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ABSTRACT: Stimuli-responsive multilayer hydrogels have opened new
opportunities to design hierarchically organized networks with properties
controlled at the nanoscale. These multilayer materials integrate structural,
morphological, and compositional versatility provided by alternating layer-by-
layer polymer deposition with the capability for dramatic and reversible changes
in volumes upon environmental triggers, a characteristic of chemically cross-
linked responsive networks. Despite their intriguing potential, there has been
limited knowledge about the structure—property relationships of multilayer
hydrogels, partly because of the challenges in regulating network structural
organization and the limited set of the instrumental pool to resolve structure and
properties at nanometer spatial resolution. This Feature Article highlights our
recent studies on advancing assembly technologies, fundamentals, and
applications of multilayer hydrogels. The fundamental relationships among
synthetic strategies, chemical compositions, and hydrogel architectures are
discussed, and their impacts on stimuli-induced volume changes, morphology,
and mechanical responses are presented. We present an overview of our studies
on thin multilayer hydrogel coatings, focusing on controlling and quantifying the
degree of layer intermixing, which are crucial issues in the design of hydrogels with predictable properties. We also uncover the
behavior of stratified “multicompartment” hydrogels in response to changes in pH and temperature. We summarize the mechanical
responses of free-standing multilayer hydrogels, including planar thin coatings and films with closed geometries such as hollow
microcapsules and nonhollow hydrogel microparticles with spherical and nonspherical shapes. Finally, we will showcase potential
applications of pH- and temperature-sensitive multilayer hydrogels in sensing and drug delivery. The knowledge about multilayer
hydrogels can advance the rational design of polymer networks with predictable and well-tunable properties, contributing to modern
polymer science and broadening hydrogel applications.
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Bl INTRODUCTION

Cross-linked polymeric networks that can absorb large amounts
of water (100- to 1000-fold) and host a variety of functional

For weak polyelectrolyte hydrogels, the acid—base equili-
brium is established when the hydrogel is exposed to solutions of
varied acidity. The dissociation of charges favors an entropy

molecules are known as hydrogels and have become critical soft
materials for sustainable technologies and biomedicine.'™
Hydrogels’ ability to mimic human tissue rigidities and model
the pathological tissue environment is highly desirable for
advanced biomedical applications.”’ To mimic tissues’
complex hierarchical structures to program varied mechanical
and biochemical behaviors, bulk hydrogels made of hydrogel
stacks have been developed using polymer layered technologies,
including photopolymerization, electrospinning, and sequential
physical bonding.” """ The pH- and temperature-responsive
macromolecules have often been used to develop responsive
hydrogels that can change their dimensions and physical
properties in a controlled way under external triggers and have
been shown to be critical for the controlled delivery of
therapeutics and biosensing."'~"*
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increase while the charge on the macromolecule chains leads to
hydrogel swelling and decreases the entropy of the chains.'
According to the classic Flory—Rehner model, the gel volume
transition in a good solvent is a function of the expansive
entropic contributions from polymer—solvent mixing and the
retractive elastic forces of polymer chains.'® The swelling of
ionic hydrogels, induced by repulsion between ionized chains
and the corresponding osmotic pressure from counterions, is
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Scheme 1. Multilayer Hydrogels Can Be Synthesized via LbL Polymer Assembly at Planar Surfaces as Surface-Anchored or Free-
Standing Coatings and Membranes or via Templating on Sacrificial Nonporous or Porous Particles as Hollow Capsules or
Nonhollow Porous Hydrogel Microparticles with Spherical and Nonspherical Shapes®
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“Unique control over multilayer hydrogel properties such as stimuli-induced volume changes, internal architecture, and mechanical properties is
allowed by the LbL assembly. These properties are central to developing rapid-response sensing platforms and controlling the encapsulation and
release of therapeutics by multilayer hydrogel particles and interactions of the hydrogels with cells and specific targeting and have the potential to
advance fundamental and applied knowledge in macromolecular science and biomaterials.

controlled by the solution pH and network cross-link density.
The change in solution pH or the addition of salt can result in
the screening of the chain charges and cause the shrinking of the
hydrogel. The swelling of a polyelectrolyte hydrogel occurs at
the pH range around the pK, of the chain monomer units.
Overall, the hydrogel swelling results from the balance among
the acid—base equilibrium, the hydrogels internal structure, and
ionic interactions.'”

Unlike the disadvantageously slow swelling of the milli-
meter-/micrometer-range bulk hydrogels that can take up to
several hours,'®"” thin responsive hydrogel coatings (~100—
1000 nm) with volume-phase transitions triggered by the
environmental shifts in pH, temperature, or the chemical
surroundings can exhibit a much faster response (within a few
minutes or seconds)’””' because the swelling rate is inversely
proportional to the square of the gel size.”” Anchoring a
hydrogel film to surfaces can also modify the hydrogel swelling
behavior. Thus, the swelling of the surface-anchored hydrogels
was found to be either larger or smaller than that for free-
standing hydrogels of a similar thickness.”*~>°

The thin hydrogels’ response time can also be minimized to
seconds by creating porosity or decreasing the hydrogel size/
thickness.””*” Thin hydrogels are often obtained using surface-
assisted approaches, including the irradiation of surface-
deposited polymer films, photo- and thermal cross-linking of
surface copolymer coatings, and surface anchoring of thin
hydrogel layers.”*~*°

The recent introduction of thin multilayer hydrogels (<100
nm in dry thickness) based on the layer-by-layer (LbL) self-
assembly of polymers has opened new opportunities in the
design of nanothin hydrogels with a structural hierarchy.*"**
The hydrogel architectural hierarchy is introduced when a
multilayer hydrogel is made of chemically different stacks, each
of stratified layers of cross-linked polymer chains. In contrast to
randomly cross-linked hydrogels, this hierarchy allows for
greater control over the hydrogel properties.

