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ABSTRACT: The mechanical stiffness of polymer particles is an important parameter
that influences particle circulation in the blood and governs cell—particle adhesion,
cellular uptake, and biodistribution. This Review highlights the main approaches to
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produce micro and nanosized polymeric particulates with controlled mechanical Sz:l:g accumulation
responses and their applications in the biomedical field. We discuss how varying P
. . . . . . . q g Q Polymer
mechanical properties of polymeric particles can affect particle interactions with various ( AR Do
types of cancer and immune cells, along with particle behavior in the flow. We also > 8¢ Rigidity
analyze the possibilities of regulating particle rigidity by controlling particle shape, a &~
relatively unexplored research area. The main measurement methods to test the :
mechanical responses of polymeric particulates are also reviewed. Finally, we .@ (AN
summarize recent developments toward controlling the mechanical responses of L § o iicialblood

polymeric particulates relevant to biomedical applications and highlight important
perspective directions that can advance fundamental and applied research in this area.
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1. INTRODUCTION can also be useful to control the mechanical behavior of
polymeric particulates. In this case, the mechanical properties
of polymer objects can depend on particle shape (spherical or
nonspherical), size, and morphology (particle architecture such
as filled, porous, or hollow or surface properties).

To vary particle architecture, a variety of emulsion methods
from preformed polymers and the polymerization of
monomers (emulsion and interfacial) have been developed
for the synthesis of filled or hollow polymer particles.
Simultaneously, template-assisted layer-by-layer (LbL) assem-
bly can be used to fabricate hollow polymeric capsules of any
size, geometry, and thickness controlled at the nanoscale via
alternating the deposition of the polymers at the solid/liquid
interfaces.”'” The LbL technique can easily impart a desired
elasticity and responsiveness to the nanothin capsule wall by
selective control over the shell chemistry through polymer
selection, polymer molecular weight, shell thickness, and
degree and type of cross-linking."”~'® To produce polymer
particles of well-defined nonspherical geometries, a range of
shape engineering technologies, including particle replication
in nonwetting template (PRINT),"” stretching of films with

The mechanical properties of polymer particles intended for in
vivo applications are important parameters that influence
particle circulation in the blood and govern cell—particle
adhesion, cellular uptake, and biodistribution.'™* Therefore, a
better understanding of the ways to produce polymer particles
with controlled mechanical properties is crucial for developing
viable nano- and microparticle theranostic vehicles.

In response to applied stress and mechanical deformations,
polymers exhibit viscoelastic mechanical responses, which can
vary with the time and frequency of the deformation.’ The
polymer particle’s resistance to applied pressure is charac-
terized by the bulk modulus. The ability to resist deformation
while under stress is defined as the material’s rigidity." When
the material can subsequently return to its original size/shape
upon stress release, it is considered elastic. The material’s
response as strain (y) to linear stress (o) is related through
Young’s modulus, E = 6/y, which is the intrinsic mechanical
property of a material. The particle stiffness is directly
proportional to the elastic modulus for a given particle
dimension, and larger values of Young’s modulus characterize

stiffer materials that are more difficult to compress and
elonga,te,6 Received: February 2, 2021
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Most current approaches to control the rigidity of polymeric
particles focus on the mechanical properties of the materials
that can be regulated by the choice of the polymer or by
varying the material’s cross-link density.”” Conversely, the
consideration of mechanical properties of particles as objects
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Figure 1. (a) Scanning electron microscopy (SEM) image of a microfluidic model of a blood capillary. The arrows show flow paths for spherical
polymeric microparticles in the device. (b, ¢, d) Fluorescence microscopy images of microparticles flown through the device’s capillaries. Scale bars
are 100 ym (a) and 10 gm (b—d). Reprinted from ref 33. Copyright 2015 American Chemical Society. SEM images of extravasation (filtration)
tests of spherical (e, f) and of cubical (g, h) rigid core—shells (e, g) and soft shells (f, h) of hydrogen-bonded multilayer microcapsules through the
0.8 ym pores. The insets in (f, h) are the confocal scanning microscopy images of the shells that passed through the pores and maintained their
initial spherical (f) or cubical (h) shape. Reprinted with permission from ref 35. Copyright 2015 Wiley and Sons.

embedded polystyrene spheres,'®
printing,"” have been developed.

The use of polymer hydrogels, hydrophilic networks of
cross-linked macromolecules, can allow for the mimicry of the
rigidity of biological objects such as viruses, bacteria, and cells
and for the facile regulation of biological activity of the
hydrogel particles, their association with cancer cells, and the
accumulation in targeted sites due to their large volume
changes in water."”°~>* For example, a decrease in the elastic
modulus of poly(ethylene glycol) (PEG) nanogels from 3000
to 10 kPa increased their in vivo circulation up to 2 h.*> A
reduction in the elastic modulus of PRINT hydrogel
microparticles 8-fold led to a 30-fold increase in the circulation
half-life.”* Unlike hydrogels, the highly cross-linked microsized
networks obtained by microfluidics, lithography, and PRINT,
while offering excellent control over shape, often lack
capabilities toward swelling in aqueous media.”*

In this respect, multilayer hydrogel capsules obtained
through LbL assembly are capable of large volume transitions
and the fast reversibility of the responses. Unlike bulk
microscopic networks, hydrogel microcapsules have much
larger free volume due to the capsule interior, and because the
swelling rate is inversely proportional to the square of the
network dimensions,”” the nanoscale capsule hydrogel wall can
produce a much faster response than microscopic hydrogel
materials.

Given the importance of rigidity for particle behavior, this
Review highlights recent developments in the field of soft
polymer particulates with controlled mechanical responses and
their applications in the biomedical field. We summarize the

and template-induced
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main methods and approaches toward varying the rigidity of
polymeric particles by material choice, hydrogel cross-link
density, and hydration. We also analyze the possibilities of
regulating particle rigidity by controlling particle shape, a
relatively new and unexplored research area. We discuss how
the rigidity can impact particle interactions with various cancer
and immune cells and their behavior in the flow. Examples of
existing and emerging instrumental techniques for testing
mechanical responses of polymeric particulates are also
reviewed. Finally, we highlight essential perspective directions
that can advance fundamental research in the field of polymer
particulates, which could further expand material biomedical
applications.

2. MEASUREMENT METHODS OF POLYMER
PARTICLE MECHANICAL RESPONSES

Herein, we briefly describe the measurement methods and
quantification of particle mechanical properties. For a
comprehensive review on molecular characterization methods
of polymer networks including networks mechanics and
dynamics, the readers are referred to a recent review by
Rubinstein and colleagues.”

