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Fabrication of 3D objects using folding of thimfi$ is novel and very attractive research field. The
manuscript overviews recent advances in developamhapplication of polymer films, which are able

to fold and form 3D structures.

Introduction

Engineering of complex 3D constructs is highly tdrajing task
for development of materials with novel optical pedies, tissue
engineering scaffolds, elements of micro and naubeinic
devices. Three-dimensional materials can be fatmit using a
variety of methods including two-photon photolithaghy,
interference lithography, molding (see recent nevief D.

Gracias ). Fabrication of 3D microobjects using controlled

folding/bending of thin films — microorigami - ioxel and very

attractive research field2 One of the advantages of thiss

approach is the possibility of quick, reversibled aeproducible
fabrication of 3D hollow objects with controlled ethical
properties and morphology of the both exterior amdrior. The
pioneering works in this field belong to Sméliand Jagef* .
They were the first who started to work with salfefing films
and demonstrated folding and unfolding of pattergetti films
with polypyrole hinges in the response to electignal. Groups
of Oliver Schmidt focused on the design of semicmbor and
metal oxide self-rolled tubes and applied them tfansport®,
investigation behaviour of cells in confinemefit nanooptics’
and energy storage elementS. Gracias et al developed
approaches for design of metallic self-folding mées and
demonstrated their applicability for design of sesembling
microelectronic devices, controlled encapsulatibreadls, drugs
and design of tissue engineering scaffdlds Metallic self-
folding thin films are also highly promising for tigs ** and
photovoltaic power applicatiorté

On the other hand, due to their rigidity, limitesbdmpatibility
and non-biodegradability, application of inorgarself-folding
materials for biomedical purposes is limited. Paysnare more
suitable for these purposes. First, there are mpolymers
changing their properties in physiological rangdspél and
temperature as well as polymers sensitive to bimated process
15 Second, polymers undergo considerable and iblers
changes of volume that allows design of a varidtyadively-
moving microconstructs®*”  Third, there are a variety of
biocompatible and biodegradable polyméefs . This paper

45 overviews recent progress in development of polyrilens,

which are able to fold and form 3D microstructur€se main
focus is to summarize polymer-based systems andlassify
them with respect to way of fabrication, suitabilior design of
different 3D objects and applicability for biotediogy.

=}

s Bending vs. expansion

Bending is essentially required for design of seléiing
materials and allows conversion of semi one-din@radiand two
dimensional objects into 2D and 3D ones, respdgtivdg/pically
bending is the result of either expansion or cativa of a
material caused by change of environmental condition most
cases change of conditions, however, results inolgemous
expansion or contraction in all directions and does leads to
increase of dimensionality. Bending is produced assalt of
inhomogenous expansion/shrinking, which occurs wlifferent
magnitudes in different directions. Bending could dmhieved
either (i) by applying gradients of field to homoges materials
or (i) by applying non-gradient stimuli to inhomameous
materials. The example of first case is the bendufy
polyelectrolyte hydrogel during electrolySls The examples of
the second group are the bending of liquid cryselfilms %,
hydrogel with the lateral gradient monomer congitn 2,
cantilever sensof$and shape-memory polymérs

60

65

Design of self-folding films

In fact, design of self-folding objects using horaogus
materials is technically very complicated becausergt complex
spatial force gradient must be formed and kepafoonsiderable
period of time. This, for example, can be achieusihg surface
tension by depositing a water droplet on a thimfif. The film
folds immediately after the droplet is depositetie Tormed 3D
75 Object changes its shape during drying of the @étoghd unfolds
when water is completely evaporated. In physiolagicuffer
environment surface tension effects are, howeveeakw
Fabrication of self-folding objects using inhomogeus films is
more straightforward. The inhomogeneous films falde to
so difference in the properties on constituting materiin pre-
programmed manner, which is defined by the
structure/pattern.
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To date, three general approaches for design dffading a
polymer films are reported (Figure 1). First appioé based on

