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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
CVvD 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



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
cells* depend of on the character of nano- and micro- structures # 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 *. Self-folding films are
the examples of biomimetic materials®. Such films mimic movement mechanisms of plants >’
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.



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 Figure 1. Examples of self-folding in nature
attractive properties, the polymer-based (pine cone and protein) and synthetic self-
systems remained almost out of focus — ca  folding polymeric films. (Ref °, Copyright
15 papers including own ones were (2011) by Elsevier).

published on this topic (see own review 2,

state October 2011).

( NATURE h

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.



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 devices® *°,
sensor*™™’, printing, microfluidics® *°, information storage®, photonic applications®
biotechnology??°, bioanalytics®® #’, and tissue engineering™ # ?* %% as well as design of
smart materials . 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
35, 36

, microcontact

There are a number of top-down techniques including photolithography
, atomic force microscopy (AFM)3% 40

printing®®, chemical vapor deposition (CVD) 3" 3

electron beam lithography and dip-pen technology ** % #°-3% 4142 \yhich 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 surface®, 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 (A< 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 etc*®. 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 *° or crosslinking “°
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 *> %" are of particular interest for
the in situ patterning of proteins and cells ***° 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 nitrenes®* and carbenes.
9 Benzophenone groups were employed to create reactive benzhydrol radicals®® .
Various forms of deprotection chemistry using nitrobenzene as a caging moiety have also
been used to pattern active surfaces®®®. Two particularly popular strategies employ caged
biotin® " and photobiotin™> "2, which exploit the ubiquitous biotinavidin/streptavidin
interaction.



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 "*"® and electrochemical techniques
have been proposed’”®. For example, structured illumination of a surface containing light-
sensitive groups was used to irreversibly add and to remove pattern elements > &,
Reconfigurable optical patterning was shown based on reversibly-isomerizable chemical
groups’ " and application of such surfaces was demonstrated for light-programmed cell
adsorption” . 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 *. 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 2?). In fact, design of functional organic nanostructures 3%°
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 #. 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 templates®°. 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 manner®. Third, a number of
approaches to control position as well as orientation of microtubules on artificial
substrates are available °*°°. 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 .
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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 ¥'.

Grafting density was found to be [jengn = 40 chains/nm (Iea = 0.3 chains/nmz). The
average distance D between grafting sites can then be calculated by D = [ ea? ~ 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 (Ry = 20 nm).
Consequently, the polymer-grafted shell can be considered as a brush-like. The apparent
density of potential grafting sites Npo_ was found to be in the range Npo. = 100 nm™- 130
nm™ meaning that about Zjengin / Npor = 30% - 40% reactive amino acid residues initiated
growth of polymer chains °.

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 °8, 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.
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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).*’

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 *’as well as biomolecular switches '® 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
9



fabrication of patterned two- and multi- component switchable surfaces is still not a trivial
task 1, Commonly, for the fabrication of patterned surfaces, researchers use surface-
initiated polymerisation*®*%, 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
198 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 '®. 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.

spincoating

¢ olymer |
PGMA | | [ | [ ] - i
SiO, | H H E
Si [ [
<./ lift-off, annealing,
\ I Si wafer coated with PGMA rinsing in solvent
- [ 1 |
spincoating ¢ [
I hot ist spincoating ¢
I polymer ||
patterning and |
development
I—-I l_—l |-—I [—-I annealing, rinsing
in solvent

l —

F:ﬁﬁjl

Figure 5. Preparation of micropatterned bicomponent polymer grafted layers using a
combination of photolithography, ‘lift-off” and “grafting to” techniques. Polymer | — poly(tert-
butyl acrylate) - PtBA, polymer Il — poly(2-vinylpyridine) — P2VP *2,
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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 HCI vapor. First, the surface was treated with pure water (cross-
section 1) and then exposed to HCI 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 HCI 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 HCI 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 *2

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.

PAA P2VP PAA _P2VP

=4ds

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) *2.

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 **° 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.

13
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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 T4, T, and Tj3; (d) Polymer chains with an cloud point below and above ambient
temperatures T;, T, 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 %.
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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 hpry = 33 nm. A poly-(NIPAM-AA) layer
was obtained by hydrolysis of the poly-(NIPAM-tBA) layer in methanesulfonic acid 2.
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)
NIPANABA 16 862  1.39 120
poly-( “IBA) 55 272 152 42
16 118.7 1.37 163
PRI 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 hpry = 33 nm %,

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 ***. 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)'*'. 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 *** **. The intensity (I) can be
expressed by the following equation ***:
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where, |, serves as a proportionality factor. Refractive indexes for the PNIPAM layer, PGMA
with initiator and SiO, are represented by Npypam, Npeva = 1.5 and Ngjo2 = 1.46. hsiox = 1.4 nm
is the oxide thickness, hpgua = 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 r;. A set of
optical filters defining the excitation and emission wavelengths, Aex = 565 nm and Agy = 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
guantum vyield 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.

a b (o d

poly- (NIPAM tBA) poly-(NIPAM-tBA) expected from ellipsometry deduced from FLIC
swollen collapsed 300

poly-(NIPAM-AA)
250 swollen
poly-(NIPAM-AA)
swollen 200 SN poly-(NIPAM-AA)
\' collapsed
- I
%
,

poly-(NIPAM-tBA) £
(=S

swollen £150

poly-(NIPAM-tBA)
swollen

nxh (nm)

poly-(NIPAM-AA)

L
x
collapsed < 100

50 poly-(NIPAM-tBA)

poly-(NIPAM-AA)  poly-(NIPAM-AA)
collapsed

swollen collapsed poly-(NIPAM-ABA)

collapsed
0 S—— 0 ——

L ] 0 ‘] 0 1
reflecting surface 0 5000 intensity (a.u.) intensity (a.u.)

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, ¢) and deduced from FLIC (measured intensity values are projected onto the
theoretical FLIC curve, d)*.

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 Ncoapsed-Nswolien/Neoliapsed & 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 um, but shifts up to 120 um 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 (A
= 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.
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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 hpry = 33 nm. 2
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Figure 13. Conversion of poly-(NIPAM-NBA) copolymer into poly-(NIPAM-AA) upon UV
illumination.?

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 **°.

5 100 150 200 250
lateral position (um)

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 hpry = 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 um 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
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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. lllumination 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) '’ 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).
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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). lllumination 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) **°.
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Figure 17. Fluorescence micrographs of poly-(NIPAM-NBA) photoresist with admixed
fluorescent CdSeSnanocrystals®™ at different stages of processing: (a) after illumination; (b)
after development at 25°C; and (c) after cooling to 4 °C *°.
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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) **°

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
uniqgue 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 surfaces™'® *#
19 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. lllumination 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.
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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 (i) by applying non-gradient stimuli to inhomogeneous
materials. The example of first case is the bending of polyelectrolyte hydrogel during
electrolysis*®. The examples of the second group are the bending of liquid crystalline
films ?*, hydrogel with the lateral gradient monomer concentration **?, cantilever

sensors'? and shape-memory polymers ',

Bending of films

In 1925 Timoshenko®?® 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 E;, E, are the elasticity modulus; «;, a, are the thickness of the layers; h is the
total thickness (h = a1+ a,); &1, & are the stress of the films, p 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 **® and elliptical **'
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.*®® 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)'®. Li **° et al and Schimd*®*' 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 polymers'***®*, 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 **°,
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 **’.
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 ',
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Thermoresponsive hydrogels with radial gradients of swelling properties are able to deform
and form complex figures with Gaussian curvature *?. 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 ***. 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).

a

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 3" 138 14914 Enyelope-like capsules with rounded corners
or nearly spherical ones are formed from the homogeneous star-like polymer bilayers with
four and six arms, respectively ***'*°. 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.** 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) 14614,

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 **. 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 polymers**°. 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. *°
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Figure 21. Two main approaches for the fabrication of self-folding structures: (left) bilayers
(Reprinted with permission of refs'®" ***Copyright (2011) by Wiley-VCH Verlag GmbH & Co.
KGaA and American Chemical Society) and (right) patterned films (Reprinted with
permission of ref **2, 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 38 142 144 148 153158 tharmoresponsive systems based on gradient of
thermal expansion % ', fusible polymers*®?*°1%2 solvent-responsive systems!** 146 1%
163 electric field responsive systems °4'%5%%¢  enzyme-responsive systems™®, light
responsive systems based on light-to-heat conversion *°" %8

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°C'*°. Gracias et al demonstrated
irreversible encapsulation of yeast cells inside self-folding SU8 photoresist -
polycaprolactone films upon heating above at 60°C **° (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) *°. 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
biopsy'®?. Self-folded objects were used as scaffolds for fabrication of 3D cellular
constructs (Figure 22d)*"* ",

Controlled release of small molecules through the pores of self-folded microconstructs
was used to spontaneously organize cells in 3D environment *"2. 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 **2. 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 ***. In another example, pyrolysis of
polystyrene-poly(4 vinyl pyridine)-polydimethylsiloxane trilayer *** was used for fabrication
of silica tubes. Gracias et al. used self-folding polymers films to fabricate self-assembled
curved microfluidic networks (Figure 22f) **°,

a) encapsulation b) semipermeable container C) microsurgery
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\

microcontainer encapsulating cells

d) 3D cell patterning e) smart plaster f) microfluidics
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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 *™*); (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 *°, Copyright
(2011) by Elsevier); (c) - self-folding microgripper with tissue (Reprinted with permission of
ref %2, copyright 2009 PNAS); (d) - 3D cellular pattern produced by controlled diffusion of
chemical through pores of self-folded object (Reprinted with permission of ref 2, 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 42, Copyright (2006) by
Elsevier); (f) - 3D mirofludic device obtained by folding (Reprinted with permission of ref *"*,
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.
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Figure 23. Scheme of folding of thermoresponsive PNIPAM-based and fully biodegradable
PCL-PSI polymer bilayers 3”75,

Fully biodegradable self-folding films

The fully biodegradable self-folding films were designed by using crosslinked
polysuccinimide (PSl)/polycaprolactone (PCL) bilayer, which contain benzophenone as
photocrosslinker (Figure 23b). These polymers are biocompatible, biodegradable ® 77,
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) *"®.

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 um, Figure 24c) were formed. Further
incubation led to a shrinkage of the tubes and a decrease of their diameter (d = 25 pm,
Figure 24d). The formed tubes can be easily detached from the silicon substrate due to the
swelling of the polyaspatrtic acid (hydrolyzed PSI).
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Figure 24. Swelling of photo-crosslinked polysuccinimide films: (a) and morphologies of self-
rolling tubes (Hps; = 200 nm; Hpc. = 86 nm) on different stages of rolling; (b) — after 10 min of
incubation; (c) after 9 h of incubation, d = 55 um; (d) after 24 h of incubation, diameter of
tubes (d) = 25 um*’®.