2.1. Quantification of Particle Mechanical Properties.
Mechanical properties of polymeric nanoparticles are often
characterized by (a) Young’s modulus (E), which is the slope
of the stress—strain curve in the elastic (reversible)
deformation regime; (b) shear modulus (G), the ratio between
shear stress and shear strain; (c) bulk modulus (K), which
characterizes the change in particle volume upon the pressure

https://doi.org/10.1021/acsapm.1c00157
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Figure 2. Using AFM nanoindentation, the elastic modulus of a polymer nanoparticle E is obtained by first collecting a topography image to
identify individual particles (a), followed by a high-resolution topography analysis of an isolated particle (b). Force curves are collected with force F
= f(h), where h is indentation; the linear slope is the contact model fit from which the elasticity modulus is obtained (c). (d) Schematics show the
path (solid black line) of an AFM tip scanning across a particle. (d) Geometrical parameters of the particle can be derived from image analysis to
determine the AFM tip diameter. Reprinted from ref 43. Copyright 2020 American Chemical Society. The osmotic pressure difference method for
the elastic modulus of spherical multilayer capsules included the analysis of confocal microscopy images (e—h) exposed to PSS solutions with
different concentrations. Scale bar is S ym in (e—h). Calibration curve for the osmotic pressure induced with various concentrations of PSS sodium
salt (i). The calculation of the percentages of deformed capsules as a function of PSS concentration (j), and the determination of the critical
osmotic pressure as a function of the capsule wall thickness (k). Reprinted from ref 47. Copyright 2019 American Chemical Society.

change.28 These moduli correlate between each other through
Poisson’s ratio, v (1):*®

2G(1 + v) = E = 3K(1 — 2v) (1)

The stiffness of a particulate can be characterized by the elastic
deformation and shows the ratio of applied force and a
corresponding length change. It is often used for polymeric
particles mimicking biological material, such as red blood cells
(RBCs), to describe their softness and ability to deform in the
bloodstream.”*” Shear elastic modulus (G) of polymeric
microparticles can be obtained in microfluidic experiments
upon particles passing through capillaries with physiologically
appropriate dimensions and pressure.

2.2, Particle Deformability. The methods to observe the
deformability of polymeric carriers in the flow include an
observation of the particles passing through narrow micro-
fluidic channel capillaries (in vitro)**~3* (Figure la—d) or
through blood capillaries (in vivo) using optical and confocal
microscopy.”” The data can be analyzed as the ratio of the
pass-through to the total particles fed to the channel. Particle
deformablhty can be also evaluated using filtration measure-
ments>"! (Flgure le—h) and micropipette aspiration tests.”
In the former case, the particle suspension is filtered through a
membrane with a known pore size by applying a certain
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pressure, which serves as the measure of particle rigidity.”
the latter, the degree of particle deformation can be evaluated
throu%h selected geometrical parameters, e.g., particle vol-

ume.”’ In this case, the particle mechanical response can be
characterized by complete recovery of the material’s original
shape, whereas a plastic response is accompanied by a
permanent change of the material’s shape, eg., irreversible
capsule buckling or capsule rapture.*”

Using a PDMS microfluidic device with a narrowing within
the main channel that mimicked the geometry of wide and
narrow blood vessels, Kumacheva and co-workers studied the
mechanical behavior of agarose spherical microgels with
diameters ranging from 40 to 140 ym and Young’s moduli
in the range from 2.6 to 20.2 kPa being confined to the
microfluidic channel.”® The authors developed a quantitative
model for microgel volume changes due to a uniform
compression of a microgel upon the microgel’s entering a
microfluidic channel tightening. They showed that, for each set
of microchannel geometrical parameters (an entrance angle of
the narrowing), experimental parameters including microgel
diameter, a diameter of the narrowing inside the main channel,
Young’s modulus of a microgel, and a translocation pressure
(the pressure difference required for a microgel to move
through the channel narrowing) could be combined into a set
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of curves that can be used to measure the elasticity modulus of
a microgel with unknown rigidity by measuring its trans-
location pressure as a function of the confinement degree.”®

2.3. Small Particle Deformations. The AFM nano-
indentation method can be used to characterize the mechanical
properties of polymeric carriers using small deformations.”**’
During the experiment, the force curve is obtained by
measuring the sample’s deformation with the AFM cantilever
driven down onto the sample at a known force (Figure 2a—
d).** To obtain reliable data, one must consider the shape and
stiffness of the cantilever. While sharp conical tips of a
nanometer size are mostly used for topographical imaging,
colloidal probes, i.e., AFM cantilevers with an attached sphere
of micrometer size, are best suited for the mechanical
characterization of soft nanomaterials.”’ Since colloidal probes
have a large contact area, it is impossible to measure local
differences in mechanical properties within the particle, and
the entire stiffness of the particle is measured instead. The use
of sharp tips allows for high-resolution topographical imaging
and simultaneously collects mechanical properties of soft
polymer particles; however, their high adhesiveness can pose
experimental challenges.”” For characterization of mechanical
behavior of soft particulates in the physiologically relevant
media (buffered saline, 37 °C), special equipment and
expertise might be required.”

2.4. Large Particle Deformations. Bulk modulus (K) can
be calculated from the large deformations of the polymeric
shells under known osmotic pressure differences. When one
considers that the particle shell is impermeable to molecules
with a high molecular weight and permeable to small
molecules like a solvent, an osmotic pressure difference can
be induced by placing the shells in a high molecular weight
polymer solution at various concentrations. As demonstrated
for polyelectrolyte multilayer capsules,'®*** the spherical
capsule loses its shape and transforms from a convex shape to a
concave inward buckled shape when the work done by the
external pressure equals the deformation energy, from which
the critical pressure for the onset of capsule buckling is
obtained (Figure 2e—k). The buckling of multilayer spherical
capsules induced by polystyrene sulfonate sodium salt (PSS) is
due to the isotropic osmotic pressure difference between inside
and outside of the multilayer shell.** Capsule buckling can be
monitored by optical or confocal fluorescence microscopy.

When the osmotic pressure of the solution exceeds that of
the capsule interior, the solution is squeezed out if the shell’s
elastic force cannot compensate for the rising pressure
difference.”® To convert shell deformation into bulk modulus,
a sigmoidal curve of the percentage of deformed particles
versus the polymer solution concentration is plotted. The
osmotic pressure difference corresponding to the concen-
tration at which 50% of the particle is deformed is considered
the critical osmotic pressure. The osmotic pressure calibration
curves for a specific macromolecule concentration are obtained
by vapor pressure reduction using a vapor pressure osmometer.
The elasticity modulus, E, of the capsule wall is related to the
critical pressure difference (P.) through the following
expression (2):

P

cr

_ L(é)
Ja(1 - ) (R @)

where v is the Poisson’s ratio, § is the shell’s thickness, and R is
the particle’s radius.*>*’
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It is often beneficial to employ various techniques for the
characterization of the mechanical behavior of the particulate
to elucidate the possible effects from various structural
parameters such as, for example, the internal structure of the
particulates made from the same material. For example, Sun et
al. utilized both AFM nanoindentation in buffer solution using
colloidal cantilevers and the microfluidic model to analyze
hyaluronic acid (HA) hollow capsules and HA porous
polymeric particles of 7 um that were obtained through the
continuous assembly of polymers mediated by atom transfer
radical polymerization.””> Both HA capsules and particles
showed similar stiffness in the range from ~4 to ~13.6 mN
m™' and ~2.4 to ~21.3 mN m', respectively, by either
increasing the capsule thickness or varying HA density by
changing the amount of methacrylate-functionalized HA
reagent. Despite that, the capsules and particles showed a
different behavior in the flow. All capsules showed reversible
elastic deformation when passing through the microfluidic
channels. Simultaneously, the particles exhibited a lack of
deformability and had a difficulty traversing through the
microcapillaries at a wide range of pressure even when the
particle stiffness was 6-fold lower than that of the capsules.

