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ABSTRACT: Environmentally triggered shape reconfigura-
tion is ubiquitous in biological systems and a key parameter in
developing “intelligent” materials capable of various function-
oriented adaptations. While significant progress has been made
in developing shape memory in “bulk” macroscale polymer
materials, only a few examples of shape adaptability can be
found in polymeric micro- and nanoparticles. In biotechnology
and nanomedicine, though, morphological and shape
adaptations of drug carriers offer unique opportunities in
controlling shape-guided interactions with cells, vascular
dynamics, transport across biobarriers, and recognition
functions. Yet, unlike extensive studies on other physicochem-
ical aspects of stimuli-responsive particle behavior, such as size,
composition, surface morphology, permeability, swelling, and rigidity, the phenomenon of shape alteration in macro- and
nanosized particulates has rarely been explored. This Perspective highlights recent developments in the field of polymer
particulates such as solid particles, micelles, hydrogels, and templated multilayer systems that undergo shape changes under
various stimuli. The fundamental issues related to the design and shape-adaptable properties of both spherical and nonspherical
particles are discussed as well as their prospective applications in controlled drug delivery.

1. INTRODUCTION

Shape is the three-dimensional (3D) form of an object in space.
The majority of naturally occurring micro- and nanosized
particles, such as viruses, cells, and bacteria, have a nonspherical
shape which regulates their biological functions including their
transport across biobarriers and adhesion to target receptors.1−3

Drawing inspiration from nature, select studies have focused on
optimizing the shape of synthetic particulates to control their
biophysical characteristics including their interactions with
biological entities.4−6 Particle geometry has been found to
directly influence endocytosis, phagocytic internalization, and
the targeting ability of synthetic carriers7−14 as well as their
behavior in flow and circulation lifetime,15−21 all of which are
critical parameters in drug delivery.15,16,22 For example, worm-
shaped polymer particles (i.e., filamentous micelles) showed
less phagocytosis as compared to spheres.23 Rodlike24 and red
blood cell (RBC) mimicking discoidal particles25 boasted
longer blood circulation time than spheres, which reduced their
clearance from the bloodstream.23,24,26−28 Silicon discs
exhibited a 5-fold higher accumulation in breast tumors as
compared to spherical particles.29 Finally, oblate particles were
shown to adhere more efficiently to the vascular endothelium
than their spherical counterparts of the same volume.17

With the recent development of shape engineering
technologies including particle replication in nonwetting
template (PRINT),30,31 stretching of films with embedded
polystyrene spheres,32 and template-induced printing,33 poly-
meric microparticles with a broad range of well-defined
geometries have been produced. However, the vast majority

of these materials are primarily “static”, maintaining the initial
shape, or their shape response is limited to an irreversible “one-
way” reconfiguration. For certain biomedical applications,
however, it would be beneficial to trigger changes in particle
shape depending on the location of the particle during
biological transport. The shape change discussed herein is
specifically the case of a particle transforming from one 3D
shape to another by a series of deformations that do not tear
the particle or perforate it. Understanding this type of shape
transformation, among others which have been discussed in
recent excellent reviews,34−36 is crucial for developing the next
generation of “intelligent” biomedical materials. The capability
to perform various adaptations with respect to specific
functions is a crucial feature in advanced drug delivery and
transport phenomena.4,22,37,38

Environmentally triggered reconfiguration of shape is
ubiquitous in biological microsystems and is often accompanied
by changes in elasticity. For example, erythrocytes, which are
flexible biconcave discoidal red blood cells approximately 8 μm
in diameter, reversibly deform in the hydrodynamic flow to
efficiently navigate within blood vessels.39,40 Moreover, the
echinocyte−dyscocyte−stomatocyte shape transformations en-
abled by high cell deformability protect red blood cells from
destruction by viral, enzymatic, or osmotic mechanisms and
ensure their long circulation.41,42 Similarly, the higher elasticity
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of metastatic cancer cells in contrast to healthy cells is believed
to be essential for their ability to efficiently travel to new
locations.43 This is exemplified by enzymatic-induced con-
version of carcinoma tumor cells from elongated to round
which increased their ability to move and to enter tumor
vessels.44−46

Although dynamic control over shape is a vital parameter in
various biological and technological systems, examples of shape
adaptability in synthetic three-dimensional particulates are
relatively limited. The main challenge of producing particulates
with reversible stimuli-induced shape reconfigurations is most
commonly associated with synthetic and instrumental difficul-
ties that hinder integration of stimuli-responsiveness of large
amplitudes into 3D particulate structures of nonspherical shape.
In this Perspective we highlight recent key advances in

synthetic approaches and discuss the chemical, physical, and
biological responses of polymeric 3D particulates of micrometer
and nanometer sizes that are capable of changing their 3D
shape by a series of transformations that do not tear the particle
or perforate it. We limit our discussion mainly to 3D
particulates of biomedical relevance which include solid
polymeric, micellar and hydrogel particles, and templated
multilayer particles and capsules that are able to perform as
drug delivery vehicles.

2. POLYMERIC MICRO- AND NANOPARTICLES

Thermoplastic Particles. Shape and elasticity trans-
formations seen in nature have inspired a number of studies
on stimuli-triggered control over particles shape. Consequently,
the ability of some thermoplastic polymers to change from a
temporary shape to their original permanent shape triggered by
external stimuli has been used to obtain shape-switchable
particles. In this case, a temporary shape can be created by
deformation via a thermomechanical process, and an external
stimulus allows for entropy-driven relaxation of oriented
polymer chains leading to a macroscopic movement of the
shaped particle. For example, poly(lactide-co-glycolide)
(PLGA) microparticles relaxed from stretched elliptical disks
to more energetically stable spheres driven by a balance
between interfacial tension (drives the polymer relaxation) and
polymer viscosity (resists the relaxation) as demonstrated by
the Mitragotri group (Figure 1).47 That shape switch was

observed when the PLGA particle viscosity was decreased by
increasing the temperature above the polymer’s glass transition
temperature (Tg). Increasing the polymer molecular weight or
particle size was used to extend the shape switch time from
minutes to hours.47 Also, when PLGA with carboxylic end
groups was used, the interfacial tension of PLGA particles could
be controlled by pH. In this case the carboxylic groups in
PLGA were protonated by lowering the pH (PLGA pKa = 3.85)
of the surrounding aqueous media which led to increased
particle hydrophobicity and high interfacial tension causing the
shape switch.47

