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Abstract
Self-folding broadly refers to self-assembly processes wherein thin films or interconnected planar
templates curve, roll-up or fold into three dimensional (3D) structures such as cylindrical tubes,
spirals, corrugated sheets or polyhedra. The process has been demonstrated with metallic,
semiconducting and polymeric films and has been used to curve tubes with diameters as small as 2
nm and fold polyhedra as small as 100 nm, with a surface patterning resolution of 15 nm. Self-
folding methods are important for drug delivery applications since they provide a means to realize
3D, biocompatible, all-polymeric containers with well-tailored composition, size, shape, wall
thickness, porosity, surface patterns and chemistry. Self-folding is also a highly parallel process,
and it is possible to encapsulate or self-load therapeutic cargo during assembly. A variety of
therapeutic cargos such as small molecules, peptides, proteins, bacteria, fungi and mammalian
cells have been encapsulated in self-folded polymeric containers. In this review, we focus on self-
folding of all-polymeric containers. We discuss the mechanistic aspects of self-folding of
polymeric containers driven by differential stresses or surface tension forces, the applications of
self-folding polymers in drug delivery and we outline future challenges.
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1. Introduction
In drug delivery it is often required to package therapeutic cargo including small molecules,
peptides, proteins, nucleic acids and living cells. Packaging provides a means to achieve
enhanced solubility and accurate targeting, prevent premature degradation, permeate
barriers, reduce dosage and limit side effects [1–3]. Several methods already exist to
package therapeutic cargo within matrix, solid or reservoir based systems. These include
micro or nanoparticles [4–6], liposomes [7–11], polymer capsules [12–16], and
micromachined constructs [17–23]. However, in order to package drugs for delivery within
the human body, which is a complex labyrinth of circulatory pathways and organs filled
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with small molecules, cross-linked biopolymers, cells and microorganisms, there is often a
need to precisely structure drug encapsulation packages with a range of multi-functional
attributes.

Important attributes of a drug delivery package, an illustration of which is shown in Fig. 1,
include (a) material composition; (b) structural parameters such as monodispersity, size,
shape, porosity, and reservoir wall thickness; (c) surface functionalization; (d)
reconfigurability; and (e) manufacturability. The material composition of the package
determines its toxicity, biodegradability and compatibility with different therapeutic cargo
[24, 25]. The size and shape of the package strongly affect transport across different
biological barriers and circulation times [26, 27]. The porosity is important for controlling
semi-permeability for immunoisolation and spatial and temporal characteristics of drug
release [28, 29]. The surface chemical functionalization determines immunocompatibility,
cellular targeting and uptake [27, 30]. The incorporation of optoelectronic elements is
important for imaging, remote communication and on-demand delivery [31, 32].
Reconfigurability enables stimuli-responsive and smart behaviors [33, 34], while
manufacturability is important for practical considerations. Hence, synthesis or fabrication
schemes that enable several of the aforementioned attributes to be achieved in a drug
delivery package need to be seriously evaluated.

While existing drug delivery systems incorporate a few of the important attributes discussed
above (Fig. 2), it is challenging to incorporate multiple attributes within a single fabrication
or synthesis scheme. For example, many drug delivery constructs are fabricated using
methods inspired by polymer and colloidal synthesis. Although these methods have
advantages such as parallel cost-effective synthesis and encapsulation, ease of scale-up in
manufacturing, and reasonable homogeneity, they are limited in that most of the particles
have a predominantly spherical shape. As stated earlier, the importance of shape of drug
delivery particles has been highlighted especially with respect to increased circulation times
of particles with non-spherical shapes [35, 36]. This observation is perhaps not too
surprising given that a large fraction of pathogens have non-spherical shapes. Additionally,
spherical drug delivery particles allow only isotropic release of drugs and are not suitable for
applications requiring directional release [21, 37]. Further, in cell encapsulation therapy, it
has been challenging to form reproducible formations of gel capsules with adequate control
of the thickness, uniformity and porosity of the semi-permeable membrane that form the
walls of the capsule [38–41].