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

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.
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Figure 28. Schematics of rolling leading to in diagonal rolling, long-side rolling and all-side

rolling *°.
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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).
O
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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 folding™*°.

ayn>>2 b)yn=2

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 (3, Figure 31e).
Experimentally, we found that the critical value of B 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 pm *%*.

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”.
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Figure 32. Scheme and experimental observation of second step of folding of elliptical arms
depending on their shape: (a) Hpenipav-as) = 1200 nm, Hpyva = 170 nm; (b) (Henieav-aa) = 1200
nm, Hpmma = 400 Nm; (C) Henipav-aa) = 900 Nm, Hpyma = 170 nm?*®

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 (Il 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- Il and II- 11l
has disappeared and rays | and Il (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-I). 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°”.
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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-I) — Second step of actuation: rays fold leading to several configurations depending
on the order of folding. Scale bars are 200 um, Henipaw.an = 1200 nm, Hpywa = 260 nm &%,
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Figure 34. Microscopy snap-shots |IIustrat|ng the mechanism of formation of triangles during
actuation of a six-ray stars. Scale bar is 200 pm, Henipav-aa) = 1200 nm, Hpywa = 170 nm*®.,

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.

a | g

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 pum, Henipam-aa) = 1200 nm; Hppwa =
260 nm*™*,

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 um large SiO, 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.
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Figure 36. Encapsulation and release of microparticles from microtube at different
temperatures. The one-revolution microtubes unroll at elevated temperature and release the

particles **'.

38



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 um 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.

At g
A

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 pm*"™.

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 Fe;O, 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.

~0xXQ® =
~pXQ® =
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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 **'.

Self-assembly of self-folded objects

183, 184 185-187
L)

Many kinds of tissues such as bones'®?, vascular tissue , cardiac tissue
nerves %8 1% have either tubular or uniaxially aligned porous structures. In order to mimic
the tubular structural environment, phase separation techniques %% *#* %° nolymer fiber
templating®®® % 18 directed foaming !, directional freezing *®* '°%'% | prototyping °,
uniaxial stretching of porous materials *°°, or using of natural porous materials such as
wood '’ 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 * ® °®, The main advantage of self-folding films is that they
can be filled during formation and then assembled that provides desired homogeneity of
filling & 3" *°. 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
19 of water dispersion of SiO, 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 .

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 *°*. 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.

<3(cos o) — >

2

S= ®)

where 0 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 (di,,)
varies in the range of 10 — 100 um, the thickness (dwai) of swollen wall is ca 1 - 5 um
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

41



using equation 6, varies in the range P = 76% - 90%.

~ (o5d,,)
0.91(0.5d, . +d,., )’

(6)

where d;,, and d,g; 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 ?®.

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
guantum 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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“core-shell” mixed

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 .

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 pum), which is very close to the size of the yeast cells (d= 5um) 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 2% 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 *®.

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 um 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 designh 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
filed 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, |
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. | 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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Biomimetic Hydrogel-Based Actuating Systems

Leonid lonov*

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.

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.!
Contrary to animals, where macroscopic movement is pro-
vided by cooperative nanoscale movement of motor proteins, '
motion in plants is provided by microscopic swelling of cells!!
(Figure 1a). 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.>?] Nature has many
actuators, such as jellyfish, sea cucumbers, sea anemones,
Venus flytraps, 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 1b).! 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 fields.’! 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
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hydrogels have found broad applications
in the design of micromechanical and
drug delivery systems, as well as for
microfluidic devices and sensors (see
recent reviews).4>:¢!

In the first 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.>38] 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 flow of water in cells, which is
due to concentration gradients (Figure 2a). 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 flytrap (Dionaea
muscipula). Another aspect of swelling-driven deformation of
plant tissues is swelling and shrinking of cell walls (Figure 2b).
In this case, the directionality of deformation is controlled by
orientation of cellulose fibers. The principle is based on the
fact that the length of cellulose fibrils remains unchanged and
swelling occurs preferentially in the direction perpendicular to
the fibrils. 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 fibrils. 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.]

a) plant tissue

b) synthetic hydrogel
swollen

swollen

Figure 1. a) Reversible swelling of natural plant tissue of ice plant seed
capsules. Reproduced with permission.l?2l Copyright 2011, Nature Pub-
lishing Group. b) Synthetic polymer hydrogel. Reproduced with permis-
sion.”l Copyright 2011, American Chemical Society.
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Driving force of movement
a) turgor

Mechanisms of movement

c) swelling
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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.l??l Coypright 2011, Nature Publishing Group; c) Reproduced
with permission.['¥] Copyright 2011, Elsevier; d) Reproduced with permis-
sion.l"¥l Copyright 2007, Wiley-VCH; e) Reproduced with permission.??!
Copyright 2007, AAAS; f) Reproduced with permission.'?l Copyright
2011, The Company of Biologists Ltd; g) Reproduced with permission.['”]
Copyright 2012, Elsevier.

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 flytrap. The origin of the difference in the
speed of actuation is the mechanism of the movement.® In the
case of the cone, tissues with different orientation of cellulose
fibrils act as classical bilayers, as described by Timoshenko:['"!
an increase of the volume of one of the components results
in bending (Figure 2¢).’) The geometry of the Venus flytrap is
far more complex. The leaf has a doubly curved shape and a
bistable configuration. Swelling of the cells results in snap-buck-
ling transition from one stable state to another (Figure 2d).l"'!

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 2e).3>]
The filaree (Erodium cicutarium) seeds can bury themselves by
drilling into the ground, twisting and untwisting in response to
changes in humidity (Figure 2f).l'2 The Venus flytrap changes
its shape from double curved to another one that is used to trap
insects (Figure 2g).1!

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

'a\
Me \lii"§

www.MaterialsViews.com

Leonid lonov 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 films. 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 lonov 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.

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 3a). 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!'® and can be achieved either (i) by applying
inhomogeneous field, for example gradient of temperature
or concentration, to homogeneous materials (Figure 3b) or
(ii) by applying homogeneous field to inhomogeneous mate-
rials (Figure 3c). There is no known example in the plants,

a. homogenous deformation
homogenous hydrogel in homogeneous field

b. inhomogenous deformation
hydrogel in i field

—_—

I

c. inhomogenous deformation
i hydrogel in field

b
]

I non-swollen hydrogel
3 swollen hydrogel
I hydrophobic polymer

=

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
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where applying an inhomogeneous field to homogeneous
materials (Figure 3b) was used, because it is rather difficult 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 field of hydrogel-based actuators.
The plants typically form tissues with inhomogeneous proper-
ties (Figure 3c), 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.'”]
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.!'®! 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
inflammation induces a local increase in temperature, the
drug-loaded microgel particles shrink at the point of inflam-
mation which leads to the release of drugs.'”! Stimuli-respon-
sive hydrogel microparticles can also be used as microlenses
with tunable by external stimuli focal length.?% 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.?!l 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 fluorescence. Closely-packed homo-
geneous swelling hydrogel microparticles can also be used
for design of photonic crystals with switchable optical proper-
ties.[?2l Spherical particles form densely packed arrays, their
periodicity being defined 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 reflected light. Different
signals, such as mechanical treatment,?’l temperature,/??d
light, magnetic?* and electricl®®! fields 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.['®]

3.1.2. Macroscopic Hydrogels

Large pieces of hydrogels demonstrate similar homogeneous
swelling;['74 the size of sample changes while the shape
remains unchanged. The homogeneous swelling/shrinking

Adv. Funct. Mater. 2013, 23, 4555-4570
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of macroscopic hydrogels was used to control the flow inside
microfluidic devices.?®l The hydrogel acts as a smart valve,
which allows the liquid to flow when the hydrogel is shrunk and
closes the channel when swollen. There are many examples of
such smart microfluidic valves sensitive to various signals, such
as pH, temperature, enzyme, light and electric field.?”! For
lab-on-a-chip applications, the use of light and electric field 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 flow by
stimuli-responsive hydrogels. In particular, they used hydrogels
as pumps and gates, which control liquid flow in microfluidic
devices.l?8l

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.*”! 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
artificial imaging system.

Homogeneous swelling of macroscopic layers was also
applied for the design of sensors.2% 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 films) or scattering
techniques (for hydrogel particles).3%3!1 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(!7232]

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.[**!
The basic design (Figure 4) consists of a stimuli-responsive
hydrogel ring placed within a microfluidic channel system and
sandwiched between a glass plate and an aperture slit, the latter
with an opening centered over the ring. The microchannels are
filled 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

wileyonlinelibrary.com 4557

“
m
5
G
~
m
>
E
(o}
F
m




w
i
4
&
g
w
[
B
g
T
T

4558  wileyonlinelibrary.com

Water-oil Contact
interface line

Glass
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Aperture slip

Hydrogel ring

d

'
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
flow of fluids 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 0 of the pinned water/oil
interface. The blue dashed lines show the expanded state of the hydrogel ring (‘I,’) and the cor-
responding divergent microlens (‘l,,’) at 6= 6a. The red dashed lines show the contracted state
of the hydrogel ring (‘1l,’) and the corresponding convergent microlens (‘Il,’) at 6=—(90° - 6g).

c—f) The shape of the liquid microlens varies with local environmental temperature. Scale bars:
1.0 mm. Reproduced with permission.3 Copyright 2006, Nature Publishing Group.

Microchannel

c e
23 °C 37 °C

reversibly deform cells using a thermoresponsive polymeric
actuator,4 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

A Nanostructured surface  Shear, F B Wet state
R 2 e T S Dry state I
&P P P ‘ |
i | ]
R .. ooc — ‘ \
| 14 | |
e, F —20C01ING
+= Confining surface tayer ——

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 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.
) 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.’l Copyright 2008, Royal Society of Chemistry.
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fabrication of 3D structures formed by two
kinds of cells.>™ They fabricated thermore-
sponsive wells and filled 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 filled 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 films can lead to an “inhomoge-
neous” response and the appearance of aniso-
tropic surface properties. They fabricated thin
hydrogel films with incorporated high-aspect
ratio rods. Collapse or swelling of the thin
hydrogel layer caused change in the orienta-
tion of the rods®®! Due to the contraction of
the polymer film 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).1”) These hydrogel
films 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 fixed on the
surfaces. They could achieve reverse switching—hydrophobic

after exposure to water and hydrophilic after
drying—Dby using hydrogel films with non-
fixed rods. The hydrogel-actuated hairs can
further be used to control flow of reaction
and to design really self-regulating systems.
The idea is to fix 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.®!