To exclude interfacial tension as main driving force for shape
recovery to spheres, particles with a nonspherical permanent
shape were created from physical networks of a multiblock
copolyester of poly(ω-pentadecalactone) (PDL) and poly(ε-
caprolactone) (PCL).48 In this multiblock copolymer, the PDL
are easily crystallizable segments used as physical net-links, and
the PCL can be used to adjust the switch temperature by
varying the length of the PCL segments. The permanent
prolate ellipsoid shape was obtained when films of water-
soluble poly(vinyl alcohol) loaded with the PDL−PCL spheres
were stretched at 90 °C, which is above the melting
temperature of PDL. Crystallization of PDL segments resulted
in the formation of permanent links and the nonspherical
shape.48 The ellipsoids were subsequently stretched at 70 °C in
a direction perpendicular to the original orientation to obtain a
temporary oblate discoid shape. The recovery from the oblate
discoid to prolate ellipsoid shape occurred upon heating the
particles, confirming the entropy-driven recoil of switching
segments as the driving force for the shape switch.48 However,
these multiblock polyester particles suffered from incomplete
recovery of the shape due to stress built into crystalline
domains of PDL which could not be relieved at 70 °C but
required further heating at 90 °C to melt all the crystalline net-
links.48

To overcome limitations in shape recoverability, a spatially
directed shape shift has been explored for the same polyester
particles with covalent rather than physical net-links.49 Oligo(ε-
caprolactone) with hydroxyl end groups of either linear or four-
arm star-shaped structure was functionalized with 2-isocyana-
toethyl methacrylate to obtain network precursors with a high
degree of methacrylation. UV-cross-linking of the polymer
emulsion was used to obtain spherical microparticles of 30−50
μm. Crystalline PCL domains were used to temporarily fix the
second prolate ellipsoid shape obtained through elastic
deformation of the spherical particles embedded into the
PVA film via stretching at 70 °C followed by subsequent
cooling and release of the microparticles from the PVA film
upon its dissolution in water.49 A rapid (within 1 min) switch
to the spherical shape was induced at 41−42 °C in aqueous
solutions due to melting of the PCL crystallites in that
temperature range. The full shape recovery was independent of
heating rate and suggested that thermal energy rather than the
response of the network architecture determined the kinetics of
the shape switch.

Light-Deformable Particles. Light irradiation can be used
to induce significant shape deformation in colloidal spheres
made of azo-polymers.50−53 For example, Wang and colleagues
found that a sphere-to-ellipsoid shape transformation could be
achieved by irradiation with either an interfering p-polarized
Ar+ laser beam50 or a linearly polarized Ar+ single beam (488
nm)51 of spheres approximately 300 nm in size. The spheres
were prepared from an amphiphilic azo-polymer by its

Figure 1. Stimulus-responsive shape-switchable PLGA particles. (A)
Mechanism of shape switch: the balance between viscosity of polymer
(μ) and interfacial tension (σ) between the particle and surrounding
media determines the extent and dynamics of shape switch. When the
interfacial tension overwhelms the polymer viscosity, a particle
undergoes shape switch to a sphere in response to temperature (T),
environmental pH, and chemical stimuli (C). (B) Shape switching of
PLGA particles: left, 0 min; center, 2 min; right, 5 min. Scale bar is 5
μm. Reproduced with permission from ref 47. Copyright 2010
National Academy of Sciences.
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dissolution in tetrahydrofuran followed by dropwise addition of
water50 (Figure 2). The degree of deformation of the spherical

colloids (expressed as the average major-to-minor axis ratio)
could be controlled by the exposure time of the spheres to the
laser. Thus, for example, this ratio increased from 1.3 to 2.35
when the irradiation time was 5 and 15 min, respectively,
causing the spheres to switch their shapes from prolate
ellipsoids to rods. The stretching of the spherical colloids
occurred along the polarization direction of the laser beam. The
microscale particle deformation is based on a repeated
photoinduced trans−cis isomerization of the side-chain
azobenzene chromophore units in the presence of polarized
light which results in the reorientation of the chromophores
perpendicular to the plane of polarization. The induced
migration of polymer chains results in photoinduced
deformation of the colloidal spheres.
Hollow microspheres approximately 500 nm in diameter

prepared from the same epoxy-based polymer containing a 4-
amino-4′-carboxyazobenzene pendant group on each repeat
unit showed a unique shape deformation upon irradiation with
a linearly polarized Ar+ laser beam at 488 nm, which was
different from that observed for solid colloidal spheres.53 After
10 min of irradiation, the hollow spheres deformed into hollow
ellipsoids. However, at longer irradiation times, the hollow
shells acquired a spindle shape with tapered ends with the
major deformation occurring in the shell along the polarization
direction rather than in the whole particle. The integrity of the
shells suggested that the process of mass migration was more
related to viscoelastic deformation than viscous flow. However,
the mechanism of this photoinduced mass migration is still not
fully understood.
Block Copolymer Micelles and Particles. The first

example of shape-changing block copolymer micelles was
reported in 2003 by the Lodge group.54 In that work, two
hydrophobic blocks in a poly(ethylene oxide)-b-poly(styrene)-
b-1,2-poly(butadiene) nonionic amphiphilic ABC triblock
copolymer were demonstrated to mix homogeneously within
the core of a spherical micelle upon self-assembly of the
copolymer in water. However, the micelles assembled to oblate
ellipsoids when the 1,2-poly(butadiene) block was selectively
fluorinated with n-perfluorohexyl iodide, resulting in poly-
(ethylene oxide)-b-poly(styrene)-b-1,2-poly(butadiene):C6F13I
ABC triblock copolymer with 70% conversion of the double

bonds in the C-block. The micelle shape change from spheres
to oblate ellipsoids was due to the internal segregation into an
inner core because of selective fluorination of the C-block
(Figure 3), which was confirmed by small-angle X-ray and
neutron scattering (SAXS and SANS) analyses and direct
observation by transmission electron microscopy (TEM).54

