzyme is added and unfolds when the second one 
is added. [  68  ]  On the other hand, there are reports that folding 
in nature can have a very complex character, which strongly 
depends on the geometry and swelling path [  69  ]  and may result 
in multi-step folding (development of curvature in different 
directions). [  2a  ]  Recently, we demonstrated that the shape of 
isotropic polymer bilayers is able to direct folding in a sophis-
ticated manner, leading to even more complex hierarchical 
folding than in nature. In particular, homogeneous bilayer fi lms 
can undergo sequential steps of folding by forming various 
3D shapes with sharp hinges (Figure  14 , right). Experimental 
observations lead us to derive four empirical rules backed up by 
theoretical understanding as well as simulations. It was dem-
onstrated how those rules can be used to direct the folding of 
edge-activated polymer bilayers through a concrete example: 
the design of a pyramid. [  70  ]   

     Figure  14 .     Results of one- and multi-step folding of four- and six-arm 
stars. Reproduced with permission. [  66  ,  70  ]  Copyright 2011, Royal Society of 
Chemistry; Copyright 2013, Wiley-VCH.       Figure  15 .     a) Bending of a “classical” bilayer and b) rectangular strips 

divided into one high- and one low-swelling regions. Dark blue is swelling 
hydrogel, light blue does not swell. Reproduced with permission. [  72  ]  Copy-
right 2013, Taylor & Francis.  

Adv. Funct. Mater. 2013, 23, 4555–4570
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ture in the other direction remains passive. To achieve direc-
tional swelling of a doubly curved hydrogel device, microfl u-
idic channels were aligned vertically with spacing in between. 
Once supplied to the channels, the solvent diffuses out in all 
directions around it. Swelling in lateral direction is negligible 
within a short period of actuation time since the solvent diffu-
sion speed is fi nite. On the contrary, swelling along the chan-
nels can quickly cause signifi cant amount of bending in the 
vertical direction as the diffusion length in thickness direction 
is relatively short. Therefore, local swelling around the aligned 
channels makes the doubly curved device bend only along the 
vertical axis and, as a result, snap-buckling occurs. Similarly, 
the device snaps back to the original shape during de-swelling 
( Figure    17  ).  

  Summary : It was shown that inhomogeneous fi lms with 
later and vertical gradients of swelling properties are able to 
fold and form various 2D and 3D objects. The shape of the 
formed objects is determined by the character of the gradient of 
swelling properties, size of the fi lm, and its shape. The folding 
may occur in one step or in multiple steps. It was also dem-
onstrated that folding can be relatively slow and, thus, mimics 
actuation mechanism in pine cones or can be very fast, mim-
icing actuation mechanism in the Venus fl aytrap. 

   3.2.3. Application of Inhomogeneous Deformation of Hydrogels 

  Actuators : One possible kind of application of inhomogeneous 
hydrogels is bending actuators. [  76  ]  For example, AFM cantile-
vers coated on one side with hydrogel bend depending on the 
swelling state of the hydrogel and can be used for design of 
sensors. [  77  ]  In this way, pH-, [  77a  ]  temperature-, ion- [  78  ]  and bio-
sensors [  77b  ]  were developed. Bashir and co-workers fabricated 
bending cantilever using PEG-based hydrogel with seeded car-
diomyocytes, which were derived from neonatal rats. [  79  ]  These 
cantilevers were used as a mechanical sensor to measure 
the contractile forces of cardiomyocyte cell sheets and as an 
early prototype for the design of optimal cell-based biohybrid 
actuators. 

 Yu and co-workers used bending of bilayers 
for design of biomimetic check valve that 
allows for the directional control of fl uid 
( Figure    18  ). [  80  ]  The valve consists of a bistrip 
formed by pH sensitive poly(HEMA-AA) 
hydrogel and a pH-indifferent poly(HEMA) 
hydrogel. Back pressure closes the leafl ets, 
thereby restricting backfl ow, whereas forward 
pressure opens the leafl ets and allows fl uid 
to pass. The valve activates and deactivates 
in response to solution pH due to the use of 
a pH-responsive hydrogel in the leafl ets. At 
high pH, the valve is functional and at low pH 
the leafl ets contract to close the valve. There-
fore, the valve not only functions as a one-way 
check valve, but also provides the ability to call 
the valve into service when desired. Similar 
check valves were found in mammalian veins.  

 In fact, bending can easily be transformed 
in walking or swimming by applying cyclical 

a direction perpendicular to the midlib. From a mechanical 
point of view, the leaf is an elastic shell with a doubly curved 
shape. When bent along one axis only, an elastic body becomes 
stretched as a result of bending-stretching coupling of a doubly 
curved plate, thereby storing elastic energy. As the leaf further 
deforms and passes through the energy barrier, this stored 
elastic energy is instantaneously released and converted into 
kinetic energy, creating a rapid trap closure. Fang and co-
workers [75] designed and fabricated a hydrogel device with a 
doubly curved shape to incorporate elastic instability. Unlike 
other hydrogel systems where the entire device needs to be 
immersed in solvent for actuation, swelling in this device takes 
place locally around the channels by direct solvent delivery. 
Therefore, a desired motion can be obtained by embed-
ding channels where swelling is needed. The swelling of the 
device needs to be controlled in such a way that the curvature 

     Figure  17 .     Swelling-induced snap-buckling in a doubly curved hydrogel device with embedded 
microfl uidic channels. Scale bar indicates 100 mm. Reproduced with permission. [  75  ]  Copyright 
2010, Royal Society of Chemistry.  

     Figure  16 .     Thermal actuation of patterned sheets. a) When the tempera-
ture of the aqueous medium is increased, the hybrid Enneper’s surface 
deswells and recovers its fl at shape by 49  ° C. b) Upon lowering the 
temperature to 22  ° C the disk swells back to the initial hybrid shape 
through a different pathway. Initial thickness and disk diameter are 7 
and 390  μ m, respectively. Reproduced with permission. [  73  ]  Copyright 
2012, AAAS.  

Adv. Funct. Mater. 2013, 23, 4555–4570
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steadily on a ratchet substrate under periodic alternation of the 
relative humidity (RH) between 11 and 40%.  

 Hydrogel-based actuators are also able to swim when their 
shape changes cyclically. Lee and co-workers used inhomoge-
neous deformation of hydrogels and fabricated pH-sensitive 
hydrogel actuators mimicking the shape and the swimming 
motion of octopus and sperm (homogeneous hydrogel in elec-
tric fi eld). [  83  ]  Such aquabots are able to produce directional 
motion in response to change of electrochemical potential and 
can be potentially used for biomedical applications to sense and 
destroy certain microorganism. Jager and co-workers demon-
strated more complex actuation on the example of conjugated 
polymer actuators formed by bilayer consisting of polypyrrole 
and metal. [  84  ]  They showed that such bilayer actuators are able 
to operate in aqueous media, which is highly desirable for bio-
analytical applications or to capture and release particles. [  85  ]  
Whitesides, Parker and co-workers designed swimming biohy-
brid materials from engineered tissue and synthetic polymer 
thin fi lm. The construct was built by culturing neonatal rat 
ventricular cardiomyocytes on PDMS fi lm micropatterned with 
ECM (what’s ECM) to promote spatially ordered, two-dimen-
sional myogenesis. The centimeter-scale constructs performed 
diverse gripping, pumping, walking and swimming with good 
spatial and temporal control and were able to generate forces 
as high as 4 millinewtons per square millimeter. [  86  ]  Later on, 
Parker and Dabiri reported construction of a freely swimming 
jellyfi sh from chemically dissociated rat tissue and silicone 
polymer as a proof of concept ( Figure    20  ). [  87  ]  The constructs, 
termed ‘medusoids’, were designed with computer simulations 
and experiments to match key determinants of jellyfi sh pro-
pulsion and feeding performance by quantitatively mimicking 
structural design, stroke kinematics and animal-fl uid interac-
tions. The combination of the engineering design algorithm 
with quantitative benchmarks of physiological performance 
suggests that this strategy is broadly applicable to reverse engi-
neering of muscular organs or simple life forms that pump to 
survive. Similar approach was recently used by Bashir and co-
workers to fabricate walking biological machines consisting of 
polymer layer with attached cardiac cell sheet. [  88  ]   

  Self-Folding Films : In examples given above, the deforma-
tion of a hydrogels was used to generate mechanical force 
that allows development of moving systems. Deformation of 
hydrogel can also lead to considerable change of their shape 
this is used for design complex 2D and 3D systems in an ori-
gami-inspired self-folding concept. Utilization of hydromorphic 
folding of hydrogels for design of structured materials is highly 
attractive: it allows very simple, template-free fabrication of very 

stimuli. In 1992 Osada and co-workers reported deformation of 
polyelectrolyte hydrogel immersed in surfactant solution causing 
swelling of the hydrogel. [  81  ]  The deformation of the hydrogel was 
due to complexing of the surfactant with the charged groups in 
the gel. Swelling occurred due to osmotic pressure changes and 
ions freely moving in the gel and solution. The hydrogel bends 
towards the cathode that allows to control direction of bending 
by polarity of applied voltage. Positive ions in the surfactant solu-
tion moved to the cathode and complex there. Switching of the 
polarity led to release of the surfactant. On the other hand, sur-
factant molecules complexed with charged group on the other 
side of the hydrogel that resulted in change of the bending direc-
tion. Thus, the gel demonstrated bending and stretching upon 
cyclic change in the polarity of the applied voltage. The spe-
cifi c deformation of hydrogel allowed its walking at a speed of 
15 mm/min. Similar to this work, Sun and co-workers developed 
macroscopical hydrogel-based actuating system, which is able 
to walk on ratchet substrate. The system is based on bending 
of a hydrophobic (Norland Optical Adhesive 63)–hydrophilic 
(thermally crosslinked poly(acrylic acid)/PAA)/poly(allylamine 
hydrochloride)) bilayer in response to a change in humidity 
( Figure    19  ). [  82  ]  This bilayer actuator could drive a walking device 
carrying a load 120 times heavier than the actuator and to walk 

     Figure  18 .     Smart biomimetic hydrogel valve based on hydrogel bistrip. When exposed to pH  =  8 phosphate buffer, the bistrip hydrogel changes its size 
and shape to form a normally closed check valve (b); when exposed to pH  =  3 buffer, the valve is deactivated due to shrinking (c). The activated valve 
allows forward fl uid fl ow when forward pressure reaches a threshold value (a) while resisting backward fl ow (b). Scale bars are 500  μ m. Reproduced 
with permission. [  80  ]  Copyright 2001, American Institute of Physics.  

     Figure  19 .     Walking device based on a polyelectrolyte multilayer fi lm that 
can drive a walking device carrying a load 120 times heavier than the 
actuator and can walk steadily on a ratchet substrate under periodic alter-
nation of the relative humidity (RH) between 11 and 40% (see picture). 
NOA 63: Norland Optical Adhesive 63, PAA: poly(acrylic acid), PAH: 
poly(allylamine hydrochloride). Reproduced with permission. [  82  ]  Copy-
right 2011, Wiley-VCH.  
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nals; iii) there is a variety of biocompatible 
and biodegradable polymers. These proper-
ties make polymer-based self-folding fi lms 
very attractive for biotechnological applica-
tions; iv) polymers undergo considerable 
and reversible changes of volume that allow 
design of systems with reversible folding; 
v) fabrication of 3D structures with sizes 
ranging from hundreds of nanometers to 
centimeters is possible.  

 There are numerous reports describing 
fabrication of self-folding fi lms with different 
responsive properties. For example, there are 
pH-responsive systems based on polyelectr
olytes, [  63  ,  65c  ,  65e  ,  92,94  ]  thermoresponsive based 
on gradient of thermal expansion, [  65a  ,  65b  ]  
melting of polymer, [  95,96  ]  thermoresponsive 
polymers [  64a  ,  66  ] ; polymers responsive to sol

vents, [  40  ,  55  ,  65e  ,  92  ]  electric signal, [  85a  ,  86  ,  97  ]  enzymes, [  68  ]  and light 
(based on light-to-heat conversion) [  98  ]  

 One fi eld of application of self-folding polymer thin fi lms 
is controlled encapsulation and release of drugs, particles, and 
cells. Kalaitzidou demonstrated reversible adsorption-desorp-
tion of fl uorescently labeled polyethyleneglycol, which was con-
sidered as model drug, inside PDMS-gold tubes at 60–70  ° C. [  65a  ]  
Similar, Gracias and co-workers showed irreversible encap-
sulation of yeast cells inside self-folding SU8-PCL fi lms upon 
heating above 60  ° C. [  95  ]  Poly-(N-isopropylacrylamide)-based 
self-folding fi lms were also suitable for reversible encapsula-
tion of particles and yeast cells. [  64a  ,  66  ]  Cells were encapsulated 
upon cooling below 30  ° C and could be released from the fi lm, 
which is unfolded above 30  ° C ( Figure    22  a). This encapsulation 

complex repetitive 2D and 3D patterns, [  89  ]  which can hardly be 
prepared using other very sophisticated methods, such as two-
photon and interference photolithography ( Figure    21  ). One 
of the advantages of self-folding hydrogels is the possibility 
of quick, reversible and reproducible fabrication of 3D hollow 
objects with controlled chemical properties and morphology 
of both the exterior and interior. Most of the efforts until now 
were focused on inorganic self-folding materials. [  16a  ,  62  ,  90  ]  On the 
other hand, there are many factors, which make polymer-based 
self-folding fi lms particularly attractive: [  16b  ,  91  ]  i) there is a variety 
of polymers sensitive to different stimuli that allow design of 
self-folding fi lms, which are able to fold in response to various 
external signals; ii) there are many polymers changing their 
properties in physiological ranges of pH and temperature, as 

     Figure  20 .     a) Body design of jellyfi sh (top) and free-swimming medusoid construct (bottom). 
Comparison demonstrates similar geometry and dimensions but also illustrates that the medu-
soid constitutes a simplifi ed version of a jellyfi sh, reduced to elements necessary for propul-
sive function. b) Jellyfi sh 2D muscle architecture (top) was reverse-engineered in medusoids 
(bottom). Left: Composite brightfi eld image overlaid with F-actin stain (green) of muscle cell 
monolayer. Square inset: Close-up on muscle organization at lobe-body junction; F-actin stain 
(green). Reproduced with permission. [  87  ]  Copyright 2011, Nature Publishing Group.  

     Figure  21 .     Examples of self-folding polymer fi lms with different shapes: a,b) tubes. Reproduced with permission [  63  ,  65b  ]  Copyright 2005, Wiley-VCH 
Verlag; c,d) capsules. Reproduced with permission. [  65d  ,  66  ]  Copyright 2007, Wiley-VCH, Copyright 2013, Taylor & Francis; e) helix. Reprocued with 
permission. [  55  ]  Copyright 2011, Royal Society of Chemistry; f) hierarchically-shaped tube. Reproduced with permission. [  92  ]  Copyright 2011, Wiley-VCH; 
g–i) cubes with porous walls. Reproduced with permission. [  93  ]  Copyright 2011, Springer; j) dodecahedron. Reproduced with permission. [  93  ]  Copyright 
2011, Springer; k,l) complex structures obtained by folding of six-armed stars. Reproduced with permission. [  70  ]  Copyright 2013, Wiley-VCH.  
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encapsulation and release. Self-folded objects 
with nanoporous walls and encapsulated cells 
were suggested as prototype for artifi cial 
pancreas. Small molecules, such as glu-
cose and dissolved oxygen, are able to pass 
through the pores, while larger ones, such 
as antibodies, are unable to do so. This size-
selective permeability of self-folded capsules 
makes it possible to avoid the immune 
response what is highly demanded during 
transplantation of pancreas cells. [  101  ]  Gracias 
and co-workers used rigid metal-made self-
folding microgrippers for capturing pieces 
of tissues and their controlled transport. 
Such systems are particularly attractive for 
non-invasive biopsy. [  96c  ,  102  ]  Self-folded objects 
were used as scaffolds for the fabrication of 
3D cellular constructs. [  103  ]  Controlled release 
of small molecules through the pores of self-
folded microconstructs was used to spontane-
ously organize cells in a 3D environment [  104  ]  
that potentially allows fabrication of 3D scaf-
folds for tissue engineering. [  105  ]  For example, 
self-rolling prestressed PDMS fi lms with 
adsorbed cells of different kinds were used to 
make tubular structures mimicking the struc-
ture of blood vessels (Figure  22 c). [  106  ]   

 Self-folding fi lms can also be used as 
smart plasters (Figure  22 d). Lee demon-
strated this concept with the example of a 
millimerter size poly(methyl methacrylate)–
poly(2-hydroxyethyl methacrylate) bilayer 
with attached mucoadhesive drug layer. 
The non-swelling PHEMA layer serves as 
a diffusion barrier minimizing any drug 
leakage in the intestine. The resulting uni-
directional release provides improved drug 
transport through the mucosal epithelium. 
The functionality of this device was success-
fully proven in vitro using a porcine small 
intestine. [  65c  ]  

 There are several non-biorelated exam-
ples of applications of self-folding polymer 
fi lms. Deposition of patterned metal on 
the polymer bilayer allowed fabrication of 
self-rolled tubes with patterned conductive 
inner wall. [  63  ]  In another examples, pyrolysis 
of polystyrene-poly(4-vinyl pyridine)-polydi-
methylsiloxane trilayer [  94a  ]  and polystyrene–
poly(4-vinyl pyridine)/resorcinol bilayer [  107  ]  

was used for the fabrication of silica and carbon tubes, respec-
tively. Gracias used self-folding polymers fi lms to fabricate 
self-assembled curved microfl uidic networks (Figure  22 e) [  108  ]  
and designed smart actuating systems mimicking opening and 
closing of the Venus fl ytrap by using pH responsive polymer, 
which form a hinge between two polymer fi lms (Figure  22 f). [  94c  ]  
Very recently, Luchnikov and co-workers fabricated fi bers with 
hollow interiors using scratched self-folding polymer fi lms 
(Figure  22 g). [  109  ]  

and release is completely reversible and could be repeated 
many times. Very recently, fully biodegradable self-folding 
fi lms, which consist of commercially available biodegradable 
polymers, were also used to encapsulate cells (Figure  22 b). [  99  ]  
It was also found out that cells are able to stimulate folding of 
patterned fi lm. [  100  ]  In fact, there are many approaches which 
can be used for encapsulation of cells including LbL, micro-
fl uidic technique and controlled precipitation. The advantage 
of the self-folding approach is the possibility of reversible 

     Figure  22 .     Examples of applications of self-folding polymer fi lms: a) reversible encapsula-
tion and release of yeast cells inside thermoresponsive self-folding capsules. Reproduced 
with permission. [  66  ]  Copyright 2010, Royal Society of Chemistry; b) irreversible encapsulation 
of cells–yeast cells encapsulation inside fully biodegradable self-rolled fi lm (left: Reproduced 
with permission. [  99  ]  Copyright 2011, American Chemical Society) and stained fi broblast cells 
encapsulated within a non-porous polymeric container (right: Reproduced with permission. [  110  ]  
Copyright 2010, Springer; c) array of multiple cells inside self-rolled prestressed PDMS fi lm 
(Reproduced with permission. [  106  ]  Copyright 2012, Wiley-VCH; d) smart plasters which direct 
diffusion of drugs and prevent their leakage (Reproduced with permission. [  65c  ]  Copyright 2006, 
Elsevier; e) 3D mirofl udic device obtained by folding (Reproduced with permission. [  108  ]  Copy-
right 2011, Nature Publishing Group; f) actuator with hinges folding in changing pH and ionic 
strength (Reproduced with permission. [  94c  ]  Copyright 2010, Elsevier; g) optical (top) and elec-
tron microscopy (bottom) images of fi brous material obtained from self-folding polymer fi lms 
(Reproduced with permission. [  109  ]  Copyright 2012, Wiley-VCH.  
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 Nature offers myriads of ideas for the design of advanced 
materials with novel properties. The principles of movement 
in plants have been successfully transferred in the design of 
actively-moving hydrogel-based materials. In different applica-
tions, swelling/shrinking of stimuli-responsive hydrogels is 
used to generate forces, and to change their volume and shape. 
Experiments show that hydrogel actuators can produce simple 
motion, such as homogeneous increase of volume, more com-
plex bending and twisting as well as highly complex origami-
like folding. 

 One can distinguish: (i) homogenous hydrogels with homog-
enous in all directions deformation; (ii) homogenous hydrogels 
with inhomogeneous in deformation and (iii) inhomogeneous 
hydrogels with inhomogeneous in deformation. Behavior of the 
fi rst type is similar to swelling of cells. Behavior of the second type 
has no examples in nature. Behavior of third type mimics move-
ments of pine cones, wheat awn, Venus fl ytrap etc. The third type 
of hydrogel actuator demonstrates the most complex scenarios 
of deformation such as bending, twisting, one- and multi-step 
folding leading to formation of complex 2D and 3D structures. 
In particular, one of the recent trends is to develop approaches for 
multi-step hierarchical actuation. One way to achieve multi-step 
actuation is to use several hydrogels sensitive to several stimuli or 
site-selective activation of different elements of self-folding fi lms. 
In these cases either manufacturing or folding becomes more 
time-consuming. Another approach, which is inspired by nature, 
is to use inhomogeneity of the swelling path that allows very com-
plex folding in a way that star-arm bilayers build pyramids with 
sharp hinges. One can even imagine the use of complex deforma-
tion of hydrogels for folding of printed origami structures [  111  ]  in 
order to achieve higher degree of complexity. 

 The complex movement/deformation of hydrogels has 
been successfully applied for the design of active elements for 
microfl uidic devices, materials and devices with tunable optical 
properties, switchable surface, engineering of biomaterials, 
cell encapsulation, 3D microfl uidic systems. There are also 
very interesting examples of “cyborg” devices build from living 
cells and synthetic materials. These fi rst experiments give hope 
for the development of biomimetic polymer materials, which 
can be completely integrated into living organisms and be 
controlled by them. It was also demonstrated that self-folding 
hydrogel-based fi lms are very promising for the design of bio-
materials, controlled encapsulation and release of drugs and 
cells. In particular, due to their softness, better biocompatibility, 
possible biodegradability and easy manufacturing, hydrogel 
actuators can be applied in the fi elds of microelectronics and 
bio-microelectronics for in vivo applications. 
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as elongation, contraction, bending, 
twisting, or fast snap-buckling and 
fracture-dominated movement. 
Stimuli-responsive hydrogels mimic 
swelling/shrinking behavior of plant 
cells and produce macroscopic actua-
tion in response to small variations of 
environmental conditions. [  3  ]  In most 
cases, change of conditions, however, 
results in homogeneous expansion 
or contraction in all directions. More 
complex behavior such as bending, 
twisting, and folding is produced as a 
result of inhomogeneous expansion/
shrinking, which occurs with different 
magnitudes in different directions [  4  ]  
and, thus, mimic mechanisms of 
development of animal organs, fruit 
growth, and plant movement. Utiliza-
tion of these phenomena for design 
of structured materials is highly 
attractive—they allow very simple, 
template-free fabrication of very com-
plex repetitive 2D, and 3D patterns, [  5  ]  

  Introduction 

 Nature offers enormous arsenal of 
ideas for the design of novel mate-
rials with superior properties. For 
example, evolution led to develop-
ment of highly sophisticated and 
effi cient movement mechanisms of 
plants, which allow their rotation to 
sun, growth, and dissemination of 
seeds. [  1  ]  Contrary to animals where a 
macroscopic movement is provided 
by nanoscale movement of motor pro-
teins, [  2  ]  motion in plants is provided 
by microscopic swelling of cells [  1a  ]  
(Figure  1 ). In different schemes, rela-
tively slow swelling/shrinking results 
in either slow shape changes such 

which can hardly be prepared using 
other very sophisticated methods 
such as two-photon and interference 
photolithography. Moreover, there are 
many factors, which make polymer-
based self-folding fi lms particularly 
attractive. First, there is a variety of 
polymers sensitive to different stimuli 
that allow design of self-folding fi lms, 
which are able to fold in response to 
the various external signals. Second, 
there are many polymers changing 
their properties in physiological 
ranges of pH and temperature as well 
as polymers sensitive to biochemical 
processes. Third, there are a variety 
of biocompatible and biodegradable 
polymers. These properties make 
polymer-based self-folding fi lms very 
attractive for biotechnological appli-
cations. Forth, polymers undergo 
considerable and reversible changes 
of volume that allows design of sys-
tems with reversible folding. Fifth, 
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Active material can undergo either 
reversible swelling/shrinking or irre-
versible change of shape, which is 
caused by melting. In this way, objects 
with sharp edges such as cubes and 
pyramids are formed by patterned 
bilayer with the active junction ele-
ments. [  12  ]  Important, in all reported 
cases, folding runs in one step–active 
polymer changes its volume that 
results in simple bending.  

 Experimentally, the polymer 
fi lms with different shapes can be 
obtained either by cutting, [  10a–c  ]  
using microwell-like substrates [  10e–

g  ]  or photolithography. [  10d  ,  11  ,  12  ]  Cut-
ting allows fabrication of millim-
eter relatively large objects with the 
rectangular shape, which form the 
tubes. The main advantage of this 
method is simplicity and applica-
bility to almost all combinations 
of cross-linkable polymers. Use of 
microwell-like substrates is techni-
cally more complicated while allows 
fabrication of polymer layers with 
different shapes such as rectangles 
or stars. Photolithography of bilayers 
allows large scale fabrication of self-
folding objects of different shape and 
size starting from several microns. 
The formed self-folding objects have 
rounded corners. The main disad-
vantage of this approach is neces-
sity to choose proper solvents for 
polymer deposition in the way that 
fi rst polymer is not dissolved during 
deposition of the second polymer. 
Fabrication of patterned polymer 
fi lms (Figure  2  right) is the techni-
cally most complicated procedure 

fabrication of 3D structures with the 
size ranging from hundreds of nano-
meters to centimeters is possible. The 
focus of this review is to summarize 
the recent developments in the fi eld 
of self-folding polymer fi lms.   

 Folding in Nature 

 Nonuniform swelling different part 
of tissues is the main principle of 
movement in plant. The pine cone 
is the natural example of actively 
moving folding system (Figure  1 a). [  6  ]  
In pine cone, the dead tissue makes 
up the scales moves upon changes in 
humidity and allows the seeds inside 
the pine cone to be released. Each scale 
consists of two types of tissues, one 
if formed by cells in which the cellu-
lose microfi brils are aligned along the 
length of the scale and the other in 
which they are perpendicular. Upon 
drying, the interfacial matrix between 
the fi bers shrinks on the lower half of 
the scales. The presence of the fi bers 
leads to anisotropic contraction, which 
is hindered by the stiffer surrounding 
tissue, thus leading to a bending of 
the scales. The similar mechanism, 
which is based on a bilayer structure, 
is used by  Aizoaceae  to protect seeds 
against drought and to release when 
it is wet. [  1a  ]  The folding and unfolding 
in both cases are relatively slow and 
occur typically on the scale from sev-
eral minutes to hours. [  7  ]  Folding in 
Venus Flytrap (Figure  1 b) is much 

quicker—is one of the fastest move-
ments in the plant kingdom and it 
is able to close “jaws” in about 
100 ms. [  7  ,  8  ]  In the “open” state, the 
leaves are doubly curved. Upon stimu-
lation, the plant “actively” changes 
one of its principal natural curvatures 
by hydration that results in snapping 
and closing of the “jaws.”   

 Design of Self-Folding Films 

 There are two general approaches 
for the design of self-folding fi lms. 
First approach is based on homog-
enous bilayer fi lms (Figure  2 , a–e). The 
approach is very simple and patterned 
bilayers are prepared by using one-
step photolithography. The formed 
structures are, however, hinge-free and 
have rounded shapes such as tubes [  10  ]  
and capsules. [  10f  ,  10g  ,  11  ]  Complexly pat-
terned fi lms where locally deposited 
active materials form hinges are used 
in the second approach (Figure  2 , f–g). 

     Figure  1 .     Two examples of natural self-folding systems. (d) A sketch of actuation of scales in 
a pine cone upon drying and wetting.Reproduced with permission, [  6  ]  Copyright 2011, Else-
vier. (e) Snap-through of the Venus fl ytrap leaves from concave to convex occurs through 
the onset of an elastic instability fi lms. Reproduced. [  9  ]   
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gradients, the plates formed spherical 
caps, curved equally in all directions. 
At a critical gradient, a confi guration 
with greater curvature in one direc-
tion became more favorable. Because 
of the lens-shaped thickness profi le, 
even though the elliptical plate had 
a major axis, it showed no preferred 
direction for bending even for large 
defl ections. Freund [  18  ]  determined 
the strain at which the spherical cap, 
formed by circular bilayer of uniform 
thickness, becomes unstable using 
low-order polynomial solutions and 
fi nite element simulations. 

 Later Smela and co-workers [  19  ]  
showed that short-side rolling was 
preferred in the case of free homoge-
neous actuation and that this pref-
erence increased with aspect ratio 
(ratio of length to width of rectan-
gular pattern). Li and co-workers [  20  ]  
and Schimd [  21  ]  experimentally dem-
onstrated the opposite scenario, 
namely a preference for long-side 
rolling, in the case where bilayers 
are progressively etched from a sub-
strate. They observed that when the 
tube circumference was much larger 
than the width or the aspect ratio 
of the rectangle was high, rolling 
always occurred from the long side. 
When the tube circumference was 
much smaller than the width and the 
aspect ratio of the membrane pattern 
was not very high, the rolling resulted 
in a mixed yield of long- and short-
side rolling, as well as a “dead-locked 
turnover” shape. Short-side rolling 
occurred at small aspect ratios when 
the deformed circumference is close 
to the width. In these self-rolling sys-
tems, the active component under-
goes relatively small volume changes 
or actuation strains, which are 
nearly homogeneous over the whole 
sample. Hydrogels, however, demon-
strate considerably different proper-
ties. First, hydrogels undergo large 
volume changes (up to 10 times) upon 
swelling and contraction. Second, the 
swelling of a hydrogel is often kineti-
cally limited: due to slow diffusion 
of water through hydrogel, the parts 

 

E1
E2
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a1
a2

= m
 
 (3)   

where  E  is the elasticity modulus,  a  
is the thickness of the layers,  h  is the 
total thickness ( h   =   a 1  +   a 2),  ε  is the 
stress of the fi lms, and   ρ   is the radius 
of curvature. Timoshenko equation 
predicts that the radius of curvature 
is inversely proportional to fi lm stress. 
Moreover, radius of curvature fi rst 
decreases and then increases with the 
increase of  m . The resultant curvature 
is not very sensitive to the difference 
in stiffness between the two layers 
and is mainly controlled by the actua-
tion strain and the layer thickness. 
The Timoshenko equation applies to 
a beam bending in only one direction 
and does not predict the folding direc-
tion. Moreover, Timoshenko equation 
considers elastic deformations, the 
polymers and hydrogels often demon-
strate viscoelastic properties. 

 More recent models have consid-
ered complex bending of bilayer in 
two dimensions. Mansfi eld found 
analytical solutions for large defl ec-
tions of circular [  16  ]  and elliptical [  17  ]  
plates having lenticular cross-sec-
tions with a temperature gradient 
through the thickness. For small 

and requires mask alignment during 
several steps of photolithography. On 
the other hand, it allows fabrication 
of the broadest range of shapes of 
self-folding objects.   

 Folding of Polymer Films and Their 
Properties 

 Folding or rolling is macroscopic 
deformation of thin fi lms having 
different expansion coeffi cient in 
different locations. The most primi-
tive example of self-folding fi lm is 
a bilayer consisting of two kinds of 
materials with different properties. 
One of them can be, for example, stim-
uli-responsive hydrogel, which consid-
erably changes volume in response to 
small changes of environment, that is, 
active polymer. Second polymer can 
be hydrophobic, that is, passive. 

 Timoshenko [  15  ]  was the fi rst who 
addressed the problem of bending 
investigated bending of bilayer, 
which consist of two materials with 
different expansion coeffi cients. He 
assumed that the bilayer can bend 
in only one direction and results in a 
bilayer with uniform curvature

 

1

ρ
=

6 ε2 − ε1
)

(1 + m)2

h 3 (1 + m)2 + (1 + mn) m2 + 1
mn
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 (1)   

     Figure  2 .     Two main approaches for fabrication of self-folding structures: (a) bilayers, and 
(f) patterned fi lms. Panels (b) and (c) are reproduced with permission. [  13a  ]  Panels (d) and (e) 
are reproduced with permission. [  13b  ]  Copyright 2011, American Chemical Society. Panels (f) 
and (g) are reproduced with permission. [  14  ]   
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shape and derived algorithms to pro-
gram folding. [  23  ]  

 Very recently, Hayward and co-
workers [  24  ]  demonstrated design of 
self-folding hydrogel fi lms using 
half-tone photolithography. They pat-
terned thermoresponsive hydrogel 
fi lm and generated patches with 
different cross-linking densities and 
swelling degree. They demonstrated 
that fi lm undergoes bending when the 
distance between regions with higher 
cross-linking density is larger than 
threshold value, which is linearly pro-
portional to the fi lm thickness. The 3D 
structure formed by the fi lms depends 
on its 2D shape and swelling degree.   

 Applications of Self-Folding Films 

 There are plenty reports describing 
fabrication of self-folding fi lms 
with different responsive prop-
erties. For example, there are 
pH-responsive systems based on 
polyelecrolytes, [  10c  ,  10e  ,  10g  ,  12a  ,  13a  ,  25  ]  

thermoresponsive based on gradient 
of thermal expansion, [  10a  ,  10b  ]  melting 
of polymer, [  12b  ,  26  ]  thermoresponsive 
polymers, [  10d  ,  11  ]  solvent, [  10g  ,  12c  ,  25c  ,  27  ]  
electric signal, [  28     −     30  ]  enzymes, [  31  ]  light 
based on light-to-heat conversion. [  32  ]  

 Self-folding polymer thin fi lms 
are particular suitable for controlled 
encapsulation and release of drugs, 
particles, and cells (Figure  3  a,b). 
Kalaitzidou [  10    a]  demonstrated revers-
ible adsorption–desorption of fl uo-
rescently labeled polyethyleneglycol, 
which is considered as a model drug, 
inside PDMS-gold tubes at 60–70  ° C. 
Gracias et al. [  12    b]  demonstrated irre-
versible encapsulation of yeast cells 
inside self-folding SU8-PCL fi lms 
upon heating above at 60  ° C. Poly( N -
isopropylacrylamide)-based self-
folding fi lms were also demonstrated 
to be suitable for reversible encap-
sulation of particles and yeast cells 
(Figure  3 b). [  10d  ,  11  ]  Cells were encapsu-
lated upon cooling below 30  ° C and 
could be released from the fi lm, which 

which are closer to the edges swell 
fi rst while the parts which are closer 
to the center of the fi lms swell later. 
Stoychev et al. [  13    b]  investigated the 
folding of rectangular stimuli-respon-
sive hydrogel-based polymer bilayers 
with different aspect ratios and rela-
tive thicknesses placed on a substrate. 
It was found that long-side rolling 
dominates at high aspect ratios (ratio 
of length to width) when the width is 
comparable to the circumference of 
the formed tubes, which corresponds 
to a small actuation strain. Rolling 
from all sides occurs for a higher 
actuation strain, namely when the 
width and length considerably exceed 
the deformed circumference. In the 
case of moderate actuation, when 
the width and length are compa-
rable to the deformed circumference, 
diagonal rolling is observed. Short-
side rolling was observed very rarely 
and in combination with diagonal 
rolling. Based on experimental obser-
vations, fi nite-element modeling as 
well as energetic considerations, it 
was argued that bilayers placed on 
a substrate start to roll from corners 
due to quicker diffusion of water. 
Rolling from the long-side starts later 
but dominates at high aspect ratios 
in agreement with energetic consid-
erations. It was shown experimen-
tally and by modeling that the main 
reasons causing a variety of rolling 
scenarios are (i) nonhomogeneous 
swelling due to the presence of the 
substrate and (ii) adhesion of the 
polymer to the substrate. 

 Gracias and co-workers [  22  ]  investi-
gated folding of complexly patterned 
inorganic fi lms where fusible material 
(solder) is deposited between plates of 
passive one (green material in Figure  2 , 
right). They demonstrated that fold 
angle between adjacent plates is lin-
early decreased with the increase 
of the solder amount. Insuffi cient 
amount and excess of solder result in 
overfolding and underfolding, respec-
tively. They also demonstrated that 
shape of patterned fi lm determines 
the probability to form any particular 

     Figure  3 .     Examples of applications of self-folding polymer fi lms: (a) irreversible encapsu-
lation of cells–yeast cells encapsulation inside fully biodegradable self-rolled fi lm (left, 
reproduced with permission, [  33  ]  Copyright 2011, American Chemical Society) and stained 
fi broblast cells encapsulated within a non-porous polymeric container (right, reproduced 
with permission, [  12b  ]  Copyright 2010, Springer); (b) reversible encapsulation and release of 
yeast cells inside thermoresponsive self-folding capsules (reproduced with permission, [  11  ]  
Copyright 2010, Royal Society of Chemistry); (c) smart plasters, which direct diffusion of 
drugs and prevent their leakage (reprouced with permission, [  10e  ]  Copyright 2006, Elsevier); 
(d) 3D microfl udic device obtained by folding (reproduced with permission, [  37  ]  Copyright 
2011, Nature Publishing Group); (e) Actuator with hinges folding in changing pH and ionic 
strength (reproduced with permission, [  12a  ]  Copyright 2010, Elsevier).  
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is unfolded above 30  ° C. This encap-
sulation and release are completely 
reversible and could be repeated 
many times. Very recently, fully bio-
degradable self-folding fi lms, which 
consist of commercially available bio-
degradable polymers, were also used 
to encapsulate cells (Figure  3 a). [  33  ]  
Self-folded objects with nanoporous 
walls and encapsulated cells were 
suggested as prototype of artifi cial 
pancreas. The small molecules such as 
glucose and dissolved oxygen are able 
to pass through the pores while larger 
ones such as antibody are unable to 
do it. This size-selective permeability 
of self-folded capsules allows avoiding 
immune response that is highly 
demanded during transplantation 
of pancreas cells. [  34  ]  Gracias et al. [  26    c]  
used rigid inorganic responsive 
microgrippers for capturing parts of 
tissues and their controlled transport 
to unloading station. Such systems are 
particularly attractive for low-invasive 
biopsy. Self-folded objects were sug-
gested as scaffolds for fabrication of 
3D cellular constructs. [  35  ]  Controlled 
release of small molecules through 
the pores of self-folded microcon-
structs was used to spontaneously 
organize cells in 3D environment. [  36  ]  
In this approach, the unfolded fi lm 
with pores is put in the solution of cer-
tain chemicals, folded to encapsulate 
it inside. Afterward, living cells were 
allowed to spontaneously organize. 
Cells, as it was observed, migrate 
to the pores where the chemical is 
released.  

 Self-folding fi lms can also be used as 
smart plasters. Lee demonstrated this 
concept on the example of millimeter 
size poly(methyl methacrylate)–poly(2-
hydroxyethyl methacrylate) bilayer 
with attached mucoadhesive drug layer 
(Figure  3 c). The non-swelling PHEMA 
layer serves as a diffusion barrier, 
minimizing any drug leakage in the 
intestine. The resulting unidirectional 
release provides improved drug trans-
port through the mucosal epithelium 
(Figure  3 c). The functionality of this 
device is successfully demonstrated in 

vitro using a porcine small intestine. [  10e  ]  
Gracias and co-workers [  37  ]  used self-
folding polymers fi lms were used to fab-
ricate self-assembled curved microfl u-
idic networks (Figure  3 d). Very recently, 
they designed smart actuating systems 
mimicking opening and closing of 
Venus fl ytrap by using a pH-responsive 
polymer, which forms a hinge between 
two polymer fi lms (Figure  3 e). [  12a  ]     

 Conclusions and Outlook 

 Self-folding polymeric thin fi lms are 
emerging, but this is a rapidly devel-
oping fi eld. There are many examples 
of the polymer thin fi lms folding due 
to immersion in an aqueous environ-
ment, change of pH, temperature, light, 
electric signal, or presence of enzymes. 
The self-folding fi lms are particularly 
promising for design of biomaterials, 
controlled encapsulation, and release 
of drugs, and cells. Here, cells are not 
locked inside amorphous and densely 
cross-linked matrix, as it happens in the 
case of hydrogels, but are free to move. 
Moreover, self-folding fi lms are highly 
promising for design of smart actu-
ating systems for in vivo application 
and elements of organic electronics. In 
future, the efforts may be focused on 
development of biomimetic polymer 
materials, which can be completely 
integrated into living organisms and be 
controlled by them. Moreover, elucida-
tion of algorithms, which allow design 
of highly complex 3D architectures 
in controlled way using fi lm shape or 
structural inhomogeneities as a “pro-
gramming code” would tremendously 
advance fi eld of self-folding fi lms.  
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3D Microfabrication using Stimuli-Responsive
Self-Folding Polymer Films
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Fabrication of complex 3D objects using folding of thin films is a novel and very
attractive research field. This manuscript overviews recent progress in development,
investigation, and application of self-folding polymer films which are able to fold and
form various 3D structures. The review discusses the basic principles of design of self-
folding films, fabrication of self-folding films, possibilities to build complex 3D shapes,
their responsive properties, and applications.

Keywords polymer, stimuli-responsive, hydrogel, actuator, self-folding

1. Introduction

The design of complex 3D microstructures is a highly challenging task for the develop-
ment of novel materials for optics, biotechnology, lab-on-chips, as well as for micro and
nanoelectronics. Three-dimensional materials can be fabricated using a variety of methods
including two-photon photolithography, interference lithography, and molding;1 however,
3D structuring using these techniques is very experimentally complicated, which limits
their upscaling and broad applicability. For example, interference photolithography allows
fabrication of 3D structures with limited thickness. Two-photon photolithography, which
allows nanoscale resolution, is very slow and highly expensive. Assembling of 3D struc-
tures by stacking of 2D ones is time consuming and does not allow fabrication of fine
hollow structures.

On the other hand, nature offers a huge number of ideas for the design of novel materials
with superior properties. In particular, self-assembly and self-organization being the main
principles of structure formation in nature attract significant interest as promising concepts
for the design of intelligent materials.2 For example, evolution led to the development
of highly sophisticated and efficient movement mechanisms of plants, which allow their
rotation to sun, growth, and dissemination of seeds3–7 that is provided by microscopic
swelling of cells.3 In different schemes relatively slow swelling/shrinking results in either
slow shape changes such as elongation, contraction, bending, twisting, or fast snap-buckling
and fracture-dominated movement.

Stimuli-responsive hydrogels mimic swelling/shrinking behavior of plant cells and pro-
duce macroscopic actuation in response to small variations of environmental conditions.8–10

In most cases, a change of conditions results in homogeneous expansion or contraction in
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3D Microfabrication 93

all directions. More complex behavior such as bending, twisting, and folding is produced
as a result of inhomogeneous expansion/shrinking, which occurs with different magnitudes
in different directions.1,11 As a result, complex behavior such as plant movement can be
mimicked. Utilization of these phenomena for the design of structured materials is highly
attractive—they allow very simple, template-free fabrication of very complex repetitive 2D
and 3D patterns,12–16 which however, cannot be prepared using sophisticated fabrication
methods such as two-photon and interference photolithography. One of the advantages of
the self-folding approach is the possibility of quick, reversible, and reproducible fabrica-
tion of 3D hollow objects with controlled chemical properties and morphology of both the
exterior and the interior.

Most of the efforts till now have been focused on inorganic self-folding materi-
als.1,17–19 On the other hand, there are many factors, which make polymer-based self-folding
films particularly attractive. First, there are a variety of polymers sensitive to different stim-
uli20 that allow the design of actuators21,22 and self-folding films, which are able to fold in
response to the various external signals. Second, many polymers can change their properties
in physiological ranges of pH and temperature as well as polymers sensitive to biochemical
processes. Third, there are a variety of biocompatible and biodegradable polymers. These
properties make polymer-based self-folding films very attractive for biotechnological
applications. Fourth, polymers undergo considerable and reversible changes of volume that
allows design of systems with reversible folding. Fifth, fabrication of 3D structures with
the size ranging from hundreds of nanometers to centimeters is possible. The focus of this
review is to summarize the recent developments in the field of self-folding polymer films.

2. Bending vs. Expansion

Bending is essential for the conversion of two-dimensional objects (films, layers) into 3D
ones. Typically bending results from either expansion or contraction of a material caused
by change of environmental conditions. Homogeneous expansion or contraction in all
directions does not lead to change of geometry. Bending/folding/buckling are produced as
a result of inhomogeneous expansion/shrinking, which occurs with different magnitudes
in different directions. Similar to buckling, which is the deformation of a films resulting
in appearance of regular wrinkles or irregular creases,15,23–26 bending could be achieved
either (i) by applying gradients of field to homogeneous materials or (ii) by applying non-
gradient stimuli to inhomogeneous materials. The example of the first case is the bending
of polyelectrolyte hydrogel in solution with lateral gradient of pH, which is formed during
electrolysis.27 The examples of the second group are the bending of liquid crystalline
films,28 hydrogel with the lateral gradient monomer concentration,29 cantilever sensors.30

In fact, the design of self-folding objects using homogeneous materials is technically
very complicated because a very complex spatial force gradient must be formed and kept
continuously. The folded film typically unfolds when the gradient disappears. This, for
example, is observed when a water droplet is deposited on thin film.31 The film folds
immediately after the droplet is deposited. The formed 3D object changes its shape during
drying of the droplet and unfolds when water is completely evaporated. In an aqueous
environment, the effects of surface tension are weak and bending can be observed when the
swelling of hydrogel film is restricted from one side by, for example, substrate. On the other
hand, fabrication of self-folding objects using inhomogeneous films is more straightforward.
The inhomogeneous films fold due to the difference in the properties on constituting
materials in a pre-programmed manner, which is defined by the film structure/pattern.
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94 L. Ionov

Figure 1. Approaches for design and examples of self-folding polymer objects prepared using (a)
homogeneous polymer bilayer (d) patterned bilayer. Examples of folded homogenous bilayers (b,c)
and patterned bilayer (e) are reproduced from Stoychev et al.37 with permission from American
Chemical Society. (e) is reproduced from Gracias et al.35 with permission from Wiley-VCH Verlag
GmbH & Co. KGaA. (Color figure available online).

There are two approaches for the design of inhomogeneous polymer films that are
capable of folding (Figure 1). In both approaches at least two polymers are used. One
of the polymers is active and its volume or shape is changed when stimulus is applied.
The second polymer can also be active or it can be passive, in which its properties will
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3D Microfabrication 95

remain unchanged. In the first approach, a homogeneous bilayer, whose working prin-
ciple is similar to bimetals, is used (Figure 1a).32,33 When exposed to a stimulus, the
active polymer will swell or shrink; however, the swelling will be restricted in one direc-
tion by the passive polymer. As a result, the bilayer does not uniformly expands/shrinks
but folds and unfolds. The second approach is based on use of a patterned bilayer film
(Figure 1b).34,35 In this approach, the active polymer undergoes a shape transition, which
could be due to swelling or melting that results in local bending of the film. The areas with
the bilayer thus form hinges of the 3D object and other areas form facets. Very recently,
Hayward and Santangelo reported a new way of preparation of self-folding films using hy-
drogels films with photopatterned crosslinking density.36 These films undergo non-uniform
swelling that leads to the deformation and formation of complex 3D shapes.

3. Folding of Bilayers

In 1925, Timoshenko38 considered the bending of metal bilayers consisting of two metals
with different thermal expansion coefficients. He assumed that the bilayer could bend in
only one direction and results in a bilayer with uniform curvature

1

ρ
= 6 (ε2 − ε1) (1 + m)2

h
(
3 (1 + m)2 + (1 + mn)

(
m2 + 1

mn

)) (1)

E1

E2
= n (2)

a1

a2
= m (3)

where E are the elasticity modulus, a are the thickness of the layers, h is the total thick-
ness (h = a1+a2), ε is the stress of the films, and ρ is the radius of curvature. As it
comes from Eqs. (1–3), the radius of curvature is inversely proportional to film stress.
Moreover, the radius of curvature first decreases and then increases with the increase of
m. The resultant curvature is not very sensitive to the difference in stiffness between the
two layers, and is mainly controlled by the actuation strain and the layer thickness. The
Timoshenko equation applies to a beam bending in only one direction and does not predict
the folding direction. Moreover, the Timoshenko equation is only applicable for elastic
deformations.

More recent models have considered a complex bending of the bilayer in two dimen-
sions. Mansfield found analytical solutions for large deflections of circular39 and elliptical40

plates having lenticular cross sections with a temperature gradient through the thickness.
For small gradients, the plates formed spherical caps, curved equally in all directions. At
a critical gradient, a configuration with greater curvature in one direction became more
favorable. Because of the lens-shaped thickness profile, even though the elliptical plate
had a major axis it showed no preferred direction for bending even for large deflections.
Freund determined the strain at which the spherical cap, formed by the circular bilayer
of uniform thickness, becomes unstable using a low order polynomial solutions and finite
element simulations.41

Later Smela et al. showed that short-side rolling was preferred in the case of free
homogeneous actuation and that this preference increased with aspect ratio (ratio of length
to width of rectangular pattern).42 Li et al.43 and Schmidt18 experimentally demonstrated the
opposite scenario, namely a preference for long-side rolling, in the case where bilayers are
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96 L. Ionov

progressively etched from a substrate. They observed that when the tube circumference was
much larger than the width (incomplete rolling) or the aspect ratio of the rectangle was high
(long stripes), rolling always occurred from the long side. When the tube circumference
was much smaller than the width (formation of tubes rolled several times) and the aspect
ratio of the membrane pattern was not very high (nearly square film), the rolling resulted
in a mixed yield of long- and short-side rolling, as well as a “dead-locked turnover” shape.
Short-side rolling occurred at small aspect ratios when the deformed circumference is close
to the width. In these self-rolling systems, the active component undergoes relatively small
volume changes, which are nearly homogeneous over the whole sample.

In inorganic self-rolling systems, the active component undergoes a relatively small
volume changes or actuation strains, which are nearly homogeneous over the whole sam-
ple. Hydrogels, however, demonstrate considerably different properties. First, hydrogels
undergo large volume changes (up to 10 times) upon swelling and contraction. Second, the
swelling of a hydrogel is often kinetically limited: due to slow diffusion of water through
hydrogel, the parts which are closer to the edges swell first while the parts which are closer
to the center of the films swell later. Stoychev et al. investigated the folding of rectangular
stimuli-responsive hydrogel-based polymer bilayers with different aspect ratios and relative
thicknesses placed on a substrate.44 It was found that long-side rolling dominates at high
aspect ratios (ratio of length to width) when the width is comparable to the circumference
of the formed tubes, which corresponds to a small actuation strain. Rolling from all sides
occurs for a higher actuation strain, namely when the width and length considerably exceed
the deformed circumference. In the case of moderate actuation, when the width and length
are comparable to the deformed circumference, diagonal rolling is observed. Short-side
rolling was observed very rarely and in combination with diagonal rolling. In fact it was
observed that bilayers placed on a substrate start to roll from corners due to quicker diffu-
sion of water. Rolling from the long side starts later but dominates at high aspect ratios in
agreement with energetic considerations. It was shown experimentally and by modeling that
the main reasons causing a variety of rolling scenarios are (i) non-homogeneous swelling
due to the presence of the substrate and (ii) adhesion of the polymer to the substrate.

Recently Hayward and Santangelo investigated folding of patterned rectangular strips
divided into one high- and one low-swelling region, which can be characterized as a thick
but narrow bilayer.45 When swelled in an aqueous medium, it does not bend to the side of
the less swelling component as it is observed is the case of the “classical” bilayer discussed
by Timoshenko (Figure 2a) but rolls into a three-dimensional shape consisting of two nearly
cylindrical regions connected by a transitional neck (Figure 2b).

Swelling of hydrogels is usually a relatively slow process, which is limited by diffusion
of water inside the polymer network, and the folding/bending of bilayers occurs of the
timescale of seconds and minutes. Recently Bunning et al. demonstrated on the example
of liquid crystalline polymer films possibility of very fast deformation (ca 1/300 s).46

4. Complex Shapes

The shape of a formed 3D object depends on the 2D shape of the polymer films. The
simplest case of a self-folding object is a tube, which is formed by rectangular bilayers
(Figure 3a,b).32,33,47–51 Envelop-like capsules with rounded corners or nearly spherical
ones are formed the star-like polymer bilayers with four and six arms, respectively
(Figure 3c,d).50–52 Helixes of different kinds are formed by polymer stripes with the grad-
ually changing ratio between polymers (Figure 3e).53 In these examples, simple rounded
figures based on different combinations of fully or semi-folded tubes are formed. Moreover,
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3D Microfabrication 97

Figure 2. Bending of “classical” bilayer (a) and rectangular strips divided into one high- and one
low-swelling regions. (Color figure available online).

Figure 3. (a, b) Examples of self-folding polymer films with different shapes: tubes;32,48 (c, d)
capsules;50,52 (e) helix;53 (f) hierarchically-shaped tube;56 (g, h, i, k) cubes with porous walls;53,54

(j) dodecahedron;53 (l) pyramide;53 (m) phlat ball.53 (a, b) reproduced from Luchnikov et al.32 with
permission from Wiley-VCH Verlag GmbH & Co. KGaA; (c) reproduced from Guan et al.50 with
permission from Wiley-VCH Verlag GmbH & Co. KGaA; (d) reproduced from Stoychev et al.52 with
permission from Royal Society of Chemistry; (f) reproduced from Kelby et al.56 with permission from
Wiley-VCH Verlag GmbH & Co. KGaA; (g, h, i, j) reproduced from Azam et al.54 with permission
from Springer Science + Business Media; (k, l, m) reproduced from Jeong et al.53 with permission
from Royal Society of Chemistry. (Color figure available online).

D
ow

nl
oa

de
d 

by
 [

L
eo

ni
d 

Io
no

v]
 a

t 1
3:

52
 0

4 
Fe

br
ua

ry
 2

01
3 



98 L. Ionov

Figure 4. Thermal actuation of patterned sheets. (a) When the temperature of the aqueous medium
is increased, the hybrid Enneper’s surface deswells and recovers its flat shape by 49◦C. (b) Upon
lowering the temperature to 22◦C, the disk swells back to the initial hybrid shape through a different
pathway. Reproduced from Kim et al.36 with permission from AAAS.

because of the isotropy of mechanical properties of the bilayer, the formation of hinges
during the folding of bilayers is considered to be impossible. Objects with sharp edges
are a formed patterned bilayer where the active component is deposited locally (Figure
3g-m). The active component can either swell/shrink or change its shape due to melting.
In this way, cubes and pyramids are formed by a patterned bilayer with active junction
elements.53–55 It is important to note that in all reported cases folding occurs in one step,
that is, the active polymer changes its volume and results in simple bending.

Santangelo and Hayward reported on photopatterned hydrogel films that yield
temperature-responsive gel sheets and can transform between a flat state and a prescribed
three-dimensional shape. The hydrogel was patterned using so-called halftone gel lithog-
raphy using only two photomasks, wherein highly cross-linked dots embedded in a lightly
cross-linked matrix provide access to nearly continuous, and fully two-dimensional, pat-
terns of swelling. This method is used to fabricate surfaces with constant Gaussian curvature
(spherical caps, saddles, and cones) or zero mean curvature (Enneper’s surfaces), as well
as more complex and nearly closed shapes (Figure 4)

Importantly, in most cases folding runs in one step. Step-by-step folding of different
elements of self-folding films can be achieved by local activation of selected areas by light.57

Another possibility is to use two or more kinds of active material which are sensitive to
different stimulus. Gracias et al. demonstrated a two-step deformation of patterned films
where active elements are two kinds of biodegradable polymers. Each of these polymers is
degraded by a specific enzyme. As a result the films fold when the first enzyme is added and
unfold when the second one is added.58 On the other hand, there are reports that folding in
nature can have a very complex character, which strongly depends on the swelling path59,60

that may result in multi-step folding (development of curvature in different directions).3

Recently, we demonstrated that the shape of isotropic polymer bilayers determines swelling
path and is able to direct folding in a sophisticated manner leading to even more complex
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3D Microfabrication 99

hierarchical folding than in nature. In particular, films can undergo sequential steps of
folding by forming various 3D shapes with sharp hinges. Experimental observations lead us
to derive four empirical rules backed up by theoretical understanding as well as simulations.
We then demonstrated how those rules can be used to direct the folding of edge-activated
polymer bilayers through a concrete example—the design of a 3D pyramid.44

5. Fabrication of Self-Folding Films

Experimentally, polymer films with different shapes can be obtained either by cut-
ting,32,47,48 using microwell-like substrates49–51 or photolithography.33,52,54,55 Cutting allows
fabrication of millimeter-sized species with the rectangular shape, which form the tubes. The
main advantage of this method is simplicity and applicability to almost all combinations of
crosslinkable polymers. Use of microwell-like substrates is technically more complicated,
while allowing the fabrication of polymer layers with different shapes such as rectangles
or stars. Photolithography of bilayers allows for large-scale fabrication of self-folding ob-
jects of different shape and size starting from several microns. The formed self-folding
objects have rounded corners. The main limitation of this approach is the careful choice of
the solvents used for dissolving the polymers in the way that first polymer is not dissolved
during deposition of the second polymer. Fabrication of patterned polymer films is tech-
nically the most complicated procedure and requires mask alignment during several steps
of photolithography. On the other hand, it allows for fabrication of the broadest range of
shapes of self-folding objects. Very recently Luchnkov et al. demonstrated a method for
upscaling of fabrication of self-folding films by merely scratching folding polymer film
with an array of metallic blade.61

6. Stimuli-Responsive Self-Folding Films

The use of polymers that are sensitive to different signals allows for the design of self-folding
films upon immersion in solvent, change of pH, temperature, and electric or biochemical
signals.

6.1 pH-Responsive

Self-folding films sensitive to pH are commonly designed using weak polyelectrolytes
as active polymers.25,32,49,51,55,56,62–64 It was demonstrated that polystyrene-poly(4 vinyl
pyridine) bilayer32 as well as polystyrene-poly(4-vinylpyridine)-polydimethylsiloxane tri-
layer62 are able to roll at low pH when poly(4-vinylpyridine) is protonated and swells in
water. The use of layers with a two-dimensional gradient of thickness allows for a thorough
investigation of folding.63 It was found that the rate of rolling increased with the acidity
of the solution. The tube diameter and rate of rolling decreased with the increase of the
UV exposure time. Moreover, the increase of thickness of PS resulted in an increase of the
diameter of tube.