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 flow in microfluidic
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.

Adv. Funct. Mater. 2013, 23, 4555-4570
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behavior.*] 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
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fied theory. Reproduced with permission.[*®l Copyright 2011, Wiley-VCH.

3.2. Non-Homogeneous Deformation of Hydrogels

Non-homogeneous deformation (bending, twisting) could
be achieved by applying either (i) an inhomogeneous field to
homogeneous materials or (ii) homogeneous stimuli to inho-
mogeneous materials. An example of the first case is the
bending of polyelectrolyte hydrogel in solution with lateral gra-
dient of pH, which is formed during electrolysisi**l or PDMS
strips with locally deposited solvent droplets.*) Examples of
the second group include bending of a liquid crystalline film,*!]
hydrogel with a lateral gradient monomer concentration,*? and
cantilever sensors.[*3]

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 difficult 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 field.* Doi and co-
workers have provided a comprehensive theory to explain this

Adv. Funct. Mater. 2013, 23, 4555-4570

High crosslink density  Low crosslink density

anode cathode

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 (SO3") 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 modification 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-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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scenario that the same anionic hydrogel
can be made to bend in two different direc-
tions by changing its crosslink density.[¢!
They considered an anionic hydrogel poly
(2-acryloylamido-2-methyl propane sulfonic
acid) (PAMPS) containing SO;~ within the

Cnae

* electrolyte: NaCl solution. When an electric
. field is applied across the hydrogel, Na* and
Cl” ions travel towards the cathode and the

anode, respectively. The Doi theory shows

anode that with time the interfacial concentration of

Na* will increase and decrease at the cathode
and anode sides, respectively (Figure 6a).
At the same time, the interfacial concen-
tration of CI” will decrease and increase at
the cathode and anode sides, respectively
(Figure 6a). The theory also shows that for
hydrogels with a fixed concentration of ani-
onic groups (cso3-) that are fully dissociated,
the osmotic pressure (I1) within the hydrogel
decreases monotonically with increasing Na*
concentration (cy,,) on the solution side, and
that each IT-cy, plot (at fixed cgp3.) shifts
upward with increasing cgo;. (Figure 6b).
This implies that IT will increase at the anode
side (due to decreasing cy,,) and decrease at the cathode side
(due to increasing cy,;). The solid black and gray arrows in
Figure 6b schematically depict one such trajectory of IT vs. ¢y,
at the two hydrogel interfaces, and the solid black and gray
lines in Figure 6¢ show the corresponding IT 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 6d 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 (csps.). 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
IT—cy,, curve but instead moves downwards to lower TT—cy,,
curves corresponding to a smaller cgo;. while climbing up each
IT—cy,, curve. Therefore, it is envisioned that if the change in
Cs03. is sufficiently large, the trajectory will exhibit a maximum
in the IT-cy,, plot and then dip downwards, as indicated by
the black dashed arrow in Figure 6b and by the black dashed
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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 flow
rate = 2 uL min~' and water phase flow rate = 6 uL min™'). The scale bar
indicates 1 mm. Reproduced with permission.*? Copyright 2010, Royal
Society of Chemistry.

line in Figure 6¢c. At the cathode side, the osmotic pressure
trajectory will hop to higher IT—cy,, curves due to the increase
in cgp3. while climbing down each IT-cy,, curve, allowing for
the possibility of a reversal in the direction of II, as indicated
by the gray dashed arrow in Figure 5b and gray dashed line in
Figure 6¢. Depending on the conditions, the final location of
the osmotic pressure at the anode side could end up lower than
that at the cathode (Figure 6b,c), causing the gel to eventually
bend towards the anode after transiently bending towards the
cathode (Figure 6d, right).

Thus, it is expected lightly-crosslinked hydrogels to initially
bend towards the cathode, then straighten out and eventually
bend towards the anode (Figure 6d right). On the other hand,
a highly crosslinked hydrogel that is relatively stiffer possesses
little capacity to further swell or shrink in an electric field.
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 6d left).

Bending of electroactive hydrogel strips in a microfluidic
channel was applied to control flow as well as to sort particles
and cells.?” 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 films in
humid air was used to make actuator which reversibly bends
folds and form the tubes.[*”] 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 field
was applied and repeatable changes in shape require applying
of alternating electric field. Alternatively, cyclical changes in
shape of a homogeneous hydrogel*® can be achieved by using
the Belousov—Zhabotinsky (BZ) reaction.*! The BZ reaction
is well known as a non-equilibrium dissipative reaction and
generates autonomous oscillations in the redox potential that

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MatenaIsVnews.com

changes the swelling properties of a hydrogel.’% For example,
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.’!) 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 fixing one edge of
the gel (Figure 8).%

Summary: It was observed that homogeneous hydrogels
typical undergo simple bending, which is caused by a 1D gra-
dient of fields (concentration or temperature). The reason for
such relatively simple behavior is that it is rather difficult 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
flytrap, which are built by materials with different swelling
properties.

bending

|

stretching

|

bending

|

stretching

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.’?°l Copyright 2007, Wiley-VCH.
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Rods: The deformation of inhomogeneous materials has
been known for a very long time and in 1925, Timoshenkol'”!
published a paper, which considered bending of a metal bilayer
consisting of two metals with different thermal expansion coef-
ficients. 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 6(e2 —&1) (1+ m)* (1)
P R +m)+ (1 +mn)(m+ L))

Eq
R 2
5= @
N 3)
a

where E, are the elasticity modulus, a, are the thickness of the
layers, h is the total thickness (h = al+a2), € is the stress of the
films, p is the radius of curvature. From Equations (1-3), the
radius of curvature is inversely proportional to the film stress.
Moreover, the radius of curvature first 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).1>%!

Acid (aq)

Neutral/Base (aq)

= trajectory marker

Figure 9. Bending of a biopolymer strip by positively and negatively
charged polyelectrolytes. Reproduced with permission.3d Copyright
2007, American Chemical Society.
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handed

handed

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.’] Copyright 2011, Royal Society
of Chemistry.

The first 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.°* 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 10a).
By making a sloped bilayer structure, the planar structure
described in Figure 10b 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 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 photonic actuator
can be formed as shown in Figure 10c. 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.!

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

08 & 5

CLl e

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.®l Copyright 2011, Carl Hanser Verlag.
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plane or one rotational axis. Twisting is more sensitive to
other geometrical factors. In the case of compact cross-section
(Figure 11b), 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 11c). The moment of inertia of
the cross-section relates inversely to the amount of twisting
(Figure 11d). 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 films 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. Mansfield found analytical solutions for
large deflections of circular®’l and ellipticall® 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 a spherical cap, formed
by circular bilayer of uniform thickness, becomes unstable
using low order polynomial solutions and finite element simu-
lations.””! 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)®”!
(Figure 12). Li and co-workersl®! and Schimdt/®? 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 first
while the parts which are closer to the center of the films swell
later.

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.[%3] 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).4 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

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. Simulations of curvature of free-standing inorganic bilayer as
a function of actuation strain €a. The insets show shapes for A (ratio of
length to width of the film) = 2 at the indicated €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.[°¥
Copyright 2011, American Chemical Society.
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Figure 13. Different scenarios of deformation of polymer bilayers on a
substrate depending of the width and length. Adapted with permission. (640!
Copyright 2012, American Chemical Society.
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one-step folding

original shape multi-step folding

Figure 14. Results of one- and multi-step folding of four- and six-arm
stars. Reproduced with permission.[%67% Copyright 2011, Royal Society of
Chemistry; Copyright 2013, Wiley-VCH.

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, films, which are floating 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 films.
For example, tubes are formed from rectangle bilayers!®>-°]
(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).[054:65¢66] 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.’”) 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 films where the active elements are
two kinds of biodegradable polymers. 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.l®l 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 pathl®! and may result
in multi-step folding (development of curvature in different
directions).??l 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 films
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./"!

Adv. Funct. Mater. 2013, 23, 4555-4570
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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.’2 Copy-
right 2013, Taylor & Francis.

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 figures
with Gaussian curvature.?l 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.”! 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 15a), but rolls into a three-
dimensional shape consisting of two nearly cylindrical regions
connected by a transitional neck (Figure 15b).

Santangelo and Hayward further extended investigation
of hydrogel films 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 films
formed by multiple regions with different swelling proper-
ties.”? They demonstrated that the films are able to undergo
multiple shape transitions when different polymers are swollen
and shrunk. Thus, the polyelectrolyte film 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 film.

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 flytrap, 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 flytrap, for instance, actively
regulates the internal hydraulic pressure to bend its leaves in
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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 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. Initial thickness and disk diameter are 7
and 390 um, respectively. Reproduced with permission.l’3l Copyright
2012, AAAS.

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

bending

solvent in hydrogel }
-

stretching
channcls

Figure 17. Swelling-induced snap-buckling in a doubly curved hydrogel device with embedded
microfluidic channels. Scale bar indicates 100 mm. Reproduced with permission.”*l Copyright

2010, Royal Society of Chemistry.
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is actively manipulated only in one direction while the curva-
ture in the other direction remains passive. To achieve direc-
tional swelling of a doubly curved hydrogel device, microflu-
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 finite. On the contrary, swelling along the chan-
nels can quickly cause significant 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 films 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 film, 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 flaytrap.

3.2.3. Application of Inhomogeneous Deformation of Hydrogels

Actuators: One possible kind of application of inhomogeneous
hydrogels is bending actuators.”® 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.”’] In this way, pH-,"73 temperature-, ion-"8 and bio-
sensors”’? were developed. Bashir and co-workers fabricated
bending cantilever using PEG-based hydrogel with seeded car-
diomyocytes, which were derived from neonatal rats.”” 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 fluid
(Figure 18).8% 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 leaflets,
thereby restricting backflow, whereas forward
pressure opens the leaflets and allows fluid
to pass. The valve activates and deactivates
in response to solution pH due to the use of
a pH-responsive hydrogel in the leaflets. At
high pH, the valve is functional and at low pH
the leaflets 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

Adv. Funct. Mater. 2013, 23, 4555-4570
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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 fluid flow when forward pressure reaches a threshold value (a) while resisting backward flow (b). Scale bars are 500 um. Reproduced

with permission.% Copyright 2001, American Institute of Physics.

stimuli. In 1992 Osada and co-workers reported deformation of
polyelectrolyte hydrogel immersed in surfactant solution causing
swelling of the hydrogel.8!l 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-
cific 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

40% RH 11% RH
forward motion forward motion
of hind claw of fore claw

y 3 A ‘-‘¢- 0

Figure 19. Walking device based on a polyelectrolyte multilayer film 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.4 Copy-
right 2011, Wiley-VCH.
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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 field).®3l 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.®¥ 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./®!
Whitesides, Parker and co-workers designed swimming biohy-
brid 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 (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.®% Later on,
Parker and Dabiri reported construction of a freely swimming
jellyfish from chemically dissociated rat tissue and silicone
polymer as a proof of concept (Figure 20).8”! The constructs,
termed ‘medusoids’, were designed with computer simulations
and experiments to match key determinants of jellyfish pro-
pulsion and feeding performance by quantitatively mimicking
structural design, stroke kinematics and animal-fluid 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.[®8!