Chien et al. showed that by using DNA as a part of an
amphiphilic copolymer and utilizing the sequence-selective
recognition properties of DNA, it was possible to manipulate
micelle shell properties to induce dramatic changes in their
morphologies.55 In that study, a sphere-to-cylinder phase shift
in 25 nm spherical micelles assembled from a DNA−brush
copolymer which contained an RNA base (9rA) as an
enzymatic cleavage site and two poly(ethylene glycol)
(PEG)18 moieties for increasing steric bulk of the hydrophilic
block was achieved upon recognition of a given DNA sequence
and its cleavage by “DNAzyme” (a DNA-based phosphodies-
terase) at an RNA base. Therefore, truncation of the DNA was
necessary for the phase transition as well as its sequence
selectivity. A reverse transition from 1 μm cylinders to 25 nm
spheres could be facilitated only upon addition of a
complementary DNA sequence that formed a duplex with the
truncated DNA in the cylinder shell which was better
accommodated in the spherical micelle phase.
Amphiphilic block copolymers can also be promising in the

development of dynamic shape-adaptable polymer particles as
they can incorporate shape anisotropy, spatial control over
internal architecture, and stimuli-responsiveness in one system.
As an example, prolate ellipsoid particles with stacked lamellae
architecture were obtained from a poly(styrene)-b-poly(2-
vinylpyridine) (PS-b-P2VP) block copolymer.56 Phase separa-
tion of symmetric PS-b-P2VP domains was precisely controlled
by a mixture of cetyltrimethylammonium bromide (CTAB) and
hydroxyl-CTAB surfactants. Lowering the pH below 4.5
resulted in protonation of 2-vinylpyridine units, causing
irreversible disintegration of the 600 nm ellipsoids into smaller
polystyrene nanodiscs with P2VP protonated coronas.56

In the above examples, shape transitions were mainly
irreversible due to permanent chain rearrangements or
molecule “scission” in response to stimuli. At the same time,
these studies point out the significance of the relationships
between particulate shape and polymer physicochemical

Figure 2. SEM images of colloidal spheres before irradiation (A) and
after irradiation for different times: (B) 5, (C) 12, and (D) 15 min.
Reproduced with permission from ref 50. Figure 3. TEM images of (a) spherical and (b) oblate ellipsoid

micelles based on poly(ethylene oxide)-b-poly(styrene)-b-1,2-poly-
(butadiene) and schematic illustration of (c) a core−corona spherical
micelle and (d) a core−shell−corona oblate elliptical micelle formed
by poly(ethylene oxide)-b-poly(styrene)-b-1,2-poly(butadiene):C6F13I.
Reproduced with permission from ref 54.
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properties, which are yet to be fully understood for well-
regulated shape transformation.

3. HYDROGEL MICRO- AND NANOPARTICLES

Hydrogels are 3D polymeric networks with covalent or physical
cross-links that can uptake large amounts of water and change
their dimensions.57 Because of their biocompatibility and
flexible methods of synthesis, hydrogels have numerous
applications in drug delivery, tissue engineering, and sens-
ing.58−61 According to the classic Flory−Rehner model, gel
volume transition in a good solvent is a function of the
expansive entropic contributions from polymer−solvent mixing
and retractive elastic forces of polymer chains.62 Swelling of
ionic hydrogels, induced by repulsion between ionized chains
and the corresponding osmotic pressure from counterions, is
controlled by solution pH and network cross-link density.
Depending on the distribution of material in the network,
hydrogel particles can be either continuous (when polymer is
distributed throughout the hydrogel volume) or hollow (with
an interior cavity). The former can provide surface area for
loading therapeutics, and the bulk mechanical modulus is tuned
by the chemical composition and cross-link density. Con-
versely, hollow hydrogels may exhibit a distinguishable
hierarchical/heterogeneous architecture resembling the struc-
ture of a cell which can facilitate the development of versatile
artificial cells and aid fundamental understanding of cell
behavior in flow. Although many network types with finely
tuned chemical and physical properties have been developed

over the past several decades, there are only a few examples of
responsive 3D hydrogel microstructures. In some of the
following examples the particle size may not be directly
relevant for use in drug delivery. However, they aim to
demonstrate either an important synthetic strategy for making
nonspherical 3D particulates or a relevant biomedical stimulus
capable of triggering shape changes in such 3D particulates.

Degradation-Triggered Shape Changes. The simplest
way to realize a shape switch using hydrogel particles is to use a
degradable hydrogel matrix which can transform from the shape
acquired during fabrication to a shapeless or preprogrammed
one during the degradation process. Conveniently, the erosion
profile of a hydrogel may be readily tuned by tailoring the
chemical properties of its constituents. Thus, for example,
irreversible shape changes could be achieved upon degradation
in nonspherical microparticles of diacrylate poly(lactic acid)-b-
PEG-b-poly(lactic acid) PLA-b-PEG-b-PLA copolymer hydro-
gels prepared by UV irradiation using stop-flow lithography
(Figure 4a−e).63 Degradation of the triangle PLA-b-PEG-b-
PLA 50 μm hydrogel particles ranging from 25 to 17 μm in
thicknesses was due to cleavage of the hydrolytically labile ester
linkages of PLA which functioned as breakable cross-links
within the diacrylate gel. In addition, using the stop-flow
lithography technique, a composite particle containing
conjoined hydrogel portions of different chemistries can be
obtained with precise control over the proportion of each
hydrogel chemistry within the particle. Thus, for instance,
heterogeneous triangle hydrogel particles made of degradable