Lee et al. used pH sensitive poly(methyacrylic acid) - poly(2-hydroxyethyl methacry-
late)49 and poly(methacrylic acid) (PMAA)/ polyEGDMA51 patterned the bilayer which
folds when in contact with biological fluids. It was not shown that the folding depended on
pH; however, the systems were expected to respond to the pH signal since a weak polyelec-
trolyte poly(methacrylic acid) was used. Gracias et al. fabricated millimeter large polyethy-
lene glycol/ poly-(N-isopropylacrylamide–acrylic acid) bilayers which were able to snap in
response to the pH signal.55 One can also expect that this system is thermoresponsive. Huck
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100 L. Ionov

et al. reported pH responsive gold-poly(methacryloxyethyl trimethylammonium chloride)
brush patterned films which fold in response to the change of pH and salt concentration.56

Very recently, Yang et al. demonstrated the folding of pH responsive poly(2-hydroxyethyl
methacrylate-co-acrylic acid)/ poly(2-hydroxyethyl methacrylate) bilayers.65

6.2 Thermoresponsive

Thermoresponsive self-folding films can be designed using continuous thermal expan-
sion, melting, shape-memory transition, or polymers which demonstrate LCST (Low
Critical Solution Temperature) behavior in solutions. Kalaitzidou et al. used continuous
volume expansion with temperature and demonstrated thermoresponsive rolling-unrolling
of polydimethylsiloxane-gold bilayers tubes at 60◦C–70◦C47,48 which is due to coefficients
of different temperature expansion.

Gracias et al. used melting of polymer, which form a droplet and forces patterned poly-
mer films to fold. This was demonstrated on the example of patterned SU-8 photoresist-
polycaprolactone film, which irreversibly folds at 60◦C66 due to the melting of polycaprolac-
tone. In order to reduce the transition temperature and make film more suitable bio-related
applications, Gracias et al. used photoresist hinges which are sensitive to temperature
around 40◦C.67–69 The metal-polymer grippers irreversibly fold in response to temperature
as well.

Lendlein et al. demonstrated the possibilities of designing thermoresponsive macro-
scopic self-folding objects using shape-memory polymers based on different poly(ε -
caprolactone).70 At low temperatures, the materials are in a temporary shape. The films
recover to their permanent shape and irreversibly fold by heating, which could be accompa-
nied by a change of transparency. The exact size of the self-folding film as well as transition
temperature was not given.

Polymer bilayers, where the active component is thermoresponsive poly-(N-
isopropylacrylamide)-based copolymers, are more suitable for encapsulation of cells. In
aqueous media, poly-(N-isopropylacrylamide)-based hydrogels reversibly swell and shrink
below and above 33◦C. Moreover, the temperature of transition between swollen and shrunk
states can be tuned by proper selection of composition of copolymer. As a result, poly-(N-
isopropylacrylamide)-polycaprolactone patterned bilayers fold and unfold forming tubes
of capsules below and above this temperature, respectively (Figure 5a).33,52

6.3 Solvent Responsive

Most examples of solvent-responsive self-folding films fold upon immersion in aqueous
media. Such films contain water-swellable uncharged polymers. Lee fabricated partially
biodegradable polyvinyl alcohol-chitosan50 and chitosan-poly(PEGMA-co-PEGDMA) bi-
layers51 which folds in water due to the swelling of polyvinyl alcohol and polyethyleneg-
lycol, respectively. Jeong and Jang et al. developed the approach for fabrication of
millimeter size self-folding objects that are able to fold and form different 3D ob-
jects such as tube, cube, pyramids, and helixes53 Water-swellable polydimethylsiloxane-
polyurethane/2-hydroxyethyl methacrylate complex bilayers and patterned films were used.
Since poly(vinyl alcohol), polyethyleneglycol and poly (2-hydroxyethyl methacrylate) are
not polyelectrolytes, the swelling is expected to be independent of pH of aqueous media.
These systems immediately fold upon immersion in aqueous media that hampers loading
of cells. Huck reported an example system that folds in methanol. This system was based
on poly(glycidyl methacrylate) brush layer grafted to gold patterned films.56
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3D Microfabrication 101

Figure 5. Examples of applications of self-folding polymer films: (a) reversible encapsulation and
release of yeast cells inside the thermoresponsive self-folding capsules; (b) irreversible encapsulation
of cells – yeast cells encapsulation inside fully biodegradable self-rolled film and stained fibroblast
cells encapsulated within a non-porous polymeric container; (c) array of multiple cells inside selfrolled
prestressed PDMS film; (d) smart plasters which direct diffusion of drugs and prevent their leakage;
(e) 3D mirofludic device obtained by folding; (f) actuator with hinges folding in changing pH and
ionic strength; (g) optical (top) and electron microscopy (bottom) images of fibrous material obtained
from self-folding polymer films. (a) reproduced from Stoychev et al.52 with permission from Royal
Society of Chemistry; (b, left) reproduced from Zakharchenko et al.75 with permission from American
Chemical Society; (b, right) reproduced from Azam et al.54 with permission from Springer Science +
Business Media; (c) reproduced from Yuan et al.81 with permission from Wiley-VCH Verlag GmbH
& Co. KGaA; (d) reproduced from He et al.49 with permission from Elsevier; (e) reproduced from
Jamal et al.83 with permission from Nature Publishing Group; (f) reproduced from Bassik et al.55 with
permission from Elsevier; (g) reproduced from Luchnikov et al.61 with permission from Wiley-VCH
Verlag GmbH & Co. KGaA. (Color figure available online).
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102 L. Ionov

6.4 Light-Responsive

Light-responsive self-folding polymer films have been designed from thermoresponsive
polymers with incorporated particles, which convert light into heat.71,72 Light-to-heat
converting substance could be carbon nanotubes or any other black material. Poly(N-
isopropylacrylamide) hydrogel and pre-stressed polystyrene sheets (Shrinky-Dinks) were
used as thermoresponsive components. The first system is active in aqueous medium, while
the second one is capable of folding in both air and water.

6.5 Other Systems

Except for pH-, thermo-, and solvent-responsive systems, there are also several examples
of systems, which fold in response to other stimuli such as presence of enzymes or applied
electric field. Smella34 and Jager et al.,73 who introduced the self-folding films, demonstrated
folding and unfolding of patterned gold film with polypyrole hinges in the response to
electric signal. Whilesides et al. fabricated electro-responsive self-folding bilayer, which
consists of polydimethylsiloxane with the aligned cardiomyocytes.74 The polymer-cell film
adopted functional three-dimensional conformations when an electric signal was applied.
These centimeter-scale constructs can perform functions as diverse as gripping, pumping,
walking, and swimming with fine spatial and temporal control.

Enzyme-sensitive self-folding films were developed for the first time by Gracias et al.
The approach is based on the use of self-folding metallic grippers with active polymer
hinges, which are sensitive to presence of enzymes.58 Two kinds of biodegradable polymers
were used. The gripper, which is unfolded in its initial state, folds when the first polymer
is degraded due to the addition of the first enzyme. The gripper unfolds when the second
enzyme is added and the second polymer is degraded. As a result one circle of folding and
unfolding is achieved.

7. Properties and Applications of Folding

One field of application for self-folding polymer thin films is the controlled encapsulation
and release of drugs, particles, and cells. Kalaitzidou demonstrated reversible adsorption-
desorption of fluorescently labeled polyethyleneglycol, which is considered as model drug,
inside PDMS-gold tubes at 60–70◦C.47 Gracias et al. demonstrated irreversible encapsu-
lation of yeast cells inside self-folding SU8-PCL films upon heating above at 60◦C.66

Poly-(N-isopropylacrylamide)-based self-folding films were also demonstrated to be suit-
able for reversible encapsulation of particles and yeast cells.33,52 Cells were encapsulated
upon cooling below 30◦C and could be released from the film, which is unfolded above
30◦C (Figure 5a). This encapsulation and release is completely reversible and could be
repeated many times. Very recently, fully biodegradable self-folding films, which consist
of commercially available biodegradable polymers, were also used to encapsulate cells
(Figure 5b).75 In fact, there are many approaches that can be used for encapsulation of
cells including LbL, microfluidic technique, and controlled precipitation. The advantage
of self-folding approach is possibility of reversible encapsulation and release. Self-folded
objects with nanoporous walls and encapsulated cells were suggested as prototype of ar-
tificial pancreas. The small molecules such as glucose and dissolved oxygen are able to
pass through the pores while larger ones such as antibody are blocked. This size-selective
permeability of self-folded capsules allows avoiding immune response that is highly de-
manded during transplantation of pancreas cells.76 Gracias et al. used rigid metal-made
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self-folding microgrippers for capturing pieces of tissues and their controlled transport.
Such systems are particularly attractive for non-invasive biopsy.69 Self-folded objects were
used as scaffolds for fabrication of 3D cellular constructs.77,78 Controlled release of small
molecules through the pores of self-folded microconstructs was used to spontaneously or-
ganize cells in 3D environment,79,80 which potentially allows fabrication of 3D scaffolds for
tissue engineering. For example, self-rolling prestressed PDMS films with adsorbed cells
of different kinds were used to make tubular structures mimicking the structure of blood
vessels (Figure 5c).81

Self-folding films can also be used as smart plasters (Figure 5d). Lee demonstrated this
concept on the example of millimeter size poly(methyl methacrylate)-poly(2-hydroxyethyl
methacrylate) bilayer with an attached muco-adhesive drug layer. The non-swelling
PHEMA layer serves as a diffusion barrier, minimizing any drug leakage in the intes-
tine. The resulting unidirectional release provides improved drug transport through the
mucosal epithelium. The functionality of this device is successfully demonstrated in vitro
using a porcine small intestine.49

There are also several non-biorelated examples of application of self-folding poly-
mer films. Deposition of patterned metal on the polymer bilayer allowed fabrication of
self-rolled tubes with patterned conductive inner wall.32 In another example, pyrolysis of
polystyrene-poly(4 vinyl pyridine)-polydimethylsiloxane trilayer62 and polystyrene- poly(4
vinyl pyridine)/resorcinol bilayer82 was used for fabrication of silica and carbon tubes,
respectively. Gracias used self-folding polymers films which were used to fabricate self-
assembled curved microfluidic networks (Figure 5e)83 and designed smart actuating systems
mimicking opening and closing of the Venus flytrap by using a pH responsive polymer,
which forms a hinge between two polymer films (Figure 5f).55 Very recently Luchnkov
et al. fabricated fibers with hollow interior using scratched self-folding polymer films
(Figure 5g).61

8. Conclusions and Outlook

Nature offers a myriad of ideas for the design of novel materials with advanced properties.
Very recently, the principle of movement in plants was successfully transferred for the
design of special sort of actively moving materials: self-folding polymer films. Till now
many examples of polymer thin films folding due to immersion in the aqueous environment,
change of pH, temperature, light, electric signal, or the presence of enzymes were demon-
strated. These experiments showed that one step-folding can be used for fabrication of both
simple shapes such as tubes or flower-like capsules and more complex ones such as cubes
or tetrahedron. One of the recent trends is to develop approaches for multi-step hierarchical
folding. One way to achieve multi-step folding is to use several polymers sensitive to several
stimuli or site-selective activation of different elements of self-folding films. In these cases
either manufacturing or folding become more time consuming. Another approach, which
is inspired by nature, is to use inhomogeneity of swelling path that allows very complex
folding in the way that star-arm bilayers build pyramids with sharp hinges.

It was also demonstrated that self-folding films are very promising for the design of
biomaterials, controlled encapsulation, and release of drugs and cells. In particular, due to
their softness, better biocompatibility, possible biodegradability, and easy manufacturing
polymer self-folding films can compete with inorganic ones in the field of microelectronics
and bio-microelectronics for in vivo applications.

One of the factors limiting broad applicability of self-folding polymer films is the
manufacturing cost. In fact, because polymer can be deposited by using spin and dip
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104 L. Ionov

coating at ambient conditions, the fabrication of polymer self-folding films is substantially
cheaper than fabrication of inorganic ones, which are produced by vacuum deposition.
On the other hand, there is still no method for very cheap and large-scale production of
self-folding polymer films that substantially limits their applications.

In order to address these issues, future research in self-folding films must be focused
on deeper investigation of folding to allow design of complex 3D structures using very
simple 2D shapes. Moreover, development of the way for cheap and fast manufacturing of
large quantity of self-folding films will boost their broad application.
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Utilisation of spontaneous deformation of polymer films for fabrication of self-assembling constructs is

a novel and very attractive research field. This manuscript overviews recent advance in the development

and application of wrinkling, creasing and folding polymer films in biotechnology.

Introduction: wrinkling, creasing, folding

Self-assembly and self-organization, being the driving principles

of structure formation in nature, attract significant interest as

promising concepts for the design of intelligent materials.1,2 Thin

polymer films with gradients of properties are the examples of

self-assembling materials.3,4 Due to inhomogeneous expansion/

shrinking of different parts, such films are able to spontaneously

form complex structures by wrinkling, creasing and folding and,

thus, mimic mechanisms of development of animal organs, fruit

growth and plant movement. Both creasing and wrinkling

represent a bifurcation from a state of homogeneous deforma-

tion and typically occur when the substrate cannot be deformed

(Fig. 1a and b). Wrinkles, wherein the surface of the material

undulates sinusoidally but remains locally smooth, involve

a deviation from the homogeneous state by a field of strain that is

infinitesimal in amplitude, but finite in space. By contrast, creases

are localized folds that represent a deviation from the homoge-

neous state by a field of strain that is finite in amplitude, but

infinitesimal in space.5 Folding or bending is macroscopic

deformation and occurs when the passive layer is soft and

deformable (Fig. 1c). Utilization of these phenomena for the

design of structured materials is highly attractive – they allow

a very simple fabrication of very complex repetitive 2D and 3D

patterns.6–12 The focus of this review is to summarize the

biotechnological applications of such polymer films.

Wrinkling, creasing and folding in nature

Wrinkling and folding are extremely ubiquitous in nature.

Wrinkles, for example, are generated during the growth of fruits.

For instance, the Korean melon, which has just started to grow,

is almost ideally spherical. Ridges appear during its growth and

a small pumpkin has 10 equidistant longitudinal ridges. Further

growth leads to an increase of the number of the ridges and

a large pumpkin has about 20 ridges (Fig. 2a).13 The ridges are

generated by the inhomogeneous growth of different kinds of

Fig. 1 Different scenario of deformation of thin films: wrinkling,

creasing and folding.
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tissues and a variety of different patterns can appear (Fig. 2b).

Wrinkles are often generated during drying. For examples,

leaves, which are smooth when they are alive and saturated with

water, start to curl up when they dry; that, again, is related to

different volume changes of different tissues.14

The pine cone is an example of the folding system (Fig. 2d).15

The pine cone is a well-known natural actuator in which the

dead tissue that makes up the scales moves upon changes in

humidity and allows the seeds inside the pine cone to be

released. Each scale consists of two types of tissues, one con-

sisting of cells in which the cellulose microfibrils are aligned

along the length of the scale and the other in which they are

perpendicular. Upon drying the interfacial matrix between the

fibers shrinks on the lower half of the scales. The presence of the

fibers leads to anisotropic contraction which is hindered by the

stiffer surrounding tissue, thus leading to a bending of the

scales. A similar mechanism, which is based on a bilayer

structure, is used by Aizoaceae to protect seeds against drought

and to release them when it is wet.16 The folding and unfolding

in both cases is relatively slow and occurs typically on the scale

from several minutes to hours. Folding in Venus Flytrap

(Fig. 2e) is much quicker – it has one of the fastest movements

in the plant kingdom and it is able to close its ‘‘jaws’’ in about

100 ms.17,18 In the ‘‘open’’ state the leaves are doubly curved.

Upon stimulation, the plant ‘actively’ changes one of its prin-

cipal natural curvatures by hydration that results in snapping

and closing of the ‘‘jaws’’.

Wrinkling and creasing of engineered materials

Although the driving force for wrinkling and creasing is the

same, the two modes of instability occur at very different critical

strains, and hence, different critical linear expansions. There has

been a wide range of critical values reported experimentally, 2.0–

3.7, in different material systems. It was experimentally reported

that a small stress results in wrinkling, and creases are formed at

larger stresses.20

For an incompressible network, such as elastomeric poly-

(dimethylsiloxane) (PDMS) coated with a thin hard skin, the

compressive stress generated under bending is typically small,

and formation of wrinkles with smooth and shallow surface

undulations is often observed.21,22 When the network becomes

highly swollen, such as polyacrylamide gels in water, the initially

free surfaces begin to touch each other, forming cusps in the gel

in the form of localized sharp folds, or the so-called creasing

instability.

At low compressive stresses, the wavelength (l, Fig. 1) of the

sinusoidal pattern is dependent on the thickness (d) and

mechanical properties of the film which is described as

follows:23,24

l ¼ 2pd

�
Ef

3Es

�1=3

(1)

where E ¼ E=ð1� v2Þ is the plain-strain modulus, the subscript f

and s refer to the film and substrate respectively, and v is the

Fig. 2 Examples of wrinkling, creasing and folding systems in nature. (a) Morphology transition during the growth of a typical pumpkin (reprinted

with permission of ref. 13, Copyright (2009) by Elsevier). (b) The morphologies of several fruits and vegetables13 (reprinted with permission of ref. 13,

Copyright (2009) by Elsevier). (c) Example of 4 different stages of dehydration of leaves from Ligustrum lucidum, where the nonuniform dehydration

process and differential contraction are obvious.14 (d) A sketch of actuation of scales in a pine cone upon drying and wetting (reprinted with permission

of ref. 15, Copyright (2011) by Elsevier). (e) Snap-through of the Venus flytrap leaves from concave (a1) to convex (a2) occurs through the onset of an

elastic instability films (reprinted with permission of ref. 19, Copyright (2007) by Wiley-VCH Verlag GmbH & Co. KGaA).
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Poisson’s ratio. The critical strain required to wrinkle the film is

independent of the physical properties of the film and substrate

as follows:24,25

3c ¼ 1

4

�
3Ef

Es

�2=3

(2)

According to these equations the wrinkling occurs as a specific

wavelength independent of the amount of compressive strain, as

long as the strain is above the critical value. However the

amplitude (A, Fig. 1) of the wrinkling will increase as follows as

the applied strain (3) increases:25,26

A ¼ d

�
3

3c
� 1

�1=2

(3)

As follows for eqn (1) the periodicity is controlled by

mechanical properties of materials.

Fabrication of wrinkled surfaces

Wrinkling and creasing may occur in two general cases of

inhomogeneous films: the topmost layer either remains

unchanged and the active layer shrinks27,28 or the topmost layer

swells more than bottom one5,20,29 (Fig. 3). The first scenario

occurs when the film surface is treated by photocrosslinking,27,28

oxidation30,31 and chemical vapour deposition.32–34 The second

scenario is observed, for example, during the swelling of the

hydrogel with a vertical gradient of crosslinking density.20,29

Specifically, the second scenario is associated with a greater

expansion of the top layer relative to the bottom layer. While the

swelling mismatch is one route, another route is the difference in

the coefficient of thermal expansion.35 Wrinkles can also be

produced by local deformation of free standing elastic

membranes, which can be done either by a liquid drop36 or

a needle.

Wrinkles can be generated not only on the flat surface but also

on the surface of fibers and colloidal particles. It was found that

a small compression in the shell of the fiber may induce, first,

buckling characterized by sinusoidal patterns. While further

compression may give rise to wrinkle-to-fold transition, entailing

pitchfork-like patterns doubling the period of the first buckling.

Such pattern transition is attributed to the constraint effect of the

hard shell and the stretching/shearing ability of the soft core. The

topographies incurred by both the first and second bifurcations

can be tailored by modulating the geometric and mechanical

properties of the structure (Fig. 4 left).38 For example, wrinkled

fibers were fabricated by using shape-memory polymer fibers

which are coated by a metal shell. The shape memory fibers are

first switched in their temporary shape and coated by the metal.

Applied stimuli switch the shape memory fibers in their perma-

nent shrunk shape that results in wrinkling on the metal shell.32

In a similar way wrinkles can be generated on the surface of

colloidal core–shell particles when the core volume is reduced

(Fig. 4 right).39 The wrinkle morphology on the particle surface

depends strongly on the particle size and film stress. It was

experimentally demonstrated that the triangularly distributed

dent-like and labyrinth-like patterns dominate in the cases of

smaller and larger particles, respectively. With increasing film

stress and/or substrate radius, the labyrinth-like buckling pattern

takes over. Both the buckling wavelength and the critical stress

increase with the substrate radius.39,40 In another experiment it

was demonstrated that with increasing deformation, the sphere

first exhibits a bucky ball-like wrinkling pattern and then

undergoes a wrinkle-to-fold transition into labyrinth folded

patterns. This transition involves dynamic movement, rotation,

and coalescence of polygons formed during the initial buckling.41

Janus particles with one side wrinkled can also be fabricated by

non-equal shrinking of core–shell particles. For example, such

particles were fabricated by UV light curing of one side of

colloidal particles, which are swollen by a solvent. The cured

hard skin on one side of the particles wrinkled after drying.42

Fig. 3 Two main approaches for generation of wrinkles and creases.

Wrinkling and creasing occur when film is inhomogeneous and the

topmost layer either remains unchanged and active layer shrinks or

topmost layer swells more than bottom one. Examples of wrinkles

(reprinted with permission of ref. 37, Copyright (2005) by The Nature

Publishing Group) and creases (reprinted with permission of ref. 20,

Copyright (2010) by Royal Society of Chemistry).

Fig. 4 Diagrams of the critical buckling patterns of fibers (modulus ratio

vs. ratio of shell thickness to core radius, reprinted with permission of ref.

38, Copyright (2010) by Royal Society of Chemistry) and sphere

(normalized film nominal stress vs. the normalized substrate radius of

curvature R/h, reprinted with permission of ref. 39, Copyright (2008) by

The American Physical Society).
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Orientation of wrinkles/creases

Although wrinkling allows fabrication of highly periodic struc-

tures, the formed wrinkles are typically unordered (Fig. 5a

and d). There are two main approaches to program wrinkling in

a controlled way and designing of surfaces with well organized

periodic wrinkle-like patterns. The first approach is based on the

structuring of a polymer layer. Structuring can be performed

either by site-selective crosslinking, decomposition or by

applying topographically patterned surfaces. Whitesides was the

first to use photopatterning to direct wrinkling. In particular,

PDMS, which was soaked with benzophenone, was irradiated

through the mask by UV light. As a result, mechanical properties

of PDMS changed upon UV irradiation due to crosslinking. The

patterned film was heated and irradiated and non-irradiated

areas demonstrated different degrees of extension. The metal was

deposited and the film was cooled down.22,33 A similar approach

was used by Crosby et al. In particular, they used site-selective

oxidation of PDMS by ozone through the mask to generate

pattern wrinkles.28,43 Ohzono et al. used colloidal lithography as

a mask to pattern the film in order to guide wrinkling.34 Topo-

graphical patterning,44 soft lithography and molding were used

to fabricate complex wrinkles as well.45–48 Writing with an ion

beam was used to generate arbitrary patterns.49 A very inter-

esting approach was suggested by Crosby et al. They fabricated

an ordered array of buckling membranes which were fixed on the

wells.19,50

The second approach consists in controlled stretching of the

film before surface treatment.51,52 For example, uniaxially

aligned wrinkles were produced by uniaxial stretching of the film.

Simultaneous stretching in orthogonal directions allowed

fabrication of chevron patterns. Checkerboard patterns consist-

ing of peaks and saddles were produced by two successive

exposure–strain steps.53

Properties and applications of wrinkling and creasing

Wrinkling is highly attractive for a number of applications due to

the simplicity of fabrication of well ordered structures. For

example, wrinkling was used for fabrication of super-

hydrophobic rough surfaces with periodic two-level surface

patterns. The first level of roughness is produced by the intrinsic

nanoscale roughness of the film. The second level is produced by

wrinkles.54 Notably, the rough surfaces with uniaxially oriented

wrinkles demonstrate anisotropic wetting properties which can

be switched by stretching and compression.31 Similar switching

between wrinkled and smooth surfaces was used to design

a surface with switchable adhesion.27,55 In particular it was found

that wrinkles generated after bringing two materials in contact

enhance adhesion.56 Friction properties can also be controlled by

wrinkling. For example, the friction coefficient of a wrinkled

surface is smaller than that of a flat one. Surfaces with uniaxially

aligned wrinkles demonstrate anisotropy of friction as well. It

was found that sliding perpendicular to the wrinkles is smaller

than sliding parallel to the wrinkles.57 Very importantly, wetting,

adhesion and friction can be reversibly switched by ‘‘switching

on’’ and ‘‘switching off’’ wrinkles, which can be achieved by

treatment with a solvent.30

This transition between structured (wrinkled) and non-struc-

tured (smooth) states allows us to control optical properties. The

smooth undeformed films are fully transparent whose wrinkling

Fig. 5 Two main approaches to program wrinkling: structuring (left) and controlled stretching (right). Left panel – (a) AFM micrograph of the

isotropic winkles. (b) Schematic illustration of the roof collapse of the positive (protruding pattern) PDMS mold in bilayer wrinkling. The elastomeric

mold is deformed to produce conformal wetting of the surface, which places pressure on the pattern. The wrinkles that are generated follow the contour

of the PDMS mold pattern, resulting in a negatively replicated wrinkled structure. (c) AFM micrographs of self-organized wrinkle structures obtained

through confinement-induced anisotropic wrinkling over the surface: (top to bottom) checkerboard pattern (3 mm period of the rectangular mold

pattern), woven fabric array pattern (5 mm period), encircled dot array pattern (7 mm period), and encircled dot array separated by a tetrapod pattern

(10 mm period). The z range of the AFM images is 800 nm (reprinted with permission of ref. 46, Copyright (2008) American Chemical Society). (Right

panel, d–f) Optical micrographs and FFT of surface patterns generated by single and multi-axial strain fields (indicated by schematics) coupled with

surface treatment. Patterns (d and e) are generated by a single exposure step and yield isotropic and chevron topologies. Pattern (f) yields a checkerboard

pattern consisting of peaks and saddles, which has been produced by two successive exposure–strain steps. Scale bars are 20 mm (reprinted with

permission of ref. 51, Copyright (2008) by Royal Society of Chemistry).
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leads to switching of transmittance.30 Crosby and Chan used

buckling membranes, which are fixed on the wells, to generate an

microlens arrays.58 Due to their periodicity, wrinkled surfaces

with periodicity in the visible range were used to obtain the

structural colour.59 The optical properties of such photonic

structures can be tuned by stretching.60

Wrinkled surfaces were used as a stamp for printing61 and

a template for molding.62 Wrinkles were also applied to arrange

and separate37 spherical63–65 and anisotropic66 colloidal particles

as well as cells. For example, homogeneously wrinkled stamps

can be used to produce linear arrays of gold nanoparticles and

hydrogel microparticles over large areas by confined drying of

nanoparticle solutions.63 Depending on the dimensions of the

grooves, the nanoparticles can be arranged into either single-line

or double-line arrays, giving rise to marginally different optical

responses through plasmon coupling. Anisotropic particles can

be produced by crosslinking64,65 of hydrogel particles which are

aligned along the wrinkles and chemically linked to each other

(Fig. 6a and b). Wrinkled surfaces can be applied to align

mammalian cells as well.52,67 Wrinkled surfaces with uniaxially

aligned wrinkles allowed the uniaxial orientation of cells and

reproducing the anisotropy seen in the heart.68

Programmed creasing was used to pattern proteins and cells.

Hayward et al. developed biocompatible dynamic scaffolds

based on thin hydrogel coatings that reversibly hide and display

surface chemical patterns in response to temperature changes. At

room temperature, the gel absorbs water, triggering an elastic

creasing instability that sequesters functionalized regions within

tight folds on the surface (Fig. 7). Deswelling at 37 �C causes the

gel surface to unfold, thereby regenerating the biomolecular

patterns. Crease positions are directed by topographic features

on the underlying substrate, and are translated into two-dimen-

sional micrometre-scale surface chemical patterns through

selective deposition of biochemically functionalized poly-

electrolytes. These dynamic scaffolds are particularly promising

for selective capture, sequestration and release of micrometre-

sized beads, tunable activity of surface-immobilized enzymes and

reversible encapsulation of adherent cells—which offer promise

for incorporation within lab-on-a-chip devices or as dynamic

substrates for cellular biology.48

Investigation of the formation ofwrinkles is a quick and reliable

method to probe mechanical, viscoelastic and fracture properties

of polymer films25,69–75 that is very important, for example, for

organic electronics.76 Using the spacing of these highly periodic

wrinkles, the elastic modulus of the film was calculated by

applying the well-established buckling mechanics. This new

measurement platformwas successfully applied to several systems

displaying a wide range of thicknesses (nanometre tomicrometre)

and moduli (MPa to GPa).77 It was also demonstrated that

different kinds of wrinkles are formed depending on the visco-

elastic properties of polymers.35 In type I wrinkling, the elastic

behaviour of highmolecularweight polymers is still retained in the

moderate temperature range so that the wrinkles are generated in

such a way as to minimize the total free energy of the system.

When the temperature is raised above the flow temperature of the

polymer, however, the polymer changes into the viscous state and

the wrinkling wavelength is determined by the stability equation

of the dynamic approach, which leads to type II wrinkling. If the

molecular weight of the polymer is low enough to lose its elastic

characteristic, type III wrinkling governs the system and the

wrinkles vanish after some period of fluctuation on the surface. In

a similar way, wrinkling was used to probe mechanical properties

of polymer brushes78 or polymer multilayers.79

Folding

Folding has the same origin as wrinkling and creasing – inho-

mogeneous change of volume. However, contrary to wrinkling

and creasing, which are observed when the passive layer is rigid

and undeformable, folding occurs when the passive layer is soft

(Fig. 1). In fact all these phenomena are interconnected and the

free-hanging film (part of it fixed on a rigid substrate) undergoes

transition from wrinkling to folding. For small strain gradients,

the film wrinkles, while for sufficiently large, a phase transition

from wrinkling to bending occurs.80

Timoshenko81 was the first to investigate bending of a bilayer

which consisted of two materials with different expansion coef-

ficients. He assumed that the bilayer can bend in only one

direction and results in a bilayer with a uniform curvature

1

r
¼ 6ð32 � 31Þð1þmÞ2

h

�
3ð1þmÞ2þð1þmnÞ

�
m2 þ 1

mn

�� (4)

Fig. 6 Alignment of particles and cells on wrinkled surfaces. (a) AFM

images of microgel particles aligned in the wrinkles (reprinted with

permission of ref. 65, Copyright (2011) by Royal Society of Chemistry).

(b) Microgel particle chains generated by alignment in wrinkles followed

by UV-crosslinking and subsequent release from the substrate (reprinted

with permission of ref. 65, Copyright (2011) by Royal Society of

Chemistry). (c) SEM phase images of aligned TMV on wrinkled PDMS

substrate (reprinted with permission of ref. 66, Copyright (2009) by

Royal Society of Chemistry). (d) Fluorescent microscopy images of

hESC-CM cultured on wrinkled substrates for 2 days. Insets represent

magnified regions where sarcomeric structures of hESC-CM are

compared between conditions (reprinted with permission of ref. 68,

Copyright (2011) by Wiley-VCH Verlag GmbH & Co. KGaA).
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E1

E2

¼ n (5)

a1

a2
¼ m (6)

where E is the elasticity modulus, a is the thickness of the layers, h

is the total thickness (h¼ a1 + a2), 3 is the stress of the films, and r

is the radius of curvature. As seen from the eqn (4)–(6), the radius

of curvature is inversely proportional to the film stress. More-

over, the radius of curvature first decreases and then increases

with the increase of m. The resultant curvature is not very

sensitive to the difference in stiffness between the two layers, and

is mainly controlled by the actuation strain and the layer thick-

ness. The Timoshenko equation applies to a beam bending in

only one direction and does not predict the folding direction.

More recent models have considered complex bending of

a bilayer in two dimensions. Mansfield found analytical solutions

for large deflections of circular82 and elliptical83 plates having

lenticular cross-sections with a temperature gradient through the

thickness. For small gradients, the plates formed spherical caps,

curved equally in all directions. At a critical gradient, a configu-

ration with greater curvature in one direction became more

favorable. Because of the lens-shaped thickness profile, even

though the elliptical plate had a major axis it showed no

preferred direction for bending even for large deflections. Freund

determined the strain at which the spherical cap, formed by the

circular bilayer of uniform thickness, becomes unstable using low

order polynomial solutions and finite element simulations.84

Later Smela et al. showed that short-side rolling was preferred

in the case of free homogeneous actuation and that this prefer-

ence increased with aspect ratio (ratio of length to width of the

rectangular pattern).85 Li et al.86 and Schmidt87 experimentally

demonstrated the opposite scenario, namely a preference for

long-side rolling, in the case where bilayers are progressively

etched from a substrate. They observed that when the tube

circumference was much larger than the width or the aspect ratio

of the rectangle was high, rolling always occurred from the long

side. When the tube circumference was much smaller than the

width and the aspect ratio of the membrane pattern was not very

high, the rolling resulted in a mixed yield of long- and short-side

rolling, as well as a ‘‘dead-locked turnover’’ shape. Short-side

rolling occurred at small aspect ratios when the deformed

circumference is close to the width. In these self-rolling systems,

the active component undergoes relatively small volume changes

or actuation strains, which are nearly homogeneous over the

Fig. 7 Patterning of proteins by controlled creasing. A topographically patterned substrate is lithographically fabricated. The substrate is modified with

silane to promote covalent anchoring of the hydrogel layer, and assembled with a bare coverslip and spacers that define the hydrogel thickness into

a channel into which an aqueous pre-gel solution is loaded by capillary action and polymerized. After detaching the coverslip, the surface-attached

hydrogel is swelled, causing creases to form above the centres of elevated features on the substrate, thereby hiding certain areas of the surface. Areas that

remain exposed are coated with PLL-g-PEG (green), then the hydrogel is deswelled to expose the previously hidden surface areas, into which a poly-

electrolyte containing the desired biomolecular ligand (PLL-g-PEG-X, red) is selectively backfilled ligand-functionalized areas are then reversibly hidden

and displayed through variations in temperature. In-plane projected images taken from LSCMat 37 �C for hydrogels bound to substrates patterned with

concentric circles (left) and parallel lines with edge-to-edge separations corresponding to the displayed numbers of microns (right). The actuation of

dynamic patterns is revealed by LSCM images (in-plane projections above and cross-sections below) of the hydrogel bound to the substrate litho-

graphically patterned with the letters ‘umass’ (inset: optical micrograph of the substrate pattern) at 37 �C (top) and at 23 �C (bottom). k, Reproducibility

of switching for 30 mm wide TRITC stripes templated by 60 mm wide raised parallel lines on the substrate is demonstrated by measuring the fraction of

the exposed surface coated by FITC (AF, yellow lines) and deviations in crease locations from the first to subsequent cycles (blue lines) and from the

centres of elevated substrate features (error bars). ‘L’ and ‘H’ represent temperatures of 23 �C and 37 �C, respectively (reprinted with permission of

ref. 48, Copyright (2010) by Nature Publishing Group).
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whole sample. Control of the rolling/folding direction is very

important for programmed folding. For example, Schmidt

demonstrated that introduction of wrinkles allows switching to

short-side rolling.87

In inorganic self-rolling systems, the active component

undergoes relatively small volume changes or actuation strains,

which are nearly homogeneous over the whole sample. Hydro-

gels, however, demonstrate considerably different properties.

First, hydrogels undergo large volume changes (up to 10 times)

upon swelling and contraction. Second, the swelling of a hydro-

gel is often kinetically limited: due to slow diffusion of water

through hydrogel, the parts which are closer to the edges swell

first while the parts which are closer to the centre of the films

swell later. Stoychev et al. investigated the folding of rectangular

stimuli-responsive hydrogel-based polymer bilayers with

different aspect ratios and relative thicknesses placed on

a substrate.88 It was found that long-side rolling dominates at

high aspect ratios (ratio of length to width) when the width is

comparable to the circumference of the formed tubes, which

corresponds to a small actuation strain. Rolling from all sides

occurs for a higher actuation strain, namely when the width and

length considerably exceed the deformed circumference. In the

case of moderate actuation, when the width and length are

comparable to the deformed circumference, diagonal rolling is

observed. Short-side rolling was observed very rarely and in

combination with diagonal rolling. Based on experimental

observations, finite-element modeling as well as energetic

considerations, it was argued that bilayers placed on a substrate

start to roll from corners due to quicker diffusion of water.

Rolling from the long side starts later but dominates at high

aspect ratios in agreement with energetic considerations. It was

shown experimentally and by modeling that the main reasons for

a variety of rolling scenarios are (i) non-homogeneous swelling

due to the presence of the substrate and (ii) adhesion of the

polymer to the substrate.

Complex folding

There are two general approaches for the design of self-folding

films. The first approach is based on homogeneous bilayer films

(Fig. 8, left). The approach is very simple and patterned bilayers

are prepared by using one-step photolithography. The formed

structures are, however, hinge-free and have rounded shapes

such as tubes and capsules. Complexly patterned films where

locally deposited active materials form hinges are used in the

second approach (Fig. 8, right). An active material can undergo

either reversible swelling/shrinking or an irreversible change of

shape which is caused by melting. While the first method is

experimentally complicated and is performed by using multi-step

photolithography it allows fabrication of various figures with

sharp and rounded edges such as cube, pyramids, capsules, etc.

There are many parameters which determine a folded shape.

For example, the shape of a formed 3D object depends on the

shape of the polymer films. The simplest case of a self-folding

object is a tube which is formed by rectangular bilayers.89–95

Helixes of different kinds are formed by polymer bilayers with

the gradually changing ratio between polymers.96 Envelope-like

capsules with rounded corners or nearly spherical ones are

formed by the star-like polymer bilayers with four and six arms,

respectively.94,95,97 In these examples, simple rounded figures

based on different combinations of fully or semi-folded tubes are

formed. Moreover, because of the isotropy of mechanical

properties of the bilayer, formation of hinges during folding of

bilayers is considered to be impossible. Objects with sharp edges

Fig. 8 Two main approaches for fabrication of self-folding structures: (left) bilayers88,97 (reprinted with permission of ref. 100, Copyright (2010) by

Nature Publishing Group) and (right) patterned films (reprinted with permission of ref. 101, Copyright (2002) by Wiley-VCH Verlag GmbH & Co.

KGaA).
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are formed by the patterned bilayer where the active component

is deposited locally. The active component can either swell/shrink

or change its shape due to melting. In this way cubes and pyra-

mids are formed by patterned bilayer with the active junction

elements.96,98,99 Importantly, in all reported cases folding runs in

one step – active polymer changes its volume that results in

simple bending.

Experimentally, the polymer films with different shapes can be

obtained either by cutting,89–91 using microwell-like substrates93–95

or photolithography.92,97–99 Cutting allows fabrication of milli-

metre large species with the rectangular shape, which form the

tubes. The main advantage of this method is simplicity and

applicability to almost all combinationsof crosslinkablepolymers.

The use of microwell-like substrates is technically more compli-

cated while it allows fabrication of polymer layers with different

shapes such as rectangles or stars. Photolithography of bilayers

allows large scale fabrication of self-folding objects of different

shapes and sizes starting from several microns. The formed self-

folding objects have rounded corners. The main disadvantage of

this approach is the necessity to choose proper solvents for poly-

mer deposition in a way that first polymer is not dissolved during

deposition of the second polymer. Fabrication of patterned

polymer films (Fig. 8, right) is technically the most complicated

procedure and requires mask alignment during several steps of

photolithography. On the other hand, it allows fabrication of the

broadest range of shapes of self-folding objects.

Properties and applications of folding

There are plenty of reports describing fabrication of self-folding

films with different responsive properties. For example, there are

pH-responsive systems based on polyelecrolytes,91,93,95,98,100,102–106

thermoresponsive based on the gradient of thermal expan-

sion,89,90 melting of the polymer,99,107–109 thermoresponsive

polymers,92,97 solvent,95,96,104,110 electric signal,111,112,113 and

enzymes,114 and light based on light-to-heat conversion.115,116

The one field of application of self-folding polymer thin films is

the controlled encapsulation and release of drugs, particles and

cells. Kalaitzidou demonstrated reversible adsorption–desorption

of fluorescently labelled polyethyleneglycol, which is considered as

amodel drug, inside PDMS-gold tubes at 60–70 �C.89Gracias et al.

demonstrated irreversible encapsulation of yeast cells inside self-

folding SU8-PCL films upon heating above 60 �C.99 Poly(N-iso-

propylacrylamide)-based self-folding filmswere also demonstrated

to be suitable for reversible encapsulation of particles and yeast

cells.92,97 Cells were encapsulated upon cooling below 30 �C and

couldbe released fromthefilm,which is unfoldedabove 30 �C.This
encapsulation and release is completely reversible and could be

repeated many times. Very recently, fully biodegradable self-

folding films, which consist of commercially available biodegrad-

able polymers, were also used to encapsulate cells (Fig. 9a).117 In

fact there are many approaches which can be used for encapsula-

tion of cells including LbL, microfluidic technique, and controlled

Fig. 9 Examples of biomedical applications of self-folding films: (a) yeast cells encapsulation inside fully biodegradable self-rolled film (reprinted with

permission of ref. 117, Copyright (2011) American Chemical Society), (b) scheme of artificial pancreas based on nanoporous self-folded devices: glucose

and oxygen can penetrate through the pores of the folded device with encapsulated pancreas cell while immune components are unable to penetrate

(reprinted with permission of ref. 118, Copyright (2011) by Elsevier), (c) self-folding microgripper with tissue (reprinted with permission of ref. 109,

Copyright (2009) PNAS), (d) 3D cellular pattern produced by controlled diffusion of chemical through pores of self-folded object (reprinted with

permission of ref. 121, Copyright (2002) byWiley-VCHVerlag GmbH&Co. KGaA), (e) smart plasters which direct diffusion of drugs and prevent their

leakage (reprinted with permission of ref. 93, Copyright (2006) by Elsevier), (f) 3D microfluidic device obtained by folding (reprinted with permission of

ref. 122, Copyright (2011) by Nature Publishing Group).
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precipitation. The advantage of the self-folding approach is the

possibility of reversible encapsulation and release. Self-folded

objects with nanoporous walls and encapsulated cells were sug-

gested as a prototype of artificial pancreas. The small molecules

such as glucose and dissolved oxygen are able to pass through the

pores while larger ones such as antibody are not. This size-selective

permeability of self-folded capsules allows avoiding immune

response that is highly demanded during transplantation of

pancreas cells (Fig. 9b).118Gracias et al. used rigidmetal-made self-

folding microgrippers for capturing pieces of tissues for their

controlled transport (Fig. 9c). Such systems are particularly

attractive for non-invasive biopsy.109 Self-folded objects were used

as scaffolds for fabrication of 3D cellular constructs (Fig. 9d).119,120

The controlled release of small molecules through the pores of self-

foldedmicroconstructs was used to spontaneously organize cells in

a 3D environment.121

Self-folding films can also be used as smart plasters (Fig. 9e).

Lee demonstrated this concept on the example of a millimetre

sized poly(methyl methacrylate)–poly(2-hydroxyethyl methac-

rylate) bilayer with an attached mucoadhesive drug layer. The

non-swelling PHEMA layer serves as a diffusion barrier, mini-

mizing any drug leakage in the intestine. The resulting unidi-

rectional release provides improved drug transport through the

mucosal epithelium. The functionality of this device is success-

fully demonstrated in vitro using a porcine small intestine.93

There are several non-biorelated examples of applications of

self-folding polymer films. Deposition of patterned metal on the

polymer bilayer allowed fabrication of self-rolled tubes with

a patterned conductive inner wall.91 In another example, pyrol-

ysis of polystyrene–poly(4-vinyl pyridine)–polydimethylsiloxane

trilayer102 was used for fabrication of silica tubes. Gracias used

self-folding polymer films to fabricate self-assembled curved

microfluidic networks (Fig. 9f).122

Conclusions

Nature offers myriads of ideas for the design of novel materials

with advanced properties. Wrinkling, creasing and folding often

occur during development of organs or whole organisms and

allow development of very complex shapes, which are required

for efficient adaptation of living organisms to an ever changing

environment. Very recently this concept was successfully trans-

ferred for the design of synthetic 2D and 3D structured polymer

materials. Such biomimetic structured polymer systems were

demonstrated to be highly promising for surface patterning,

alignment, encapsulation and release of proteins, particles and

cells. In spite of the fact that folding of films is promising for

a variety of different applications, the main factor limiting its

broad applications is fabrication using photolithography, which

requires the use of expensive photomasks. Therefore, next efforts

must be focused on solving this problem. Moreover, future

efforts shall also be focused on the development of biomimetic

polymer materials, which can be completely integrated into living

organisms and be controlled by them.
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  1. Introduction 

   Polymers can respond to external factors such as sol-
vents, moisture, heat and light via a change in their spe-
cifi c volume in a much-more-pronounced manner than 
other materials can. In polymer fi lms constrained by solid 
substrates, this leads to large internal stresses. When 
the fi lms are not homogeneous in terms of their chem-
ical content or mechanical characteristics, for instance 
when they consist of layers of different types of poly-
mers or when the polymers are combined with coatings 
from inorganic materials (e.g., metals), internal stress 
relaxation can lead to quite spectacular effects. The most 

well-known effect concerns the formation of patterns of 
wrinkles, which arises in systems consisting of a relatively 
hard outer layer on top of a softer elastic or viscoelastic 
substrate. [  1  ]  The wrinkles appear as a result of bending 
instabilities when the rigid skin layer is compressed due 
to the swelling or contraction of the substrate layer. Buck-
ling and delamination are the internal relaxation modes 
(usually unwanted) that occur when the polymer fi lm 
detaches from the substrate. 

 Another common mode of internal stress relaxation 
involves curling and rolling. This phenomenon is common 
for fi lms that detach from a substrate and that are charac-
terized by structural heterogeneity in the direction that 
is normal to  the fi lm surface. This heterogeneity can cor-
respond to the different chemical compositions of the 
upper and outer layers of the fi lms or to the gradient of 
the crosslinking density of the polymers, or it can be due 
to other reasons. A clear example of a nanoscale scrolled 
structure can be found in the fi bres of the natural mineral 
asbestos chrysotile, which consists of nanosheets of mag-
nesium, oxygen and silicon. The factor that causes rolling 
in this system is the difference in the lattice constants of 
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   2. Typical Fabrication Schemes and the 
Self-Rolling Mechanism of Polymer Bilayers 

   Figure 1   illustrates a typical fabrication scheme that leads 
to the formation of polymer microtubes. A polymer bilayer, 
consisting of a polystyrene (PS) layer on top of a poly(4-
vinyl pyridine) (P4VP) layer, is formed on the polished sur-
face of a silicon wafer or other substrate (e.g., a glass slide) 
by means of dip- or spin-coating. Rolling, in this system, 

the layers. On the macroscale, self-rolling is commonly 
observed in drying plant leaves, clays, delaminated paint-
ings etc. The self-rolling of thin solid fi lms has been used 
for nearly 20 years as a powerful approach for the fabri-
cation of micro- and nanoscale 3D objects, starting with 
structured quasi-2D fi lms. Smela et al. were the fi rst to 
report on the fabrication of polypyrrole-gold patterned 
fi lms, which are able to form tubes and cubes in response 
to the application of an electric potential and to fold into 
different 3D structures. [  2  ]  Prinz et al. found that epitaxi-
ally grown semiconductor bilayers released from the sub-
strate by selective etching of a sacrifi cial layer can curl into 
atomically smooth tubes that are only a few nanometers 
in width. [  3,4  ]  These tubes have since been reproduced by 
a number of research groups and have been examined in 
a number of applications. Prinz et al. fabricated microsy-
ringes on the basis of  free-standing self-rolled tubes and 
demonstrated the injection of DNA molecules into single 
cells via these syringes. [  5  ]  Schmidt et al. explored semi-
conductor tubes as nanoreactors, [  6  ]  waveguides for X-ray 
radiation, [  7  ]  microcompartments for living cells [  8  ]  and as 
self-propelling moving objects. [  9  ]   Liu et al. theoretically 
explored the formation of tubes as a result of an atomic-
scale surface–stress imbalance. [  10  ]  

 In 2005, we suggested an approach to fabricate micro-
tubular cavities via the self-rolling of polymer bilayers. [  11  ]  
The bending moment in our experiments originated from 
the unequal swelling of the polymers in selective sol-
vents. The use of polymers as the tube-forming materials 
is advantageous for several reasons. Firstly, making very-
thin polymer layers is a simple procedure that does not 
require the use of vacuum technologies (as in the case of 
metals and semiconductor fi lms) and can be performed 
via spin or dip-coating from polymer solutions. Following 
this procedure, the polymers have a very broad range of 
physicochemical properties, which enables tuning of the 
mechanical, optical and chemical characteristics of the 
tubes to take place. Polymers are generally more biocom-
patible than metals and semiconductors, and this is very 
important in view of the potential biomedical applica-
tions of the tubes. Polymers are capable of a considerable 
change in volume and this makes them highly attractive 
for the design of actively moving materials [  12  ]  and for var-
ious microscale, 3D shapes via the "micro-origami" tech-
nique. [  13  ]  Finally, polymer surfaces can be easily patterned 
and functionalized with a number of surface-treatment 
methods such as plasma activation, photolithography, 
microcontact printing and many others. This last point 
is very important for the complex engineering of the 
inner walls of the tubes, which we consider as one of the 
most attractive possibilities provided by the self-rolling 
approach. 

 In the following sections, we review the main results in 
the fi eld of polymer-based self-rolled tubes. 
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the wafer in solutions of P4VP and PS in 
chloroform and toluene, respectively, so 
that the PS layer forms the outer part of 
the fi lm. The bilayer is then crosslinked 
by exposure to short-wavelength (  λ    <  
280 nm) UV light, which is known to 
lead to the generation of free radicals, 
chain scission and crosslinking of the 
PS [  14  ]  and P4VP. [  15  ]  The bilayer is struc-
tured through the formation of openings 
in the fi lm via the use of a sharp object; 
for example, a needle or a blade. The 
wafer is fi nally put in a water solution 
of hydrofl uoric acid, which removes the 
sacrifi cial SiO 2  layer and liberates the 
fi lm, which then rolls up due to swelling 
of the P4VP layer. The PS layer plays a 
double role: it protects the P4VP layer 
from contact with the acid media eve-
rywhere apart from at the rolling front, 
and it opposes the swelling of the P4VP 
layer, thus participating in the creation 
of the bending moment. Structuring of 
the fi lm can also be performed by irradia-
tion of the bilayer through a photomask 
( Figure    2  ). The patterned bilayer can be 
developed, prior to rolling, by washing 

out the uncrosslinked polymer with organic solvents (e.g., 
chloroform or dichloromethane in the case of the PS–P4VP 
bilayer). Photopatterning allows for the creation of large 

is achieved due to the selective swelling of the P4VP in a 
water solution of an acid, due to protonation of the pyri-
dine rings. The bilayer is formed by dip- or spin-coating of 

     Figure  1 .     Typical fabrication scheme for self-rolled polymer tubes. Firstly, a polished 
silicon wafer with a surface SiO 2  layer is cleaned in a piranha bath. A polymer bilayer 
is then formed on the wafer by dip- (or spin-) coating. As an example, a P4VP layer is 
formed from solution in chloroform, then a PS layer is deposited from solution in tol-
uene. The polymers are crosslinked by UV radiation (  λ    =  254 nm). The openings are made 
by a sharp object such as a blade or a needle. The structured bilayer is put in diluted HF 
solution in water. The sacrifi cial HF layer is dissolved. Swelling of the P4VP layer gener-
ates the bending moment in the bilayer and the rolling of the fi lm.  

     Figure  2 .     Photolithography route to fabrication of arrays of self-rolled tubes. (a) The sample is exposed to UV light at normal incidence. (b) The 
sample is exposed to UV light at a sharp incident angle. (c) A pattern develops after washing away the uncrosslinked polymer: the second expo-
sure at an angle to the surface of the sample creates an asymmetric profi le in the crosslinking density, which results in unidirectional rolling of 
the layers. (d) 3D AFM image of asymmetric polymer stripes. (e) Section profi le of the AFM image. (f) The pattern is developed by washing away 
the uncrosslinked polymer with chloroform. (g) SEM micrograph of arrays of tubes. Reproduced with permission. [  18  ]  Copyright 2008, Elsevier.  



V. Luchnikov et al.
Macromolecular
Rapid Communications

www.mrc-journal.de

Macromol. Rapid Commun. 2011,  32,  1943−1952

© 2011  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim
 
www.MaterialsViews.com1946

arrays of tubes of standard dimensions. [  16–18  ]  The diameter 
of the formed tubes has been found to depend on both the 
ratio between the thicknesses of the polymer layers, as 
well as on the dose or irradiation level [  18  ]  ( Table    1  ). Single 
tubes with exactly defi ned lengths can also be formed by 
focused ion-beam patterning of the bilayer fi lms. [  19  ]     

 The P4VP layer can also be crosslinked via the quater-
nization reaction in saturated 1,4-di-iodobutane vapour. 
Since the PS layer is in the glassy state at the tempera-
tures at which the tubes are formed and exploited, its 
crosslinking via UV light is not necessary. The advan-
tage of this approach is that extremely hazardous 
hydrofl uoric acid can be excluded from the fabrication 
scheme, since the polymers are not covalently bound 
to the substrate (as may be the case with fi lms that are 
irradiated with high doses of short-wavelength  UV), and 
the dissolution of the sacrifi cial layer is not necessary. 
The fi lms can then be rolled, for instance in hydrochloric 
acid or in alcohol solutions in water. Rolling the fi lms in 
water solutions of dodecylbenzene sulfonic acid (DBSA) 
is extremely practical, as this leads to the formation of 
supramolecular complexes with pyridine rings, and also 
increases the effective volume of P4VP in the bottom 
fi lm of the bilayer. After removal from the solution and 
the drying of the fi lms, DBSA remains in the structure 
of P4VP, preventing the unrolling of the fi lms or the col-
lapse of the tubes, which sometimes occurs when the 
tube formation is performed in HF, HCl or alcohol solu-
tions in water. 

   3. Composite Polymer-Metal and Ceramic 
Microtubes Produced via the Self-Rolling 
Approach 

 The self-rolling of polymer fi lms can be exploited, not only 
in the formation of polymer tubes, but also in the design 
of tubes consisting of inorganic materials such as metals 
or ceramics. In this case, the rolling polymer bilayer can 
have the auxiliary function of a template, which may be 
removed, if necessary, from the fi nal product via pyroly sis 

or plasma treatment. This opens the way 
for the fabrication of 3D micro-objects 
that otherwise cannot be realized. In 
this section, we describe experiments 
regarding the fabrication of inorganic 
microtubes and composite organic–
inorganic microtubes. [  11  ,  20–21  ]  

 Composite polymer–metal tubes can 
be prepared via vacuum sputtering of a 
thin metal layer on top of the polymer 
bilayer fi lm or directly onto a single 
polymer layer (e.g., P4VP)   that swells in 
a selective solvent (in the latter case, the 

metallic fi lm plays the role of the capping protective layer 
in the polymer bilayer). 

 When necessary, the organic component of a self-
rolled tube can be removed by pyrolytic decomposition 
of the polymers. Gold constitutes a good choice of a 
material for the   fabrication of composite tubes, since it 
is chemically inert (hence, thin Au fi lms can withstand 
the action of acids used for rolling).  Figure    3  a–b shows 
a P4VP–PS–Au tube and the pure gold tube after the 
removal of the polymers via pyrolysis at 500  ° C for 3 h 
in an oven. The complete removal of the organic compo-
nent is verifi ed by Fourier transform IR (FTIR) spectros-
copy (Figure  3 d). After pyrolysis, as expected, the organic 
moiety is removed, and only a silica fi ngerprint region 
at 1100 cm  − 1  is observed, which comes from the silicon 
wafer. One of the potential applications of metallic 
microtubes is their use as IR-radiation waveguides. The 
electrical conductivity of the tubes provided by metal-
lization of the rolling layers  can also be exploited for 
heating the tubes and their interior, or for the genera-
tion of magnetic ( Figure    4  )   and electrical fi elds inside the 
tubes. A current,  I   =  0.1 A, generates a magnetic fi eld inside 
the 200 mm-wide coil, as shown in Figure  4 , which is esti-
mated to be 6  ×  10  − 4  T. Utilizing electrodes inside the tubes 
provides an excellent opportunity to integrate electrical 
and microfl uidic circuits.   

 The self-rolling phenomenon can also be used to pro-
duce ceramic tubes when a ceramic precursor is intro-
duced in the composition of the rolling layer. For instance, 
a thin fi lm of polydimethylsiloxane (PDMS) can be rolled 
with the P4VP/PS bilayer, resulting in the formation of a 
PDMS–P4VP–PS trilayer polymer tube. Pyrolysis of these 
tubes at 700  ° C for 4 h in an oxygen atmosphere converts 
the PDMS into silica and simultaneously removes the 
organic part of the tube ( Figure    5  ). [  21  ]  Moreover, silica–
metal tubes can be obtained when a metallic layer is intro-
duced into the multilayer by vacuum sputtering prior to 
rolling. [  21  ]  Hybrid silica–metal microtubes are promising 
as a new type of hollow-core IR-radiation waveguide, to 
be used for high-power laser-radiation delivery in medical 
and industrial applications. [  22  ]  These tubes are also being 

   Table  1.     Typical conditions for the fabrication of self-rolled tubes.  

P4VP layer 
thickness 
 [nm]

PS layer 
thickness

 [nm]

UV dose
 [J · cm   −  2 ]

1,4- Di- 
iodobutane 

crosslinking 
time and tem-
perature  [h, ° C]

HCl or HF 
in water 

 [wt%]

Radius of 
the tubes 

 [ μ m]

90 50 1 - 0.1 30

90 50 12 - 0.1 7

57 45 8.2 - 0.1 5

25 25 0 2 h, 80  ° C 0.01 1.5–2
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     Figure  3 .     a–b) Optical micrographs of a gold tube before (a) and after (b) pyrolysis. c) Optical side-view of a gold tube after pyrolysis. 
(d) FTIR spectra of a PS–P4VP tube, the polymer with an inner gold layer and the tube after pyrolysis (only the gold remains). Reproduced 
with permission. [  20  ]  Copyright 2009, ACS Publications.  

investigated as waveguides in soft X-ray diapason [  23  ]  that 
can be used as the building blocks for X-ray capillary 
optics. [  24  ]  Silica tubes with a metal coating of their inner 
walls, obtained by self-rolling and consecutive ceramiza-
tion via pyrolysis, may also be good candidates for micro-
capillary reactors in which the inner-metal coating plays 
the role of a metal catalyst. [  25  ]   

   4. Toroidal Microtubes 

 The self-rolling effect enables a new approach to the fab-
rication of micro- and nanocavities, which has attracted 
much attention as a means by which to trap light and 
matter in mesoscale volumes for the study of confi ne-
ment effects, such as the inhibition or enhancement of the 

     Figure  4 .     (a) A microsolenoid formed by rolling-up a gold, V-shaped stripe made on the surface of a P4VP–PS bilayer. The diameter of 
the tube is approximately 200  μ m. b) The action of an electrical current (0.1 A) passing through the rolled-up microsolenoid, with super-
paramagnetic particles (magnetite Fe 3 O 4 ) dispersed in water around the tube. The particles aggregate into bow-like features following the 
magnetic-fi eld lines. Reproduced with permission. [  16  ]  Copyright 2007, Elsevier.  
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spontaneous-radiation rate.  [  26  ]  The toroidally shaped cavi-
ties are particularly interesting as quasi-1D compartments 
with periodic boundary conditions. We have shown [  17  ]  that 
such tubes can be realized by the self-rolling of bilayers 
from circular openings produced by photolithography 

( Figure    6  ). In contrast to the case of the formation of 
straight tubes that can roll until the fi lm is fully stable, 
self-rolling of toroidal tubes is self-constraining: it stops  
 when the energy gain due to relaxation of the bending 
moment is compensated for by work on the in-plane 

     Figure  5 .     (a–d) SEM micrographs of a PDMS–PS–P4VP polymer tube before pyrolysis (a–b), and a silica tube after pyrolysis (c–d). (a) Tubes 
rolled in the opposite direction from the scratch. (b) Clearly visible rolled polymer layers at the open end of the tube. (c–d) SEM micrographs of 
a silica tube with an open end at lower (c) and higher (d) magnifi cations. Reproduced with permission. [  21  ]  Copyright 2009, ACS Publications.  