Conversely, Doshi et al. fabricated multilayer RBC-shaped
microcapsules of PSS/hemoglobin (PSS/Hb) and compared
their mechanical properties with mouse RBCs by both AFM
nanoindentation and microfluidic tests."® Although they found
a 6-fold difference in the elastic modulus between the
microcapsules (92.8 + 42 kPa) and the RBCs (15.2 + 3.5
kPa), the capsules demonstrated deformability similar to the
RBCs when passing through a 5 um glass capillary.*®

In another example, highly soft PEG hydrogel microparticles
with a Young’s modulus ranging from 0.2 to 3.3 kPa were
obtained by varying the hydrogels’ cross-link density.”
However, despite being on average much softer (3.3 kPa)
than the RBCs (26 kPa), only PEG hydrogels with the lowest
cross-linking degree were able to reversibly deform while
passing through the capillaries and restore their initial shape
when they came out of the channels.*

3. PARTICLE RIGIDITY CONTROLS PARTICLE
INTERACTIONS WITH CELLS

Different types of cells, including immune cells, have been
shown to internalize particulates depending on the particle size
ranging from 30 nm to S pm with decreased phagocytosis
outside this range.””~>> However, many studies suggest that
the particulates’ rigidity is among the key factors that control
particle interactions with the cells.”>>*7°5 In this respect, the
varying elastic modulus of the particles can be used to increase
their circulation time, avoid macrophage clearance or,
conversely, induce the uptake of particles by antigen-
presenting immune cells for more efficient vaccines and
improve the targeting drug delivery.' To control the
internalization of particles by various cells, it is essential to
understand how the softness/rigidity of a polymer particle
correlates with its intracellular trafficking. When a polymer
carrier is taken up by a cell, it is moved inside the cell being
compartmentalized by a lipid bilayer membrane of the
intracellular vesicle. The particle needs to escape from these
endosomal/lysosomal compartments into cytosolic space or
other intracellular organelles without compromising cell
function to induce a therapeutic effect. When one understands
how a polymeric carrier’s rigidity affects its intracellular
transport, its therapeutic efficiency can be improved. A better
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Figure 3. MD simulation of endocytosis for (a) rigid and (b) soft spherical nanoparticles. Rigid and soft particles of the same volume are shown to
internalize differently. The higher energy barrier needs to be overcome for soft particles due to their deformation. Reprinted from ref 65. Copyright

2019 American Chemical Society.

understanding of the effects of a carrier’s mechanical clues on
the regulation of various biological phenomena is vital to
enable the development of polymeric carriers with tunable
mechanical behavior. The effects of the particulate’s rigidity on
cell—particle interactions can be drastically different and
depend on the particle material, size, and shape, presence of
protein corona, cell type, and particle uptake mechanism.>*°
Herein, we highlight biological phenomena that can be affected
by particle rigidity and are essential for outlining novel design
criteria that can be used to advance the development of more
effective polymeric carriers.

3.1. Particle Rigidity Affects Cellular Internalization.
Many reports suggest a better cellular uptake of more rigid
particulates. For example, Nowak et al. showed that rigid
polystyrene particles of 200 nm with a Young’s modulus of 3
GPa were 10-fold better associated with and transported
through the in vitro endothelial cell membrane than soft 200
nm PEG diacrylate (DA) hydrogel particles that had a 1000-
times lower Young’s modulus,”’ although the observed
difference could be partly attributed to their different adhesive
interactions due to the PEG hydrophilicity and antiadhesive
nature. Conversely, the in vitro cellular uptake of 200 nm
hydrogels with a Young’s modulus of 10 and 3000 kPa
obtained by PEGDA polymerization demonstrated that the
rigid PEG hydrogels were internalized to a greater extent and
faster than the softer hydrogels by 4T1 epithelial tumor cells
and bEnd.3 brain epithelial cells within a 12 h incubation. In
the case of J774 macrophages, rigid hydrogels were taken up by
the phagocytes even faster and in larger quantities than the
softer hydrogels.>®

Similarly, rigid (~25 kPa) mesoporous hydrogel particles of
cross-linked poly(L-glutamic acid) synthesized by the meso-
porous silica-templated assembly for the delivery of oligonu-
cleotide CpG adjuvant (800 nm) associated more with human
plasmacytoid dendritic cells (DCs) than their softer (~2 kPa)
counterparts after a ~10 h incubation at 37 °C.>® The
increased uptake of rigid polymeric carriers over softer
counterparts was also found for zwitterionic nanogels by
epithelial cells,”” hydrogen-bonded multilayer capsules by
macrophages,”’ hydrogel poly(allylamine hydrochloride)
PAH capsules by smooth muscle cells,’’ composite multilayer
capsules by placental cells,”” nanoliposomal gels by MDA-MB-
231 and MCF-7 human breast cancer cells,”” and block
copolymer micelles by A375 tumor cells.**

Zhang and co-workers applied coarse-grained molecular
dynamics (MD) to simulate the results of membrane
internalization of gold nanoparticles coated with lipid layers
of varied thickness to modulate the particle softness. Molecular
simulations of these lipid-coated gold beads having the same
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size of ~60 nm revealed that the softer particles exhibited
~60% lower internalization by 4T1 murine mammary
carcinoma cells after a 4 h incubation because of the larger
free energy barrier required to be overcome for softer beads
during the internalization by the cell membrane (Figure 3).°°

Studies on the effects of particle rigidity on permeation
through biological hydrogels, i.e, mucus, explored spherical
poly(lactic-co-glycolic) (PLGA) particles coated with a lipid
bilayer. The particle rigidity was controlled by the amount of
water between the PLGA core and the lipid coating.°”®” When
the PLGA core size increased from 50 to 160 nm, the water
layer thickness decreased, and core—shells with soft (5 MPa),
semisoft (S0 MPa), and rigid (110 MPa) structures were
obtained. The studies found that the effective diffusivity in
mucus was the fastest for the semielastic core—shells, while it
was impeded for soft and rigid structures. The coarse-grain
MD simulation of these particle diffusivities through a network
of polymer fibers suggested that soft core—shells would
undergo excessive deformation and interact with the matrix
via physical entanglement and increased adhesion.’”®” In
contrast, the superior diffusivity of the semielastic core—shells
was due to their moderate stiffness, resulting in the particle
deformation into ellipsoids and increasing their rotational
movement and translational diffusion through the network.