The multilayer hydrogels can be synthesized when the
stepwise deposition of hydrophilic polymers at planar surfaces
or on colloidal particles (nonporous, porous; spherical,
nonspherical) (Scheme 1) produces the initial multilayer
(LbL) coating (Figure lab). The multilayer assembly of
polymers can be based on the formation of intermolecular
complexes based on covalent, ionic, hydrogen-bonding, 7—7,
coordination, and guest—host interactions.”> 3¢ The covalent
cross-linking of the physically bound LbL networks results in a
hydrogel-like network, termed a multilayer hydrogel, where the
polymer chains are linked through covalent bonds and exhibit
high swelling by absorbing up to 90 wt % water (Figure 1c).>**’

The covalent bonds can exist between the same polymer
chains or different polymer components in the multilayer
hydrogel.”® Advantageously, the LbL approach of the multilayer
hydrogel fabrication can be translated to various geometries,
including two-dimensional (2D) and three-dimensional (3D)
substrates with spherical and nonspherical shapes.”~** More-
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Figure 1. LbL assembly of thin multilayer hydrogels. (a, b) Initial LbL film assembled via the stepwise deposition of polymers at surfaces. (c)
Postassembly cross-linking of one or both polymer components with un-cross-linked components released from the multilayer hydrogel. (d)
Formation of a single-component multilayer hydrogel via sequential cross-linking during the assembly. Types of thin multilayer hydrogels: (e) anionic,
poly(methacrylic acid) (PMAA); (f) nonionic, poly(N-vinylpyrrolidone) (PVPON); (g) nonionic, temperature-responsive, poly(N-vinyl-

caprolactam) (PVCL); and (h) cationic, poly(4-vinylpyridine) (P4VP).

over, the multilayer hydrogel thickness can be easily and
precisely tuned at the nanoscale by increasing the number of
polymer layers during the multilayer assembly,41 while the
varied elasticity can be achieved via varying the cross-linking
degree.*’ Unlike polymer brushes or self-assembled monolayers,
multilayer hydrogels have a high loading capacity toward
functional compounds because of the high surface area, which is
particularly valuable for sensing and advanced drug delivery
applications.®

The hydrogel coatings through the LbL assembly can be
obtained via a postassembly cross-linking of the initial
polyelectrolyte multilayers or a sequential cross-linking of each
polymer layer during the hydrogel assembly (Figure 1d).”" In
the latter case, the multilayer hydrogel is formed through click
chemistry reactions or direct covalent reactions between an
adsorbed polymer layer and a small cross-linker molecule.****
The ionic (cationic or anionic)*"®” and neutral*"*® thin
multilayer hydrogels have been demonstrated through the LbL
assembly (Figure le—h).

Studies on thin multilayer hydrogels are still in their early
research stage despite many significant advances. These unique
systems have been investigated from various perspectives,
including chemical composition, growth mechanisms, and
stimuli-triggered swelling/shrinkage.”****” Our group has
contributed to this field with critical knowledge of stimuli-
responsive multilayer hydrogels” internal architectures and their
solution behavior and developed nonspherical multilayer
hydrogel colloids as capsules and hierarchically structured
microparticles. In this Feature Article, we highlight our studies
on the thin multilayer hydrogels that allowed for resolving the
questions of internal layer uniformity and mixing, which are

crucial issues in rational hydrogel design, and investigated
structural and compositional changes upon the assembly of
multilayer hydrogels and their response at the molecular level.
We also discuss the construction of hybrid hydrogel materials
with “multicompartment” architectures and precisely controlled
hydration and temperature responses. Our studies on the
multilayer hydrogels demonstrate the effects of the internal
architecture of multilayer hydrogels derived from initially well-
stratified LbL thin films on their swelling in water, and we
discuss the assembly strategies for obtaining highly stratified
single and multistack hydrogels. We also uncover the behavior of
the stratified multilayer hydrogels in response to environmental
stimuli (pH/temperature). We focus on the mechanical
properties of the free-standing multilayer hydrogels, including
thin films and their closed geometries such as spherical/
nonspherical capsules and nonhollow nonspherical hydrogel
microparticles, and discuss the applications of the pH- and
temperature-sensitive multilayer hydrogels in biosensing and

drug delivery.

B SYNTHESIS OF TWO-DIMENSIONAL AND
THREE-DIMENSIONAL MULTILAYER HYDROGELS

Two-Dimensional Coatings from Multilayer Hydro-
gels via Spin-Assisted LbL. The spin-assisted LbL mode
includes the fast (1—S s) addition of a polymer solution onto
planar surfaces followed by a quick spin of the solution (30—60
s) using a spin-coater. The excess polymer is rinsed off of the
surface with a rinse “no-polymer” solution, and the polymer
deposition is repeated with a polymer counterpart. Unlike the
dipping LbL mode where polymer chains are allowed to diffuse
to and adsorb on the surface freely, during the spin-assisted LbL,
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polymer chains are adsorbed in a “frozen” mobility-limited state
without considerable mixing between the neighboring layers."”
The spin-assisted assembly of multilayer hydrogels from
hydrogen-bonded or mixed hydrogen-bonded/ionic multilayers
allowed for control over the internal structure (layer
stratification and mesh size) and stimuli-responsive properties
of ultrathin responsive hydrogel coatings.””*'~>*

pH-Sensitive Coatings. Nanothin (<100 nm thick) anionic
and cationic multilayer hydrogel surface coatings from poly-
(methacrylic acid) (PMAA, pK, S to 7)*%5% and poly(4-
vinylpyridine) (P4VP, pK, 3.5—4.5)"" were developed in our
group using the spin-assisted LbL (Figure leh). The hydrogel
films involving pH-sensitive PMAA networks were mostly
produced by the chemical cross-linking of PMAA layers in
PMAA/poly(N-vinylpyrrolidone) (PVPON) hydrogen-bonded
multilayer templates followed by the release of the sacrificial
PVPON binder from the PMAA network at pH >7 as a result of
PMAA deprotonation. Nanothin P4VP hydrogel coatings were
synthesized in aqueous media via the selective cross-linking of
water-soluble poly(4-vinylpyridine-co-(aminopropyl)
methacrylamide) (P4VP-NH,) copolymer layers within the
P4VP/PMAA multilayer.37

Temperature-Sensitive Coatings. The temperature-respon-
sive multilayer hydrogel surface coatings were also developed in
our group from the LbL assemblies of PMAA and a poly(N-vinyl
caprolactam-co(aminopropyl) methacrylamide) (PVCL-NH,)
copolymer (Figure 1g).*"*® PVCL is a lower critical solution
temperature (LCST) polymer with a continuous coil-to-globule
transition at 32—50 °C. PVCL is especially attractive for
biomedicine because of its water solubility and hydrophilicity at
T < 30 °C and nontoxicity in contrast to poly(N-isopropyl-
acrylamide)."!