Since the precision and versatility with which the aforementioned attributes can be varied in
conventional polymer drug delivery synthesis methods is somewhat limited, researchers
have begun to explore the use of highly precise micro and nanofabrication methods to
structure polymeric drug delivery systems. Many of these methods were initially developed
in the microelectronics and microelectromechanical systems (MEMS) industries for use with
metals, semiconductors and inorganic dielectrics and are now being adapted for use with
polymers and gels. The approaches include spin coating or solution casting of polymers or
gels into prefabricated molds or on substrates for optical patterning using photomasks [18,
21, 22]. Uniform non-spherical and intricately patterned 3D polymeric and hydrogel
structures can be formed using microfluidic [42], electrospinning [43], 3D printing, and
multi-photon methods [44]. However, many of these methods can be limited especially in
the micro and nanoscale patterning capabilities that can be achieved in 3D. Self-folding
methods leverage the precision and versatility of existing planar micro and nanofabrication
methods and additionally translate their capabilities into 3D, in a highly parallel manner.
Hence, self-folding is a promising approach to create encapsulants which simultaneously
incorporate many of the attributes mentioned earlier.
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2. What is self-folding?
Everyone can relate to the action of folding a sheet of paper to package a gift on the
macroscale, so it should come as no surprise that a folding approach might be similarly
explored to encapsulate cargo at other length scales. However, at sub-mm length scales,
even miniaturized probes or automated machines are unable to perform such complex 3D
folding tasks. Hence, “hands-free” mechanisms are required to fold the package around the
object. Self-folding is a word used to represent these methods, and broadly refers to these
self-assembly mechanisms wherein thin films or patterned templates spontaneously curve,
roll-up or fold into three dimensional (3D) structures such as cylindrical tubes, spirals,
corrugated sheets or polyhedra from their two dimensional (2D) precursors. Self-folding can
occur spontaneously when 2D planar structures are released from a substrate, typically on
dissolution of a sacrificial layer, or in response to stimuli such as electrical signals, pH,
temperature, magnetic fields or chemicals (see Leong et al. [45] for a comprehensive
review).

Folded structures are intellectually compelling since they are widely observed in nature [46,
47] and in many tissues such as vasculature, ducts, gyri/sulci and villi in the human body
[48]. From a technological perspective, several hollow structures such as precisely patterned
polyhedra and nanotubes that are challenging to fabricate using existing 3D fabrication
methods have been constructed using self-folding. For example, patterned polyhedra have
been self-folded with sizes as small as 100 nm [49]. As compared to patchy particles [50,
51], which have been synthesized with very limited surface patterns, self-folded
nanopolyhedra have been fabricated with a variety of patterns including letters of the
alphabet with a line resolution as small as 15 nm [49, 52]. Similarly rolled-up tubes have
been fabricated with radii as small as 2 nm [53] and with curved patterns with a resolution
line width as small as 20 nm [54]. Self-folding is also compatible with a range of materials
including metals, semiconductors, ceramics and polymers [55–58]. Self-folding structures
with bi-directional curvature and thousands of folds have also been created [59]. In the
subsequent sections, we limit our discussion to the self-folding of all polymeric containers
for encapsulation of therapeutic cargo.

3. Self-folding of polymeric containers
Self-folding is not new to polymer science as polymers themselves can be self-folding
molecular chains. In nature, biopolymers such as proteins and nucleic acids spontaneously
fold into complex 3D structures. Spontaneous curving of thin molecular films such as lipid
bilayers also often involves a flat sheet to spherical transition, as is observed when dry
phospholipid films swell in excess water to form multilamellar vesicles [60], or in the
formation of multi-compartment drug delivery vehicles or vesosomes from interdigitated
lipid-ethanol sheets [61]. There has been a large effort directed at synthesizing shape
memory polymers which have been used to create novel stimuli-responsive structures for
drug delivery and biomedical engineering [62]. Stimuli responsive behavior in these
materials is due to a specific molecular network architecture consisting of hard and
switching segments [63]. While many of these shape memory polymers have several
attractive properties for drug delivery applications such as biocompatibility and
biodegradability [64, 65], the structures formed have been primarily macroscopic such as
mm to cm scale sutures [66], stents [67], cubes [68] and electrodes [69]. It is conceivable
that future advances in micro and nanostructuring of these materials and the development of
strategies to program behavior of smaller structures could result in the creation of smaller,
sub-mm scale shape memory polymeric containers for other routes of drug delivery e.g.
intravenous or inhalation. There is also a vibrant research effort directed at self-folding
oligomeric and polymeric containers at much smaller size scales. For example, scientists
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have created synthetic self-folding DNA polyhedra [70–73] and foldamers [74, 75]; such
molecular folding methods are beyond the scope of this review.

Self-folding of polymeric thin films has been achieved at mm to 100 nm length scales and
driven by physical forces such as differential stress or surface tension. It is noteworthy that
despite the differences in size and self-folding driving forces as compared to molecular
folding, there is some evidence that simple geometric design principles may apply across
self-folding length scales [76, 77]. Research in the broader area of self-folding of polymeric
thin films has many foci such as the fabrication of polymeric actuators [78–81], the
fabrication of complex meso scale structures inspired by protein folding [82], the area of
robotics [83] and the synthesis of biomimetic materials and scaffolds [48, 84–86].