     Figure  6 .     (a–d) The scheme of formation of the rolled-up toroidal microtubes: the structure of the polymer bilayer (a); a circular lithographic window 
in the fi lm produced by the photolithography approach (b); the initial and the fi nal stages of the toroid formation (c–d). (e–h) SEM micrographs of 
toroidal tubes: a single microtoroid (e–f); an array of microtoroids (g–h).  Reproduced with permission. [  17  ]  Copyright 2008, Institute of Physics.  
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stretching of the fi lm caused by the increasing radius 
of the torus. Toroidal tube formation can be described 
within the framework of a simple theory based on the 
minimization of the free-energy functional, which com-
bines the contributions of the bending elastic energy and 
the in-plane-stretching elastic energy. [  17  ]  In particular, 
the theory relates the length of the rolled-up part of the 
bilayer to the effective Young's modulus of the fi lm and 
its bending stiffness. This means that the formation of 
toroidal tubes may, in principle, be used for studies on the 
mechanical properties of thin polymer fi lms.  

   5. Tubes with an Engineered Inner Surface 

 Probably the most interesting peculiarity of the self-
rolling approach is the unprecedented freedom that it 
provides for engineering the inner surface of the tubes. 
Indeed, prior to enrolling, the bilayers can be exposed 
to a variety of surface-treatment techniques such as the 
aforementioned metallization, but also plasma chem-
ical activation and the creation of nontrivial topological 
and chemical patterns on the inner walls of the micro-
tubes by means of microcontact printing ( Figure    7  ) or 
photolithography.  

 Tubes with patterned inner walls may be appro-
priate for numerous advanced applications in micro-
fuidics, chromatography, catalysis and other fields. It 
is envisaged, for instance, that specific patterns may 
influence the growth and motility of living cells in the 
confined space of the tubes. Biomolecules anchored at 
specific positions inside the tubes may be explored for 
the design of biosensors, protein chromatography col-
umns etc. 

     Figure  7 .     Fabrication of tubes with patterned inner surface. (a) Formation of the multilayer on a substrate (e.g., silicon wafer). (b) Pat-
terning of the top layer (here by the use of microcontact printing). (c) Making lithographic openings (e.g., with the use of a sharp blade 
or needle). (d) Rolling-up the tube in a specifi c solvent. (e) A bunch of rolled-up tubes with helical patterns on the inner walls. Reproduced 
with permission. [  11  ]    

   6. Self-Rolling Films for Biological 
Applications, Controlled Encapsulation 
and Release 

 Self-rolling fi lms provide unique opportunities for the 
encapsulation of small objects such as molecules, or of 
larger ones such as particles and cells. This property is 
highly attractive for cell-delivery technology, the food 
industry and tissue engineering. The main limitations, 
however, come from the non-biodegradability and non-
biocompatibility of self-folding fi lms and the irrevers-
ibility of the folding, as well as from their sensitivity to 
stimuli in non-physiological ranges. In fact, the number 
of stimuli that can be used to trigger the folding of fi lms 
is very limited. Cells are, for example, highly sensitive to 
even small changes of pH. Temperature appears to be the 
most suitable stimulus because cells readily withstand 
considerable changes of temperature. 

 Therefore, we have developed the fi rst self-rolling fi lms 
that are able to reversibly roll and unroll in response to 
a change of temperature in the physiological range of 
30–37  ° C. For the demonstration of the principle involved, 
bilayers of biodegradable and biocompatible polycaprol-
actone (PCL) and thermoresponsive poly( N -isopropylacry-
lamide) (PNIPAM) were fabricated and investigated. [  27  ]  
Crosslinked PNIPAM hydrogels demonstrate temperature-
switchable swelling. In particular, a PNIPAM hydrogel is 
highly swollen below 33  ° C and its volume is approxi-
mately 10 times larger than that of its dry state. On the 
other hand, PNIPAM hydrogels shrink above 33  ° C. It was 
observed that the PNIPAL–PCL layer is not deformed at 
a high temperature when the PNIPAM hydrogel is des-
wollen. Conversely, as soon as the temperature is reduced 
below the transition point, the PNIPAM hydrogel swells 
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and the bilayer starts to deform ( Figure    8  ). As result, tubes 
with different diameters are formed. It was found that 
the reversibility of folding depends on the topology of the 
formed tube. For example, tubes formed by a single revo-
lution could completely unroll. On the other hand, tubes 
formed by multiple revolutions could not unroll, most 
probably due to steric hindrance. The most important 
fi nding is, however, that, independently from the char-
acter of the behaviour of tubes, both the unrolling and 
shrinking are completely reversible and can be repeated 
many times.  

 Tubes are the most primitive shape of folded polymer 
bilayers. More complicated shapes can be obtained using 
polymer bilayers with shapes different from the rectan-
gular one. For example, star-like polymer bilayers are able 
to form envelope-like 3D capsules ( Figure    9  ). [  28  ]  In both 
cases, when either tubes or capsules are formed, they can 
be readily used for the encapsulation of adsorbed micro-
particles and cells. The release of the encapsulated objects 

depends on the reversibility of folding and is observed 
when one revolution is formed. The incorporation of mag-
netic nanoparticles in polymer bilayers allows for the fab-
rication of particles or cell-loaded folded objects that can 
be manipulated using a magnetic fi eld, and this aspect is 
very important for targeted delivery. [  27  ]   

 While PNIPAM–PCL bilayers are capable of both revers-
ible and irreversible encapsulation of cells and particles, 
they are not very useful for in vivo applications. The main 
limitations come from the non-biodegradability and poor 
biocompatibility of PNIPAM. In order to address this issue, 
we designed fully biodegradable self-folding fi lms. For this, 
polysuccinimide (PSI) –PCL bilayers were investigated. [  29  ]  
Both PCL and PSI are hydrophobic and intrinsically water 
insoluble. PSI, however, is able to hydrolyze in a physiolog-
ical-buffer environment, yielding water-swellable biode-
gradable poly(aspartic acid), which leads to the rolling of 
tubes and the encapsulation of cells. The main advantage 
of PSI is its relatively slow hydrolysis rate in a physiological 

     Figure  8 .     (a–c) Scheme of capture and release of microparticles by self-rolling microtubes. A thin fi lm of a PNIPAM and PCL bilayer with 
admixed magnetic nanoparticles (a) is able to form a self-rolling tube and to encapsulate microparticles at reduced temperature (b); the 
particles can be released at an elevated temperature when the microtube is unrolled (c); optical-microscopy images of a PNIPAM–PCL 
bilayer with adsorbed microparticles at different temperatures are also shown. Reproduced with permission. [  27  ]  Copyright 2010, Royal 
Society of Chemistry.  
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     Figure  9 .     Encapsulation of yeast cells inside thermoresponsive self-folding capsules (dark-fi eld optical microscopy). Yeast cells are adsorbed 
on the polymer bilayer at an elevated temperature. Cooling leads to the swelling of the thermoresponsive polymer and folding of the cap-
sules. A second heating results in unfolding of the capsules and release of the cells. Reproduced with permission. [  28  ]  Copyright 2011, Royal 
Society of Chemistry.  

buffer. It was found that PSI fi lms start to swell only after 
9 h of incubation. Self-rolling fi lms demonstrate a similar 
behaviour and start to fold after 9 h. This delayed swelling 
and rolling could be very important for the effi cient encap-
sulation of cells: they might have more time to adhere to 
the polymer fi lm before irreversible rolling occurs. 

   7. Conclusion and Outlook 

 Spontaneous self-rolling of bilayer polymer fi lms is a 
fascinating phenomenon with rich underlying physics. 
The curvature of the rolls and tubes depends on many 
factors, including the thickness of the individual layers, 
their Young's moduli and bending stiffness, the quality 
of the solvent with respect to each of the polymers and 
the degree of crosslinking. The dependencies of the tube 
diameters on these factors can be used for studies on 
the micromechanical properties of thin polymer fi lms 
in reactive media. The analysis of the tube formation is 
relatively simple when it is done within the framework 
of linear elasticity theory. [  17  ]  However, a realistic theo-
retical description of the process should take into account 
fi nite plastic deformation of the polymers in the course of 
rolling. We plan to address this problem in future studies. 

 Apart from being interesting from the point of view of 
fundamental studies of the properties of thin fi lms, the 
self-rolling of bilayers also turns out to be very promising 
for a number of applications. Bilayer self-rolling can be 
exploited for the encapsulation and controlled release of 
microparticles and living cells, which opens up new routes 
for the development of drug- and cell-delivery therapies. 
The release of cells and particles can be triggered remotely 
when a thermoresponsive polymer, such as PNIPAM, is 
used as one of the components of the bilayer fi lm. 

 One of the most-attractive advantages of the self-
rolling approach is in the complex engineering of the 
inner walls of the microtubes via modifi cation of the 
bilayer fi lms, prior to rolling, by a number of surface-
treatment methods, such as metallization, plasma activa-
tion, and microcontact printing. Protein chromatography 
is one of the fi elds where such engineered tubes may fi nd 
advanced applications. Enrolling of electrodes can provide 
an easy interface for electrical and microfl uidic circuits. 

 The development of polymer self-rolled tubes has 
proceeded parallel to investigations of semiconductor 
and metallic rolled-up structures. Both fi elds have their 
advantages and realms of applications. The use of epitaxi-
ally grown fi lms produces tubes whose diameters can be 
as small as a few nanometers. Semiconductor tubes are 
also interesting from the point of view of their electronic 
properties. Metallic Ti–Fe–Pt tubes were recently explored 
as microbots able to transport microparticles in micro-
fl uidic circuits. On the other hand, polymer tubes can be 
biocompatible and are therefore promising for biological 
and medical applications. A big advantage of polymers 
as materials for self-rolling bilayers is their easy proc-
essability. Indeed, thin polymer fi lms can be produced 
by dip- or spin-coating from solutions in practically any 
chemical laboratory, without the need for expensive and 
rarely accessible equipment for molecular-beam epitaxy 
that is used for the fabrication of semiconductor bilayers. 
Polymers can have a large volumetric response to external 
environmental factors, such as moisture, pH, heat and 
electromagnetic radiation. This allows for easy control of 
the internal stress in the bilayer fi lms and, consequently, 
of the diameters of the tubes. Moreover, it provides revers-
ibility of the rolling, on which the design of our drug- and 
cell-delivery devices is based. Finally, polymers are very 
compatible with inorganic materials, such as metals, or 
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they can serve as the precursors for inorganic materials 
such as ceramics. 

 In conclusion, the design of microscale 3D objects via 
the self-rolling of polymer bilayer and multilayer fi lms 
is an emerging fi eld of research that has begun to fi nd 
advanced applications in the soft-matter fi eld. 
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Fabrication of 3D objects using folding of thin films is a novel and very attractive research field. The

manuscript overviews recent advances in development and application of polymer films, which are able

to fold and form 3D structures.

Introduction

Engineering of complex 3D constructs is a highly challenging

task for development of materials with novel optical properties,

tissue engineering scaffolds, elements of micro- and nano-

electronic devices. Three-dimensional materials can be fabricated

using a variety of methods including two-photon photolithog-

raphy, interference lithography, and molding (see the recent

review of D. H Gracias et al.1). Fabrication of 3D microobjects

using controlled folding/bending of thin films—microorigami—

is a novel and very attractive research field.1,2 One of the

advantages of this approach is the possibility of quick, reversible

and reproducible fabrication of 3D hollow objects with

controlled chemical properties and morphology of both the

exterior and interior. The pioneering works in this field belong to

Smela et al.3 and Jager et al.4 They were the first who started to

work with self-folding films and demonstrated folding and

unfolding of patterned gold films with polypyrrole hinges in

response to an electric signal. Groups of O. G. Schmidt focused

on the design of semiconductor and metal oxide self-rolled tubes

and applied them for transport,5 investigating behaviour of cells

in confinement,6 nanooptics7 and energy storage elements.8

Gracias et al. developed approaches for design of metallic self-

folding particles and demonstrated their applicability for design

of self-assembling microelectronic devices, controlled encapsu-

lation of cells, drugs and design of tissue engineering scaf-

folds.9–12 Metallic self-folding thin films are also highly promising

for optics13 and photovoltaic power applications.14

On the other hand, due to their rigidity, limited biocompati-

bility and non-biodegradability, application of inorganic self-

folding materials for biomedical purposes is limited. Polymers

are more suitable for these purposes. First, there are many

polymers changing their properties in physiological ranges of pH

and temperature as well as polymers sensitive to biochemical

processes.15 Second, polymers undergo considerable and revers-

ible changes in volume that allow design of a variety of actively

moving microconstructs.16,17 Third, there are a variety of

biocompatible and biodegradable polymers.18 This paper over-

views the recent progress in development of polymer films, which

are able to fold and form 3D microstructures. The main focus is

to summarize polymer-based systems and to classify them with

respect to way of fabrication, suitability for design of different

3D objects and applicability for biotechnology.

Bending vs. expansion

Bending is essentially required for design of self-folding materials

and allows conversion of semi-one-dimensional and two-

dimensional objects into 2D and 3D ones, respectively. Typically

bending is the result of either expansion or contraction of

a material caused by changes in environmental conditions. In

most cases the change in conditions, however, results in homo-

geneous expansion or contraction in all directions and does not

lead to increase in dimensionality. Bending is produced as

a result of inhomogeneous expansion/shrinking, which occurs

with different magnitudes in different directions. Bending could

be achieved either (i) by applying gradients of field to homoge-

neous materials or (ii) by applying non-gradient stimuli to

inhomogeneous materials. The example of the first case is the

bending of polyelectrolyte hydrogel during electrolysis.19 The

examples of the second group are the bending of liquid crystalline

films,20 hydrogels with the lateral gradient monomer concentra-

tion,21 cantilever sensors22 and shape-memory polymers.23
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Design of self-folding films

In fact, design of self-folding objects using homogeneous mate-

rials is technically very complicated because a very complex

spatial force gradient must be formed and kept for a considerable

period of time. This, for example, can be achieved using surface

tension by depositing a water droplet on a thin film.24 The film

folds immediately after the droplet is deposited. The formed 3D

object changes its shape during drying of the droplet and unfolds

when water is completely evaporated. In physiological buffer

environment surface tension effects are, however, weak. Fabri-

cation of self-folding objects using inhomogeneous films is more

straightforward. The inhomogeneous films fold due to the

difference in the properties of constituting materials in a pre-

programmed manner, which is defined by the film structure/

pattern.

To date, three general approaches for design of self-folding

polymer films are reported (Fig. 1). The first approach is based

on shape-memory polymers, which are partially liquid crystalline

with directional anisotropy of properties (Fig. 1a). At low

temperature the shape-memory materials are in their temporary

shape. The films recover their permanent shape by heating. In

second and third approaches two polymers are used. One of the

polymers is passive and its properties remain unchanged.

Another polymer is active and its volume or shape is changed

when stimulus is applied. The second approach is based on the

use of polymer bilayers (Fig. 1b). The active polymer swells or

shrinks in response to the signal. The swelling in one direction is

restricted by the passive polymer. As a result, the bilayer does not

uniformly expand/shrink but folds and unfolds. The third

approach is based on the use of patterned films of the passive

polymer with insertion of an active one (Fig. 1c). The active

polymer undergoes shape transition, which might be caused by

surface forces, that results in folding of the film.

The shape of the formed 3D object depends on the shape of the

polymer films (Fig. 2 and Table 1). The simplest case of a self-

folding object is a tube.25–27,32–35 Helixes of different kinds are

formed by polymer bilayers with the gradually changing ratio

between polymers.29 Envelop-like capsules with rounded corners

or nearly spherical ones are formed from the star-like polymer

bilayers with four and six arms, respectively.27,28,35 Cubes and

pyramids are formed by patterned bilayers with the active junc-

tion elements.29,31,36

The polymer films with different shapes can be obtained either

by cutting,25,26,32 using microwell-like substrates27,34,35 or photo-

lithography28,31,33,36 (Table 1). Cutting allows fabrication of

millimetre size species with the rectangular shape, which form the

tubes. The main advantage of this method is simplicity and

applicability to almost all combinations of crosslinkable poly-

mers. The use of microwell-like substrates is technically more

complicated but allows fabrication of polymer layers with

different shapes such as rectangles or stars. Photolithography of

bilayers allows large-scale fabrication of self-folding objects of

different shapes and sizes starting from several microns. The

formed self-folding objects have rounded corners. The main

disadvantage of this approach is the necessity to choose proper

solvents for polymer deposition in the way that the first polymer

is not dissolved during deposition of the second polymer.

Fabrication of patterned polymer films (Fig. 1c) is the technically

most complicated procedure and requires mask alignment during

several steps of photolithography. On the other hand, it allows

fabrication of the broadest range of shapes of self-folding

objects.

Stimuli

The use of polymers sensitive to different signals allows design of

self-folding films folding upon immersion in solvent, change in

pH, temperature, electric or biochemical signals (Table 2).

pH-responsive

Self-folding films sensitive to pH are commonly designed using

weak polyelectrolytes as active polymers. Luchnikov et al.

demonstrated that polystyrene–poly(4-vinyl pyridine) bilayer26

as well as polystyrene–poly(4-vinyl pyridine)–poly-

dimethylsiloxane trilayer37 are able to roll at low pH when poly

(4-vinyl pyridine) is protonated and swells in water. The use of

layers with two-dimensional gradient of thickness allowed

thorough investigation of the folding.38 It was found that the rate

of rolling increased with the acidity of the solution. The tube

diameter and the rate of rolling decreased with the increase in the

UV exposure time. Moreover, the increase in thickness of PS

results in increase in the diameter of tube.

Lee et al. used pH sensitive poly(methacrylic acid)–poly-

(2-hydroxyethyl methacrylate)34 and poly(methacrylic acid)

(PMAA)/polyEGDMA35 patterned bilayer which folds in

contact with biological fluids. It was not shown that the folding

depends on pH. However, since weak polyelectrolyte poly

(methacrylic acid) was used, the system is expected to respond to

the pH signal. Gracias et al. fabricated millimetre size poly-

ethylene glycol/poly(N-isopropylacrylamide-acrylic acid) bila-

yers which are able to snap in response to the pH signal.36 One

can also expect that this system is thermoresponsive. Huck et al.

reported pH responsive gold–poly(methacryloxyethyl trimethy-

lammonium chloride) brush patterned films which fold in

response to the change in pH and salt concentration.30

Fig. 1 Approaches for design of self-folding polymer objects: (a)

relaxation of shape-memory polymers, (b) folding of polymer bilayer due

to expansion of one of the polymers and (c) folding of patterned polymer

film caused by the shape change in one of the polymers.
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Thermoresponsive

Thermoresponsive self-folding films can be designed using

continuous thermal expansion, melting, shape-memory transi-

tion or polymers which demonstrate the LCST (Low Critical

Solution Temperature) behaviour in solutions. Kalaitzidou et al.

used continuous volume expansion with temperature and

demonstrated thermoresponsive rolling–unrolling of poly-

dimethylsiloxane–gold bilayer tubes at 60–70 �C25,32 which is due

to different temperature expansion coefficients.

Gracias et al. used melting of polymers, which forms a droplet

and forces patternedpolymer films to fold.Thiswas demonstrated

on the example of patterned SU-8 photoresist–polycaprolactone

film, which irreversibly folds at 60 �C (ref. 31) due to melting of

polycaprolactone (Fig. 3). In order to reduce the transition

temperature and make films more suitable for bio-related appli-

cations, Gracais et al. used photoresist hinges which are sensitive

to temperatures around 40 �C.39–41 The metal–polymer grippers

irreversibly fold in response to temperature as well.

Lendlein et al. demonstrated the possibilities to design thermor-

esponsive macroscopic self-folding objects using shape-memory

polymers based on different poly(3-caprolactone)s.23 At low

temperature the materials are in their temporary shape. The films

recover their permanent shape and irreversibly fold by heating,

which couldbe accompaniedbya change in transparency.The exact

size of the self-folding film as well as the temperature of transition

was not given.

Polymer bilayers, where the active component is thermores-

ponsive poly(N-isopropylacrylamide)-based copolymer, are

more suitable for encapsulation of cells. In aqueous media, poly-

(N-isopropylacrylamide)-based hydrogels reversibly swell and

shrink below and above 33 �C. Moreover, the temperature of

transition between swollen and shrunk states can be tuned by

proper selection of the composition of copolymer. As a result,

poly(N-isopropylacrylamide)–polycaprolactone patterned bila-

yers fold and unfold forming tubes of capsules below and above

this temperature, respectively (Fig. 4).28,33

Solvent responsive

Most examples of solvent-responsive self-folding films are the

films, which fold upon immersion in aqueous media. Such films

Fig. 2 Examples of self-folding polymer films: tubes25,26 (a and b: reproduced with permission, Copyright Wiley-VCH Verlag GmbH & Co. KGaA26),

capsules27,28 (c: reproduced with permission, Copyright Wiley-VCH Verlag GmbH & Co. KGaA;27 d: Royal Society of Chemistry, Copyright28), helix29

(e), hierarchically shaped tube30 (f: reproduced with permission, CopyrightWiley-VCHVerlag GmbH&Co. KGaA30), cubes with porous walls29,31 (g, h,

and i: with kind permission from Springer Science + Business Media permission, Copyright;31 k: Royal Society of Chemistry, Copyright29), dodeca-

hedron31 (j: with kind permission from Springer Science + Business Media permission, Copyright31), pyramide29 (l: Royal Society of Chemistry,

Copyright), and phlat ball29 (m: Royal Society of Chemistry, Copyright).

Table 1 Methods for fabrication of self-folding polymer films

Preparation method Advantage Disadvantage
Shapes of
folded object Ref.

Cutting Simple, all crosslinkable
polymers can be used

Limited shapes—mostly
rectangular, large objects

Tubes 25,26,32

Microwells All crosslinkable polymers
can be used, variety of shapes

Requires fabrication of
microwells

Tubes, capsules, and helixes 27,34,35

Photolithography of bilayers Simple, large scale
fabrication, different sizes
and shapes

Polymers must be deposited
from selective solvents

Tubes and capsules 17,18

Photolithography of
patterned layers

Large scale fabrication,
different sizes and shapes

Complicated, requires special
equipment

Tubes, capsules, cubes, and
pyramids

23–25
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contain water-swellable uncharged polymers. Lee et al. fabricated

partially biodegradable polyvinyl alcohol–chitosan27 and chito-

san–poly(PEGMA-co-PEGDMA) bilayers35 which fold in water

due to swelling of polyvinyl alcohol and polyethylene glycol,

respectively. Jeong and Jang et al. developed the approach for

fabrication ofmillimetre size self-folding objects which are able to

fold and form different 3D objects such as tubes, cubes, pyramids

and helixes.29 Water-swellable polydimethylsiloxane–poly-

urethane/2-hydroxyethyl methacrylate complex bilayers and

patterned films were used. Since poly(vinyl alcohol), polyethylene

glycol and poly(2-hydroxyethyl methacrylate) are not poly-

electrolytes, the swelling is expected to be independent of pH of

aqueous media. These systems immediately fold upon immersion

in aqueous media that hampers loading of cells.

Huck reported the example of the system which folds in

methanol. This system is based on poly(glycidyl methacrylate)

brush layers grafted to gold patterned films.30

Other systems

Except for pH-, thermo- and solvent-responsive systems, there

are also several examples of systems, which fold in response to

Table 2 Reported examples of self-folding polymer films

System Stimuli Folding range Biodegradation Reversibility Ref.

pH-responsive
Poly(4-vinyl pyridine)–polystyrene PH pH ¼ 2 No + 26
Poly(2-hydroxyethyl methacrylate)–poly(methacrylic acid) PH pH ¼ 3–7.3 No + 34
Poly(methacrylic acid)–polyethylene glycol PH No information No + 35
Poly(N-isopropylacrylamide-co-acrylic acid)–polyethylene glycol PH pH ¼ 2.5–7.5 No + 36
Poly(methacryloxyethyl trimethylammonium chloride)—golda PH, salt Not given No � 30
Metals–photoresista Acetic acid >60% No � 44
Solvent-responsive
Polyvinyl alcohol–chitosan Water Immediate folding Partial � 27
Chitosan–polyethylene glycol Water Immediate folding Partial � 35
Polydimethylsiloxane–polyurethane/2-hydroxyethyl methacrylate Water Immediate folding No � 29
Poly(glycidyl methacrylate)–golda Methanol Immediate folding No � 30
Thermoresponsive
Polydimethylsiloxane–golda T 60–70 �C No + 25,32
SU-8 photoresist–polycaprolactone T 60 �C Partial � 31
Poly(N-isopropylacrylamide)–polycaprolactone T 28–30 �C Partial + 28,33
Polycaprolactone T Unknown Full � 23
Poly(caprolactone-co-pentadecadolactone) T Unknown Full � 23
Metals–photoresista T 40–60 �C No � 39–41
Other
Polydimethylsiloxane–cardiomyocytes Electric 10 V Partial + 42
Metals–gelatine–carboxymethylcellulosea Enzyme Partial One circle 43
Polypyrrole–gold Electric 1 V No + 3,4

a Systems with inorganic components are in bold.

Fig. 3 Thermoresponsive self-folding SU-8 photoresist–poly-

caprolactone thin films. (a) Fabrication: (i) a sacrificial layer was spin

coated on a clean Si wafer. SU-8 panels were patterned using conven-

tional photolithography. (ii) PCL was deposited in hinge gaps. (iii) 2D

templates were lifted off via dissolution of the PVA layer in water and

self-assembly occurred on heating above 58 �C. (b, i–iii) Schematic

demonstrating self-folding of a cubic container. External ‘‘locking’’

hinges are colored in pairs to denote corresponding meeting edges. (c)

Video capture sequence (over 15 s) showing a 1 mm sized, six-windowed

polymeric container self-folding at 60 �C. With kind permission from

Springer Science + Business Media permission, Copyright.31

Fig. 4 Encapsulation of yeast cells inside thermoresponsive poly(Niso-

propylacrylamide)–polycaprolactone self-folding capsules. Yeast cells

are adsorbed on the polymer bilayer at elevated temperatures (a and c).

Cooling leads to swelling of the thermoresponsive polymer and folding of

the capsules (b and d). Secondary heating results in unfolding of the

capsules and release of the cells. Royal Society of Chemistry, Copyright.28

This journal is ª The Royal Society of Chemistry 2011 Soft Matter, 2011, 7, 6786–6791 | 6789
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other stimuli such as the presence of enzymes or applied electric

field. Smella3 and Jager4 et al., who introduced the self-folding

films, demonstrated folding and unfolding of patterned gold

films with polypyrrole hinges in response to the electric signal.

Whitesides et al. fabricated an electro-responsive self-folding

bilayer, which consists of polydimethylsiloxane with the aligned

cardiomyocytes.42 The polymer–cell film adopted functional

three-dimensional conformations when an electric signal is

applied. These centimetre-scale constructs perform functions as

diverse as gripping, pumping, walking, and swimming with fine

spatial and temporal control.

Enzyme-sensitive self-folding films were developed for the first

time by Gracias et al. The approach is based on the use of self-

folding metallic grippers with active polymer hinges, which are

sensitive to the presence of enzymes.43 Two kinds of biodegrad-

able polymers were used. The gripper, which is unfolded in the

initial state, folds when the first polymer is degraded after

addition of the first enzyme. The gripper unfolds when the

second enzyme is added and the second polymer is degraded. As

a result one circle of folding and unfolding is achieved.

Applications

The main field of application of self-folding polymer thin films is

the controlled encapsulation and release of drugs, particles and

cells (Fig. 5). Kalaitzidou et al. demonstrated reversible

adsorption–desorption of fluorescently labelled polyethylene

glycol, which is considered as a model drug, inside PDMS–gold

tubes at 60–70 �C.32 Gracias et al. demonstrated irreversible

encapsulation of yeast cells inside self-folding SU8–PCL films

upon heating at above 60 �C.31 Poly(N-isopropylacrylamide)-

based self-folding films were also demonstrated to be suitable for

reversible encapsulation of particles and yeast cells.28,33 Cells

were encapsulated upon cooling below 30 �C and could be

released from the film, which is unfolded above 30 �C. This

encapsulation and release is completely reversible and could be

repeated many times (Fig. 4).

Self-folding films can also be used as smart plasters. Lee

demonstrated this concept on the example of millimetre size poly

(methyl methacrylate)–poly(2-hydroxyethyl methacrylate)

bilayer with the attached mucoadhesive drug layer. The non-

swelling PHEMA layer serves as a diffusion barrier, minimizing

any drug leakage in the intestine. The resulting unidirectional

release provides improved drug transport through the mucosal

epithelium (Fig. 6). The functionality of this device is successfully

demonstrated in vitro using a porcine small intestine.34

There are several non-biorelated examples of application of

self-folding polymer films. Deposition of patterned metal on the

polymer bilayer allowed fabrication of self-rolled tubes with

patterned conductive inner wall.26 In another example, pyrolysis

of polystyrene–poly(4-vinyl pyridine)–polydimethylsiloxane tri-

layer37 was used for fabrication of silica tubes.

Conclusions and outlook

The self-folding polymeric thin films are an emerging field, which

only starts to develop. Till now, several examples of the polymer

thin films folding due to immersion in aqueous environment,

change in pH, temperature, electric signal or the presence of

enzymes were demonstrated. The self-folding films are potentially

very promising for controlled encapsulation and release of drugs

Fig. 5 Bacterial encapsulation using self-folding SU-8 photoresist–pol-

ycaprolactone films. (a) Bright-field and fluorescence images of Syto 9

stained E. coli encapsulated within a polymer container, 24 h after

encapsulation. (b) Bright-field time lapse images of bacteria within

a polymeric container, taken at intervals of zero, 4 and 15 h following

encapsulation by tumbling. With kind permission from Springer Science

+ Business Media permission, Copyright.31

Fig. 6 Self-folding polymer bilayer films as smart plaster. (Upper panel)

Polymer bilayer is undeformed in dry states and folded in aqueous

environment. (Middle panel) Folding of polymer bilayer on the mucus

surface. (Lower panel) The fractional leakage of drug from the self-folded

reservoir with different protection layers is the smallest (reproduced with

permission, Copyright Elsevier34).
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and cells. Here, cells are not locked inside an amorphous and

densely crosslinked matrix, as it happens in the case of hydrogels,

but are free to move. This is particularly important for design of

tissue engineering scaffolds.The limited applicabilityof self-folding

tubes for designof scaffolds is, on the one hand, due to their folding

at non-physiological conditions.First, pH isnot a favourable signal

to trigger folding for encapsulation of cells. The use of temperature

as stimulus is more suitable, since cells readily withstand temper-

aturevariation.On theotherhand,most of the reported systemsare

non-biodegradable. There is only one report about the fully

biodegradable self-folding polymer film. In future, these two

problems must become the main focus of research in this field.
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This review addresses recent developments in actively moving materials based on stimuli-responsive

polymers on the scale from single molecules to polymer networks. The examples of application of

stimuli-responsive polymers for design of actuators, sensors, active elements in microfluidic devices,

materials with switchable optical properties as well as biomaterials are discussed. Emphasis is given to

biohybrid materials consisting of synthetic and living components as well as stimuli-responsive

materials inspired by nature.

1. Introduction

Active motion is intrinsic to living organisms on different levels

of organization from individual animals or their groups down to

a single molecule. Indeed, cells are equipped with various

molecular machines, which allow their migration, division,

sensing and adaptation.1 For example, kinesin and dynein motor

proteins transport vesicles inside cells and play important role in

cell division, in intracellular transport of organelles as well as in

cellular motility.2 DNA and RNA motors replicate poly-

nucleotides and repair them with high degree of reliability.3

Myosin motor proteins perform steps along actin filaments

causing muscular contraction and, thus, provide motion on the

macroscopic scale.4 Receptor protein molecules change their

conformation (and chemical properties) in response to binding of

molecules or ions and thereby provide cells mechanisms of

sensing.5 Animals use active motion on the microscale for

defensive purposes as well. For example, movement of pigments

and high-refractive index protein assemblies in cells is used by

animals to adapt their coloration.6,7 In fact, millions of years of

evolution have forced animals to optimise these and other

approaches for active-motion with respect to efficiency,

specificity and robustness. Therefore, learning lessons from

nature and mimicking the behaviour of natural actively moving

systems on different levels of sophistication is a challenging task

for development of new generations of materials for biomedical

applications, design of micromechanical systems, sensing etc.

Only recently, synthetic and natural stimuli-responsive poly-

mers were introduced to address these challenging tasks. Stimuli-

responsive polymers are polymers demonstrating considerable

changes in properties in response to small variations of envi-

ronmental conditions (see recent reviews8–12). To date a variety of

polymers sensitive to environmental as well as to biochemical

stimuli (light, pH, temperature, electric and magnetic field,

chemicals)13 have been developed, investigated and tested.14–21 In

many cases, stimuli induce formation of new covalent and non-

covalent bonds often accompanied by changes in conformation

of the polymer chains. These switching properties of the stimuli-

responsive polymer chains allows one to consider them as

elementary machines (actuators), that convert environmental

signals into a mechanical response. The idea of this review is to

present and discuss recent trends in the development of stimuli-

responsive polymers for the design of actively moving materials

on a scale from single polymer chains up to three-dimensional

polymer networks. Emphasis is given to biohybrid materials

consisting of synthetic and living components as well as materials

inspired by nature.

2. Single polymer chains

Elementary polymer-based actively moving elements can consist

of a singular polymer chain. In fact, a single polymer chain can

reversibly switch its conformation upon change of environmental

conditions and can, therefore, work as the simplest actuator.

This principle was, for example, explored by Welch et al. He

designed an electroresponsive molecular actuator based on

a diblock-copolymer of a positively charged dendrimer and

a negatively charged linear chain. Brownian dynamics simula-

tions demonstrated the hybrid polyampholyte’s ability to

generate a force when an electric field is applied.22

A prototype molecular motor that has a ‘‘simple’’ internal

structure was recently proposed by Potemkin et al.23 Here,

a single diblock-copolymer chain comprising ‘‘simple’’ monomer

units is able to perform directed reptational motion being

Leibniz Institute of Polymer Research Dresden, Germany. E-mail:
ionov@ipfdd.de; Fax: +493514658281; Tel: +493514658272

† This paper is part of a Journal of Materials Chemistry themed issue on
Actively Moving Polymers. Guest editor: Andreas Lendlein.

Leonid Ionov

Leonid Ionov is a group leader at

the Leibniz Institute of Polymer

Research Dresden (Germany).

He received his PhD in Polymer

Chemistry in 2005 from Dresden

University of Technology

(Germany) and performed his

Postdoc in the group of Stefan

Diez (Max Planck Institute of

Molecular Cell Biology and

Genetics). His research is

focused on stimuli-responsive

and self-assembling materials.

3382 | J. Mater. Chem., 2010, 20, 3382–3390 This journal is ª The Royal Society of Chemistry 2010

FEATURE ARTICLE www.rsc.org/materials | Journal of Materials Chemistry



adsorbed on a structured solid surface. One of the blocks of the

copolymer is expected to be field responsive. Interactions

between units of the block changed from repulsion to strong

attraction, while between units of another block, only repulsion

forces acted. The authors predict that the time-periodic collapse–

readsorption of the responsive block leads to the directed motion

(reptation) of the chain along the ‘‘track’’ provided by the surface

pattern. The rate and direction of this movement are controlled

by energy parameters (the energy of adsorption as well as the

attraction and repulsion of units), frequency of collapse–read-

sorption effects, and composition of copolymer. From the

physical viewpoint, such directional motion is possible if the

following three conditions are satisfied: (i) the system receives

external stimulus and energy that can be dissipated, (ii) the

adsorbed molecule has anisotropic properties e.g. an anisotropic

molecular friction, and (iii) the surface provides adhesion and

direction of the motion (‘‘track’’). The authors analysed the case

when external forces act only on one of the blocks leading to its

periodical collapse readsorption (Fig. 1). This situation can

physically be realized if, for example, one of the blocks contains

photosensitive groups whose interactions can be controlled by

light. Another possibility to induce collapse and readsorption

comprises an exposure of the molecule to different vapours.

3. Surface-grafted polymer films (brushes)

Surface-immobilized stimuli-responsive polymer layers are

another kind of actively-moving materials.24,25 Fixation of

a polymer chain by one end allows design of stimuli-responsive

surfaces that can be used as sensors, nanotransport tools as well

as systems with switchable catalytic and enzymatic activity.

3.1 Surfaces with switchable topographies

Switching of the conformation of surface-grafted polymer chains

often results in change of height (thickness) and/or topography

of a polymer layer. The height changes of polyelectrolytes

brushes in response to the presence of ions of different size and

valence were recently actively explored by Huck and colleagues.26

Binding of counter ions to polymer chains changes the swelling

and the hydrophilic/hydrophobic properties of the polymer

layer. The reversible changes in height of synthetic27,28 and

natural29 polymer layers grafted inside narrow pores were also

used for the design of microfluidic systems with environmentally

controllable fluid flow.30–32 Moreover, reversible changes of the

height of a polymer layer can be used for design of environmental

sensors.33–35

Micro- and nanopatterned as well as gradient grafted polymer

layers demonstrate both switching of the thickness and topo-

graphy. Nano- and micropatterned one-component polymer

brushes can be prepared by photolithography,36,37 scanning

probe lithography,32,38 electron beam lithography,39–41 micro-

contact printing.42 Alternatively, nanopatterned stimuli-respon-

sive brushes can be prepared on biological objects as

templates.43,44 Nanoconfinement can strongly influence the

properties of grafted polymer layers. First, nanopatterned

polymer brushes undergo reversible swelling in both lateral and

vertical directions.45 Moreover, Huck et al. have demonstrated

that nanopatterned thermoresponsive poly(2-(2-methoxyethoxy)-

ethyl methacrylate) brushes reveal a considerable broadening of

the collapse transition and an increase of the degree of vertical

swelling.46 Grafting of two47–49 or more50 types of polymer chains

in a laterally-resolved manner allows more complicated response.

For example, patterned brushes of two oppositely charged

polyelectrolytes provide reversible switching of wettability,

charge and topography in an inverse manner.51

Recently, surface-structured stimuli-responsive polymer

brushes have been used for design of patterned surfaces with the

patterns whose size can be changed in response to a variation of

the environmental conditions, rather than local treatment.52 The

approach is based on structured surface-immobilization of

thermoresponsive poly(N-isopropylacrylamide) (PNIPAM)

copolymers with different transition temperatures. In aqueous

environment, PNIPAM (homopolymer) reversibly changes its

solubility at the low critical solution temperature (LCST¼ 33 �C).

However, the LCST can be gradually increased or decreased

by incorporation of additional hydrophobic or hydrophilic

comonomers, respectively. Likewise, the LCST can be tuned

by varying the ratio of both added comonomer types. Using

this principle, a surface containing lateral LCST gradients was

fabricated by laying down opposing gradients of hydrophilic

and hydrophobic poly(N-isopropylacrylamide) copolymers.

Across this surface, polymers with LCST above or below the

actual temperature of the surrounding solvent were collapsed

or swollen, respectively.

3.2 Control of nanoparticles motion by topography switching

Several research groups explored reversible swelling of surface-

grafted polymer chains in response to change of environmental

conditions as a means to control vertical and lateral motion of

micro- and nanoparticles. For example, homopolymer33–35,53 and

diblock-copolymer54 brushes were used to move adsorbed metal

or semiconductor nanoparticles in the vertical direction by

switching the conformation of polymer chains. Here, the

advantage of diblock-copolymer brushes is the possibility to

freeze the vertical position of nanoparticles by drying.

Fig. 1 Schematic of reptation of block-copolymer chain on a striped

surface upon cyclical change of conformation. Dark grey areas of the

surface are ‘‘forbidden’’ for adsorption of the monomer units so the

reptation can occur only along the bright grey stripe. Block A (black) is

subjected to the periodical action of the external field that results in

periodical collapse–readsorption cycles. The block B (white) is always

adsorbed. The location of the chain is shown at various moments of time:

ta < tb < tc < td. Reprinted with permission from ref. 23, Copyright Wiley-

VCH Verlag GmbH & Co. KGaA.
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Depending on the interactions of the solvent with the polymer

block where nanoparticles are linked to, the nanoparticles can be

either positioned on the surface or can be hidden in the vicinity of

a substrate. In many cases, the change of conformation of

polymer chains causes changes of the interactions between the

attached particles including plasmonic effect, fluorescence

quenching or light interference, that can be used for design of

environmental33–35,53,55,56 and biochemical57 sensors. One possi-

bility consists in incorporation of fluorescent nanocrystals into

polymer layers grafted onto reflecting surfaces (Fig. 2). Switching

of the conformation of polymer chains results in change of the

distance between the nanocrystals and the substrates. As a result,

the character of interference between the light that is directly

emitted by a nanoparticle and the light that is reflected by the

mirror surface changes. Consequently, the intensity of the

detected fluorescence light depends on the conformation of

grafted polymer chains. The main advantages of this approach

are extreme instrumental simplicity, high spatial precision of the

measurements, and fast signal response.

Santer et al. extended the concept of particle movement by

polymer brushes and used them for lateral movement of

adsorbed nanoobjects (Fig. 3).58,59 The essential idea is that

different topographical and chemical configurations of the

polymer brushes together with drastic changes in surface energy

and potential landscape during a phase transition can cause the

polymer chains to grasp or release a nano-object successively,

moving it across a surface (Fig. 3). In the absence of a directional

driving force the movement of particles is random and non-

directional. To direct the motion, R€uhe recently developed an

approach based on nanoscale gradient brushes.60

3.3 Switchable surfaces from one-component grafted polymer

layers

Switching of the conformation of surface grafted polymer chains

is one approach for design of surfaces with switchable properties.

Along this line, Zhulina et al. explored the phase diagram of

a single-component surface-grafted polymer layer at different

grafting densities and interactions with solvent.61 They predicted

switching between morphologies of pinned micelles and

a swollen brush layer by varying the solvent quality. In good

solvent conditions polymer chains are swollen and completely

screen the substrate. On the other hand, in poor solvent condi-

tions polymer chains try to avoid unfavourable contacts with

solvent and form compact micelles leaving the substrate partially

accessible to the environment. Thereby, the grafted polymer

chains can either completely or partially cover the substrate that

can be used for design of switchable surfaces.62

3.4 Switchable surfaces from multicomponent polymer layers

Another possibility for design of switchable surfaces based on

reversible motion of surface grafted polymer chains consists in

incorporation of active elements (nanoparticles or proteins) in

the polymer layer. Switching of the conformation of polymer

chains results in switching of the accessibility of these active

elements. Thereby, active elements are accessible or inaccessible

when polymer chains are collapsed or swollen, respectively.

Minko et al. have used this principle for design of composite

surfaces with adaptive adhesion prepared by grafting of poly-

(ethylene glycol) (PEG) chains between fluorinated particles;63,64

PEG and fluorinated particles are non-sticky in aqueous and dry

environments, respectively. It was shown experimentally that

PEG chains are collapsed on air and are hidden under fluori-

nated particles which results in non-adhesive properties of the

composite surface in the dry state. On the other hand, in an

aqueous environment non-sticky PEG chains swell and screen

sticky particles, which also results in non-adhesive properties in

an aqueous environment.

Another possibility to use the conformational changes of

polymer chains is to design systems with switchable catalytic and

enzymatic activity. Typically, active species (enzymes or cata-

lysts) are incorporated in the polymer layer. Switching of the

conformation of polymer chains results in switching of the

accessibility of these active species and, as a result, leads to

a change of their apparent activity. Following this concept,

Ballauff et al. incorporated silver nanoparticles in to a thermor-

esponsive polymer brush grafted onto spherical microparticles.65

By changing the conformation of the polymer chains, they

Fig. 2 Schematic of a polymeric sensor based on a surface-grafted

polymer layer with fluorescent nanocrystals. Hydrophobic nanocrystals

are adsorbed on a stimuli-responsive polymer layer grafted onto

a reflecting substrate. The light emitted by nanocrystals can undergo

either constructive or destructive interference depending on their distance

to the substrate. The nanocrystal–surface distance depends on the

conformation of the polymer chains and changes in different solvents.

The change in height is therefore reported by a variation in the detected

fluorescence intensity. Reprinted with permission of ref. 35, Copyright

Wiley-VCH Verlag GmbH & Co. KGaA.

Fig. 3 (a) Scheme of a transport of colloidal particles by block-

copolymer brush. (b) During topography switching accompanied by

changes in the interfacial energy, the ‘arms’ of the brush grasp the nano

cargo and move it along a surface. Reprinted with permission of ref. 58,

copyright 2004 Elsevier.
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controlled the accessibility of the nanoparticles and in this way

were able to reversibly switch their catalytic activity.

Ionov66 et al. have used similar approach to control bio-

molecular transport by temperature. The approach is based on

the fabrication of a composite surface where functional kinesin

motor-molecules are adsorbed onto a substrate between surface-

grafted polymer chains of thermoresponsive poly(N-iso-

propylacrylamide). It was demonstrated that motor-driven

microtubules undergo reversible landing, gliding and release in

response to conformational changes of the polymer chains

(Fig. 4). Moreover, it was demonstrated that such systems can be

used for dynamic sorting of protein assemblies in vitro.66,67

3.5 Switchable surfaces from mixed homopolymer and block-

copolymer brushes

Grafting of two or more types of polymer chains allows design of

an interesting class of responsive materials—mixed homopol-

ymer or block-copolymer brushes.68 Mixed polymer brushes

consist of two or more sorts of polymers randomly grafted to

a substrate. The mechanism of responsiveness of the mixed

brushes is different from homopolymer brushes. Polymer chains

of different sorts try to avoid unfavourable contacts and undergo

lateral vs. vertical nanoscale separation, the character of which

depends on the incompatibility of the polymers and the

interaction with surrounding media (solvent). Depending on

interaction of polymer chains with the surrounding solvent, these

brushes can be switched between the states when polymer chains

of one or the other kind are swollen and dominate at the topmost

polymer layer.69 By selection of appropriate solvent one can

achieve a whole spectrum of intermediate states. Mixed and

block copolymer brushes have been recently used for design of

surfaces with switchable wettability,70–72 adhesion,73 control of

protein adsorption,74 and were applied for design of active

elements in microfluidic devices.37,75

Mixed polyelectrolyte (PEL) brushes represent a particularly

interesting case of mixed polymer brushes. Mixed PEL brushes

consist of two oppositely charged polyelectrolytes.76–79 Being

responsive to pH and salt concentration, thin polymer films from

mixed PEL brushes are of high interest for the regulation of

protein adsorption,74 surface wetting,71,75,76 stability of pH-res-

ponsive colloids,80,81 for the development of ‘‘smart’’ coatings,51

microfluidic devices,75 enzyme-controlled Pickering emulsions,82

etc. Block-copolymer83,84 or random copolymer polyampholyte

brushes85,86 where electrostatic interactions play an important

role in the phase behaviour of the tethered polyampholyte

chains, behave similarly to mixed PEL brushes.

Recently, Minko’s group introduced a novel approach to

create an electrochemical gating system of mixed PEL brushes

grafted to an electrode surface and explored the switchable

properties of these mixed polymer brushes by change of pH. The

morphological transitions in mixed polymer brushes associated

with the electrode surface resulted in the opening, closing, or

precise tuning of their permeability for ion transport through the

channels formed in the nanostructured thin film in response to an

external stimulus (pH change). In comparison to a homopolymer

brush system, the mixed brush demonstrates much broader

variation of ion transport through the thin film.27

3.6 Actuator based on cantilevers with grafted polymer layers

Design of sensors based on the responsive properties of surface-

grafted polymer chains is a very important and promising

research direction. Typically, the swelling or collapse of polymer

layers is detected by measuring the thickness or the optical

properties of incorporated nanoparticles.

Another very promising approach for design of actuators and

sensors relies on one-side modification of AFM cantilevers with

stimuli-responsive polymer brushes.87 Swelling of polymer chains

and steric repulsion between them causes cantilever bending,

which is detected by deflection of a laser beam. In fact, the use of

cantilevers allows amplification of the small signal produced by

swelling of polymer chains, which means that the cantilever-

brush-based actuators can act as highly sensitive probes. Using

this approach, cantilevers modified with polymer brushes are

used for design of pH,88,89 solvent,90 or salt91 sensors.

4. Polymer networks, hydrogels and films

Hydrogels refer to the three-dimensional polymer networks

imbibed with aqueous solutions. There are many reports

describing design of hydrogels sensitive to light, pH, tempera-

ture, biochemical processes, electric and magnetic fields.92–94

Exposure to one or multiple stimuli causes reversible

Fig. 4 Switching of gliding motility of microtubules on a thermores-

ponsive poly(N-isopropylacrylamide) (PNIPAM) surface with adsorbed

kinesin motor protein. (a) Schematics of the experimental setup.

Repeated changes in temperature resulted in the reversible switching of

PNIPAM chains between the extended conformation (where microtu-

bules are repelled from the surface and cannot bind to the kinesin heads)

and the collapsed conformation (where microtubules can glide unhin-

dered on the kinesin molecules). (b) Fluorescence micrographs of

rhodamine-labeled microtubules on a substrate surface with grafted

PNIPAM chains and adsorbed kinesin. No gliding of microtubules is

observed at 27 �C (left image) while the microtubules glide at 35 �C (right

image). Reprinted with permission of ref. 66, copyright 2006 American

Chemical Society.
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contraction/swelling of hydrogels. The reversible changes in size

and shape of hydrogels have found broad applications for design

of micromechanical and drug delivery systems, as well as for

microfluidic devices and sensors (see recent reviews95,96).

4.1 Actuators

Applying external signal changes the properties of stimuli-

responsive hydrogels while removal of stimuli returns hydrogels

to the initial state. The repeated changes of stimuli are therefore

needed to achieve cyclical changes in hydrogel size. To achieve

this goal, one has to apply the stimuli in a cyclical manner.

Alternatively, a very intriguing approach based on use of

Belousov–Zhabotinsky (BZ) reaction97 has been suggested to

control swelling and collapse of hydrogels in a spatio-temporal

manner. The BZ reaction is well known as a non-equilibrium

dissipative reaction and generates autonomous oscillations in the

redox potential. For example, Yoshida fabricated gels exhibiting

autonomous peristaltic motion without external stimuli, which

were prepared by copolymerizing temperature-responsive

N-isopropylacrylamide, with ruthenium tris(2,20-bipyridine)

(Ru(bpy)3) as the catalyst for the Belousov–Zhabotinsky (BZ)

reaction, and used it for directed particle transport (Fig. 5).98 BZ

reaction results in local swelling of the hydrogel that changes

over time. As result, a moving wave of swollen hydrogel is

formed. The wave provides peristaltic motion of the adsorbed

microparticles. In another approach, Maeda fabricated a self-

oscillating gel actuator without external stimuli by producing

a gradient structure, which generates a pendulum motion by

fixing one edge of the gel.99

Similarly to surface-grafted polymer layers, the reversible

swelling/deswelling of hydrogels can be used for design of sensors

and active elements in microfluidic devices. For example, smart

polymer-based micromechanical devices can be designed with

reversible swelling/deswelling stimuli-responsive polyelectrolyte

membranes.100,101 More complex systems consist of thermores-

ponsive hydrogel films with a gradient of composition102 or two-

layered structures.103 These composite films possess an inherent

bending character for which the bending direction and curvature

do not depend on the direction of an external stimulus, e.g., an

electric field, but on the nanostructure and design of the gels.

Similarly, stimuli-induced deformation of crosslinked two-

layered polymer networks was used by Luchnikov et al. for

fabrication of self rolling polymeric microtubes with a patterned

inner surface.104 He fabricated patterned polystyrene–poly-

(2-vinylpyridine) bilayers. These bilayers rolled and formed

a tube in acidic environment because of the selective swelling of

poly(2-vinyl pyridine).

Aizenber and Sidorenko recently described a very fascinating

approach for design of hydrogel-based actuators. They fabri-

cated a thin hydrogel films with incorporated high-aspect ratio

rods. Collapse or swelling of the thin hydrogel layer caused

change of orientation of the rods105,106 These hydrogel films were,

in particular, used for design of surfaces with ‘‘conventional’’ and

‘‘reverse’’ switching behaviour. These surfaces revealed conven-

tional switching—hydrophilic after exposure to water and

hydrophobic after drying if the rods are fixed on the surfaces.

They could achieve reverse switching—hydrophobic after expo-

sure to water and hydrophilic after drying—by using hydrogel

films with non-fixed rods. Swelling or collapse of the polymer

layer changed orientation of the nanorods and thus changed the

wetting behaviour. Due to the contraction of the polymer film

upon drying, nanocolumns redirect the tensile forces from the gel

into a lateral actuation that results in a tilt of the partially

exposed nanostructures. The tilt angle is controlled by the

volume change of the gel and can be therefore regulated by the

appropriate choice of the polymer. Re-hydration of the sample

leads to swelling and relaxation of the hydrogel. This results in

normal orientation of the bristles (Fig. 6).107

In fact, reversible swelling/deswelling of hydrogels is remini-

scent to contraction/relaxation of muscles. Lee et al. have used

this property of hydrogels and fabricated pH-sensitive hydrogel

actuators mimicking the shape and motion of octopus and

sperm.108 Such aquabots are able to produce directional motion

in response to change of electrochemical potential and can be

potentially used for biomedical applications to sense and destroy

certain microorganisms.

4.2 Sensors

There are several approaches to design sensors based on

hydrogels. One approach is based on direct detection of the

changes of hydrogel volume or mass. This, for example, can be

done by ellipsometry, quartz microbalance (for hydrogel thin

films) or scattering techniques (for hydrogel particles).109 A

second approach consists in immobilization of a hydrogel to

a AFM cantilever.110 Swelling of hydrogel deforms the cantilever

similarly to polymer brushes (see above). Another approach

for design of hydrogel-based sensors is incorporation of

Fig. 5 Use of Belousov–Zhabotinsky reaction in a redox-sensitive gel

for transportation of particles. The particle is transported along the

chemical wave due to spatially resolved swelling and collapse of hydrogel.

Reprinted with permission of ref. 98, copyright 2009 American Chemical

Society.
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semiconductor or metal nanoparticles into the hydrogel matrix.

In this case, particles serve as optically active probes. Contrac-

tion/swelling of hydrogels switches interactions between nano-

particles that results in change of optical properties.111–115

4.3 Microfluidic devices

One of the first reports describing the use of stimuli-responsive

hydrogels as active elements in microfluidic devices was reported

by Beebe et al.116 They used pH sensitive hydrogels. Later on, the

approach was extended to temperature-, enzyme-, light- and

electric field-responsive polymers.117,118 For lab-on-a-chip appli-

cations, the use of light and electric field as stimuli hold promise

since they allow switching with both high spatial and temporal

resolution. For example, Richter and co-workers explored

possibilities to control liquid flow by stimuli-responsive hydro-

gels. In particular, they used hydrogels as pumps and gates which

control liquid flow in microfluidic devices.119,120 They fabricated

electrically controlled arrays of heating elements to locally heat

thermoresponsive hydrogels and in this way designed a display,

which can be used for blind reading. Recently, Minko et al. have

developed an approach for fabrication of porous hydrogel

membranes and used them for biochemically controlled gating of

liquid flow.121–123

4.4 Switchable optical devices

Switching of macroscopic geometrical parameters of hydrogels

was recently explored for design of materials with switchable

optical properties. Lyon et al. suggested to use switchable

hydrogel particles as lenses with tunable focal length.124 Poten-

tially, the hydrogel particles can be assembled in hexagonally

packed arrays and are used for fabrication of miniaturized

elements of different size.125 Jiang et al. have used hydrogel

actuators integrated into a microfluidic system serving as

a container for a liquid droplet. The hydrogel reacts to stimuli by

adjustment of the shape—and hence focal length—of the

droplet.126 Another approach for design of switchable lenses was

explored by Crosby et al. This work presented a simple, robust,

biomimetic responsive surface based on an array of microlens

shells that snap from one curvature (e.g., concave) to another

curvature (e.g., convex) when a critical stress develops in the shell

structure127

Photonic crystals with switchable optical properties are

another type of smart optical devices, which can be designed

using stimuli-responsive polymers. An assembly of switchable

hydrogel particles with incorporated high-refractive index

particles in opal-like periodic structures or a hydrogel matrix

filled with close-packed high refractive index particles are two

possible ways for designing devices with switchable optical

properties.128–131 In both approaches, reversible swelling/deswel-

ling of polymer results in changes of periodicity of lattice that

causes switching of optical properties. Here mechanical treat-

ment,132 temperature,129 light, magnetic133 and electric134 fields

are stimuli to switching optical properties. Similar to hydrogel-

particle composites, stimuli-induced swelling of block copoly-

mers was used for design of opal-like photonic crystals with

switchable optical properties135 Notably, this mechanism of

switching of periodicity of high-refractive index protein assem-

blies is used by squids to tune their coloration.6

Recently, Akashi et al. have explored another bioinspired

approach for design of materials with tunable coloration. The

authors designed bioinspired light-modulation material that

imitates the behaviour of pigment cells of squids and octopuses

based on hydrogels with included pigments.136 The mechanism of

light modulation is due to reversible volume change of dense

coloured gel particles, i.e. light modulation is caused by a syner-

getic effect between the change of the area of light absorption

and the absorption of colorant in gels.

4.5 Biomaterials

Stimuli-responsive hydrogels are a topic of intensive investi-

gation directed towards design of novel biomedical materials.

Fig. 6 Gel-embedded array of rigid setae (GEARS) designed to provide a reverse response to exposure to water. (A) Schematic of the setae transfer into

the hydrogel layer attached to the confining solid surface modified with the PGMA anchoring layer upon in situ synthesis. (B) Schematic illustration of

the dynamic rearrangement of the GEARS in the dry and wet states. (C) Representative SEM image of the GEARS bristle in the dry state. (D) Optical

microscopy analysis of the dry GEARS surface reveals highly tilted setae. The surface is relatively hydrophilic (D, inset). (E) Optical microscopy analysis

of the same region as in (D) in a humid atmosphere reveals setae standing perpendicular to the surface and its hydrophobic character (E, inset).