In a recent example, however, a Pickering emulsion droplet’s
high deformability, i.e., the particle’s ability to reversibly change
shape by cellular wrapping, resulted in a large contact area with
a cell membrane, which induced enhanced interactions with
antigen-presenting cells and led to potent immune responses.’®
These overall findings demonstrate the importance of the
interplay between particle mechanical response, shape, and cell
type, which is often too complex to decouple.

3.2. Particle Rigidity Affects Tissue Accumulation.
Unlike rigid particles, the longer circulation half-life of the
softer counterparts due to the evasion of professional
phagocytic immune cells can be favorable for increasing their
probability of passing through tumor vasculature with lower
flow and favorable vascular adhesion. In this respect, softer
polymeric carriers can facilitate better tissue accumulation. For
example, in the in vivo experiments with tumor models
obtained from human primary glioblastoma cells (U87-MG) (a
brain tumor model) and melanoma cells (B16-F10) (a model
for skin cancer), Decuzzi and co-workers demonstrated a 6-
fold higher tumor accumulation of soft discoidal polymer
constructs unlike their rigid counterparts with mechanical
stiffness of 1.3 and 15 kPa, respectively, after 24 h of
circulation in blood.”* The constructs were obtained by UV-
cross-linking of a mixture combining PLGA, PEGDA, lipid-
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Figure 4. Photographs of rigid (a) and soft (b) zwitterionic nanogels (0.25 pm) passing through 0.22 ym pores. Schematics show that the rigid
nanogels (c) are filtered off, while the soft ones (d) pass through the pores due to deformability. (e) Circulation half-life decreases, and
accumulation in the spleen increases with the increased cross-link density of the nanogels. Reprinted from ref 71. Copyright 2012 American

Chemical Society.

tetraxetan (DOTA), lipid-Rhodamine B, and 20 nm iron oxide
nanocubes.”*

In another study with the discoidal polymeric constructs of
circular, ellipsoid, and quadrangular shapes and Young’s
modulus varied over the range from 100 kPa to 10 MPa as
analyzed by AFM nanoindentation, Decuzzi and co-workers
suggested that there was a relationship between the particle
bending stiffness and internalization by professional phagocytic
cells.” According to their findings for the discoidal polymeric
particles, the softer ones with El® (E is Young’s modulus, & is
the particle thickness) slightly lower than that of the cells will
be far less internalized than those stiffer than that threshold.
Similarly, hydrogel particles (170 nm) of intermediate
elasticity were internalized more than those much softer or
much stiffer.””

The softer and more deformable microparticles derived from
tumor-repopulating cells were shown to exhibit enhanced
tumor accumulation because of their ability to easily deform
and extravasate from the blood vessel into a surrounding tumor
tissue through the gaps between the endothelial cells in leaky
cancerous vasculature.”’ Similarly, the softer zwitterionic
hydrogels of cross-linked poly(carboxybetaine) also easily
passed through the splenic filtration because of large
deformability, unlike their stiffer counterparts, which led to
their longer circulation time and low accumulation in the
spleen (Figure 4).7"

The deformability of softer particles compared to the rigid
ones was also suggested by a computational study by Coclite et
al. to be beneficial in resisting perturbations in the blood
flow.”> The work demonstrated that, while rigid particles can
be easily detached from the capillary walls by circulating blood
cells because of the short-lived adhesion of rigid particles, their
softer counterparts can deform and convert some kinetic
energy from circulating cells into elastic energy. Thus, their
firm attachment to the capillary walls would favor a long-
sustained release of drugs into the tissue.

3.3. Particle Deformations upon Interactions with
Cells. Several works suggested an exciting approach to probe
mechanical forces exerted on polymer particles during cellular
uptake.”””* For example, when Palankar et al. observed the
deformation of poly(styrenesulfonate)/PAH (PSS/PAH)
multilayer capsules by cells using live-cell imaging,”* they
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found that the deformation of a 4-layer PSS/PAH micro-
capsule begins during its uptake by the HeLa cells when the
microcapsule is just attached to the cell membrane. The
capsule enveloping by the phagosomal cup was gradually
buckled and deformed upon the internalization. The thicker, 8-
and 12-layer microcapsules were also deformed, and their
cargo was released during the cellular uptake.

To correlate the deformation of poly-
(diallyldimethylammonium chloride)/PSS multilayer capsules
during cellular internalization with the mechanical force
exerted by Vero cells, Delcea and co-workers used AFM
nanoindentation.”* The degree of plastic deformation of the
microcapsules corresponded to the force of at least 0.2 uN
during cell internalization of the capsules.

It was suggested that, while AFM nanoindentation uses an
anisotropic local force to the particles, the isotropic
compression can allow a more realistic model for imitating
intracellular mechanical forces. Thus, Caruso and co-workers
quantified the pressures exerted by cells upon the internal-
ization of soft multilayer hydrogel capsules of poly(methacrylic
acid) (PMAA) using an ex vivo osmotic pressure difference
approach.”” They found that the internalization of PMAA
hydrogel capsules by human monocyte-derived macrophage
THP-1 cells induces the pressure of 357 + 13 kPa. Different
types of cells also induced different pressures upon the
internalization of particles.”> For example, the percent of
PMAA multilayer hydrogel capsules deformed upon cellular
uptake was 96% for HeLa human epithelial cells, 56% for
RAW264.7 mouse macrophage cells, and 29% for differentiated
THP-1 macrophage cells, indicating greater forces exerted by
the HeLa cells.””

Therefore, understanding cell mechanobiology and mechan-
ical forces exerted by different cell lines during the uptake of
polymer carriers is critical for designing intelligent delivery
vehicles for the controlled interaction with various biological
tissues.

4. APPROACHES TO REGULATE THE RIGIDITY OF
POLYMERIC PARTICLES

The achievement of environmental control over the partic-
ulate’s rigidity is among the key parameters in developing the
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next generation of “intelligent” materials capable of mechanical
transformations to perform desired functions. This capability
of switching rigidity of a polymeric carrier can be of great use
in biomedical technologies. For instance, switching the stiffness
of surfaces has been reported to control cells’ behavior to
regulate cellular adhesion.”®”” Herein, we highlight the main
approaches to control the rigidity of polymeric carriers using
hydration, cross-link density, stimuli responses including pH
and temperature, and geometrical features including shape and
architecture.