Using the PVCL-NH, copolymer, we have demonstrated the
synthesis of single- and multistrata PVCL multilayer hydrogels
(Figure 2).*° The single PVCL hydrogel stack is synthesized
when PVCL-NH, random copolymer layers assembled with
PMAA via the spin-assisted LbL are cross-linked with
glutaraldehyde, and PMAA is released from the network at
basic pH. When a hydrophilic PVPON-NH, copolymer was
additionally used to obtain a PVPON hydrogel stack on the top
or bottom of the PVCL hydrogel stack, the double-stack
(PVCL),(PVPON),, hydrogel coating was obtained, where the
subscripts denote the number of individual polymer layers in a
hydrogel stack.”® This double-strata multilayer hydrogel
possesses a structural hierarchy in which each hydrogel stack
also has a layered architecture from PVPON or PVCL chains.
Unlike random bulk hydrogels, this hierarchy allows for precise
control over the coating’s properties that are inaccessible in bulk
gels, including controlled hydration of a specific part of the
hydrogel coating.*’

We have also developed a thermoresponsive multilayer
hydrogel composed of PVCL core—shell nanogel particles
(vPVCL).>* The PVCL nanogels were synthesized through
emulsion polymerization and had a shell of the acrylic acid
functional group around the PVCL core. The layers of the
VPVCL were used instead of the PVCL linear chains in the spin-
assisted assembly of the multilayer hydrogel and were cross-
linked with either adipic acid dihydrazide (AAD) or ethylene
diamine (EDA) cross-linkers. The use of the PVCL nanogels
allowed for larger (~3.2-fold) temperature-responsive volume
changes of the hydrogel in contrast to those of the hydrogel
made of the PVCL linear chains (~2-fold).>*

(a) Alternating

(b) Alternating
hydrogel multilayer

(c) Double-stack
H-bonded multilayer

(d) Double-stack
multilayer hydrogel

2. PMAA

(e) T< LCST of PVCL (f) T > LCST of PVCL

(PVCL)n

—
<
(PVPON)n

Figure 2. Hydrogen-bonded multilayer of (a) alternating (PVPON-
NH,/PMAA/PVCL-NH,/PMAA),, or (c) double-stack (PVPON-
NH,/PMAA),(PVCL-NH,/PMAA),, formed using spin-assisted LbL.
After the cross-linking of PVPON-NH, and PVCL-NH, layers with GA
and the release of PMAA, (b) an alternating (PVPON/PVCL), or (d) a
double-stack (PVPON),(PVCL),, multilayer hydrogel is produced. (e)
Both hydrogel stacks in the (PVPON),(PVCL),, stratum are swollen at
T < LCST of PVCL, and (f) the (PVCL), hydrogel stack is collapsed at
T > LCST. Reproduced with permission from ref 46. Copyright 2016
American Chemical Society.

Free-Standing Hydrogel Films. Sensors and lab-on-a-chip
systems often require substrate-free materials and can benefit
from free-standing hydrogels.”> ™" Accounting for their nano-
scale thickness, lifting thin hydrogels from a template is
challenging because of their mechanical fragility. Thin multilayer
films are typically released using dry peeling or sacrificial layer
approaches.””~°” Although the first method works for micro-
meter-sized films,””* the other requires a trigger to dissolve the
sacrificial layer, such as pH, ionic strength, temperature, or
solvent variation, which could change the film morphology,
composition, and thickness.®* %"

Our group has recently developed a versatile and straightfor-
ward lift-off approach to obtain nanothin free-floating PMAA
hydrogels by dissolving a thick sacrificial SiO, sublayer (Figure
3).”” Hydrogels (~100 nm dry thickness) were released from
silicon templates by etching an (~300 nm) underlying silica
layer with a mixture of hydrofluoric acid and NH,F at pH 5.*
The AFM measurements demonstrated no changes in the
thickness, morphology, and mechanical properties of the lifted
hydrogel coatings of highly hydrated (PMAA)y, networks
(~80% hydration at pH S). Two-fold thinner (PMAA);,
hydrogels (~60 nm dry thickness) were also successfully
released and transferred to Si wafers after being reinforced
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Figure 3. Optical images of (a) free-floating 16 h cross-linked
(PMAA)g, hydrogels, (b) (PMAA)g-Zr(IV) hydrogels, and (c) 8 h
cross-linked (PMAA)g, hydrogels at pH S. The upper scale is in
centimeters. Reproduced with permission from ref 39. Copyright 2021
American Chemical Society.

with Zr(IV) ions, while the ion-free hydrogel was less
mechanically robust and could not be easily transferred to
another substrate.””

Synthesis of Colloids from Multilayer Hydrogels. The
template-assisted multilayer hydrogel assembly allows the
fabrication of hollow capsules of varied size, geometry, and
thickness with a multilayer hydrogel shell.>”*> The hydrogel
shell is stabilized through the covalent links between the
polymer layers when the particle template is dissolved, and
available functional groups provide the stimuli-responsiveness of
the hydrogel shell.""** After the core dissolution, the hydrogel
shell swells because of the increased osmotic pressure, and the
hydrogel rigidity opposes the swelling. Both the critical pressure
difference and the stiffness of the multilayer hydrogel can control
capsule deformation and are dependent on the shell thickness
and the capsule size.””

Decreasing the rigidity of polymeric colloids to the kPa range
has been shown earlier to increase particle circulation in vivo °
and improve particle accumulation by target tissues.”'
Conversely, a nonspherical shape of a hydrogel particle has
been demonstrated to favor the particle passing throu§h pores
and channels with smaller-than-particle-size diameters.” In our
work on the multilayer hydrogel capsules, we have demonstrated
that despite the inherent softness and high swelling of the
capsule wall, the nonspherical multilayer hydrogel capsules with
the shape of nonspherical template particles can be obtained
after template dissolution.””*””

Nonspherical Multilayer Hydrogel Capsules. We
showed that the rigidity of the hydrogel capsule shell is crucial
to maintaining the initial shape of the template after the core
dissolution with the ultrathin capsule wall (<50 nm) and the
highly hydrated state of the hydrogel network (up to 80% water
by volume). The cubical PMAA multilayer network capsules
were synthesized as hydrogel replicas of cubic MnCO;
microparticles (4 to S ym) through the chemical cross—linkin%
of hydrogen-bonded multilayer films of PMAA and PVPON.”
Single-component (PMAA),, capsules with a 20-layer hydrogel
wall were produced either by cross-linking PMAA layers with a
bifunctional cross-linker or by using a PMAA-NH, copolymer
assembled with PVPON, where PMAA-NH, layers were
covalently bound through carbodiimide-assisted cross-linking,
resulting in amide linkages between amino and carboxylic
groups and followed by PVPON release at basic pH.*>”* The
two-component (PMAA-PVPON); hydrogel capsules were
obtained when PVPON-NH, was assembled with PMAA
followed by the carbodiimide-assisted binding of PMAA to
PVPON-NH, layers.*’ Using discoid silicon microparticles with
a large aspect ratio as sacrificial templates led to the discoidal
hydrogel capsules, either single- or two-component, with the
shape of a red blood cell, an erythrocyte.”