Reprinted with permission of ref. 107, copyright 2008 Royal Society of Chemistry.
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A very broadly investigated approach for design of drug

delivery systems is based on controlled release of drugs from

temperature and light responsive hydrogels. Being initially

saturated with a drug, hydrogel particles are injected in a living

organism. The elevated temperature in the inflamed tissue or

localized illumination with light causes contraction of hydrogel

particles and release of drug molecules. On the other hand, it is

known that behaviour of cells (differentiation, growth,

apoptosis) depends on geometrical constrains. To address this

problem, Pelah has developed an approach to reversibly

deform cell shape using a thermoresponsive polymeric

actuator.137

Whitesides designed biohybrid materials from engineered

tissue and synthetic polymer thin film. The construct was built by

culturing neonatal rat ventricular cardiomyocytes on PDMS film

micropatterned with ECM to promote spatially ordered, two-

dimensional myogenesis. The centimetre-scale constructs per-

formed diverse gripping, pumping, walking and swimming with

good spatial and temporal control and were able to generate

forces as high as 4 mN mm�2.138

5. Other actively moving materials

Besides single-molecule actuators, grafted polymer layers and

hydrogels, which are used for design of actively moving mate-

rials, liquid crystals and shape-memory polymers deserve

particular interest. For example, a very promising approach for

controlled bending of polymer free-standing films was intro-

duced by Ikeda et al. They showed that a single film of a liquid-

crystal network containing an azobenzene chromophore can be

repeatedly and precisely bent along any chosen direction by using

linearly polarized light.139 This striking photomechanical effect

results from a photoselective volume contraction and may be

useful in the development of high-speed actuators for microscale

or nanoscale applications, for example in microrobots in

medicine or optical microtweezers.

Shape-memory polymers are another example of actively

moving polymer-based materials. Shape memory results from

a combination of polymer morphology and specific processing

conditions and can be understood in terms of polymer func-

tionalization rather than as an intrinsic property of the polymer

chains. By conventional processing the polymer is formed into

its initial, permanent shape. Afterwards, in a process called

programming, a polymer sample is deformed and fixed in the

temporary shape. Upon application of an external stimulus

(light140–142 or temperature143–145), the polymer recovers its

initial permanent shape. Thus, conventional shape-memory

polymers have a dual-shape capability and consist of at least

one phase which can form physical crosslinks. Recently,

Lendlein and co-workers introduced triple-shape memory

polymers.146 Triple-shape memory polymers can move from

a first shape to a second shape and from there to a third shape,

where both shape changes are induced by temperature

increases. This triple-shape capability is obtained for multi-

phase polymer networks after application of a complex step-

wise thermomechanical programming process. Shape memory

polymers have been successfully used for design of switchable

photonic structures,147 self-healing materials,148 fibers149 and

bioinspired switchable adhesives.150

6. Summary and outlook

This review presents recent trends in the development of stimuli-

responsive polymers for design of actively moving materials. In

most approaches polymers sensitive to environmental signal (pH,

temperature, light) influenced were used. On the other hand,

there are a growing number of publications reporting design of

systems sensitive to biochemical stimuli (mostly enzymes). Both

environmentally and biochemically sensitive systems have been

developed for design of actuators, sensors, active elements in

microfluidic devices, as smart optical elements, as well as

biomaterials.

Recently a new class of responsive materials based on surface

structured (Janus) colloidal particles has been reported.12,80,151

Janus particles were already introduced to be highly efficient as

catalytic systems, as drug-carriers, as building blocks of self-

assembling materials, as optical and rheological probes, as well

as functional elements for design of electronic paper devices.

Furthermore, one expects that the controlled rotational move-

ment of Janus particles can be, for example, used for electronic

paper devices, smart surfaces with switchable wettability and

adhesion.

In fact, recent trends in the development of polymers sensitive

to biochemical and biophysical process in cells can lead to the

appearance of a next generation of smart actively moving

materials. Along this line, Whitesides, for example, designed

biohybrid materials from an engineered tissue and a synthetic

polymer thin film.138 Such materials can be considered as first

steps towards the design of synthetic biomaterials, which are

programmed directly for specific processes in a human body. In

future one can think about a thin film of synthetic materials,

which are deposited on skin and change its adhesion or friction

by signals from the human body.
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Abstract 

 

We report on the spatially controlled patterning of multiple proteins with micro-scale 

precision using visible light. Based on localized light-to-heat conversion combined with a 

thermo-responsive polymer layer we demonstrate specific patterning of different proteins side 

by side without the need for specific linker molecules. Additionally, due to the temperature-

dependent conformation of the polymer layer, protein accessibility could be switched 

dynamically in a global as well as local manner. 

 

 



 3 

Text body 

 

Patterning functional proteins onto artificial substrates is of interest for the development of 

nanotechnology, tissue engineering, biosensors, and cell biology [1-13]. Towards this end, a 

number of chemical patterning methods based on optical lithography [14, 15], atomic force 

microscopy (AFM) [16, 17] , printing techniques [18], chemical vapor deposition (CVD) [19, 

20] have been applied recently. While each of these methods provides particular advantages, a 

general trade-off between spatial resolution, throughput and maximum pattern size exists. For 

example, AFM-based techniques can be used to place small numbers of functional proteins 

with nanometer lateral resolution, but are limited to low writing speeds and small pattern 

sizes. Optical methods, such as light-based activation of functional groups or ligands on 

surfaces [21], overcome these limitations as they often offer sufficient resolution combined 

with the potential for high through-put production. However, when based on conventional 

lithography, expensive metal masks are needed and only predefined patterns can be created. 

Moreover, the high-energy of the ultraviolet radiation ( ~ 350 nm) often needed to trigger the 

photoactivation of proteins or protein-binding molecules can be harmful for biological 

material [22]. Continuous illumination with light can also lead to the photogeneration of 

highly reactive radicals - causing undesirable effects including protein conformational changes 

and loss of biological function.  

 

Here, we present an approach that allows the programmable patterning of proteins in-situ as 

well as the local activation of enzymes. Our method is based on using homogeneous wide-

field illumination by visible light to locally heat the surface and switch the conformation of a 

thermo-responsive polymer coating. Specifically, layers of thermo-responsive poly(N-

isopropylacrylamide) (PNIPAM) are applied to control the binding of functional proteins onto 

surfaces as well as their accessibility from solution [23-25]. We demonstrate that the specific 

patterning of multiple kinds of proteins side by side by sequential processing without the need 

for specific linker molecules or elaborate surface preparation. The advantage of this 

photothermal patterning approach is that, due to the use of visible light, it is inoffensive for 

proteins as well as versatile regarding the wavelength range. It thus simultaneously enables 

global and local switching of protein bioactivity. 

 



 4 

A schematic of our experimental set-up is shown in Figure 1A. The sample consisted of a 

glass substrate coated with a ‘light-to-heat’ converting (LHC) layer. In order to enable 

efficient conversion of light into heat we decided on employing carbon. Carbon, in contrast to 

other light absorbing materials like silicon and gold, possesses low reflectance and high 

absorption values over the whole visible wavelength range. Carbon was therefore the most 

flexible coating material with respect to the wavelength used for the LHC process. For the 

pattering experiments, PNIPAM chains were grafted onto the carbon surface. In aqueous 

solution these polymer chains are dehydrated above the lower critical solution temperature 

(LCST; 32 °C) and assume a collapsed conformation. In this configuration proteins can be 

adsorbed in-between the polymer chains onto the surface. In contrast, below the LCST, the 

polymer chains are hydrated and assume an extended conformation. They then repel proteins 

from the surface and screen surface-bound proteins from solution. The coated sample was 

assembled into a flow-cell and mounted to a peltier element that enabled global temperature 

regulation. For local heating, the geometrical shapes of various diaphragms with different 

sizes were imaged onto the coated samples.  

 

To successfully pattern or activate functional molecules on the sample surface it was 

important that the temperature in the illuminated area was higher than the LCST of PNIPAM 

but lower than the thermal denaturation temperature of the proteins. Therefore, we 

characterized the light-induced heating on the carbon layers experimentally. We employed a 

biomolecular transport system to measure the local temperature distribution on the surface in-

situ. In particular, we performed in vitro gliding motility assays, in which microtubules were 

propelled over a surface covered with ATP-hydrolyzing kinesin-1 motor proteins, on a carbon-

coated glass sample without PNIPAM. Because the enzymatic activity of kinesin-1 and thus 

the microtubule gliding velocity is temperature-dependent, the local temperature values could 

be determined using a velocity-temperature calibration curve [26]. The temperature of the 

peltier element was kept constant at 23.5 °C. In a cyclic order the surface was then locally 

illuminated by a 20 m wide circular pattern for 2 s alternating with taking an fluorescence 

image of the microtubules within 100 ms exposure time. As the microtubules were labeled by 

Alexa 488 we applied a wavelength of 561 nm for local illumination to avoid photo-bleaching. 

The point-to-point velocities as well as the position of the microtubules gliding across the 

locally illuminated surface were obtained by microtubule tracking based on the open-source 

software FIESTA [27]. The local temperature values were determined according to the 
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velocity-temperature calibration curve from [26] and are plotted in Figure 1B as function of 

the distance between the microtubule center and the center of the illuminated circle. We found 

that the temperature rose in the illuminated area above 32 C and reached values of up to 40 

C. The temperature dropped sharply to an average temperature of about 27 C in the 

immediate vicinity, which was, though slightly higher than the peltier temperature, still well 

below the LCST of PNIPAM. Without illumination, the surface temperature set by the peltier 

element was verified by average microtubule speeds which corresponded to 23 C. When 

increasing the laser intensity, microtubules moving into the illuminated areas detached from 

the surface. This effect was  presumably caused by irreversible denaturation of the kinesin-1 

motor proteins evidenced also the fact that no microtubule gliding was observed on these areas 

when the temperature was lowered later on. This implies that the generated temperatures were 

well above 40 C. In contrast, control experiments on surfaces without carbon layers did not 

show any velocity increase (data not shown). 

 

To further investigate the potential of the photothermal patterning technique with respect to 

resolution and scalability the temperature distribution was modeled using the Comsol™ 

software. Our simulations predict that the size of the “programmed” area, i.e. the area where 

the local temperature was above the LCST of PNIPAM, increases with the volumetric heat 

release (Fig. 1C), the width of the diaphragm opening (Fig. 1D), and the peltier temperature. 

The experimentally determined temperature distribution (Fig. 1B) was in good agreement with 

the simulated distribution for a 20 m wide circular diaphragm and a volumetric heat release 

of 3*10
13

 W/m
3
. Interestingly, the experimental temperature drop in the immediate vicinity 

was even steeper than the simulated one. The observed impact of the width of the illuminated 

pattern on the induced heating (Fig. 1D) presumably results from an increased relative heat-

dissipation at the rims of the smaller patterns and implies that the laser power needs to be 

adjusted for different pattern sizes. The dependence on the peltier temperature can be 

instrumental in generating steeper temperature profiles by applying a lower peltier temperature 

in conjunction with higher laser power. Moreover, our modeling showed that steady-state 

conditions of local heating and heat dissipations are reached within about 100 ms. As the 

conformational change of PNIPAM is fast [28], the illumination duration necessary for 

successful protein patterning can thus be determined by the time necessary for sufficient 

protein adsorption on the surface.  

  



 6 

Figure 1 

 

On the example of streptavidin molecules labeled with Alexa Fluor 488 we tested the ability 

of our experimental set-up to photothermally pattern proteins (Fig. 2). Specifically, patterning 

experiments were performed by incubating streptavidin solutions onto PNIPAM-layers grafted 

to carbon-glass samples. The samples were kept at low temperature, e.g. 21C, so that the 

PNIPAM was swollen and therefore protein-repelling. For illuminating the surface a laser 

beam with  = 561 nm was applied to avoid bleaching of the fluorescently labeled molecules 

during patterning. For each pattern the surface was illuminated for 1 min in order to allow the 

streptavidin molecules to bind out of solution. Before imaging the resulting protein patterns, 

unbound protein was washed out. First, a sample was illuminated several times through a 

circular diaphragm (diameter = 12.8 m) with varying laser power. Between each illumination 

step the stage was shifted. The fluorescence images in Fig. 2B show that the pattern size 

increased with increasing laser power. At a laser duty cycle below 30% the induced heating 

was not sufficient to switch the conformation of the PNIPAM chains, and thus no streptavidin 

molecules bound to the surface. For a laser duty cycle of about 40% the patterned circle had a 

diameter of about 12 µm, corresponding to the projected size of the diaphragm opening. 

Moreover, the whole area of the circle showed relatively uniform fluorescence intensity. At 

higher laser duty cycles the pattern size increased but also showed decreasing fluorescence 

intensity in the center. The increasing temperature, especially in the center of the pattern, 

probably caused this intensity decrease due to damage of the proteins or the fluorescent dye. 

In a second experiment, circular streptavidin patterns were created using different sizes of the 

diaphragm opening (Fig. 2C). The laser duty cycle in each illumination step was adjusted so 

that the resulting patterns had about the size of the diaphragm opening. The smallest circles 

that we achieved in our configuration and applying a laser duty cycle of 100% had a diameter 

of about 5 µm. Both experiments proved that proteins can be patterned reproducibly onto 

PNIPAM-coated carbon-glass samples via photothermal patterning. Moreover, the results 

comply qualitatively very well with the theoretical predictions. 

 

Figure 2 
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The possibility of sequential patterning is important for specifically adsorbing different kinds 

of proteins side by side. In one experiment (Fig. 3A) we tested whether streptavidin molecules 

labeled with three different dyes (Alexa 405, 430 and 488) can be patterned consecutively next 

to each other. These dyes were chosen such that each of it was distinguishable using a distinct 

excitation wavelength / emission filter combination. For patterning the proteins the substrate 

surface was illuminated by laser light with  = 561 nm through a circular diaphragm (d = 12,8 

m). In-between three sequential illumination steps the different protein solutions were 

exchanged and the microscope stage was shifted 20 µm in y-direction.  Afterwards images 

were taken using following excitation wavelengths and emission filters: ex = 405 nm and BP 

450/50 for Alexa Fluor 405; ex = 488 nm and BP 535/30 for Alexa Fluor 488; ex = 405 nm 

and BP 535/30 for Alexa Fluor 430. The images as well as the color overlay of the three 

imaging configurations clearly show that each of the differently labeled protein molecules was 

patterned very specifically just in one of the formerly illuminated areas. Thus, the patterned 

proteins must have been protected against further protein binding by the swollen chains of the 

thermoresponsive polymer. 

In another experiment two different kinds of proteins, namely fluorescent streptavidin and 

unlabeled kinesin-1 molecules, were patterned. Alexa Fluor 488 streptavidin was patterned by 

locally illuminating the sample twice through a rectangular diaphragm (a = 3.2 m and b = 

12.8 m). The stage was shifted by 10 m in Y-direction in-between the illumination steps. 

Afterwards unlabeled kinesin-1 molecules were patterned similarly with three illumination 

steps. For visualizing the successful patterning of kinesin-1 as well as the functionality of the 

molecules microtubules were allowed to interact with the pattern. For this, microtubule 

solution containing adenylyl-imidodiphosphate (AMPPNP), a non-hydrolysable analogue of 

ATP, was added to the flow-cell. The temperature of the sample was then raised to 35C to 

globally collapse the PNIPAM chains on the entire surface and allow microtubules to bind to 

the patterned kinesin-1 molecules. The immobilized microtubules (red) (Fig. 3B) visualize the 

position of the kinesin-1 pattern in the formerly illuminated area and next to the streptavidin 

pattern (green). Upon adding ATP containing motility solution to the system bound 

microtubules were released from the pattern and new microtubules started to bind to as well as 

to glide across the patterned kinesin-1 molecules (Fig. 3C). These gliding microtubules 

demonstrated that photothermally adsorbed proteins kept their biological function and were 

not denatured.  

 

http://www.ncbi.nlm.nih.gov/books/n/bnchm/A3974/def-item/A3998/
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Figure 3 

 

Besides globally activating kinesin-1 patterns we also tested to locally activate biomolecular 

transport on surfaces homogeneously covered with kinesin-1 molecules. Thus, a regular 

kinesin-1 gliding motility assay was performed at 35C. After adjusting the temperature to 

20C microtubules were released from the surface, demonstrating the functionality of the 

PNIPAM. The surface was then illuminated continuously through a circular diaphragm (d = 

20 m) with laser light ( = 561 nm; laser duty cycle: 30%) while keeping the backside of the 

substrate surface at 24C by the means of a peltier element. Microtubules started to land and 

glide exclusively in the photo-thermally heated area within less than one minute of 

illumination (Fig. 4). The microtubules were gliding with an average speed of 0.96 µm/s, but 

also showed point-to-point velocities of up to 1.5 µm/s. These values correspond to 

temperatures of T = 32 °C and T = 40.5 °C, respectively. The activation was reversible and 

could be repeated. This experiment provided reasonable evidence that enzymes like kinesin-1 

can be locally activated by light quite easily on homogeneously covered surfaces. 

 

Figure 4 

 

In summary, we used visible light to locally collapse a thermo-responsive polymer on carbon-

coated glass substrates by light to heat conversion. Thereby, patterns of functional proteins 

were formed in-situ. Importantly, in addition to uniform patterns with different geometries and 

sizes we were able to demonstrate specific patterning of multiple kinds of proteins on the same 

surface without the need for specific linker molecules or elaborate surface preparation by 

sequential illumination steps. Moreover, in our system patterns can be reversibly activated and 

deactivated in a local and global manner, respectively. We are convinced that applying higher 

laser powers can further reduce the minimal pattern size. We expect that this technique can 

find wide application as a method of simple and quick fabrication of programmable protein 

microarrays for bio- and nanotechnological applications in lab-on-chip systems. 

 

Local motility activation also possible in channel structures? for specific binding, transport 

and release of microtubules, in combination with electrical heating 
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Materials and Methods 

 

The experiments were performed in 2-mm-wide flow cells self-built from a sample, a 

PEGylated coverslip [29] and two pieces of parafilm. The back of the sample was colored 

with black permanent marker to block the autofluorescence of the thermal contact. The sample 

was then mounted on a peltier element [30] with heat transfer compound for keeping it at 

defined temperature. The peltier was coupled to a power supply and a thermometer 

(Physitemp BAT-10).  

 

Motors and Microtubules. Wild type kinesin-1 (full length Drosophila melanogaster) was 

expressed in Escherichia coli and purified applying a published protocol [31]. Microtubules 

were polymerized from 5 µL of porcine brain tubulin [32] (4 mg/mL; labeled with different 

fluorophores as stated elsewhere) in BRB80 buffer (80 mM potassium PIPES, pH 6.9, 1 mM 

EGTA, 1 mM MgCl2) with 4 mM MgCl2, 1 mM Mg-GTP and 5% DMSO at 37 C. After 30 

min, the microtubule polymers were stabilized and diluted 100-fold in room-temperature 

BRB80 containing 10 µM taxol.  

 

Kinesin-1 gliding motility assay. A casein-containing solution (0.5 mg/ml in BRB80) was 

perfused into the flow-cell and allowed to adsorb to the surface for 5 min. Then a 10 µg/ml 

kinesin-1 solution in BRB80 buffer containing 1mM Mg-ATP and 0.2 mg/ml casein 

(BRB80CA) was perfused. After 5 – 10 min a microtubule containing solution (Motility 

solution: BRB80 with 10 mM taxol, microtubules (equivalent of 32 nM tubulin) 1 mM ATP, 

40 mM D-glucose, 55 g/ml glucose oxidase, 11mg/ml catalase, 10 mM dithiothreitol (DTT)) 

was added to the cell and imaging was started.  

 

 PNIPAM samples. The method for grafting PNIPAM onto the carbon-coated glass surface 

(carbon-coating was performed by the Fraunhofer IWS (Dresden, Germany)) was adapted 

from Ionov et al. [33]. Briefly, carbon-coated substrates were spin-coated (2000rpm, 

500rpm/s, 30 s) with a 0.01% polyglycidyl methacrylate (PGMA, Mn = 65000 g/mol) solution 

in chloroform. The PGMA was annealed at 130 ºC for 20 min in a vacuum oven. After 

annealing the substrates were placed in hot chloroform (70 ºC) in order to remove unbound 

PGMA. Poly(N-isopropylacrylamide) (PNIPAM, Mn = 45000 g/mol) was dissolved in 
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chloroform (1% solution). The surface of the substrates was then completely covered with a 

droplet of the PNIPAM solution. After the chloroform evaporated, the substrates were placed 

in the vacuum oven at 160 ºC for 60 min to anneal the PNIPAM. Unbound PNIPAM was 

removed by washing the substrates in hot chloroform (70 ºC). 

 

Patterning of proteins. The PNIPAM sample was kept at low temperature (15-25C) when 

the patterning solution (Streptavidin solution (0.125 mg/ml) containing a fluorescently labeled 

strepavidin conjugates (Alexa Fluor 405 or 430 or 488; Invitrogen) in BRB80 or Kinesin-1 

solution (20 µg/ml) containing 0.5 mg/ml casein, 1mM Mg-ATP and 10 mM dithiothreitol 

(DTT) in BRB80) was perfused into the flow-cell. The sample was then locally illuminated 

with laser light ( = 561 nm;  = 488 nm for kinesin-1 patterning) through a 63x water 

immersion objective (Zeiss, numerical aperture NA=1.2) for 1 min using a DirectFRAP unit 

(Zeiss) with a diaphragm wheel. After patterning non-adsorbed protein was removed by 

multiple perfusions with BRB80CA. For sequential patterning of different proteins these steps 

were repeated. In the last step either antifade solution (BRB80 with 40 mM D-glucose, 55 

g/ml glucose oxidase, 11mg/ml catalase and 10 mM dithiothreitol (DTT)) or microtubule 

containing solution was added to the cell. 

 

Thereby the diapraghm, located within the optical path of the used microscope, was 

illuminated by the visible light of an expanded laser beam. As a result, the desired pattern was 

illuminated with homogeneouos intensity.  

 

 

Imaging. Fluorescence images were obtained using a Zeiss Axio Observer inverted optical 

microscope with a 63x water immersion objective (NA = 1.2). For data acquisition, a spinning 

disc scan head (Yokogawa CSU-X1) with two cameras (Zeiss AxiCam MRm and Roper 

evolve 515 EMCCD) was used in conjunction with AxioVision software (Zeiss). Images were 

acquired with an exposure time of 100 ms. 
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Figure 1. Light-induced heating on carbon-coated glass surfaces. (A) Experimental set-up 

for local heating with visible laser light. The glass substrate to be optically patterned is coated 

with a ‘light-to-heat’ converting carbon layer and is mounted to a peltier element for 

temperature regulation on the upper side of the flow-cell. (B) Experimentally determined 

temperature distribution on a surface heated through a circular pattern (diameter d = 20 m). 

The point-to-point velocities of microtubules gliding across the locally illuminated area were 

obtained by FIESTA [27]. Applying a temperature-velocity-calibration curve the 

corresponding temperature values were determined and plotted as function of the distance 

between the microtubule center and the center of the illuminated area (center of the 

illuminated area at x = 0). (C) Simulated temperature profiles in dependence of the volumetric 

heat release rate of a 45 nm thick carbon layer upon absorption of light. The width of the 

simulated illumination pattern was 20 m. (D) Simulated temperature profiles in dependence 

of the width of the illuminated patterns. The volumetric heat release rate was kept constant at 

3*10
13

W/m
3
.  
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Figure 2. Photothermal patterning of protein molecules. (A) Schematic illustration of 

photothermal protein patterning. Localized heating upon illumination causes the collapse of 
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the thermoresponsive polymer, resulting in adsorption of proteins in the illuminated areas. 

When the illumination is removed, the photopatterned proteins remain entrapped in the 

polymer layer, and the swollen polymer chains prevent further protein binding. (B) 

Fluorescence images of Alexa Fluor 488 streptavidin patterned sequentially with increasing 

laser duty cycle ( =561 nm; maximal power output 3.6 mW) and a circular diaphragm (d = 

12.8 m). The corresponding fluorescence intensity across the center of each circle is 

depicted below. (C) Fluorescence images (left) and fluorescence intensity (right) of Alexa 

Fluor 488 streptavidin patterned sequentially with different diaphragm sizes and size-adapted 

laser power ( =561 nm).  (Scale bar represents 20 µm.)  
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Figure 3. Sequential patterning of different proteins. (A) Streptavidin molecules labeled with 

three different dyes were consecutively patterned next to each other using laser light with  

=561 nm (circular diaphragm, d = 12.8 m). Fluorescence images were taken using following 

excitation wavelengths and emission filters: ex = 405 nm and BP 450/50 for Alexa Fluor 

405; ex = 488 nm and BP 535/30 for Alexa Fluor 488; ex = 405 nm and BP 535/30 for 

Alexa Fluor 430. The right image is a color overlay of the three imaging configurations. (B) 

Color overlay of the fluorescence images of the patterned Alexa Fluor 488 streptavidin 

(green) and microtubules (red) immobilized on the kinesin-1 pattern via the non-hydrolysable 

ATP-analogue AMPPNP. Alexa Fluor 488 streptavidin was patterned by locally illuminating 

the sample twice through a rectangular diaphragm (a = 3.2 m and b = 12.8 m). The stage 

was shifted by 10 m in Y-direction in-between the illumination steps. Afterwards unlabeled 
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kinesin-1 molecules were patterned similarly with three illumination steps. To activate the 

resulting kinesin-1 pattern the surface was globally heated to 35C. (C) Color overlay of the 

fluorescence image of patterned Alexa Fluor 488 streptavidin (green) and the maximum 

projection of moving microtubules (red) on the kinesin-1 pattern. Gliding microtubules 

demonstrated the functionality of the molecules. (Scale bars represent 20 µm.) 
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Figure 4. Local activation of kinesin-1 by light-induced heating of a PNIPAM coated 

surface. (A) Schematic illustrations of the surface configuration during the experiment in one 

field of view. The corresponding fluorescence images are shown in B to D. (B) Keeping the 

sample at 20C swollen PNIPAM chains prevented microtubules in solution from binding to 

the surface-bound kinesin-1 molecules. (C) Localized illumination with laser light ( =561 

nm) and subsequent conversion of light into heat caused the collapse of the thermoresponsive 

polymer chains. The surface-bound kinesin-1 molecules were locally activated and became 

accessible for microtubule binding. The maximum projection of moving microtubules revealed 

that kinesin-1 molecules were only activated in the illuminated and heated area and not in the 

surface parts around. (D) Globally heating the sample to 35C activated all surface-bound 

kinesin-1 molecules and allowed microtubules to bind and move. (Scale bar represents 20 

µm.) 
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  1. Introduction 

 Nature offers an enormous arsenal of ideas for the design 
of novel materials with superior properties and interesting 
behavior. In particular, self-assembly and self-organization, 
which are fundamental to structure formation in nature, 
attract signifi cant interest as promising concepts for the design 
of intelligent materials. [  1  ]  Self-folding stimuli-responsive 
polymer fi lms are exemplary biomimetic materials [  2  ]  and 
can be viewed as model systems for bioinspired actuation. 
Such fi lms, on one hand, mimic movement mechanisms in 
certain plant organs [  3  ,  4  ]  and, on the other hand, are able to 
self-organize and form complex 3D structures. [  5  ]  These self-
folding fi lms consist of two polymers with different proper-
ties. Because of the nonequal expansion of the two polymers, 
these fi lms are able to form tubes, [  6  ,  7  ]  capsules [  8  ]  or more 
complex structures. [  9  ]  Similar to origami, the self-folding poly-
meric fi lms provide unique possibilities for the straightfor-
ward fabrication of highly complex 3D microstructures with 
patterned inner and outer walls that cannot be achieved using 
other technologies. 

 There are two general approaches for the design of self-
folding fi lms. The fi rst approach is based on the use of com-
plexly patterned fi lms, where locally deposited active materials 
form hinges. [  10  ]  Homogenous bilayer fi lms are used in the 

second approach. [  11  ]  Because of the isot-
ropy of the mechanical properties of the 
bilayer, the formed structures are hinge-
free and have rounded shapes. Impor-
tantly, in all reported cases, folding runs 
in one step. On the other hand there are 
reports that folding in nature can have a 
very complex character, which strongly 
depends on the geometry and swelling 
path [  12  ]  that may result in multistep 
folding (development of curvature in dif-
ferent directions). [  3  ]  In this contribution, 
we demonstrate that the shape of isotropic 
polymer bilayers is able to direct folding 

in a sophisticated manner leading to even more complex hier-
archical folding than in nature. In particular, fi lms can undergo 
sequential folding steps by forming various 3D shapes with 
sharp hinges. By analyzing the folding patterns we elucidated 
empirical rules, cross-checked by analytical considerations 
and backed up with fi nite-element simulations, which allow 
the folding to be directed, leading to the design of specifi c 3D 
shapes. We also highlight the importance of path-dependency 
in the activation of the actuator, which enables to lock it in a 
local energy minimum, which can differ from the global one.  

  2. Results and Discussions 

 For the experiments we used polymer fi lms consisting of two 
layers of photo-crosslinked polymers: the active layer being a 
random thermoresponsive copolymer poly(N-isopropylacryla-
mide-co-acrylic acid) (P(NIPAM-AA) and the passive layer being 
poly-(methylmethycrylate) (PMMA) ( Figure    1  ). The bilayer, pre-
pared as described elsewhere, [  7  ]  is located on a silica wafer in 
such a way that the active and passive polymers are the bottom 
and top layers, respectively. The bilayer is undeformed in PBS 
0.1 M pH  =  7.4 environment at T  >  70  ° C and folding occurs 
after cooling below 70  ° C (Figure  1 ).  

 Due to the relatively slow diffusion rate of water inside the 
P(NIPAM-AA) layer, actuation is driven by the progression of 
the diffusion front, along which the hydrogel starts to swell. 
This induces a path-dependency in the folding pattern as the 
bilayer is not homogeneously activated, but progressively swells 
as water diffuses from the lateral sides. The investigation of 
swelling was performed in a qualitative manner by observing 
the color change of the fi lms which, due to light interference, 
refl ects the change in optical path length (OPL) ( Figure    2  ). The 
OPL varies as a function of the fi lm thickness and refractive 
index, which in turn depends on the swelling degree. [  13  ]  The 
nonswollen elliptical and star-like fi lms have a homogenous 
blue (Figure  2 a) and reddish (Figure  2 d) color, respectively. The 
difference in the color of both fi lms is caused by their different 

Hierarchical Multi-Step Folding of Polymer Bilayers

 A highly complex multi-step folding of isotropic stimuli-responsive polymer 
bilayers resulting in a variety of 2D and 3D structures is reported. Experi-
mental observations allow determination of empirical rules, which can be 
used to direct the folding of polymer fi lms in a predictable manner. In par-
ticular, it is demonstrated that these rules can be used for the design of a 3D 
pyramid. The understanding and know-how attained in this study allow the 
very simple design of highly complex, self-folding 3D objects and open new 
horizons for 3D patterning, important for the design of microfl uidic devices, 
biomaterials, and soft electronics. 
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of the triangular-like arms swell faster than 
their base and their polygonal central part. 
This can be explained by the fact that after 
a certain time the diffusion fronts on either 
side of the arms intersect resulting in faster 
swelling. The experimental results show that 
the swelling starts from the periphery of the 
fi lms and that the activation profi le strongly 
depends on the shape of the fi lm as con-
fi rmed by simple fi nite element simulations 
(see Figure  2 c,f).  

 We next modeled and experimentally investigated the 
folding of circular/elliptical and star-like fi lms. Modeling pre-
dicts that multiple wrinkles are formed along the perimeter of 
folding bilayer when it is edge-activated (Figure  2 g). The spa-
tial wavelength of the wrinkles is proportional to the activation 
depth ( d ) as observed in the wrinkles of leafs due to excessive 
radial edge-growth [  15  ]  and solved analytically in the context of 
geometrically nonlinear elasticity. [  16  ]  As the activation depth 
increases, the number of wrinkles decreases as  P / d , where  P  
is the perimeter of the shape (Figure  2 h). The fact that there 
is both a gradient in radial- (edge-activation) and transversal 
direction (bilayer), results in a combination of wrinkling and 
bending, respectively (Figure  2 g,h). In full agreement with 
the modeling predictions, experimental results show that the 
number of wrinkles decreases during folding (Figure  2 i-l). Due 
to the transversal bending effect, the wrinkles actually evolve 
into local partial tubes as the activation depth increases. We 
observed that, at some point, the wrinkles stop to merge and 

their number remains constant. The proba-
bility of merging of two tubes depends on the 
angle ( β , Figure  2 h) between them. Experi-
mentally, we found that the critical value of  β  
below which merging of folded tubes was not 
observed is ca. 120–150 ° , which corresponds 
to 6–8 wrinkles when starting with a circular 
shape (inset in Figure  2 h and Figure S3 
in the Supporting Information). Based on 
these experimental observations we derived 
the fi rst folding rule: “ Bilayer polymer fi lms 
placed on a substrate start to fold from their 
periphery and the number of formed wrinkles/
tubes decreases until the angle between adjacent 
wrinkles/tubes approaches 130 °  ”. 

 After the number of wrinkles/tubes along 
the perimeter of the bilayer fi lm stopped to 
change the bilayers are locked for some time 
until the subsequent folding step occurs. For 
example, the wrinkled semi-ellipse bends 
towards its base ( Figure    3  a). To explain the 
origin of the second step of folding we con-
sidered the geometry of the fi lm after the 
fi rst folding step. As mentioned, wrinkling 
of a bilayer leads to the formation of tubes 
along the perimeter of the fi lm. Consid-
ering the fact that the rigidity of the tubes 
is higher than that of the undeformed fi lms, 
the polygonal shapes are stiffened by this 
tube formation, and therefore possess a 

     Figure  1 .     Scheme of folding of a bilayer polymer fi lm consisting of two polymers: hydrophobic 
PMMA and thermoresponsive hydrogel P(NIPAM-AA).  

     Figure  2 .     Swelling (upper panels) and fi rst step of folding (lower panels) of circular/elliptical 
(left panels) and star-like (right panels) bilayer polymer fi lms. a,b,d,e) Microscopy snapshots of 
swelling elliptical and star-like P(NIPAM-AA)/PMMA bilayers immediately after immersion in 
water (a,d) and after ca. 60 s incubation (b,e); c,f) Color map of the calculated swelling (from 
0 to 1) controlled by water diffusion in the active monolayer with a lateral constant boundary 
condition (blue is non swollen) dependent on shape obtained by fi nite element simulations; 
g) Finite element simulations of wrinkling of a bilayer crown representing the activated edge in 
case of a circular shape; h) The number of wrinkles is inversely proportional to the actuation 
depth. Dashed line corresponds to the experimental observation of heptahedrons (inset) when 
folding is typically stopped in the case of circular shapes. The red line corresponds to n  =  170/d. 
i–l) Two rays of six-ray star during wrinkling, decrease of number of wrinkles is observed. a,
b) H PNIPAM   =  35 nm, H PMMA   =  400 nm; d,e) H PNIPAM   =  35 nm, H PMMA   =  500 nm; i–l) H (PNIPAM-AA)   =  
1200 nm, H PMMA   =  400 nm, scale bar is 200  μ m.  

starting thicknesses (Figure  2 ). The color of the fi lms starts to 
change immediately after immersion in water at 25  ° C, with 
the elliptical fi lm becoming redder while the star-like fi lm 
becomes green (Figure  2 b,e). The changes of color in both 
cases start from the outer periphery of the bilayer fi lm. As the 
active layer is confi ned between a water-impermeable silicon 
wafer and hydrophobic PMMA, this suggests that water can 
only penetrate inside the layer from the lateral sides. [  14  ]  The 
depth of water penetration along the perimeter of the fi lm (acti-
vation depth) is uniform in both cases in the fi rst moments of 
swelling. The differences in the swelling behavior between the 
two shapes appear after several seconds of incubation in water. 
The activation pattern depends on the external shape of the 
bilayers, with the position of the diffusion front (the activation 
depth) depending on the distance to the tissue border. This 
can been seen clearly in the differences of the activation pat-
terns in the convex shapes like ellipse (Figure  2 b), and concave 
ones like star (Figure  2 d). For the star-like bilayers, the tips 
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is observed very rarely and in most cases tri-
angles (Figure  4 g) were formed. We investi-
gated the folding in a time-resolved manner 
in order to explain the formation of the tri-
angles ( Figure    5  ). Similar to the experiment 
demonstrated in Figure  2 , wrinkles get longer 
and bend transversally into tubes (Figure  5 b) 
thus increasing the rigidity of the ray. Next, 
one of the rays folds towards the center of 
the star (II in Figure  5 c). Folding of this ray 
leads to the formation of a rigid semi-rolled 
tube, which is formed by the folded ray and 
the tubular shoulders of the adjacent rays 
(Figure  5 c). The angle between the base of 
the folded ray and the shoulders of the neigh-
boring arms is close to 180 °  (Figure  5 c). In 
this confi guration, the weak points located at 
the intersection between I–II and II–III has 
disappeared and rays I and III (Figure  5 c) 
cannot bend anymore. As a result, only three 
remaining rays (IV, V, VI) can bend. If ray V 
folds, no additional rays can bend (Figure  4 l). 

If ray IV folds (Figure  5 d) ray V is blocked. Finally, ray VI can 
fold leading to the formation of a triangle (Figure  5 e). The dis-
cussed principle can be easily applied to understand the for-
mation of the other observed fi gures (Figure  4 c–l, Supporting 
Information Figure S2 and Figure S3). In fact, several factors 
can be held responsible for the observed symmetry breaking 
(rays do not fold at the same time) such as inhomogeneities 
in the fi lms and shape imperfections resulting in small devia-
tions from the symmetric diffusion profi le. Based on these 
experimental observations, one can derive the fourth folding 
rule: “Folding of the rays may result in blocking of the neighboring 
rays if the angle between the base of the folded ray and the shoulders 
of the neighboring rays is close to 180 ° ”.    

 Finally, we applied the derived rules for the design of truly 3D 
structures–pyramids. In fact, the reason why six-ray star formed 
fl attened folded structures is their short arms and the hindering 
of folding of rays. Therefore, in order to fabricate pyramids 
we increased the relative length of the rays and changed the 
angle between them by decreasing their number ( Figure    6  a,b). 
The rays of the fabricated four-ray stars fi rst wrinkle along 
their perimeter (Figure  6 c, d). Four tubes are formed along the 
perimeter of each ray (fi rst rule, Figure  6 c), which then collapse 
two by two and form triangles (second rule, Figure  6 d). Since 
the angle between the folds located on the shoulders of each ray 
is considerably smaller than 180 ° , the folding of rays is not self-
interfering (forth rule) and all rays fold in the direction of the 
center of the star (third rule) thus forming a hollow pyramid 
(Figure  6 e–g) that is supported by simulations (Figure  6 h). In 
fact these rules are also applicable to other shapes such as rec-
tangles. As an example we included two-step folding of rectan-
gles (Supporting Information Figure S4).  

 We observed that, in general, folding rules are applicable 
to all thickness (we performed many experiments with dif-
ferent thicknesses). The difference between the thin and 
thick fi lms are in minor. For example, we observe that when 
star-like thin fold than all six arms (Figure  4 d,k) can fold 
inside because rigidity of the fi lm is not that high. In the 

number of weak points located at the intersection of the tubes, 
i.e., at the vertices. These points act like hinges and folding 
is only observed along the lines connecting them (dashed line 
in Figure  3 a). The formation of hinges during folding of iso-
tropic bilayers, which to our knowledge has not been reported 
in the literature, is induced by the progressive activation from 
the lateral sides and the folded shapes are controlled by the 
initial shapes of the bilayers. This leads to the second rule of 
the folding:  “After the wrinkles along the perimeter of the fi lm form 
tubes, further folding proceeds along the lines connecting the ver-
texes of the folded fi lm”.   

 In case there are more than two hinges in the fi lm, a 
question arises: upon which connecting line will the folding 
occur? The number of hinges is largely determined by the 
shape of the semi-ellipses. The regular semi-ellipse, which 
has a triangular shape after the fi rst step of folding, simply 
bends toward the base along the line connecting the two 
bottom vertexes (dashed line in Figure  3 a). If the semi-ellipse 
is more rounded, it forms a trapezoid after the fi rst-step of 
folding (Figure  3 b). In the second step of folding, the trap-
ezoid bends along one of the lines connecting the opposite 
top and bottom vertexes (dashed line in the second image 
from the left in Figure  3 b). Next, the formed triangle bends 
towards its base along the line connecting the two bottom 
vertexes. The elongated semi-ellipse forms four folds after 
the fi rst step of folding (Figure  3 c). Interestingly, the semi-
ellipse folds further along the lines connecting the vertexes 
at the base and the top vertex and no folding along the lines 
connecting neither the vertexes of the middle nor the ones at 
the base is observed. Looking at the evolution of the activa-
tion pattern through time (diffusion profi le see Figure  2 ), we 
observe that the lines connecting the hinges can only be used 
if they are within the activated pattern (red). Thus, the third 
rule of the folding states: “ the folding goes along the lines which 
are closer to the periphery of the fi lms” . 

 Six-ray stars demonstrate the formation of very complex 
structures ( Figure    4  ). Notably simultaneous folding of all rays 

     Figure  3 .     Schematic illustration, experimental observation, and modeling of the second step 
of folding of the elliptical arms depending on their shape. a) H (PNIPAM-AA)   =  1200 nm, H PMMA   =  
170 nm; b) (H (PNIPAM-AA)   =  1200 nm, H PMMA   =  400 nm; c) H (PNIPAM-AA)   =  900 nm, H PMMA   =  
170 nm.  
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case of thick fi lms, we typically observed folding of 3–4 arms 
(Figure  4 g,l).  

  3. Conclusions 

 In conclusion, we investigated the actuation of patterned 
bilayers placed on a substrate. Due to the edge-activation of the 
bilayers, the observed deformed shapes differ from the clas-
sical ones obtained by homogeneous activation. We found that 
fi lms can demonstrate several kinds of actuation behavior such 
as wrinkling, bending and folding that result in a variety of 
shapes. It was demonstrated that one can introduce hinges into 
the folded structure by proper design of the bilayer’s external 
shape through diffusion without having to use site selective 

deposition of active polymers. Experimental 
observations lead us to derive four empirical 
rules backed up by theoretical understanding 
as well as simulations. We then demon-
strated how those rules can be used to direct 
the folding of edge-activated polymer bilayers 
through a concrete example–the design of 
a 3D pyramid. We believe that the derived 
understanding and know-how will allow very 
simple design of highly complex, self-folding 
3D objects and will open new horizons for 
3D patterning which is highly important for 
the design of microfl uidic devices, biomate-
rials, soft electronics, etc.  

  4. Experimental Section 
  Materials :  N -isopropylacrylamide (NIPAM, Aldrich), 

4-hydroxybenzophenone (Fluka), polycaprolactone 
( M  n   =  70 000–90 000 Da, Aldrich), benzophenone 
(Aldrich) and acryloyl chloride (Fluka) were used as 
received. Methyl methacrylate (MMA, Aldrich) and 
acrylic acid were purifi ed by fi ltration through Al 2 O 3  
column before polymerization. 

  Synthesis of 4-Acryloylbenzophenone (BA ): 
4-Hydroxybenzophenone (20 g, 0.1009 mol), 
diisopropylethylamine (19.3 mL, 0.1110 mol) and 
80 mL of methylene chloride were added into 200 mL 
three-necked round-bottom fl ask fi tted with an 
overhead stirrer, a thermometer, and an addition 
funnel with acroloyl chloride (9.02 mL, 0.1110 mol) 
solution in 20 mL of methylene chloride. The acroloyl 
chloride solution was added dropwise into the fl ask 
under cooling (0–5  ° C) for ca 3 h. The methylene 
chloride was removed by rotary evaporation. The 
residue was washed with 80 mL of 20% HCl, 80 mL 
of saturated solution of sodium hydrocarbonate 
and dried over sodium sulphate. The solution was 
passed through a silica gel column with chloroform 
as the eluent. Chloroform was removed by rotary 
evaporator. Finally, 24.44 g (95%) of ABP was 
obtained.  1 H NMR (CDCl 3 , 500 MHz): 6.05 (dd, J 1   =  
10.40, J 2   =  1.26, 1H), 6.34 (dd, J 1   =  10.40, J 3   =  17.34, 
1H), 6.64 (dd, J 3   =  17.34, J 2   =  1.26, 1H), 7.27 (m, 
2H), 7.49 (m, 2H), 7.59 (m, 1H), 7.80 (m, 2H), 7.86 
(m, 2H). 

  Synthesis of P(NIPAM-AA-BA) : BA (0.28 g, 
1,12 mmol); NIPAM (6 g, 51.57 mmol), AA (0.2556 g, 3.36 mmol), AIBN 
(0.01632 g, 0.38 mmmol) were added in 50 mL fl ask. Components were 
dissolved in 30 mL ethanol and degassed with nitrogen for 30 min. The 
mixture was purged with nitrogen for 30 min. The polymerization was 
carried at 70  ° C under nitrogen atmosphere with mechanical stirring 
overnight. After cooling, the mixture was poured in 750 mL diethyl 
ether, the precipitate was fi ltered and dried in vacuum at 40  ° C. 

  Synthesis of P(MMA-BA) : 6.3 g MMA (62.7 mmol), 0.24 g BA 
(0.96 mmol) and 0.05 g AIBN (0.31 mmol) were dissolved in 30 mL 
of toluene. The mixture was purged with nitrogen for 30 min. The 
polymerization was carried at 70  ° C under nitrogen atmosphere with 
mechanical stirring overnight. After cooling, the mixture was poured in 
750 mL diethyl ether, the precipitate was fi ltered and dried in vacuum at 
40  ° C. 

  Preparation of Polymer Bilayers : In a typical experiment, poly-
(NIPAN-BA) was dip-coated from its ethanol solution on silica wafer 
substrate. P(MMA-BA) was dip-coated from toluene solution on the 

     Figure  4 .     Examples of structures obtained by progressive edge-activation of six-ray star-
like bilayers. a) Patterned bilayers; b) First step of actuation: wrinkles collapse into tubes; 
c–l) Second step of actuation: rays fold leading to several confi gurations depending on the 
order of folding. Scale bars are 200  μ m, H (PNIPAM-AA)   =  1200 nm, H PMMA   =  260 nm.  
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no water. The observation of bilayer was performed 
by Axiovert Zeiss Microscope using 5 ×  and 10 ×  air 
objectives. 

  Numerical Simulations : Simulations were 
performed in Abaqus v6.11 using the standard 
fi nite-element method. In order to simulate the 
diffusion process in the active layer we performed 
a 2D heat transfer analysis with imposed 
temperature on the free perimeter of the shapes 
(circle, semi-ellipsoid) and constant diffusive 
properties This resulted in a time-dependent 
temperature distribution that mimics the swelling 
process The resulting nodal temperatures at 
an early point in time were then applied to 
the corresponding 3D bilayer shapes having a 
mismatch in expansion properties (passive layer 
has 0 thermal expansion, while the active layer 
has in-plane expansion coeffi cients of 1). Due to 
symmetries only the relevant part of the bilayers 
were simulated in order to reduce computational 
costs. The resultant actuated shape was obtained 
through a geometrically nonlinear static step. For 
more detailed information see ref.  [  14  ] . Doing this, 
we assumed that diffusion-driven actuation follows 
a quasistatic process in which the timescales of 
diffusion and actuation are clearly separated. The 
progression of the diffusion front is slow (s) while 
the resultant mechanical actuation is fast (ms). 
This enabled us to consider the two phenomena 
separately thereby neglecting potential couplings 
between swelling and mechanical properties. 
Results are only qualitative, as the actual 
material characteristics of the hydrogels were not 
measured. However, the actuation pattern, and 
thus the number of wrinkles, only depends on the 
depth of the differential edge-activation named 
“activation depth” in this paper. This enabled us 
to predict and confi rm the experimental actuation 
patterns with simple normalized properties.  
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poly-(NIPAM-BA) fi lm. The bilayer fi lm was illuminated through a 
photomask (Toppan Photomasks inc.) by halogen lamp for 40 min to 
crosslink the polymers. The illuminated fi lm was rinsed in chloroform in 
order to remove the polymers from non-irradiated areas. The prepared 
bilayers were then dried again in air before experiment and contained 

     Figure  5 .     Microscopy snap-shots illustrating the mechanism of formation of triangles during 
actuation of a six-ray stars. Scale bar is 200  μ m, H (PNIPAM-AA)   =  1200 nm, H PMMA   =  170 nm.  

     Figure  6 .     Sequential actuation of four-ray stars leads to the formation of pyramids. a,b) unac-
tivated fi lm; c,d) after wrinkling of the ray periphery into tubes, arrows indicate four wrinkles 
formed on each arm during fi rst step of folding; e–g) after folding of rays leading to the forma-
tion of pyramids. Scale bar is 200  μ m, H (PNIPAM-AA)   =  1200 nm; H PMMA   =  260 nm. h) Simulated 
folding of four-arm star.  

Adv. Funct. Mater. 2013, 23, 2295–2300



FU
LL

 P
A
P
ER

2300

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

     [ 3 ]     M. J.   Harrington  ,   K.   Razghandi  ,   F.   Ditsch  ,   L.   Guiducci  , 
  M.   Rueggeberg  ,   J. W. C.   Dunlop  ,   P.   Fratzl  ,   C.   Neinhuis  ,   I.   Burgert  , 
 Nat. Commun.   2011 ,  2 ,  337 .  

     [ 4 ]   a)   J. W. C.   Dunlop  ,   R.   Weinkamer  ,   P.   Fratzl  ,  Mater. Today   2011 , 
 14 ,  70 ; b)   J. M.   Skotheim  ,   L.   Mahadevan  ,  Science   2005 ,  308 ,  1308 ; 
c)   L.   Mahadevan  ,   S.   Rica  ,  Science   2005 ,  307 ,  1740 .  

     [ 5 ]     M.   Jamal  ,   A. M.   Zarafshar  ,   D. H.   Gracias  ,  Nat. Commun.   2011 ,  2 , 
 527 .  

     [ 6 ]     S.   Zakharchenko  ,   E.   Sperling  ,   L.   Ionov  ,  Biomacromolecules   2011 ,  12 , 
 2211 .  

     [ 7 ]     S.   Zakharchenko  ,   N.   Puretskiy  ,   G.   Stoychev  ,   M.   Stamm  ,   L.   Ionov  , 
 Soft Matter   2010 ,  6 ,  2633 .  

     [ 8 ]     G.   Stoychev  ,   N.   Puretskiy  ,   L.   Ionov  ,  Soft Matter   2011 ,  7 , 
 3277 .  

     [ 9 ]     A.   Azam  ,   K.   Lafl in  ,   M.   Jamal  ,   R.   Fernandes  ,   D.   Gracias  ,  Biomed. 
Microdevices   2011 ,  1 ,  51 .  

    [ 10 ]     D. H.   Gracias  ,   V.   Kavthekar  ,   J. C.   Love  ,   K. E.   Paul  ,   G. M.   Whitesides  , 
 Adv. Mater.   2002 ,  14 ,  235 .  

    [ 11 ]     G. S.   Huang  ,   Y. F.   Mei  ,   D. J.   Thurmer  ,   E.   Coric  ,   O. G.   Schmidt  ,  Lab 
Chip   2009 ,  9 ,  263 .  

    [ 12 ]   a)   H. Y.   Liang  ,   L.   Mahadevan  ,  Proc. Natl. Acad. Sci. USA   2011 ,  108 , 
 5516 ; b)   H.   Liang  ,   L.   Mahadevan  ,  Proc. Natl. Acad. Sci. USA   2009 , 
 106 ,  22049 .  

    [ 13 ]   a)   I.   Jung  ,   J. S.   Rhyee  ,   J. Y.   Son  ,   R. S.   Ruoff  ,   K. Y.   Rhee  ,  Nano-
technology   2012 ,  23 ,  025708 ; b)   J.   Henrie  ,   S.   Kellis  ,   S. M.   Schultz  , 
  A.   Hawkins  ,  Opt. Express   2004 ,  12 ,  1464 .  

    [ 14 ]     G.   Stoychev  ,   S.   Zakharchenko  ,   S.   Turcaud  ,   J. W. C.   Dunlop  ,   L.   Ionov  , 
 ACS Nano   2012 ,  6 ,  3925 .  

    [ 15 ]     M.   Marder  ,   E.   Sharon  ,   S.   Smith  ,   B.   Roman  ,  Europhys. Lett.   2003 ,  62 , 
 498 .  

    [ 16 ]     B.   Audoly  ,   A.   Boudaoud  ,  C. R. Acad. Sci., Ser. IIb: Mec.   2002 ,  330 , 
 831 .   

Adv. Funct. Mater. 2013, 23, 2295–2300



 

 

 

 

 

 

 

 

Zakharchenko, S.; Puretskiy, N.; Stoychev, G.; Waurisch, C.; Hickey, S.G.; 

Eychmüller, A.; Sommer, J.U.; Ionov, L. 

Stimuli-responsive hierarchically self-assembled 3D porous polymer-based structures 

with aligned pores  

Journal of Materials Chemistry B 2013, 1, 1786-1793. 



ISSN 2050-750X

Materials for biology and medicine

 Journal of
Materials Chemistry B
www.rsc.org/MaterialsB Volume 1 | Number 13 | 7 April 2013 | Pages 1767–1870

PAPER
Leonid Ionov et al.
Stimuli-responsive hierarchically self-assembled 3D porous polymer-based 
structures with aligned pores

www.rsc.org/merckindex
Registered charity number 207890

The Merck Index 15th Edition
Chemistry’s Constant CompanionTM

Editor Maryadele J. O’Neil

With over 1 million copies sold, The Merck Index is the definitive reference work for 

scientists and professionals looking for authoritative information on chemicals, drugs 

and biologicals. 

The fully revised and updated 15th edition is now available from the Royal Society 

of Chemistry (RSC). 

Every book purchase includes one-year’s FREE ACCESS** to The Merck Index Online.

Hardback | 2708 pages | ISBN 9781849736701 | 2013 | £99.99 | $150

NEW

to
 th

e R
oya

l

Socie
ty

 o
f C

hem
ist

ry

 Book 
purchase includes 

one-year’s 
FREE ACCESS** to The Merck Index Online 

ONLY 
£99.99

*The name THE MERCK INDEX is owned by Merck Sharp & Dohme Corp., a subsidiary of Merck & Co., Inc., Whitehouse 

Station, N.J., U.S.A., and is licensed to The Royal Society of Chemistry for use in the U.S.A. and Canada.

** For individual users only. Terms and conditions apply. See www.rsc.org/merckindex for details. 



Stimuli-responsive hierarchically self-assembled 3D
porous polymer-based structures with aligned pores†

Svetlana Zakharchenko,ab Nikolay Puretskiy,ab Georgi Stoychev,ab

Christian Waurisch,c Stephen G. Hickey,c Alexander Eychmüller,c Jens-Uwe Sommerad

and Leonid Ionov*a

We have developed a novel approach for the fabrication of self-assembled porous materials with uniaxial

tubular pores. The approach is based on the use of microtubes formed by stimuli-induced rolling of

polymer bilayers consisting of hydrophobic and stimuli-responsive hydrophilic polymers. Different

objects, for example yeast cells, can be encapsulated inside the tubes during their rolling. The self-rolled

tubes filled with the yeast cells are capable of controlled self-assembly and form a uniaxial tubular

homogeneously filled scaffold. Moreover, our approach allows design of porous materials with the

pores having different properties.

Introduction

Materials with uniaxially aligned/oriented pores have huge
potential for a number of applications including design of self-
healing materials,1,2 functional ceramics,3 membranes for
separation and sensing,4 photonic crystals,5–7 catalyst support,8

light-weight materials,9 vibration-damping materials,9 heat
insulating materials,10 photovoltaic applications,11 microana-
lytics,12 and tissue engineering.13–21 Moreover, many kinds of
tissues such as bones,13 vascular tissue,14,15 cardiac tissue,16–18

and nerves19,20 have either tubular or uniaxially aligned porous
structures. In order to mimic the tubular structural environ-
ment, phase separation techniques,14,15,22 polymer ber tem-
plating,16,19,20 directed foaming,23 directional freezing,14,24–27

prototyping,17 uniaxial stretching of porous materials,28 or
natural porous materials such as wood3 were used. In these
approaches the separate tubes or scaffold with tubular structure
are rst fabricated and then lled with a material. This “post-
lling” strategy suffers, however, oen from non-homogenous
lling of the porous scaffold.

Self-folding lms offer a very elegant solution to the problem
of non-homogenous distribution inside the pores.29–31 The self-

folding lms consist of two kinds of materials, which can be
either inorganic32 or organic.33–37 Internal stress is produced due
to different volume changes of these materials upon application
of appropriate stimuli that result in the deformation of the
bilayer lm and formation of 3D objects with various shapes
such as tubes, cubes or capsules.29,30,38 Self-foldinglms based on
polymers are particularly attractive for biotechnological and lab-
on-chip applications due to their sensitivity to stimuli in the
physiological range, biocompatibility and biodegradability.37,39–41

Themain advantage of self-folding lms is that they can be lled
before self-assembly and formation of tubes (folding) that
provides the desired homogeneity of lling.29,37,40 Moreover self-
rolled tubes are able to provide structural anisotropy. Our
approach consists of the fabrication of homogenously lled self-
rolled tubes and their self-assembly into complex 3D constructs
with uniaxially aligned pores (Fig. 1). The approach was
demonstrated for the example of encapsulation of yeast cells.

Experimental part
Materials

Acrylic acid (AA, Aldrich), methyl methacrylate (MMA, Aldrich),
and 2-(dimethylamino)ethyl methacrylate (DMAEMA, Aldrich)
were puried by ltration through an Al2O3 column before
polymerisation. N-Isopropylacrylamide (NIPAM, Aldrich) was
recrystallized from hexane. 4-Hydroxybenzophenone (Fluka),
acryloyl chloride (Fluka), N,N-diisopropylethylamine (Aldrich),
2,20-azobis(2-methylpropionitrile) (AIBN, Fluka), N,N,N0,N0 0,N0 0-
pentamethyldiethylenetriamine (PMDTA, Aldrich), 2-bromoi-
sobutyrate (EBiB, Aldrich), and copper(II) bromide (CuBr2,
Aldrich) were used as received. Cadmium oxide (CdO, 99.5%),
1-octadecene (ODE, 90%), oleic acid (OlAc, 90%), n-tri-
octylphosphine oxide (TOPO, 99%), sulfur powder (99.98%) and
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zinc acetate (Zn(Ac)2, 99.99%) were purchased from Aldrich.
Hexadecylamine (HDA, >99%) and n-trioctylphosphine (TOP)
were obtained from Fluka and selenium powder (99.99%) was
purchased from ChemPur. All chemicals were used without
further treatment, except TOP, which was puried by distilla-
tion. All solvents were used as received.