4.1. Hydration. Alsharif et al. used AFM indentation
analysis of poly(lactic acid) (PLA) and PLGA nanoparticles to
study the influence of water on the mechanical properties of
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the nanoparticles.”” They demonstrated the 30-fold reduction
in the nanoparticles’ elastic modulus in water at 37 °C because
of the water plasticizing effect on the polymer glass transition
temperature (Figure Sa). To study the effect of hydration on
particles, two samples, PLA and PLA/PLGA (50:50) nano-
particles prepared by nanoprecipitation, were tested under dry
and wet conditions. The elastic modulus for the PLA particles
decreased from 2.5 + 1.1 GPa in the dry state to 83 + 23 MPa
in the hydrated state at 37 °C. A similar trend was observed for
PLGA nanoparticles with the decrease in the elastic modulus
from 2.9 + 0.7 GPa in the dry state to 58 + 30 MPa in the
hydrated state. Despite this simple approach to decrease
Young’s modulus of polymeric nanoparticles, the rigidity of
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relatively more hydrophilic PLGA particles was still in the MPa
range, which is significantly stiffer than that for many biological
tissues that exhibit elasticity in the kPa range.”®””

The regulation of the hydrogel particles’ fluid content (the
hydration degree of a hydrogel) is also the simplest way to
tune the hydrogel elasticity.”” Thus, poly(N-isopropylacryla-
mide) (PNIPAM) nanogels synthesized by surfactant-free
radical polymerization in water and analyzed by AFM
nanoindentation showed a 63-fold decrease in their elastic
modulus upon hydration.*’ The modulus for the PNIPAM
spheres in water was 1.8 + 0.2 MPa compared to that of 126 +
1 MPa in air.

4.2. Cross-Linking. The hydrogel particle’s rigidity can be
efficiently tuned by changing the cross-link density of a
network., ie., the number of cross-link bonds per unit volume.
A network can contain either physical (temporary) or chemical
(permanent) cross-link bonds or a combination of those. The
number and type of the cross-link bonds can control the
network elasticity and reversibility of the elastic response.

Varied rigidity of hydrogel micro- and nanoparticles by
increased cross-link density was demonstrated for 150 nm®’
and 800—1000 nm®*” hydrogel nanoparticles made of N,N-
diethyl acrylamide and 2-hydroxyethyl methacrylate (HEMA)
with the elasticity range of 35—136 kPa and 15—156 kPa,
respectively. When the ratio between gelatin and the
glutaraldehyde cross-linker was changed, more rigid 350 nm
cationic nanogels were obtained with Young’s modulus in the
range from 630 to 3400 kPa.*’ Using zwitterionic poly-
(carboxybetaine methacrylate), zwitterionic nanogels with an
average size of 120—200 nm and an elastic modulus in the
range of 180—1350 kPa were synthesized by inverse micro-
emulsion polymerization using a redox-sensitive L-cystine
bis(acrylamide) cross-linker® or a carboxybetaine DA cross-
linker to control blood circulation and biodistribution of the
hydrogel nanoparticles.”* Supersoft PEG hydrogel particles
were synthesized from 8-arm-PEG using a bifunctional N-
hydroxysuccinimide cross-linker. The particles exhibited an
elastic moduli in the range from 0.2 to 3.3 kPa,*® which is
much lower compared to PEG nanoparticles obtained by
PRINT technology (7.8—64 kPa)** or protein porous particles
obtained through templating on sacrificial porous calcium
carbonate and cross-linked with glutaraldehyde (~4 kPa),*
which is due to the low density of the supersoft PEG nanogels.

When N-isopropylacrylamide was copolymerized with
styrene, the stiffness of the submicron microgels of
polystyrene-co-PNIPAM could be significantly increased to
the elastic modulus range from 300 to 700 MPa by controllin§
the amount of N,N'-methylene bis(acrylamide) cross-linker.®

Our group showed that nonspherical multilayer hydrogel
capsules could be synthesized using the multilayer assembly of
polymers on the surfaces of nonspherical sacrificial inorganic
microparticles.*’ ™ The rigidity of the capsule hydrogel shell
can also be controlled by increasing the hydrogel shell’s cross-
link density. For example, we demonstrated that, in amine-
containing copolymers of PMAA,*** PVPON,” or poly(IN-
vinylcaprolactam) (PVCL)”" obtained via free-radical copoly-
merization, the number of cross-links could be controlled by
the molar ratio of monomer units with amine groups in the
copolymer. By studying high-aspect-ratio discoidal capsules
made of PMAA multilayer hydrogels, we showed that spherical
(PMAA),s capsules displayed a dramatic 19-fold volume
increase when solution acidity was increased from pH = 4 to
pH = 7.4, while two-component (PVPON/PMAA); capsules
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exhibited only 2.9-fold volume increase (Figure Sb—e).*® This
difference in pH-triggered capsule swelling was rationalized by
comparing water uptake by the capsule hydrogel shell. The
(PMAA); multilayer hydrogel displayed a 2-fold greater water
uptake than (PMAA/PVPON); at pH = 3 with the water
content of 41% and 19% for (PMAA); and (PMAA/
PVPON), respectively.”® The presence of the PVPON
component reduced free volume in the dual-component
network suppressing the capsule swelling and softness.

An elastic response can also be characterized by complete
recovery of the capsule’s original shape after stress removal,
whereas a plastic response is accompanied by a permanent
change of the capsule’s shape, eg, irreversible buckling or
capsule rapture. The shape loss due to osmotic buckling
observed previously in ionically paired multilayer capsules is
generally irreversible. Thus, for example, spherical ionically
paired PSS/PAH multilayer capsules were irreversibly
deformed (buckled) in response to the isotropic osmotic
pressure from the added PSS macromolecules, which could not
permeate the capsule shell. At the same time, water could
diffuse through the semipermeable capsule shell.*®

The type and density of bonds between the polymer chains
in the capsule shell can affect the capsule’s shape recovery after
stress removal. Generally, a covalently linked network can
manifest elastic behavior, while the secondary bonds (eg,
hydrogen bonds or ionic pairs) lead to a viscoelastic hydrogel
behavior. The persistence of the cross-links tightly holding the
polymeric chains in the former confers a rubber-like behavior
to the hydrogel, while breaking and reforming the links in the
latter can dissipate energy and relax the structure. Thus, our
works on pH-triggered shape change of cubical hydrogel
capsules demonstrated that pH-induced swelling of the cubical
(PMAA),; hydrogel capsule shell led to partial shape
reversibility due to the presence of both covalent and ionic
links in the network.”> Conversely, the swelling-induced
discoidal-to-ellipsoidal shape transformations of the
(PMAA),5 hydrogel capsules with only covalent links in the
network showed a complete shape recovery.*

The rigidity of the multilayer hydrogel capsule shell is
essential in capsule shape recovery. Thus, shape transitions
from small-to-large cubical capsules of a more rigid (PMAA-
PVPON); hydrogel®® were completely reversible, and the
more rigid hydrogel could better withstand the stresses due to
pH-triggered swelling. In contrast, the softer (PMAA),, single-
component cubical capsule was subject to the outward bending
of its side faces, and the changes were only partially
reversible.*” The difference in the two network types was
that the former contains covalent cross-links and dynamic
hydrogen bonding, while the latter contains only covalent
linkages.