shape-memory polymers, which are partially liquigstalline Tb_T‘f“
with directional anisotropy of properties (Figur@)l At low
s temperature the shape-memory materials are in theiporary b
shape. The films recover their permanent shape dafirtg. In
second and third approaches two polymers are @3e€.of the
polymers is passive and its properties remain umgéé Another . — > X
polymer is active and its volume or shape is chdngdéen c
10 stimulus is applied. The second approach is basedise of i
polymer bilayers (Figure 1b). Active polymer swallsshrinks in
response to signal. The swelling in one direct®meistricted by - TS - S S | == |
the passive polymer. As a result, the bilayer doasuniformly '
X . K mm active polymer
expands/shrinks but folds and unfolds. Third apghos based passive polymer
1s0n use of patterned film of passive polymer witlseirtion of 2 Fig. 1 Approaches for design of self-folding polymer objects (a) relaxation
active one (Figure 1c). Active polymer undergoesapsh of shape-memory polymers (b) folding of polymer bilayer due to
transition, which might be caused by surface fqrtiest results in expansion of one of the polymers (b) folding of patterned polymer film
folding of the film. caused by shape change of one of polymers.

25-26

25 Fig. 2 Examples of self-folding polymer films: tubes
27-28

(a; 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 0 (f, reproduced with permission, Copyright Wiley-VCH Verlag GmbH & Co. KGaA %), cubes with porous walls » 31(g,h,I with
kind permission from Springer Science+Business Media permission, Copyright ** ; k, Royal Society of Chemistry, Copyright,*®), dodecahedron ** (j, | with
kind permission from Springer Science+Business Media permission, Copyright 3, pyramide (1, Royal Society of Chemistry, Copyright,), phlat ball *(m,
30 Royal Society of Chemistry, Copyright).

The shape of formed 3D object depends on the sbépbe polymers. Use of microwell-like substrates is téchlly more
polymer films (Table 1). The simplest case of $elfling object complicated but allows fabrication of polymer layewith
is a tube®?" 323% Helixes of different kinds are formed by different shapes such as rectangles or stars. Rhography of
polymer bilayers with the gradually changing ratietween bilayers allows large scale fabrication of selidiog objects of

35 polymers®® Envelop-like capsules with rounded corners orlgearso different shape and size starting from several onisr The
spherical ones are formedom the star-like polymer bilayers formed self-folding objects have rounded cornerbe Tmain
with four and six arms, respectivel§?® *% Cubes and pyramids disadvantage of this approach is necessity to ehqusper
are formed by patterned bilayer with the activecjion elements  solvents for polymer deposition in the way that fingt polymer
29,31,36 is not dissolved during deposition of the secondyrmper.

40 The polymer films with different shape can be afdi either by ss Fabrication of patterned polymer films (Figure 1liy) the
cutting 2>2® %2 ysing microwell-like substrate$” 3*3° or  technically most complicated procedure and requireask
photolithography?® 3! 3% 3§(Table 1). Cutting allows fabrication alignment during several steps of photolithograpBn the other
of millimetre large species with the rectangulaapd which hand, it allows fabrication of the broadest ranfishapes of self-
form the tubes. The main advantage of this metsaglmplicity folding objects.

s and applicability to almost all combinations of sstinkable

2 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Table 1 Methods for fabrication of self-folding polymelrfis

Preparation method Advantage Disadvantage Shagdekletl object Refs
cuttin simple, limited shapes - mostly rectangular, 2526,
g all crosslikable polymers can be usedarge objects %
H 27, 34-
microwells all (_:rossllkable polymers can be usedl’equires fabrication of microwells tubes, capsuhedixes 35
variety of shapes
photolithography of simple, large scale fabrication, polymers must be deposited from 17-18
. ; . - tubes, capsules
bilayers different sizes and shapes selective solvents
photolithography of large scale fabrication, . . . . tubes, capsules, cubes, 23-25
patterned layers different sizes and shapes complicated, requires special eqUIIOIfnempyramids