Synthesis of 4-acryloylbenzophenone (BA)

4-Hydroxybenzophenone (20 g, 0.1009 mol), N,N-diisopropyl-
ethylamine (19.3 ml, 0.1110 mol) and 80 ml of methylene
chloride were added into a 200 ml three-necked round-bottom
ask tted with an overhead stirrer, a thermometer and an
addition funnel with acryloyl chloride (9.02 ml, 0.1110 mol)
solution in 20 ml of methylene chloride. The acryloyl chloride
solution was added drop-wise into the ask under cooling (0–
5 �C) for ca. 3 hours. The methylene chloride was removed by
rotary evaporation. The residue was washed with 80 ml of 20%
HCl, 80 ml of a saturated solution of sodium hydrocarbonate
and dried over sodium sulfate. The solution was passed through
a silica gel column with chloroform as the eluent. Chloroform
was removed using a rotary evaporator. Finally, 24.44 g (95%) of
ABP was obtained. 1H NMR (CDCl3, 500 MHz): 6.05 (dd, J1 ¼
10.40, J2 ¼ 1.26, 1H), 6.34 (dd, J1 ¼ 10.40, J3 ¼ 17.34, 1H), 6.64
(dd, J3 ¼ 17.34, J2 ¼ 1.26, 1H), 7.27 (m, 2H), 7.49 (m, 2H), 7.59
(m, 1H), 7.80 (m, 2H), 7.86 (m, 2H).

Synthesis of p(NIPAM-AA-BA)

NIPAM (6.4798 g, 55.62 mmol), BA (0.224 g, 0.89 mmol); AA
(0.1912 g, 2.66 mmol), and AIBN (0.0507 g, 0.31 mmol) were
dissolved in 30 ml of ethanol and themixture was degassed with
nitrogen for 30 minutes. The polymerization was carried out at
70 �C with mechanical stirring for 24 hours. Then the p(NIPAM-
AA-BA) polymerization mixture was cooled to room temperature
and poured slowly into 750 ml of diethyl ether. The precipitated

polymer was ltered and dried under vacuum. Molecular weight
of the obtained polymer isMn¼ 24 kg mol�1,Mw¼ 80 kg mol�1.
LCST (water)z 30 �C, LCST (PBS buffer 0.15M, pH 7.4)z 40 �C.

Synthesis of p(MMA-ABP)

MMA (4.5 g, 44.95 mmol), BA (0.182 g, 0.73 mmol) and AIBN
(0.075 g, 0.46 mmol) were dissolved in 25 ml of N,N-dime-
thylformamide (DMF). The mixture was purged with nitrogen
for 30 min. The polymerization was carried out at 70 �C under
nitrogen atmosphere with mechanical stirring overnight. Aer
cooling down to room temperature, themixture was poured into
800 ml diethyl ether, and the precipitate was ltered and dried
under vacuum at 40 �C. Molecular weight of the obtained
polymer is Mn ¼ 13 kg mol�1, Mw ¼ 37 kg mol�1.

Preparation and modication of silica particles

Silica particles (SP-1000) were prepared by the Stöber synthesis
with further modication with (3-aminopropyl)triethoxysilane
(SP–NH2) and 2-bromo-2-methylpropionyl bromide (SP–Br) as
described earlier.42

Polymerisation of 2-(dimethylamino)ethyl methacrylate
(DMAEMA)

1 g of SP–Br particles was placed in a 50 ml round-bottom ask
and 15 ml DMF were added. The mixture was sonicated for
10 min. Further 15 ml of DMAEMA, 190 ml of 0.5 M solution
N,N,N0,N0 0,N0 0-pentamethyldiethylenetriamine (PMDTA) in
DMF, 190 ml of 0.1 M solution copper(II) bromide (CuBr2) in
DMF, and 0.75 ml of ethyl 2-bromoisobutyrate (EBiB) were
added. To remove the excess of oxygen from the reaction
mixture, nitrogen was bubbled through the reaction mixture for
10 min. Then, 400 ml tin(II) 2-ethylhexanoate were added to the
reaction mixture and the ask was placed on an oil bath at
101 �C and stirred at 700 rpm. Aer 1 hour the ask was
removed from the oil bath and the particles were centrifuged
and washed several times with DMF and ethanol and dried in a
vacuum oven at 50 �C overnight. Approximately 1 g of SP–
PDMAEMA particles was obtained. The thickness of the polymer
brushes, graed from the particles, was estimated by the
parallel reaction on a modied silica wafer and the value of ca.
60 nm determined. Molecular weight of PDMAMEA obtained as
a side product is Mw ¼ 21 kg mol�1.

Synthesis of quantum dots

CdSe QDs with a maximum in the uorescence at 605 nm were
synthesized following a modied procedure of Qu and Peng.43

In detail, a 25 ml ask was loaded with 8 ml ODE, 2 g TOPO, 2 g
HDA and 4 ml Cd(oleate)2 (0.1 M in ODE). This mixture was
degassed under reduced pressure at 100 �C for 60 minutes.
Subsequently, the mixture was heated under inert atmosphere
to the desired injection temperature of 270 �C. Into this hot
solution 0.4 mmol selenium dissolved in 2 ml ODE and 2 ml
TOP was quickly injected. The nanoparticles were allowed to
grow for 20 minutes at 245 �C. Particle growth was stopped by
cooling the reaction ask with cold water and simultaneous

Fig. 1 Fabrication of tubular self-assembling structures filled with cells using
self-rolled tubes. (a) Unfolded patterned bilayer consisting of two polymers: red
represents hydrophilic p(NIPAM-AA-BA) and green represents hydrophobic
p(MMA-BA); (b) cells are adsorbed on the top of an unfolded bilayer; (c) cells are
encapsulated inside the rolled film; and (d) self-rolled tubes are assembled
together forming a porous construct homogenously filled with cells.
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injection of 6 ml of toluene. The resulting particles were then
puried by repeated precipitation with an iso-propanol–meth-
anol mixture and redissolved in toluene.

Green emitting CdSe/Cd1�xZnxSe1�ySy/ZnS QDs with a
maximum in the uorescence at 540 nm were synthesized
following a procedure of Bae et al.44 Therefore, in a 100 ml ask
51.4 mg CdO, 733.6 mg Zn(Ac)2, 5.5 ml OlAc and 20 ml ODE
were degassed under reduced pressure at 120 �C until Zn(o-
leate)2 formation was completed. Subsequently, themixture was
heated to 310 �C. Aer the solution turned colorless, indicating
a complete Cd(oleate)2 formation, 0.4 mmol selenium and 4
mmol sulfur in 3ml TOP were quickly injected. Aer 10minutes
growth time at 300 �C the reaction was stopped by cooling the
reaction ask with cold water. The crude solution was diluted
with chloroform and then puried by repeated precipitation
with acetone and redissolved in chloroform.

Fabrication of polymer bilayers and self-rolled tubes

The bilayer lms were produced using dip-coating. First
p(NIPAM-AA-BA) containing an additional 10 wt% of 4-hydroxy-
benzophenone was deposited on a silica wafer substrate from
ethanol solutions. Next, p(MMA-BA) was dip-coated from
toluene, which is a selective solvent, on the top of p(NIPAM-AA-
BA) lms. The polymer bilayers were irradiated with UV light
(254 nm) through amask with a typical pattern size of 200 mm to
1600 mm. UV irradiation activates benzophenone fragments and
leads to the cross-linking of the irradiated areas. By rinsing in
chloroform, non-crosslinked polymers were removed and
patterned bilayer lms were formed on the substrate. The tubes
were fabricated by exposure of patterned bilayers to PBS
(0.15 M, pH 7.4) at room temperature followed by fast rolling
within 5–10 minutes.

Preparation of uorescent tubes

To prepare uorescent tubes for confocal microscopy, the same
procedure as described above was used. To achieve uores-
cence, small amounts of either red emitting (CdSe) or green
emitting (CdSe/Cd1�xZnxSe1�ySy/ZnS) quantum dots were
admixed into the p(MMA-BA) toluene solution used for dip-
coating.

Tube aggregates preparation and alignment

Tube dispersion was prepared by washing the rolled tubes from
the substrate with a small amount (2–3 ml) of water into a glass
vial. To assemble the tubes, a water dispersion of PDMAEMA-
covered SiO2 particles (85 mg l�1) was added to the tube
dispersion. The amount of added particles was calculated with
respect to 25–30% saturation of the tube surface with particles
and under the assumption of hexagonal close packing and
complete adsorption of all particles onto the tube surface. A
water dispersion of tubes and oppositely charged particles was
carefully shaken for 10–15 min, which resulted in tube
agglomerate formation. Tubes in aggregates were aligned by
pulling out from water with a needle.

Experiments with yeast cells

To adsorb yeast cells, patterned polymer bilayers were exposed to
a water dispersion of the cells for 20 min at room temperature.
Next, the excess water was removed and replaced with PBS buffer
(0.15 M, pH 7.4) that resulted in the rolling of the tubes
and encapsulation of the cells within 30 min to 1 hour. Agglo-
merates with encapsulated yeast cells were incubated in Alpha
medium w/o nucleosides (Biochrom AG) at 25 �C for 24 hours.

Microscopy

For confocal imaging, a Zeiss LSM 780 NLO microscope
equipped with a Zeiss Plane-Apochromat 20�/0.8 air objective
was used. Samples were excited at 405 nm and imaged using a
GaAsP spectral detector with 32 channels (detector range was
set to 400–700 nm) in Lambda-mode. Spectral unmixing has
been achieved using Zen 2010 B Soware. The obtained image
stacks were processed and analyzed using ImageJ. For light
microscopy imaging, a Zeiss Axio microscope equipped with
Zeiss 5�, 10�, 20� and 50� air objectives was used.

SEM

Scanning electron microscopy was performed using a Zeiss
NEON 40 microscope with an acceleration voltage of 3 kV using
secondary electron detection on samples sputtered with plat-
inum (3 nm).

Results and discussions

In order to demonstrate the proof of principle, we used pH-
responsive self-rolling polymer bilayer lms. The bilayer
consists of a hydrophilic stimuli-responsive poly(N-iso-
propylacrylamide-co-acylic acid-co-benzophenoneacylate)
(p(NIPAM-AA-BA)) bottom layer and hydrophobic poly(methyl-
methacrylate-co-benzophenoneacylate) (p(MMA-BA)) top layer
(Fig. 1a). The polymers were synthesized using free radical
polymerization as described earlier.37,38 These polymers are
expected to be biocompatible.45,46 The bilayer lms were fabri-
cated by sequential deposition of p(NIPAM-AA-BA) and p(MMA-
BA) layers on a silicon substrate using dipcoating. The formed
bilayer was patterned by irradiation with UV light through a
photomask that causes photoactivation of the benzophenone
fragments and crosslinking of the polymers. The irradiated lm
was rinsed with chloroform or acetone in order to remove non-
crosslinked polymers leaving rectangular bilayers (Fig. 2a).
Aerwards the lms were dried at 80 �C in a vacuum oven for
24 h to remove traces of solvents.

The random copolymer of N-isopropylacrylamide, acrylic
acid and benzophenone acrylate p(NIPAM-AA-BPA) demon-
strates pH-dependent swelling in an aqueous environment.
Swelling in distilled water (pH ¼ 5.5) at room temperature is,
however, very slow and the bilayer remains undeformed for a
considerable time – approximately 1 h. The transition temper-
ature and the swelling/rolling rate increase with the increase of
ionic strength and pH of the aqueous solution that is due to
boosted dissociation of acrylic acid (pKa ¼ 5.5). For example,
transfer of the bilayer into a PBS 0.15 M, pH ¼ 7.4, buffer leads
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to very quick rolling, and the formation of tubes occurs in 5–
10 minutes (Fig. 2b and c). The average diameter of the tubes is
ca. 20 mm and the length is 1.5 mm, which is dened by the size
of the pattern. Aer rolling, the tubes can be released from the
substrate and washed with water into a glass vial, where they
chaotically ow without forming aggregates (Fig. 2d). The tubes
can be unrolled and encapsulated materials can be released
depending on the number of rolls.37

In order to assemble the tubes, they were transferred into
millipore water and a small amount47 of water dispersion of
1 mm large SiO2 particles with a graed positively charged 60 nm
thick polyelectrolyte poly((2-dimethylamino)ethyl methacrylate)
(PDMAEMA) brush layer was added (Fig. 3a). The particle-tube
dispersion was carefully shaken, which led to fast (10–20 min)
aggregation of the tubes due to the formation of a poly-
electrolyte complex between the charged groups on the particle
(amino, PDMAEMA) and the tube (carboxylic, PAA) surfaces
(Fig. 3b–e). On the other hand, injection of an excess of parti-
cles48 did not lead to aggregation of the tubes. The tubes are also
unable to aggregate without the addition of the particles. In the
rst case, the surface of the tubes is not saturated with the
particles, and tubes have a “patchy” surface consisting of areas
with negative charge (polymer surface) and areas with positive
charge (particles). As a result of the interactions between posi-
tive and negative patches, the tubes are able to adhere to each
other. In the second case, the tube surface is quickly saturated
with positively charged particles, leading to charge inversion of
the tube surface. These positively charged tubes covered with
the particles repel each other due to electrostatic interaction
and are unable to assemble.

The formed aggregates are mechanically stable in Millipore
water. Upon intensive shaking, they can break apart into
smaller aggregates, which however, re-assemble again (Fig. 3f–
h). The aggregates are less stable in a saline buffer environment.
For example, fresh aggregates easily break apart into smaller
ones or separate tubes aer transfer to PBS 0.15 M, pH ¼ 7.4
buffer (Fig. 3i). In fact, an increase of ionic strength leads to
screening of the charges of the carboxylic and amino groups
that results in weakening of the bonds between the tubes and
disassembly. Transfer of the tubes obtained by disassembly of
aggregates back into pure water leads to restoration of the
electrostatic interactions and re-agglomeration of the tubes (not
shown). The self-rolled tubes, thus, demonstrate the ability to
undergo reversible stimuli-controlled assembly–disassembly.

Next, we modelled the self-assembly of the tubes. The tubes
are linked by multiple non-covalent bonds formed between the
tube surface and brush layer on the particles. While a small
number of non-covalent bonds is relatively weak and can be
easily broken, the probability to break many non-covalent
bonds is small. We followed different scenarios of aggregation
by considering the assembly of 3 tubes (Fig. 4). All three tubes
are separate at the beginning (Fig. 4a). Let us consider that the
green tube sticks to the blue one (Fig. 4b), and nally the red
tube sticks to the aggregate of blue and green (Fig. 4c). Since the
contact area between the green and the blue tubes is not large,
they can rotate with a characteristic rotational time – t1. As soon
as both tubes align with each other, the contact area between
them will increase and further rotation will be suppressed. On
the other hand, the time that is needed for the red tube to reach

Fig. 2 Polymer bilayers at different stages of processing. (a) Bright field
microscopy image of the patterned bilayer after photolithography and develop-
ment; (b) dark field microscopy image after adsorption of yeast cells (in water, at
room temperature); (c) dark field microscopy image after tube rolling and
encapsulation of the cells (in PBS pH 7.4 buffer, at RT); and (d) photograph of
aqueous dispersion of self-rolled tubes.

Fig. 3 Self-assembly of self-rolled tubes: (a) scheme of physical crosslinking of
tubes by oppositely charged particles; (b–e) optical photographs of microtubes
during self-assembly (c ¼ 180 tubes per ml); (f and g) optical photographs of
microtube aggregates in water after shaking (c ¼ 90 tubes per ml); and (i) optical
photographs of the disassembly of microtube aggregates in PBS buffer.
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the aggregate shall be denoted by t2. If t1 [ t2 the green and
blue tubes will not have enough time to align. In this case, the
red tube will stick to both tubes and stabilize the disordered
structure by forming additional bonds. In the opposite case for
t1 � t2 the green and the blue tubes will be able to orient
parallel to each other before the red tubes stick to them. This
scenario can easily be extended to a larger number of tubes. The
rotational time (t1) for a thin rigid rod scales with the third
power of the length of the rod, i.e. t1 � l3.49 The translational
time (t2) is given by the diffusion of the rod over the average
distance between two rods, x � c�1/3, where c denotes the
concentration of tubes/rods. The diffusion coefficient for the
translational diffusion of the rod can be assumed to scale as D�
1/l.49 The typical distance over which the tubes can diffuse
during time t1 is thus given by x � l. Therefore, one can expect
that if the distance between the tubes is much larger than their
own length, the formation of more ordered agglomerates is
expected. The characteristic concentration scales accordingly
as c* � 1/l3. The distance between the tubes illustrated in
Fig. 3b–e, as calculated from their concentration, is ca. d ¼
1.8 mm, which is comparable to their length l ¼ 1.6 mm.
Therefore, one can expect the formation of both ordered and
unordered agglomerates in this case. Moreover, the tubes in the
aggregates, which were obtained from more (c ¼ 250 tubes per
ml, Fig. 5c–e) and less (c ¼ 90 tubes per ml, Fig. 3f–h) concen-
trated dispersions, are less and more ordered, respectively.
Apparently, self-assembly of self-rolled tubes is close to self-
assembly of lyotropic liquid crystals and is expected to depend
on the aspect ratio (ratio of length to diameter). The detailed
investigation of the effects of aspect ratio and size of the tubes
on their self-assembly is, however, beyond the scope of this
manuscript.

The tubes strongly align in one direction when a force is
applied. This, for example, occurs when the aggregates are
pulled out from the water with a needle (Fig. 5). Moreover,
aggregates where tubes are aligned are more stable compared to
ones where the tubes are disordered – the aligned aggregates do
not break apart in the PBS buffer. The character of tube orien-
tation corresponds to orientation in nematic liquid crystals –

tubes are oriented in one direction while their centers of mass
are unordered. We estimated a two-dimensional degree of tube
orientation (S) using eqn (1).50 It was found that the orientation

degree in the sample illustrated in Fig. 5f–h (c ¼ 50 tubes per
ml) is extremely high, S ¼ 0.98. Tubes in the sample illustrated
in Fig. 5c–e, which was obtained by assembly at higher
concentration of microtubes (c ¼ 250 tubes per ml), have an
apparently lower orientation degree.

S ¼
D
3ðcos qÞ2�1

E

2
(1)

We estimated the porosity of the formed agglomerates by
considering the inner diameter of the tubes, wall thickness as
well as packing density of the tubes. The inner diameter (dinn)
varies in the range of 10–100 mm, the thickness (dwall) of the
swollen wall is ca. 1–5 mm depending on the thickness of poly-
mer layers. The maximal packing density of cylinders is ca. 0.91.
The porosity (P, ratio of pore volume to total volume), which was
estimated using eqn (2), varies in the range P ¼ 76–90%.

S ¼ ð0:5dinnÞ2
0:91ð0:5dinn þ dwallÞ2

(2)

Next, we demonstrated the possibilities for fabrication of
complex porous architectures consisting of microtubes with
different properties. In particular, we fabricated two types of
porous structures formed by tubes of two sorts which are
labelled with green and red uorescent quantum dots admixed
to a PMMA layer. In one experiment, tubes of one sort (red ones)
were assembled by crosslinking with colloidal particles and
stretched by pulling with a needle. The formed aggregate of
uniaxially aligned tubes was immersed in dispersions of tubes
of the second sort (green ones). The negatively charged green
tubes stuck to the positively charged particle patches presented
on the aggregate of red tubes (Fig. 6a and b), starting to form a
“core–shell” structure. In the second experiment, green tubes
were mixed with an excess of PDMAEMA-coated particles in PBS
buffer that terminates aggregation, and incubated together
for 30 min. The particle-coated but not agglomerated green
tubes were added to a dispersion of red ones in water, and as a
result an agglomerate (Fig. 6c and d) consisting of randomly
distributed red and green tubes was formed (cross-sections in
Fig. 6e and f).

Finally, we explored the possibility of fabricating a porous
self-assembled construct where tubular pores are lled with
cells (Fig. 7). For this, we adsorbed yeast cells from a water
dispersion on the top of a patterned unfolded p(NIPAM-AA-BA)/
p(MMA-BA) bilayer. Aer the yeast cells had settled down from
their aqueous dispersion, the water was replaced with PBS (pH
7.4) buffer to stimulate rolling of the tubes and encapsulation of
the yeast cells. The tubes lled with cells were washed from the
substrate with several milliliters of water into a glass vial.
Aerwards, the tubes were assembled into agglomerates by
shaking together with a small amount of oppositely charged
particles. The assembled tubes were aligned by pulling them
out from the water with a needle (similar to the previous
experiments, Fig. 7a), transferring them into the culture
medium and incubating them for 24 h at room temperature.
The number of cells in the tubes increased signicantly, which
indicates the viability of yeast cells as well as free diffusion of

Fig. 4 Scheme of the agglomeration of 3 tubes in dispersion. All three tubes are
separate in the first moment. The green tube sticks to the blue one and, finally,
the red tube sticks to the aggregate of blue and green ones. t1 and t2 are the
times needed for rotation of the green tube and diffusion of the red tube,
respectively.
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nutrition molecules into the tubes (Fig. 7b). In this experiment
we fabricated tubes with a small diameter (d ¼ 20 mm), which is
very close to the size of the yeast cells (d ¼ 5 mm), in order to
demonstrate the advantage of our method. Obviously, post-
lling of narrow tubes, which are disconnected from the tubular
network, with cells is almost impossible due to the slow
migration of cells into the narrow tubes. Indeed, some tubes,

which were occasionally not lled with cells during tube
formation, remaining empty aer incubation in the cell culture
medium. For example, tube 1 (Fig. 7a) was empty aer cell
encapsulation and it remained empty aer 24 h of incubation in
the cell culture medium. In contrast, tube 2, which was initially
partly lled with yeast cells, is completely lled with yeast cells
aer incubation. In this experiment yeast cells were used for

Fig. 5 Aligned self-assembled self-rolled tubes. (a and b) Optical microscopy, (c–h) scanning electron microscopy images of two aggregates (c–e and f–h) formed by
self-rolled tubes crosslinked by positively charged particles and aligned by pulling out from the water with a needle.

Fig. 6 Confocal microscopy images of assemblies of microtubes with different colors. (a and b) 3D reconstruction of a “core–shell” porous scaffold, where green tubes
are immobilized on an assembly of red ones. (c and d) 3D reconstruction of a “mixed” porous scaffold, where green tubes are first coated by PDMAEMA particles and
then assembled together with red ones, (e and f) cross-section of a mixed scaffold (c and d) in different planes. Due to low penetration depth of light beam, imaging of
the whole aggregate was not possible.
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demonstration of the proof of the concept. In fact it was
demonstrated that the number of yeast cells increases with time
and cells receive enough nutrition, which might be the issue in
the narrow tubes. Previous research demonstrated that
mammalian cells can also be encapsulated inside tubes,51

which potentially allows fabrication of 3D scaffolds for tissue
engineering.

Conclusion

We have developed a novel approach for the fabrication of self-
assembled porous scaffolds with uniaxial tubular pores. The
approach is based on the use of microtubes formed by the
stimuli-induced rolling of rectangular bilayers consisting of
hydrophobic and stimuli-responsive hydrophilic polymers. Any
micrometer-sized objects, for example yeast cells, can be
encapsulated inside the tubes during their rolling. The self-
rolled tubes lled with yeast cells can be easily assembled into a
uniaxial tubular scaffold homogeneously lled with the cells.
The main advantage of this approach is the possibility to
homogeneously ll the pores with any kind of matter – inor-
ganic, organic or living. Moreover, the approach allows design
of porous materials with complex architectures formed by tubes
of different sorts.

The developed approach is versatile and very simple. Indeed,
the preparation of polymer lms does not require expensive
equipment and is easy to perform. The polymers, which were
used in this paper, are however not biodegradable. On the other
hand since the approach is generic, a variety of polymers with
different properties such as biodegradability and electric
conductivity can be used, which allows design of novel mate-
rials with advanced properties for biomedical purposes,
microelectronic, 3D light-emitting devices, catalysis and energy
storage.
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D
esign of hollow 3D objects such as
capsules and tubes is highly de-
manded for cell encapsulation, drug

delivery and design of self-healing materials.1

Most approaches for fabrication of capsules
are based on the use of particles or fibers as
templates, which are covered by functional
materials. Hollow functional structures are,
thus, formed after the removal of the core.
Recently, the use of self-folding films
that are able to form different 3D structures
was suggested as a template-free alterna-
tive to the traditional template-based
approaches.2,3 The main advantage of self-
folding films is the possibility to transfer a
pattern, created on the surface of the un-
folded film, into the inner and outer walls of
the folded 3D structure.4�6

Inorganic and polymer-based bilayers are
examples of self-folding films, which fold
due to relaxation of internal stresses origi-
nated from dissimilar properties of the two
layers, such as lattice mismatch, thermal
expansion, or swellability. Inorganic-based
self-folding films are promising for a variety
of fields including transport,7 nanooptics,8

energy storage elements,9 photovoltaic
power applications,10 optics,11 and engi-
neering of scaffolds,12�15 as well as being
suitable to investigate the role of confine-
ment on cell behavior.16 Polymer-based
self-folding films, on the other hand, are
particularly promising for biotechnological
applications such as encapsulation of cells17,18

and design of biomaterials.19 These and
other applications require precise control
of the folding for fabrication of 3D objects
with a defined shape. In particular, it was
demonstrated that the resulting shape of
the folded 3D object can be controlled by
the shape of the original bilayer. For exam-
ple, rectangular bilayers form tubes,17 while
star-like bilayers are able to form envelope-
like capsules.18

Generally, the rolling of a rectangular
bilayermay occur according to three different

scenarios: long-side, short-side, and diago-
nal rolling (see Figure 1). The effects of film
shape on the character of folding were
experimentally investigated on examples
of purely inorganic and composite polyani-
line�inorganic bilayers. Smela et al. showed
that short-side rolling was preferred in the
case of free homogeneous actuation and
that this preference increased with aspect
ratio (ratio of length to width of rectangular
pattern).20 Li et al. experimentally demon-
strated the opposite scenario21 in the case
where bilayers are progressively etched
from a substrate, namely a preference for
long-side rolling. They observed that when
the tube circumference was much larger
than the width, or the aspect ratio of the
rectangle was high, rolling always occurred
from the long side. When the tube circum-
ference was much smaller than the width
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ABSTRACT We investigated the folding of rec-

tangular stimuli-responsive hydrogel-based polymer

bilayers with different aspect ratios and relative

thicknesses placed on a substrate. It was found that

long-side rolling dominates at high aspect ratios

(ratio of length to width) when the width is

comparable to the circumference of the formed

tubes, which corresponds to a small actuation strain.

Rolling from all sides occurs for higher actuation,

namely when the width and length considerably exceed the deformed circumference. In the

case of moderate actuation, when both the width and length are comparable to the deformed

circumference, diagonal rolling is observed. Short-side rolling was observed very rarely and in

combination with diagonal rolling. On the basis of experimental observations, finite-element

modeling and energetic considerations, we argued that bilayers placed on a substrate start to

roll from corners due to quicker diffusion of water. Rolling from the long-side starts later but

dominates at high aspect ratios, in agreement with energetic considerations. We have shown

experimentally and by modeling that the main reasons causing a variety of rolling scenarios

are (i) non-homogenous swelling due to the presence of the substrate and (ii) adhesion of the

polymer to the substrate.

KEYWORDS: thermoresponsive . polymer . bilayer . tube . folding
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and the aspect ratio of the rectangular bilayer was not
very high, the rolling resulted in a mixed yield of long-
and short-side rolling, as well as a “dead-locked turn-
over” shape. Short-side rolling occurred at small aspect
ratios when the deformed circumference is close to the
width. In these self-rolling systems, the active compo-
nent undergoes relatively small volume changes or
actuation strains, which are nearly homogeneous over
the whole sample. Hydrogel films, which are also
able to fold, demonstrate considerably different pro-
perties.22�24 First, hydrogels undergo large volume
changes (up to 10 times) upon swelling and contrac-
tion. Second, the swelling of a hydrogel is often
kinetically limited: due to slow diffusion of water
through a hydrogel, the parts that are closer to the
edges swell first, while the parts that are closer to the
center of the films swell later. Thus, the actuation
profile inside the active layer is heterogeneous. In this
paper we investigate the effects of shape, size, and
rolling curvature on the direction of folding of rectan-
gular polymer bilayers placed on a substrate, where the
bottom component is a stimuli-responsive hydrogel.

EXPERIMENTAL OBSERVATIONS

Experimental Preparation. Two families of polymeric
bilayers, made of an active and a passive layer, are
studied. The passive component is either hydrophobic
polycaprolactone (PCL) or random copolymer poly-
(methylmethacrylate-co-benzophenone acrylate) (P(MMA-
BA)). The active component is a thermoresponsive
hydrogel formed either by photo-cross-linked poly-
(N-isopropylacrylamide-co-acrylic acid-co-benzophenone
acrylate) (P(NIPAM-AA-BA)) or by poly(N-isopropylacryl-
amide-co-benzophenone acrylate) (P(NIPAM-BA)).
Thermoresponsive hydrogels swell and shrink at re-
duced and elevated temperature, respectively. The
passive hydrophobic P(MMA-BA) and PCL layers re-
strict swelling of the active hydrogel. As a result, the

bilayer made of these polymers does not uniformly
expand/shrink but folds and unfolds due to swelling
and collapse of the hydrogel layer.

P(NIPAM-AA-BA)/(P(MMA-BA) and P(NIPAM-BA)/PCL
bilayers were prepared using photolithography, as
described earlier.17 First, we prepared two sets of
patterned bilayers of P(NIPAM-AA-BA)/(P(MMA-BA),
which differ in thickness (H) of the P(MMA-BA) layer,
which results in different rolling curvature. One set
formed narrow tubes with a diameter d = 20 μm
(HP(MMA‑BA) = 500 nm; HP(NIPAM‑AA‑BA) = 1200 nm), while
the second set forms wider tubes with diameters in
the range d = 70�90 μm (HP(MMA‑BA) = 1200 nm;
HP(NIPAM‑AA‑BA) = 1200 nm). Rectangular bilayers of
different lengths (L = 100�1000 μm) and aspect ratios
(ratio of length (L) to width (W), A = L/W = 1�8) were
fabricated using specially designed photomasks. After
removal of the non-cross-linked polymer, the pat-
terned bilayers were exposed to PBS solution (pH =
7.4) at room temperature. As a result, photo-cross-
linked P(NIPAM-AA-BA) swelled, leading to rolling of
the bilayer and formation of tubes. The folded films
formed by each set of bilayers were then mapped by
optical microscopy in order to assess the rolling radius
aswell as the deformation pattern (see Figures 2 and 3).

Experimental Results. It was found that the final dia-
meter of the tube is independent of the size of the
bilayer (L, W), but everything else being equal (Young
modulus of active and passive layer as well as activa-
tion strain), it is solely controlled by the relative thick-
ness of the active and passive layers25 and, thus, is
(almost) constant for each set of experiments. The
direction of rolling strongly depends on the size and
shape of the films as well as on the thickness of the
active and passive layer (see Figure 4). We distin-
guished four general types of rolling: long-side rolling,
diagonal rolling, short-side rolling, and mixed all-side
rolling, which is a combination of the first three types.
The character of preferential rolling is plotted as a
function of the absolute values of width, length, and
aspect ratio, as well as normalized values, which are
obtained by dividing the length or width by the typical
circumference of the rolled tube (C = πd, Figure 1).

Three types of rolling were observed when narrow
tubes (d = 20 μm) are formed: long-side, diagonal, and
all-side rolling (see Figure 4a). It must be noted that no
short-side rollingwas observed. The all-side rolling (see
Figure 2, a1�3, b1�2) occurs when the width of the
films considerably exceeds the circumference of rolling
for aspect ratios of 1 or 2. A decrease of thewidth for an
aspect ratio of 2 or more results in preferential long-
side rolling (see Figure 2, b3, c1�3, d1�3), when the
normalized length is more than 2. Depending on the
ratio of width (W) to circumference (C), incompletely
rolled tubes (W/C< 1), completely rolled tubes (W/C≈ 1),
or doubled tubes (W/C g 2) are formed. A further
decrease of the length leads to a mixture between

Figure 1. Scheme of rolling of a polymer bilayer according
to different scenarios: short-side, long-side, and diagonal
rolling.
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long-side and diagonal or all-side rolling (see Figure 2,
a4, b4, c4, and d4). The most promising parametric
window for potential applications, such as micro-
fluidics24 and cell encapsulation,17 is thus bilayers with
an aspect ratio of 4 or more.

Different rolling behavior is observed when wide
tubes (d = 70�90 μm) are formed (see Figure 4b). First,
the films with the highest aspect ratio slightly bend
and almost do not roll because of the large circumfer-
ence (see Figure 3, d1�4). Second, other bilayers roll
either according to diagonal or all-side rolling scenar-
ios. Diagonal rolling is observed in the cases of square
films (L/W = 1) when two opposite corners bend
toward each other (see Figure 3, a1�4). “Tick or check
mark-like” structures (see for example Figure 3, c1, the
film in the middle) in combination with diagonal roll-
ing are observed in almost all cases at L/W > 1 when
either adjacent or opposite corners bend toward
each other. Bending from short sides was observed

in combination with diagonal rolling only in one case
(see Figure 3, b4).

The results obtained for narrow (Figure 2 and 4a)
and wide (Figure 3 and 4b) tubes plotted as a function
of normalized length and width are not fully identical.
Figure 4b is shifted to larger values of L/C. The reason
for this effect is not completely clear and could be due
to effects related to heterogeneities in the swelling
behavior, which are hard to fully consider. On the other
hand, there is a clear correlation between the results
given in Figure 4a and b,which is qualitatively summed
up in Figure 4c. For example, all-side rolling is observed
when both length and width considerably exceed the
deformed circumference. Diagonal rolling is observed
when L = W, and both are comparable to the circum-
ference. Mixtures of diagonal rolling and the formation
of “tick or check mark-like” structures (tube in the
middle of Figure 3, c1) are observed when L > W and
both L and W are comparable to the circumference.

Figure 2. Microscopy snapshots of folded P(NIPAM-AA-BA)�P(MMA-BA) bilayers of different length (L) and width (W) that
form narrow tubes of diameter d = 20 μm; HP(MMA‑BA) = 500 nm; HP(NIPAM‑AA‑BA) = 1200 nm.
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The long-side rolling takes place when the length
considerably exceeds the deformed circumference
(L/C > 4) and the aspect ratio is larger than 4. As
a result, long tubes are formed, at least in the case
of narrow tubes (d = 20 μm). In order to test the
hypothesis that long tubes are formed when L/C > 4
and W ≈ C also in the case of wide tubes (d =
70�90 μm), we investigated rolling of 1800 μm �
300 μm large bilayer tubes (HP(MMA‑BA) = 1200 nm,
HP(NIPAM‑AA‑BA) = 1200 nm, W/C = 1.2; L/C = 7.5).
Indeed, rolling resulted in preferential formation of
long tubes (see Figure 4d), in agreement with our
predictions.

Mechanism of Rolling. In order to clarify the variety of
observed rolling scenarios, we experimentally investi-
gated swelling and rolling of the bilayers. Rolling was
investigated first using members of the second family
of patterned bilayers formed by poly(N-isopropylacry-
lamide-co-benzophenone acrylate) and polycaprolac-
tone with high aspect ratio (L/W = 6, HPCL = 300 nm,

HP(NIPAM‑BA) = 750 nm).17 Initially, the polymer films
were immersed in warm water, where the active
P(NIPAM-BA) hydrogel monolayer is shrunk. The tem-
perature was gradually decreased, and rolling was
observed. Diagonal rolling started from corners and
stopped when two rolling fronts met each other
(Figure 5a). Long-side rolling started later (Figure 5b)
but eventually dominated, leading to a switching of
the diagonally rolled corners to long-side rolled
(Figure 5c,d). The formed double tubes were unrolled
at elevated temperature (Supporting Information,
Movie S1). The central part of the rolled bilayer, which
has a shape of a line (Figure 5e), is still adhered to the
substrate after rolling because the bilayer remains
almost undeformed there. This adhesion area directs
long-side rolling during the second cycle of tempera-
ture decrease and prevents short-side rolling. The
second rolling, thus, proceeded similar to the first
one: rolling starts from the corners and then switches
to long-side rolling.

Figure 3. Microscopy snapshots of folded P(NIPAM-AA-BA)�P(MMA-BA) bilayers with different length (L) and width (W) that
form wide tubes of diameter d = 70�90 μm; HP(MMA‑BA) = 1200 nm; HP(NIPAM‑AA‑BA) = 1200 nm.
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In order to explain the fact that rolling starts from
the corners, we experimentally investigated the swel-
ling process. This was performed in a qualitative
manner by observing changes in the interference
pattern of white light with the bilayer during swelling.
In order to avoid bending and folding of the bilayer
during swelling, a very thin P(NIPAM-AA-BA) layer (H =
35 nm) under a thick P(MMA-BA) layer (H = 400 nm)
was used. Due to the effect of interference of light,
which is mirrored from the top and bottom surfaces of
the bilayer, the changes of colors (see Figure 6) reflect
changes in the film thickness. It is observed that the
color of the films starts to change at the corners first,
which confirms the assumption that edge-activation
of the active layer due to slow water diffusion into
the hydrogels is at the origin of the experimentally
observed fact that rolling starts at corners. Thus, on
the basis of the observations of rolling and swell-
ing mechanisms, we can argue that diffusion deter-
mines folding in the first moments of folding, while

adhesion seems to play a decisive role at later stages of
folding.

THEORETICAL CONSIDERATIONS

Diffusion-Driven Actuation. The observed long-side
folding of rectangular bilayers for some specific shape
parameters contradicts the bending of bilayer actua-
tors, which occurs along the short side.20,25 However,
this holds under the assumption that the active layer is
homogeneously activated and that there is no inter-
action with a substrate. This is the case of a freely
floating bilayer, where diffusion of water inside the
hydrogel layer is not restricted by any substrate. It was
confirmed that such freely floating bilayers undergo
short-side rolling that is similar to the behavior of
standard actuators (Figure 7a). As the studied bilayers
are placed on a substrate, it is reasonable to assume
that diffusion of water inside the active monolayer
upon activation (T < T_critic) occurs primarily through
its lateral sides. Additionally, not only does the substrate

Figure 4. Dependence of preferential rolling direction of P(NIPAM-AA-BA)�P(MMA-BA) bilayers on the size and shape of the
films when (a) narrow (d = 20 μm, HP(MMA‑BA) = 500 nm; HP(NIPAM‑AA‑BA) = 1200 nm) and (b) wide (d = 70�90 μm, HP(MMA‑BA) =
1200 nm;HP(NIPAM‑AA‑BA) = 1200 nm) tubes are formed. Dashed lines correspond to L/C= 1 andW/C= 1 (L andW are length and
width of thefilm, respectively;C is the circumference of the rolled tube). (c) Schematic diagramof rolling scenario as a function
of length andwidth. Arrows indicate how the diagram changes when circumference (C) increases. (d) Examples of wide tubes
(d = 80 μm, HP(MMA‑BA) = 1200 nm; HP(NIPAM‑AA‑BA) = 1200 nm) formed by rolling of 1800 μm � 300 μm large bilayers
(corresponds to the blue point in part b).
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Figure 5. Time-resolved rolling of the P(NIPAM-BA)�PCL bilayer (HPCL = 300 nm, HP(NIPAM‑BA) = 750 nm, 930 μm � 90 μm);
diameter of the tube d = 41 μm (a�e, supplementary Movie S1).

Figure 6. Colormapof the calculated swelling (from0 to 1) controlled bywater diffusion in the activemonolayerwith a lateral
constant boundary condition (blue is nonswollen) dependent on time (a) and shape (b) obtained by finite-element
simulations as well as experimentally obtained microscopy snapshot of swollen P(NIPAM-BA)�PMMA bilayer (HP(MMA‑BA) =
400 nm; HP(NIPAM‑AA‑BA) = 35 nm) after few seconds of swelling (c).
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confine diffusion, it also exerts adhesion forces to the
bottom surface of the bilayer that impede actuation
until a certain threshold of detachment forces is
reached. This means that bending, which requires
detachment of the substrate, occurs only for a suffi-
cient activation strain. In particular, nonswollen areas
do not bend.

Finite-Element Simulations. The diffusion pattern is
assumed to obey a classical diffusion law (Fick's law)
with a constant imposed boundary condition on the
lateral sides of the activemonolayer.Well known in one
dimension, the two-dimensional diffusion pattern was
obtained through a finite-element simulation using
ABAQUS at different time points for different mono-
layer shapes (aspect ratio). Diffusion of water inside a
hydrogel can be described as a first approximation by
steady-state heat diffusion inside a medium with con-
stant diffusivity. We used linear three-dimensional
diffusion elements (DC3D8), in order to be able to
apply the resulting activation field to actuate bilayers
subsequently, and applied a constant boundary con-
dition on the lateral surfaces. The solvent diffusion,
however, is a very complex process that is quite
difficult to fully describe because the boundary condi-
tions of diffusion change as the film deforms and
detaches from the substrate. We aimed to discuss
diffusion in the very first moments of swelling, when
the film starts to deform, aswebelieve that subsequent
deformation of the film is largely determined by its
starting deformation. The simulation allowed us to
predict an inhomogeneous two-dimensional diffusion
pattern that eventually becomes homogeneous after a
sufficient time (see Figure 6a,b).

Subsequently, we applied the obtained thermal
field at different time points to a bilayer of the same
aspect ratio. Both layers of the bilayer are made of a

linear elastic material with a normalized Young mod-
ulus of 1 and a Poisson ratio of 0.3. This crude simpli-
fication relies on the fact that the stiffness contrast
between the active and the passive layer does not
significantly affect the rolling radius of a bilayer.25 The
bottom layer possesses in-plane thermal expansion
coefficients equal to 1, whereas the top layer is ther-
mally inactive. In order to understand the influence of
substrate adhesion, we imposed a fixed kinematical
boundary condition at an internal rectangular bottom
surface, scaled from the external shape. We used a fine
mesh of first-order eight-node elements with reduced
integration (C3D8R), which are able to follow the large
displacements at reasonable cost. The deformed shape
corresponding to an edge activation of the bilayer at a
given time point in the diffusion process was calcu-
lated in a static step taking nonlinear geometric effects
into account. Adaptive meshing techniques were used
to avoid large distortions in mesh elements upon
actuation. We compared the obtained results with
the one obtained using the Riks method and found
no discrepancy between the predicted deformed
shapes. Surprisingly, convergence using a combination
of adaptive meshing techniques on a fine mesh with a
static nonlinear geometric step proved to be better
than using the Riks method. This simple uncoupled
model already shows that sharp activation strains near
the edges combined with an internal constraint of the
bottom layer produces interesting deformation pat-
terns for different aspect ratios. In particular, themodel
predicts that short- and long-side rolling is more
favorable at L/W < 4 and L/W > 4, respectively (see
Figure 7b).

The appearance of all-side and diagonal rolling in
experiments at smaller aspect ratios accounts for the
fact that no preferential direction appears for bending

Figure 7. Simulation and experimentally observed folding of rectangular bilayers at different conditions: (a) freely floating
rectangular bilayer (homogeneous swelling, supplementary Movie S2); (b) rectangular bilayer on substrate (inhomogeneous
swelling, supplementary Movie S1).
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deformations. Also, imperfections of thematerial prop-
erties of the polymer film and substrate can be respon-
sible for the observed symmetry-breaking.

Energetic Considerations. The fact that edge activation
of a constrained bilayer leads to long-side rolling is also
suggested by plate theory. The elastic energy of plate-
like objects can be decomposed into a stretching and a
bending term according to Föppl von Kármán plate
theory,26 in which the in-plane strains are integrated
over the thickness taking into account the edge activa-
tion. This formulation describes accurately the elastic
energy of a bilayer plate upon edge activation and can
be solved numerically (this will be done in a sub-
sequent paper). Another approach, which is less subtle,
but that also leads to accurate results, is solving the 3D
mechanical problem by a finite-element method. Es-
sentially the problem can be described in the following
way: we make an additive decomposition of the total
strain in the active layer into an eigenstrain (or swelling
strain) and an elastic strain εkl

T = εkl
eig þ εkl

el. The eigen-
strain is given as εij

eig = Rδij, where δij is the Kronecker
delta tensor, and isotropic swelling is assumed in the
currentmodel. The amount of swelling depends on the
swelling coefficient R, which in turn can vary spatially
according to the solution of the diffusion equation. As
the active layer is constrained by the passive layer,
geometric incompatibilities result in elastic strains and
thus stresses through Hooke's law, σij = Eijklεkl

el. The final
shape of the structure upon changes in the spatial
distribution and magnitude of R is calculated by mini-
mizing the elastic energy of the system. For further
details of the finite-element method see, for example,
ref 27. With the stretching term being linear in thick-
ness, while the bending term is cubic, bending defor-
mations are favored when the plate is sufficiently thin.
Unlike in a beam-like bilayer, actuation triggers a
biaxial expansion field inside the plate, which creates
internal stresses in the long and in the short direction
of the plate. Relaxation of internal stresses perpendi-
cular to the edge of the bilayer will lead to bending,
whereas relaxation of internal stresses parallel to the edge
of the bilayer will produce stretching that will eventually
lead to wrinkling, as in the edge of long leaves.28 Because
of the presence of the substrate, internal stresses per-
pendicular to the edge of the bilayer are more easily
relaxed, leading to simplebending,while internal stresses
parallel to the edge of the bilayer produce simple
stretching. As the aspect ratio increases, it is thus less
costly to relax stresses into bending on the long side than
on the short side. This explains qualitatively why long-
side rolling is observed as the aspect ratio increases.

Finite-element modeling and energetic considera-
tions show that the experimentally observed appear-
ance of long tubes for large aspect ratios and high
activation strains are due to (i) non-homogenous
swelling due to slow lateral diffusion, as well as (ii)
adhesion of the bilayer to the substrate, constraining

the deformations. Both these factors are caused by
the specific arrangement of the experiment: (i) poly-
mer bilayer is deposited on the substrate and (ii) active
polymer is the bottom layer.

Rolling Scenario. Finally, by considering modeling
and experimental results, the following scenario of
rolling of hydrogel-based polymer bilayer lying on a
substrate is assigned. The rolling starts from the edges
due to faster diffusion of water from the lateral sur-
faces, which then are able to detach from the substrate
and to bend. Rolling can start either from two adjacent
(for example Figure 3, d2, right lower polymer film, or
Figure 3, b2, left upper film) or opposite edges (almost
all polymer films in Figure 2, a2) or from all corners
simultaneously, which is less probable if the bilayer is
small due to the presence of imperfections and be-
comes energetically unfavorable once a sufficient ac-
tuation strain is reached. Rolling is almost immediately
finished if the deformed circumference is comparable
to the size of the bilayer. As a result, diagonally rolled
tubes are formed if rolling starts from two opposite
corners (Figure 8a), and “tick or check mark-like”
structures (for example Figure 3, c1, the film in the
middle) are formed if rolling starts from two adjacent
corners.

A more complicated scenario is observed when the
width of the films is smaller and the length is consider-
ably larger than the deformed circumference. Rolling
starts at the corners first, like before, but long-side
rolling starts later (Figure 8b and Figure 5) and is
energetically favored. Rolling along the short side is
unfavorable because it implies more stored stretching
energy along the long side. Further long-side rolling
makes diagonally rolled corners unfavorable and leads
to the switching of bent corners to a “long-side rolling”
scenario. Depending on the width of the film com-
pared to the deformed circumference, either an in-
completely rolled tube is formed or the two long-side
rolling fronts collide into a completely rolled or
doubled tube.

If the deformed circumference is considerably
smaller than the width and length of the films

Figure 8. Schematic of rolling leading to diagonal rolling,
long-side rolling, and all-side rolling.
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(which implies a high activation strain), then rolling
starts first from corners and then continues along all
sides (Figure 8c). The rolling fronts do not collide until
several revolutions are made, which were shown to be
almost irreversible.17 As a result, already rolled fronts
are unable to unroll and irreversible all-side rolling is
observed.

CONCLUSIONS

We investigated in detail folding of rectangular
stimuli-responsive hydrogel-based polymer bilayers
located on a substrate with different lengths, widths,
and thicknesses. It was found that long-side rolling
dominates at high aspect ratios (ratio of length to
width) when the width is comparable to the circum-
ference of the formed tubes. Rolling from all sides
occurs when the width and length considerably ex-
ceed this circumference. Diagonal or all-side rolling is
observed when the width and length are comparable
to the circumference. Short-side rolling was observed
very rarely and in combination with diagonal rolling.
On the basis of both experimental observations and

theoretical assumptions, we argued that bilayers
placed on a substrate start to roll from corners due to
quicker diffusion of water. Rolling from long-side starts
later but dominates at high aspect ratio due to ener-
getic considerations. We have shown experimentally
and by finite-element modeling confirmed by theore-
tical considerations that the main reasons causing a
variety of rolling scenarios are (i) non-homogenous
swelling due to slow diffusion of water in hydrogels
and (ii) adhesion of polymer to a substrate until a
certain threshold. Moreover, non-homogenous swel-
ling determines folding in the first moments, while
adhesion plays a decisive role at later stages of folding.
The films that we investigated are fabricated on the

microscale. On the other hand, the knowledge ob-
tained in this work is applicable to thinner films to
direct their folding in order to form tubes with dia-
meter in the nano range. We believe that the obtained
knowledge can be particularly helpful for the design
of self-folding objects with highly complex shapes
and provides an interesting model system for path-
dependent actuation.

EXPERIMENTAL PART

Materials. N-Isopropylacrylamide (NIPAM, Aldrich), 4-hydro-
xybenzophenone (Fluka), polycaprolactone (Mn = 70 000�
90 000, Aldrich), benzophenone (Aldrich), and acryloyl chloride
(Fluka) were used as received. Methyl methacrylate (MMA,
Alrich) was purified by filtration through an Al2O3 column
before polymerization.

Synthesis of 4-Acryloylbenzophenone (BA). 4-Hydroxybenzo-
phenone (20 g, 0.1009 mol), diisopropylethylamine (19.3 mL,
0.1110mol), and 80mL ofmethylene chloridewere added into a
200 mL three-necked round-bottom flask fitted with an over-
head stirrer, a thermometer, and an addition funnel with
acroloyl chloride (9.02 mL, 0.1110 mol) solution in 20 mL of
methylene chloride. The acroloyl chloride solution was added
dropwise into the flask under cooling (0�5 �C) for ca. 3 h. The
methylene chloride was removed by rotary evaporation. The
residue was washed with 80 mL of 20% HCl and 80 mL of a
saturated solution of sodium hydrocarbonate and dried over
sodium sulfate. The solution was passed through a silica gel
column with chloroform as the eluent. Chloroform was re-
moved by rotary evaporator. Finally, 24.44 g (95%) of BA was
obtained. 1H NMR (CDCl3, 500 MHz): 6.05 (dd, J1 = 10.40, J2 =
1.26, 1H), 6.34 (dd, J1 = 10.40, J3 = 17.34, 1H), 6.64 (dd, J3 = 17.34,
J2 = 1.26, 1H), 7.27 (m, 2H), 7.49 (m, 2H), 7.59 (m, 1H), 7.80 (m, 2H),
7.86 (m, 2H).

Synthesis of P(NIPAM-BA). BA (0.02253 g, 0.089mmol; 0.04551 g,
0.18 mmol; 0.11737 g, 0.47 mmol), NIPAM (1 g, 0.0885 mol),
and azobisisobutyronitrile (AIBN) (0.01453 g, 0.089 mmol) were
added in 10 mL test tubes. Components were dissolved in
6 mL of 1,4-dioxane and degassed with nitrogen for 30 min.
Test tubes were tightly sealed and placed into a shaker (70 �C,
90 rpm) for 24 h. Then the P(NIPAN-BA) polymerizationmixtures
were cooled to room temperature and poured slowly into
diethyl ether. Products were filtered and dried under vacuum.

Synthesis of P(MMA-BA). A 6.2803 g amount of MMA
(62.72 mmol), 0.2405 g of BA (0.96 mmol), and 0.052 g of AIBN
(0.31 mmol) were dissolved in 30 mL of toluene. The mixture
was purged with nitrogen for 30 min. The polymerization was
carried at 70 �C under a nitrogen atmosphere with mechanical
stirring overnight. After cooling, the mixture was poured in

750 mL of diethyl ether, and the precipitate was filtered and
dried under vacuum at 40 �C.

Preparation of Polymer Bilayers. In a typical experiment, poly-
(NIPAN-BA) was dip-coated from its ethanol solution on a
silica wafer substrate. Polycaprolactone with 2�5 mass % of
benzophenone or P(MMA-BA) was spin-coated from a toluene
solution on poly(NIPAM-BA) film. The bilayer film was illuminated
through a specially designed photomasks by a halogen lamp for
40 min to cross-link polymers. The illuminated film was rinsed in
chloroform in order to remove polymers in nonirradiated areas.
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’ INTRODUCTION

The design of three-dimensional (3D) scaffolds that provide a
suitable environment for the growth and division of cells is a
keynote procedure for development of efficient approaches for
regeneration of tissues and organs. To be suitable for tissue
engineering, the scaffolds must fulfill many requirements such as
biocompatibility, biodegradability, and porosity as well as proper
chemical and mechanical environment mimicking properties of
the extracellular matrix. Most of the developed approaches for
fabrication of scaffolds can be classified either as “bottom-up” or
“top-down” ones. “Bottom-up” ones include phase separation
techniques and self-assembling materials.1�3 Examples of “top-
down” ones are electrospinning4 and microfabrication.5�9 Many
“top-down” approaches suffer from inhomogeneous cells seeding
caused by slow migration of cells inside the scaffold. As an
alternative, cells might be seeded in situ during the formation of
the scaffold. This, for example, can be done using self-assembling
peptide hydrogels (molecular “bottom-up”). After self-assembly
of the peptides, cells remain entrapped in the polymer network
with the size of the mesh smaller than the cell size. The migration
of cells inside such scaffolds is restricted.

Recently, a combination of “top-down” and “bottom-up”
approaches was introduced for the design of scaffolds. Cells were
encapsulated inside relatively large poly(ethylene glycol) (PEG)
hydrogel microbricks which were allowed to self-assemble in 3D
superstructures of defined shape.10,11 The advantages of such
mesoscale self-assembling systems are: (i) homogeneous seeding
of the cells and (ii) simplicity to form large superstructures with
different shapes. On the other hand, the applicability of the
developed approach is limited due to the nonbiodegradability of
the cross-linked PEG hydrogel and the small size of the pores,
which is intrinsic to many hydrogel-based scaffolds.

Wrapping by thin films, which form self-rolled tubes12 or self-
folding particles,13 is an alternative approach for the encapsula-
tion of cells. Self-rolled tubes are thin bilayers which are able to
roll due to internal stress produced as a result of thermal

expansion, lattice mismatch, or swelling. The self-rolled tubes,
being intrinsically anisotropic, are structurally close to muscle,
nerve, and bone tissues. Moreover, microtubes form pores
with sizes up to hundreds of micrometers, which is more
suitable for the design of scaffolds due to free migration of
cells. Encapsulation of cells using wrapping was recently
realized on the example of self-rolling tubes made of inorganic
materials.14 Cell-seeded rolled tubes can be potentially as-
sembled into complex submillimer- and microporous 3D
structures15 with homogenously distributed cells. It was
demonstrated that cells can be encapsulated inside the tubes
with diameter in the range of tens of micrometers without the
use of harmful UV light. The use of inorganic materials for the
fabrication of self-rolling tubes, however, does not allow their
application for medical purposes. Recently, Luchnikov et al.
demonstrated that self-rolling tubes could be designed using
polymers.16 They showed self-rolling of poly(4-vinylpyridine)/
polystyrene bilayer film in acidic environment (pH = 2). On the
other hand, Kalaitzidou et al. demonstrated thermoresponsive
rolling-unrolling of PDMS/gold tubes at 60�70 �C.17,18 Gracias
et al. developed an approach for the design of self-folding particles
made of patterned SU-8 photoresist-polycaprolactone films, which
irreversibly fold at 60 �C.19 The nonbiodegradability and non-
biocompatibility of these polymers as well as the difficulty to
locally control such low pH values and the high temperature
hamper the application of these systems in medicine as well.20

More recently, we reported fabrication of partially biodegradable
magneto-temperature sensitive microtubes and capsules able to
capture and release cells in a response to change of temperature
in the physiological range between 25 and 33 �C.21,22 These tubes,
based on the use of two polymers—one thermoresponsive poly-
(N-isopropylacrylamide)-based copolymer and hydrophobic

Received: March 3, 2011
Revised: April 26, 2011

ABSTRACT:We report an approach for the fabrication of fully
biodegradable self-rolled tubes based on patterned polysucci-
nimide/polycaprolactone bilayers. These polymers are biocom-
patible, biodegradable, produced industrially, and are already
approved for biomedical purposes. Both polycaprolactone and
polysuccinimide are hydrophobic and intrinsically water-insoluble. Polysuccinimide, however, hydrolyzes in physiological buffer
environment yielding water-swellable polyaspartic acid that causes the rolling of the polymer bilayer and formation of tubes. We
demonstrate the possibility to encapsulate yeast cells using self-rolled tubes.
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polycaprolactone (PCL)—can also hardly be used for the
fabrication of tissue engineering scaffolds due to the nonbiode-
gradability and the poor biocompatibility of poly(N-isopropyl-
acrylamide).

In this manuscript we report, for the first time, the fabrication
of fully biodegradable self-rolled tubes. The tubes are based on
cross-linked polysuccinimide/polycaprolactone bilayer. These
polymers are biocompatible, biodegradable,23,24 produced
industrially, and were already approved for biomedical pur-
poses. Both polycaprolactone and polysuccinimide are hydro-
phobic and intrinsically water-insoluble. Polysuccinimide,
however, is able to hydrolyze in physiological buffer environ-
ment, yielding water-swellable biodegradable polyaspartic
acid,25 which leads to rolling of the tubes and encapsulation
of cells (Figure 1).

’EXPERIMENTAL SECTION

Materials. L-Aspartic acid (Aldrich), 85% phosphoric acid (Aldrich),
polycaprolactone (Mn = 70000�90000 g/mol, Aldrich), and 4-hydro-
xybenzophenone (Aldrich) were used as received.
Synthesis of Polysuccinimide (PSI). PSI was synthesized by

acid-catalyzed thermal polycondensation of L-aspartic acid. A typical
synthesis procedure was as follows. Powdery L-aspartic acid (20 g, 150
mmol) and 85% o-phosphoric acid (10 g, 87 mmol) were kept at 200 �C
for 6.5 h under nitrogen flow. The mixture was cooled to room
temperature and dissolved in N,N-dimethylformamide (DMF). The
solution was poured into a large amount of deionized water, and the
precipitate was washed several times with water until the filtered water
became neutral. The obtained PSI was characterized by GPC: Mn =
15700 g/mol, Mw = 44900 g/mol, Mw/Mn = 2.86.
Fabrication of the Polymer Bilayers and Self-Rolled Tubes.