To create polymeric containers by self-folding, it is necessary to deposit one or more layers
of a polymer or gel on a flat substrate or a mold so that they can be patterned on the micro or
nanoscale. Most polymers and gels can be spin or dip coated from solution as thin films with
precise, controlled thickness. The thickness of these thin films can be readily controlled by
varying the concentration of the solution from which the polymer is cast, the spin speed,
substrate surface treatments and bake times. The thickness of the deposited films determines
the thickness of walls of the polymeric container. By varying the thickness it is possible to
control the mechanical stability of the container and the chemical diffusion characteristics. It
may be necessary to deposit a sacrificial layer in between the self-folding films and the
substrate so as to release the polymeric films and trigger self-folding. Typically, this
sacrificial layer is dissolved by dry etching with plasmas or wet etching with organic
solvents, acids or bases. A variety of sacrificial layers including polysilicon or silicon
dioxide; metals such as copper, chromium or aluminum; water soluble polymers such as
polyvinyl alcohol (PVA) or polyacrylic acid (PAA) [87]; acetone soluble polymers such as
polymethylmethacrylate (PMMA) and fluoropolymers such as CYTOP can be utilized.
Alternatively electrical [81] or thermal [88] stimuli responsive behavior of one or more
components of the polymer layers can de-adhere or peel the films off the substrate during
self-folding. Apart from precise control over the thickness of the films, they can be patterned
with existing micro and nanofabrication methodologies. Patterning can be used to define
pores with specific sizes, shapes and densities or define patches for surface modification
with ligands or integration of electrical or optical modules such as an antennas or split-ring
resonators (Fig. 1) that form the basis of many sensors and actuators for advanced multi-
functional behavior. While depositing or patterning the thin films, self-assembly forces must
be programmed into them so that they can spontaneously curve or fold either on release
from the substrate or in response to specific stimuli.

3. 1. Self-folding mechanisms
A variety of mechanisms have been utilized to self-fold polymeric structures that could be
used to grip or encapsulate objects; a detailed list is reviewed in the literature [45]. Many of
these methods, however, require the use of a wire or tether through which electricity, air or
fluids flow controls folding or unfolding. For example, controlled folding using electroactive
polymers such as polypyrrole/dodecylbenzenesulfonate, has been used to open and close lids
on reservoirs for cell encapsulation, but requires a wire to make an electrical connection that
is required for folding and unfolding [89]. Similarly, pneumatically actuated Parylene
balloons interconnecting rigid silicon phalanges [90] and polydimethylsiloxane (PDMS)-
based pneumatic networks [83] have been demonstrated to control folding and curving of
patterned polymeric gripping devices. These approaches are widely applicable for array
based technologies and robotics but the need for wires or tethers limits their applicability in
the design of mass-deployable, substrate-free sub-mm scale drug delivery containers.

Fernandes and Gracias Page 4

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



With regards to self-folding without wires and tethers, there are mechanisms that require the
use of heterogeneous compositions of metals and polymers. For example, Boncheva et al.
described a macroscale demonstration of the self-folding of flat planar sheets to form
spherical PDMS shells using magnetic forces [91]. This approach required the creation of
elastomeric sheets patterned with magnetic dipoles; self-folding was driven by the interplay
between the elastic bending energy and the magnetic energy. Similarly, Randhawa et al.,
have described the concept of microchemomechanical systems (MCMS) which incorporate
polymeric triggers on pre-stressed metallic thin films to achieve chemical stimuli-responsive
gripping devices [80]. These devices include wireless surgical grippers those that fold
(close) and un-fold (open) on exposure to enzymes such as trypsin and cellulase [33, 34].
Recently, controlled folding of gold (Au)-polyelectrolyte brush bilayers [92] and thermally
responsive PDMS/Au bilayers [93] has also been demonstrated.

Strategies that can be used to self-fold all-polymeric containers in the absence of any wires
or tethers include those based predominantly on differentially stressed polymeric films and
surface tension based effects. The mechanism based on differentially stressed films has been
used primarily to create curved structures such as polymeric micro and nanotubes; surface
tension self-folding methods have been utilized to form polyhedra. These structures and the
associated mechanisms are described in detail below.