. . 40 Gracias et al used melting of polymer, which forrdraplet and
Stimuli forces patterned polymer films to fold. This wasndastrated on
the example of patterned SU-8 photoresist - polyaaptone
film, which irreversibly folds at 60°C*! due to melting of
polycaprolactone (Figure 3). In order to reduce transition
4s temperature and make film more suitable bio-relajgglications,
Gracais et al used photoresist hinges which areitsen to
temperature around 40°C®*. The metal-polymer grippers

Use of polymer sensitive to different signals akodesign of
self-folding films folding upon immersion in solverchange of
pH, temperature, electric or biochemical signas(€ 2).

pH — responsive. Self-folding films sensitive to pH are
commonly designed using weak polyelectrolytes asivec
polymers. Luchnikov demonstrated that polystyreaby@d vinyl ; ’ )
pyridine) bilayer® as well as polystyrene-poly(4 vinyl pyridine)- irreversibly fold in response to temperature ad.wel

polydimethylsiloxane trilayef’ are able to roll at low pH when Lendlein et _aI demonstratgd the possibi.litie.s tosigie
poly(4-vinylpyridine) is protonated and swells iratar. Use of * thermoresponsive macroscopic self-folding objecima shape-

layers with two-dimensional gradient of thickneskowed  Memory polymers based on different pely¢aprolactoney’. At

thorough investigation of folding®. It was found that rate of |OW témperature the materials are in their temposdrape. The
rolling increased with the acidity of the solutiofube diameter ~ flms recover their permanent shape and irreveysibld by

and rate of roling decreased with the increasetrsf Uy~ heating, which could be accompanied by a change
exposure time. Moreover, increase of thickness Sfr@sults in *° ransparency. The exact size of the self-foldinm fas well as
increase of the diameter of tube. temperature of transition was not given.

Lee et al used pH sensitive poly(methyacrylic acig)oly(2- Polymer. bilayers, where. active component is theesponsive
hydroxyethyl methacrylate)®* and poly(methacrylic acid) POY-(N-isopropylacrylamide)-based — copolymers, —ammore

(PMAA)/ polyEGDMA 3 patterned bilayer which folds in §u|table for encgpsulatlon of cells. In aqueous meploly-(N-

contact with biological fluids. It was not showratithe folding *° ISOProPylacrylamide)-based hydrogels reversiblylsared shrink
depends on pH. However, since weak polyelectrolytebelow and above 33 °C. Moreover, the temperaturteaokition
poly(methacrylic acid) was used, the systems iseetgnl to betwegn swollen an(.j.shrunk states can be tuned rbgep
respond to pH signal. Gracias et al fabricatedimitter large ~ SEl€ction of composition of copolymer. As resulplys(N-

polyethylene glycol / poly-(N-isopropylacrylamideaerylic acid) |sopropylacrylaml_de)-polycaproIactone patternedayts fo_Id
bilayers which are able to snap in response to igHa€®. One and unfold forming .tubes _of caps3usles below and abthis
can also expect that this system is thermorespensluck et al  (emperature, respectively (Figure )

reported pH responsive gold-poly(methacryloxyethyl

trimethylammonium chloride) brush patterned filmsiet fold in

response to change of pH and salt concentration

Thermoresponsive.Thermoresponsive self-folding films can be

designed using continuous thermal expansion, ngeltéhape-

memory transition or polymers which demonstrate LGEdw

Critical Solution Temperature) behaviour in soluson

Kalaitzidou et al used continuous volume expansisith

temperature and demonstrated thermoresponsivagaliirolling

of polydimethylsiloxane - gold bilayers tubes af®070°C?> 32

which is due to different temperature expansiorffaoents.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 3
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Fig. 3 Thermoresponsive self-folding SU-8- polycaprolcatone thin films.
(a) fabrication: (i) A sacrificial layer was spin coated on a clean Si wafer.
SU-8 panels were patterned using conventional photolithography. (ii)
5  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)
10 showing a 1 mm sized, six-windowed polymeric container self-folding at
60°C. With kind permission from Springer Science+Business Media
permission, Copyright 3