Figure 4. (a) Schematic shows nonspherical microhydrogel synthesis using stop-flow lithography, chemical structure of the biodegradable diacrylate
PLA-b-PEG-b-PLA macromer, photoinitiator, and accelerator (right), and idealized diacrylate PLA-b-PEG-b-PLA hydrogel network after
photopolymerization (left). Particles are formed through three steps: (i) a prepolymer solution is flowed through a PDMS channel by a regulated
pressure; (ii) the flow is stopped, and particles are polymerized with a desired pulse of UV exposed through a photomask and microscope objective;
(iii) the polymerized particles are flushed out of the channel and collected. (b−e) Optical images of the resulting hydrogels: (b) nondegradable
hydrogels (rectangles) and (c−e) degradable hydrogels (triangles). Scale bars are 50 μm. Bottom row: heterogeneous hydrogel particles formed by
three separate coflowing streams before (day 0) and after hydrolysis for 6 and 9 days. Reproduced with permission from ref 63.
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diacrylate PLA-b-PEG-b-PLA connecting two nondegradable
sides of PEG diacrylate were formed by stop-flow lithography
with three co-flowing streams. Slow erosion of the middle part
of the triangular hydrogel particle released two nondegradable
PEG particles of trapezoid and triangular shapes (Figure 4,
bottom row).63

pH-Induced Shape Transformations. A unique shape
transition was obtained for PS-b-P2VP block copolymer
ellipsoid particles with stacked lamellae architecture when
cross-linked by 1,4-dibromobutane.56 Cross-linking did not
affect the particle shape at pH = 7, and in contrast to the non-
cross-linked ones, the ellipsoid particles maintained their
integrity at acidic pH = 3. The drastic swelling of cross-linked
P2VP hydrogel layers alternated with layers of polystyrene
domains caused a particle shape transition from an ellipsoid to a
“beaded rod” with more than 250% increase in the aspect ratio.
Importantly, this shape change was completely reversible, and
the particles became again ellipsoids of stacked lamellae when
pH was reversed from 3 to 10.56

A micro-origami approach based on controlled folding/
unfolding of hydrogel bilayers induced by pH-triggered
anisotropic swelling/deswelling has been demonstrated to
produce self-assembling three-dimensional particulate struc-
tures from two-dimensional shaped patches.64 Thus, for
example, shaped hydrogel bilayer composed of a passive
poly(2-hydroxyethyl methacrylate) (PHEMA) on top of an
active poly(2-hydroxyethyl methacrylate-co-acrylic acid) P-

(HEMA-co-AA) layer was prepared in a figure-eight shape on
a glass substrate using photolithography with a silicon
photomask. The planar bilayer hydrogel patches folded into a
closed “nut shell” when released from the mask at pH = 9. The
transformation occurred due to P(HEMA-co-AA) swelling at
pH = 9 while the PHEMA layer retained its deswollen structure
leading to the formation of a microcapsule with the PHEMA as
an inner coating of the shell. A planar circular P(HEMA-co-
AA)/PHEMA bilayer was able to form a bowl through two-
dimensional bending because of the high flexibility of the
hydrogel matrix. This result is particularly important because it
is difficult to achieve with rigid materials. Moreover, the inactive
PHEMA layer decreases the swelling of the active P(HEMA-co-
AA) layer by limiting water transport at the P(HEMA-co-AA)/
PHEMA interface, which enhances the anisotropic volume
expansion of the particle shell causing its oblate spheroid shape.
The reversible shape transformation occurs quickly (within 1
min) in the pH range of 4−9.

Photothermally Triggered Shape Changes. The use of
the photothermal effect, i.e., of heat produced as a result of light
absorption and scattering at plasmonic nanostructures, has been
demonstrated to induce a variety of controlled shape
transformations in layered microcubes because of locally
induced hydration/collapse of temperature-responsive PNI-
PAM polymer chains.38 In this work, in contrast to previously
reported hydrogels of temperature-responsive polymers con-
taining randomly distributed metal nanostructures, precise

Figure 5. Confocal microscopy 3D images showing light-induced shape changes in (a) isotropic and (b) anisotropic temperature-responsive
PNIPAM-based cubical networks in aqueous solutions at pH 3.0 after 20 min exposure to 546 nm light. Reproduced with permission from ref 38.

Figure 6. Confocal microscopy 3D images showing light-induced shape changes in anisotropic temperature-responsive PNIPAM-based cubical
networks. Wavelength-selective shape changes in stratified assemblies of PNIPAM-grafted gold nanoparticles and nanoshells. Reproduced with
permission from ref 38.
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spatial control of plasmonic gold nanoparticles or nanoshells
within a temperature-responsive PNIPAM matrix has been
realized by layering ∼70 nm gold nanoparticles or nanoshells
decorated with PNIPAM brushes in between nonresponsive
PMAA or PMAA/PNIPAM polymer layers at pH = 3. The
PNIPAM brushes could reversibly collapse when local heating
caused by light absorption increased the local temperature by
only several degrees above ambient temperature. Although
PNIPAM chains lose their ability to swell in water after
interacting with PMAA via hydrogen bonding at acidic
conditions, the authors found that 80% of PNIPAM segments
did not bind to PMAA and could deswell upon temperature
increase.
By controlling the specific architecture of the polymer matrix,

i.e., number of nonswellable PNIPAM/PMAA bilayers between
PNIPAM-Au NPs layers within the layered microcube, the
anisotropy of the cubes’ stimuli response and therefore the
three-dimensional shape anisotropy under light irradiation were
tailored. For example, a cube microtomed from (PNIPAM-Au
NPs/PMAA) layers showed isotropic volume decrease upon
irradiation at 546 nm, while it deswelled highly anisotropically
when the PNIPAM-Au NPs were layered with the (PMAA/
PNIPAM)30 temperature inactive spacing in between. Interest-
ingly, the cube deswelling occurred exclusively in the direction
perpendicular to the layer plane, causing the cube-to-cubic disc
transformation (Figure 5).38