3. 2. Differentially stressed polymers
Since the seminal work of Stoney in the early 1900s [94] it is known that well-adhered thin
film multilayers with differential stress will equilibrate by curving. Although initially
discovered in electrodeposited metallic films, this process also occurs with polymer thin
films and the spontaneous curling of peeling paint demonstrates this phenomenon. Hence, a
rather straightforward way to create a spontaneously curling polymeric structure is to
deposit two polymers with differential stimuli-responsive properties atop each other or to
generate stress within a single polymer film by differential crosslinking (Fig. 3). Then on
differential swelling or drying, the bilayer will spontaneously curl up. For example,
Luchnikov et al. reported the creation of a bilayer composed of polystyrene (PS) and poly
(4-vinylpyridine) (P4VP) which swells differentially due to differences in hydrophobicity of
the two polymers [88]. Around the same time, Guan et al. created self-curling microstrips of
chitosan/poly(ethylene glycol methacrylate)-co-poly(ethylene glycol dimethacrylate)
(PEGMA-co-PEGDMA) and poly(methacrylic acid)/poly(ethylene glycol dimethacrylate)
(PMAA/PEGDMA) based on differential bilayer swelling [95]. More recently
Zakharchenko et al. has extended this concept to the creation of biodegradable
polysuccinimide/polycaprolactone (PS/PCL) tubes [96] and Shim et al. have demonstrated
the creation of microcarriers by pH triggered folding of snowman and flower-shaped bilayer
films composed of poly(2-hydroxyethyl methacrylate-co-acrylic acid), p(HEMA-co-AA),
and PHEMA) [97]. The radii of curvature of the self-curling structures depend on the
thickness of the component films and their relative swelling ratios. Polymeric tubes with
diameters as small as 100 nm have been reported [98]. Additionally, the wall thickness of
the tubes can be controlled by varying the thickness of the polymer thin films, the number of
turns can be altered by varying the lateral dimensions, and the tubes can also be patterned. A
number of mathematical models [99, 100] can be utilized to approximate the radii of
curvature of the multi-layer films based on the thickness, mechanical properties and strain in
the films; however, accurate estimations that take into account lateral geometry of the
patterned films require finite element modeling. While much of the research has focused on
utilizing polymer bilayers with two different materials to drive differential stress on
exposure to a stimulus, Jamal et al. have recently shown how differential photocrosslinking
within a single polymer film and solvent conditioning can cause spontaneous curving and
folding on polymeric SU-8 structures on immersion in water [85]. Since many
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biodegradable gels can be photocrosslinked, it is conceivable that this methodology could be
utilized to create containers composed of these materials.

3. 3. Surface tension driven self-folding
Anyone who has seen a solid cube of ice melt into a curved droplet of water is familiar with
the spontaneous transformation in its shape. Liquid water is deformable and spontaneously
adopts a shape that minimizes its surface energy. That this phenomenon could be used in
micro and nanofabrication is less obvious. However, it was discovered that if solid materials
are patterned in between rigid microstructures and if they are subsequently liquefied, these
liquids can pull the microstructures into alignment [101–103] or even rotate them out of
plane [104, 105]. This approach has been widely used to self-align integrated circuit chips
and to rotate micromirrors. It was later shown that closed-form structures such as polyhedral
particles with metallic or semiconducting faces would spontaneously fold around a
deforming molten solder drop [106]. Although several metallic and semiconducting
polyhedral shapes were demonstrated, the polyhedra were filled with solder after assembly,
thereby limiting their applicability as containers. In order to create hollow polyhedra capable
of encapsulating cargo, it was necessary to refine the approach by selectively patterning
solder only within hinges and at the edges to create both patterned micropolyhedra [107,
108] and nanopolyhedra [49]. The key innovation was the use of both folding and locking
hinges (Fig. 4a). Folding hinges were patterned between panels to rotate them approximately
into place (Fig 4a, center panel). Once approximately in place, locking hinges that were
patterned with the same hinge material but at the peripheral edges of the panels self-aligned
in a cooperative manner (Fig. 4a, right panel) so that even complex polyhedral hollow
containers such as dodecahedra with 12 faces and truncated octahedra with 14 faces could
be formed [77, 109]. These experiments suggest that complex polyhedral geometries that are
not easily synthesized by conventional drug delivery approaches can be generated by self-
folding. It is noteworthy that many viruses which so efficiently target specific cells have
polyhedral shapes [110] suggesting that these shapes may be important for targeted delivery
to cells. Understanding folding pathways of nanoscale polyhedra may also be important in
understanding viral self-assembly [111]. Additionally, many viruses also have patterns on
their protein coat, and the self-folding approach allows any desired pattern that can be
defined by planar lithography to be incorporated on the faces of the polyhedra.