Fig. 4 Encapsulation of yeast cells inside thermoresponsive poly-(N-
15 isopropylacrylamide)-polycaprolactone self-folding capsules. Yeast cells
are adsorbed on the polymer bilayer at elevated temperature. Cooling
leads to swelling of the thermoresponsive polymer and folding of the
capsules. Second heating results in unfolding of the capsules and release
of the cells. Royal Society of Chemistry, Copyright 8

20 Solvent responsive.Most examples of solvent-responsive self-
folding films are the films, which fold upon immens in
aqueous media. Such films contain water-swellalsieharged
polymers. Lee fabricated partially biodegradablelyyioyl
alcohol-chitosafi  and chitosan-poly(PEGMAe-PEGDMA)

2 bilayers*® which folds in water due to swelling of polyvinyl
alcohol and polyethyleneglycol, respectively. Jeand Jang et al
developed the approach for fabrication of millineesize self-
folding objects which are able for fold and fornffelient 3D
objects such as tube, cube, pyramids and helfRe®vater-

30 swellable polydimethylsiloxane- polyurethane/2-fopdrethyl
methacrylate complex bilayers and patterned filmerewused.
Since poly(vinyl alcohol), polyethyleneglycol andolp (2-
hydroxyethyl methacrylate) and are not polyelegtes, the
swelling is expected to be independent of pH ofeagps media.

s These systems immediately fold upon immersion ineags
media that hampers loading of cells.

Huck reported the example of the system which foids
methanol. This systems is based on poly(glycidgthacrylate)
brush layer grafted to gold patterned filffis

40 Other systems.Except for pH-, thermo- and solvent-responsive
systems, there are also several examples of systerith fold in
response to other stimuli such as presence of eszymapplied
electric field. Smelhand .]agef‘ et al, who introduced the self-
folding films, demonstrated folding and unfolding matterned

ssgold film with polypyrole hinges in the response étectric
signal. Whilesides et al fabricated electro-respanself folding
bilayer, which consists of polydimethylsiloxane lwthe aligned
cardiomyocytes*>. The polymer-cell film adopted functional
three-dimensional conformations when electric dighapplied.

so These centimetre-scale constructs perform functésngdiverse as
gripping, pumping, walking, and swimming with fispatial and
temporal control.
Enzyme-sensitive self-folding films were develoded the first
time by Gracias et al. The approach is based onofisself-

ss folding metallic grippers with active polymer hirggewhich are
sensitive to presence of enzynfésTwo kinds of biodegradably
polymer were used. The gripper, which is unfoldedhitial state,
folds when first polymer is degraded after additiof first
enzyme. The gripper unfolds when second enzymedsdand

e0 Second polymer is degraded. As result one circlfoldfing and
unfolding is achieved.

4 | Journal Name, [year], [vol], 00—00
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Table 2 Reported examples of self-folding polymer films

system stimuli folding range biodegradation reverdiility Ref
pH-responsive
poly(4 vinyl pyridine) - polystyrene pH pH=2 no + %
poly(2-hydroxyethyl methacrylate) poly(methyacnyicid) pH pH=3-73 no + i
poly(methacrylic acid) - polyethylene glycol pH mdormation no + %
poly-(N-isopropylacrylamide — co- acrylic acid)elpethylene glycol pH pH=25-75 no + %
poly(methacryloxyethyl trimethylammonium chloridepold* pH, salt not given no - o
metals-photoresist* acetic acid > 60% no - 44
Solvent-responsive
polyvinyl alcohol -chitosan water immediate folding partial - 2
chitosan- polyethylene glycol water immediate folding partial - %
polydimethylsiloxane- polyurethane /2-hydroxyethgthacrylate water immediate folding no - 20
poly(glycidyl methacrylate) —gold* methanol immediate folding no - o
Thermoresponsive
polydimethylsiloxane — gold* T 60°-70°C no + s
SU-8 - polycaprolactone T 60°C partial - 3
poly-(N-isopropylacrylamide)- polycaprolactone T °@830°C partial + 28,33
polycaprolactone T unknown full - 2
poly(caprolactone-co-pentadecadolactone) T unknown full - 2
metals-photoresist* T 40-60°C no - 8941
Other
polydimethylsiloxane — cardiomyocytes electric \10 partial + 42
metals- gelatine- carboxymethylcellulose* enzyme partial one circle 43
polypyrrole -gold electric 1V no + 34