Stimuli-Induced Changes in Hydrogel Capsules. The
hydrogel chemistry, solvent affinity, and cross-link density
dictate the responsive behavior of the multilayer hydrogel
capsule’s wall. The spherical capsule made of cross-linked
PMAA undergoes reversible sharp volume transitions by ~2-
fold swelling in response to a pH increase, leading to swollen,
thermodynamically stable microstructures.”** Unlike bulk gels,
the capsule hydrogel wall exhibits a fast volume increase in
response to the external stimuli in which the hydrogel
microcapsule has a much larger free volume due to the capsule’s
interior.

For spherical PMAA hydrogel capsules, the size increase at pH
>6 due to the capsule shell swelling increased the overall volume

https://doi.org/10.1021/acs.langmuir.2c00630
Langmuir XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00630?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00630?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00630?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00630?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Invited Feature Article

Langmuir pubs.acs.org/Langmuir
@) PMAA-NH,-m \
CITH CH,
+¢ ? fe—1— N
H n H m 2

: OJ\OH : OJ\N
H
PVPON-NH,-m
s
C -{C - NH;
H I Inlg Im
2 N 2 OJ\ /\)

(c) (PMAA) hydrogel

HOOC

(d) (PVPON-PMAA)

0OH hydrogel
=0 ¢=0 =0

$H I\llH iH OQ GQ

R R ﬁ $=O =0 ?:0
NH N NH
R R R
BHMH

=0 =0 =0

— =

Cores Core-shells

(€)

Hydrogel capsules

(f)

Figure 4. (a) Poly(methacrylic acid-co-(aminopropyl)methacrylamide) (PMAA-NH,) and poly(N-vinylpyrrolidone-co-(aminopropyl)methacryl-
amide) (PVPON-NH,) copolymers used for capsule fabrication. (b) Synthesis of single- and two-component hydrogel capsules of (c) (PMAA) and
(d) (PMAA-PVPON) obtained from hydrogen-bonded (PMAA-NH,/PVPON) and (PVPON-NH,/PMAA) multilayers, respectively, via
carbodiimide-assisted cross-linking. Confocal microscopy 3D images of (e) (PMAA-PVPON) multilayer hydrogel capsules swollen at pH 7.4 from
(f) biconcave (PMAA-PVPON) multilayer hydrogel capsules deswolllen at pH 4. Reproduced with permission from ref 72. Copyright 2014 American
Chemical Society. (g) SEM image of cubical (PVCL),s hydrogel capsules. Reproduced with permission from ref 41. Copyright 2012 American
Chemical Society. (h) SEM images of a porous manganese oxide template of 700 nm and (i) their (PMAA) multilayer hydrogel cubical replicas of S00
nm. Reproduced with permission from ref 78. Copyright 2018 American Chemical Society.

of the spherical capsules, similar to Donnan swelling in ionic
gels.’' The correlation between the pH-triggered swelling of the
capsule wall and the capsule size expansion has not been
addressed, although it is generally assumed that a spherical
PMAA capsule wall exhibits the same thickness response as the
corresponding surface-anchored hydrogel.”’ We found that
while spherical capsules exhibited a uniform stress distribution
during reversible isotropic swelling, nonspherical hydrogel
capsules demonstrated a more complex capsule volume change
leading to the overall anisotropic shape. Thus, for example, the
cubical (PMAA);; hydrogel capsules exhibited anisotropic pH-
induced swelling in which the cubical faces bulged outside,
resulting in a quasi-spherical shape transformation.”>”*
Conversely, isotropic swelling was observed for the two-

component cubical (PMAA-PVPON); hydrogel capsules in
which only the capsule size increased along with the preserved
cubical shape, similar to that for the spherical hydrogel capsules
in basic pH solutions.*

For discoidal anionic (PMAA),5 and (PMAA-PVPON);
hydrogel capsules (Figure 4a—c), an increase in the basic pH
resulted in various degrees of out-of-plane swelling of the
discoidal circular faces (i.e., circular face bulging) (Figure
4e,f).”> Conversely, the spherical (PMAA), 5 capsules displayed
an enormous 19-fold volume increase only when the pH
increased from 4 to 7.4.”> In contrast to those, the two-
component (PVPON-PMAA); capsules underwent only a 2.9-
fold volume increase. This difference in the pH-triggered
variations in capsule volume was rationalized through the
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different free volumes within the capsule hydrogel shells. The
(PMAA); multilayer hydrogel displayed a 2-fold greater water
uptake than (PMAA-PVPON); at pH 3 with water contents of
41 and 19% found for (PMAA); and (PMAA-PVPON)j,,
respectively.”” Therefore, the presence of the second compo-
nent, PVPON, reduced the free volume in the two-component
network, thereby suppressing the capsule softness and
swelling.””

Moreover, the pH-triggered dimensional changes of
(PMAA) ;s and (PMAA-PVPON); discoidal hydrogel capsules
were considerably different.”” Both the radial and axial
dimensions of (PMAA) capsules were 1.8-fold greater than
those observed for (PMAA-PVPON); capsules at pH 7.4. The
more significant expansion of the one-component hydrogel
discoids was consistent with the more expansive swelling of the
corresponding hydrogel spheres and the surface-attached
hydrogel films compared to their two-component counterparts.
However, the aspect ratios of the two types of discoidal capsules
at pH 7.4 remained similar, indicating that both hydrogel
capsules expanded similarly. Those aspect ratios were smaller
than the aspect ratio for their solid templates, indicating the
preferential expansion in the axial direction for both types of
capsules upon core dissolution and exposure to the neutral pH.”*

Excitingly, the basic pH-triggered increase in the discoidal
capsule volume resulted in anisotropic swelling/shrinkage
leading to the discoidal-to-ellipsoidal shape transformations
with the degree of this shape transitions depending on the wall
composition.”” The pH-triggered changes in the aspect ratios for
the two types of discoidal hydrogel capsules were attributed to a
greater degree of out-of-plane swelling for (PMAA) capsules
compared to that of (PVPON—PMAA) at pH 7.4.”

We also explored the effect of temperature on the volume
changes of cubical multilayer hydrogel capsules obtained from a
thermoresponsive PVCL-NH, copolymer (Figure 4g).*' The
cubical capsules with a single-component PVCL multilayer
hydrogel shell were synthesized by the glutaraldehyde-assisted
cross-linking of PVCL-NH, copolymer layers within the PVCL-
NH,/PMAA hydrogen-bonded network followed by the release
of PMAA at basic pH. Both spherical and cubical PVCL
hydrogel capsules decreased in volume/size at the solution
temperature elevation from 25 to 50 °C. Although both capsule
shapes demonstrated similar shrinkage ratios of ~20%, the
cubical capsules, despite their sharp edges and vertices, showed
remarkable shape maintenance during the capsule shrinkage.
This anisotropic volume change with the preserved cubical
shape was attributed to the higher rigidity of the PVCL chain,
unlike the PMAA in PMAA hydrogel cubical capsules cross-
linked with ethylenediamine.