Although it had been theoretically predicted that this approach would work with a range of
hinge materials [108], including polymers, it took several years to create all-polymeric
micropolyhedra by this self-folding approach [112], mainly due to appropriate selection of
polymeric materials that could be micropatterned and also liquefied at relatively low
temperatures. The first self-folded polyhedra were formed with SU-8 panels and
biodegradable polycaprolactone (PCL) hinges (Fig. 4b). Self-folding was driven on heating
above 58°C to cause PCL melting; upon cooling, the polyhedra retained their shape and
were mechanically rigid. Through the use of locking hinges, the polyhedra were well sealed
at the edge, which is an important attribute ensuring that therapeutic chemicals are released
only through lithographically defined pores on the faces of the polyhedra. Of importance to
drug delivery is the fact that any desired pattern of pores or patches of receptors can be
incorporated on some or all of the faces of these polyhedra. The thickness of the walls of the
polyhedra can also be precisely controlled, and the SU-8 faces can be replaced by alternate
photopatternable polymers such as PEGDA.

It has also been observed that appropriately shaped thin polymeric films would deform when
a water droplet was placed on them and allowed to evaporate; this approach was termed
capillary origami [113] (Fig. 4c). In contrast to earlier work with rigid metallic or
semiconducting panels [106], the researchers used thin deformable polymeric (PDMS)
membranes and folding occurred during evaporation of water from these hydrophobic
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membrane surfaces (Fig. 4d). Capillary origami is an attractive process since it is relatively
straightforward, requiring only one layer of patterning, and it has been theoretically argued
that self-folding with water droplets could work even at the nm length scale [114]. One
limitation of this approach is that although polyhedral structures have been formed, edges
are only weakly held together and would need to be sealed prior to use in drug delivery
applications. In contrast, locking hinge based self-folding results in well-bonded and sealed
polyhedra (Fig. 5). It is noteworthy that Shim et al. have also reported robust sealing of their
p(HEMA) bilayer gel based microcapsules; sealing presumably occurs when edges of the
swollen gel meet [97].

4. Applications
Although the field of self-folding is still in its infancy, the relevance of self-folding
polymeric containers in drug delivery applications is evident on account of its capability of
incorporating many advantageous attributes for drug delivery applications within a single
fabrication approach. Self-folding has been shown to work at many length scales ranging
from centimeters to nanometers (Figs. 6 a and b) [115–116]. Limitations in experimentally
realized sizes in the surface tension driven self-folding of all-polymeric polyhedral devices
are a consequence of limitations in 2D nanopatterning of gels and polymers. Theoretical
models suggest that if 2D templates of polymer or gels layers could be appropriately
lithographically patterned at 10–100 nm size scales, they would self-fold at that size scale
[108]. This favorable scaling follows from the fact that surface forces become increasingly
important as compared to gravitational forces at small size scales; hence, even materials
with low surface tension could be utilized as hinges. Theoretical models are further
corroborated by experiments showing that precisely patterned metals and ceramics can be
self-folded at these small length scales [49, 52].

Lithographic patterning allows accurate control over the wall thickness (Fig. 6c), porosity
(Fig. 6d) and shape (Figs. 6 e and f) [112, 117] of the polymeric containers which are all
important for drug delivery applications as discussed earlier. Accurate 3D surface patterning
also can enable more advanced functionalities, such as the creation of patterns of ligands for
targeting cell surface receptors or the incorporation of electromagnetic modules such as
antenna or split ring resonators [52] for sensing, and remote communication (depicted
schematically in Fig. 1). Self-folded devices can be made in a variety of geometries: as long
as a 3D structure can be mapped onto a planar substrate and lithographically patterned, it
can be self-folded. Additionally, self-folding is a highly parallel process (Fig. 6g) which is
good for manufacturability. Further, a recent study suggests that self-folding polymeric
microcarriers can be made stimuli responsive (Fig. 6h) [97]. Some noteworthy examples of
self-folding polymeric containers in drug delivery applications are described below.

4.1. Directional release
The lithographic patterning of differentially swelling polymeric bilayers can be used to
create self-folding devices enabling directional release of encapsulated therapeutics. For
example, He et al. fabricated a tri-layered, polymeric, mucoadhesive drug delivery system
(Fig. 7) that consisted of a swelling layer; a non-swelling layer and a mucoadhesive (drug
loaded) layer [37]. The swelling layer was a crosslinked, pH sensitive PMAA-based
hydrogel. The non-swelling layer was a poly(hydroxylethyl methacrylate) (PHEMA)-based
hydrogel and acted as a diffusion barrier. A PVA/carbopol based mucoadhesive layer
containing the drug was attached to the bilayer (Fig. 7a). The device successfully gripped
onto the walls of a porcine small intestine filled with a pH 6.5 buffer on account of PMAA
swelling (Fig. 7b) and provided a longer residence time (as compared with controls patches
comprised either of PCL or PHEMA) by maximizing its contact with the porcine small-
intestinal walls and minimizing its contact with the fluid flow through the intestines. The
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PHEMA layer in the device acted as a diffusion barrier; hence, the fractional drug leakage
from the device was observed to be lower than controls. The fractional drug release from the
device across the mucosal epithelium (i.e. directional drug release) was verified to be
significantly higher than controls. Hence, such directional release devices could reduce
systemic dosage and side effects.