In a recent example, our group demonstrated that spherical
hydrogen-bonded capsules, in which the polymer network is
obtained through interpolymer hydrogen bonding-based
complexation of polymers connected via physical links, can
completely regain their original shape after the removal of
osmotic pressure differences by rinsing out PSS macro-
molecules from the capsule solution.*” The elasticity modulus
of the (PMAA/PVPON) multilayer hydrogen-bonded capsules
at pH = 3 was found to be 97 + 8 MPa (characteristic for
elastomeric networks) as analyzed via the osmotic pressure
difference method.

Unlike solid particles, the stiffness of a hollow polymeric
shell made of the same material with the same thickness

https://doi.org/10.1021/acsapm.1c00157
ACS Appl. Polym. Mater. 2021, 3, 2274-2289


pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00157?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Polymer Materials

pubs.acs.org/acsapm

depends on the capsule diameter since the capsule rigidity
defined through the wall stiffness, &, is directly proportional to
Young’s modulus, E, and the wall thickness, h, but inversely
proportional to the capsule size, L, and the Poisson ratio, v, as

follows™ (3)

_ 4W*E
(L/2)y3(1 — v)* (3)

Therefore, when the capsule wall thickness or capsule size is
varied, its ri§idity can be easily controlled to control biological
properties.””* For example, the stiffness of the polyelectrolyte
capsules made by the LbL assembly of anionic dextran sulfate
and cationic poly(L-arginine) hydrochloride increased from 2
to 10 N/m when the number of the polymer bilayers within
the capsule shell increased from 4 to 162* Similarly, when
three polymerized layers in hyaluronic acid (HA) capsules
obtained by via one-step polymerization of HA macro-cross-
linkers were added, the stiffness of the HA capsules increased
almost linearly 3 times.”' We demonstrated that the 15.5-
bilayer hydrogen-bonded (PVPON/TA) multilayer capsules
with 2-fold increased rigidity due to the drying-induced
formation of capsule half-shells with a double-shell thickness
were internalized 2-times better by THP-1 monocyte-derived
macrophages.®’

4.3. Stimuli Dependence. The physiologically relevant
ranges of temperature and pH can be used as a guidance for
developing polymeric particulates with controllable changes in
their elasticity to facilitate the release of drugs or the
interaction with cells in response to changes in the surrounding
environment or physical treatment. For example, the pH values
in the tumor microenvironment can vary in the range from 7 to
5.6, so the particle stiffness can be varied in this range of pH
to achieve a desirable change in particle rigidity to facilitate
specific tissue targeting, preferential endothelial adhesion, and
cellular internalization.

The pH-sensitive hydrogels can be useful in the develop-
ment of polymeric carriers with the particle rigidity switchable
in the physiological range. For example, the stiffness of the
spherical PMAA multilayer hydrogel capsules increased from
less than 1 to 550 + 150 mN m™' when the solution pH was
decreased from 6.5 to 5.4 as measured by AFM nano-
indentation in solution (Figure Sf,g).93 A similar stiffening
trend was observed for less swellable (PMAA-PVPON)
multilayer hydrogel capsules. They exhibited 18-fold increased
stiffness in the interval of 7 < pH < 5.5 when solution pH was
lowered.” The pH-induced change in the capsule rigidity was
reversible and highly reproducible and resulted from decreased
PMAA ionization and also in the dissociation of intermolecular
hydrogen bonds in the case of a PMAA/PVPON capsule.
These systems might be useful for a prolonged circulation in
the blood due to their softness; however, their increased
stiffness while inside a tumor environment with slightly lower
acidity may facilitate a better adhesion and cellular uptake.

Since the pH of the healthy skin surface can vary from 4.7 to
5.1, while the average skin temperature is 34—37 °C,%° the
design of polymeric particles that can change their rigidity
within these values in response to local changes or exogenous
signals (e.g., mild hyperthermia induced by heat or therapeutic
ultrasound) may improve transdermal drug delivery as well as
the drug release rate. In this case, the thermoresponsive
polymers that show a sharp phase transition in the temperature
range of 34—42 °C can benefit the development of polymeric

k
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particulates with temperature-triggered changes in rigidity.
Most temperature-sensitive polymeric particles are currently
synthesized from PNIPAM, which has a lower critical solution
temperature in water at ~32 °C. For example, PNIPAM
microgel particles adsorbed on silica surfaces were shown to
switch Young’s modulus from 86 + 17 to 330 + 49 kPa when
solution temperature was elevated from 25 to 37 °C (Figure
Sh,i).”° The surface-adsorbed microgels decreased their
volume by 3-fold and were used for controlled spreading and
detachment of mouse fibroblast cells. The submicron PNIPAM
microgels obtained by Tagit and co-workers via surfactant-free
emulsion radical polymerization were shown to decrease their
size in solution from 550 nm to less than 300 nm at 25 and 40
°C, respectively, due to the PNIPAM chains collapse and water
expulsion from the bulk of a particle.®*’ Conversely, when they
were adsorbed on the hydrophilic silica surface, the microgels
increased their height while decreasing the area of adsorption
at a temperature higher than its lower critical solution
temperature (LCST) and demonstrated an increase in their
Young’s modulus in water from 1.8 to 12.8 MPa, above and
below their volume phase transition temperature of 32 °C."'

Copolymerization of N-isopropylacrylamide (NIPAM) with
acrylic acid (AA) in the presence of N,N’-methylene
bis(acrylamide) via aqueous free-radical precipitation polymer-
ization resulted in poly(NIPAM-co-AA) microgel particles of
~1 pm. They could swell at pH > 4.5 due to acidic group
deprotonation, electrostatic interchain regulsion, and increased
osmotic pressure of the counterions.”” In this case, the
temperature-induced switching of particle elasticity could only
be obtained at the lower pH of 3 with Young’s moduli of 34 Pa
at 25 °C and 505 Pa at 35 °C.”

The use of other temperature-sensitive polymers such as
PVCL,”® which has continuous LCST values in the range from
35 to 42 °C depending on molecular weight and concen-
tration, can expand the opportunities for the development of
polymeric drug delivery carriers with temperature-dependent
particle volume and rigidity. For instance, PVCL-co-(amino-
propyl) methacrylamide copolymers were used to synthesize
cubical PVCL multilayer hydrogel capsules, which showed a
21% size shrinkage at ~38—39 °C without a shape change,
suggesting a possible stiffness increase at the elevated

9

temperature.

5. PARTICULATES WITH RIGIDITIES ANALOGOUS TO
BLOOD CELLS

Many living cells have an outstanding ability to reverse
deformation. For instance, the deformability of the human
RBCs allows for their continuous circulation, while their
increased rigidity can lead to numerous pathological states.”
Therefore, RBCs’ decreased deformability leads to their
clearance from the bloodstream by splenic filtration.
Subsequently, studies on the correlations between particle
rigidity (responsible for its deformability and shape recovery)
and its in vivo behavior, including circulation time, margination
in the flow, and tissue accumulation, are necessary for the
development of advanced vehicles for theranostic delivery and
tissue targeting, which can mimic blood components including
RBCs, white blood cells (WBCs), and platelets. Herein, we
briefly review the approaches used to obtain RBC-mimicking
polymeric carriers.