Also, because of the inclusion of the plasmonic nanoparticles
which had plasmonic resonance at different wavelengths (546
nm for particles and 785 nm for nanoshells), the inclusion of
the gold nanoparticles and nanoshells grafted with PNIPAM
brushes into separate hydrogel strata allowed for controlled
deswelling of the microcube in spatially resolved areas (Figure
6). The shape switches equilibrated 15 min after the laser
irradiation and recovered to their original shape within seconds
after the laser shut down.38

4. PARTICLES FROM MULTILAYER ASSEMBLY OF
POLYMERS

The tightly cross-linked microparticles obtained by micro-
fluidics, lithography, and PRINT techniques provide well-
defined size and shape, but they often lack the capability of
dynamic shape changes.14,31,65−69 Novel strategies for fabrica-
tion of nonspherical 3D particles which can mimic the shape
and flexibility of biological species need to be developed in
order to incorporate the architectural peculiarities essential to
their biological functions. An emerging class of 3D particulates
with a variety of shapes based on unique methods of multilayer
polymer assembly can be suitable for creating networks with
well-defined, precisely controlled size and shape that are
capable of one-time or reversible shape changes via thermally or
chemically induced structural deformations or swelling.
Templated Multilayer Capsules. The layer-by-layer

(LbL) technology is based on alternating deposition of water-
soluble polymers at solid/water interfaces and offers unique
opportunities to fabricate micro- and nanocapsules of any size,
geometry, composition, and thickness controlled at the
nanoscale.70−73 The technique can synthetically recreate shapes
and easily impart a desired elasticity and responsiveness to the
nanothin capsule wall.74−78 The capsules can be easily
functionalized, have an internal cavity for a high loading
capacity and are able to deliver cargo on demand in response to
a stimulus.79−82 The polyelectrolyte capsule wall can exhibit
stimuli-triggered chain rearrangements which can lead to

volume alterations and changes in capsule properties.83 For
example, in ionically bound poly(styrenesulfonate)/poly(allyl-
amine) (PSS/PAH) capsules, electrostatic repulsions between
accumulated excess charges lead to wall swelling, softening,
increased permeability, and changes in capsule dimensions
followed by dissolution.84,85 Considering the potential to
regulate the mechanical properties and the interior structures
of the particles, the multilayer assembly approach can be
utilized for systematic investigation of the fundamental
relationships between the particle’s architectural features and
their effects on the biological responses and behavior in flow.

Shape Transformation in Spherical Multilayer Capsu-
les. Spherical multilayer capsules obtained by LbL assembly of
polyelectrolytes on sacrificial particles can deform when the
critical pressure difference between the capsule interior and the
bulk in solution is reached. In a work from Möhwald and co-
workers, poly(styrenesulfonate)/poly(allylamine hydrochlor-
ide) (PSS/PAH)5 capsules 4 μm in diameter (the subscript
denotes the number of polymer bilayers in the capsule wall)
were exposed to an aqueous solution of PSS with Mw 70 000
Da.86 As a result, the osmotic pressure outside the (PSS/PAH)
capsule wall created by the PSS counterion concentration was
larger than in the capsule interior, and the solvent was forced
out. In that case the hollow multilayer capsules underwent a
shape transition from spherical to a cup shape at a certain
critical PSS concentration. Interestingly, increasing PSS
concentration led to further capsule deformation to half shells,
i.e., hemispheres which were not capable of maintaining shape
and collapsed upon drying.86

Conversely, drying spherical multilayer capsules of hydrogen-
bonded poly(N-vinylpyrrolidone)/tannic acid (PVPON/TA)n
resulted in formation of hemispherical particles when 15 < n <
20 (Figure 7).87 In that work we found the shape trans-
formation to be controlled by capsule stiffness, which was
demonstrated to be regulated by the layer number (i.e., capsule
wall thickness), capsule diameter, and PVPON molecular
weight.87 Importantly, the (PVPON/TA) hemispheres could
be further resuspended in aqueous solution and retain their
shape upon rehydration. In cell growth and viability studies
using human cancer cells, both spherical and hemispherical
capsules were internalized by THP-1 macrophages with the
uptake of the hemispherical particles being twice as efficient as
spherical particles. This was likely due to the increased rigidity
of the hemispheres which became 2 times thicker than the
spherical shell (Figure 8).87

Interestingly, the spherical and cubical (PVPON/TA)5
capsules of the same shell thickness, while being unrecognized
by J774A.1 macrophages, interacted differently with endothelial
and breast cancer cells.88 Thus, for example, the internalization
of the cubical capsules was 5-fold more efficient by human
microvascular endothelial cells and 6-fold and 2.5-fold more
efficient by MDA-MB-231 and SUM159 breast cancer cells,
respectively, compared to spherical capsules, suggesting that
cubical geometry can promote interaction of the capsules with
breast cancer cells, while their elasticity can prevent their
engulfment by phagocytic cells in the tumor microenvironment
(Figure 9).88

When one or both polymer components of the polyelec-
trolyte multilayer shell are covalently cross-linked, the multi-
layer shell resembles a hydrogel which can swell upon exposure
to aqueous solution.89 The covalent bonds formed during
cross-linking stabilize the hydrogel wall while functional groups
which are not involved in covalent binding can provide stimuli-
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responsive behavior.90,91 The resulting multilayer hydrogel
microcapsules represent a unique example of fluid encapsulated
by a stimuli-responsive nanothin hydrogel wall.92 The flexibility
of these hollow hydrogel particles can be important for control

over biological factors including cellular uptake and biodis-
tributions.25,88,93

An intriguing phenomenon of force-induced shape trans-
formation of multilayer hydrogel capsules inside endosomal
vesicles upon cell internalization has been recently observed by
the Caruso group.94 Using super-resolution structured
illumination microscopy, they discovered that human cancer
cells can exert different mechanical forces during internalization
of soft thiolated PMAA hydrogel capsules of spherical and
cylindrical shapes 2−3.5 μm in diameter. For both spherical
and cylindrical hydrogel capsules, the highest capsule shape
deformation occurred in HeLa cells (human epithelial cell line).
When the spherical capsules were taken up by the cells, they
were highly compressed from the original hollow spheres to
“dense particle” structures. However, the shape deformation
was shown to be cell-line-dependent when, for example, the
spherical capsules were less deformed and appeared as hollow
crescent-like and ellipsoid-like structures upon incubation with
RAW cells at 37 °C for 24 h.94 The intracellular spherical
capsule shape transformations (quantified as a percentage of
deformed capsules to the total number of capsules after cellular
uptake) were 96%, 56%, and 29% for HeLa, RAW, and
differentiated human monocyte-derived macrophage cells,
respectively.