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
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Jellyfish muscle

Medusoid muscle

Figure 20. a) Body design of jellyfish (top) and free-swimming medusoid construct (bottom).
Comparison demonstrates similar geometry and dimensions but also illustrates that the medu-
soid constitutes a simplified version of a jellyfish, reduced to elements necessary for propul-
sive function. b) Jellyfish 2D muscle architecture (top) was reverse-engineered in medusoids
(bottom). Left: Composite brightfield 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.l®”] Copyright 2011, Nature Publishing Group.

complex repetitive 2D and 3D patterns,®! 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.'66290 On the
other hand, there are many factors, which make polymer-based
self-folding films particularly attractive:['»*!1 i) there is a variety
of polymers sensitive to different stimuli that allow design of
self-folding films, 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
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well as polymers sensitive to biochemical sig-
nals; iii) there is a variety of biocompatible
and biodegradable polymers. These proper-
ties make polymer-based self-folding films
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 films with different
responsive properties. For example, there are
pH-responsive systems based on polyelectr
olytes, 036566569294 thermoresponsive based
on gradient of thermal expansion, 6]
melting of polymer,®>% thermoresponsive
polymers(®42%; polymers responsive to sol
vents,[#05:05¢92] electric signal,®*#%%7] enzymes,®8l and light
(based on light-to-heat conversion)*®!

One field of application of self-folding polymer thin films
is controlled encapsulation and release of drugs, particles, and
cells. Kalaitzidou demonstrated reversible adsorption-desorp-
tion of fluorescently labeled polyethyleneglycol, which was con-
sidered as model drug, inside PDMS-gold tubes at 60-70 °C.[%>
Similar, Gracias and co-workers showed irreversible encap-
sulation of yeast cells inside self-folding SU8-PCL films upon
heating above 60 °C.%! Poly-(N-isopropylacrylamide)-based
self-folding films were also suitable for reversible encapsula-
tion of particles and yeast cells.[42%] Cells were encapsulated
upon cooling below 30 °C and could be released from the film,
which is unfolded above 30 °C (Figure 22a). This encapsulation

Figure 21. Examples of self-folding polymer films with different shapes: a,b) tubes. Reproduced with permissionl®365] Copyright 2005, Wiley-VCH
Verlag; c,d) capsules. Reproduced with permission.[54681 Copyright 2007, Wiley-VCH, Copyright 2013, Taylor & Francis; e) helix. Reprocued with
permission.*l Copyright 2011, Royal Society of Chemistry; f) hierarchically-shaped tube. Reproduced with permission.[?l Copyright 2011, Wiley-VCH;
g—i) cubes with porous walls. Reproduced with permission.®l Copyright 2011, Springer; j) dodecahedron. Reproduced with permission.l®l Copyright
2011, Springer; k,I) complex structures obtained by folding of six-armed stars. Reproduced with permission.’® Copyright 2013, Wiley-VCH.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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encapsulation and release. Self-folded objects
with nanoporous walls and encapsulated cells
were suggested as prototype for artificial
pancreas. Small molecules, such as glu-
cose and dissolved oxygen, are able to pass

@C&\

#,n\

d) smart plasters f) actuators

olofo]e]ofefe]o]e

e) microfluidic

Figure 22. Examples of applications of self-folding polymer films: a) reversible encapsula-
tion and release of yeast cells inside thermoresponsive self-folding capsules. Reproduced
with permission.[® Copyright 2010, Royal Society of Chemistry; b) irreversible encapsulation
of cells—yeast cells encapsulation inside fully biodegradable self-rolled film (left: Reproduced
with permission.® Copyright 2011, American Chemical Society) and stained fibroblast cells
encapsulated within a non-porous polymeric container (right: Reproduced with permission.['%
Copyright 2010, Springer; c) array of multiple cells inside self-rolled prestressed PDMS film
(Reproduced with permission.'% Copyright 2012, Wiley-VCH; d) smart plasters which direct
diffusion of drugs and prevent their leakage (Reproduced with permission.[55< Copyright 2006,
Elsevier; e) 3D mirofludic device obtained by folding (Reproduced with permission.['%®l Copy-
right 2011, Nature Publishing Group; f) actuator with hinges folding in changing pH and ionic
strength (Reproduced with permission.’*d Copyright 2010, Elsevier; g) optical (top) and elec-
tron microscopy (bottom) images of fibrous material obtained from self-folding polymer films

(Reproduced with permission.[1%l Copyright 2012, Wiley-VCH.

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 22b).%
It was also found out that cells are able to stimulate folding of
patterned film.'% In fact, there are many approaches which
can be used for encapsulation of cells including LbL, micro-
fluidic technique and controlled precipitation. The advantage
of the self-folding approach is the possibility of reversible

Adv. Funct. Mater. 2013, 23, 4555-4570
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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.'®) 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.?*>102l Self-folded objects
were used as scaffolds for the fabrication of
3D cellular constructs.'®! Controlled release
of small molecules through the pores of self-
folded microconstructs was used to spontane-
ously organize cells in a 3D environment/*%4
that potentially allows fabrication of 3D scaf-
folds for tissue engineering.'%! For example,
self-rolling prestressed PDMS films with
adsorbed cells of different kinds were used to
make tubular structures mimicking the struc-
ture of blood vessels (Figure 22c).[1°]

Self-folding films can also be used as
smart plasters (Figure 22d). 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.[*>]

There are several non-biorelated exam-
ples of applications of self-folding polymer
films. Deposition of patterned metal on
the polymer bilayer allowed fabrication of
self-rolled tubes with patterned conductive
inner wall.®®! In another examples, pyrolysis
of polystyrene-poly(4-vinyl pyridine)-polydi-
methylsiloxane trilayer® and polystyrene—
poly(4-vinyl pyridine)/resorcinol bilayer!*?’]
was used for the fabrication of silica and carbon tubes, respec-
tively. Gracias used self-folding polymers films to fabricate
self-assembled curved microfluidic networks (Figure 22e)1%8!
and designed smart actuating systems mimicking opening and
closing of the Venus flytrap by using pH responsive polymer,
which form a hinge between two polymer films (Figure 22f).[%]
Very recently, Luchnikov and co-workers fabricated fibers with
hollow interiors using scratched self-folding polymer films
(Figure 22g).11%%
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4. Conclusions and Outlook

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
first 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 flytrap 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 films.
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!'!) 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
microfluidic devices, materials and devices with tunable optical
properties, switchable surface, engineering of biomaterials,
cell encapsulation, 3D microfluidic systems. There are also
very interesting examples of “cyborg” devices build from living
cells and synthetic materials. These first 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 films 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 fields of microelectronics and
bio-microelectronics for in vivo applications.
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Investigation of self-folding thin films, which mimic natural mechanisms of movement
and form complex 3D structures, is a novel and very promising research direction. This

manuscript summarizes recent advances in the development

and application of biomimetic self-folding polymer films.

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
efficient movement mechanisms of
plants, which allow their rotation to
sun, growth, and dissemination of
seeds.!l Contrary to animals where a
macroscopic movement is provided
by nanoscale movement of motor pro-
teins,?! motion in plants is provided
by microscopic swelling of cells!*?
(Figure 1). In different schemes, rela-
tively slow swelling/shrinking results
in either slow shape changes such
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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.?! 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!*
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,!°!
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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 films particularly
attractive. First, there is a variety of
polymers sensitive to different stimuli
that allow design of self-folding films,
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 films 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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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 field
of self-folding polymer films.

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 1a).l
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 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. 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.[*?l The folding and unfolding
in both cases are relatively slow and
occur typically on the scale from sev-
eral minutes to hours.”? Folding in
Venus Flytrap (Figure 1b) is much
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quicker—is one of the fastest move-
ments in the plant kingdom and it
is able to close “jaws” in about
100 ms.”8l 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 films.
First approach is based on homog-
enous bilayer films (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!*]
and capsules.[1961%811 Complexly pat-
terned films where locally deposited
active materials form hinges are used
in the second approach (Figure 2, f-g).

Concave

&

Snap-Through

Transition
—
At~ 100ms ‘

At ~ hour:

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,[¢! Copyright 2011, Else-
vier. (e) Snap-through of the Venus flytrap leaves from concave to convex occurs through
the onset of an elastic instability films. Reproduced.!!
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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.'? Important, 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,*%2=
using microwell-like substrates[10¢-
gl or photolithography.l*0411121 cyt-
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
first polymer is not dissolved during
deposition of the second polymer.
Fabrication of patterned polymer
films (Figure 2 right) is the techni-
cally most complicated procedure
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Figure 2. Two main approaches for fabrication of self-folding structures: (a) bilayers, and
(f) patterned films. Panels (b) and (c) are reproduced with permission.[32l Panels (d) and (e)
are reproduced with permission.[3?] Copyright 2011, American Chemical Society. Panels (f)

and (g) are reproduced with permission.[]

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 films having
different expansion coefficient in
different locations. The most primi-
tive example of self-folding film 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.
Timoshenkol**! was the first who
addressed the problem of bending
investigated bending of bilayer,
which consist of two materials with
different expansion coefficients. He
assumed that the bilayer can bend
in only one direction and results in a
bilayer with uniform curvature

1 6(g, — &) (1+ m)’

P h(3A+m)’+ (1+ mn)(m2+ 1))

mn

(1)

E

=n (2)
EZ

al

— =m

o )

where E is the elasticity modulus, a
is the thickness of the layers, h is the
total thickness (h = al + a2), € is the
stress of the films, and p is the radius
of curvature. Timoshenko equation
predicts that the radius of curvature
is inversely proportional to film stress.
Moreover, 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 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. Mansfield found
analytical solutions for large deflec-
tions of circular!® and elliptical”]
plates having lenticular cross-sec-
tions with a temperature gradient
through the thickness. For small
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gradients, the plates formed spherical
caps, curved equally in all directions.
At a critical gradient, a configuration
with greater curvature in one direc-
tion 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 circular bilayer of uniform
thickness, becomes unstable using
low-order polynomial solutions and
finite element simulations.