5.1. Mimicking Blood Cell Elasticity. Control of the
cross-link density of polymer particles is among the main ways
to tailor their rigidity to mimic the mechanical behavior of
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living cells.*”"% For example, hydrogel RBC-like particles were

obtained from PEG by coating a conformal layer of silica using
a sol—gel process on the internal and external surfaces of
chemically fixed cells, followed by infiltration and cross-linking
of PEG precursors and silica dissolution (Figure 6).'"" The
particles of a similar size but different elastic modulus from
5.51 =+ 3.40 to 25.65 =+ 20.61 kPa were produced by changing a
cross-linker concentration from 0.625 to 125 mg mL™".
However, higher cross-linker concentrations caused a signifi-
cant variability in Young’s moduli (73.23 + 56.90 kPa), which
followed the substantial, more than 100%, variation in elastic
moduli characteristic for subpopulations of adipose-derived
stem cells.

A series of PEGDA and 2-carboxyethyl acrylate (CEA)
particles with a varied elasticity by varying the cross-linker
concentration were synthesized by UV-initiated polymer-
ization.'”” The hydrated shear modulus of these particles
could be varied from 170 + 40 to 7.7 & 0.3 kPa for high and
low cross-link densities, respectively, which was similar to that
of RBCs.

Cross-linking of protein coating deposited using the LbL
assembly on surfaces of RBC-shaped PLGA microparticles of 7
+ 2 pum synthesized via the electrohydrodynamic jetting
process*® was demonstrated to mimic a flexible shell of RBCs.
The protein shell composed of either Hb/bovine serum
albumin (Hb/BSA) or PAH/BSA was first deposited on the
PLGA templates and cross-linked, and 9-layer protein capsules
were obtained upon PLGA dissolution in 2-propanol/THF
mixture. PLGA dissolution resulted in softening of the protein
cross-linked shell, which had a Young’s modulus of 92.8 + 42
kPa by AFM indentation measurements.”® This value is close
to the Young’s modulus of mouse RBCs (15.2 + 3.5 kPa) and
drastically lower than that of the original PLGA template (1.6
+ 0.6 GPa). These soft RBC protein replicas of 7 ym could
reversibly deform while flown inside a capillary with a 5 ym
diameter, recovering their original discoidal shape outside the
capillary similarly to natural RBCs.

Besides, varying cross-link density using the PRINT
technique allowed both the mechanical properties of hydrogel
particles to be tailored and hydrogels with low mesh density
for passive diffusion of molecules throughout the hydrogel to
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be produced. For example, highly deformable triethylene glycol
acrylate-2-carboxyethyl acrylate particles with RBC shape and
size made using the PRINT method were loaded with Hb for
oxygen transportation.'”> The loading ratio of Hb controlled
particle stiffness. The Hb—hydrogel particles were able to
restore their initial disk shape after passing through the 50 ym
long microfluidic pores of 3 ym in diameter at 60 xL/min at
the Hb loading ratio of 2.8.>* However, most of the stiffer
particles with the Hb loading ratio of 5.1 were lodged at the
pore entrances and unable to pass through the pores.

5.2. Effect of Particle Rigidity on Margination in the
Flow. RBCs, white blood cells (WBCs), and platelets are
known to have a different flow behavior in the bloodstream,
e.g, to show a different margination termed as the ability to
migrate from the central flow toward the vessel wall.'"”* RBCs
do not marginate in healthy blood, while the WBCs and
platelets flow to the wall more efficiently, which was attributed
to the WBCs and platelets being significantly stiffer and more
rigid than RBCs (the RBC Young’s modulus is 26 + 7 kPa).'"
Hydrodynamic simulation studies of carriers in blood flow
found that more deformable, softer particles will not generally
marginate, unlike their rigid counterparts.'*>'%

In mimicking natural blood cell margination that can allow
for effective microvasculature targeting, the interplay between
deformability and stiffness is crucial to replicate the RBC flow
behavior.”'"” Pinho et al. demonstrated the use of poly-
(dimethylsiloxane) (PDMS) as an excellent material to
produce microparticles with deformability similar to human
RBCs.'” Spherical PDMS microparticles fabricated by mixing
PDMS elastomer with a curing agent at varying ratios exhibited
migration toward the microfluidic channel walls similar to that
of unhealthy, more rigid RBCs. Deformation of both PDMS
microparticles and RBCs was found to increase at larger flow
rates, with PDMS particles exhibiting the deformation in the
range between healthy and pathological RBCs. However, no
dependence of PDMS deformation on the curing agent
concentration was found. Conversely, RBCs’ shape recovery
time was higher than that of the PDMS particles attributed to
the RBCs’” biomechanical properties.
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Figure 8. (a) Optical image of a PAH hydrogel capsule of the RBC shape in the S ym capillary. Fluorescence images of the capsule inside the
capillary: a side view (b1) and a view from the capillary orifice (b2). (c) Three-dimensional reconstruction of the microcapsule when it passed
through the channel. (d) Schematics show the deformation of the PAH hydrogel capsule inside the capillary and its recovery. Scale bars in (b, c)
are S um. Reprinted with permission from ref 36. Copyright 2013 Wiley and Sons.

6. EFFECT OF PARTICLE SHAPE

Compared to spherical particles, mechanical properties of
nonspherical soft particulates have been much less investigated
and mainly include those where particle geometry and stiffness
are varied independently.’*'*” There are much fewer studies
on the comparative impact of nonspherical shape in which
particle shape is systematically varied while composition and
size remain the same. The main challenges in the fabrication of
soft colloids with complex geometries and monodisperse size
are the synthetic difficulties of scale-up. Another challenge
might be the quantification of rigidity in particulates of the
nano- and micrometer sizes. However, as the studies below
illustrate, the particle shape might be a powerful tool to control
particle mechanical behavior.