Shape Transformation in Cubical Hydrogel Capsules.
The responsive behavior of the multilayer hydrogel micro-
structures can be custom-tailored by the hydrogel chemistry, its
solvent affinity, and cross-link density. As controlled by the pH-

Figure 7. Top: (PVPON/TA)n multilayers were formed on spherical
SiO2 cores using hydrogen-bonded LbL assembly (1). After core
dissolution, spherical capsules with the shell diameter of D, and the
shell thickness of t, were drop-cast on Si wafers and dried at room
temperature to result in hemispherical concave particles with the
opening size of S (2). Bottom: SEM images of (PVPON/TA)n hollow
multilayer capsules with (a) 5.5-, (b) 10.5-, (c)15.5-, (d) 18.5-, (e)
20.5-, and (f) 25.5-bilayer shells after being dried on silicon wafers.
Scale bar is 1 μm in all images. Inset shows a confocal microscopy
image of (PVPON/TA)25.5 dried capsules. Reproduced with
permission from ref 87.

Figure 8. Confocal images of THP-1 cells with internalized (a)
spherical and (b) hemispherical (PVPON/TA)15.5 particles. Scale bar
is 2 μm. (c) Percentage of cells with internalized (PVPON/TA)15.5
particles. (d) Average numbers of the spherical and hemispherical
(PVPON/TA)15.5 particles internalized per cell (*p < 0.005).
Reproduced with permission from ref 87.

Figure 9. (a) Rigid core−shell particles and soft shells (capsules)
produced using LbL assembly of TA and PVPON on sacrificial
inorganic manganese carbonate and silicon dioxide cores of cubic and
spherical shape, respectively. Confocal microscopy images of (b)
cubical and (c) spherical capsules produced via dissolution of the
cores. The scale bar is 5 μm. (d, e) Internalization of spherical (S) and
cubical (C) (PVPON/TA) core−shells and shells by (d) MDAMB-
231 (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.005) and (e) SUM159 (*p ≤
0.02; **p ≤ 0.01; ***p ≤ 0.05) breast cancer cells. Reproduced with
permission from ref 88. Copyright 2015 John Wiley and Sons, Inc.
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responsive wall, hydrogel capsules made of cross-linked PMAA
can undergo sharp volume transitions by 2-fold swelling in
response to pH increase leading to swollen thermodynamically
stable structures.95 This increase is due to the uncompensated
electrostatic repulsion between COO− groups at basic pH as
well as the osmotic pressure caused by an influx of counterions
acting to compensate excess charge. This swelling/shrinkage is
readily reversible, unlike pH-triggered dissolution of non-
covalently bound (electrostatic, hydrogen-bonded) polyelec-
trolyte capsules.84,96 Intriguingly, the hydrogel wall of micro-
capsules possesses swelling properties of stimuli-responsive
microgels of similar chemistry. However, because the swelling
rate is inversely proportional to the square of network
dimensions, the nanothin capsule wall exhibits an extremely
fast response to external stimuli, unlike microscopic net-
works.61,91,97

Although the area of stimuli-responsive hydrogel multilayer
capsules has been investigated for a decade, there are significant
fundamental aspects that remain unresolved. For example,
responsive behavior of nonspherical hydrogel capsules remains
largely unexplored because of the difficulties in synthesizing
shaped capsules with stimuli-sensitive walls. Our group
reported that cubical (PMAA)14 hydrogel capsules could switch
their original cubical shape to a bulged spherelike structure
from acidic pH to basic pH.98 The capsules were prepared as
hollow PMAA replicas of cubic 4 μm MnCO3 cores through
chemical cross-linking of hydrogen-bonded multilayer films of
PMAA and PVPON. Single-component (PMAA)20 capsules
with a 20-layer hydrogel wall were produced using a
poly(methacrylic acid-co-(aminopropylmethacrylamide))
(PMAA-NH2) copolymer assembled with PVPON and cross-
linked with 1-ethyl-3-(dimethylamino)propylcarbodiimide
(EDC), resulting in amide linkages between amino and
carboxylic groups and followed by PVPON release at basic
pH. To fabricate the two-component (PMAA−PVPON)5
hydrogel, PVPON-NH2 was synthesized and assembled with
PMAA followed by the EDC-assisted cross-linking.99 The
number of PMAA layers was crucial in the retention of the
cubical shape after core dissolution, as (PMAA)n hydrogels with
n < 15 would result in noncubical capsules with buckled walls.
The shape instabilities of thinner PMAA capsules were
attributed to low stiffness of the thin hydrogel wall resulting
from a relatively high flexibility of PMAA chains and a relatively
low number of cross-links.99