4.2. Spatio-temporal release
The lithographic patterning of porosity allows the user to vary the pore size, uniformity,
placement and density. Self-folding extends this control to 3D, thereby offering
unprecedented precision of spatio-temporal controlled release which is important for
replicating 3D cellular microenvironments [118]. Further, precise pore patterning can enable
semi-permeability which is important for cell encapsulation therapy applications [119]. For
example, Kalinin et al. have simulated the release of a chemical from a porous, self-folded
cube over time-scales ranging from a fraction of a second to a human lifetime by simply
varying the size of the cubic container and the pore size (Fig. 8a) [118]. They showed that
one can also release chemicals with precise spatial control, such as in helical shapes that are
not readily achieved using conventional drug delivery devices. Additionally, by controlling
the pore diameter and wall thickness of the device, temporal control over drug release is
achieved. Kalinin et al. demonstrated 3D (helical) self-organization of chemotactic
Escherichia coli in response to chemoattractant released in a spatio-temporally controlled
manner from the container (Fig. 8b). Spatio-temporal factors play an important role in
chemotaxis, cell signaling, angiogenesis, homeostasis and immune surveillance [120–124].

4.3. Cell encapsulation applications
Self-folding polymeric containers have been successfully used to encapsulate a variety cell
types. Azam et al. demonstrated the encapsulation of viable fibroblasts (Fig. 9a) and
pancreatic beta cells (Fig. 9b) within self-folding SU-8/PCL containers. The encapsulated
cells were verified to be viable for over a week post-encapsulation [112]. Stoychev et al.
demonstrated the temperature-dependent, reversible capture of yeast cells within self-folding
PCL/poly(N-isopropylacrylamide (PNIPAM) capsules (Figs. 9 c and d). Azam et al. also
demonstrated the encapsulation of viable bacteria within self-folding SU-8/PCL containers
(Fig. 9e). For cell encapsulation, the ability to precisely pattern porosity on the container in
all three dimensions enhances diffusion and consequently cell viability. Porous self-folding
containers can also be used as building blocks for bottom-up assembly [125, 126] of clusters
(Fig 9f) or arrays on rigid or flexible (Fig. 9g) substrates for cell and tissue engineering.

5. Outlook
Since self-folding allows one to transform patterned planar templates into 3D structures, it is
an attractive methodology to synthesize precisely structured polymeric containers for drug
delivery applications. Important attributes of self-folding polymeric devices for drug
delivery are highlighted in Table 1. While the outlook looks promising, a few challenges
need to be overcome prior to widespread applicability. One challenge lies in further
miniaturization of self-folded polymeric containers to the sub-micron scale. The challenge is
rooted in the extension of planar lithographic methods developed for metals and
semiconductors to polymers so that they can be deposited and patterned with nanoscale
dimensions. Promising methods to deposit ultrathin polymer films such as atom transfer
radical polymerization (ATRP) [127, 128] and layer-by-layer (LbL) deposition [129, 130]
may be required. Similarly, methods such as particle replication in non-wetting templates
(PRINT) [131] or imprint lithography methods [132] will need to be further developed to
enable parallel patterning of 2D polymeric templates at the nanoscale. It is likely that a
combination of the above techniques will be needed to fabricate nanoscale self-folding
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polymeric containers. Another challenge involves the sealing and mechanical strength of
self-folding polymeric containers. This challenge can be overcome by using self-aligning
and locking peripheral hinges or sealants as discussed above (Figs. 4a and 5a). With regards
to large scale manufacturability, although many lithographic patterning methods are highly
parallel, they are still likely to be more expensive than traditional colloidal synthesis
methods such as emulsion polymerization. Consequently, these structures may be more
appropriate for high value drug delivery applications. However, it is noteworthy that the
mechanism of self-folding itself is a highly parallel process.