Nonhollow Multilayer Hydrogel Microparticles. The multi-
layer hydrogel assembly within the pores of porous sacrificial
templates allowed for synthesizing the multilayer hydrogel
microparticles with the hierarchical nanostructure (Figure
4h,i).”>~7® In contrast to hollow multilayer hydrogel capsules,
the PMAA hydrogel particles were obtained as the inverse
replicas of the porous manganese oxide template where the thin
PMAA multilayer hydrogel film is “packed” throughout the
particle volume. This structure provides a large surface area for
the interaction with functional molecules and chemical
reactions. Additionally, the PMAA multilayer structure of the
hydrogel coating provided a quick, within seconds, and
completely reversible response to increasing pH. In this case,
the size of the PMAA hydrogel particle could %uickly increase by
70% at the pH increase from S to 7.5.”%’° The bottom-up

hierarchical morphology of the cubical PMAA hydrogel
microparticles provided the stability of their cubical shape
both in solution upon pH-induced volume changes and, more
remarkably, in the dry state upon complete particle
dehydration.”””*

B PROPERTIES OF MULTILAYER HYDROGEL
COATINGS AND COLLOIDS

Stimuli-Induced Volume Changes in Hydrogel Planar
Coatings. We found that the degree of pH-induced swelling of
multilayer PMAA hydrogels can be controlled by controlling the
interlayer mixing from well stratified to highly intermixed by
changing the assembly conditions from the spin-assisted to
dipped LbL (Figure 5a,b).*”**>® The spin-assisted multilayer

(a) Spin-assisted gel

(b)

400! — Dipped
mm Spin-assisted

18-fold

Dry pH=5 pH=7.5

Figure S. Swelling of (a) spin-assisted and (b) dipped hydrogels at pH
>7. (c) Thicknesses of spin-assisted (filled) and dipped (open)
hydrogels in dry states and in solutions at pH 5 and 7.5. Reproduced
with permission from ref 49. Copyright 2013 American Chemical
Society.

hydrogel surface-anchored coatings of 20—40 nm exhibited a
dramatic 10-fold increase in thickness when transitioned
between pH 5 and 7.5, unlike the 2-fold swelling observed in
less-organized hydrogels of the same thickness made through
the dipped LbL (Figure Sc). This different degree of swelling is
due to the large loops and fewer chain entanglements produced
during the spin-assisted assembly that expanded at high pH,
providing the needed free volume for swelling.*”* In contrast,
the much lower swelling at basic pH in the dipped multilayer
hydrogels is due to polymer chains that are more interdiffused in
the dipped hydrogel coatings because of chain exchanges during
assembly. This chain interdiffusion decreases the free volume in
the dipped hydrogels, significantly constraining the multilayer
hydrogel swelling.

Similarly, the positively charged (P4VP) multilayer hydrogel
coatings were shown to undergo large 10-fold swelling because
of the polymer layer stratification when the pH was decreased to
the acidic range. Remarkably, when the P4VP hydrogel shrinks
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Copyright 2020 American Chemical Society.

at pH >S5, water is pushed out of the thin hydrogel film, and the
hydrogel’s thickness is decreased to that for the dry state.”’
These P4VP or PMAA multilayer hydrogels obtained through
the spin-assisted LbL are exceptional examples of an ultrathin
but highly swollen coating capable of a substantial volume
change in response to opposite pH variations.

Comparing the temperature-responsive multilayer hydrogels
made from the layers of PVCL linear chains or the vPVCL
nanogels showed that both types of layered hydrogels reversibly
decreased in thickness as the solution temperature increased
from 25 to 50 °C.*"* The degree of shrinkage was similar for
both coatings and varied from 1.8- to 3.2-fold depending on the
cross-linker and hydrogels’ cross-link densities. However, the
inclusion of vPVCL core—shell nanogels as layers within the
multilayer coating allowed for a much more significant 9-fold
increase in their thickness at pH 7.4 and 25 °C with 90 wt %
water intake, unlike the moderate swelling of 2.6-fold for the
hydrogel synthesized from PVCL linear chains.’* The
hierarchical structure of the vPVCL-based multilayer hydrogel
also allowed for the inclusion of different functional molecules in
the VPVCL depots within the hydrogel coating.>*

Internal Architecture of Multilayer Hydrogel Coatings.
Controlling the internal structure of multilayer hydrogels is
among the most challenging tasks in surface polymer chemistry,
mainly because of the nanoscale level of the materials.
Compared to traditional parameters of hydrogel films, such as
the chemical composition, charge balance, thickness, and cross-
link density, the control of the internal architecture has been
much less explored.33 Nevertheless, network organization at the
nanoscale can regulate hydrogel responsiveness to external
stimuli to a degree hardly possible for random networks, which is
essential for microfluidics, sensing, and actuation.””™®" In

addition, tuning the internal hydrogel hierarchy would also
advance therapeutic applications of multilayer hydrogels in
medical devices, controlled delivery, and tissue regeneration.81

Films made of ionically paired polyelectrolytes with individual
layer thicknesses of several nanometers were shown with
neutron reflectivity to have well-defined stratification with
intermixing between adjacent layers of the same order as the
layer thickness.*”"*”° The evidence of internal layering was
also observed in some hydrogen-bonded films.”"”" For thin
multilayer hydrogel films, the fundamental significance of such
studies lies in understanding the polymer design and assembly
strategies for resulting hydrogel architectures. Although the
internal structure has been shown to influence the properties of
bulk hydrogels,”” the internal structure of thin films remains
less explored mainly because of the lack of deuterated polymers
and limited access to neutron reflectometry.**™"* Another
limitation is caused by insufficient data analysis tools that allow
quantitative parameter retrieval in the systems changing the
composition and internal structure due to physical/chemical
modifications.

pH-Responsive Coatings. One of the unique features of
multilayer hydrogels is that one can select a multilayer
composition. In this case, selectively deuterated layers can be
used to show layer distribution within the film in dry and
hydrated states and how postassembly treatments can control
the internal layering.”*™"” Neutron contrast in the initial
hydrogen-bonded PMAA/PVPON coatings was provided by
depositing deuterated PMAA (dPMAA) in every fifth
bilayer.*”>>>* In this case, a chemical cross-linking of PMAA
layers and subsequent PVPON release resulted in a single-
component PMAA hydrogel with three JPMAA marker layers.
The quality of layer organization was studied by analyzing the

https://doi.org/10.1021/acs.langmuir.2c00630
Langmuir XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00630?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00630?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00630?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00630?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir pubs.acs.org/Langmuir Invited Feature Article