Single-component cubic capsules bulged into a spherical
shape when pH was changed from acidic to basic, while capsule
size remained virtually unchanged. In contrast, the two-
component capsules retained their cubic shapes while
increasing in size by 40% at pH = 8 (Figure 10). These
different shape responses were rationalized by a difference in
hydrogel rigidity expressed as the ratio of the polymer contour
length between neighboring cross-links to the persistence
polymer length, assuming that the capsule wall rigidity was
defined by the component with a larger persistence length value
(PVPON). The ratios of 22.7 and 2 for (PMAA) and
(PVPON−PMAA) systems, respectively, suggested that the
two-component system was more rigid.
These results illustrate that shaped hydrogel capsules are

versatile platforms for developing hydrogel microstructures
with a broad range of pH-controlled shapes and sizes. These
hydrogels are capable of keeping the shape of the cubic
template despite the ultrathin capsule wall (<20 nm) and the
highly hydrated state of the PMAA network (up to 80% water

by volume). The cubic capsules exhibit two types of pH-
triggered volume transitions depending on the wall composi-
tion: (1) anisotropic, resulting in spherical structures due to
preferential swelling of faces, and (2) isotropic expansion in all
directions leading to larger cubes.
Designing hydrogel polyhedral capsules with reversible shape

transformations requires a combination of sufficient mechanical
rigidity and stimuli-responsiveness. For instance, hydrogel
capsule “fluidizes” in the charged swollen state by becoming
softer and more deformable with Young’s modulus of 0.5 GPa
found for deswollen spherical (PMAA)10 capsules at pH = 5.74

However, the stiffness of those spherical (PMAA)10 capsules
significantly decreased from 550 to 1 mN/m at pH = 5 and 8,
respectively.74 In our studies on cubical hydrogel capsules,
shape transformations of bulged (spherelike) (PMAA)20
capsules at pH = 8 back to cubic at pH = 3 were only partially
reversible, in contrast to the fully reversible size transitions of
cubic (PMAA−PVPON)5 capsules under the same conditions.
This indicates that the reversibility of shape transitions can be
achieved by controlling capsule rigidity via adjusting capsule
cross-link density and thickness.99

Our results raise many additional important fundamental
questions. We suggested that shape responses originating from
the difference in hydrogel rigidity are controlled by the chain
stiffness. Another explanation could be that the restraining
effect of edges and vertices in soft PMAA capsules results in
swelling-induced stress released preferably through faces,
leading to bulged capsules. In contrast, rigid PMAA−PVPON

Figure 10. Top: schematics of pH-triggered responses of single- and
two-component cubic hydrogel capsules. Bottom: confocal microscopy
images of cubic hydrogel capsules (PMAA)20 (A) and (PMAA−
PVPON)5 (B) when solution pH was changed from 5 to 8.
Reproduced with permission from refs 98 and 99. Copyright 2011
and 2012 Royal Society of Chemistry.
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cubical capsules should distribute stresses more uniformly
resulting in isotropic swelling in all directions.
Shape Transformation in Discoidal Hydrogel Capsu-

les. The pH-induced shape transformation was also observed
from anisotropic hydrogel capsules with high aspect ratio.100

Our group synthesized two types of discoidal capsules denoted
as single-component (PMAA) and two-component (PMAA−
PVPON) and studied their pH-dependent changes in
dimensions and shape. In the case of (PMAA) capsules,
PMAA-NH2-5 (where 5 represents the mol % of amino group
containing repeat units) copolymer was assembled with
PVPON homopolymer via hydrogen-bonded interactions into
(PMAA-NH2-5/PVPON)15 shells, where the subscript denotes
a number of polymer bilayers in the multilayer. One-
component (PMAA)15 capsules were obtained by exposure of
(PMAA-NH2-5/PVPON)15 core−shells to carbodiimide, result-
ing in amide linkages between amino and carboxylic groups of
PMAA-NH2-5 layers and PVPON removal. To fabricate two-
component (PMAA−PVPON) hydrogel capsules, PMAA
homopolymer was assembled with PVPON-NH2-7 into
(PMAA/PVPON-NH2-7)5 followed by the EDC-assisted
cross-linking. Importantly, in both cases, the number of cross-
links was controlled by the number of monomer units with
amino groups in the copolymer.
We have found that the (PMAA)15 and (PMAA−PVPON)5

discoidal capsules demonstrated various degrees of out-of-plane
swelling of the discoidal circular faces (i.e., circular face
bulging) at pH = 7.4 (Figure 11). The spherical (PMAA)15
capsules displayed a dramatic 19-fold volume increase when
solution pH was altered from 4 to 7.4. Unlike 19-fold swelling
of (PMAA)15 systems, two-component (PVPON−PMAA)5
capsules underwent only 2.9-fold increase in their volume.
This difference in pH-triggered variations in capsule size was

rationalized by comparing free volume within the capsule
hydrogel shell. The (PMAA)5 multilayer hydrogel displayed a
2-fold greater water uptake than (PMAA−PVPON)5 at pH = 3
with water content of 41% and 19% found for (PMAA)5 and
(PMAA−PVPON)5, respectively. Apparently, the presence of
the second component reduced free volume in the dual-
component network suppressing the capsule swelling.
Importantly, pH-triggered dimensional changes of (PMAA)15

and (PMAA−PVPON)5 discoidal capsules were found to be
drastically different. The (PMAA)15 showed a dramatic volume
transitions of 24-fold, while a moderate 2.3-fold volume change
was found for (PMAA−PVPON)5 discoidal capsules upon
variation of the pH. Also, both radial and axial dimensions of
(PMAA) capsules were 1.8-fold greater than those for
(PMAA−PVPON) capsules at pH = 7.4. The larger expansion
of the one-component hydrogel discs was consistent with the
greater swelling of the corresponding hydrogel spheres and
surface-attached hydrogel films as compared to their dual-
component counterparts. However, the aspect ratios of two
types of discoidal capsules, length/height, at pH = 7.4 remained
similar, indicating that both types of hydrogels expanded in a
similar way in the ionized form. We found that those values
were smaller than the aspect ratio for their solid templates
which indicated the preferential expansion in the axial direction
for both types of capsules upon core dissolution and exposure
to neutral pH.
The pH-triggered change in capsule dimensions resulted in

anisotropic swelling/shrinkage leading to discoidal-to-ellipsoi-
dal shape transformations with the degree of this shape
transitions depending on the wall composition (Figure 11).
The one-component system underwent a greater change in
radial direction than did two-component capsules. The
observed variations in pH-triggered aspect ratios for the two
types of discoidal hydrogel capsules are explained by a greater
degree of the out-of-plane swelling of (PMAA) capsules
compared to that of (PVPON−PMAA) systems at pH = 7.4.
Quantification of the degree of swelling in the axial and radial
directions revealed a negligible difference between the ratios for
both types of discoidal capsules which implied no preferential
swelling in axial or radial directions upon pH variations.