Later Smela and co-workers[']
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[°]
and Schimd®!l 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
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which are closer to the edges swell
first while the parts which are closer
to the center of the films swell later.
Stoychev et all’3®! 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, 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 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?? investi-
gated folding of complexly patterned
inorganic films where fusible material
(solder) is deposited between plates of
passive one (greenmaterialin Figure 2,
right). They demonstrated that fold
angle between adjacent plates is lin-
early decreased with the increase
of the solder amount. Insufficient
amount and excess of solder result in
overfolding and underfolding, respec-
tively. They also demonstrated that
shape of patterned film determines
the probability to form any particular
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shape and derived algorithms to pro-
gram folding.[?*!

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

Applications of Self-Folding Films

There are plenty reports describing
fabrication of self-folding films
with different responsive prop-
erties. For example, there are
pH-responsive systems based on
polyelecrolytes,[1°Cv1°e'1°8'123'13av25]

a) irreversible encapsulation
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thermoresponsive based on gradient
of thermal expansion,[*921%] melting
of polymer,1?b26] thermoresponsive
polymers,[lod'll] SOIVGnt,[lOg,lZc,ZSc,Zﬂ
electric signal,[?8-3° enzymes,3!l light
based on light-to-heat conversion.!*?!

Self-folding polymer thin films
are particular suitable for controlled
encapsulation and release of drugs,
particles, and cells (Figure 3 a,b).
Kalaitzidoul'®® demonstrated revers-
ible adsorption—desorption of fluo-
rescently labeled polyethyleneglycol,
which is considered as a model drug,
inside PDMS-gold tubes at 60-70 °C.
Gracias et all'?’! demonstrated irre-
versible encapsulation of yeast cells
inside self-folding SU8-PCL films
upon heating above at 60 °C. Poly(N-
isopropylacrylamide)-based self-
folding films were also demonstrated
to be suitable for reversible encap-
sulation of particles and yeast cells
(Figure 3b).[10411] Cells were encapsu-
lated upon cooling below 30 °C and
could be released from the film, which

c) smart plasters d) microfluidic

—&r—

e) actuators

Figure 3. Examples of applications of self-folding polymer films: (a) irreversible encapsu-
lation of cells—yeast cells encapsulation inside fully biodegradable self-rolled film (left,
reproduced with permission,33 Copyright 2011, American Chemical Society) and stained
fibroblast cells encapsulated within a non-porous polymeric container (right, reproduced
with permission,['2?l Copyright 2010, Springer); (b) reversible encapsulation and release of
yeast cells inside thermoresponsive self-folding capsules (reproduced with permission,"
Copyright 2010, Royal Society of Chemistry); (c) smart plasters, which direct diffusion of
drugs and prevent their leakage (reprouced with permission,[°¢l Copyright 2006, Elsevier);
(d) 3D microfludic 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,[22l 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 films, which
consist of commercially available bio-
degradable polymers, were also used
to encapsulate cells (Figure 3a).l*3!
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 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.l Gracias et al.l2¢
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.**! Controlled
release of small molecules through
the pores of self-folded microcon-
structs was used to spontaneously
organize cells in 3D environment.(¢]
In this approach, the unfolded film
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 films 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 3c). 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 3c). The functionality of this
device is successfully demonstrated in

/ Macromolecular

vitro using a porcine small intestine.[*°¢]
Gracias and co-workersl®”! used self-
folding polymers films were used to fab-
ricate self-assembled curved microflu-
idic networks (Figure 3d). Very recently,
they designed smart actuating systems
mimicking opening and closing of
Venus flytrap by using a pH-responsive
polymer, which forms a hinge between
two polymer films (Figure 3e).1*2

Conclusions and Outlook

Self-folding polymeric thin films are
emerging, but this is a rapidly devel-
oping field. There are many examples
of the polymer thin films folding due
to immersion in an aqueous environ-
ment, change of pH, temperature, light,
electric signal, or presence of enzymes.
The self-folding films 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 films 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 film shape or
structural inhomogeneities as a “pro-
gramming code” would tremendously
advance field of self-folding 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;' 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.” 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 seeds®”’ that is provided by microscopic
swelling of cells.? 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.?-1°
In most cases, a change of conditions results in homogeneous expansion or contraction in
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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."!' 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,'>'¢ 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.!7-19 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-
uli®® that allow the design of actuators?!?? 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,'>>326 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.”’” The examples of the second group are the bending of liquid crystalline
films,?® hydrogel with the lateral gradient monomer concentration,?® cantilever sensors.>"
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.3! 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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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.’” with permission from American
Chemical Society. (e) is reproduced from Gracias et al.>> 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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remain unchanged. In the first approach, a homogeneous bilayer, whose working prin-
ciple is similar to bimetals, is used (Figure 1a).*>3% 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).3*3 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.*® These films undergo non-uniform
swelling that leads to the deformation and formation of complex 3D shapes.

3. Folding of Bilayers

In 1925, Timoshenko?® 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 6 (2 — &1) (1 +m)? W
P h(3(+m)?+ (1 +mn)(m?+ L))

o= )
E, "

ap

a 3)
a

where E are the elasticity modulus, a are the thickness of the layers, % is the total thick-
ness (h = al+4a?2), ¢ is the stress of the films, and p is the radius of curvature. As it
comes from Egs. (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 circular®® and elliptical*
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.*!

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).*? Li et al.* and Schmidt'® experimentally demonstrated the
opposite scenario, namely a preference for long-side rolling, in the case where bilayers are
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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.** 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.*> 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).3>3347-31 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).>*-52 Helixes of different kinds are formed by polymer stripes with the grad-
ually changing ratio between polymers (Figure 3e).> In these examples, simple rounded
figures based on different combinations of fully or semi-folded tubes are formed. Moreover,



Downloaded by [Leonid lonov] at 13:52 04 February 2013

3D Microfabrication 97

N 1

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;*>*® (c, d)

capsules;’**? (e) helix;3 (f) hierarchically-shaped tube;>® (g, h, i, k) cubes with porous walls;>**

(j) dodecahedron;> (1) pyramide;>* (m) phlat ball.* (a, b) reproduced from Luchnikov et al.*? with
permission from Wiley-VCH Verlag GmbH & Co. KGaA; (c) reproduced from Guan et al.>* with
permission from Wiley-VCH Verlag GmbH & Co. KGaA; (d) reproduced from Stoychev et al.’> with
permission from Royal Society of Chemistry; () reproduced from Kelby et al.”® with permission from
Wiley-VCH Verlag GmbH & Co. KGaA; (g, h, i, j) reproduced from Azam et al.>* with permission
from Springer Science + Business Media; (k, 1, m) reproduced from Jeong et al.>* with permission
from Royal Society of Chemistry. (Color figure available online).
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Y4400
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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.>® 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.>>=> 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.>’
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.’® On the other hand, there are reports that folding in
nature can have a very complex character, which strongly depends on the swelling path3%6°
that may result in multi-step folding (development of curvature in different directions).?
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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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.**

5. Fabrication of Self-Folding Films

Experimentally, polymer films with different shapes can be obtained either by cut-
ting, 32478 using microwell-like substrates**~! or photolithography.?3~234>3 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.5!

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,233249-3135:56.62-64 1t wag demonstrated that polystyrene-poly(4 vinyl
pyridine) bilayer®? as well as polystyrene-poly(4-vinylpyridine)-polydimethylsiloxane tri-
layer® 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.®3 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)* and poly(methacrylic acid) (PMAA)/ polyEGDMAJ! 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.>® One can also expect that this system is thermoresponsive. Huck
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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.’®
Very recently, Yang et al. demonstrated the folding of pH responsive poly(2-hydroxyethyl
methacrylate-co-acrylic acid)/ poly(2-hydroxyethyl methacrylate) bilayers.%

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°C*”*8 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°C% 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.°7-% 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(e -
caprolactone).”® 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).33-2

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-chitosan®® and chitosan-poly(PEGMA-co-PEGDMA) bi-
layers®! 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 helixes®® 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.>®
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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.’> with permission from Royal
Society of Chemistry; (b, left) reproduced from Zakharchenko et al.” with permission from American
Chemical Society; (b, right) reproduced from Azam et al.>* with permission from Springer Science +
Business Media; (c) reproduced from Yuan et al.®' with permission from Wiley-VCH Verlag GmbH
& Co. KGaA; (d) reproduced from He et al.** with permission from Elsevier; (e) reproduced from
Jamal et al.%* with permission from Nature Publishing Group; (f) reproduced from Bassik et al.>> with
permission from Elsevier; (g) reproduced from Luchnikov et al.®! with permission from Wiley-VCH
Verlag GmbH & Co. KGaA. (Color figure available online).
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6.4 Light-Responsive

Light-responsive self-folding polymer films have been designed from thermoresponsive
polymers with incorporated particles, which convert light into heat.”!’? 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. Smella®* and J ageret al.,”® 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.”* 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.>® 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.#’ Gracias et al. demonstrated irreversible encapsu-
lation of yeast cells inside self-folding SUS-PCL films upon heating above at 60°C.%
Poly-(N-isopropylacrylamide)-based self-folding films were also demonstrated to be suit-
able for reversible encapsulation of particles and yeast cells.’*”? 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).”> 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.”® 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.%° Self-folded objects were
used as scaffolds for fabrication of 3D cellular constructs.””-”® Controlled release of small
molecules through the pores of self-folded microconstructs was used to spontaneously or-
ganize cells in 3D environment,”®#Y 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 5¢).8!

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.*’

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.’? In another example, pyrolysis of
polystyrene-poly(4 vinyl pyridine)-polydimethylsiloxane trilayerS? and polystyrene- poly(4
vinyl pyridine)/resorcinol bilayer®?> 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)®* 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).° Very recently Luchnkov
et al. fabricated fibers with hollow interior using scratched self-folding polymer films
(Figure 5g).5"!

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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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

anovel 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."»* Thin
polymer films with gradients of properties are the examples of
self-assembling materials.>* 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. la and b). Wrinkles, wherein the surface of the material
undulates sinusoidally but remains locally smooth, involve
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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.’ 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.*** 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)."® The ridges are
generated by the inhomogeneous growth of different kinds of

a) wrinkling - A

/ b) creasing
_
passive layer . .
i e \ c) folding/bending

b

Fig. 1 Different scenario of deformation of thin films: wrinkling,
creasing and folding.
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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 vegetables'® (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.' (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). (¢) Snap-through of the Venus flytrap leaves from concave (al) 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).