Sio,
[ A 0.0003 ! B
x 0.01 —
2 £
— (=
: s
2 £
S 1E-4
(4
0.0000
pH=4.6
1E-6 ! ! ! ! L L L
0.0003} ° D
r 0.01 < J
5 £
= =
° o
(1]
= 1E4
2
0.0000
1E_6 1 1 1 1
E 0.0003//
0.010 n
® £
2 £
2 3 S
t" £
2
= 1E4; pH=7.00
2 S
i > 0.0000]-
pH=7.00
1B —02""02 08 08 1.0 0 20 40 60 80 100 120 140 160
Qnm™) z (nm)
[ sio
G 0.00034 > H
0.1¢
x o j .
> £ 4
£ 1E- H
S 1E-3 £ L dry
g 2 R
8 )
[y
o 1E-5
(14
i 0.0000|
pH=5 pH=5
187 0.4 0.8 1.2 0 40 80 120 160

Q(nm'1) z (nm)

Figure 7. (A, C, E, and G) NR data and (B, D, F, and H) corresponding SLD profiles for an SA hydrogel hydrated at (A—F) pH 4.6, 6.4, and 7.0 and
dipped hydrogels hydrated at (G, H) pH S. (A) The first- and second-order Bragg peaks in the NR profile for the SA network are illustrated by one and
two asterisks, respectively. The SLD profiles of the SA and dipped hydrogels in dry states are shown by the dashed lines in the B and H panels,
respectively. Reproduced with permission from ref 53. Copyright 2020 American Chemical Society.

spacing between deuterated layers as reflected in superlattice fitting the NR data, provided the thickness of the individual
peaks in the NR profiles when the normalized NR was plotted dPMAA layers, the distance between them, the total film
against wavevector transfer, Q (Figure 6A,C).”” The corre- thickness, and the extent of layer intermixing expressed through

sponding scattering-length density (SLD) profile, obtained by the internal roughness (Figure 6B).
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NR showed that the architecture of PMAA networks was
dictated by the internal structure and composition of the initial
PMAA/PVPON multilayers.sz’49 One approach to controlling
network organization includes varying the deposition conditions
used to assemble (PMAA/PVPON) templates. The layer
organization varied from well-stratified to highly intermixed
for the networks derived from spin-assisted and dipped H-
bonded templates, respectively.*”>® Spin-assisted hydrogels
preserved the initial periodicity of dPMAA layers found in
their hydrogen-bonded precursors as indicated by sharply
contrasting and equally spaced deuterated layers in the hydrogel
SLD profiles (Figure 6B).°> A partial decrease and the
corresponding increase in the average thickness of dPMAA
after cross-linking indicated the enhanced intermixing and
diffusion of JPMAA with protiated material (Figure 6B). Unlike
a persistent well-defined layering in the spin-assisted hydrogen-
bonded films, their dipped counterparts revealed a highly
disordered structure with rapidly decaying layering away from
the substrate as reflected in a gradual decrease in peak height and
increased broadening (Figure 6D). Cross-linking the dipped
films further enhanced layer intermixing and resulted in almost a
complete loss of layered structure away from the substrate
(Figure 6D).

Another parameter impacting the internal hydrogel structure
is the molecular weight of PVPON, a sacrificial binder released
upon chemical cross-linking of PMAA layers. We found that
hydrogen-bonded films assembled with 2.5 kDa PVPON
showed a larger distribution of dPMAA compared to that for
PVPON of 55 and 360 kDa, which could be explained by the
higher mobility of the short-chain PVPON. Cross-linking of the
film revealed the opposite effect.”” The deuterated layers were
distributed more widely in the hydrogels templated with higher-
molecular-weight PVPON, suggesting more pronounced
intermixing of PMAA chains upon cross-linking. Importantly,
all three networks showed a high degree of stratification,
indicating that PVPON release did not disturb the layering,>”

Finally, we found that spin-assisted hydrogels preserved well-
organized layering upon hydration when the solution pH ranged
from 4.6 to 7.0 with the preserved original placement of dPMAA
(Figure 7A—F), unlike highly intermixed dipped films featuring
rapid layer decay with the distance from a substrate (Figure
7G,H).>® We found that the extent of layer intermixing within
spin-assisted films increased from three to five PMAA layers in
dry hydrogen-bonded and hydrogel films, respectively (Figure
8A,B).>* Upon exposure to pH 4.86, the network swells to twice
its dry thickness, decreasing the penetration of PMAA into
neighboring layers (Figure 8C). Structural features were defined
by comparing the swelling ratios of the entire hydrogel film and
individual dPMAA layers. While the entire hydrogel film
exhibited 3.8-fold swelling at pH 7, the dPMAA layer swelled
only 3.4-fold, indicating nonuniform network swelling. The
differential expansion was attributed to alternating the cross-
link-poor and cross-link-rich areas featuring 10.0 and $.8
monomer units between cross-links, respectively (Figure 9).>

We developed a highly constrained, self-consistent, mass-
balanced model and applied it to NR data from dipped and spin-
assisted hydrogels to extract accurate quantitative information
about the film’s internal structure, including the degree of layer
interpenetration in dry and hydrated states.”” This model
accounts for changes in mass density and film stoichiometry
wherein the amount of initially deposited PMAA is preserved
upon chemical cross-linking and subsequent hydration.
Specifically, using ellipsometry to determine thicknesses and
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Figure 8. PMAA distribution within the H-bonded film (A) before and
after cross-linking in (B) dry and (C) hydrated states. The deuterated
and protiated PMAA layers are shown in darker and lighter colors,
respectively. The initial H-bonded film in (A) is composed of 0.73
PMAA (fppmaa) and 0.27 PVPON (not shown). The cross-linked film in
(B) decreased in total thickness after PVPON release, resulting in more
interdiffused PMAA layers. This cross-linked film is hydrated at (C) pH
4.86 and features 0.48 and 0.52 volume fractions for the buffer solution
(favgb“f) and PMAA (prAAbuf), respectively. Reproduced with
permission from ref 53. Copyright 2020 American Chemical Society.