An attractive but relatively unexplored area is the fabrication of reconfigurable or stimuli
responsive polymeric structures that can fold or un-fold at specific locations or in response
to specific stimuli (such as pH changes or local light absorption) to enable smart drug
delivery [33, 34, 97, 133–134]. The integration of optoelectronic nanoscale elements such as
antennas, split ring resonators or plasmonic modules can enable frequency selective
imaging, remote communication for on-demand drug delivery release [135–137] or heating
for hyperthermia applications [138, 139]. In principle, as with vesosomes, it should also be
possible to engineer hierarchically self-folded structures to create containers with multiple
compartments. In summary, self-folding methods look very promising for drug delivery
applications although further research is needed to transform the current proof-of-concept
demonstrations to the clinic.
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Figure 1. Important attributes of a drug delivery system
Important attributes include precise size and shape, wall thickness, porosity, patterned
targeting ligands and on-board optoelectronic elements (such as a split-ring resonator
depicted in the illustration; illustration by Kate Laflin, Gracias Laboratory, JHU).
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Figure 2. Features of current all polymeric drug delivery systems
a) Size and shape: polymeric drug delivery systems have dimensions ranging from the nm to
the mm scale with spherical and non-spherical geometries. Transmission electron
microscopy (TEM) image of spherical lipid-polymer hybrid nanoparticles (left panel).
Reprinted with permission from [140], © 2008, American Chemical Society). Scanning
electron microscopy (SEM) image of 3 µm arrow-shaped polyethylene glycol based particles
prepared using particle replication in non-wetting templates (PRINT, right panel). Reprinted
with permission from [131], © 2005, American Chemical Society. b) Porosity: SEM image
of a nanofibrous hollow microsphere prepared from star-shaped poly(L-lactic acid), showing
the nanofibrous architecture and a hole of approximately 20 µm on the microsphere shell.
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Reprinted with permission from [141], © 2011, Nature Publishing Group. c) Directionality:
Fluorescent micrograph of FITC-bovine serum albumin loaded SU-8-hydrogel bi-polymeric
microparticles capable of directional release. [21] – Reproduced by permission of The Royal
Society of Chemistry. d) Receptor targeting and stimuli responsiveness: schematic of a
polymeric virus-mimetic nanogel vehicle that is surface functionalized with folate ligands.
The nanogel vehicle delivers doxorubicin to targeted A2780/AD cells. Adapted and
reprinted with permission, from [133] © Wiley-VCH Verlag GmbH & Co. KgaA.

Fernandes and Gracias Page 19

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3. Spontaneous curving of differentially stressed polymeric films in response to solvents,
temperature, pH and ionic strength
a) Schematic depicting self-folding of differentially stressed polymeric thin films. Reprinted
with permission from [85], © 2011, Nature Publishing Group. b) Solvent triggered folding:
self-folding of a polydimethylsiloxane (PDMS) and a UV-curable hydrophilic polyurethane
(PU)/2-hydroxyethyl methacrylate (HEMA) bilayer into a cube upon submerging into
hexane (left panel). [79] – Reproduced by permission of The Royal Society of Chemistry.
Self-folding of patterned and unpatterned SU-8 cubes using flat, highly crosslinked faces
and hinges with crosslinking gradients (right panel). Reprinted with permission from [85], ©
2011, Nature Publishing Group. c) pH triggered folding: self-folding of a poly(methacrylic
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acid) (PMAA)/poly-(ethylene glycol dimethacrylate) PEGDMA bilayer upon release in
water. PMAA is pH-sensitive. Reprinted with permission from [95], © 2005, American
Chemical Society. d) Temperature triggered folding: self-folding of star-like patterned
polycaprolactone (PCL)/poly(N-isopropylacrylamide) (PNIPAM) bilayers in response to
lowering of temperature. PNIPAM swells at lower temperatures. [142] – Reproduced by
permission of The Royal Society of Chemistry. e) pH and ionic strength triggered folding:
reversible self-folding of poly N-isopropyl-acrylamide-acrylic acid (NIPAm-AA) and
polyethylene glycol diacrylate (PEGDA) bilayers in the shape of a Venus flytrap in response
to reduced pH and increased ionic strength. Reprinted with permission from [78], © 2010,
Elsevier.
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Figure 4. Surface tension based polymeric self-folding
a) Self-folding based on folding and locking hinges. Schematic showing 2D to 3D self-
folding of a cube using surface tension based self-folding (left panel). The 2D template or
net is patterned with hinges between panels that assist in folding (folding hinges; blue;
center panel) and also at the edges that assist in sealing of the polymeric structure (locking
hinges; red; right panel). b) Video capture sequence (over 15 s) showing a 1 mm sized, six-
windowed PCL/SU-8 container self-folding at 60°C. Reprinted with permission from [112],
© Springer. c) Self-folding based on capillary origami. Schematic showing 2D to 3D self-
folding of a elastomeric sheets cut into a variety of shapes (star, cube, triangle) via capillary
origami. Reprinted with permission from [143], © 2010, Elsevier. d) Time sequence images
of a triangular, millimeter-scale, elastomeric sheet folding into a pyramid by capillary
origami. Reprinted with permission from [144], © EDP Sciences, Springer-Verlag 2009.
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Figure 5. Hinged-based self-folding yields sealed containers
a) Photograph of a sealed, porous SU-8/PCL cube formed via folding and locking hinge
based self-folding (Image by Anum Azam, Gracias Laboratory, JHU). b) Image of an
unsealed folded cube formed via capillary origami. Figure reprinted with permission from
[113], © 2007 by the American Physical Society.