*systems with inorganic components are labelleg gra

Applications

The main field of application of self-folding polynthin films is
s the controlled encapsulation and release of drpgdicles and
cells (Figure 5). Kalaitzidou demonstrated reveesddsorption-
desorption of fluorescently labelled polyethyleryegl, which is
considered as model drug, inside PDMS-gold tub&®-at0°C 2
Gracias et al demonstrated irreversible encapsulatif yeast
10 cells inside self-folding SU8-PCL films upon hegtiabove at
60°C 3L Poly-(N-isopropylacrylamide)-based self-foldifigns
were also demonstrated to be suitable reversildapsulation of
particles and yeast celfs 3 Cells were encapsulated upon
cooling below 30°C and could be released from tine, fivhich is

1s unfolded above 30°C. This encapsulation and

releesse

completely reversible and could be repeated mangdi(Figure

4),

Fig. 5 Bacterial encapsulation using self-folding SU-8-polycaprolactone
20 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 timelapse images of bacteria within a polymeric container,

taken at intervals of zero, 4 and 15 h following encapsulation by

tumbling. Also shown is a plot of the number of bacteria vs. culture time

25

following encapsulation. with kind permission from Springer

Science+Business Media permission, Copyright 3

Self-folding films can also be used as smart piastéee
demonstrated this concept on the example of mitlienesize
poly(methyl methacrylate) - poly(2-hydroxyethyl ratrylate)
30 bilayer with attached mucoadhesive drug layer. itwe-swelling
PHEMA layer serves as a diffusion barrier, minimgziany drug
leakage in the intestine. The resulting unidirewio release
provides improved drug transport through the mucegihelium

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 5



(Figure 6). The functionality of this device is sassfully
demonstrated in vitro using a porcine small intest*

t >
4 Time (min)

—_~ . = PMAA 4 PCL ® PMAA and PHEMA
(=} _L l
Z -’ -' y o
= Ehlelells] Bllelklbls| [ololelololo)
£
0 0.6
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]
= 0.4 -
g >
L
T 0.2 4
'.‘c
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0 i , ‘ .

0 20 40 60 80 100 120
Time(min)

Fig. 6 Self-folding polymer bilayer films as smart plaster. Upper panel -
5 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 )

10 There are several non-biorelated examples of agit of self-
folding polymer films. Deposition of patterned nletan the
polymer bilayer allowed fabrication of self-rollemibes with

patterned conductive inner waif. In another example, pyrolysis 75 17.

of polystyrene-poly(4 vinyl pyridine)-polydimethylisxane
15 trilayer 3" were used for fabrication of silica tubes.

Conclusions and Outlook

The self-folding polymeric thin films are emergifigld, which
only starts to develop. Till now, several exammiéshe polymer
thin films folding due to immersion in aqueous eowment,
20 change of pH, temperature, electric signal or pres®f enzymes
were demonstrated. The self-folding films are ptitdiy very
promising for controlled encapsulation and releasdrugs and
cells. Here, cells are not locked inside amorphand densely
crosslinked matrix, as it happens in the case dfdgels, but are
25 free to move. This is particularly important forsig of tissue
engineering scaffolds. The limited applicability sélf-folding
tubes for design of scaffolds is, one hand, cabgettheir folding
at non-physiological conditions. First, pH is natdurable signal
to trigger folding for encapsulation of cells. Use¢emperature as
30 stimuli is more suitable, since cells readily witirel temperature
variation. On the other hand, most of the reporgstems are
non-biodegradable. There is only one report abaulty-f

biodegradable self-folding polymer film. In futuréhese two
problems must become the main focus of researtttigriield.