corresponding amounts of PMAA and PVPON deposited in
each step, a fit model for hydrogen-bonded templates was
constructed to include the thickness of marker layers, the mass
density, the spacing between marker layers, the internal
interfacial widths of the marker layers, and the surface
roughness. This model was further applied to dry and hydrated
cross-linked films considering that PVPON was driven entirely
off, and all PMAA remains after cross-linking. The stoichiom-
etry, mass density, and structure of the pre- and post-cross-
linked films were defined by accounting for the change in film
stoichiometry upon reaction with the cross-linker followed by
self-consistently refining the NR fits to the as-deposited and
cross-linked data sets.> Final fits for all films were optimized on
the basis of the AFM surface roughness and average values of
silicon oxide layer thickness among various pH solutions. This
model provides quantitative information about the structural
parameters of dry and hydrated multilayer hydrogel coatings
with selectively labeled film components and the extent of layer
interdiffusion. In addition, this approach offers a template that
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Figure 9. Dipping and spin-assisted LbL methods are applied to produce (a) the initial H-bonded (PVPON/PMAA), multilayer (HB), which was
converted to (b) a (PMAA), multilayer hydrogel by cross-linking PMAA layers followed by PVPON release at pH 8. H-bonded films deposited with an
SA LbL method feature partially interdiffused layers between PMAA-rich and PVPON-rich (aka PMAA-poor) strata. Releasing PVPON from cross-
linked films leads to PMAA hydrogels with the corresponding cross-link-rich and cross-link-poor areas (bottom right). Reproduced with permission

from ref 53. Copyright 2020 American Chemical Society.
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can be used in NR data analysis whenever tracking the chemical
and physical evolution of conserved material quantities is
essential.

Temperature-Responsive Coatings. An alternative approach
to provide neutron contrast is deuterium-containing solvents
(e.g, D,0). In this case, the contrast is achieved between the
nonlabeled polymeric film and the solvent, allowing one to
resolve the polymer structure and the distribution of solvent
within the multilayer hydrogel.”> The amount of deuterated
water absorbed by nondeuterated polymer chains has been used
to determine various film properties such as the thickness and
hydration from the difference in scattering density.'*”'*" For
example, using in situ NR, it was possible to discern the

individual strata of a nonionic double-stack multilayer hydrogel
to determine the effect of internal layering on hydrogel swelling
based on the swollen thicknesses of the individual stacks.*® NR
revealed that the (PVPON),(PVCL),, hydrogel double-stack
networks are well stratified in both dry and hydrated states, as
was evidenced by two distinct (PVPON) and (PVCL) strata of
higher and lower scattering density, respectively (Figure 10).*
In contrast, the (PVCL/PVPON), hydrogel synthesized by the
alternative deposition of layers exhibited homogeneous SLD
profiles indicating a highly mixed structure. The NR measure-
ments also showed that the hydration of these networks was
controlled by the stack thickness, stacking order, and solution
temperature. The water content consistently increased with the
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Figure 11. Assembly of cubical (PMAA) multilayer hydrogel capsules. Inorganic cubical cores (a) were stepwise exposed to solutions of (b) PMAA-
NH, and (c) PVPON at pH 2. (d) Hydrogen-bonded (PMAA-NH,/PVPON),, cubical core—shells were cross-linked, and (e) PVPON layers were
released at pH 8, leaving behind (f) hollow (PMAA),, multilayer hydrogel cubical capsules after core dissolution and EDTA treatment. Optical
fluorescence microscopy images of (g) 10-layer PMAA* and (h) PMAA** multilayer hydrogel capsules assembled from PMAA-NH,-6.4 and PMAA-
NH,-2.5 copolymers, respectively, are shown at pH 8. The scale bar is 10 zzm in both images. Reproduced with permission from ref 73. Copyright 2021

American Chemical Society.

amount of hydrophilic PVPON in the network, resulting in
suppressed temperature-induced shrinkage, while the magni-
tude of temperature-based shrinking increased with the PVCL
thickness. Heating the PVCL to above the LCST resulted in a
greater decrease in film thickness if the PVCL was included as a
bottom stratum. In contrast, a suppressed hydrogel shrinkage
with a lower degree of temperature-induced film thickness was
found when the PVCL was deposited on top of PVPON.*® The
suppressed temperature response in the latter case can be
attributed to hydrophilic bulk water above the top stratum.

Thus, the NR showed that the degree of pH-induced swelling
of multilayer PMAA hydrogels can be controlled by regulating
their internal structure from well stratified to highly intermixed
using spin-assisted or dipped LbL, respectively. The NR also
demonstrated that chemical cross-linking increases chain
interdiffusion, which was more enhanced by the higher
molecular weight of the PVPON binder. The spin-assisted
multilayer hydrogel maintains persistent layering upon hydra-
tion but exhibits differential swelling due to alternating strata of
lesser and greater cross-link densities, as templated by the initial
hydrogen-bonded multilayer.

B MECHANICAL PROPERTIES

Planar Multilayer Hydrogel Coatings. Because of the
nanothin dimension, the mechanical properties of the LbL
coating are typically characterized using AFM, which involves
indenting the film with a sharp or colloidal probe and generating
a force-deformation curve, which represents the elasticity of the

sample. The elastic moduli of dry spin-assisted multilayer films
have been reported to be in the range of 0.77—6 GPa, depending
on the film composition and preparation conditions.'**'*”
Because of water’s plasticizing impact, the hydration of the
multilayer films reduces Young’s modulus by an order of
magnitude, decreasing to as low as a few kPa depending on the
degree of hydration.'”*™'”” We combined the mechanical
mapping of the PMAA multilayer hydrogel with the character-
ization of its mechanical properties.”” The obtained Young’s
modulus maps allow tracking local variations and inhomogene-
ities in the mechanical properties of the hydrogel across a
micrometer area. The average Young’s moduli of dry hydrogen-
bonded (PMAA/PVPON)4, and (PMAA)4, multilayer hydro-
gel coatings using a sharp tip were ~1.9 + 0.2 GPa with
homogeneous values throughout a 1 gm? area.”” Following the
general trend, ~25- and 136-fold decreases in the (PMAA)q4,
hydrogel elasticity were seen upon hydrogel hydration at pH S
and 6.5, respectively, as measured with a colloidal probe.
Specifically, Young’s modulus of (PMAA), was 77 = 13 MPa at
a hydration of 70 + 2% at pH S and 14 + 3 MPa at 77 + 3%
hydration at pH 6.5, indicating that the PMAA multilayer
hydrogel exhibits a drastic decrease in rigidity even after a slight
increase in hydration.”” To improve the mechanical properties,
one can modify the hydrogel’s composition and increase its
physical dimensions (thickness) and cross-link density.'*®
Introducing an additional interaction between the polymer’s
functional groups and Zr(IV) ionic species led to a suppressed
swelling and a subsequent increase in Young’s modulus of the
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ion-containing network.” While the elastic modulus for both
dry (PMAA)4, and (PMAA)y-Zr(IV) hydrogels was 2.2 + 0.2
GPa, Zr(IV) ion loading resulted in 6- and 23-fold increases in
Young’s modulus for these hydrogels hydrated at pH S and 6.5,
respectively.” The coordination links between the hydrogel and
Zr(IV) were temporal and could be removed with an EDTA
chelator, restoring the original hydrogel rigidity.*”