The bilayers were produced by photolithography. For this, thin films
(70�400 nm) of PSI containing 1 wt % of 4-hydroxybenzophenone with
respect to the amount of the polymer were deposited on silicon wafer
by spincoating from DMF solution. Next, thin films (70�500 nm) of
PCL containing 4 wt % of 4-hydroxybenzophenone were deposited from
toluene solution, which is a selective solvent, on top of the PSI film. The
polymer bilayers were patterned by irradiationwithUV light through amask.
UV irradiation activates benzophenone fragments, which produces free
radicals and led to cross-linking in the irradiated areas. As a result, patterned
bilayer films were formed on the substrate. The self-rolling tubes were
fabricated by long-time exposure of the bilayer in PBS (0.15 M, pH = 7.4).
Experiments with Yeast Cells. Yeast cells encapsulated inside the

tube were incubated in Dulbecco's modified Eagle's medium: Nutrient
Mixture F-12. All experiments with yeast cells were carried out at 25 �C.

Figure 1. Scheme of the formation of self-rolled tubes. Polysuccinimide
(PSI)/polycaprolactone (PCL) bilayer is deposited on a substrate. Slow
hydrolysis of polysuccinimide in physiological buffer (pH = 7.4) yields
polyaspartic acid, which leads to the rolling of the tubes and encapsula-
tion of cells.

Figure 2. Swelling of photocross-linked polysuccinimide films (a) and morphologies of self-rolling tubes (th(PSI) = 200 nm; th(PCL) = 86 nm, pattern
1800μm� 300μm) on different stages of rolling; (b) after 10min of incubation; (c) after 9 h of incubation, d= 55μm; (d) after 24 h of incubation, d= 25μm.
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’RESULTS AND DISCUSSION

First the swelling of photo-cross-linked PSI thin film in
physiological buffer (PBS 0.15 M, pH = 7.4) at T = 25 �C was
investigated. Considering the fact that pH of culturemedia is often
very close to pH of PBS, the swelling behavior of PSI is expected to
be similar in both cases. The PSI film was deposited on silica wafer
from DMF solution by spin-coating. To avoid dewetting of the
polymer film caused by slow evaporation of the solvent, the
samples were quickly heated up to 170 �C on a heating plate.
The obtained PSI films were very smooth, and the rms roughness
was below 1 nm. In PBS buffer at 25 �C PSI film swelled that
resulted in increase of its thickness by ca. 8�10 times: from 35 to
283 nm after 24 h of hydrolysis. Considering the fact that the PSI
layer is homogenously cross-linked, the final degree of swelling of
the thicker layers is expected to be similar: 8�10 times.

The swelling of the PSI film had a step-like character
(Figure 2a). The thickness of PSI increased slightly during the
first period (0�9 h), and strong swelling started after 8�9 h of
incubation in buffer. The swelling was nearly completed after 24
h. The observed step-like characters of the swelling are most
probably due to diffusion-limited penetration of water in the
hydrophobic PSI layer. In the beginning, water starts to diffuse
slowly in the hydrophobic PSI layer hydrolyzing it. As soon as a
threshold amount of succinimide groups is hydrolyzed, the PSI
layer starts to swell to a higher degree due to repulsion between
the formed negatively charged carboxylic groups. As a result, the
diffusion of water in the polymer layer increases that leads to a
faster hydrolysis of the remaining succinimide groups. In fact, the

delayed hydrolysis of PSI films can be considered as an advantage
because cells might have enough time to bind to the surface of the
polymer bilayer and spread before the tube is formed.

The PSI/PCL bilayers were produced using photolithography.
First, the PSI was deposited from its DMF solution using
spincoating. PCL was deposited in the same manner from toluene
solution. A small amount of 4-hydroxybenzophenone was added
to both polymers to provide possibility to cross-link them using
UV light. The benzophenone derivatives, which generates free
radicals upon irradiation with UV light,26 have already been
applied for photo-cross-linking of biodegradable biomaterials.27

Notably, other similar compounds including benzophenone,
4-carboxybenzophenone, and 2,4-dihydroxybenzophenone were
found to be almost inefficient for the cross-linking of the polymers.
This may be related to a difference in the adsorption spectra or the
quantum yield. After illumination with UV light, the noncross-
linked polymer was removed by sequential rinsing in chloroform
and DMF where PCL and PSI are respectively soluble. To avoid
cytotoxicity, the rest of the DMF were removed by rinsing in large
amount of ethanol. The cross-linked polymers are expected to be
biodegradable as well since they still contain the carbon�oxygen
and carbon�nitrogen bonds of the original polymers. The ob-
tained patterned bilayers were used for rolling experiments.

The obtained PSI/PCL bilayers were incubated in PBS. The
bilayers, which appeared patchy due to the crystalline PCL,
remain unchanged during the first 9 h at T = 25 �C (Figure 2b).
The rolling started after 9 h of incubation and incompletely rolled
tubes (d = 55 μm, Figure 2c) were formed. Further incubation
led to a shrinkage of the tubes and a decrease of their diameter

Figure 3. Examples of microtubes with different diameters of (a) 22 μm or (b) 100 μm as well as the dependence of the tube diameter on the thickness
of PCL (c) and the th(PSI)/th(PCL) ratio (d). The empty circles in (d) correspond to samples prepared by dipcoating without further treatment, solid
circles correspond to PSI/PCL films annealed at 60 �C and cooled down to �196 �C.

http://pubs.acs.org/action/showImage?doi=10.1021/bm2002945&iName=master.img-004.jpg&w=416&h=307


2214 dx.doi.org/10.1021/bm2002945 |Biomacromolecules 2011, 12, 2211–2215

Biomacromolecules ARTICLE

(d = 25 μm, Figure 2d). The formed tubes could be easily
detached from the silicon substrate due to the swelling of the
polyaspartic acid (hydrolyzed PSI). The decrease of the
tube diameter with time is in qualitative agreement with the
Timoshenko equation.28 According to the Timoshenko equa-
tion, higher stress in the film, which is proportional to the
swelling degree, leads to a smaller diameter of the tubes. The
step-like rolling behavior of PSI/PCL bilayer correlates very well
with the step-like character of swelling of the PSI layer.

It was found that the rolling of thick bilayers often results in
peeling of the polymer films, which might be caused by the
rigidity of the microcrystalline PCL layer. The microcrystalline
structure of PCL was also most probably the origin of the defects
of rolling (Figure 2d). To prevent the formation of large PCL
crystallites, polymer bilayers were heated up to 60 �C to melt
the PCL and then quickly cooled down by liquid nitrogen
T = �196 �C. This thermal treatment resulted in a decrease of
the size of the crystallites from tens of micrometers to less than a
micrometer (images not shown) and improved the rolling in
many cases.

Next, the effect of the thickness of the polymer layers on the
diameter of the formed tubes was investigated. It was found that
tubes diameter increased with the increase of thickness of the
PCL layer as well as with the decrease of the thickness of the PSI
layer (Figure 3a�c). These results were obtained for tubes after
24 h of rolling when no further change of the tube diameter with
time was observed. Moreover, PSI/PCL bilayers prepared with
and without thermal treatment demonstrated similar depen-
dence of the tube diameter on the ratio between thicknesses of
the polymers layers (Figure 3d). In general, the smaller was the
ratio of the thickness of the PSI layer to the thickness of PCL
layer (r = th(PSL)/th(PCL)) the larger the diameter of the
formed tubes (Figure 3d). Since strain in the film is related to the
difference between the thickness of the PSI in swollen and dry
states, these findings are in a qualitatively agreement with the
Timoshenko equation as well.28 Using this principle, we explored
the possibilities to fabricate tubes with a diameter more than
50 μm using both the decrease of the thickness of the PSI
(th(PSI) = 67 nm; th(PCL) = 132 nm; r = 0.5) and the increase
of thickness of the PCL layer (th(PSI) = 260 nm; th(PCL) =
473 nm; r = 0.54). Notably, tubes were formed only in the second
case because very thin PSI layer made the tubes too soft and the
tubes were easily deformed and smashed by the liquid stream. In
fact, tubes of a diameter ranging from10μmup tomore than100μm
can be fabricated. Tubes with the size 100 μm or more are
particularly promising for the design of porous scaffolds.29

Contrary to previously investigated PNIPAM/PCL system,21

which rolled predominately in one direction, PSI/PCL bilayers
were able to roll in different directions. We distinguished three
cases: long-side rolling, diagonal rolling, and short-side rolling
(Figure 4). The probability to roll in each of these directions
depended on the ratio of the final diameter of the tubes to the size
of the pattern and the number of the possible revolutions. The
bilayer rolled in all directions equally if tubes with the smallest
diameter were formed. The increase of the diameter led to the
formation of tubes with predominately long-side rolling. To

Figure 4. Different morphologies of tubes formed by a rolling PSI/PCL
bilayer: (a) long-side rolling; (b) diagonal rolling; (c) short side rolling.
Fraction of the microtubes rolled in different directions depending on
the tube diameter (d, pattern 1800 μm � 300 μm). Approximately 50
microtubes were analyzed in each case.

Figure 5. PSI/PCL self-rolled tube (a) after encapsulation of yeast cells in PBS buffer, (b) directly after the transfer to the nutrition media, and (c) after
14 h of incubation in the nutrition media. Scale bar is 100 μm.
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explain the obtained results we assign the following scenario of
rolling. Water starts to diffuse and hydrolyzes PSI along the
perimeter of the patterned polymer bilayer. The bilayer loses its
contact with the substrate at the point where adhesion to the
substrate is the smallest, starts to roll, and makes several
revolutions. Considering the fact that the tubes are unable to
unroll or change their morphology if they are produced by
multiple revolutions,21 the direction of rolling of the whole thin
tube is determined by the direction of rolling in the initial period
of time. As a result, tubes with a small diameter roll in all
directions with similar probability. On the other hand, tubes
with larger diameter are formed by single revolution. These tubes
have more possibilities to change their morphology and to find
energetically more favorable state during the rolling.30

Finally, we tested the possibility to encapsulate yeast cells
using biodegradable self-rolled tubes. The bakery yeast cells were
adsorbed on patterned PSI/PCL bilayer from PBS pH = 7.4
buffer. After 27 h of incubation, the PSI/PCL bilayer formed
tubes with diameter 80�100 μm with encapsulated yeast cells
(Figure 5a). The number of cells remained approximately
constant in PBS. One microtube with encapsulated yeast cells
was transferred into the nutrition media (Figure 5b) and further
incubated for 14 h. Incubation in nutrition media led to
proliferation and division of the yeast cells that increased their
number. This was an indication of nontoxicity and availability of
free space for new cells as well as on the permeability of the tubes
for nutrition.

’CONCLUSIONS AND OUTLOOK

We reported an approach for fabrication the fully biodegrad-
able self-rolled tubes, which are suitable for the encapsulation of
cells. Our approach is based on the fabrication of polymer
bilayers where both components are water-insoluble polymers:
polycaprolactone and polysuccinimide. Polysuccinimide is able
to slowly hydrolyze and swell in a physiological buffer environ-
ment leading to self-rolling of the polymer bilayer and the
formation of microtubes. We also demonstrated that the self-
rolled tubes can be used for encapsulation of cells, which
proliferate and divide inside the tube. Since the used polymers
are biocompatible, biodegradable, and produced industrially and
are approved for biomedical purposes, the proposed approach is
of practical interest for controlled cell delivery and the design of
scaffolds for tissue engineering.
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We design partially biodegradable thermoresponsive self-folding

capsules capable of controlled capture and release of cells. The proof

of principle is demonstrated on the example of star-like patterned

polycaprolactone-poly(N-isopropylacrylamide) bilayers, which

reversibly encapsulate/release yeast cells in response to a tempera-

ture signal.

Encapsulation of cells is a very important task for the design of

scaffolds for tissue engineering.1–5 To date, cells were encapsulated

predominately using physically or chemically crosslinked hydro-

gels.6,7 In one general approach, cells are dispersed in a solution of

monomers or polymer precursors, which are crosslinked and form

a matrix with included cells. Hydrogels, therefore, provide both

mechanical resistivity as well as suitable aqueous environment for the

cell.

Recently self-rolling tubes and self-folding microcapsules were

successfully introduced for encapsulation of cell as well.8,9 Self-rolling

tubes are a thin bilayer, which is able to roll due to internal stress

produced as result of thermal expansion or lattice mismatch.10,11 Self-

folding capsules are based on the similar principle and were designed

as patterned metallic layer with active metallic or polymeric junction

elements.12 Contraction and expansion of the junctions result in

folding and unfolding of the metallic film, respectively. To date, self-

rolling tubes and self-folding capsules were designed predominantly

using inorganic materials that restrict their medical applications.

There are several examples of polymer based self-rolling tubes and

self-folding capsules. Luchnikov et al., for example, showed the self-

rolling of polystyrene-poly(2-vynilpyridine) bilayer film in an acidic

environment (pH ¼ 2).13 Kalaitzidou et al. demonstrated thermor-

esponsive rolling-unrolling of PDMS-gold-made tubes at 60–

70 �C.14,15 Gracias and co-workers developed an approach for the

design of self-folding capsules made of patterned SU-8 photoresist -

polycaprolactone film, which irreversibly fold at 60 �C.12 The diffi-

culty to locally control such low pH values and the high temperature

hampers the application of these systems in medicine.

Recently, we reported the fabrication of partially biodegradable

magneto-temperature sensitive microtubes, which are able to capture

and release objects up to 10 mm in size in response to varying the

temperature in the range of 25–33 �C.16 In our approach, two poly-

mers were used. First one is thermoresponsive poly-(N-iso-

propylacrylamide). In aqueous media, poly-(N-isopropylacrylamide)

(PNIPAM) reversibly changes its solubility at 33 �C. Due to its

thermoresponsive properties, PNIPAM has already been applied for

cell culturing,17 directed protein adsorption,18 control of biomolecular

motors,19,20 protein purification,21 photolithography22 and drug

delivery.23 The second polymer is hydrophobic and water-insoluble

polycaprolactone (PCL). Both polymers were deposited on

a substrate in the form of crosslinked bilayer. Swelling and shrinking

of PNIPAM resulted in reversible rolling of the bilayer and the

formation of tubes.

Here we report the fabrication of partially biodegradable ther-

moresponsive star-shaped self-folding capsules. The general idea is to

use a polymer bilayer, where one component is biodegradable

hydrophobic polycaprolactone (PCL) and another is thermores-

ponsive hydrogel (PNIPAM). This bilayer has the shape of a star

with several arms (Fig. 1). The crosslinked PNIPAM layer swells and

shrinks in response to temperature. The PCL layer restricts swelling

of the PNIPAM in one direction. As a result, the star-like bilayer

made of these polymers does not uniformly expand/shrink but folds

and unfolds due to swelling and collapse of PNIPAM, respectively. In

order to demonstrate the approach, four- and six-arm self-folding

capsules were fabricated and applied for reversible encapsulation of

yeast cells.

The patterned star-like bilayers were first produced using photo-

lithography. A small amount of photocrosslinker, benzophenone

derivatives, was introduced to both polymers in order to provide

sensitivity to UV light. For this, poly-(N-isopropylacrylamide)

copolymer containing 1 mol% of 4-acryloylbenzophenone como-

nomer (poly(NIPAM–ABP)) was prepared. The poly(NIPAM–

ABP) had a slightly lower cloud point (T¼ 28 �C) than the PNIPAM

homopolymer did (T ¼ 33 �C). A thick film (h ¼ 4 mm) of

Fig. 1 A scheme of the folding star-shaped polymer bilayer. Swelling of

the thermoresponsive hydrogel layer at lower temperature increases stress

in the film that results in bending of the star arms and folding.

Leibniz Institute of Polymer Research Dresden, Hohe Str. 6, 01069
Dresden, Germany. E-mail: ionov@ipfdd.de

† Electronic Supplementary Information (ESI) available: Movies of
reversible folding-unfolding as well as encapsulation and release of
yeast cells. See DOI: 10.1039/c1sm05109a/
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poly(NIPAM–ABP) was deposited on a silicon wafer substrate from

8% ethanol solution by dipcoating. Next, the thick PCL film (h ¼ 4

mm) containing 6 mol% of 4-hydroxybenzophenone was deposited

from 5% toluene solution on the top of the poly(NIPAM–ABP) film.

The polymer bilayer was patterned by irradiation using deep UV

(254 nm) light through a mask. UV irradiation activated the benzo-

phenone fragments, which produced free radicals and led to cross-

linking in the irradiated areas. As a result, patterned bilayer films

were formed on the substrate. The films were not soluble in organic

solvents as well as in water, indicating the formation of a network.

Next, folding of the patterned bilayers in aqueous environment

was investigated. It was found that star-like bilayer films remain

undeformed at T > 28 �C (Fig. 2 a,e). The arms of the bilayer started

to bend when the temperature decreased below the cloud point of

poly-(NIPAM–ABP) (Fig. 2 b,f). The bending was typically

completed after 5–10 s. The thickness of the polymer layers was

adjusted in such a way that the arms make a half-turn. Experimen-

tally it was found that 4 mm thick poly-(NIPAM–ABP) and PCL

layers allowed complete and partial folding of the four-arm and six-

arm stars, respectively. (Fig. 2 c,g). The use of thicker PCL and

thinner poly-(NIPAM–ABP) layer led to a larger curvature radius

and incomplete folding of the capsules. On the other hand, thinner

PCL and thicker poly-(NIPAM–ABP) resulted in a smaller curvature

radius and multiple rolling of the arms to form tubes. The folded

polymer layer stayed bound to the substrate because the centers of

both the four- and six-arm stars remained almost undeformed at

moderately low temperature (T ¼ 20 �C) for a long time. The

capsules were released from the substrate after further cooling (T <

10 �C) due to strong swelling of the poly-(NIPAM–ABP) layer that

resulted in considerable deformation of the central part. Increasing

the temperature led to a shrinking of poly-(NIPAM–ABP) layer and

unfolding of the capsules. The unfolding was completely reversible

and no residual deformation of the polymer bilayer was observed,

even after several folding-unfolding cycles.

Finally, the possibility to encapsulate and release yeast cells using

self-folding star-like polymer bilayers was demonstrated. For this,

backing yeast cells were deposited on the patterned polymer bilayer

from buffer dispersion at elevated temperature when poly-(NIPAM–

ABP) is shrunk (Fig. 3 a,c). The surface density of the cells was in the

range 2000–10000 cells mm�2 depending on the sample. A decrease in

the temperature resulted in swelling of the poly-(NIPAM–ABP) and

led to folding of the polymer capsules and encapsulation of the cells

(Fig. 3 b,d). The yeast cells became accessible to the environment and

could be removed from the polymer surface by liquid stream upon

unfolding at elevated temperature when the poly-(NIPAM–ABP)

Fig. 2 Bright field optical microscopy images of self-folding of the star-like patterned polymer bilayer. The polymer bilayer is undeformed at elevated

temperatures when the poly-(NIPAM–ABP) layer is shrunk. Cooling results in swelling of poly-(NIPAM–ABP) layer and folding of the bilayer. See

supplementary movies S1 and S2.

Fig. 3 Encapsulation of yeast cells inside the thermoresponsive self-

folding capsules (dark field optical microscopy). Yeast cells are adsorbed

on the polymer bilayer at elevated temperature. Cooling leads to swelling

of the thermoresponsive polymer and folding of the capsules. Further

heating results in unfolding of the capsules and release of the cells. See

supplementary movies S3 and S4.
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layer is shrunk. It was also observed that cells were concentrated in

the center of the capsules after several folding cycles, which was

caused by their sliding from the arms during folding. These experi-

ments demonstrated the possibility for encapsulation and release of

cells using self-folding capsules.

Conclusions

In conclusion, we demonstrated the design of partially biodegradable

thermoresponsive self-folding capsules capable of controlled capture

and release of cells. The proof of the principle was demonstrated on

the example of star-like patterned polycaprolactone-poly(N-iso-

propylacrylamide) bilayer, which reversibly encapsulates/releases

yeast cells in response to a temperature signal. The developed

approach can potentially be used to control the activity of bacteria

and fungi by switching their accessibility to the environment. More-

over, the cell-loaded capsules can be assembled into 3D scaffolds

which are highly promising for tissue engineering.

Experimental part

Materials

N-isopropylacrylamide (NIPAM, Aldrich), 4-hydroxybenzophenone

(Fluka), polycaprolactone (Mn ¼ 70000–90000, Aldrich), benzo-

phenone (Aldrich), 2,20-Azobis(2-methylpropionitrile) (AIBN,

Fluka), N,N-diisopropylethylamine (Aldrich) and acryloyl chloride

(Fluka) were used as received. Solvents were also used as received.

Synthesis of 4-acryloylbenzophenone (ABP)

4-Hydroxybenzophenone (20 g, 0.1009 mol), N,N-diisopropylethyl-

amine (19.3 ml, 0.1110 mol) and 80 ml of methylene chloride were

added to 200 ml three-necked round-bottom flask fitted with an

overhead stirrer, a thermometer, and an addition funnel with acroloyl

chloride (9.02 ml, 0.1110 mol) solution in 20 ml of methylene chlo-

ride. The acroloyl chloride solution was added dropwise into the flask

under cooling (0–5 �C) for ca 3 h. The methylene chloride was

removed by rotary evaporation. The residue was washed with 80 ml

of 20% HCl, 80 ml of saturated solution of sodium hydrocarbonate

and dried over sodium sulfate. The solution was passed through

a silica gel column with chloroform as the eluent. Chloroform was

removed by rotary evaporator. Finally, 24.44 g (95%) of ABP was

obtained. 1H NMR (CDCl3, 500 MHz): 6.05 (dd, J1 ¼ 10.40, J2 ¼
1.26, 1H), 6.34 (dd, J1¼ 10.40, J3¼ 17.34, 1H), 6.64 (dd, J3¼ 17.34,

J2 ¼ 1.26, 1H), 7.27 (m, 2H), 7.49 (m, 2H), 7.59 (m, 1H), 7.80

(m, 2H), 7.86 (m, 2H).

Synthesis of poly-(NIPAM-ABP)

ABP (0.02253 g, 0.089 mmol), NIPAM (1 g, 8.85 mmol), AIBN

(0.01453 g, 0.089 mmol) were added in 10 ml test tubes. Components

were dissolved in 6 ml 1,4-dioxane and degassed with nitrogen for

30 min. Test tubes were tightly sealed and placed into a shaker (70 �C,

90 rpm) for 24 h. Then the mixtures were cooled to room temperature

and poured slowly into diethyl ether. Products were filtered and dried

under vacuum.
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We suggest a new approach for controlled encapsulation and release

of microparticles, cells and drugs using thin bilayer films of ther-

moresponsive and biodegradable polymers, which are able to form

self-rolling tubes. The magnetic nanoparticles are incorporated in

the thermoresponsive layer in order to provide the microtubes

sensitivity to magnetic field. We demonstrate reversible rolling and

unrolling of the polymer films, reversible capture and release of

microparticles in response to change of temperature as well as

manipulation of particle-loaded microtubes using external magnetic

field. The suggested approach can be successfully implemented for

controlled delivery of drugs and cells in living organisms as well as to

design scaffolds for tissue engineering.

Development of approaches for controlled delivery of drugs and cells

in living organisms is very important for medicine and regenerative

therapy.1–5 Stimuli-responsive polymers were demonstrated to be

particularly promising for these applications due to their ability to

reversibly change physical and chemical properties in response to

environmental signal.6,7 To date, several approaches based on poly-

mers sensitive either to pH or to temperature signals have been

developed and tested. For example, small drug molecules can be

delivered using stimuli-responsive hydrogel particles and released

from them due to stimuli-induced contraction.8–10 On the other hand,

cells can be delivered and released in a controlled manner using

polymer systems able to undergo sol–gel transition.11,12

In this manuscript, we suggest a new approach for controlled

encapsulation and release of cells and drugs using stimuli-responsive

polymers. This approach is based on the use of self-rolling tubes. The

tubes can be formed by thin films, which spontaneously roll due to

internal stress. Recently, self-rolling tubes made of inorganic mate-

rials13,14 were demonstrated to be suitable for encapsulation of yeast

cells.15 Inorganic materials, however, do not allow direct use of these

tubes for cell delivery inside living organisms. More recently, Luch-

nikov et al. demonstrated that self-rolling tubes could be designed

using polymers.16 They showed self-rolling of polystyrene–poly-

(2-vinylpyridine) bilayer film in acidic environment (pH¼ 2). On the

other hand, Kalaitzidou and Crosby demonstrated thermoresponsive

rolling–unrolling of PDMS–gold made tubes at 60–70 �C.17 The non-

biodegradability and non-biocompatibility of these polymers as well

as the difficulty to locally control such low pH values and the high

temperature hamper the use of these systems for biotechnological

applications. Here we report the design of partially biodegradable

magneto-temperature sensitive microtubes able to capture and release

objects with size up to 10 mm in response to change of temperature in

the range of 25–33 �C. In our approach, two polymers—one ther-

moresponsive poly(N-isopropylacrylamide)-based copolymer and

hydrophobic polycaprolactone (PCL)—are used. In aqueous media,

poly(N-isopropylacrylamide) (PNIPAM) homopolymer reversibly

changes its solubility at the Low Critical Solution Temperature

(LCST ¼ 33 �C). Due to its thermoresponsive properties, PNIPAM

has been already applied for cell culturing,18 directed protein

adsorption,19 control of biomolecular motors,20,21 protein

purification,22 photolithography23 and drug delivery.6 The second

polymer—hydrophobic and water-insoluble polycaprolactone

(PCL)—is deposited on top of the PNIPAM layer. The two-layer film

made of these polymers is able to self-roll and unroll due to swelling

and collapse of PNIPAM at low and elevated temperatures, respec-

tively (Fig. 1). We demonstrate that this rolling and unrolling can be

used for encapsulation and release of microparticles. Moreover,

magnetic nanoparticles were incorporated in the thermoresponsive

layer in order to provide microtubules sensitivity to magnetic field.

The microtubes were first produced using photolithography. Small

amount of photocrosslinker—benzophenone derivatives—was added

to both polymers in order to provide sensitivity to UV light. For this,

we prepared poly(N-isopropylacrylamide) copolymer containing

1 mol% of 4-acryloylbenzophenone comonomer (poly(NIPAM-

ABP)). The poly(NIPAM-ABP) had slightly lower LCST

(LCST¼ 28 �C) than the PNIPAM homopolymer (LCST¼ 33 �C).

Thin films (200–500 nm) of poly(NIPAM-ABP) were deposited on

silicon wafer substrate by spin-coating. Next, thin film (40–300 nm) of

PCL containing 1–3 mol% of pure benzophenone was deposited

from toluene solution, which is selective solvent, on the top of poly-

(NIPAM-ABP) film. The polymer bilayer was patterned by irradia-

tion with UV light through a mask. UV irradiation activated

benzophenone fragments, which produced free radicals and led to

crosslinking in the irradiated areas. As a result, patterned bilayer films

were formed on the substrate. The films were not soluble in organic

solvents as well as in water and do not split into films of individual

polymers that indicated the formation of a network.

Next, we investigated the formation of self-rolling polymer

tubes in aqueous environment as well as the capture of micro-

particles. We found that bilayer films remain undeformed at

T > 28 �C and start to roll and form tubes when the temperature

decreases below the LCST of poly(NIPAM-ABP). The rolling of

the tubes is very fast and is completed after 1–3 s when 1–3

revolutions are made. The following heating affects the

morphology of the formed microtube. In particular, the micro-

tubes produced by single revolution are able to unroll almost

Leibniz Institute of Polymer Research Dresden, Hohe Str. 6, 01069
Dresden, Germany. E-mail: ionov@ipfdd.de
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formation, particle capture by rolling tubes, reversible encapsulation and
release of particles and flow of particle-loaded tubes in a magnetic field.
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completely at elevated temperatures when the poly(NIPAM-ABP) is

collapsed. Meanwhile tubes formed by multiple revolutions

shrink at elevated temperature and are unable to unroll. Both

shrinking and unrolling are very rapid (1–5 seconds), completely

reversible and can be repeated many times.

Second,we tested the possibility to loadmicrotubes with10mm SiO2

particles as well as to release them. For this, microparticles were

adsorbed from their aqueous dispersion on patterned polymer two-

layer film at elevated temperature when poly(NIPAM-ABP) is

collapsed and microtubes are not formed. Decrease of the temperature

resulted in swelling of the poly(NIPAM-ABP) and led to the forma-

tion of microtubes with encapsulated microparticles (Fig. 2). We

observed two mechanisms of particle encapsulation—microparticles

were either encapsulated inside rolls or entrapped between the rolls.

The microparticles encapsulated inside rolls produced by multiple

rolling cannot be released at elevated temperature due to unability of

microtubes to unroll and remain entrapped inside the microtubes. On

the other hand, microparticles encapsulated inside one-revolution rolls

(Fig. 3, ESI† Movie S3) and between the rolls are able to leave the

microtubes at elevated temperatures when thermoresponsive polymer

is collapsed. These experiments demonstrated the possibilities to

encapsulate, trap and release particles using self-rolling tubes.

Finally, we tested the possibility to manipulate particle-loaded

microtubes using magnetic field. For this, we prepared microtubes

containing 0.7 mass% of oleic acid-coated Fe3O4 nanoparticles24 in

the thermoresponsive layer and loaded them with microparticles. We

found that the freely flowing particle-loaded microtubes start to move

in the direction of the magnet when it is applied (Fig. 4, ESI†

Movie S4). The direction of the microtubes flow can be immediately

switched by changing the position of the magnet, thus demonstrating

the possibility to manipulate the microtubes using magnetic field.

In conclusion, we demonstrated the design of partially biode-

gradable thermo- and magneto-sensitive self-rolling tubes capable of

controlled capture and release of objects with size up to 10 mm, which

is the size of living cells. The main advantages of these tubes are (1)

improved biocompatibility and biodegradability, (2) possibility to

release encapsulated objects as well as (3) ability to manipulate them

using magnetic field. Since simple methods such as dipcoating and

photolithography were used, the reported method can be easily scaled

up for production of large quantities of microtubes. Comparing to

the other methods for drug and cell delivery such as hollow capsules,

gel particles and vesicles, the presented approach gives opportunity of

controlled release of large objects such as cells by stimuli-induced

unrolling of tubes. Potentially, the cell-loaded tubes can be also

assembled into 3D scaffolds. In this case, the advantage of micro-

tubes comparing to cell-loaded hydrogel particles is a structural and

mechanical anisotropy, which in intrinsic to many kinds of tissues

including bones, muscles, etc. We foresee that the demonstrated

approach can be successfully implemented for controlled delivery of

drugs and cells in living organisms as well as for the design scaffolds

for tissue engineering.

Experimental part

Materials

N-Isopropylacrylamide (NIPAM, Aldrich), 4-hydroxybenzophenone

(Fluka), polycaprolactone (Mn ¼ 70 000–90 000, Aldrich),

Fig. 1 Scheme of capture and release of microparticles by self-rolling microtubes. Thin film of poly(N-isopropylacrylamide-co-4-acryl-

oylbenzophenone) (poly(NIPAM-ABP) and polycaprolactone (PCL)) with admixed magnetic nanoparticles (a) is able to form self-rolling tube and to

encapsulate microparticles at reduced temperature (b). The particle can be released at elevated temperature when the microtube is unrolled (c).

Fig. 2 Microscopy snapshots of encapsulation of microparticles by self-rolling tubes upon cooling. (See ESI†, Movies S1 and S2.)

2634 | Soft Matter, 2010, 6, 2633–2636 This journal is ª The Royal Society of Chemistry 2010



benzophenone (Aldrich) and acryloyl chloride (Fluka) were used as

received.

Synthesis of 4-acryloylbenzophenone (ABP)

4-Hydroxybenzophenone (20 g, 0.1009 mol), diisopropylethylamine

(19.3 ml, 0.1110 mol) and 80 ml of methylene chloride were added into

200 ml three-necked round-bottom flask fitted with an overhead

stirrer, a thermometer, and an addition funnel with acryloyl chloride

(9.02 ml, 0.1110 mol) solution in 20 ml of methylene chloride. The

acryloyl chloride solution was added dropwise into the flask under

cooling (0–5 �C) for ca. 3 hours. The methylene chloride was removed

by rotary evaporation. The residue was washed with 80 ml of 20%

HCl, 80 ml of saturated solution of sodium hydrocarbonate and dried

over sodium sulfate. The solution was passed through a silica gel

column with chloroform as the eluent. Chloroform was removed by

a rotary evaporator. Finally, 24.44 g (95%) of ABP was obtained. 1H

NMR (CDCl3, 500 MHz): 6.05 (dd, J1¼ 10.40, J2¼ 1.26, 1H), 6.34

(dd, J1¼ 10.40, J3¼ 17.34, 1H), 6.64 (dd, J3¼ 17.34, J2¼ 1.26, 1H),

7.27 (m, 2H), 7.49 (m, 2H), 7.59 (m, 1H), 7.80 (m, 2H), 7.86 (m, 2H).

Synthesis of poly-(NIPAM-ABP)

ABP (0.02253 g, 0.089 mmol; 0.04551 g, 0.18 mmol; 0.11737 g,

0.47 mmol), NIPAM (1 g, 0.0885 mol), AIBN (0.01453 g, 0.089

mmol) were added in 10 ml test tubes. Components were dissolved in

6 ml 1,4-dioxane and degassed with nitrogen for 30 minutes. Test

tubes were tightly sealed and placed into a shaker (70 �C, 90 rpm) for

24 hours. Then the mixtures were cooled to room temperature and

poured slowly into diethyl ether. Products were filtered and dried

under vacuum.

Synthesis of magnetic particles

The oleic acid stabilized iron oxide nanoparticles were prepared as

described in ref. 24. Briefly, FeCl3 and FeCl2 were dissolved in 40 ml

of deionized water. The solution was heated at 80 �C for 1 h while

being stirred. A solution of 0.1 ml oleic acid in 5 ml acetone was

added to the heated salt solution. Then 5 ml of NH4OH (30% w/w)

were added rapidly to it. Further additions of oleic acid were made

in five 0.2 ml (undiluted) volumes over 5 min intervals. The crystal

growth was allowed to proceed for 30 min at 80 �C with constant

stirring. The suspension was then cooled to room temperature. The

suspended particles were flocculated by acetone and were washed

five times with acetone and methanol mixture (equal volumes) to

remove the excess oleic acid and were recovered by magnetic

decantation.

Preparation of self-rolling tubes

In a typical experiment, poly(NIPAM-ABP) was spin-coated from its

chloroform solution on silica wafer substrate. Polycaprolactone with

2–5 mass% of benzophenone was spin-coated from toluene solution

on poly(NIPAM-ABP) film. The bilayer film was illuminated

through TEM grid by halogen lamp for 15 min to crosslink polymers.

The illuminated film was rinsed in chloroform in order to remove

polymers in non-irradiated areas.
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We report on the protein-resistant properties of glass substrates coated with novel copolymers of 2-aminoethyl
methacrylate hydrochloride and poly(ethylene glycol) methyl ether methacrylate (AEM-PEG). In comparison to
currently available protein-blocking polymer systems, such as poly-L-lysine-poly(ethylene glycol), silane-based
poly(ethylene glycol), and poly(ethylene glycol) brushes prepared by surface-initiated polymerization, the proposed
AEM-PEG offers the combined advantages of low cost, simplicity of use, and applicability in aqueous solutions.
We demonstrate the capability of AEM-PEG to block the surface binding of globular proteins (tubulin), their
assemblies (microtubules), and functional motor proteins (kinesin-1). Moreover, we demonstrate the applicability
of AEM-PEG for surface patterning of proteins in microfluidic devices.

Introduction

Reducing the nonspecific adsorption of proteins on surfaces
is important for biomedical, bioanalytical, and bionanotechno-
logical applications.1-6 Currently, poly(ethylene glycol) (PEG)
based polymers with different architectures are widely used for
this purpose. The methods to immobilize PEG on different
substrates include the grafting or adsorption of functionalized
PEGulating agents and surface-initiated polymerization.7-12

Among these methods, the ones that can be easily utilized in
an aqueous environment for lab-on-chip systems deserve
particular interest. For example, graft copolymers of poly-L-
lysine (PLL) with PEG side chains (PLL-PEG) were shown to
adsorb from biological buffer solutions onto a variety of
substrate materials including glass and metal oxides.13,14

Thereby, the positively charged PLL backbone sticks to the
negatively charged substrates (providing stability for the ad-
sorbed layer) and the PEG side chains stretch away from the
surface (forming the protein-resistant layer). However, despite
the widely demonstrated applicability of PLL-PEG for surface
blocking, for generating of protein patterns and gradients, as
well as for cell adhesion studies,15,16 PLL-PEG is rather
expensive.

Here we report on the synthesis and the investigation of the
protein-repellent properties of a low-cost PLL-PEG analog. In
particular, we prepared random copolymers of 2-aminoethyl
methacrylate and poly(ethylene glycol) methyl ether methacry-
late (AEM-PEG, Figure 1). AEM-PEG comprises a positively
charged backbone and PEG side chains, thus, mimicking the
structure of PLL-PEG. We tested the protein-resistant properties
of glass substrates modified by AEM-PEG and compared our
results to surface blockings based on PLL-PEG as well as silane-
based poly(ethylene glycol) (silane-PEG).17

Experimental Section

Chemicals. 2-Aminoethyl methacrylate hydrochloride (AEM, Al-
drich), 2,2′′-azobis(2-methylpropionitrile) (AIBN, Fluka), N,N-dimeth-
ylformamide (DMF, Fluka), PLL(20)-g(3.2)-PEG(5) (Surface Solutions,
batch SZ24-3, 20.6.2005), and 2-[methoxy(polyethyleneoxy)propyl]
trimethoxysilane (ABCR) were used as received. The poly(ethylene
glycol) methyl ether methacrylate, Mn ) 475 (PEG475, Aldrich), and
poly(ethylene glycol) methyl ether methacrylate 50% water solution,
Mn ) 2080 (PEG2K, Aldrich), were purified by passing through an
Al2O3 column.

Fabrication of Silane-PEG Substrates. Piranha-cleaned glass
substrates were incubated in 2.3 mg/mL toluene solution of 2-[meth-
oxy(polyethyleneoxy)propyl]trimethoxysilane for 18 h. The substrates
were rinsed several times in toluene, ethanol, and pure water.

Synthesis of AEM-PEG Copolymers. Poly(ethylene glycol) methyl
ether methacrylate (1 g) with different molecular weights, a variable
amount of 2-aminoethyl methacrylate hydrochloride, and 2 mg of AIBN
were dissolved in 5 mL of water/DMF 1:1 mixture. Polymerization
was performed under a nitrogen atmosphere for 24 h. The resulting
polymer solution was diluted to a concentration of 1 mg/mL and used
for further experiments. Obtained polymers were defined as AEMR-
PEG�, where R is the molecular weight of PEG side chains (475 stands
for 475 g/mol, 2080 stands for 2080 g/mol), and � is the mass of AEM
in milligrams used for the synthesis of polymers For example, sample

* To whom correspondence should be addressed. Current address: Leibniz
Institute of Polymer Research Dresden e.V., Hohe Str. 6, D-01069 Dresden,
Germany. E-mail:ionov@ipfdd.de; ionov@mpi-cbg.de.

† Max-Planck-Institute of Molecular Cell Biology and Genetics.
‡ Leibniz Institute of Polymer Research Dresden e.V.

Figure 1. Characteristics of poly(ethylene glycol) methyl ether
methacrylate and 2-aminoethyl methacrylate hydrochloride (AEM-
PEG). (a) Chemical structure of AEM-PEG. The number of monomer
units are denoted by x and y and the length of the PEG side chains
is given by n. (b) Schematic representation of AEM-PEG adsorption
onto negatively charged surfaces.
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PEG2K-AEM6.5 was prepared using 1 g of poly(ethylene glycol)
methyl ether methacrylate (Mn ) 2080 g/mol) and 6.5 mg of
2-aminoethyl methacrylate hydrochloride. Degree of polymerization was
estimated by SEC using dimethylacetamide as eluting solvent. For
determination of composition we applied NMR (CDCl3). We found
that NMR spectra of copolymers as prepared (no purification after the
synthesis) and after dialysis against water for 7 days are quantitatively
similar. In fact, the ratio between peaks corresponding the PEG side
chains (δ ≈ 3.65) and AEM groups (δ ≈ 3.65 and δ ≈ 3.4) did not
change after dialysis.

Polymer Adsorption Experiments. Glass coverslips or silica wafers
cleaned in piranha solution (H2SO4 and H2O2 2:1) at 70 °C for 40 min
and were used as substrates. Narrow channels (3 × 18 × 0.1 mm)
were fabricated between the cleaned glass coverslips and formed the
flow cells for further experiments. The channel was filled with PEG-
AEM copolymers solution (1 mg/mL in pure water). After about 10
min the channel was rinsed with BRB80 (80 mM PIPES/KOH pH )
6.9, 1 mM EGTA, 1 mM MgCl2) buffer.

Adsorption of Microtubules and Tubulin. Taxol-stabilized,
rhodamine-labeled microtubules (∼30 nM tubulin, 1 mM ATP, 1 mM
MgCl2, 10 µM Taxol, and oxygen scavenger mix; all in BRB80 buffer)
were prepared as described elsewhere.2 Unpolymerized tubulin was
not removed. The substrates were exposed to the microtubule/tubulin
solutions for 5 min. Afterward, not-adsorbed microtubules and tubulin
were removed by rinsing with BRB80 (containing 10 µM Taxol).

Microtubule Motility Experiments. Motility experiments were
performed in flow channels with adsorbed polymers. A casein-
containing solution (0.5 mg/mL in BRB80) was perfused into the flow
cell and allowed to adsorb to the surfaces for 5 min. Next, 50 µL of a
motor solution containing 2 µg/mL wild-type kinesin-1 in BRB80 (full
length drosophila conventional kinesin expressed in bacteria and purified
as described in ref 18) was perfused into the flow cell and allowed to
adsorb for 5 min. Thereafter, a motility solution containing rhodamine-
labeled taxol-stabilized microtubules2,19 was applied.

Ellipsometry. The thickness of the polymer layers was measured
at λ ) 633 nm and an angle of incidence of 70° (in dry state) and of
68° (in specially designed cell for in situ measurements) with a null-
ellipsometer (Multiscope, Optrel Berlin) as described elsewhere.20,21

The density of PEG-side chains in the polymer layer adsorbed on the
glass (ΓPEG) and the distance between individual PEG chains on the
surface (D) were calculated using eqs 1 and 2, respectively:

ΓPEG(mg/m2) ) H · F · (1 - �AEM
mass ) (1)

D(nm-1) ) � MPEG

ΓPEG·NA
(2)

where H is the dry thickness of the adsorbed polymer layer, F is the
bulk mass density of polymer, �AEM

mass is the mass fraction of AEM, MPEG

is the molecular weight of PEG, NA is Avogadro’s number.
Fluorescence Microscopy. Fluorescence images were obtained using

an Axiovert 200 M inverted microscope with a 20× objective (Zeiss,
Oberkochen, Germany) equipped with a FluoArc lamp. For data
acquisition a standard TRITC filterset (excitation: HQ 535/50; dichroic:
Q 565 LP; emission: HQ 610/75, Chroma Technology) in conjunction
with a Micromax 512 BFT camera (Photometrics, Tucson, AZ) and a
MetaMorph imaging system (Universal Imaging, Downingtown, PA)
were used.

Electrokinetic Measurements. The streaming potential measure-
ments were carried out with the Electrokinetic Analyzer (EKA) by
Anton Paar GmbH, Graz, Austria, using a special rectangular cell
(developed and constructed at the Leibniz Institute of Polymer Research,
Dresden, Germany) for small flat pieces. Details of the measuring
technique and the used device are reported elsewhere.22,23 The zeta
potential was calculated according to Smoluchowski.24

Results and Discussions

Adsorption of Polymers. Two series of AEM-PEG copoly-
mers with different lengths of the PEG side chains (Figure 1)
were synthesized using free radical polymerization. The obtained
copolymers were denominated as AEMR-PEG�, where R is the
mass of AEM in milligrams per gram of PEG monomer used
for synthesis and � is the molecular weight of the PEG (in
g/mol). The degree of polymerization varied between 600-1000
monomer units. While the obtained polymers were all water
soluble, increasing the fraction of AEM resulted in gelation of
the polymer water solutions.

We studied the adsorption of AEM-PEG copolymers on
negatively charged glass surfaces (IEPGLASS ) 2; Figure 2). It
was found that the thickness of the adsorbed polymer layers as
function of the composition exhibited a peak-like character
(Figure 2a and b).25,26 The incorporation of small amounts of
positively charged AEM groups in the polymer chains first
resulted in a sharp increase of the polymer adsorption. This
behavior indicates that a minimum number of positively charged
groups per chain are required for sustained polymer adsorption
to the surface. On the other hand, at larger AEM amounts the
layer thickness decreased due to the lower number of PEG side
chains per polymer molecule. Importantly, this decrease was
not linear. We believe that this nonlinearity results from internal
electrostatic repulsions of AEM groups (leading to an increased
footprint of the polymer coils on the surface) and from
repulsions between the charged polymer coils themselves.

We calculated the distances between individual (AEM-bound)
PEG chains on surface and compared these values to the
gyration radii of PEG chains of similar molecular weight (Figure
2d). The distance was found to be minimal for the polymers
AEM3.2-PEG475 and AEM3.2-PEG2080. It is important to note
that these minimal distances were almost equal to the gyration
radii of free PEG chains with similar molecular weight27 in
aqueous environment. This indicates that, although the (AEM-
bound) PEG chains are not in the brush regime, they completely
shield the glass substrate.

Zeta potential measurements proved the substrate shielding
by the adsorbed polymers. While the glass substrate was strongly
negatively charged (� ) -60 mV at pH ) 5), the adsorbed
AEM-PEG polymers reduced the negative charge. The most
pronounced reduction in surface charge was observed for
AEM3.2-PEG2080 and AEM230-PEG475 (Figure 3). In these
cases, the glass substrates were almost uncharged. Considering
the low thickness of the adsorbed AEM230-PEG475 layer (see
Figure 2b), we can assume that the main reason for the charge
reduction is the large amount of AEM in the polymer chains.
On the other hand, the adsorbed AEM3.2-PEG2080 layer was
significantly thicker and the reduction in surface charge was
most likely caused by the formation of a relatively dense PEG
layer (see Figure 2b and d).

Combining the results on polymer adsorption, we predict that
AEMR-PEG2080 copolymers with R in the range from 1.6 to
6.5 will most efficiently prevent the surface adsorption of
proteins. These polymers form the thickest and the densest PEG
layers, while at the same time, they completely reduce the
negative surface charge.

Protein Adsorption. We tested the adsorption of fluores-
cently labeled proteins to AEM-PEG coated surfaces on the
examples of tubulin (globular protein with a size of about 5
nm) and in vitro reconstructed microtubules (protein assemblies
with a diameter of about 25 nm and lengths of several tens of
µm; Figures 4 and 5). In addition, we investigated the binding
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of unlabeled kinesin-1 motor proteins, which the presence on
the surface was probed in microtubule gliding assays (Figure
6).

When applying a solution containing rhodamine-labeled
microtubules and unpolymerized rhodamine-labeled tubulin to
glass surfaces treated with AEM6.5-PEG2080 (Figure 4a) and
AEM3.2-PEG2080 (Figure 4b), we observed very low protein
binding comparable to a glass surface treated with silane-PEG
(Figure 4c). Surprisingly, we found PLL(20)-g(3.2)-PEG(5) to
be rather inefficient in surface blocking (Figure 4d), comparable
to untreated (piranha-cleaned) surfaces without polymers (Figure
4e) and surfaces treated with AEM-PEG copolymers with high
amounts of AEM (images not shown). On those samples,
microtubules were not prevented from binding to the surface
and a significantly increased fluorescent background signal
originating from unpolymerized tubulin was observed. We
believe that the sticking of microtubules on the PLL-PEG coated

glass substrate is due to the high density of accessible positively
charged lysine groups. On the other hand, as it was reported by
Textor et al.14 and by Vogel et al. in16 the optimization of the
length of PEG side chains and the composition of PLL-PEG
allows for very efficient blocking of adsorption of model proteins
and kinesin motor proteins.

Varying the polymer composition, we found that, for all AEM
amounts, copolymers with longer PEG chains (� ) 2080) more
efficiently suppressed protein adsorption than shorter PEG chains
(� ) 475; Figure 5). For compositions with R < 32, independent
of the actual AEM amount, no binding of microtubules was
observed and the amount of bound tubulin was low.

To further demonstrate the efficiency of surface blocking,
we adsorbed kinesin-1 motor proteins28 on different PEG-
modified surfaces and assayed the gliding motility of microtu-
bules.29 We found that microtubules (i) were gliding (with
normal speed of 800 nm/s) on untreated glass surfaces without
polymers, (ii) got stuck immotile on PLL-PEG-coated glass
surfaces, and (iii) did not bind at all to glass surfaces coated
with AEM6.5-PEG2080, AEM3.2-PEG2080, and silane-PEG
coated glasses.

We also tested the protein-repellent properties of the polymer
layer after treatment in different environment. For this we
applied PBS, pH ) 7.4, 100 µm, BRB 80, pH ) 6.9, buffers as
well as organic solvents (ethanol and acetone). We found the
protein-repellent properties of the polymer layer are kept after
exposure to these media.

Surface Patterning. Finally, we tested the applicability
AEM-PEG copolymers for surface structuring in microfluidic
devices. In a flow cell formed between two glass coverslips,
we filled half of the channel with a AEM6.5-PEG2080 solution.
After incubation for 10 min, the solution was removed and
replaced by a motility solution containing kinesin-1 motor

Figure 2. Surface adsorption of AEM-PEG to glass. (a and b) Two different representations of the thickness of adsorbed AEMR-PEG2080
(green) and AEMR-PEG475 (red) copolymers as function of their composition. (c) Calculated grafting density and (d) distance between individual
(AEM-bound) PEG chains vs AEM-PEG composition. For comparison, the thickness (dashed lines in a and b) and the grafting density (dashed
line in c) of adsorbed PLL(20)-g(3.2)-PEG(5) layers are plotted. Moreover, the gyration radii of PEG with molecular weights of 500 g/mol and
2000 g/mol in water (red and green lines in d) are given for reference.

Figure 3. Zeta potential of glass surfaces with adsorbed PEG-AEM
copolymers at pH ) 5 and 1 mM KCl.
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protein. In microtubule motility assays we then observed a well-
defined border between the untreated and the formerly polymer-
covered areas.

In conclusion, we designed novel polymers, which are highly
suitable to prevent the adsorption of proteins on glass surfaces.
The proposed polymers show unique combination of advantages
(such as low price, simplicity of use, applicability in water
solutions) over widely used PLL-PEG, silane-PEG, and PEG
brushes prepared by surface-initiated polymerization. We believe
that these advantages will make the developed polymers

attractive for many future applications including the chemical
structuring of surfaces in microfluidic devices and the design
of bioanalitical chips in general.
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Abstract: We report a novel approach for the temperature-triggered development of water-soluble photoresists
based on photocleavable poly(N-isopropylacrylamide) copolymers. These copolymers are soluble in an aqueous
environment below their Lower Critical Solution Temperature (LCST). Upon UV irradiation, the photocleavable
groups are deprotected resulting in an increased LCST. Thus, the illuminated parts of spin-coated copolymer
layers dissolve at higher temperatures than the surrounding areas, leading to pattern development. The
photoresist can finally be completely removed at low temperature. We demonstrate the applicability of this novel
photolithographic approach by the patterning of fluorescent proteins.

Development of photopatterning technology is of impor-
tance for microelectronics,1 sensor design,2,3 microfluidics,4,5

biotechnology,6-8 bioanalytics,9,10 and tissue engineering.11

Thereby, different compounds undergoing photoinduced
degradation12 or cross-linking13 are implemented as photo-
resists for fabrication of structured surfaces. In fact, the
design of photosensitive compounds determines the ap-
plicability of any particular sort of photolithography. For
example, water-soluble photoresists12,14 are of particular
interest for the in situ patterning of proteins and cells15-17

under biologically relevant conditions. Recently, various
photoresists that are water-soluble and can be developed in

an aqueous environment have been designed. However, most
of them undergo immediate development upon illumination.
This causes an undesired contamination of the surrounding
due to the uncontrolled release of dissolved photoresists.

Here, we demonstrate a novel approach for the design of
photoresists which can be fully processed in aqueous environ-
ment but which development is triggered by temperature. Our
design is based on random copolymers of poly(N-isopropy-
lacrylamide) (PNIPAM) with photocleavable groups. In an
aqueous environment, PNIPAM (homopolymer) reversibly
changes its solubility at the Low Critical Solution Temperature
(LCST ) 33 °C). Due to its thermoresponsive properties,
PNIPAM has been already applied for cell culturing,18 directed
protein adsorption,19 control of biomolecular motors,20 protein
purification,21 and drug delivery.22 In our approach, we in-
corporated hydrophobic 2-nitrobenzyl photocleavable groups
into the PNIPAM chains and prepared random poly(2-nitroben-
zyl acrylate-co-N-isopropylacrylamide) copolymers (poly(NIPAM-
NBA)) resulting in a lowered LCST. Upon UV irradiation, the
LCST of the copolymers increases due to the formation of
poly(acrylic acid-co-N-isopropylacrylamide) (poly(NIPAM-
AA)). Consequently, when photostructured copolymer layers
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are cooled down from a high temperature (where they are
insoluble), poly(NIPAM-AA) and poly(NIPAM-NBA) dissolve
in a sequential manner.

We have synthesized poly(NIPAM-NBA) with different
fractions of photocleavable comonomer as described elsewhere7

and investigated its thermoresponsive behavior in an aqueous
environment (Figure 1). We found that the incorporation of
nitrobenzyl acrylate reduced the LCST23 by more than 20 °C.
The conversion of hydrophobic nitrobenzyl acrylate groups into
carboxylic acid occurred upon irradiation with UV light (Figure
1a). The LCST of the polymer thereby significantly increased
due to the formation of hydrophilic groups. This remarkable
change in the thermoresponsive behavior of PNIPAM-based
copolymers after UV irradiation, in combination with the
possibility to deposit it onto substrates from aqueous solutions,
allows their use as photoresists with thermotriggered development.

The general concept of this novel type of photolithography
using PNIPAM-based photoresists is illustrated in Figure 2. A
thin film of poly(NIPAM-NBA) (Figure 2a) is deposited on a
substrate and irradiated with UV light through a mask at elevated
temperature (Figure 2b). Reducing the temperature slightly
below the LCST of the poly(NIPAM-AA) leads to pattern
development in the biological buffer (Figure 2c). While proteins
can bind to the patterned surface everywhere (Figure 2d),
proteins adsorbed to the top of the photoresist are removed by
lowering the temperature below the LCST of the poly(NIPAM-
NBA) (Figure 2e).

To experimentally demonstrate the thermotriggered develop-
ment of the PNIPAM-based photoresist, we spin-coated 100-150
nm thick films of poly(NIPAM-NBA) (6 mol % of NBA, Mw

) 114 000; PDI ) 1.7, LCST ) 6 °C) with an admixed small
amount of fluorescent nanoparticles24 on a glass substrate.

Illumination with the UV light through a mask caused the
photocleavage of nitrobenzyl groups and changed the optical
properties of the photoresist. As a result, the contrast between
illuminated and nonilluminated areas could be detected using
epi-fluorescence microscopy (Figure 3a). The illuminated
polymer was removed by rinsing in PBS buffer at 25 °C (below
LCST of poly(NIPAM-AA) which is T ) 55 °C) leading to
pattern development (Figure 3b). The photoresist pattern was
completely removed by rinsing in cold PBS buffer at 4 °C
(below LCST of poly(NIPAM-NBA) which is 6 °C) (Figure
3c).

We quantified the thickness of the photoresist layer on each
step of processing using null-ellipsometry. For this, we spin-
coated a thin layer of the photoresist (87 nm) onto a silicon
wafer and illuminated half of the film with UV light for 10
min. After 20 min of development in PBS buffer at room
temperature (corresponds to Figure 2c and 3b), we found that
the thickness of the photoresist in illuminated areas was reduced
down to 0.1 nm, while the thickness in nonilluminated areas
was reduced only slightly (down to 72 nm). After additional
rinsing in PBS buffer at T ) 4 °C for 20 min, the thickness
of the photoresist in nonilluminated areas was completely
removed; the thickness was reduced down to 0.1 nm. In
agreement with the results of null-ellipsometry, fluorescence
microscopy shows that the amount of photoresist in nonillumi-
nated areas is slightly reduced after development at room
temperature (reduce of fluorescence after development, Figure
3a and b). Moreover, fluorescence intensity in developed areas
is almost equal to that after complete removal of the photoresist
(Figure 3b and c). Thus, we can argue that the photoresist film
can be completely removed both in the illuminated areas after
development at room temperature and in the nonilluminated
areas at reduced temperature.

We tested the potential of our method for the in situ
photoresist development in microfluidic devices. For this,
fluorescent neutravidin-coated 200 nm large beads were ad-
sorbed on poly(NIPAM-NBA) (with 1 mol % of NBA) from
an aqueous environment at temperature T ) 35 °C (above the
LCST of the deprotected poly(NIPAM-AA), see Figure 1b). The
polymer layer was then illuminated through a 100× oil objective
(1.4 numerical aperture) by UV light. We observed that
the particles stayed attached to the illuminated polymer if the
surrounding temperature was higher than the LCST of
poly(NIPAM-AA) (Figure 4a; note that due to photobleaching
the fluorescent beads in the illuminated area appear slightly
dimmer than those in the surrounding area.). The illuminated
polymer dissolved, and the fluorescent beads were released after
the temperature was reduced below the LCST of the photo-
deprotected polymer (Figure 4b). Further cooling down to T )
8 °C removed the photoresist completely (Figure 4c).25 This
experiment demonstrated the possibility for in situ patterning
using poly(NIPAM-NBA) photoresists.

Finally, we demonstrated the applicability of the developed
method for protein patterning. Poly(NIPAM-NBA) (with 6 mol
% of NBA and admixed red-fluorescent CdSeS quantum dots,
as tested in the experiment illustrated in Figure 3) was used as
a photoresist. After illumination through a mask and develop-
ment at moderate temperature (T ) 30 °C), fluorescent casein

(23) The LCST of all polymers were measured in PBS 100 mM buffer,
pH ) 7.

(24) Nanoparticles were used to make the polymer fluorescent and
detectable using fluorescence microscopy. The CdSeS nanocrystals
were kindly provided by Dr. A. Rogach (LMU).

(25) We note that the efficient development of photoresist inside a narrow
channel occured at lower temperatures than the LCST of poly(NIPAM-
AA). This finding can be attributed to slow polymer dissolution
because no stirring was applied and the process was limited by
diffusion.