s Notes and references

& Leibniz Institute of Polymer Research Dresden, Hohe Sr. 6, 01069
Dresden, Germany. E-mail: ionov@ipfdd.de

1. T.G. Leong, A. M. Zarafshar and D. H. Gractsall, 2010,6, 792-
806.

2. E. Hawkes, B. An, N. M. Benbernou, H. Tanaka,K8n, E. D.
Demaine, D. Rus and R. J. Wode@oc. Natl. Acad. &i. U. S A
2011, published online.

3. E. Smela, O. Inganas and |. Lundstr@tience, 1995,268 1735-
1738.

4. E. W. H. Jager, O. Inganas and |. Lundstr&mence, 2000,288
2335-2338.

5. A. A Solovey, S. Sanchez, M. Pumera, Y. F. &tad O. G. Schmidt,

Adv. Funct. Mater., 2010,20, 2430-2435.

G. S. Huang, Y. F. Mei, D. J. Thurmer, E. Caia O. G. Schmidt,

Lab Chip, 2009,9, 263-268.

7. E. J. Smith, Z. Liu, Y. F. Mei and O. G. Schmidppl Phys Lett,
2009,95, 083104.

8. C. C. s. Bof Bufon, J. D. Coj@lonzalez, D. J. Thurmer, D. Grimm,
M. Bauer and O. G. Schmiddano Lett., 2010,10, 2506-2510.

9. D. H. Gracias, J. Tien, T. L. Breen, C. Hsu &dM. Whitesides,

Science, 2000,289, 1170-1172.

T. Leong, Z. Y. Gu, T. Koh and D. H. GracidsAm. Chem. Soc.,

2006,128 11336-11337.

C. L. Randall, Y. V. Kalinin, M. Jamal, T. Mamar and D. H.

GraciasLab Chip, 2011,11, 127-131.

M. Jamal, N. Bassik, J. H. Cho, C. L. Randalil &. H. Gracias,

Biomaterials, 2010,31, 1683-1690.

S. Schwaiger, M. Broll, A. Krohn, A. Stemmaiih,Heyn, Y. Stark,

D. Stickler, D. Heitmann and S. Mendaétiys Rev Lett, 2009,102,

40

55

10.
60 11.
12.

13.
65

X. Y. Guo, H. Li, B. Y. Ahn, E. B. Duoss, K.Hsia, J. A. Lewis and
R. G. Nuzzo,Proc. Natl. Acad. Sci. U. S A, 2009,106, 20149-
20154.

M. A. C. Stuart, W. T. S. Huck, J. Genzer, Mulldr, C. Ober, M.
Stamm, G. B. Sukhorukov, I. Szleifer, V. V. Tsukrdk. Urban, F.
Winnik, S. Zauscher, I. Luzinov and S. MinKgat Mater, 2010,9,
101-113.

L. lonov,J. Mater. Chem., 2010,20, 3382-3390.

J. E. Comrie and W. T. S. HudWacromol Rapid Comm, 2008,29,
539-546.

18. P. X. MaAdv Drug Deliver Rev, 2008,60, 184-198.

19. G. H. Kwon, Y. Y. Choi, J. Y. Park, D. H. Wd§, B. Lee, J. H. Kim
and S.-H. Leel ab Chip, 2010,10, 1604-1610.

C. Ohm, M. Brehmer and R. Zentéklv. Mater., 2010,22, 3366-
3387.

Y. Klein, E. Efrati and E. Sharo&ience, 2007,315 1116-1120.

F. Zhou, P. M. Biesheuvel, E. Y. Chol, W. SRuPoetes, U. Steiner
and W. T. S. HuckiNano Lett., 2008,8, 725-730.

M. Behl, M. Y. Razzaq and A. LendleiAdv. Mater., 2010, 22,
3388-3410.

C. Py, P. Reverdy, L. Doppler, J. Bico, eacBteRoman, icirc and
C. N. BaroudPhys Rev Lett, 2007,98, 156103.

B. Simpson, G. Nunnery, R. Tannenbaum and HKait¢&ou, J.
Mater. Chem., 2010,20, 3496-3501.

14.