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.'*

The pine cone is an example of the folding system (Fig. 2d)."*
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.'® 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.’”*® 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.?®

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.?* 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 (4, Fig. 1) of the
sinusoidal pattern is dependent on the thickness (d) and
mechanical properties of the film which is described as
follows:?324

1/3
A= 2nd(3%‘) (1)

S

where E = E/(1 —1?) is the plain-strain modulus, the subscript f
and s refer to the film and substrate respectively, and v is the
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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
1/3E:\*°
«=3(%) @
S

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 (4, Fig. 1) of the wrinkling will increase as follows as
the applied strain (¢) increases:>>2¢

e 1/2
A:dan) 3)
e

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 shrinks?”*® or the topmost layer
swells more than bottom one>?** (Fig. 3). The first scenario
occurs when the film surface is treated by photocrosslinking,*”®
oxidation®**3! and chemical vapour deposition.?>** The second
scenario is observed, for example, during the swelling of the
hydrogel with a vertical gradient of crosslinking density.?**
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.’® Wrinkles can also be
produced by local deformation of free standing elastic
membranes, which can be done either by a liquid drop*®

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).?® 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.3?

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).** 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

shrinking

!

swelling
creasing

wrinkling

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).

100 um

I active layer
W passive layer

takes over. Both the buckling wavelength and the critical stress
increase with the substrate radius.’** 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.*!
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.**

sphere U

8

N
o

g

Modulus ratio i, ! M,

o

"5 20 30 éo 75 100
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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. Sa
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.?>** 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.?®*3 Ohzono et al. used colloidal lithography as
a mask to pattern the film in order to guide wrinkling.** Topo-
graphical patterning,** soft lithography and molding were used
to fabricate complex wrinkles as well.*>*® Writing with an ion
beam was used to generate arbitrary patterns.* 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. 1950

The second approach consists in controlled stretching of the
film before surface treatment.’* 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.>

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.** Notably, the rough surfaces with uniaxially oriented
wrinkles demonstrate anisotropic wetting properties which can
be switched by stretching and compression.?! Similar switching
between wrinkled and smooth surfaces was used to design
a surface with switchable adhesion.?”> In particular it was found
that wrinkles generated after bringing two materials in contact
enhance adhesion.>® 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.?” 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.?

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

patterning stretching
c Wrinkled patterns d
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2
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capping laysr
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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 pm period of the rectangular mold
pattern), woven fabric array pattern (5 um period), encircled dot array pattern (7 um period), and encircled dot array separated by a tetrapod pattern
(10 pm 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 pum (reprinted with

permission of ref. 51, Copyright (2008) by Royal Society of Chemistry).
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leads to switching of transmittance.*® Crosby and Chan used
buckling membranes, which are fixed on the wells, to generate an
microlens arrays.’® Due to their periodicity, wrinkled surfaces
with periodicity in the visible range were used to obtain the
structural colour.® The optical properties of such photonic
structures can be tuned by stretching.®

Wrinkled surfaces were used as a stamp for printing® and
a template for molding.®* Wrinkles were also applied to arrange
and separate® spherical®*%® and anisotropic®® 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.®® 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 crosslinking®** 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.>*” Wrinkled surfaces with uniaxially
aligned wrinkles allowed the uniaxial orientation of cells and
reproducing the anisotropy seen in the heart.®®

Programmed creasing was used to pattern proteins and cells.
Hayward et al. developed biocompatible dynamic scaffolds

100 pm

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).

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.*®

Investigation of the formation of wrinkles is a quick and reliable
method to probe mechanical, viscoelastic and fracture properties
of polymer films?>%°7% that is very important, for example, for
organic electronics.” 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 platform was successfully applied to several systems
displaying a wide range of thicknesses (nanometre to micrometre)
and moduli (MPa to GPa).”” It was also demonstrated that
different kinds of wrinkles are formed depending on the visco-
elastic properties of polymers.®® In type I wrinkling, the elastic
behaviour of high molecular weight 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 brushes or polymer multilayers.”

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.®®

Timoshenko®! 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 6(e2 — &1)(1 +m)’ @)
P h(3(1 +m) (1 + mn) <m2 +L>)

mn
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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 LSCM at 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 um wide TRITC stripes templated by 60 um wide raised parallel lines on the substrate is demonstrated by measuring the fraction of
the exposed surface coated by FITC (A4, 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).

E, favorable. Because of the lens-shaped thickness profile, even
E =n (5) though the elliptical plate had a major axis it showed no

preferred direction for bending even for large deflections. Freund
a determined the strain at which the spherical cap, formed by the
a =m ©) circular bilayer of uniform thickness, becomes unstable using low

order polynomial solutions and finite element simulations.*
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).®s Li ez al®* and Schmidt®” 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

where E'is the elasticity modulus, a is the thickness of the layers, &
is the total thickness (2 = a; + a»), ¢ is the stress of the films, and p
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 circular® and elliptical®® 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
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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.%”

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.®® 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.?***
Helixes of different kinds are formed by polymer bilayers with
the gradually changing ratio between polymers.®® Envelope-like
capsules with rounded corners or nearly spherical ones are
formed by the star-like polymer bilayers with four and six arms,
respectively.®**>°7 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

-

== active polymer
=% passive polymer

el =
- (a) (b) (c)
Metallic  —» Solder covered —»  Folded
2D Precursors

20 Precursors

Fig. 8 Two main approaches for fabrication of self-folding structures: (left) bilayers®®*” (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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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) by Wiley-VCH Verlag 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).

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.?**** 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,®*! using microwell-like substrates®*-*
or photolithography.®>*-*° 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 combinations of crosslinkable polymers.
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,'-2%95:98:100,102-106

thermoresponsive based on the gradient of thermal expan-
89,90

sion, melting of the polymer,®-'*'* thermoresponsive
polymers,®>®7 solvent,?>96:194110 electric signal,!*11%113 gnd
enzymes,'"* and light based on light-to-heat conversion.''>!¢

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.*° Gracias et al.
demonstrated irreversible encapsulation of yeast cells inside self-
folding SU8-PCL films upon heating above 60 °C.** Poly(N-iso-
propylacrylamide)-based self-folding films were also demonstrated
to be suitable for reversible encapsulation of particles and yeast
cells.®>7 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. Very recently, fully biodegradable self-
folding films, which consist of commercially available biodegrad-
able polymers, were also used to encapsulate cells (Fig. 9a).'"” In
fact there are many approaches which can be used for encapsula-
tion of cells including LbL, microfluidic technique, and controlled

This journal is © The Royal Society of Chemistry 2012
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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).1*® Gracias et al. used rigid metal-made self-
folding microgrippers for capturing pieces of tissues for their
controlled transport (Fig. 9c¢). Such systems are particularly
attractive for non-invasive biopsy.'” Self-folded objects were used
as scaffolds for fabrication of 3D cellular constructs (Fig. 9d).1**12¢
The controlled release of small molecules through the pores of self-
folded microconstructs was used to spontaneously organize cells in
a 3D environment.'!

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.”®

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.®* In another example, pyrol-
ysis of polystyrene—poly(4-vinyl pyridine)-polydimethylsiloxane
trilayer'® was used for fabrication of silica tubes. Gracias used
self-folding polymer films to fabricate self-assembled curved
microfluidic networks (Fig. 9f).1*

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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Systems

Valeriy Luchnikov,* Leonid lonov, Manfred Stamm

Recent work on the fabrication of tubular microstructures via self-rolling of thin, bilayer
polymer films is reviewed. A bending moment in the films arises due to the swelling of one

component of the bilayer in a selective solvent. The inner
diameters of the tubes vary from hundreds of nanometers to
dozens of micrometers. The position of the tubes on the sub-
strate and their length can be preset by photolithographic
patterning of the bilayer. Prior to rolling, the bilayers can be
exposed to different methods of surface functionalization,
providing opportunities for engineering the microtube inner
surfaces for use in microfluidic circuits and "microbiological”
applications. The self-rolling approach is promising for the
development of novel drug- and cell-delivery systems, as well

as for tissue engineering.

1. Introduction

Polymers can respond to external factors such as sol-
vents, moisture, heat and light via a change in their spe-
cific volume in a much-more-pronounced manner than
other materials can. In polymer films constrained by solid
substrates, this leads to large internal stresses. When
the films 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
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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.l!! 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 film
detaches from the substrate.

Another common mode of internal stress relaxation
involves curling and rolling. This phenomenon is common
for films that detach from a substrate and that are charac-
terized by structural heterogeneity in the direction that
is normal to the film surface. This heterogeneity can cor-
respond to the different chemical compositions of the
upper and outer layers of the films 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 fibres 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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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 films 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 films. Smela et al. were the first to
report on the fabrication of polypyrrole-gold patterned
films, which are able to form tubes and cubes in response
to the application of an electric potential and to fold into
different 3D structures. Prinz et al. found that epitaxi-
ally grown semiconductor bilayers released from the sub-
strate by selective etching of a sacrificial layer can curl into
atomically smooth tubes that are only a few nanometers
in width.>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.’] Schmidt et al. explored semi-
conductor tubes as nanoreactors,l®! waveguides for X-ray
radiation,I”! microcompartments for living cells’® and as
self-propelling moving objects.’! Liu et al. theoretically
explored the formation of tubes as a result of an atomic-
scale surface—stress imbalance.*"]

In 2005, we suggested an approach to fabricate micro-
tubular cavities via the self-rolling of polymer bilayers.['!]
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 films) 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!*? and for var-
ious microscale, 3D shapes via the "micro-origami" tech-
nique.!**! 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 field of polymer-based self-rolled tubes.
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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,
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coating

Siwafer capped by SiOjlayer
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(e.g. with a blade)

<
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Figure 1. Typical fabrication scheme for self-rolled polymer tubes. Firstly, a polished
silicon wafer with a surface SiO, 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 (A =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 sacrificial HF layer is dissolved. Swelling of the P4VP layer gener-
ates the bending moment in the bilayer and the rolling of the film.

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
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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 film. The bilayer is then crosslinked
by exposure to short-wavelength (A <
280 nm) UV light, which is known to
lead to the generation of free radicals,
chain scission and crosslinking of the
PS4 and P4VP[*®! The bilayer is struc-
tured through the formation of openings
in the film via the use of a sharp object;
for example, a needle or a blade. The
wafer is finally put in a water solution
of hydrofluoric acid, which removes the
sacrificial SiO, layer and liberates the
film, which then rolls up due to swelling
of the P4VP layer. The PS layer plays a
double role: it protects the P4AVP 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 film 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

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 profile in the crosslinking density, which results in unidirectional rolling of
the layers. (d) 3D AFM image of asymmetric polymer stripes. (e) Section profile 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.[8l Copyright 2008, Elsevier.
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W Table 1. Typical conditions for the fabrication of self-rolled tubes.