Figure 1. Properties of photocleavable PNIPAM copolymers. (a) Schematic
conversion of poly(NIPAM-NBA) into poly(NIPAM-AA) upon UV ir-
radiation. (b) Thermoresponsive behavior (Low Critical Solution Temper-
ature, LCST) of poly(NIPAM-NBA) (0) and poly(NIPAM-AA) (b) in PBS
100 mM buffer (pH ) 7) as a function of copolymer composition.
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(10 mg/mL) was adsorbed to the patterned surface. The unbound
casein was then washed out by rinsing in warm PBS buffer (T
) 30 °C),26 and the residual photoresist was removed by rinsing
in cold PBS buffer (T ) 4 °C). The thickness of the casein
layer as measured by null-ellipsometry is 2.4 nm. We observed
a clear pattern of fluorescent casein (green) on the surface
(Figure 5a) and a minor residual red signal in the areas which
were covered by the photoresist (Figure 5b). On the other hand,
we did not observe the red signal if the experiment was
performed using the polymer without added fluorescent nano-
crystals (images are not shown). Therefore, we attribute the red
signal in the areas previously occupied by the nonilluminated
photoresist to precipitation of water-insoluble fluorescent nano-
particles, which were added to photoresist.24

Because carboxylic groups are formed upon illumination of
poly(NIPAM-NBA), we expect that our thermoresponsive photo-
resist can demonstrate pH-dependent development similarly to the
pH-sensitive photoresist developed by Irvine.15 Therefore, our
photoresist can be used in the same way as it was suggested by
Irvine: it can be deposited onto a positively charged substrate and
form a bilayer after patterning.15 On the other hand, since negatively
charged glass was used as the substrate, the photoresist could be
completely removed in illuminated areas after pattern development

at moderate temperature and in nonilluminated areas after additional
rinsing at low temperature. In contrast to the photoresist developed
by Irvine, our photoresist can be developed by applying different
temperatures.

In conclusion, we developed a novel approach for the design
of environment-friendly (water-soluble/water-developing) pho-
toresists with stimuli-triggered development based on photo-
cleavable copolymers of poly(N-isopropylacrylamide). The
proposed photoresists possess a unique combination of advan-
tages: (i) they are soluble in biological buffers, (ii) their
photocleaved products are soluble in an aqueous environment
as well, and (iii) their development is triggered by temperature
in physiological buffer in a controllable way and no change of
pH is required. We demonstrated the applicability of the
presented method for in situ patterning inside microfluidic
channels and for protein patterning on surfaces. We foresee a
strong potential of our method for patterning and harvesting
proteins, particles, and cells in microfluidic devices, where all
procedures have to be performed in biological buffers.

Experimental Section

Materials. N-Isopropylacrylamide (NIPAM, Aldrich), acetone
(Aldrich), anhydrous dichloromethane (Aldrich), triethylamine
(Fluka), 2-nitrobenzyl alcohol (Fluka), acryloyl chloride (Fluka)
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDTA, Aldrich),(26) Warm buffer was used to prevent further pattern development.

Figure 2. Scheme of photopatterning using PNIPAM-based photoresists with temperature-triggered development. Thermoresponsive poly(2-nitrobenzyl
acrylate-co-N-isopropylacrylamide) is deposited as photoresist onto a substrate (a). Illumination of the photoresist (b) results in photocleavage of nitrobenzyl
acrylate groups, increasing the LCST. After the photoresist pattern is developed at slightly lower temperature (c), proteins are adsorbed (d). The photoresist
(together with the proteins on top) can be completely removed in aqueous environment at low temperatures (e).
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ethyl-2-bromoisobutyrate (EBiB), ethylenediamine (ED, Fluka),
anhydrous dichloromethane (Aldrich), 2-bromo-2-methylpropanoyl
bromide (BMPB, Aldrich), triethylamine (Fluka), L-ascorbic acid
(Sigma), and copper bromide (Aldrich) were used as received.

Synthesis of 2-Nitrobenzyl Acrylate (NBA). 3 g (1.9 × 10-2

mol) of 2-nitrobenzyl alcohol and 2.1 g (2 × 10-2 mol) of
triethylamine were dissolved in 20 mL of anhydrous dichlo-
romethane, and 1.7 mL (2 × 10-2 mol) of acryloyl chloride were
added dropwise to the resulting solution. Stirring continued for 1 h.
After filtering out the resulting salt, the filtrate was concentrated
and purified by column chromatography (packed material: silica

gel; eluent: hexane/ethyl acetate ) 10/1). Thus, 2.7 g of an oily
liquid were recovered and confirmed to be 2-nitrobenzyl acrylate
by NMR spectroscopy. δ ) 5.6 (s, 2H), δ ) 5.8-6.5 (m, 3H), δ
) 7.1-8.1 (m, 4H).

Synthesis of Poly(NIPAM-NBA) Copolymers. The poly(NIPAM-
NBA) copolymer with 6 mol % of NBA was prepared according
to the following procedure. N-Isopropylacrylamide (4 g, 3.5 × 10-2

mol), 2-nitrobenzyl acrylate (465 mg, 2.25 × 10-3 mol), and EBIB
(8 mg, 4.1 × 10-5 mol) were dissolved were dissolved in 6 mL of
acetone solution of CuBr2 (0.4 mg, 1.8 × 10-6 mol) and PMDTA
(0.31 mg, 1.8 × 10-6 mol). The reaction solution was added to the

Figure 3. Fluorescence micrographs of poly(NIPAM-NBA) photoresist (% NBA ) 6 mol %; Mw ) 114 000; PDI ) 1.7; LCSTpoly(NIPAM-NBA) ) 6 °C;
LCSTpoly(NIPAM-AA) ) 55 °C) with admixed fluorescent CdSeS nanocrystals16 at different stages of processing: (a) after illumination; (b) after development
at 25 °C; and (c) after cooling to 4 °C.

Figure 4. Fluorescence micrographs of in situ temperature-triggered development of poly(NIPAM-NBA) photoresist (% NBA ) 1 mol %;
LCSTpoly(NIPAM-NBA) ) 25 °C; LCSTpoly(NIPAM-AA) ) 29 °C; Mw ) 25 000; PDI ) 1.5) at different temperatures.
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tube and sealed with a rubber septum; a solution of L-ascorbic acid
(18 mg, 1 × 10-4 mol) in water (0.5 mL) was injected. The vial
was placed in a 70 °C oil bath. The polymerization was carried
out under stirring and was stopped after 4 h. The polymer was
precipitated in diethylether. The copolymers with different com-
position were prepared using a similar route. The LCST of polymers
was measured in PBS 100 mM buffer, pH ) 7.

Fluorescent Microscopy. Fluorescence images were obtained
using an Axiovert 200 M inverted microscope with a 10× objective
(Zeiss, Oberkochen, Germany) equipped with a FluoArc lamp. For
data acquisition a standard TRITC filterset (excitation: HQ 535/
50; dichroic: Q 565 LP; emission: HQ 610/75, Chroma Technology)

and FITC filterset (excitation: HQ 480/40, dichroic: Q 505 LP,
emission: HQ 535/75, Chroma Technology, Rockingham, VT) in
conjunction with a Micromax 512 BFT camera (Photometrics,
Tucson, AZ) and a MetaMorph imaging system (Universal Imaging,
Downingtown, PA) were used.

Acknowledgment. Petra Treppe (IPF Dresden) is acknowledged
for technical support. This work was supported by the BMBF (Grant
03N8712), the Volkswagen Foundation, and the Max-Planck-
Society.

JA902660S

Figure 5. Fluorescence micrographs of a FITC-casein pattern obtained by photolithography using poly(NIPAM-NBA) (% NBA ) 6 mol %; Mw ) 114 000;
PDI ) 1.7; LCSTpoly(NIPAM-NBA) ) 6 °C; LCSTpoly(NIPAM-AA) ) 55 °C) photoresist with added CdSeS fluorescent nanocrystals. (a) Signal of FITC-casein
(green) and (b) signal of poly(NIPAM-NBA) with admixed CdSeS quantum dots with partial cross-talk from the FITC-casein and from precipitated fluorescent
nanocrystals (red).
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We report the synthesis of nanostructured stimuli-responsive

polymer brushes using atom transfer radical polymerisation

initiated on protein filaments of the cytoskeleton. In particular, we

used microtubules and prepared thermoresponsive poly-(N-iso-

propylacrylamide) brushes with incorporated fluorescent groups.

The use of microtubules as templates for fabrication of ‘‘soft’’

polymeric nanostructures on surfaces opens new possibilities for the

design of functional materials.

Nanostructured surfaces are of growing interest for information

storage,1 microfluidics,2 design of smart materials,3 biotechnology,4

microelectronics,5 photonic applications6 etc. Thereby, the use of

biological objects as templates for the design of the nanostructures

offers a range of advantages.7 In particular, selective molecular

recognition and proof-reading during the build-up of biomolecules

can provide a high degree of uniformity in the possible structures.

Different biomacromolecules and their assemblies including DNA,

viral capsids, cytoskeleton filaments and protein crystals were

successfully applied as templates for the fabrication of inorganic

nanostructured materials (see recent review7). On the other hand,

design of functional organic nanostructures8–10 using biotemplating is

still an almost unexplored field.

Microtubules, which are cylindrical protein filaments with outer

diameters of about 24 nm and lengths up to tens of micrometres,

deserve a particular interests as templates.11–14 First, microtubules

can be easily formed by self-assembly of tubulin dimmers.

Second, microtubules are able to form segmented structures with

different functionality in a controlled manner.15 Third, a number of

approaches to control position as well as orientation of microtubules

on artificial substrates are available.16–20 This makes microtubules

highly promising for templated synthesis of complex materials.

Here, we demonstrate the fabrication of stimuli-responsive

nanopatterned polymer brushes using microtubules as templates. In

particular, we report on the ‘‘grafting from’’ synthesis of thermores-

ponsive poly-(N-isopropylacrylamide)—PNIPAM—brushes by

atom transfer radical polymerisation (ATRP) initiated on microtu-

bules. The outer surfaces of microtubules contain reactive amino

groups providing the possibility for chemical modification with

fluorescent and other functional groups. In our approach, we

substituted the amino groups with reactive groups capable of

initiating ATRP and grew polymer chains from surface-adsorbed

microtubules (Fig. 1).

Rhodamine-labelled microtubules (fluorescent emission in the red

wavelength range) were prepared by self-assembly of a,b-tubulin

dimers (see Experimental part). Themicrotubules were then adsorbed

on DDS-coated glass surfaces by perfusing them in buffer solution

through a narrow channel between two glass cover slips. The

adsorbed microtubules were crosslinked by glutaraldehyde, which

reacted with lysine residues and formed chemical links between

neighbouring amino groups (Fig. 2a). Because part of the glutaral-

dehydemolecules did not react bifunctionally with the lysine residues,

the outer surface of the crosslinked microtubules then contained

aldehyde groups. Initiator groups were then immobilized onto

the crosslinked microtubules by sequentially treating them with

2,20-(ethylenedioxy)bis(ethylamine) and bromo-2-methylpropanoyl

bromide (see Experimental part for details). The initiator-modified

microtubules possessed a rod-like shape, which remained unde-

formed after multiple rinsings in different organic solvents (Fig. 2b).

Using the simplified ATRP developed by Matyjaszewski et al.,21 we

demonstrated the polymerisation of N-isopropylacrylamide with

small addition (2 wt%) of fluorescein o-acrylate (Fig. 2c). Most

strikingly, the diameters of the polymer-modified microtubules were

substantially increased and their shape was often deformed.

The role of fluorescein o-acrylate (fluorescent emission in the green

wavelength range) was to make the synthesized polymer brushes

Fig. 1 Schematic diagram of microtubule modification and polymer

grafting. The polymer chains were grown from microtubules that were

adsorbed on a hydrophobic glass substrate and sequentially crosslinked

with glutaraldehyde, amino-functionalised using 2,20-(ethylenedioxy)-

bis(ethylamine) and modified by 2-bromo-2-methylpropanoyl bromide.
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detectable by fluorescence microscopy. Verifying the successful

synthesis of the polymer chains on the microtubule we found that the

originally ‘‘red-fluorescent’’ microtubules became additionally ‘‘green-

fluorescent’’ after polymerisation (Fig. 3).

In order to investigate the structural changes of the microtubule in

detail, we imaged the same area of interest by AFM before and after

the polymerisation (Fig. 4). These measurements revealed that the

contour length of the microtubules increased by up to 100%. On the

other hand, the end-to-end distance of the surface-attached micro-

tubules remained almost unchanged. We attribute the increase of the

contour length to stretching within and between the tubulin dimers

caused by steric repulsions between the grafted polymer chains rather

than to high temperature and interactions with solvents.22

We estimated the grafting densities of the polymer chains per

microtubule length (Glength) and area (Garea) using the following

equations:23

Glength ¼ SSEC

rPNIPAM

Mw

NA (1)

Garea ¼ Glength/CSEC (2)

where SSEC is the cross-sectional area of the polymer-modified

microtubule, rPNIPAM is the polymer mass density,Mw is the weight

averaged molecular weight, NA is the Avogadro constant, and CSEC

is the arc-length over the surface of a given section cut perpendic-

ularly to the microtubule. Thereby SSEC is derived experimentally as

the integrated area of the cross-section of a polymer-modified

microtubule as shown in Fig. 2c (lowest panel). Here, the contri-

bution from the microtubule before the polymerisation is neglected.

CSEC is determined as the circumference of the initiator-modified

microtubule as shown in Fig. 2b (lowest panel). For the estimation

of SSEC and CSEC the AFM curves have been corrected for the

tip radius. We derived grafting densities of Glength z 40 chains nm�1

(Garea z 0.3 chains nm�2) and Glength z 42 chains nm�1 (Garea z
0.32 chains nm�2) for the data presented in Fig. 2 and 4, respec-

tively. The average distance D between grafting sites could then be

calculated by D ¼ G area
�1/2 z 1.8 nm. This value is substantially

smaller than the gyration radius of PNIPAM chains with similar

molecular weights in the collapsed state (Rg z 20 nm).29 Conse-

quently, the polymer-grafted shell can be considered as a brush-

like one.

Fig. 2 Morphology of microtubules at different stages of the modification procedure. AFM images (middle panel) of microtubules (a) after crosslinking

with glutaraldehyde, (b) after immobiliztion of initiator, and (c) after grafting of poly-(N-isopropylacrylamide–fluorescein o-acrylate) (Mn ¼ 69 000 g

mol�1,Mw¼ 152 000 g mol�1). Cross-sections (bottom panel) are given along the paths indicated with the corresponding colour on the AFM images. No

tip-deconvolution was performed.
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We explored the correlation between the grafted amount of

polymer chains and the number of amino acid residues, which were

able to react with a-bromoisobutyryl bromide initiator for the

polymerisation. Microtubules are composed of about 13 protofila-

ments made up of a,b-tubulin dimers (repeat length 8 nm). Each a,b-

tubulin dimer contains 34 lysine, 42 arginine and 50 serine amino acid

residues, corresponding to N z 200 of potential grafting sites

per nanometre of microtubule length. On the other hand, since the

contour length of microtubules increased after polymerisation, the

apparent density of potential grafting sites decreased by a factor of

LC-POL/LC, where LC-POL and LC are the contour lengths of the

microtubules after and before polymerisation. The apparent density

of potential grafting sites NPOL was found to be NPOL ¼ 130 nm�1

(data from Fig. 2) andNPOL¼ 100 nm�1 (data from Fig. 4) meaning

that about Glength/NPOL ¼ 30%–40% reactive amino acid residues

initiated growth of polymer chains23

Finally, we investigated the switching behaviour of the grafted

poly-(N-isopropylacrylamide) brushes in an aqueous environment.

We found that the fluorescence intensity of the polymer chains

(obtained from images as in Fig 3d) gradually decreased with

increasing temperature (Fig. 5), reaching almost zero at the low

critical solution temperature of PNIPAM (T ¼ 33 �C). The reason

for this effect was, most probably, fluorophore quenching by the

collapsed polymer chains24–26 indicating that the polymer chains were

capable of switching. Given the optical resolution of our imaging

system, we did, on the other hand, not detect any morphological

changes of the PNIPAM-decorated microtubules as a result of the

polymer swelling and collapse.

In conclusion, we presented a novel approach for the design of

nanopatterned polymer brushes based on the use of biological

templates. Using microtubules as templates, we fabricated thermor-

esponsive nanopatterned poly-(N-isopropylacrylamide) brushes

which can be further used for design of responsive material systems27

and biomolecular switches.28 We believe that microtubule-based

polymeric materials will be of interest for a variety of nano-

technological and microelectronic applications.

Experimental part

Materials

2,20-(Ethylenedioxy)bis(ethylamine) (Aldrich), glutaraldehyde

(Sigma-Aldrich),N-isopropylacrylamide (NIPAM, Aldrich), acetone

(Aldrich), N,N,N0,N00,N00-pentamethyldiethylenetriamine (PMDTA,

Aldrich), ethyl-2-bromoisobutyrate (EbiB, Aldrich), ethylenediamine

(ED, Fluka), dimethyldichlorosilane (DDS, Fluka), anhydrous

dichloromethane (Aldrich), 2-bromo-2-methylpropanoyl bromide

(BMPB, Aldrich), triethylamine (Fluka), L-ascorbic acid (Sigma),

fluorescein o-acrylate (FA, Aldrich), copper (II) bromide (Aldrich)

were used as received.

Preparation of DDS-coated glasses

Piranha-cleaned glass substrates were treated by DDS (125 mL)

solution in 250 mL of trichloroethylene over a period of 60 min. The

DDS-coated glasses were rinsed several times in methanol and water.

Fig. 3 Epi-fluporescent images of surface-adsorbed microtubules after

immobiliztion of initiator (a: microtubule signal, b: polymer signal) and

after grafting of poly-(N-isopropylacrylamide–fluorescein o-acrylate)

(Mn ¼ 59 000 g mol�1, Mw ¼ 136 000 g mol�1) (c: microtubule signal, d:

polymer signal).

Fig. 4 AFM images of microtubules in the same area of interest before

(a, b) and after (c, d) grafting of poly-(N-isopropylacrylamide–fluorescein

o-acrylate) (Mn ¼ 47 000 g mol�1, Mw ¼ 122 000 g mol�1). No tip-

deconvolution of AFM images was performed.

Fig. 5 Switching of PNIPAM grafted on microtubules. Dependence

of fluorescence intensity of poly-(N-isopropylacrylamide–fluorescein

o-acrylate) brushes on temperature upon heating (open squares, solid

line) and cooling (open circles, dashed line).
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DDS was used to prevent the adsorption of ethylenediamine and

immobilization of initiator on the glass substrate.

Preparation of microtubules

Rhodamine-labelled microtubules were grown from 10 mL of bovine

brain tubulin (4 mg mL�1, mixture of 1 rhodamine-labelled/3 unla-

belled tubulin units) in BRB80 buffer (80 mM potassium PIPES,

pH 6.9, 1 mMEGTA, 1 mMMgCl2) with 4 mMMgCl2, 1 mMMg-

guanosine 50-triphosphate sodium salt, and 5% DMSO at 37 �C.

After 30min, themicrotubules were stabilized and 100-fold diluted in

room-temperature BRB80 containing 10 mM taxol.

Modification of microtubules

Grown microtubules were purified from free tubulin by centrifuging

at 40 000 rpm for 10 min. The supernatant was substituted with

10 mM taxol solution in BRB80 buffer. The microtubules were

perfused and adsorbed in 2 mm wide flow cells self-built from two

DDS-coated coverslips (Corning, 22� 22 mm2 and 18� 18mm2) and

two pieces of double-sided sticky tape (Scotch 3M, thickness 0.1mm).

The non-adsorbed microtubules were washed out by perfusing

10 mMtaxol in BRB80. The 1% and 3% solution of glutaraldehyde in

10 mM taxol in BRB80 were subsequently perfused for 5 min in the

flow cell to crosslink the microtubules. Final crosslinking was per-

formed by 25% water solution of glutaraldehyde over a period of

20 min. The crosslinked microtubules were subsequently treated with

100% 2,20-(ethylenedioxy)bis(ethylamine) for 20 min. The initiator

was immobilized on microtubules from a solution of BMPB (0.96 g,

4.2 � 10�3 mol) and triethylamine (0.72 g, 7 � 10�3 mol) in anhy-

drous dichloromethane (100 mL) over a period of 2 h. The modified

microtubules were rinsed in dichloromethane 2�, ethanol 2� and

dried with nitrogen flux.

Grafting of polymer on microtubules

Polymer was grafted on initiator-modified microtubules as follows:

NIPAM (2 g, 1.75 � 10�2 mol), FA (40 mg, 1 � 10�4 mol), EBIB

(0.65mg, 3.3� 10�6 mol), CuBr2 (0.35mg, 1.6� 10�6 mol), PMDTA

(1.3mg, 8� 10�6 mol) were dissolved in 2ml of acetone. The reaction

solution was added to the tube containing the DDS-glass substrate

with adsorbed initiator-modified microtubules. After the tube was

sealed with a rubber septum, a solution of L-ascorbic acid (18mg, 1�
10�4 mol) in water (0.06 mL) was injected. The vial was placed in

a 70 �C oil bath. The polymerisation was stopped after 1 h. The

polymer obtained in solution was collected by precipitation in diethyl

ether and used for determination of molecular weight. It is believed

that these values should be close to those of the grafted polymer

brushes. The substrates with polymer-modified microtubules were

rinsed several times in hot chloroform and acetone. DMAC–2%

H2O–LiCl (3 g L�1) was used as eluent for GPC.

Epi-fluorescent microscopy

Fluorescence images were obtained using an Axiovert 200M inverted

microscope with a 40� objective (Zeiss, Oberkochen, Germany)

equipped with FluoArc lamp. For data acquisition standard TRITC

(excitation: HQ 535/50; dichroic: Q 565 LP; emission: HQ 610/75,

Chroma Technology) and FITC (excitation: HQ 480/40; dichroic:

Q 505 LP; emission: HQ 535/50, Chroma Technology) filter sets in

conjunction with a Micromax 512 BFT camera (Photometrics,

Tucson, AZ) and aMetaMorph imaging system (Universal Imaging,

Downingtown, PA) were used.

Atomic force microscopy

AFM studies were performed with a Dimension 3100 (Digital

Instruments, Inc., Santa Barbara, CA) microscope. Tapping mode

was used to map the film morphology at ambient conditions.
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1. Introduction

Micropatterned surfaces are widely used for biotechno-

logical applications such as cell culture, bioanalytics, and tissue

engineering.[1–8] Although many approaches exist to fabricate

sophisticated surface patterns, for example based on micro-

contact printing, electron beam lithography, or dip-pen

lithography[1–5,9–11], they are almost entirely limited to produc-

ing fixed patterns that can not be intentionally modified under

physiological conditions. However, patterns that could be

generated or modified on demand in aqueous environment

would tremendously extend the applicability of structured

surfaces. In order to achieve such in-situ treatment in a locali-

zed manner a number of optical[12–15] and electrochemical

techniques have been proposed.[16–19] For example, structured

illumination of a surface containing light-sensitive groups was

used to irreversibly add and remove pattern elements.[14,20]

Reconfigurable optical patterning was shown based on

reversibly-isomerizable chemical groups[13,15] and application

of such surfaces was demonstrated for light-programmed cell

adsorption.[12,13] However, most of the optical strategies use

UV illumination, which is often harmful to biological species.

Here we demonstrate a new method to produce bioactive

surfaces with patterns whose size can be changed in response to

variation of the environmental conditions, rather than local

treatment. Our design is based on the patterned surface-

immobilization of thermoresponsive poly(N-isopropylacrylamide)

(PNIPAM) polymer chains. In aqueous environments, PNIPAM

(homopolymer) chains undergo reversible collapse or swelling

above or below the Low Critical Solution Temperature

(LCST¼ 33 8C), respectively. However, the LCST can be

gradually increased or decreased by incorporation of addi-

tional hydrophobic or hydrophilic comonomers, respectively.

Likewise, the LCST can be tuned by varying the ratio of both

added comonomer types. Using this principle, we fabricated a

surface containing lateral LCST gradients by laying down

opposing gradients of hydrophilic and hydrophobic PNIPAM-

copolymers (Fig. 1a–c). Across this surface, polymers whose

LCST is above or below the actual temperature of the

surrounding were collapsed or swollen, respectively. We further

showed that changes in ambient temperature could alter the size

of the area in which a particular polymer was collapsed or

swollen (Fig. 1d). By embedding functional proteins into the

switchable polymer layers we demonstrated the temperature-

induced size-control of bioactive surface patterns.

2. Results and Discussion

First, we prepared and characterized the thermal behavior

of the different thermoresponsive PNIPAM copolymers.

Random copolymers with hydrophobic tert-butyl acrylate

(tBA) and hydrophilic acrylic acid (AA) comonomers were

synthesized. The hydrophobic tBA monomer units included in

the PNIPAM chains (% tBA¼ 6 mol % in monomer mixture)

reduced the LCST to about 25 8C as measured in a pure

aqueous environment. The tBA was hydrolyzed into hydro-

philic acrylic acid (AA) in an acidic environment (Fig. 2). The

LCST of poly(NIPAM-AA) was found to be 33 8C in a pure
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We present a novel method to produce bioactive surface patterns whose size can be changed in response to a variation of the

environmental conditions, rather than local treatment. Our approach is based on the structured surface-immobilization of

thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) polymer chains with different transition temperatures. We exper-

imentally demonstrate how the size of an area in which a particular polymer is collapsed or swollen can be controlled by ambient

temperature. We show the temperature-induced size-control of a bioactive surface pattern by embedding functional motor

proteins into the switchable polymer layers.
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aqueous environment and 50–65 8C in salty buffer solutions

(points at tBA:AA¼ 0:4 ratio in Fig. 3).

To demonstrate that the LCST of poly(NIPAM-tBA-AA)

copolymers gradually changes with the ratio of hydrophilic

to hydrophobic components, we prepared a series of poly

(NIPAM-tBA-AA) copolymers containing different tBA to

AA ratios. As expected, the LCST decreased gradually as the

tBA to AA ratio increased (Fig. 3). Moreover, the LCST

depended on the ionic strength of the aqueous solution.

Attributable to changing the balance between intramolecular

hydrogen bonds and hydrogen bonds with water[21] an increase

in ionic strength lead to (i) a pronounced increase in the LCST

of PNIPAM copolymers that have AA as the predominant

co-monomer and (ii) a decrease in the LCST for PNIPAM

copolymers that have tBA as the predominant co-monomer.

Next, we fabricated surface-immobilized PNIPAM copoly-

mer layers and investigated their swelling behavior. A

poly(NIPAM-tBA) layer grafted to the surface of the silicon

wafer was prepared using surface-initiated atom-transfer

radical polymerization (see Experimental).[22] The thickness

of the polymer layer in the dry state was hDRY¼ 33 nm, and the

polymer molecular weight was Mw¼ 253000, polymer dis-

persity index PDI¼ 1.8. A poly(NIPAM-AA) layer was

obtained by hydrolysis of the poly(NIPAM-tBA) layer in

methanesulfonic acid.[23] Ellipsometric investigations revealed

that the poly(NIPAM-AA) layer was thicker than the

poly(NIPAM-tBA) layer at both high and low temperatures

as the result of electrostatic repulsions between negatively

charged carboxylic groups (Table 1).

To visually inspect the swelling of both poly(NIPAM-tBA)

and poly(NIPAM-AA) layers in a spatially resolved manner,

we adsorbed fluorescent protein onto the polymer layers and

employed fluorescence interference contrast (FLIC) micro-

scopy.[24] FLIC microscopy is based on interference effects

between the direct excitation and emission light with reflected

light from the surface leading to a periodic modulation of the

detected emission intensity as function of height above the

surface (Fig. 4a). Due to a half wavelength phase shift upon

reflection on the mirror (silica-silicon interface), fluorescent

molecules are almost invisible if located directly on the mirror.

The intensity increases as the distance between the fluorescent

molecules and the mirror grows, and it passes through the

maximum at a distance of about a quarter of a wavelength.

L. Ionov et al. /Controlled Bioactive Surface Patterns

Figure 1. Concept of surfaces with size-controlled patterns. a) and
b) Lateral gradients of thermoresponsive PNIPAM copolymers with hydro-
phobic or hydrophilic groups are formed on the surface. c) The Low Critical
Solution Temperature (LCST) of PNIPAM copolymers changes gradually
with the ratio of hydrophobic to hydrophilic groups. The dashed lines
indicate three examples of ambient temperatures T1, T2, and T3. d) Polymer
chains with an LCST below and above ambient temperatures T1, T2, and T3
are collapsed and swollen, respectively. As a result, the size of the area
containing the collapsed polymer depends on the ambient temperature
and can be reversibly tuned.

Figure 2. Hydrolysis of poly(NIPAM-tBA) copolymer to poly(NIPAM-AA)
in an acidic environment.

Figure 3. The LCST of poly(NIPAM-tBA-AA) copolymers (% tBAþ%AA in
monomer mixture is 6mol%) in different aqueous environments: 80mM
Brinkley Reassembly Buffer (BRB80, pH¼ 6.9), 100mM Phosphate
Bufered Saline (PBS, pH¼ 7.5) and pure water.

1502 www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 1501–1508
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FLIC microscopy thus allows obtaining information about the

vertical position of fluorescent objects in the vicinity to a

reflecting surface with high spatial accuracy.[25,26]. The intens-

ity can be expressed by the following equation:[27]

where, I0 serves as a proportionality factor. Refractive

indices for the PNIPAM layer, PGMA with initiator and SiO2

are represented by nPNIPAM, nPGMA ¼ 1.5 and nSiO2¼ 1.46.

hSiO2¼ 1.4 nm is the oxide thickness, hPGMA ¼ 2.2 nm is the

height of PGMA layer, and h is the height of the fluorophores

above the oxide surface. The reflection coefficient is

represented by rf. A set of optical filters defining the excitation

and emission wavelengths, lEX ¼ 565 nm and lEM ¼ 610 nm,

has been used.

Experimentally, we incubated the polymer layers with

rhodamine-labelled tubulin (1 mg ml�1 in BRB80 buffer) at

T¼ 65 8C. Because, both the poly(NIPAM-tBA) and poly(-

NIPAM-AA) layers were collapsed at this temperature, the

tubulin molecules readily adsorbed onto the polymer sur-

face.[28] Unabsorbed protein was removed by multiple rinsing

in BRB80 buffer at 18 8C where the polymer chains were

swollen. When imaging the surfaces by FLIC microscopy at low

temperature (T< 20 8C, when both polymers were swollen) we

found that the poly(NIPAM-tBA) area was brighter than the

poly(NIPAM-AA) area (Fig. 4b). The opposite behavior was

observed when the polymers were collapsed high temperature

(T¼ 55 8C). We note that this change in fluorescence intensity

mainly originated from the changed distance of the fluorescent

proteins from the surface rather than from desorption or

temperature induced changes in the quantum yield of the

fluorophores.[29] To clarify the differences in the fluorescence

intensities of poly(NIPAM-tBA) and poly(NIPAM-AA) areas

we refer to the polymer layer thicknesses and refractive index

values as measured by ellipsometry (Table 1). Considering

the ellipsometric results, we expected that the intensity of

the collapsed poly(NIPAM-AA) and collapsed poly(NIPAM-

tBA) areas must be relatively low because the h� n values

correspond to a position close to the first minimum on the

FLIC curve (Table 1, Fig. 4c). The h� n values of the swollen

poly(NIPAM-tBA) and swollen poly(NIPAM-AA) areas

correspond to the positions right before and after the first

maximum, respectively, and the apparent fluorescence is

predicted to be strong. Thus the observed degree of

fluorescence in poly(NIPAM-tBA) area is consistent with

our expectation (Fig. 4c and d). The difference between the

expected and observed behavior in the collapsed and swollen

states of the poly(NIPAM-AA) area was likely caused by a

larger thickness of the poly(NIPAM-AA) layer than detected

by ellipsometry.

To directly investigate the switching of the polymer layers by

FLIC microscopy we prepared a flow channel (3 mm�
18 mm� 0.1 mm) between a glass coverslip and the silicon

L. Ionov et al. /Controlled Bioactive Surface Patterns

Table 1. Height h and refractive index n of poly(NIPAM-tBA) and poly
(NIPAM-AA) grafted layers obtained by ellipsometry in BRB80 at different
temperatures. The initial thickness of the poly(NIPAM-tBA) layer in dry
state was hDRY¼ 33 nm.

Polymer T [-C] h [nm] n hT n [nm]

poly(NIPAM-tBA) 16 86.2 1.39 120

55 27.2 1.52 42

poly(NIPAM-AA) 16 118.7 1.37 163

55 46.9 1.44 67

Figure 4. Fluorescent Interference Contrast (FLIC) microscopy of poly(NIPAM-tBA) and poly(NIPAM-AA) surfaces. a) Interference of exciting (black line)
and emitted (gray line) light near a reflecting surface. b) Observed fluorescence of rhodamine-labelled tubulin adsorbed onto poly(NIPAM-tBA) and
poly(NIPAM-tBA) layers in swollen (T< 20 8C) and collapsed (T¼ 55 8C) states. c) and d) h� n values for poly(NIPAM-tBA) (squares) and poly
(NIPAM-AA) (circles) layers in swollen (open symbols) and collapsed (solid symbols) states as measured by ellipsometry (measured height values are
projected onto the theoretical FLIC curve (c) and deduced from FLIC (measured intensity values are projected onto the theoretical FLIC curve (d).

IðhÞ ¼ I0 2 � ð1� rf Þ2 þ 8rf sin
2 2p

lEX
ðnSiO2 � hSiO2 þ nPGMA � hPGMA þ nPNIPAM � hÞ

� �� �

� 2 � ð1� rf Þ2 þ 8rf sin
2 2p

lEM
ðnSiO2 � hSiO2 þ nPGMA � hPGMA þ nPNIPAM � hÞ

� �� �
(1)
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chip with the polymer layer using double-stick tape. The

channel was filled half with water and half with methane-

sulfonic acid. Due to diffusion at the boundary between water

and methanesulfonic acid a gradient of poly(NIPAM-tBA-

AA) was formed amidst the fully hydrolyzed poly(NIPAM-

AA) and the unhydrolyzed poly(NIPAM-tBA) areas. After

about 20 s the channel was rinsed with water from the opposite

side. FLIC images of adsorbed fluorescent tubulin (same

preparation as described above) revealed a strong fluorescent

signal on the poly(NIPAM-tBA) area and a weak signal at the

poly(NIPAM-AA) area at low temperature (T< 20 8C) (Fig. 5a).

At high temperature (T> 508C) the poly(NIPAM-AA)

appeared brighter than the poly(NIPAM-tBA) area. This

behavior was expected from the results shown in Figure 4.

However, most interestingly, a bright, spatially confined band

in the poly(NIPAM-tBA-AA) gradient area was detected at

temperatures between 21 8C and 50 8C.

Considering equation 1, this bright band represents the

maximum of the FLIC curve at n� h� 140 nm (see also Fig. 4c

and d). The lateral coordinate of this band shifted towards the

poly(NIPAM-AA) areas when the temperature increased

(Fig. 5b). This directly indicates that the height and/or refractive

index profile of the polymer layer changes with temperature.

Since the difference in the refractive indicies in the swollen

versus the collapsed polymers is rather small – namely 100%�
ncollapsed� nswollen/ncollapsed¼ 100%� (1.52� 1.37)/1.52� 10%

(Table 1) – the change in the intensity profile along the sample

was mainly caused by changes in the height of the polymer

layer. A qualitative reconstruction of the height profile of

the polymer layer at different temperatures is shown in

Figure 5c.[30] Here, one can see an obvious gradual shift of

the border between the swollen and the collapsed areas. This

border was not completely step-like due to the unsharp transi-

tion between the collapsed and the swollen polymer chain

conformations. In this particular experiment, the border

between the collapsed and the swollen areas was reversibly

shifted by about 50mm, but shifts up to 120mm were obtained in

additional experiments. Importantly, the changes in the size of

the collapsed and the swollen areas were fully reversible (data

not shown).

In order to fabricate circular patterns whose diameter can be

controlled by temperature, we synthesized a thermoresponsive

polymer layer based on random copolymerization of NIPAM

with hydrophobic photoliable 2-nitrobenzyl acrylate (NBA).

The LCST of the poly(NIPAM-NBA) copolymer (Mw¼
114000, PDI¼ 1.7, obtained by polymerization of a mixture of

L. Ionov et al. /Controlled Bioactive Surface Patterns

Figure 5. Switching of the height profile of the poly(NIPAM-tBA-AA) gradient layer. a) FLIC images of the poly(NIPAM-tBA-AA) layer with adsorbed
rhodamine-labeled tubulin at different temperatures. Intensity profile (b) and qualitatively reconstructed height profile (c) along gray dotted line in (a) of the
polymer layer at different temperatures. The initial thickness of the poly(NIPAM-tBA) layer in the dry state was hDRY¼ 33 nm.

Figure 6. Conversion of poly(NIPAM-NBA) copolymer into poly(NIPAM-
AA) upon UV illumination.
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94 mol % NIPAM and 6 mol % NBA) was about 7 8C in BRB80

buffer. We then illuminated a part of the poly(NIPAM-NBA)

layer with UV light (l¼ 360 nm) using a 100� microscope

objective. This resulted in the localized cleavage (deprotection)

of the hydrophobic 2-nitrobenzyl groups and the formation of

hydrophilic carboxylic groups (Fig. 6) in a circular area with

diameter of about 0.5 mm. The LCST of the fully deprotected

polymer was more than 90 8C. Because, in our case, the degree

of deprotection gradually decreased from the center of the

illuminated area towards the edges we obtained a two-

dimensional poly(NIPAM-NBA-AA) gradient.

Using FLIC microscopy (with fluorescent tubulin, as

described above) we observed a decrease in the fluorescence

intensity in the center of the deprotected area as well as a

decrease in the size of the bright area upon raising the

temperature (Fig. 7a and b). This behavior is attributed to

the collapse of the polymer chains and thus a decrease in the

detected fluorescence intensity in a spatially varying manner.

Remarkably, when the temperature was lowered back to the

initial value the size of the swollen area was fully recovered

(Fig. 7a, lower right image). This observation indicates the

reversibility of the switching process. We note, that smaller

patterns can be fabricated on demand by UV-illumination

through a mask.[31]

To demonstrate the temperature-induced size-control of

bioactive surface patterns, we assayed the gliding motility of

microtubules on kinesin-coated poly(NIPAM-tBA-AA) gra-

dient surfaces. Microtubules are hollow, cylindrical, protein

filaments with an outer diameter of 24 nm. They can be formed

in vitro by self-assembly of tubulin-heterodimers reaching

lengths of up to several tens of micrometers. Kinesin[32,33] is an

ATP-hydrolysing enzyme that moves vesicles and organelles

along microtubules in a cellular environment.[34] Recently, it

was shown that microtubules can reversibly land and release

(in response to collapsing and swelling of the polymer chains)

on composite surfaces where kinesin molecules were embedded

in a homopolymer PNIPAM layer.[35] Here, we adsorbed

kinesin on poly(NIPAM-tBA-AA) gradient surfaces (similar

to those presented in Fig. 5a) at T¼ 37 8C. We then lowered

the temperature to 17 8C which caused swelling of both

poly(NIPAM-tBA) and poly(NIPAM-AA) and led to the

release of weakly adsorbed kinesin. We then imaged the gliding

motility of rhodamine-labelled microtubules on the kinesin

molecules that were entrapped in the thin polymer layer by

timelapse fluorescence microscopy. At a temperature of

T¼ 21 8C, which is slightly above the LCST of poly(NIPAM-

tBA), we found that microtubules were gliding only on the

poly(NIPAM-tBA) surface area where the polymer chains

were collapsed and did not repel the microtubules (Fig. 8).

Increasing the temperature up to T¼ 41 8C led to a laterally

progressing collapse of the poly(NIPAM-tBA-AA) and

allowed the microtubules to land on the exposed kinesin

molecules in the gradient area. Cooling back down to T¼ 21 8C
deactivated the poly(NIPAM-tBA-AA) gradient area again.

The associated swelling of the polymer chains repelled the

gliding microtubules and prevented the landing of micro-

tubules on the kinesin molecules in this area. This reversible

size control of the active kinesin pattern could be repeated

multiple times.

3. Conclusions

In summary, we presented a new concept to design bioactive

patterned surfaces whose size can be controlled by altering the

ambient conditions. In one set of experiment, we generated

L. Ionov et al. /Controlled Bioactive Surface Patterns

Figure 7. Switching the size of a circular poly(NIPAM-NBA-AA) pattern. a) FLIC images of rhodamine-labelled tubulin on poly(NIPAM-NBA-AA) pattern at
different temperatures. The size of the swollen (bright) area changes with temperature. b) Normalized fluorescence intensity profiles of the polymer layer at
different temperatures along the white dashed line in (a). The initial thickness of the poly(NIPAM-NBA) layer in the dry state was hDRY¼ 15.7 nm
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lateral gradients composed of thermoresponsive poly(N-

isopropylacryl amide – tert-butyl acrylate – acrylic acid)

copolymers by local hydrolysis using methanesulfonic acid. On

these gradients we showed that the border between the

collapsed and the swollen polymer areas could be reversibly

shifted by up to 120mm when raising or lowering the

temperature between 21 8C and 50 8C. Utilizing kinesin-driven

motility of microtubules, we demonstrated the applicability of

these gradients for the temperature-induced size-control of

bioactive surface patterns. In a second set of experiments we

generated circular gradients of poly(N-isopropylacryl amide –

2-nitrobenzyl acrylate – acrylic acid) by UV irradiation. It is

thus possible to use photolithography to produce switchable

polymer gradients with customized layouts. We note, that

the temperature range over which switching occurs can be

precisely tuned by selecting the appropriate copolymer

composition. We believe that this novel strategy to produce

surface patterns whose size and shape can be reversibly

switched in-situ will be of interest for a variety of biotechno-

logical applications, such as programmed cell adhesion,

viability and differentiation.

4. Experimental

Materials: Highly polished single-crystal silicon wafers of {100}
orientation (Semiconductor Processing Co.) were used as a substrate.
N-isopropylacrylamide (NIPAM, Aldrich), acetone (Aldrich), N,N,N0,

L. Ionov et al. /Controlled Bioactive Surface Patterns

Figure 8. Temperature-induced size-control of bioactive surface patterns. Left panel: Fluorescence images of rhodamine-labeled microtubules driven by
kinesin motors on a substrate surface with grafted poly(NIPAM-tBA-AA) gradient. Actively gliding microtubules were determined by timelapse microscopy
and are indicated by the red arrowheads (direction of movement) and the dotted lines (traveled path during the preceding frames). White circular patterns
in the fluorescent images arise from microtubules, which are diffusing in solution out of focus. Right panel: Schematic diagram of polymer conformation
and gliding motility. Repeated changes in temperature resulted in the reversible switching of the polymer chains between the extended conformation
(repelling microtubules from the surface) and the collapsed conformation (enabling gliding motility of microtubules).
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N00,N00-pentamethyldiethylenetriamine (PMDTA, Aldrich), ethyl-2-
bromoisobutyrate (EBiB), ethylenediamine (ED, Fluka), anhydrous
dichloromethane (Aldrich), 2-bromo-2-methylpropanoyl bromide
(BMPB, Aldrich) triethylamine (Fluka), L-ascorbic acid (Sigma),
copper bromide (Aldrich), 2,20-azobis(2-methylpropionitrile) (AIBN),
methane sulfonic acid (Merck) were used as received. tert-butyl
acrylate (tBA, Fluka) was distilled under nitrogen steam prior to poly-
merization. Polyglycidyl methacrylate (PGMA) (Mn¼ 84 000 g mol�1)
was synthesized by free radical polymerization of glycidyl methacrylate
(Aldrich).

Synthesis of 2-Nitrobenzyl Acrylate (NBA): 3 g (1.9� 10�2 mol) of
2-nitrobenzyl alcohol, 2.1 g (2� 10�2 mol) of triethylamine were
dissolved in 20 ml of anhydrous dichloromethane, and 1.7 ml
(2� 10�2 mole) of acryloyl chloride was added drop-wise to the
resulting solution. Stirring continued for one hour. After filtering out
the resulting salt, the filtrate was concentrated and purified by column
chromatography (packed material: silica gel; eluent: hexane/ethyl
acetate¼ 10/1). Thus, 2.7 g of an oily liquid was recovered and
confirmed to be 2-nitrobenzyl acrylate by NMR spectroscopy.
1H-NMR (500.13MHz, CDCl3 d): 5.6 (s, 2H), 5.8–6.5 (m, 3H),
7.1–8.1 (m, 4H).

Synthesis of Poly(NIPAM-tBA-AA) Random Copolymers: Poly
(NIPAM-tBA-AA) random copolymers were synthesized by free
radical polymerization. For this, 2 g (0.0177 mol) of NIPAM, tert-butyl
acrylate and acrylic acid (total 1.12� 10�3 mol) and 8 mg of AIBN
(4.9� 10�5 mol) were dissolved in 4 ml acetone. Polymerization was
carried out in an argon atmosphere for 1.5 h.

Surface-Initiated Polymerization: The silicon wafers were first
cleaned in an ultrasonic bath for 30 min, placed in a hot piranha
solution (3:1 concentrated sulphuric acid and 30% hydrogen peroxide;
the mixture reacts violently with organic solvents and should be
handled with care) for 1 h, and then rinsed several times with MilliQ
water. The thickness of silicon oxide was measured to be 1.3 nm after
the cleaning procedure. A thin layer of PGMA (1.75 nm) was deposited
on top of the chips by spincoating 0.02% PGMA solution in chloroform
at 2000 rpm and annealing at 110 8C for 10 min. Afterwards, the wafers
were rinsed in a 1.5% ethanol solution of ethylenediamine (ED) for 2 h.
The wafers were carefully rinsed in 2� in ethanol, 2� in ethanol/water
mixture in ultrasonic bath and dried with nitrogen flux. The thickness of
the PGMAþED layer was 1.65 nm. The wafers were rinsed in a
solution of BMPB (0.96 g, 4.2� 10�3 mol) and triethylamine (0.72 g,
7� 10�3 mol) in anhydrous dichloromethane (100 ml). The wafer were
rinsed in dichloromethane 2� and dried with nitrogen flux. The
thickness of the PGMAþEDþBMPB layer was 1.85 nm.

Poly(NIPAM-tBA) and poly(NIPAM-NBA) random copolymer
brushes were prepared as follows: NIPAM (4 g, 3.5� 10�2 mol), tBA
(288 mg, 2.25� 10�3 mol) or NBA (465 mg, 2.25� 10�3 mol) EBIB
(8 mg, 4.1� 10�5 mol) were dissolved in 6 ml of acetone solution of
CuBr2 (0.4 mg, 1.8� 10�6 mol) and PMDTA (0.31 mg, 1.8� 10�6 mol).
The reaction solution was added to the tube containing the wafer with
immobilized initiator. After the tube was sealed with a rubber septum,
a solution of L-ascorbic acid (18 mg, 1� 10�4 mol) in water (0.5 ml) was
injected. The vial was placed in a 70 8C oil bath. The polymerization
was carried out under stirring and was stopped after 4 h.

Ellipsometry: The thickness of the polymer layers was measured at
l¼ 633 nm and an angle of incidence of 708 with a SENTECH SE-402
microfocus ellipsometer as described elsewhere [36,37].

Fluorescent Microscopy: Fluorescence images were obtained using
an Axiovert 200M inverted microscope with a 20� objective (Zeiss,
Oberkochen, Germany) equipped with FluoArc lamp. For data
acquisition a standard TRITC filterset (excitation: HQ 535/50; dichroic:
Q 565 LP; emission: HQ 610/75, Chroma Technology) in conjunction
with a Micromax 512 BFT camera (Photometrics, Tucson, AZ) and a
MetaMorph imaging system (Universal Imaging, Downingtown, PA)
were used.
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We report on the fabrication of micropatterned polymer surfaces that allow the reversible inversion of surface
topography, charge, and wettability. Micropatterned surfaces were prepared by grafting two oppositely charged
polyelectrolytes (poly(acrylic acid) and poly(2-vinylpyridine)) using a combination of photolithography, “lift off”,
and “grafting to” techniques. The switchable surfaces are of interest in microprinting and for the design of microfluidic
devices and programmed protein adsorption.

Introduction

Micropatterned surfaces are of considerable importance for
microelectronics, printing technology, microfluidic and mi-
croanalytical devices, information storage, biosensors, etc.1-5

Topographical relief and/or a contrast of physicochemical
propertiesssuch as wettability, charge, and fluorescencesare
generated via a number of techniques including photolithography,
microcontact printing, and dip-pen technology.1,4,6However, once
a pattern is generated, it cannot be easily changed on the fly. This
limits the usability of a patterned surface to a single specific
application, and new microstructures have to be fabricated for
new applications. Therefore, it is desirable to develop methods
for the fabrication of structured surfaces with switchable and
rewritable patterns.7-9 One approach toward this goal is based
on the site-selective deposition of stimuli-responsive materials
forming self-assembled monolayers (SAM) or polymer brushes.
On such surfaces, the topographical and physicochemical
properties can be locally triggered by external control over the
environmental conditions. For example, one-component struc-
tured layers of temperature sensitive polymers or weak poly-
electrolytes have been used for site-selective swelling as a result
of changing temperature or pH, respectively.10-13 Novel surface
properties are expected when two or more kinds of polymer

chains14-19are grafted onto the same substrate. Along these lines,
we recently demonstrated the fabrication of biocomponent
polymer surfaces where hydrophobic/hydrophilic patterns ap-
peared or disappeared depending on the environmental condi-
tions.17 However, the fabrication of patterned two- and multi-
component switchable surfaces is still not a trivial task.20

Commonly, for the fabrication of patterned surfaces, researchers
use surface initiated polymerization,14-20 which requires high
purification of the monomers and special conditions for poly-
merization procedures.

Here, we report on a simple and fast method for the fabrication
of bicomponent micropatterned polymer surfaces with switchable
properties using a combination of photolithography, “lift off”,
and “grafting to” techniques. We demonstrate the unique behavior
of bicomponent micropatterned surfaces that allow the switching
of surface topography, wettability, and charge in an inverse
manner. The basis of these stimuli-responsive surfaces is the
site-selective grafting of two oppositely charged polyelectrolytes
(Figure 1). Depending on the pH of the surroundings, one kind
of the polymer chains is swollen (charged and hydrophilic), while
the other is collapsed (uncharged and hydrophobic). The main
advantage of such surfaces is their capability of inverse switching,
for example, hydrophilic patterns can be reversibly converted
into hydrophobic ones and vice versa, via external stimuli.

Experimental Procedures

Carboxyl-terminated poly(tert-butyl acrylate) (PBA-COOH,
Mn ) 42 000 g/mol,Mw ) 47 000 g/mol) and carboxyl-terminated
poly(2-vinylpyridine) (P2VP-COOH,Mn ) 39 200 g/mol,Mw )
41 500 g/mol), synthesized by anionic polymerization, were
purchased from Polymer Source, Inc. Polyglycidyl methacrylate
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(PGMA) (Mn ) 84 000 g/mol) was synthesized by free radical
polymerization of glycidyl methacrylate (Aldrich). Methanesulfonic
acid (Fluka) was used without additional purification. Casein
fluorescein isothiocyanate (FITC-Casein) was purchased from Sigma.
A photoresist (Clariant PL 177) and developer (AZ developer) were
purchased from Microchemicals.

Highly polished single-crystal silicon wafers of{100} orientation
(Semiconductor Processing Co.) were used as a substrate. The wafers
were first cleaned in an ultrasonic bath for 30 min, placed in a hot
piranha solution (3:1 concentrated sulfuric acid and 30% hydrogen
peroxide; the mixture reacts violently with organic solvents and
should be handled with care) for 1 h, and then rinsed several times
with MilliQ water.

PBA/P2VP micropatterning was achieved using the following
procedure: first, the surface of a Si wafer was coated with a thin
film (1.5 nm) of PGMA from an 0.01% solution in chloroform.
Next, a thick layer (several micrometers) of the photoresistor was
spin-coated onto the PGMA-coated wafer. UV illumination through
a mask and development resulted in the formation of topographical
patterns of photoresist on the PGMA surface. Afterward, a thin (25
nm) film of PBA-COOH was spin-coated from a 0.5% solution in
toluene. The remaining photoresist was decomposed by a second
UV illumination and removed together with the covering PBA film
by rinsing in the developer (“lift off”). As a result, patches of the
PBA-COOH film were left on top of the PGMA layer. Annealing
at 150°C for 2 h led to a chemical reaction between the terminal
carboxylic groups of PBA-COOH and the epoxy groups of PGMA,
resulting in the formation of a grafted PBA layer. Ungrafted polymer
was washed out by multiple rinses in chloroform. Next, a thick film
(200 nm) of P2VP-COOH was spin-coated from a 1% solution in
chloroform on the top of the PBA patterned surface. Annealing at
150°C led to grafting of P2VP-COOH to the areas unoccupied by
grafted PBA. Finally, PBA was hydrolyzed with methanesulfonic
acid for 5 min, yielding poly(acrylic acid) (PAA).21 The typical
thicknesses of the PBA and P2VP grafted layers were found to be
11 and 5 nm, respectively, as measured by ellipsometry. The thickness
of the PBA layer was reduced after hydrolysis to PAA by about 40%
to 7 nm.

The thickness of the polymer layers was measured atλ ) 633 nm
and an angle of incidence of 70° with a SENTECH SE-402 microfocus
ellipsometer as described elsewhere.22,23Advancing contact angles
of water were measured using DSA-10 Kru¨ss equipment. The mixed

brush was exposed to an aqueous solution (of specified pH) for 2
min, dried, and used for contact angle experiments. AFM studies
were performed with a Dimension 3100 (Digital Instruments, Inc.)
microscope. The tapping mode was used to map the film morphology
at ambient conditions. Optical microscopy was performed using an
Axiovert 200 M microscope (Zeiss). For fluorescence measurments,
a standard FITC filterset (excitation: HQ 480/40; dichroic: Q 505
LP; emission: HQ 535/75, Chroma Technology) was used.

Results and Discussion

To fabricate micropatterned polymer surfaces that are swit-
chable in aqueous environments, we used poly-(2-vinylpyridine)
(P2VP) and poly(acrylic acid) (PAA). These polymers reversibly
change their conformation and charge depending on the pH. The
PAA chains are negatively charged and extended at pH> 5.5,
while the P2VP chains are positively charged and extended at
pH < 2.3 (see pK and IEP values in Table 1). Both polymers
are uncharged and collapsed for all other pH values. Surface
grafted films of PAA and P2VP demonstrate reversible switching
from moderately hydrophobic to hydrophilic behavior after
treatment with alkali and acidic water, respectively (see values
of advancing contact angle in Table 1).

Micropatterning was performed by a combination of photo-
lithography, “lift off”, and “grafting to” techniques (Figure 2
and Experimental Procedures). In brief, silicon wafers were coated

(21) Tao, G.; Gong, A.; Lu, J.; Sue, H.-J.; Bergbreiter, D. E.Macromolecules
2001, 34, 7672-7679.

(22) Minko, S.; Patil, S.; Datsyuk, V.; Simon, F.; Eichhorn, K. J.; Motornov,
M.; Usov, D.; Tokarev, I.; Stamm, M.Langmuir2002, 18, 289-296.

(23) Ionov, L.; Sidorenko, A.; Stamm, M.; Minko, S.; Zdyrko, B.; Klep, V.;
Luzinov, I. Macromolecules2004, 37, 7421-7423.

Figure 1. Concept of inversely and reversibly switchable micropatterned surfaces consisting of two oppositely charged polyelectrolytes.
Depending on the surrounding conditions, one polymer is swollen (charged and hydrophilic), while the other is collapsed (uncharged and
hydrophobic), thereby demonstrating the inverse switching of topography, wettability, and charge.

Table 1. Dissociation Constants (pK),24-26 IEP, and Advancing
Water Contact Angles of P2VP and PAAa

advancing water contact angle (deg)

polymer pK IEP pH) 2 pH ) 10

PAA 5.5 3.2 70 20
P2VP 2.3 6.7 25 75

a Dissociation constants are given for polymer chains in solution.
Values of the advanced water contact angles were determined on
monocomponent polymer films (thickness 8-10 nm in the dry state)
grafted onto silicon wafers coated with a PGMA anchoring layer (see
Experimental Procedures).
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with a 1.5 nm thick film of PGMA, which served as a coupling
agent for carboxyl-terminated polymers.27 Next, the photoresist
was spin-coated, illuminated through a mask, and developed.
Afterward, a 25 nm thick film of PBA-COOH was spin-coated,
and the left over photoresistor and covering PBA film were
removed after additional UV exposure by rinsing in the developer.
The resulting patches of the PBA-COOH film on the top of the
PGMA layer were annealed at elevated temperatures. This leads
to a chemical reaction between epoxy groups on the surface and
carboxylic groups at the tail of the polymer chains, resulting in
formation of the grafted PBA pattern. The thickness of the grafted
polymer film was essentially determined by the diffusion of the
polymer chains through the layer of already grafted polymer
chains and can be controlled by the time and temperature of
annealing.28 Next, P2VP-COOH was spin-coated on the top of
the PBA patterned surface and grafted at elevated temperature.
Finally, PBA was hydrolyzed yielding PAA.21 The typical
thicknesses of the PAA and P2VP grafted layers were found to
be about 7 and 5 nm, respectively. Generally, the advantage of
our technique is the combination of (i) high chemical stability
of the obtained polymer layer (polymer chains are chemically
anchored to the substrate), (ii) easy control over the molecular
weight as well as the grafting density of the polymer, and (iii)
simplicity of the fabrication procedure.

We investigated the topography of the patterned surfaces using
atomic force microscopy (AFM). After treating the surfaces with
pure water (pH) 6.7) and drying with nitrogen (Figure 3a,b,
cross-section 1), we found the PAA features to be elevated above
the P2VP area. However, exposure of the surface to HCl vapor
inverted the surface topography: the collapsed PAA features

were lower than the now elevated P2VP structures (Figure 3b-
d, cross-section 3). This inverse switching resulted from
electrostatic interactions within the polymer layer. Repulsion
between the charged groups (carboxyl groups in alkalic medium
and protonated pyridine rings in acidic medium) caused the
swelling of the respective polymer, incorporating water molecules
from the moderately humid air atmosphere (Figure 3d). Interest-
ingly, the degree of switching could be controlled by the extent
of exposure to the HCl vapor. The pattern was incompletely
switched after a single 2-3 s exposure to HCl, when the heights
of the PAA and P2VP features were approximately identical
(cross-section 2). Full switching was achieved after a second
exposure to HCl vapor (cross-section 3). We note that the patterned
PAA/P2VP surface could be switched back to the initial state
by rinsing in alkalic or pure water. We observed that such
reversible switching between opposite states could be repeated
more than 10 times (data not shown). Because the polymer layer
was dried by nitrogen flux at room temperature, the polymers
still contained water molecules. Therefore, we expect that the
observed morphological behavior measured in air is qualitatively
similar to one in solvent.29,30

Intriguingly, the switching of the surface topography was
accompanied by the switching of the surface properties with
regard to hydrophobicity. Local condensation of water droplets
revealed a distinct contrast between P2VP and PAA areas (Figure
4a). After exposure to pure water (pH) 6.7), very small water
droplets wetted the hydrophobic P2VP area, whereas larger drops
occurred on the hydrophilic PAA area. The inverse scenario was
observed after exposure of the patterned surface to acidic water
(pH ) 2). The observed switching between hydrophobic and
hydrophilic surface properties was applied to the generation of
various liquid patterns (Figure 4b). Using the PAA/P2VP pattern
shown in Figure 3, where PAA formed nearly square-shaped

(24) Sidorenko, A.; Minko, S.; Schenk-Meuser, K.; Duschner, H.; Stamm, M.
Langmuir1999, 15, 8349-8355.