70 15.

16.

80 20.

21.
22.

85 23.

24.

25.

90

26. V. Luchnikov, O. Sydorenko and M. Stam#dy. Mater., 2005,17,
1177-1182.
27. J. J. Guan, H. Y. He, L. J. Lee and D. J. HadsfSmall, 2007,3,
412-418.
95 28. G. Stoychev, N. Puretskiy and L. lon&eft Matter, 2011,7, 3277-
3279
29. K.-U. Jeong, J.-H. Jang, D.-Y. Kim, C. NahHJ.Lee, M.-H. Lee,

H.-J. Sun, C.-L. Wang, S. Z. D. Cheng and E. L.rbs,J. Mater.
Chem., 2011, published online.

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



30

31

5 32.

33

34.

10 35

36.

37.

15

38.

39.

20 40.

41.

42.

25

43.

44,

30

. T. S. Kelby, M. Wang and W. T. S. Hudgv. Funct. Mater., 2011,
21, 652-657.

. A. Azam, K. Laflin, M. Jamal, R. Fernandes &ndGraciasBiomed.

Microdevices, 2010, 1-8.

K. Kalaitzidou and A. J. Crosh&ppl Phys Lett, 2008,93.

. S. Zakharchenko, N. Puretskiy, G. Stoychev, $3tamm and L.

lonov, Soft Matter, 2010,6, 2633-2636.

H. Y. He, J. J. Guan and J. L. LdeControl. Release, 2006,110,

339-346.

. J. J. Guan, H. Y. He, D. J. Hansford and lLeg, J Phys Chem B,

2005,109 23134-23137.

N. Bassik, B. T. Abebe, K. E. Laflin and D. Bracias,Polymer,

2010,51, 6093-6098.

K. Kumar, B. Nandan, V. Luchnikov, F. Simon, Xyalikh, U.

Scheler and M. Stamn@hem. Mater., 2009,21, 4282-4287.

K. Kumar, V. Luchnikov, B. Nandan, V. Senkovgland M. Stamm,

Eur. Polym. J., 2008,44, 4115-4121.

T. G. Leong, B. R. Benson, E. K. Call and D. Gtacias,Small,

2008,4, 1605-1609.

T. G. Leong, C. L. Randall, B. R. Benson, A.A4rafshar and D. H.

Gracias/ab Chip, 2008,8, 1621-1624.

T. G. Leong, C. L. Randall, B. R. Benson, Ns&lk, G. M. Stern and

D. H. GraciasProc. Natl. Acad. &ci. U. S A, 2009,106, 703-708.

A. W. Feinberg, A. Feigel, S. S. Shevkoplyas,S8eehy, G. M.

Whitesides and K. K. Parkegcience, 2007,317, 1366-1370.

N. Bassik, A. Brafman, A. M. Zarafshar, M. Jgnia Luvsanjav, F.

M. Selaru and D. H. Graciag, Am. Chem. Soc., 2010,132, 16314-

16317.

J. S. Randhawa, T. G. Leong, N. Bassik, B. BnsBn, M. T.

Jochmans and D. H. Graciaks,Am. Chem. Soc., 2008,130, 17238-

17239.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 7



TOC image

The manuscript overviews recent advances in dewaopand
s application of polymer films, which are able todand form 3D

structures.

Royal Society of Royal Society of
Chemistry, Copyright, | Chemistry, Copyright,

Royal Society of
Chemistry, Copyright,

reproduced with
permission, Copyright
American Chemical
Society »

Royal Society of
Chemistry, Copyright,

reproduced with permission, Copyright Wiley-
VCH Verlag GmbH & Co. KGaA *,

with kind permission
from Springer
Science+Business Media
permission, Copyright >

8 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