V. Luchnikov et al.

or plasma treatment. This opens the way

for the fabrication of 3D micro-objects

P4aVPlayer PSlayer UV dose 1,4- Di- HClor HF Radius of ! )
thickness thickness [J-cm~-2] iodobutane inwater thetubes that otherwise cannot be realized. In
[nm] [nm] crosslinking [wt%] [um] this section, we describe experiments
time and tem- regarding the fabrication of inorganic
perature [h,°C] microtubes and composite organic—
90 50 1 ] 0.1 30 inorganic microtubes.[11.20-21]
90 50 12 ) 01 7 Composite Polymer—metal tupes can
be prepared via vacuum sputtering of a
57 45 8.2 - 0.1 5 ;
thin metal layer on top of the polymer
25 25 0 2h,80°C 0.01 15-2 bilayer film or directly onto a single

arrays of tubes of standard dimensions.[*6-18] 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 level8! (Table 1). Single
tubes with exactly defined lengths can also be formed by
focused ion-beam patterning of the bilayer films.[*°]

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
hydrofluoric acid can be excluded from the fabrication
scheme, since the polymers are not covalently bound
to the substrate (as may be the case with films that are
irradiated with high doses of short-wavelength UV), and
the dissolution of the sacrificial layer is not necessary.
The films can then be rolled, for instance in hydrochloric
acid or in alcohol solutions in water. Rolling the films 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
film of the bilayer. After removal from the solution and
the drying of the films, DBSA remains in the structure
of P4VP, preventing the unrolling of the films or the col-
lapse of the tubes, which sometimes occurs when the
tube formation is performed in HF, HCI or alcohol solu-
tions in water.

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

The self-rolling of polymer films 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 final product via pyrolysis
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polymer layer (e.g., PAVP) that swells in

a selective solvent (in the latter case, the
metallic film 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 films can withstand
the action of acids used for rolling). Figure 3a—b shows
a P4AVP-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 verified by Fourier transform IR (FTIR) spectros-
copy (Figure 3d). After pyrolysis, as expected, the organic
moiety is removed, and only a silica fingerprint region
at 1100 cm™ 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 fields inside the
tubes. A current, I=0.1 A, generates a magnetic field inside
the 200 mm-wide coil, as shown in Figure 4, which is esti-
mated to be 6 x 107 T. Utilizing electrodes inside the tubes
provides an excellent opportunity to integrate electrical
and microfluidic 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 film 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).2*) Moreover, silica—
metal tubes can be obtained when a metallic layer is intro-
duced into the multilayer by vacuum sputtering prior to
rolling.[?*l 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.[??l These tubes are also being
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(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

I 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.

with permission.2°l Copyright 2009, ACS Publications.

investigated as waveguides in soft X-ray diapason!?3! that
can be used as the building blocks for X-ray capillary
optics.?4 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

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 confine-

the role of a metal catalyst.?"] ment effects, such as the inhibition or enhancement of the

e,
PO VN

. z [ o .4

A

.

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 um. b) The action of an electrical current (0.1 A) passing through the rolled-up microsolenoid, with super-
paramagnetic particles (magnetite Fe;0,) dispersed in water around the tube. The particles aggregate into bow-like features following the
magnetic-field lines. Reproduced with permission.l'®! Copyright 2007, Elsevier.
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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) magnifications. Reproduced with permission.? Copyright 2009, ACS Publications.

I 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
spontaneous-radiation rate. 261 The toroidally shaped cavi-  (Figure 6). In contrast to the case of the formation of
ties are particularly interesting as quasi-1D compartments  straight tubes that can roll until the film is fully stable,
with periodic boundary conditions. We have shown['” that  self-rolling of toroidal tubes is self-constraining: it stops
such tubes can be realized by the self-rolling of bilayers =~ when the energy gain due to relaxation of the bending
from circular openings produced by photolithography = moment is compensated for by work on the in-plane

in the film produced by the photolithography approach (b); the initial and the final stages of the toroid formation (c—d). (e-h) SEM micrographs of
toroidal tubes: a single microtoroid (ef); an array of microtoroids (g-h). Reproduced with permission.['”] Copyright 2008, Institute of Physics.
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I 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




Self-Rolled Polymer Tubes...

Macromolecular
Rapid Communications

stretching of the film 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.l'7! In particular,
the theory relates the length of the rolled-up part of the
bilayer to the effective Young's modulus of the film 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 films.

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.

www.mrc-journal.de

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

Self-rolling films 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 films 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 films
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 first self-rolling films
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.l”]
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

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 specific solvent. (e) A bunch of rolled-up tubes with helical patterns on the inner walls. Reproduced
with permission."
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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
finding 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

a b

adsorption of
microparticles

encapsulation of
miroparticles

V. Luchnikov et al.

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 field, and this aspect is
very important for targeted delivery.?”]

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 films. For this,
polysuccinimide (PSI) —PCL bilayers were investigated.[”]
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 PSlis its relatively slow hydrolysis rate in a physiological

C
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Figure 8. (a—c) Scheme of capture and release of microparticles by self-rolling microtubes. A thin film 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.*7) Copyright 2010, Royal

Society of Chemistry.
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Figure 9. Encapsulation of yeast cells inside thermoresponsive self-folding capsules (dark-field 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.8] Copyright 201, Royal

Society of Chemistry.

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

7. Conclusion and Outlook

Spontaneous self-rolling of bilayer polymer films 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 films
in reactive media. The analysis of the tube formation is
relatively simple when it is done within the framework
of linear elasticity theory.['”l However, a realistic theo-
retical description of the process should take into account
finite 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 films, 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 film.
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One of the most-attractive advantages of the self-
rolling approach is in the complex engineering of the
inner walls of the microtubes via modification of the
bilayer films, 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 fields where such engineered tubes may find
advanced applications. Enrolling of electrodes can provide
an easy interface for electrical and microfluidic circuits.

The development of polymer self-rolled tubes has
proceeded parallel to investigations of semiconductor
and metallic rolled-up structures. Both fields have their
advantages and realms of applications. The use of epitaxi-
ally grown films 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-
fluidic 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 films 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 films 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 films
is an emerging field of research that has begun to find
advanced applications in the soft-matter field.
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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.'). Fabrication of 3D microobjects
using controlled folding/bending of thin films—microorigami—
is a novel and very attractive research field.? 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.® and Jager et al* 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,’® investigating behaviour of cells
in confinement,® nanooptics’” and energy storage elements.®
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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.*** Metallic self-folding thin films are also highly promising
for optics’® and photovoltaic power applications.**

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.’ Second, polymers undergo considerable and revers-
ible changes in volume that allow design of a variety of actively
moving microconstructs.’®'” Third, there are a variety of
biocompatible and biodegradable polymers.*® 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 (i) by applying non-gradient stimuli to
inhomogeneous materials. The example of the first case is the
bending of polyelectrolyte hydrogel during electrolysis.'® The
examples of the second group are the bending of liquid crystalline
films,® hydrogels with the lateral gradient monomer concentra-
tion,?! cantilever sensors?* and shape-memory polymers.?
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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.?* 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. la). 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.?*27-32-35 Helixes of different kinds are
formed by polymer bilayers with the gradually changing ratio

a
T>Tirans
b o
e
¢ e
— = T ey [ —

== active polymer
passive polymer

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.

between polymers.?® Envelop-like capsules with rounded corners
or nearly spherical ones are formed from the star-like polymer
bilayers with four and six arms, respectively.?”-*®35 Cubes and
pyramids are formed by patterned bilayers with the active junc-
tion elements.?*3"3¢

The polymer films with different shapes can be obtained either
by cutting,?2%3? using microwell-like substrates?”-**3% or photo-
lithography?31333¢ (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) bilayer®®
as well as  polystyrene—poly(4-vinyl  pyridine)-poly-
dimethylsiloxane trilayer?” 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.?® 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)®* and poly(methacrylic acid)
(PMAA)/polyEGDMA?* 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.?® 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.*®

This journal is © The Royal Society of Chemistry 2011
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Fig. 2 Examples of self-folding polymer films: tubes*+¢ (a and b: reproduced with permission, Copyright Wiley-VCH Verlag GmbH & Co. KGaA?®),
capsules?”?® (c: reproduced with permission, Copyright Wiley-VCH Verlag GmbH & Co. KGaA;* d: Royal Society of Chemistry, Copyright?®), helix?**
(e), hierarchically shaped tube® (f: reproduced with permission, Copyright Wiley-VCH Verlag GmbH & Co. KGaA?®), cubes with porous walls**! (g, h,
and i: with kind permission from Springer Science + Business Media permission, Copyright;*' k: Royal Society of Chemistry, Copyright*), dodeca-
hedron®' (j: with kind permission from Springer Science + Business Media permission, Copyright®!), pyramide* (I: Royal Society of Chemistry,

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

Thermoresponsive

Thermoresponsive self-folding films can be designed using
continuous thermal expansion, melting, shape-memory transi-
tion or polymers which demonstrate the LCST (Low Ceritical
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 °C?*3? which is due
to different temperature expansion coefficients.

Gracias et al. used melting of polymers, which forms a droplet
and forces patterned polymer films to fold. This was 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.3**' 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

Table 1 Methods for fabrication of self-folding polymer films

polymers based on different poly(e-caprolactone)s.* At low
temperature the materials are in their temporary shape. The films
recover their permanent shape and irreversibly fold by heating,
which could be accompanied by a 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).2%33

Solvent responsive

Most examples of solvent-responsive self-folding films are the
films, which fold upon immersion in aqueous media. Such films

Shapes of
Preparation method Advantage Disadvantage folded object Ref.
Cutting Simple, all crosslinkable Limited shapes—mostly Tubes 25,26,32
polymers can be used rectangular, large objects
Microwells All crosslinkable polymers Requires fabrication of Tubes, capsules, and helixes 27,34,35
can be used, variety of shapes microwells
Photolithography of bilayers Simple, large scale Polymers must be deposited Tubes and capsules 17,18
fabrication, different sizes from selective solvents
and shapes
Photolithography of Large scale fabrication, Complicated, requires special Tubes, capsules, cubes, and 23-25

patterned layers

different sizes and shapes

equipment

pyramids
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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=2 No + 26
Poly(2-hydroxyethyl methacrylate)-poly(methacrylic acid) PH pH=3-73 No + 34
Poly(methacrylic acid)-polyethylene glycol PH No information No + 35
Poly(N-isopropylacrylamide-co-acrylic acid)-polyethylene glycol PH pH =2.5-7.5 No + 36
Poly(methacryloxyethyl trimethylammonium chloride)—gold” PH, salt Not given No — 30
Metals—photoresist” 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)-gold” Methanol Immediate folding No - 30
Thermoresponsive

Polydimethylsiloxane—gold”“ 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—photoresist® T 40-60 °C No — 39-41
Other

Polydimethylsiloxane—cardiomyocytes Electric v Partial + 42
Metals—gelatine—carboxymethylcellulose” Enzyme Partial One circle 43
Polypyrrole-gold Electric 1V No + 34

¢ Systems with inorganic components are in bold.

contain water-swellable uncharged polymers. Lee e al. fabricated
partially biodegradable polyvinyl alcohol-chitosan®” and chito-
san—poly(PEGMA-co-PEGDMA) bilayers*® which fold in water
due to swelling of polyvinyl alcohol and polyethylene glycol,
respectively. Jeong and Jang et al. developed the approach for
fabrication of millimetre size self-folding objects which are able to
fold and form different 3D objects such as tubes, cubes, pyramids
and helixes.?® Water-swellable polydimethylsiloxane—poly-
urethane/2-hydroxyethyl methacrylate complex bilayers and
patterned films were used. Since poly(vinyl alcohol), polyethylene

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.*!