(25) Currie, E. P. K.; Sieval, A. B.; Fleer, G. J.; Stuart, M. A. C.Langmuir
2000, 16, 8324-8333.

(26) Houbenov, N.; Minko, S.; Stamm, M.Macromolecules2003, 36, 5897-
5901.

(27) Iyer, K. S.; Zdyrko, B.; Malz, H.; Pionteck, J.; Luzinov, I.Macromolecules
2003, 36, 6519-6526.

(28) Ionov, L.; Zdyrko, B.; Sidorenko, A.; Minko, S.; Klep, V.; Luzinov, I.;
Stamm, M.Macromol. Rapid Commun.2004, 25, 360-365.

(29) Lin, Y.-H.; Teng, J.; Zubarev, E. R.; Shulha, H.; Tsukruk, V. V.Nano
Lett. 2005, 5, 491-495.

(30) Julthongpiput, D.; Lin, Y.-H.; Teng, J.; Zubarev, E. R.; Tsukruk, V. V.
J. Am. Chem. Soc.2003, 125, 15912-15921.

(31) Wu, X. Z.; Wu, J. Q.; Pawliszyn, J.Electrophoresis1995, 16, 1474-
1478.

Figure 2. Preparation of micropatterned bicomponent polymer grafted layers using a combination of photolithography, “lift off”, and
“grafting to” techniques. Polymer I: PBA and polymer II: P2VP. After the micropatterned PBA/P2VP surfaces had been fabricated, PBA
was hydrolyzed yielding PAA (not shown in the scheme).

Bicomponent Micropatterned Polymer Surfaces Langmuir, Vol. 23, No. 9, 20075207



patches between P2VP stripes, we generated either arrays of
individual water droplets (Figure 4b, upper panel) or networks
of checkered water channels (Figure 4b, lower panel) depending
on the surrounding pH. Water selectively wetted the hydrophilic
areas and did not spread over the hydrophobic ones. Notably,
we observed the formation of smaller water droplets in the center
of hydrophobic areas (PAA at pH) 2 and P2VP at pH) 6.7)
probably caused by the dewetting of thin water films on the

hydrophobic surface. Importantly, the shape of the liquid pattern
was switched by merely changing the environmental conditions.

To test the usability of the inversely switchable surface for
programmed protein adsorption, we applied fluorescently labeled
proteins (FITC-casein) to the micropatterned PAA/P2VP surfaces.
We observed that FITC-casein selectively adsorbed onto the
PAA features at pH) 1.2 and to the P2VP features at pH) 8.6
(Figure 5). The selective adsorption of FITC-casein onto areas
occupied by one of the polymers can be readily explained by
considering electrostatic interactions. As stated earlier, P2VP is
charged positively at pH< 2.3, and PAA is negatively charged
at pH > 5.5 (Table 1). FITC-casein has an IEP of 7.63,31 thus
being charged negatively above this point and positively below.
Therefore repelled from the P2VP features at low pH and from
the PAA features at high pH can adsorb on polymer surfaces due

Figure 3. Surface topography of patterned PAA/P2VP under various conditions. (a) AFM image after exposure to pure water (pH) 6.7).
(b) In situ observation of topography switching upon exposure to HCl vapor. First, the surface was treated with pure water (pH) 6.7,
cross-section 1) and then exposed to HCl vapor twice (cross-sections 2 and 3). (c) Quantification of the topographical profiles from panel
b. (d) Schematic diagram of the switching. The PAA features are swollen after exposure to pure water (cross-section 1). Exposure to HCl
vapor leads to the depression of PAA, while P2VP becomes protonated and swollen (cross-sections 2 and 3). AFM scanning was performed
in air at room temperature. The heights at the edges of the polymer pattern appear to be slightly elevated due to 1-D horizontal second-order
flattening of the AFM image during scanning.

Figure 4. Adsorption of water droplets on structured PAA and
P2VP surfaces. Optical bright-field microscopy of water droplets on
a PAA/P2VP boundary (a) and microstructure (b) at different pH
values. Water selectively wetted the P2VP or PAA areas at low or
high pH, respectively.

Figure 5. Fluorescence micrographs of FITC-casein adsorbed onto
PAA/P2VP micropatterned surfaces. Adsorption of FITC-casein was
performed at pH) 1.2 (a) and pH) 8.6 (b) from a 0.4 mg/mL
solution in 10 mM phosphate buffer.
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to hydrophobic interactions or hydrogen bonds in the absence
of electrostatic repulsion.

In summary, we have developed a straightforward method for
the preparation of switchable micropatterned polymer surfaces
based on bicomponent polyelectrolyte layers. This method utilizes
a “grafting to” approach instead of the widely used surface initiated
polymerization. This makes the preparation of bicomponent
patterned polymer grafted layers simple and quick. We dem-
onstrated that our approach allows the inverse and reversible
switching of surface topography, wettability, and charge. This
approach can be easily extended for the fabrication of multi-
component (n> 2) micropatterned polymer surfaces by repeating
the structuring cycle multiple times. We foresee a large potential
of inversely switchable micropatterned surfaces for (i) micro-

printing where the topographical features of the polymer layer
can be used as a master that is switchable via external stimuli,
(ii) microfluidic devices where liquid movement (direction, speed,
etc.) can be easily manipulated by pH, and (iii) microanalytical
purposes where chemicals and proteins can be deposited in a
switchable site-selective manner (programmed protein adsorp-
tion).
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ABSTRACT

We report a novel approach for the dynamic control of gliding microtubule motility by external stimuli. Our approach is based on the fabrication
of a composite surface where functional kinesin motor-molecules are adsorbed onto a silicon substrate between surface-grafted polymer
chains of thermoresponsive poly( N-isopropylacrylamide). By external temperature control between 27 and 35 °C, we demonstrate the reversible
landing, gliding, and releasing of motor-driven microtubules in response to conformational changes of the polymer chains. Our method represents
a versatile means to control the activity of biomolecular motors, and other surface-coupled enzyme systems, in bionanotechnological applications .

The development of methods to transport and manipulate
nano-objects in engineered environments is a challenging task
toward the design of miniaturized bionanodevices. While
atomic force microscopy and optical tweezers have recently
been applied for the positioning of nanoparticles, polymer
molecules, and proteins1-5 their applicability is limited to
single molecules at a time. An alternative method of
nanomanipulation, which holds the promise to be applicable
in a highly parallel manner, is the in vitro use of biomolecular
motors.

One well-studied motor protein is kinesin,6,7 an ATP-
hydrolyzing enzyme that moves in a cellular environment
vesicles and organelles along microtubules.8 Microtubules
are hollow, cylindrical, protein filaments that can be formed
in vitro by self-assembly of tubulin heterodimers. Micro-
tubules have an outer diameter of 24 nm and can be as long
as several micrometers. In vitro gliding motility assays, where
microtubules are propelled over a substrate by surface-bound
kinesin molecules in the presence of ATP, have been widely
used to study the interaction between motor proteins and
microtubules.7

Recently, the kinesin-microtubule system has been suc-
cessfully implemented into synthetic environments in order
to facilitate technological tasks such as nanotransport and
nanostructuring.9-12 In such applications, a highly specific,
spatiotemporal control over the transport activity is desired.
Static spatial control over the motility has been achieved by

topographical or/and chemical surface modifications of
substrate.13-15 Moreover, electrical fields16-18 and hydrody-
namic flow19,20have been used to dynamically influence the
motion of gliding filaments. Temporal control has also been
achieved by manipulating the ATP concentration either by
buffer exchange20,21 or by ATP uncaging.9

In this paper, we report an approach to control the motility
of gliding microtubules using stimuli-responsive polymer
surfaces. In particular, we fabricated composite surfaces
where functional kinesin motor molecules were adsorbed
onto a silicon substrate between surface-grafted polymer
chains of thermoresponsive poly(N-isopropylacrylamide)
(PNIPAM).22,23 In aqueous solution the PNIPAM polymer
chains hydrate to form extended structures when the tem-
perature is below the lower critical solution temperature
(LCST, 32-33 °C for PNIPAM24) but become compact
structures by dehydration when heated above the LCST. We
used this effect to repel gliding microtubules from the surface
at 27 °C while they were able to land and glide at 35°C
(Figure 1).

Fabrication of PNIPAM Gradient Surfaces. To deter-
mine the optimal polymer surface density for the tempera-
ture-controlled switching of microtubule motility, we per-
formed our experiments on a PNIPAM layer with a lateral
gradient of the grafting density. Gradient PNIPAM layers
were prepared via a two-step procedure similar to the
methods described elsewhere.12,25 In brief, highly polished
single-crystal silicon wafers of{100} orientation with a
native silicon oxide layer (1.6 nm) (Semiconductor Process-
ing Co.) were used as substrates. Silicon chips, which were
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cut from the wafers in different sizes, were first ultrasonically
cleaned in chloroform for 30 min, placed in hot piranha
solution (3:1 concentrated sulfuric acid and 30% hydrogen
peroxide) for 1 h, and finally rinsed several times with high-
purity water. A thin layer of polyglycidyl methacrylate
(PGMA, Mn ) 84 000 g/mol, synthesized by free radical
polymerization) was deposited on top of the chips by spin-
coating of a 0.01% PGMA solution in chloroform and
annealed at 110°C for 5 min. Afterward, a thick film (200
nm) of carboxy terminated poly(N-isopropylacrylamide)
(PNIPAM-COOH,Mn ) 49 900 g/mol, PDI) 1.46, syn-
thesized by anionic polymerization, purchased from Polymer
Source, Inc.) was spin-coated on top of the PGMA layer
from a 2% solution in chloroform and annealed for 1 h on
a stage exhibiting a temperature gradient. The temperature
changed gradually from 130 to 180°C along the 50-mm
length of the sample. Upon heating, the chemical reaction
between the terminating carboxyl groups of the PNIPAM
and the epoxy groups of the PGMA resulted in the formation
of the grafted PNIPAM layer with a gradient in the grafting
density caused by the temperature dependence of the grafting
kinetics. Nongrafted polymer was removed using Soxhlet
extraction in chloroform for 3 h.

The thickness profile of the one-dimensional PNIPAM-
gradient was determined by ellipsometric mapping using a
SENTECH SE-402 scanning microfocus ellipsometer atλ
) 633 nm at an angle of incidence of 70°. The thicknesses

of the polymer layers obtained from ellipsometry cor-
responded to a four-layer model Si/SiO2/PGMA/PNIPAM
where it was assumed that the polymer films (PGMA and
PNIPAM) have the same refractive index as the correspond-
ing bulk polymers. Because the thickness of a PNIPAM layer
strongly depends on the degree of swelling, we will further
on use the grafting densityΓPNIPAM rather than the thickness
hPNIPAM of the polymer layer. With a polymer mass density
F of about 1000 kg/m3, the grafting density is given by
ΓPNIPAM ) hPNIPAM,dryF, where hPNIPAM,dry is the measured
ellipsometric thickness of the PNIPAM layer in the dry state.
The number of individual polymer chains per surface area
SPNIPAM is related to the grafting density bySPNIPAM )
ΓPNIPAMNA/Mn, whereNA is the Avogadro number andMn is
the averaged molecular weight of PNIPAM. The averaged
distance between individual polymer chains can be estimated
by DPNIPAM ) SPNIPAM

1/2. Concerning the behavior of a
PNIPAM layer in water, it is known that the thickness at 35
°C is approximately the same as that in the dry state, whereas
the thickness increases about 8-10 times upon swelling at
27 °C.26 A summary of the PNIPAM characteristics for three
different grafting densities is given in Table 1. Figure 2a
shows that the PNIPAM grafting density gradually increased
with lateral positionx on our sample, wherex ) 0 is assigned
to the position with the lowest grafting density.

Preparation of Microtubule Motility Assays. Motility
experiments were performed in a 5-mm-wide flow cell
constructed from a silicon chip containing the PNIPAM
gradient, a cover slip (Corning, 50× 24 mm2), and two
pieces of double-sided sticky tape (Scotch 3M, thickness 0.1
mm). A casein-containing solution (0.5 mg/mL in BRB8 (80
mM PIPES)/KOH pH 6.9, 1 mM EGTA, 1 mM MgCl2) was
perfused into the flow cell and allowed to adsorb to the
surfaces for 5 min. Next, 50µL of a motor solution
containing 2µg/mL wild-type kinesin in BRB80 (full length
drosophila conventional kinesin expressed in bacteria and
purified as described in ref 27) was perfused into the flow
cell and allowed to adsorb for 5 min. Depending on the
conditions of the experiments, the casein and kinesin
solutions were adsorbed at 27 or 35°C. Thereafter, a motility
solution containing rhodamine-labeled taxol-stabilized mi-
crotubules12 was applied. To perform the motility experi-
ments under conditions where the binding and unbinding of
microtubules to/from the surface is in equilibrium, unbound
microtubules were not washed out.

Temperature Control and Optical Imaging. For the data
in Figures 2, 3, and 5, the temperature in the flow cell was

Figure 1. Gliding motility of microtubules on a thermoresponsive
PNIPAM surface with adsorbed kinesin. (a) Schematics of the
experimental setup. Repeated changes in temperature resulted in
the reversible switching of PNIPAM chains between the extended
conformation (where microtubules are repelled from the surface
and cannot bind to the kinesin heads) and the collapsed conforma-
tion (where microtubules can glide unhindered on the kinesin
molecules). (b) Fluorescence micrographs of rhodamine-labeled
microtubules on a substrate surface with grafted PNIPAM chains
(ΓPNIPAM ≈ 6 mg/m2) and adsorbed kinesin. No gliding of
microtubules is observed at 27°C (left image) while the microtu-
bules glide at 35°C (right image).

Table 1. Correlation of the Measured Thickness of the
PNIPAM Layer in the Dry State with the Grafting Density, the
Number of Individual Polymer Chains per Surface Area, the
Average Distance between Individual Polymer Chains, and the
Expected Thickness of the Polymer Layer in Water at 27°C

hPNIPAM,dry

(nm)
ΓPNIPAM

(mg/m2)
SPNIPAM

(µm-2)
DPNIPAM

(nm)
hPNIPAM,water,27°C

(nm)

1.6 1.6 19500 7.1 13-16
5.1 5.1 62500 4.0 41-51
6.0 6.0 73500 3.7 48-60
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adjusted by using a Tempcontrol 37-2 digital unit (PeCon
GmbH, Germany) which simultaneously controlled the
temperature of the objective and the sample holder. Fluo-
rescent images were obtained using an Axiovert 200M
inverted microscope with a 40× oil immersion objective
(Zeiss, Oberkochen, Germany) in conjunction with a Cool-
Snap HQ camera (Photometrics, Tucson, AZ) in 2× 2
binning mode yielding a field of view of 226× 169 µm2.
Because the time scale in these experiments was slow and
the flow cell was thermally well coupled to the objective by
immersion oil as well as to the sample holder by heat
conducting paste, the temperature values indicated by the
Tempcontrol unit were used for data evaluation. To obtain
the data in Figure 4 the silicon chip was directly attached to
a Peltier element (50 mm× 50 mm, Conrad Electronic
GmbH, Hirschau, Germany) by heat conducting paste.
Heating and cooling were then performed by changing the
electrical polarity on the Peltier element by a conventional
power supply. In this experiment the temperature was
recorded by a BAT-10 multipurpose thermometer (Physitemp
Instruments, Clifton, NJ) and a 20× air objective (Zeiss,
Oberkochen, Germany) in conjunction with a MicroMax 512
BFT back-illuminated CCD camera (Photometrics, Tucson,
AZ) was used for image acquisition. Image processing was
performed using MetaMorph software (Universal Imaging,
Downingtown, PA).

In the following, we report on the characterization of
microtubule motility on the gradient PNIPAM surfaces at
constant temperature (experiments 1 and 2) and the reversible
switching of motility on selected locations along the gradient
(experiments 3 and 4).

Adsorption of Casein and Kinesin on Extended
PNIPAM Chains (Experiment I). We started with the
investigation of microtubule motility after adsorbing casein
and kinesin onto the PNIPAM gradient layer at 27°C; i.e.,
when the PNIPAM chains were in the extended state. When
investigating microtubule motility at 27°C, we found that
the number of gliding microtubules decreased strongly with
increasing PNIPAM grafting density (Figure 2b, blue circles)
and no microtubules were observed atΓPNIPAM > 1.6 mg/

m2. This behavior is in accordance with earlier experiments12

where casein and kinesin were adsorbed onto a gradient layer
of poly(ethylene glycol), a polymer with similar protein
repelling properties as PNIPAM at 27°C. However, in the
range where motility occurred, the gliding velocity of
microtubules was independent of the amount of grafted
PNIPAM, ν ) 0.84( 0.08µm/s (mean( standard deviation,
averaged for all polymer densities, data obtained from at least
20 gliding microtubules per polymer density).

When the temperature of the flow cell was raised from
27 to 35°C, the gliding velocity increased toν ) 1.22 (
0.07µm/s, as expected from the faster rate of ATP hydroly-
sis.21 However, the number of gliding microtubuless
observed atΓPNIPAM ) 1.6 mg/m2sincreased only marginally
and remained constant upon further cyclic changes of the
temperature. We conclude that in the range of grafting
densities where motility was observed the number of
PNIPAM chains was too small to significantly influence the
microtubule-kinesin interactions.

Adsorption of Casein and Kinesin on Collapsed
PNIPAM Chains (Experiment II). In a second experiment,
we incubated a PNIPAM gradient layer of the same kind as
used in experiment I with casein and kinesin at 35°C. At
this temperature, the PNIPAM chains were collapsed and
the perfused proteins were able to bind on all positions along
the polymer gradient (information obtained from the perfu-
sion of fluorescent casein, data not shown). The flow cell
was then cooled to 27°C. This particular cooling step was
performed in order to release the kinesin molecules, which
might have initially adsorbed onto the PNIPAM chains
themselves at 35°C.23 The nonadsorbed kinesin was then
removed from the flow cell by perfusion of the microtubule-
containing motility solution at 27°C. We assume that after
this procedure, the majority of bound kinesin molecules are
attached to the substrate between the PNIPAM chains and
there is no kinesin in solution. Further switching of the
PNIPAM layer between collapsed and extended states should
not influence the total concentration of kinesin molecules
on the surface. When investigating microtubule motility at
27 °C (similar as in experiment I), we observed thatsat any
given PNIPAM grafting densitysthe number of gliding
microtubules was higher than that in experiment I and
motility was observed up to grafting densities of 4 mg/m2

and higher (Figure 2b, red squares). However, similar to
experiment I, the number of gliding microtubules gradually
decreased with increasingΓPNIPAM.

The results from experiments I and II show that the use
of a PNIPAM gradient layer allows the fabrication of surface
gradients of active kinesin. Our finding that the gliding
velocity did not change along the gradient indicates that the
bioactivity of individual kinesin molecules is independent
of the PNIPAM grafting density. Moreover, we observed
only very few stuck microtubules. This indicates a high
percentage of active motor molecules on the polymer surface,
since it is known that inactive motors tend to stick micro-
tubules to the surface.

When casein and kinesin were adsorbed to the surface at
27 °C, we found that the grafting density of PNIPAMsat

Figure 2. Characterization of the gradient PNIPAM layer. (a)
Ellipsometric mapping of the gradient PNIPAM layer in the dry
state. (b) Number of gliding microtubules per field of view vs
PNIPAM grafting density. Casein and kinesin solutions were
perfused at either 27°C (blue circles) or 35°C (red squares).
Perfusion of motility solution and microscopic imaging were
performed at 27°C.
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which motility was observedswas insufficient to influence
microtubule motility in a temperature-induced way. There-
fore, we concluded that the adsorption of casein and kinesin
at 35°C (when the PNIPAM chains are in the collapsed state
and higher kinesin densities can be bound to the surface)
will be advantageous when aiming for the temperature-
induced switching of motility.

Reversible Switching of Microtubule Motility (Experi-
ment III). To demonstrate the temperature-induced switching
of microtubule motility, we incubated a PNIPAM gradient
surface with casein and kinesin at 35°C. We then gradually
raised and lowered the temperature between 27 and 35°C
and investigated the gliding motion of microtubules at
ΓPNIPAM ≈ 6 mg/m2. Again, the gliding velocity was found
to change in phase with the temperature both on the polymer
and on the glass surface of the flow cell (Figure 3a). While
the number of gliding microtubules did not change signifi-
cantly on the glass side (Figure 3b), a pronounced temper-
ature dependence became apparent on the polymer surface
(Figure 3c and Supporting Information).28 Upon the gradual
increase of the temperature, the number of gliding micro-
tubules significantly increased. Upon cooling, this number
lowered until eventually no gliding microtubules were
observed at 27°C. The same behavior was observed during
a second, consecutive cycle of heating and cooling. The
slightly lower number of gliding microtubules during the

second cycle was most likely due to partial denaturation of
the adsorbed kinesin. Note, that a similar effect was observed
on the glass surface, where the number of gliding microtu-
bules decreased to about 60% of the initial value during the
second temperature cycle.

To obtain the data in Figure 3, heating and cooling were
performed slowly and emphasis was on performing the
measurements under conditions where the gliding microtu-
bules were in equilibrium with the ones in solution. To
perform measurements on a faster time scale, we extended
our experimental setup by a Peltier element. This way we
were able to switch the temperature in the flow cell between
27 and 35°C within about 25 s. We observed that the release
of microtubules occurred almost concurrent with the tem-
perature decrease from 35 to 27°C. In contrast, landing
started only about 20 s after the temperature had risen to 35
°C again. This time lag was presumably caused by the limited
diffusion of the released microtubules back to the kinesins
on the surface. Figure 4 shows a typical example of the
behavior of a single microtubule during the rapid cooling
and heating of the PNIPAM-kinesin surface (ΓPNIPAM ≈ 6
mg/m2).

Temperature-Controlled Sorting of Microtubules (Ex-
periment IV). Similar to experiment III, we incubated a
PNIPAM gradient surface with casein and kinesin at 35°C
but investigated the gliding motility at a location with a less
dense PNIPAM layer (ΓPNIPAM ≈ 5 mg/m2). We again
observed a periodic increase and decrease of the number of
gliding microtubules upon heating and cooling (Figure 5a).
However, cooling did not lead to a complete release of
microtubules at 27°C. We found that the cyclic change of
the temperature was accompanied by a cyclic change of the

Figure 3. Temperature-induced changes of gliding microtubule
motility. (a) Dependence of the averaged gliding velocity with the
temperature on the PNIPAM surface (green circles) and glass (blue
triangles). (b) Number of gliding microtubules on the glass surface.
The measurements were performed at 27 and 35°C only, but
motility also occurred at intermediate temperatures. (c) Number of
gliding microtubules during two sequential cycles of heating and
cooling atΓPNIPAM ≈ 6 mg/m2 (see also Supporting Information).
Casein and kinesin were adsorbed at 35°C. The underlain color
code is used for qualitative comparison.

Figure 4. Behavior of a single microtubule during rapid cooling
and heating of the PNIPAM-kinesin surface. Plotted is the traveled
distance of one microtubule (as determined by manual tracking of
the trailing end of the microtubule) as a function of time. The
corresponding temperature conditions are indicated in the upper
panel. The microtubule first glided at 35°C with constant velocity,
released when the temperature was lowered to 27°C, and diffused
in the solution close to the surface. During the diffusive period,
tracking of the microtubule was not possible. After the surface was
heated to 35°C again the microtubule rebound after about 20 s
and was gliding again at constant velocity.
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average microtubule length (Figure 5a). Analysis of the
length distributions of gliding microtubules revealed that
cooling predominantly caused the release of the shorter
microtubules (Figure 5b). This finding can be explained as
follows: Swelling of the PNIPAM chains leads to the
screening of part of the kinesin motors. Consequently, the
average distance between neighboring kinesin molecules that
can be reached by the microtubules significantly increases.
Because for continuous gliding, microtubules always need
to be in contact with at least two kinesin motors at one time,
the variable motor density leads to a sorting effect of the
microtubules according to their length similar to the static
phenomenon described in ref 12.

The release of the gliding microtubules in experiments III
and IV can be understood by the dimension of the swollen
PNIPAM layer at 27°C (see Table 1). At high grafting
densities the length of the extended PNIPAM chains exceeds
the height of about 15-20 nm at which kinesin-driven
microtubules are assumed to hover above the surface.29 Thus,
the kinesin heads are likely be hidden within the surrounding
PNIPAM chains. Heating leads to a collapse of the PNIPAM
chains and makes the kinesin molecules accessible for the
microtubules.

In summary, we developed a novel approach for the in
vitro control of microtubule motility on kinesin-coated
substrates using stimuli-responsive polymers. Reversible

switching of motility was achieved by the covalent attach-
ment of a thermoresponsive PNIPAM onto Si chips where
kinesin motors were subsequently adsorbed. We observed
that microtubules were able to land and glide on the
composite PNIPAM-kinesin surface at 35°C but were
repelled from the surface at 27°C. Moreover, we demon-
strated the applicability of the composite PNIPAM-kinesin
layer for the stimuli-controlled sorting of microtubules
according to their length.

We believe that the reported method can be implemented
for the control of microtubule guiding in various nanotech-
nological applications. For example, patches of PNIPAM
polymer grafted onto the bottoms of narrow grooves could
be used for the externally controlled gating of nanotrans-
port: microtubules could pass the gate if the PNIPAM patch
is locally heated but would be expelled at room temperature.
Such a configuration could also be applied for the thermo-
controlled sorting of microtubules according to their length
when microtubules of length shorter than a threshold value
cannot pass such a gate. Because the presented method
operates in a temperature range that does not impact the
functioning of most biological systems, we foresee a strong
potential of the system for the external control over a wide
range of surface-coupled enzyme systems.
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The development of chemical and
biological sensors is of growing interest
for many analytical applications, includ-
ing the monitoring of environmental
and industrial processes and the quality
control of nutrition and water, as well
as for medical and security purposes. In
recent sensor approaches, the change in
fluorescence of organic dyes or inorgan-
ic nanoparticles in different environ-
ments has been widely used to detect
various ions and chemical sub-
stances.[1–12] In most of the cases, the en-
vironmental changes lead to quenching
of the fluorescence[8–10] or to a shift of
the emission spectrum due to energy
transfer.[5,11,12] In such applications, semiconductor nanocrys-
tals have several advantages over organic fluorescent dyes. In
particular, nanocrystals have a high photostability, broad
absorption spectra in combination with a narrow and sym-
metric emission band, and high molar absorbance.[5]

Here, we report a novel approach for the design of environ-
mental sensors based on fluorescence interference contrast
(FLIC)[13] of semiconductor nanocrystals near a reflecting sili-
con surface (Fig. 1). FLIC arises from the interference be-
tween light that is directly emitted (or absorbed) by a nano-
particle and the light that is reflected by the mirror surface.
Consequently, the intensity of the detected fluorescence light

becomes a periodic function of the nanoparticle distance from
the surface. The period of this function is determined by the
wavelength of the light and the refractive index of the sur-
rounding medium. Fluorescent nanoparticles located in close
proximity to the mirror surface will appear dark, while parti-
cles about a quarter-wavelength away will appear with maxi-
mum brightness. Inserting a polymer layer, whose thickness
depends on the environmental conditions, provides a simple
and cheap strategy for the design of a sensor. Using the swell-
ing behavior of a poly(2-vinyl pyridine) (P2VP) polymer layer
anchored to a silica wafer, we use the sensor for precise mea-
surements of solvent composition with unprecedented spatial
and temporal resolution.

The P2VP polymer layer was grafted onto chips from a Si
wafer with a native SiO2 layer of thickness HSiO2

= 1.6 nm
(precoated with PGMA, HPGMA= 1.5 nm, see Experimental).
The thickness of the dry P2VP layer was measured by ellip-
sometry to be HDRY = 7.6 nm ± 0.5 nm, corresponding to a
grafting density of about 0.1 chains nm–2. Because the distance
between the grafting points (d = 3.5 nm) was smaller than the
gyration radius of the P2VP polymer coils (Rg ≈ 5 nm), the
polymer layer was considered brushlike. The surface of the
P2VP layer was smooth with a root mean square roughness
less than 0.3 nm, as measured by atomic force microscopy
(AFM). We found that the P2VP brush undergoes a com-
pletely reversible change in thickness in different solvents. In
toluene (a “poor” solvent), the polymer layer had a thickness
of HTOLUENE = 9 nm ± 1 nm while in ethanol (a “good” sol-
vent) the P2VP brush swelled by a factor of about 2.5 to a
thickness of HETHANOL= 19.6 nm ± 1 nm (values measured by
ellipsometry without attached nanocrystals).
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Figure 1. Schematic of the polymeric sensor. Hydrophobic nanocrystals are adsorbed on a stimuli-
responsive polymer layer that was previously grafted onto a reflecting substrate. The nanocrystal–
surface distance depends on the conformation of the polymer chains and changes in different sol-
vents. The change in height is then reported by a variation in the detected fluorescence intensity.



Hydrophobic CdSeS nanocrystals (emitting at
570 nm, see Figs. 2a and b) were adsorbed from a
1 mM toluene solution onto the P2VP brush during
30 s. Non- or weakly adsorbed particles were re-
moved by rinsing with toluene. Changes in the sur-
face morphology (Fig. 2c) and the appearance of a
fluorescence signal indicated the incorporation of
nanocrystals into the polymer layer. While there
was no chemical bonding between the nanocrystals
and the polymer chains, the nanocrystals were held
in the polymer matrix, most likely due to hydro-
phobic–hydrophobic interaction. Stability of this
interaction was verified by an unchanged fluores-
cence intensity after rinsing the surface in various
solvents and subsequent drying. Atomic force mi-
croscopy (AFM) images (Fig. 2c) showed that the
nanocrystals covered approximately 5 % of the
brush surface.

We found that the fluorescence intensity of the
CdSeS nanocrystals adsorbed onto the P2VP brush
strongly depended on the surrounding solvent
(Fig. 3). To show that the observed fluorescence
changes are a measure of the changes in the P2VP
layer thickness, the polymer–nanocrystal layer was partly re-
moved by scratches with a diamond knife in a cross-like pat-
tern. While the fluorescence intensity was low in a dry envi-
ronment (Fig. 3a, i), the intensity increased significantly when
a toluene droplet was deposited on the brush surface (Fig. 3a,
ii). The increase in fluorescence intensity became even more
pronounced when toluene was replaced by ethanol (Fig. 3a,
iii). Intensity profiles across one of the scratches are given in
Figure 3b. The slight increase in the fluorescence intensity in
the scratched areas after depositing of toluene and ethanol
was attributed to reflections of the fluorescent light within the
liquid droplets. Notably, the solvent-induced switching of the
fluorescence intensity was found to be completely reversible
and reproducible. Figure 3c shows averaged values of the

background-corrected fluorescence intensities for multiple cy-
cles of solvent application and drying on the same chip. To
rule out that the observed changes in fluorescence were the
result of a chemical interaction of the solvent with the nano-
crystals themselves we performed control experiments using
the same layer system on glass. No dependence of the fluores-
cence intensity on the surrounding environment was found.

We investigated how well the intensity variations could be
used to measure the thickness of polymer layers. For that, we
performed measurements on a Si chip with four different
thicknesses of SiO2 (Fig. 4, method similar to one reported by
Braun et al.).[14] The simultaneous recording of all four inten-
sity signals allowed each individual environmental condition
to be fit by the following equation:[15]
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Figure 2. Characterization of the semiconductor nanocrystals. a) Transmission electron microscopy (TEM) image of the nanocrystals. b) Absorption
and emission spectra of the nanocrystals. c) AFM image of the P2VP brush after adsorption of the nanocrystals.

Figure 3. Fluorescence of the CdSeS–P2VP brush layer. a) Fluorescence microscopy
images of the CdSeS–P2VP brush layer in the dry state (i), wetted with a droplet of tol-
uene (ii), and wetted with a droplet of ethanol (iii). For contrast, thin stripes of the
polymer–nanocrystal layer were removed using a diamond knife. b) Intensity profiles
across one of the scratches in (a). c) Multiple cycles of solvent application and drying.
Average intensity values are corrected for the background fluorescence measured in
the scratched areas. Plotted are the average intensity values ± the standard deviation
for areas of 200 lm × 200 lm.

I�h� � I0 2 � 1 � rf� �2�8rf sin 2 2p
kEX

�nSiO2
� hSiO2

� n � h�
� �� �

× 2 � 1 � rf� �2�8rf sin 2 2p
kEM

�nSiO2
� hSiO2

� n � h�
� �� �

�1�



where I0 serves as a proportionality factor. Refractive indices
for the polymer layer and the SiO2 layer are represented by n
and nSiO2

= 1.46, respectively. hSiO2
is the oxide thickness and h

is the height above the oxide surface. The excitation and emis-
sion wavelengths, kEX and kEM, are 565 nm and 610 nm,
respectively. The reflection coefficient is represented by rf.

In our fitting procedure using Equation 1 (Fig. 4b), we kept
the refractive index of the polymer layer constant and equal
to that obtained from the ellipsometric measurement
(Table 1) while the other parameters (rf, I0, and h) were var-
ied. For each environmental condition, we thus obtained a
height value, h, which represents the distance between the

nanocrystals and the SiO2 surface. Note that the height values
derived from our FLIC approach are nearly identical to the
ellipsometric data (Table 1). The shift in the curves in Fig-
ure 4b represents the different contributions of the polymer
layers to the absolute height of the nanocrystals above the re-
flecting Si/SiO2 interface.

We performed two specific experiments in order to demon-
strate the applicability of the presented polymer–nanocrystal
system for environmental sensing. In the first experiment we
utilized the CdSeS–P2VP brush layer for sensing the composi-
tion of liquid mixtures. As the conformation of the individual

polymer chains will gradually depend
on the mixing ratio between a “good”
and a “poor” solvent, the thickness of
the polymer layer should also vary be-
tween the extremes, as determined
above for ethanol and toluene. In fact,
we did find a strongly linear relation-
ship between the observed fluorescence
intensity of our sensor system and the
ethanol–toluene mixing ratio (Fig. 5a).
Using this plot as calibration, the com-
position of an unknown ethanol–tolu-
ene mixture can be determined easily.
In the second experiment, we demon-
strated the applicability of the polymer–
nanocrystal system for the real-time
monitoring of liquid flow. For that pur-
pose we constructed a flow chamber

(width 2 mm, height 50 lm) consisting of a glass cover slip on
one side and a Si chip with the polymer–nanocrystal system
on the other. We then recorded on a charge-coupled device
(CCD) camera (image acquisition with 100 frames per sec-
ond) how the front of an ethanol droplet fills such a closed
channel (Fig. 5b). While the dry area on the surface appears
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Table 1. Values of the parameters as obtained by fitting the experimental
data of Figure 4 using Equation 1. Also included is the ellipsometry data
as obtained for the polymer layers without nanocrystals. The thickness of
the polymer layer represents the sum of the thickness of the anchoring
PGMA layer and the thickness of the P2VP grafted layer. The typical error
in the determination of the polymer layer using ellipsometry is ± 1 nm.

Conditions FLIC Ellipsometry

I0 rf h [nm] n HPGMA+HP2VP [nm]

Ethanol 39.8 0.11 20.9 1.46 21.1

Toluene 37.0 0.11 12.1 1.58 10.5

Dry 37.0 0.11 9.1 1.59 9.1

Figure 4. Quantification of the thickness of the polymer layer by FLIC. a) Schematic of the simulta-
neous intensity measurements at four different thicknesses of SiO2. b) Normalized fluorescence in-
tensity values of the CdSeS–P2VP brush layer on the SiO2 steps: �: dry sample, �: after deposition
of the toluene droplet, �: after deposition of the ethanol droplet. FLIC curves are fitted using Equa-
tion 1 for the dry sample (solid line), the sample in toluene (dashed line), and in ethanol (dotted line).

Figure 5. Sensory applications of P2VP–CdSeS layers. a) Dependence of
the normalized fluorescence intensity (I – Itoluene)/(Iethanol – Itoluene) as a
function of the ethanol content in the toluene–ethanol mixture. Itoluene

and Iethanol denote the measured intensities for 100 % toluene or ethanol,
respectively. b) Sequence of fluorescence microscopy images during eth-
anol perfusion (from the right) into a flow cell with a P2VP–CdSeS layer.
The time interval between consecutive images is 10 ms. c,d) Time-
dependence of the detected fluorescence intensity from (b) over 50 s at
location 1 and over 400 ms at locations 1 and 2. It can be observed that
the P2VP–CdSeS layer responds within less than 10 ms. The flow rate of
the solvent inside the channel was 0.015 m s–1.



dark, the part of the surface that is wetted by ethanol shows
an increased intensity due to the increased distance of the
nanocrystals from the surface.

Although complete switching of the P2VP–CdSeS layer
finishes after about 1–3 min of swelling, the first sharp re-
sponse of the signal occurs in less than 10 ms (Figs. 5c and d).
Thus, this very fast response of the polymer layers will allow
the use of the polymer–nanocrystal layers for ultrafast sensing
and for the dynamic investigation of the properties of polymer
grafted layers in contact with liquids or other surfaces.

Although other methods, such as imaging ellipsometry, al-
low the precise mapping of the properties of thin films, the
present method has distinct advantages. Using a high-speed
camera, we demonstrated the possibility to acquire 100 spa-
tially resolved images per second and even faster data acquisi-
tion is possible. On the contrary, the typical acquisition time
associated with imaging ellipsometry is about 1 min. More-
over, if spatial information is not required, the detection sys-
tem can be reduced to a light-emitting diode for fluorescence
excitation and a photodiode for emission measurements. A
simple and compact sensor should be realizable. The main fac-
tors that limit the applicability of our sensor are related to the
chemical stability of the polymer layer and the nanocrystals.
For example, we found that the CdSeS nanocrystals used in
our experiments decomposed at < pH 3. Concerning the thick-
ness of the used polymer layers we note that the difference
between the compacted and swollen state is required to be
less than 120 nm (half the period of the FLIC curve). How-
ever, the actual position on the periodic FLIC curve can be
tuned by the thickness of the underlying SiO2 layer.

To conclude, we have developed a novel strategy for the de-
sign of fluorescent environmental sensors. Our method is
based on nanocrystals incorporated into polymer layers
grafted onto reflecting surfaces. The main advantages of our
approach are extreme instrumental simplicity, high spatial
precision of the measurements and a fast signal response. We
foresee a large potential of such sensors for the in situ moni-
toring of mixing and separation processes, as well as for the
control of the composition of liquid mixtures in microfluidic
devices. Our sensing strategy can be extended to aqueous en-
vironments when appropriate polymers are used. For exam-
ple, polyelectrolyte layers are responsive to pH and ionic
strength, while poly(N-isopropyl acrylamide) is sensitive to
temperature. In addition, we believe that our method can con-
tribute to a further understanding of the dynamic properties
of ultrathin polymer films and their interaction with environ-
mental components ranging from ions and inorganic nanopar-
ticles to proteins and cells.

Experimental

Highly polished single-crystal silicon wafers of {100} orientation
with either 1.8 nm or 148 nm thick silicon oxide layers (Semiconduc-
tor Processing Co) were used as substrates. The wafers were cleaned
with chloroform in an ultrasonic bath for 30 min, placed in piranha so-
lution (3:1 concentrated sulfuric acid and 30 % hydrogen peroxide)

for 1 h, and rinsed several times with water. Polyglycidylmethacrylate
(PGMA) (number-average molecular weight, Mn = 84 000 g mol–1)
was synthesized by free radical polymerization of glycidyl methacry-
late (Aldrich). Carboxyl-terminated poly(2-vinyl pyridine) (P2VP-
COOH, Mn = 39 200 g mol–1, weight-average molecular weight,
Mw = 41 500 g mol–1) was purchased from Polymer Source, Inc. The sil-
icon wafers with patches of silicon oxide of different thicknesses were
prepared using step-by-step etching in 10 % HF [14].

P2VP brush layers were prepared via a two-step procedure [16]. In
brief, a thin layer of PGMA (ca. 1.5 nm) was deposited by spin-coat-
ing from a 0.01 % solution in chloroform and annealed at 110 °C for
5 min. On top, a thin film of P2VP-COOH (2 % solution in chloro-
form) was spin-coated and annealed for 5 h at 150 °C. Ungrafted poly-
mer was removed using Soxhlet extraction in chloroform for 3 h.

Hydrophobic CdSeS nanocrystals were prepared by the method de-
scribed in the literature [17]. Typically, CdO (0.05 g), oleic acid
(0.46 g), and 15 mL tri-n-octylamine were mixed in a three-necked
flask and heated to 300 °C under inert atmosphere. A solution of Se
(0.0021 g) and S (0.0124 g) in 1 mL tri-n-octylphosphine was swiftly
injected into the hot solution and the reaction was allowed to proceed
for 5 min. This leads to bright-orange emitting nanocrystals (quantum
yield ca. 50 %) with a narrow size distribution as is seen in the TEM
images in Figure 2a. The average particle size is 4.8 nm. By varying
the Se/S ratio nanocrystals with emissions ranging between violet and
red can be prepared.

The thickness of polymer layers in the dry state was measured at
k = 632.8 nm and an angle of incidence of 70° with a null-ellipsometer
in a polarizer compensator–sample analyzer (Multiscope, Optrel
Berlin) as described elsewhere [18,19]. From the obtained values, we
calculated the distance between grafting points by the following equa-
tion:

d = (H q NA/Mw)–1/2 (2)

where H is the ellipsometric thickness, q is the mass density (for sim-
plicity we used q = 1 g cm–3), NA is Avogadro’s number, and Mw is the
molecular weight. “In situ” ellipsometric measurements were per-
formed to examine the swelling behavior of the polymer brush in dif-
ferent media. An ellipsometric cell with thin glass walls fixed at a
known angle (68°) from the sample plane was used [20].

AFM studies were performed with a Dimension 3100 (Digital In-
struments, Inc., Santa Barbara, CA) microscope. Tapping mode was
used to map the film morphology at ambient conditions. We estimated
the surface coverage of adsorbed nanocrystals by the following equa-
tion:

�= 100 % N p d2/4A (3)

where d is the diameter of the nanocrystals and N is the number of
nanocrystals detected per area A.

Fluorescence images were obtained using an Axiovert 200M in-
verted microscope with a 10× objective (Zeiss, Oberkochen, Ger-
many). For data acquisition (Figs. 3 and 4) a CoolSnap HQ Camera
(Photometrics, Tucson, AZ) was used in conjunction with a Meta-
Morph imaging system (Universal Imaging, Downingtown, PA). The
data in Figure 5 were obtained using an iXon DV 887-BI electron-
multiplied CCD camera (Andor Technology, Belfast, Northern Ire-
land). The following filter set was used for imaging: Excitation: HQ
535/50, Dichroic: Q 565 LP, Emission: HQ 610/75 (Chroma Technolo-
gy, Rockingham, VT).
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ABSTRACT

We report on a novel approach for the size-dependent fractionation of protein assemblies on polymeric surfaces. Using a simple temperature
gradient method to generate one-dimensional gradients of grafted poly(ethylene glycol), we fabricated silicon-oxide chips with a gradually
changing surface density of kinesin motor molecules. We demonstrate that such a bioactive surface can be used to sort gliding microtubules
according to their length. To our knowledge, this is the first example of the self-organized sorting of protein assemblies on surfaces.

Introduction. Surfaces that change their properties gradually
in one or more directions are applied successfully for
combinatorial and high-throughput investigations in numer-
ous research areas. Detailed scanning of such gradient
surfaces allowed, for example, the thorough investigation of
dewetting processes,1 the morphological and wetting phe-
nomena of polymer thin films,2-7 as well as the measurement
of the cloud point.1 Thereby, the gradient approach allows
for a substantial acceleration of data collection in multipa-
rameter spaces combined with a significant reduction in the
variance of the results due to experimental conditions.
Moreover, gradient surfaces have recently become increas-
ingly attractive for the investigation of proteins and cells.8-15

Simultaneous control over the position and density of proteins
on a surface constitutes a powerful means to investigate their
properties. Until now, gradients of proteins on the surface
have been generated by varying the dose of light during
protein photoimmobilization,13 by the controlled adsorption
of nanoparticles with immobilized proteins,12 by adsorption
on gradient self-assembled monolayers16 and on gradient
surface-immobilized polymer layers prepared using con-
trolled corona discharge,17 as well as by ink-jet methods.18

Such gradient surfaces have, for example, been used to study
the effects of ligand/receptor density on biological recogni-
tion9,19 and polyvalency.20

In this work, we report on the use of gradient surfaces for
the sorting of protein assemblies according to their size. In
particular, we demonstrate the sorting of gliding microtubules
on surfaces that are coated with a gradually changing density
of kinesin motor proteins (Figure 1). Microtubules are

hollow, cylindrical protein filaments that can be formed in
vitro by self-assembly of tubulin-heterodimers. They have
an outer diameter of 25 nm and can be as long as 10-50
µm. Kinesin is an ATP-hydrolyzing motor protein that moves
vesicles and organelles along microtubules in the cellular
environment.16,21-26 In vitro gliding motility assays, where

* Corresponding Author: E-mail: diez@mpi-cbg.de.
† Max-Planck-Institute of Molecular Cell Biology and Genetics.
‡ Leibniz Institute of Polymer Research Dresden.

Figure 1. Gliding motility of microtubules on a poly(ethylene
glycol) (PEG)-gradient surface with immobilized kinesin. Upper
part: schematic diagram of the motility system. Although the
grafting density of PEG increases from left to right, the kinesin
gradient is formed in the opposite direction. Lower part: fluores-
cence micrographs of gliding microtubules taken at three different
locations along the gradient surface. At lower kinesin density, the
number of microtubules per field of view decreases, whereas the
average length of the microtubules increases (see also supporting
information).
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microtubules are propelled over a glass coverslip by surface-
bound kinesin molecules, have been used to study the
interaction between motor proteins and microtubules.27-30

Moreover, the kinesin-microtubule system has been imple-
mented successfully into synthetic environments in order to
facilitate tasks such as nanotransport and nanostructuring.30

In such applications, control over the kinesin surface density
and the microtubule length is crucial because the maximum
force that can be generated depends strongly on these
parameters. In particular, the length distribution of micro-
tubules that are grown in vitro is very broad. Methods to
separate microtubules according to their length, while
keeping their fragile structure intact, are therefore highly
desirable but have, to our knowledge, not been reported to
date.

Being a processive motor, a single kinesin molecule can
move a whole microtubule over the surface without letting
go of it.25,31 The kinesin surface density and the length of
the microtubule then determine if the microtubule subse-
quently leaves the surface or is grabbed by one or more other
motors. Thus, the use of surfaces with gradually increasing
distances between kinesin molecules is suited to sort micro-
tubules according to their length.

We prepared kinesin gradients by adsorption of kinesin
molecules onto surfaces with previously formed gradients
in the grafting density of poly(ethylene glycol) (PEG). Poly-
(ethylene glycol) prevents the binding of proteins to surfaces
and is used widely for the design of protein-resistant
coatings.32-35 Recently, it was demonstrated that the adsorp-
tion of proteins on PEG-modified surfaces decreases with
increasing PEG grafting density.36 Therefore, the use of
surfaces with a gradually changing density of PEG chains
is an appropriate way to prepare surface concentration
gradients of proteins. We show that the adsorbed kinesin
retains its bioactivity and can be used for the sorting of
microtubules. To our knowledge, this is the first report about
the active sorting of objects on a surface according to their
size.

Fabrication of Gradient Surfaces. Highly polished
single-crystal silicon wafers (final chip size 50× 10 mm2,

{100} orientation, obtained from Semiconductor Processing
Co.) with a native silicon oxide layer of 1.6 nm thickness
were used as surface substrates. The wafers were cleaned in
an ultrasonic bath with chloroform for 30 min, placed in hot
piranha solution (3:1 concentrated sulfuric acid and 30%
hydrogen peroxide) for 1 h, and rinsed several times with
water. Subsequently, a thin layer of polyglycidyl methacry-
late (PGMA) (thickness about 1.5 nm) was deposited by spin-
coating a 0.01% PGMA solution in methylethyl ketone
(MEK, VWR). PGMA (Mn ) 84 000 g/mol) was synthesized
by free radical polymerization of glycidyl methacrylate
(Aldrich) in MEK at 60 °C using azobisisobutyronitrile
(Aldrich) as the initiator. The obtained polymer was purified
by multiple precipitations from MEK solution in diethyl
ether. On top of the PGMA layer, a thin film (thickness about
200 nm) of PEG-NH2 (2% solution in chloroform, PEG-
NH2, Mn)5 000 g/mol,Mw)5 400 g/mol, Polymer Source,
Inc.) was spin-coated and annealed for 1 h on astage with
a 1D temperature gradient. The temperature changed gradu-
ally from 40 to 90°C along the 50-mm length of the sample.
Upon heating, the chemical reaction between the terminating
amino groups of the PEG and the epoxy groups of the PGMA
results in the formation of the grafted PEG layer with a
gradient in the grafting density caused by the temperature
dependence of the grafting kinetics. The thin layer of PGMA
thereby served as a macromolecular anchoring layer.37

Ungrafted polymer was removed using Soxhlet extraction
in chloroform for 3 h. The main advantages of our method
to produce PEG-gradient surfaces are that it (i) allows for a
precise control of the grafted amount of PEG and (ii) can
be performed without any special equipment.

Characterization of the Surface Gradients.The grafting
density, ΓPEG, of the one-dimensional PEG-gradient was
determined by ellipsometric mapping using a SENTECH SE-
402 scanning microfocus ellipsometer atλ ) 633 nm at an
angle of incidence of 70° with a lateral resolution defined
by the beam spot of about 20µm. Figure 2a shows that the
amount of surface-immobilized PEG chains increases gradu-
ally with lateral positionx on the sample (x ) 0 at the edge
with the lowest grafting density of the PEG layer).

Figure 2. PEG density and GFP-kinesin binding. (a) Grafting density PEG and number of PEG chains perµm2 as a function of the lateral
position on the substrate surface. (b) Fluorescence intensity of surface-bound GFP-kinesin vs lateral position and PEG grafting density. The
solid line indicates the background fluorescence measured in the absence of GFP-kinesin.
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Kinesin binding experiments were performed in a 5-mm-
wide flow cell constructed from a silicon chip containing
the PEG gradient,38 a coverslip39 (Corning, 50× 24 mm2),
and two pieces of double-sided sticky tape (Scotch 3M,
thickness 0.1 mm). A casein-containing solution (0.5 mg/
mL in BRB80) was perfused into the flow cell and allowed
to adsorb to the surfaces for 5 min. This step originates from
the commonly used protocol for gliding microtubule motility
(as applied later on for the sorting application) and serves
to reduce the denaturation of kinesin as well as prevent the
sticking of microtubules to the surface. To quantify the
binding of motor proteins, we perfused 50µL of motor
solution (containing 27.4µg/mL kinesin labeled with the
green-fluorescent protein (GFP) in BRB80) into the flow cell
and allowed it to adsorb for 5 min. Afterward, an oxygen
scavenger mix (20 mMD-Glucose, 0.020 mg/mL glucose
oxidase, 0.008 mg/mL catalase, 1%â-mercaptoethanol) was
perfused into the flow cell in order to reduce photobleaching
and to remove unbound GFP-kinesin. Fluorescent images
were obtained using an Axiovert 200M inverted microscope
with a 40x oil immersion objective (Zeiss, Oberkochen,
Germany). For data acquisition, a CoolSnap HQ Camera
(Photometrics, Tucson, AZ) in 2× 2 binning mode (yielding
a field of view with an effective area of 226× 169 µm2)
was used in conjunction with the MetaMorph imaging system
(Universal Imaging, Downingtown, PA). Figure 2b shows
data of the measured fluorescence (each value representing
the averaged intensity over 7 fields of view) as function of
the lateral position,x. The gradual decrease of fluorescence
intensity with increasing grafting density of PEG indicates
the formation of a 1D gradient of surface concentration of
kinesin. No GFP-labeled kinesin molecules were detected
to bind to the surface at PEG densities higher than 1.8 mg/
m2 where the measured fluorescence values corresponded
to the background fluorescence measured in the absence of
GFP-kinesin. This background is attributed mainly to auto
fluorescence in our experimental setup and to residual back-
reflected excitation light.

Microtubule Motility on Gradient Surfaces. Surfaces
with a gradually changing density of kinesin were prepared
as described above using a motor solution containing 2µg/
mL wild-type kinesin (full length drosophila conventional
kinesin expressed in bacteria and purified as described in
ref 40). Thereafter, motility solution containing rhodamine-
labeled taxol-stabilized microtubules41 (∼30 nM tubulin, 1
mM ATP, 1mM MgCl2, 10µM taxol, and oxygen scavenger
mix; all in BRB80 buffer) was perfused into the cell. To
perform the motility experiments under conditions where the
binding and unbinding of microtubules to/from the surface
is in equilibrium, we did not wash out unbound microtubules.
Imaging was started 10 min after perfusion of the microtu-
bules into the flow chamber. It was found that the number
of microtubules gliding over the PEG-kinesin gradient
surface decreases linearly with the lateral position on the
chip (Figure 3, green circles). However, the speed of the
gliding microtubules was independent of the PEG grafting
density and thus the kinesin surface density (Figure 3, red
triangles). These observations demonstrate clearly, that (i)

the use of a PEG gradient layer allows the fabrication of
surface density gradients of functional kinesin molecules and
(ii) the activity of individual kinesin molecules is independent
of the amount of grafted PEG underneath. In fact, we
observed only very few immobile microtubules that were
attached to the surface but did not move. This indicates a
low amount of inactive motor molecules on the surface
because it is known that inactive motors tend to inhibit MT
gliding. Notably, we found gliding microtubules at grafting
densities of PEG up toΓ ) 3 mg/m2. This finding is in
contrast to the fluorescent measurements of GFP-kinesin
(Figure 2b), where the surface seems to block protein
absorption for PEG densities ofΓ > 1.8 mg/m2. This
difference might be the result of the limited detection
sensitivity in Figure 2b (see above). However, it could also
be a sign of steric hindrance effects, that is, kinesin molecules
that are labeled with a GFP molecule (diameter about 4 nm)
at their tails might need more unblocked surface area to bind
to than wild-type kinesin.

Size Sorting of Gliding Microtubules. Analysis of the
length distribution of the gliding microtubules on the gradient
surfaces showed that shorter microtubules disappeared
gradually at positions with increased PEG-grafting density
(Figure 4a). We found that the average length of microtubules
increased from 6 to 13µm (Figure 4b) at increasing PEG
grafting densities from 0.5 to 2.2 mg/m2. The length of the
shortest motile microtubules, which provides an estimate of
the distance between active kinesin molecules, was found
to increase from less than 1µm to about 5µm over the
evaluated range of PEG densities.

To explain the obtained results, we can make the following
considerations: microtubules whose length,l, is larger than
the average spacing,LK, between neighboring kinesin
molecules can continuously glide over the surface (i.e., they
will very likely find a second kinesin to be propelled by
before detaching from the first one). However, ifl < LK,
then the probability to find a microtubule of lengthl on a
surface with a kinesin densityFK ) 1/LK

2 will be proportional
to the microtubule landing rateηlanding ) R‚FK‚l and the

Figure 3. Characterization of gliding motility on PEG-kinesin
gradient surfaces. Number of gliding microtubules per field of view
(green circles) and gliding velocity (red triangles) vs lateral position
and PEG grafting density. Plotted are average values( standard
deviation derived from at least four time-lapse movies at each
position.
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gliding time on the surfacetgliding ) l/ugliding with ugliding being
the microtubule gliding velocity andR being a constant.
Thus, longer microtubules have a higher probability of
landing on the surface and a lower probability of leaving it.
Consequently, for a given microtubule length (or a range of
lengths), the fraction of gliding microtubules will depend
linearly on the kinesin surface density, which has been
measured in Figure 2b via GFP-fluorescence to be a linear
function of the lateral position on the gradient chip. In fact,
such behavior can be demonstrated in Figure 5 where the
data from Figure 4a (pooled for the 3-6 µm and 6-9 µm
length ranges) has been plotted normalized to the number
of microtubules present in the initial distribution (as inferred
from thex ) 11 mm data). The number of short microtubules
(length range between 3 and 6µm, open circles) monotoni-
cally decreases along the lateral position on the chip. Looking
at longer microtubules (length range between 6 and 9µm,
filled triangles), it becomes apparent that the fraction of
gliding microtubules first stays constant and only decreases
from a certain lateral position on the chip.

In summary, we have developed a novel method for the
surface-based sorting of protein assemblies according to their
size. As an example, we have demonstrated experimentally
that surfaces with a gradually changing density of kinesin
molecules can be used for the size fractionation of gliding
microtubules. To our knowledge, this approach constitutes
the first example of the self-organized sorting of protein
assemblies on surfaces. We note that the sorting depended
highly on the functionality of the surface-bound kinesin
motors, which actively transported the microtubules to be

sorted. In this way, motor proteins are very well suited to
test the functional implementation of proteins into artificial
environments because gliding filament motility can be used
readily as read-out of retained protein activity. In regard to
nanotechnological applications of the kinesin-microtubule
transport system, our method might provide a means to obtain
microtubules with narrow length distributions. The motile
microtubules could be directed into collection reservoirs by

Figure 4. Dependence of the length of motile microtubules on the PEG-kinesin density. (a) Histograms of microtubule lengths at different
lateral positions on the substrate (data represent typical length distributions of microtubules in four fields of view) (b) Average microtubule
length as function of the lateral position and PEG grafting density. Error bars show the standard deviation for four fields of view at each
lateral position.

Figure 5. Fraction of gliding microtubules (normalized by the
initial distribution) as a function of the lateral position on the
gradient surface. Although a linear decrease is observed for 3-6
µm long microtubules starting fromx ) 11 mm, the fraction of
microtubules with 6-9 µm length decreases only after some initial
plateau. The dotted lines in the figure serve only to guide the eye
and shall illustrate the general behavior of the data.
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hydrodynamic flow perpendicular to the direction of the
gradient in order to collect the different lengths after
separation on the surface.42 In general, we foresee a large
potential of the reported method for further investigations
of motor protein activity, as well as for high-throughput
screening and combinatorial investigations of protein proper-
ties and interactions between proteins.
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