Haghgooie et al. showed that the hydrogel vehicle’s shape
could regulate the hydrogel particle’s mechanical property
defined as deformability, i.e., the ability of a particle to change
and restore shape while passing through a microchannel,
necessary to navigate through constrictions of blood
vasculature under pressure differentials observed in human

2284

capillaries.34 In that study, 8 pm sized disks, rings, crosses, and
S-shapes were obtained by polymerizing PEGDA, and different
pressure-induced deformability was demonstrated when
passing through a 4 pm microfluidic channel with various
pressure differentials. Among those, disk-shaped microgels
were the least deformable, followed by rings, crosses, and S-
shapes. The difference in the hydrogel deformability was
attributed to a shape-controlled mode of passage. For example,
disks, rings, and crosses preferred to buckle, rather than
compress during their passage, while S-shapes twisted to pass
through the narrow channel (Figure 7).3

DeSimone and colleagues studied deformability of PEGDA
particles of a filamentous shape passing through membranes
with 0.2 ym pores and found that particles with the highest
aspect ratio, 80 X 5000 nm, showed the lowest percentage of
shape recovery.''” Those hydrogel particles were prepared by
PRINT soft lithography and had a varied aspect ratio with a
constant width of 80 nm and lengths ranging from 180 to 5000
nm.
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Figure 9. (a) Force-deformation curves for comparing the stiffness of the spherical and rhombic dodecahedral PSS/PAH multilayer capsules of the
same size and shell thickness as analyzed by AFM nanoindentation using colloidal probes. (b) Two-dimensional force map of a rhombic
dodecahedral capsule in aqueous solution. Reprinted with permission from ref 111. Copyright 2013 Wiley and Sons.

Investigations of mechanical stability of shaped LbL capsules
have also been limited to a few studies. Gao and collaborators
showed that nonspherical hydrogel capsules of PAH cross-
linked with glutaraldehyde had a better shape recovery
compared to their spherical counterparts after a pressure-
induced shape loss (Figure 8).*° Specifically, 90% of 7 ym
discoidal (PAH),, capsules recovered their shape when passing
through a S pm glass capillary, while spherical capsules of the
same composition and size showed only 63% recovery ratio.
Conversely, our group illustrated that both cubical and
spherical 2 ym capsules prepared from hydrogen-bonded
(TA/PVPON) multilayers successfully extravasated through
much smaller 0.8 ym membrane pores under 18 psi pressure
and were able to recover their shape (Figure 3e—h).”

Several groups showed that LbL capsules with vertices and
edges demonstrated increased structural rigidity and better
mechanical stability against compressive stresses than spheres.
The enhanced mechanical properties of anisotropic capsules
imply that faceting can be a powerful tool to control the
polymer colloids’ mechanical properties. The Caruso and
Granick groups explored faceted ionically paired PSS/PAH
microcapsules using AFM compression and found that
rhombic dodecahedral microcapsules with 12 congruent faces
had enhanced stiffness (292 + 73 mN m™) compared to
spherical capsules of the same size and shell thickness (76 + 21
mN m™) (Figure 9).""" Similarly, a computational study
performed by the Tsukruk and Alexeev groups suggested that
cubical and tetrahedral TA/PVPON multilayer microcapsules
are expected to exhibit increased mechanical stability upon a
decrease of internal pressure in the solution due to
inhomogeneous strain—stress distributions along the sharp
corners and edges of the cube."® The results indicate that sharp
edges and vertices act as reinforcing frames against random
buckling compared to more easily buckled spherical micro-
capsules. Indeed, in our work with cubical (TA/PVPON);
capsules, we demonstrated that the dried capsules buckled with
the cubic faces collapsed inside the capsule volume with a few
cube edges bent as well.”’

Conversely, Tsukruk and collaborators found that TA/
PVPON cubical capsules prepared on cadmium carbonate
sacrificial templates were softer than their spherical counter-
parts made on SiO, templates.''> On the basis of the surface

2285

force spectroscopy analysis, spherical capsules were S5-fold
more rigid with a Young’s moduli of 4.3 + 0.4 and 0.8 + 0.4
MPa for spheres and cubes, respectively. The stiffness
difference was attributed to cores with different surface
properties and dissolution mechanisms, leading to more
porous shells in cubical capsules.''”

Other types of nonspecial shapes also showed mechanical
properties to be different from that characteristic for spheres.
Thus, for example, hydrogel capsules made by the LbL
assembly demonstrated a different deformation behavior in
contrast to filled (continuous) hydrogel particles with more
extensive flexibility than a filled hydrogel of the same shape.
The 7 pm discoidal PAH capsules cross-linked with
glutaraldehyde squeezed through a S pm glass capillary tip
and recovered their original shape.”® Notably, this discoidal
capsule’s elasticity modulus was in the order of hundreds of
MPa, which is much larger than the passage threshold for the
filled discoidal PRINT hydrogels."'> This difference was
attributed to the hollow capsule interior mimicking RBC
with fluid wrapped by a flexible membrane. A flexible
membrane can facilitate better shape deformation and recovery
via fluid-like deformation of the capsule shell, unlike
continuous hydrogels, which may have difficulty facilitating
such large displacements.

7. CONCLUSION

The rigidity of a polymeric therapeutic carrier is among the key
physical factors affecting the biological behavior of cells. To
advance the development of polymeric particulates with
tunable rigidity and programmed mechanical behavior in the
bloodstream, a better understanding of the effects of a carrier’s
mechanical clues on the regulation of various biological
phenomena is crucial. During the last two decades, the
fundamental knowledge related to the effects of particle rigidity
on cellular internalization, tissue accumulation, and behavior in
the flow have been accumulated, and a toolbox of analytical
approaches to observe and quantify the particles’ deformability
and elastic properties, including microfluidics, filtration
measurements, and AFM nanoindentation, has been estab-
lished. Also, computational studies have been attempted to
describe the complexity of endocytosis and flow mechanics of
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polymeric particulates. However, these findings raise many
essential questions about the synthesis and applications of
polymeric particulate materials with controlled rigidity that
need to be addressed in future studies. Since various cells
demonstrate a broad spectrum of responses toward the
particulates” mechanical aspects, the ranges of optimal rigidity
values need to be established to control the cell biological
responses. Thus, synthetic and engineering methods need to
be developed to scale up particle fabrication with reduced
manufacturing costs. Especially challenging is the production
of soft particulates with low elasticity and reproducible
mechanical responses in large quantities. The interplay
between the particles’ shape and rigidity is a novel and
intriguing research area since the exploration of the effects of
induced stresses on the particle shape in the flow could bring
new insights into cell—particle interactions in natural biological
environments. In this respect, more diverse and robust
polymeric structures capable of the elastic change on demand
would vastly broaden our capabilities to control biological
responses. Since low rigidity and large particulates are known
to decrease their internalization by cells, switching to smaller
and more rigid particles by utilizing pH- and temperature-
responsive polymeric systems could increase particle uptake by
the cells. When one expands the rigidity switch triggers to
ultrasound and light, this research area can be brought closer
to the more relevant clinical environment applications.
Nonspherical shapes can offer larger surface areas to be used
for cell targeting and introduce new aspects of controlling
particle rigidity by varying shapes. In this regard, theoretical
modeling on shape-induced rigidity will be critical to support
experimental and applied research in this area. On the other
hand, computational research should be supported by in vivo
biodistribution studies and by the development of new
instrumental approaches with a high spatial-temporal
resolution to visualize particle deformations in the flow and
during cell interaction and intracellular trafficking. We believe
that exploring the rigidity-controlled properties of polymer
particles and their behavior in the biological environment will
advance a fundamental understanding of the properties of soft
polymeric colloids and broaden these materials’ applications in

the biomedical field.
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