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.*®

Other systems

Except for pH-, thermo- and solvent-responsive systems, there
are also several examples of systems, which fold in response to

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.?®
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other stimuli such as the presence of enzymes or applied electric
field. Smella® and Jager* 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.*> 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.** 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 er 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.** Gracias et al. demonstrated irreversible
encapsulation of yeast cells inside self-folding SUS-PCL films
upon heating at above 60 °C.3! Poly(N-isopropylacrylamide)-
based self-folding films were also demonstrated to be suitable for
reversible encapsulation of particles and yeast cells.?®3* Cells
were encapsulated upon cooling below 30 °C and could be
released from the film, which is unfolded above 30 °C. This

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.*!
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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 Elsevier®*).

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.3*

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.?® In another example, pyrolysis
of polystyrene—poly(4-vinyl pyridine)-polydimethylsiloxane tri-
layer®” 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
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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 applicability of self-folding
tubes for design of scaffolds is, on the one hand, due to their folding
at non-physiological conditions. First, pH is not a favourable signal
to trigger folding for encapsulation of cells. The use of temperature
as stimulus is more suitable, since cells readily withstand temper-
ature variation. On the other hand, most of the reported systems are
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.! 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.> DNA and RNA motors replicate poly-
nucleotides and repair them with high degree of reliability.?
Myosin motor proteins perform steps along actin filaments
causing muscular contraction and, thus, provide motion on the
macroscopic scale.* Receptor protein molecules change their
conformation (and chemical properties) in response to binding of
molecules or ions and thereby provide cells mechanisms of
sensing.> 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.®’ In fact, millions of years of
evolution have forced animals to optimise these and other
approaches for active-motion with respect to efficiency,
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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 reviews®*'2). To date a variety of
polymers sensitive to environmental as well as to biochemical
stimuli (light, pH, temperature, electric and magnetic field,
chemicals)'® have been developed, investigated and tested.*?*' 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.?

A prototype molecular motor that has a “simple” internal
structure was recently proposed by Potemkin er al* Here,
a single diblock-copolymer chain comprising “simple” monomer
units is able to perform directed reptational motion being
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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:
t, < t, < t. < t4. Reprinted with permission from ref. 23, Copyright Wiley-
VCH Verlag GmbH & Co. KGaA.

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.**** 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.?¢
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 synthetic*’-*® and
natural® polymer layers grafted inside narrow pores were also
used for the design of microfluidic systems with environmentally
controllable fluid flow.3**2 Moreover, reversible changes of the
height of a polymer layer can be used for design of environmental
sensors.?*33

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,**” scanning
probe lithography,’>*® electron beam lithography,***' micro-
contact printing.** Alternatively, nanopatterned stimuli-respon-
sive brushes can be prepared on biological objects as
templates.**** Nanoconfinement can strongly influence the
properties of grafted polymer layers. First, nanopatterned
polymer brushes undergo reversible swelling in both lateral and
vertical directions.** 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.*® Grafting of two*’=* or more* 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.*!

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.>? 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 (LCST = 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, homopolymer3*-55% and
diblock-copolymer®* 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 wvertical position of nanoparticles by drying.

This journal is © The Royal Society of Chemistry 2010
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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.

it

PGMA layer ohsans

8i0,

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
environmental®¥3%33355¢ and biochemical®’ 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

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.

adsorbed nanoobjects (Fig. 3).%% 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, Rithe recently developed an
approach based on nanoscale gradient brushes.®

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.! 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.®

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;®***
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 ef al. incorporated silver nanoparticles in to a thermor-
esponsive polymer brush grafted onto spherical microparticles.®
By changing the conformation of the polymer chains, they
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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.

controlled the accessibility of the nanoparticles and in this way
were able to reversibly switch their catalytic activity.

Tonov®® 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.5%¢7

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.®® 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.®® 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,”®7* adhesion,” control of
protein adsorption,” and were applied for design of active
elements in microfluidic devices.?”"

Mixed polyelectrolyte (PEL) brushes represent a particularly
interesting case of mixed polymer brushes. Mixed PEL brushes
consist of two oppositely charged polyelectrolytes.”s”® Being
responsive to pH and salt concentration, thin polymer films from
mixed PEL brushes are of high interest for the regulation of
protein adsorption,” surface wetting,”7>7¢ stability of pH-res-
ponsive colloids,?*®! for the development of “smart” coatings,*
microfluidic devices,” enzyme-controlled Pickering emulsions,*?
etc. Block-copolymer®*#* or random copolymer polyampholyte
brushes®* 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.?’

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.?” 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,**# solvent,* or salt®* 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.”>**
Exposure to one or multiple stimuli causes reversible
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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 reviews®>°).

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) reaction®” 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(2,2’-bipyridine)
(Ru(bpy)sz) as the catalyst for the Belousov—Zhabotinsky (BZ)
reaction, and used it for directed particle transport (Fig. 5).°® 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.*®
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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.

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.’**°! More complex systems consist of thermores-
ponsive hydrogel films with a gradient of composition'®? or two-
layered structures.'®® 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.’®™ 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 rods'>1% 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—Dby 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).17

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.'®® 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).’®® A
second approach consists in immobilization of a hydrogel to
a AFM cantilever.''® Swelling of hydrogel deforms the cantilever
similarly to polymer brushes (see above). Another approach
for design of hydrogel-based sensors is incorporation of
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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.

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.'**-!15

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.'*® They used pH sensitive hydrogels. Later on, the
approach was extended to temperature-, enzyme-, light- and
electric field-responsive polymers.!*”!*® 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.**'*° 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 12713

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.'** Poten-
tially, the hydrogel particles can be assembled in hexagonally
packed arrays and are used for fabrication of miniaturized
elements of different size.'® 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.’® 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
structure'?’

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.’?13! 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,'3? temperature,'® light, magnetic'®® and electric'®* 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 properties'*> Notably, this mechanism of
switching of periodicity of high-refractive index protein assem-
blies is used by squids to tune their coloration.®

Recently, Akashi er 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.'*® 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.
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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 wusing a thermoresponsive polymeric
actuator.'®’

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.'3®

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.'*® 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
(light™*1%2 or temperature'**'*%), 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.**¢ 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,'’ self-healing materials,'*® fibers'*® and
bioinspired switchable adhesives.'*®

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.!?#%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."*® 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.



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 (1 ~ 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-
1sopropylacrylamide) (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.



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 um 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



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 um wide circular diaphragm and a volumetric heat release
of 3*10" W/m®. 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.



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 A = 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 um) 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 um, 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 um. 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.



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 A = 561 nm through a circular diaphragm (d = 12,8
um). In-between three sequential illumination steps the different protein solutions were
exchanged and the microscope stage was shifted 20 um in y-direction. Afterwards images
were taken using following excitation wavelengths and emission filters: Aex = 405 nm and BP
450/50 for Alexa Fluor 405; Aex = 488 nm and BP 535/30 for Alexa Fluor 488; Aex = 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 um and b =
12.8 um). The stage was shifted by 10 um 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/

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 um) with laser light (A = 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 um/s, but
also showed point-to-point velocities of up to 1.5 pm/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.

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



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 pL 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 MgCly) with 4 mM MgCl,, 1 mM Mg-GTP and 5% DMSOQO at 37 °C. After 30
min, the microtubule polymers were stabilized and diluted 100-fold in room-temperature
BRB80 containing 10 uM 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 pg/ml
kinesin-1 solution in BRB80 buffer containing 1mM Mg-ATP and 0.2 mg/ml casein
(BRB8OCA) 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 pg/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, M,, = 65000 g/mol) solution
in chloroform. The PGMA was annealed at 130 °C for 20 min in a vacuum oven. After
annealing the substrates were placed in hot chloroform (70 °C) in order to remove unbound

PGMA. Poly(N-isopropylacrylamide) (PNIPAM, M, = 45000 g/mol) was dissolved in



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 °C for 60 min to anneal the PNIPAM. Unbound PNIPAM was

removed by washing the substrates in hot chloroform (70 °C).

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 pg/ml) containing 0.5 mg/ml casein, ImM Mg-ATP and 10 mM dithiothreitol
(DTT) in BRB80) was perfused into the flow-cell. The sample was then locally illuminated
with laser light (A = 561 nm; A = 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 BRB8OCA. For sequential patterning of different proteins these steps
were repeated. In the last step either antifade solution (BRB80 with 40 mM D-glucose, 55
ug/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 zm).
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 zm. (D) Simulated temperature profiles in dependence
of the width of the illuminated patterns. The volumetric heat release rate was kept constant at
3*10"°W/m”.
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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 (4 =561 nm; maximal power output 3.6 mW) and a circular diaphragm (d =
12.8 um). 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 (4 =561 nm). (Scale bar represents 20 pum.)
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Alexa Fluor 405 Alexa Fluor 488 Alexa Fluor 430 Color Overlay

AMPPNP

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 4
=561 nm (circular diaphragm, d = 12.8 um). Fluorescence images were taken using following
excitation wavelengths and emission filters: Aex = 405 nm and BP 450/50 for Alexa Fluor
405; Aex = 488 nm and BP 535/30 for Alexa Fluor 488; Aex = 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 gm and b = 12.8 um). The stage

was shifted by 10 z#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) 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 pm.)
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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  swollen PNIPAM chains prevented microtubules in solution from binding to
the surface-bound kinesin-1 molecules. (C) Localized illumination with laser light (1 =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

um.)
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