Fernandes and Gracias Page 23

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 6. Controllable features of self-folding, polymeric, drug delivery devices
Polymeric containers can be fabricated from the sub-mm scale (a) to the nanoscale (b). a)
Image of folded, sub-mm scale SU-8/PCL containers. Reprinted with permission from
[145], © 2010, American Chemical Society. b) SEM of a metallic nanoscale container
formed via tin reflow (nanoorigami). Reprinted with permission from [52], © Wiley-VCH
Verlag GmbH & Co. KgaA. Polymeric containers can be fabricated with controllable wall
thickness and porosity (c–d). c) Optical image of 500 µm sized polymeric cubes with
isotropic porosity. The pores are square shaped with dimensions of 73×73 µm and are
precisely arranged in a 3×3 array on each face (Image by Anum Azam, Gracias Laboratory,
JHU). d) Bright-field image of a 1 mm sized SU-8/PCL polymeric container with 8 µm
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diameter circular-shaped pores in a 20×20 array. e) Fluorescence image of a self-folding
SU-8/PCL dodecahedron with 500 µm sized faces and a single 250 µm sized pentagonal
pore on each face. f) SEM of rolled-up toroidal microtubes comprised of a bilayer of
polystyrene and poly (4-vinylpyridine). Reprinted with permission from [117], © 2008
Institute of Physics. g) Fluorescence image of a group of non-porous, 1 mm sized SU-8/PCL
containers. d, e and g are reprinted with permission from [112], © Springer. Polymeric
containers can be fabricated to be stimuli-responsive (h). h) Optical time-lapse images
showing reversible folding of poly(2-hydroxyethyl methacrylate-co-acrylic acid)/ poly(2-
hydroxyethyl methacrylate) microcapsule bilayers upon pH increase from 4 to 9 (folding;
upper row) and pH decrease from 9 to 4 (unfolding; lower row). Reprinted with permission
from [97], © Wiley-VCH Verlag GmbH & Co. KgaA.
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Figure 7. A tri-layered, polymeric, mucoadhesive drug delivery system
The device consists of a swelling polymethacrylic acid hydrogel, a non-swelling
poly(hydroxylethyl methacrylate)-based hydrogel and a drug containing polyvinyl alcohol/
carbopol based mucoadhesive layer. A side-view schematic (a) and optical image (b) of the
3-layer device when folded on the porcine small intestinal surface. Folding is triggered by
the differential swelling of the constituent polymeric layers. Adapted and reprinted with
permission from [37], © 2006, Elsevier.
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Figure 8. Spatio-temporal controlled release from a polymeric drug delivery system
A drug delivery system can be designed to have pore sizes that enable drug release from a
container in a few seconds to over the life span of a human (a) and in a spatio-temporally
controlled manner in 3D (b). a) Plot showing relation between cube size, pore size and
duration of release from a container. b) Fluorescent image showing 3D self-organization
(helical) of chemotactic Escherichia coli in response to chemoattractant released in a spatio-
temporally controlled manner from the container. Reprinted with permission from [118], ©
Wiley-VCH Verlag GmbH & Co. KgaA.
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Figure 9. Self-folding polymers for cell encapsulation therapy
a) Bright-field z-plane stack image of stained fibroblast cells encapsulated within a non-
porous SU-8/PCL container. b) Fluorescent image of pancreatic beta cells 180 h following
encapsulation inside an SU-8/PCL container. The green fluorescence in panels a and b
indicates that the cells are alive. c–d) Dark field optical microscopy images of the
temperature-dependent, reversible encapsulation of yeast cells inside thermoresponsive self-
folding PCL/PNIPAM capsules. [142] – Reproduced by permission of The Royal Society of
Chemistry. e) Bright-field and fluorescence images of Syto 9 stained E. coli encapsulated
within an SU-8/PCL container, 24 h after encapsulation. a, b and e reprinted with permission
from [112], © Springer. f–g) Cell-laden polymeric containers can, in principle, be used as
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building blocks to construct rigid (f) or flexible arrays (g). f) Array of four SU-8/PCL
containers (Image by Anum Azam and Jatinder Randhawa, Gracias Laboratory, JHU). g)
Optical image of an ordered 3D microwell array on a flexible surface; 3D microwells
enhance encapsulated cell viability. [146] – Reproduced by permission of The Royal Society
of Chemistry.
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