Templated Multilayer Hydrogel Particles. When porous
nonspherical inorganic templates are used for deposition of
multilayers, hydrogel networks of various shapes can be
obtained. For example, we have made cubic multilayer
hydrogels as interconnected PMAA network replicas of
mesoporous manganese oxide templates by sequential infiltra-
tion of PMAA and PVPON, followed by cross-linking of PMAA
with ethylenediamine and then template dissolution (Figure
12).101 In contrast to bulk hydrogel particles, these multilayer
hydrogel cubes display a reversible 2-fold change in size while
maintaining their shape in response to pH increase from pH =
5 to pH = 7 or to pH = 3. The swelling of these cubic
multilayer hydrogels is controlled by the network structure
which is regulated by the PMAA molecular weight. Because of
the interconnected structure of the multilayer hydrogels, these
networks maintain their three-dimensional shapes in the dry
state.
When a biodegradable cross-linker was used, these multilayer

hydrogels could quickly lose their cubical shape in the
intracellular environment.102 For example, when cystamine-
cross-linked PMAA hydrogel cubes were incubated with HeLa
cancer cells, the disulfide bonds of the hydrogel were reduced
by intracellular glutathione, causing gradual dissolution of the

Figure 11. Three-dimensional reconstructions of confocal microscopy
images of discoidal (PMAA−PVPON)5 hollow hydrogel capsules in
their swollen (a) and deswollen (b) states in 0.01 M phosphate buffer
solutions. (c) Schematic presentations of solid cores and one- and two-
component capsules at pH = 7.4 and pH = 4. (d) Dimensions of a
bulged discoidal capsule including capsule diameter, L, maximum
cross-sectional height, H, minimum cross-sectional height, h, and
circular face deflection, d. Reproduced with permission from ref 100.
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multilayer hydrogel matrix into small molecular weight polymer
chains. Confocal microscopy analysis of HeLa cells incubated
with the cubical and spherical multilayer hydrogels for 6 h
revealed that the particles internalized by the cells significantly
decreased in size, and the particle shape became impossible to
determine due to particle degradation.102

5. CONCLUSION AND OUTLOOK
Although environmental control over material shape offers
unique opportunities in a variety of technologies, the field of
shape-transformable particulates is still in its infancy. Recent
studies have pointed out that the relationships between
particulate shape and polymer physicochemical properties
required for reversible shape transformation are not yet fully
understood. Polymeric particulates with switchable shapes and
sizes mostly based on thermomechanical and photoinduced
deformations have been demonstrated, but further studies are
needed to elucidate their functional spectrum for controlled
drug delivery. Although stimuli-responsive hydrogels hold
considerable potential in the design and synthesis of
particulates with reversible shape transformations, there exists
a dilemma for shaped hydrogel microparticles: that under
certain conditions their swelling or collapse can significantly
alter their initial 3D shape. Such an alteration can be regarded
in opposing views: it would either compromise the benefit of
the intended original shape of a particulate or would be
advantageous as observed in biological microparticulates
including red blood cells, leucocytes, bacteria, and spores that
serve as examples of shape adaptability. In this regard, although
the highly cross-linked microsized 3D particles obtained by
microfluidics, lithography, and PRINT offer excellent control
over shape and size, they lack the capability of stimuli-induced
dynamic size/shape changes. For example, pH-induced shape
transitions due to network swelling require spatial conditions
for polymer chain rearrangement that may not be readily
available in particles from those processes. An important

consideration for shape-transformable drug delivery vehicles is
that the particulate container is expected to be able to switch
shape without tearing or breaking its surface to be able to keep
its cargo inside until release is triggered. In addition, the
important relationship between the particle’s 3D shape and
network properties and the required structural transformations
are yet to be fully mapped. Finally, significant 3D shape changes
triggered by the adsorption of particles onto surfaces can be
also desirable but have not been significantly explored. In this
regard, investigations on the effects of shape on the structural
flexibility, robustness, and subsequent shape transformation of
hollow hydrogel structures are still needed. Surprisingly, there
are only a few studies that have attempted exploration of shape
transitions in temperature-sensitive hydrogel particles which
can be especially intriguing in the case of micrometer-sized
temperature-responsive hollow hydrogel particulates. The
incorporation of sensitivity to magnetic fields into polyhedral
3D particulates may spur the development of shape-adaptable
micro- and nano-objects with biomedically and biologically
relevant triggers which should be of further interest for
researchers in the fields of bio- and nanomedicine.
An emerging class of shape-adaptable 3D particulates is based

on hollow multilayer hydrogel capsules of specific nonspherical
shapes. This approach is based on layer-by-layer assembly and
is uniquely suited for creating polyhedral hydrogel replicas of
corresponding sacrificial. The multilayer hydrogels created by
layer-by-layer assembly may be imparted with a variety of
stimuli-responsiveness including pH, temperature, light, and
functional molecules. In addition, the internal architecture of
the multilayer hydrogel can be specifically manipulated using
this approach. Understanding fundamental relationships
between the capsule’s shape (including the relationship
between its faces, vertices, and edges), size, and the
physicochemical properties of the hydrogel walls required for
reversible shape transformation will be transformative for the
emerging fields of shape-adaptable 3D particulates. The
multilayer approach can be extended to biomolecules and
organic−inorganic nanocomposites sensitive to a broad
spectrum of biological and chemical stimuli. The shape-
adaptable capsules will have unique properties as compared
to simple spheres including shape-guided interactions, a greater
stability in flow, and shape-directed flow behavior and cellular
uptake. Considering the microscopic dimensions, soft and
elastic hydrogel walls, and complex polyhedral shapes, the
hydrogel capsules hold considerable potential as cell-mimicking
particles to be developed into artificial cells and multifunctional
delivery carriers.
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