Mechanical Deformations in Nonspherical Multilayer
Hydrogel Capsules. Understanding the deformation of
nonspherical hydrogel capsules in solution under different
acidity conditions and their shape recovery is essential for
advancing soft colloid materials.”” The control of capsule
deformation and the shape recovery time is vital for controlling
the responses from the biological systems upon interaction with
the hydrogel colloids. The mechanical stability of nonspherical
capsules has been rarely explored, with a few examples of rigid
ionically paired'®” and hydrogen-bonded''® polyelectrolyte
multilayer capsules.

The type and density of bonds between the polymer chains in
the hydrogel can affect the shape recovery of the hydrogel
capsule after stress removal. Generally, a covalently linked
network can manifest elastic behavior, while the secondary
bonds (e.g., hydrogen bonds or ionic pairs) lead to 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, and breaking and reforming the links
in the latter should dissipate energy and relax the structure.

We showed that the cubical (PMAA),; hydrogel capsule’s
pH-induced swelling led to partial shape reversibility due to both
covalent and ionic links in the network.”* Conversely, the
swelling-induced discoidal-to-ellipsoidal shape transformations
of (PMAA) 5 hydrogel capsules with only covalent links in the
network showed complete shape recovery.”” In addition, we
found that the stiffness of the hydrogel capsule shell is essential
in capsule shape recovery.”” We showed that volume changes
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 of pH-
triggered swelling. Conversely, the softer (PMAA),, single-
component cubical capsule was subject to outward bend1n§ ofits
side faces, and the changes were only partially reversible.

Cubical Capsule Shape Recovery after Large Osmotic
Deformations. The deformation behavior of S ym cubical
hydrogel microcapsules with a capsule wall made of a 10-layer
(PMAA) hydrogel obtained via the templated assembly of
PVPON and amine-containing PMAA copolymer (PMAA-
NH,) was studied in bulk solution at low and basic pH (Figure
11a—f). The cross-link density of at least 16 monomer units
between two cross-links was necessary to obtain the hollow
(PMAA),, capsules that could retain the cubical template shape
after template dissolution (Figure 11gh).”> For osmotically
induced deformation, the capsules were exposed to varying
concentrations of a macromolecule, poly(styrenesulfonate
sodium salt) (PSS; M,, = 70 kDa), that could not permeate
the capsule shell, and the capsule deformations in response to
the osmotic pressure differences were observed using optical
fluorescence microscopy.

At pH 8 and low osmotic pressures of 6—20 kN m™* induced
by low concentrations (0.1—0.3 wt %) of PSS, the capsules
buckled inward alongside the cubical faces (Figure 12a,b). At
higher osmotic pressures (>33 kN m™?), the cubical multilayer
hydrogel capsules completely deformed through the inward
buckling of the cubical faces and edges (Figure 12c—g).

+ PSS - PSS
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® 0
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©)
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Figure 12. Optical fluorescence images of cubical (PMAA), hydrogel
capsules at pH 8 in the presence of PSS of (a) 0.1, (b) 0.3, (c) 0.5, and
(d) 1 wt % and (h—k) after PSS was washed off with buffer at pH 8. The
scale bar is 10 ym in all images. (e) The schematics show reversible
deformations of the cubical PMAA capsule in response to osmotic
pressure differences (f) AP, and (g) AP, at pH 8, where AP, > AP,.
Reproduced with permission from ref 73. Copyright 2021 American
Chemical Society.

Remarkably, the removal of PSS from the capsule solution
completely restored the initial cubical shape of the hydrogel
capsules immediately after stress release (Figure 12h—k). The
elasticity of the hydrogel capsule wall was obtained from the thin
square film bulging method to be ~56 MPa, like that for
elastomeric networks.”

In contrast, almost 3 days were necessary for these cubical
hydrogel capsules to release the osmotically induced deforma-
tions after PSS removal at pH 3. The different response to the
osmotically induced stresses was attributed to the PSS
adsorption on the capsule shell at low pH, which could be
removed by the consequent exposure of the deformed cubical
(PMAA),, capsules to pH 8. The resulting immediate swelling
of the thin hydrogel restored the initial shape and size of the
cubical capsule. These findings demonstrated that, unlike
spherical capsules that nonuniformly buckled in response to
the increased osmotic pressure by PSS, the cubical capsules
showed a uniform response through the cubical face’s inward
buckling. These uniform inward deformations of the whole
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Figure 13. Schematics show the LbL assembly of PMAA (150 000 g mol™") and PVPON (1 300 000 g mol™") on sacrificial inorganic microparticles,
followed by PMAA cross-linking with ethylenediamine (EDA) and template dissolution to produce (PMAA-PVPON), interpenetrating multilayer
hydrogel capsules with PVPON physically entrapped within the hydrogel. (Subscript # denotes the number of PMAA/PVPON bilayers.) (a) Confocal
microscopy images of DOX (the red fluorescence) encapsulated in the shell of (PMAA/PVPON),, hydrogel capsules with the capsule cavities loaded
with 4000 g mol ™! FITC-dextran (the green fluorescence) at (a) pH 7.5 and (b) pH 5.5. Reproduced with permission from ref 127. Copyright 2018

American Chemical Society.

capsule population in solution were attributed to the cubical
shape’s preset rigidity elements, including vertices and edges.
These capsules are the first example of nonspherical ultrathin
shells with 86 nm dry thickness that can quickly and fully restore
their complex shape after its complete collapse in solution.

B APPLICATIONS OF TWO-DIMENSIONAL AND
THREE-DIMENSIONAL MULTILAYER HYDROGELS

Hydrogel Films for Sensing and Topical Delivery. Bulk
gels and polymer networks generally demonstrate a slow
diffusion-based response (from minutes to hours) and
inhomogeneous swelling due to variations in the cross-link
density. Using ultrathin hydrogels nanostructured through
controlled layering and chain interdiffusion can significantly
improve the overall response time to less than seconds,
overcoming one of the main barriers to rapidly responsive
systems, diffusion.”® Ultrathin multilayer hydrogels increase
solvent diffusion drastically through highly stratified layering
and alternating free volumes.””*®’* The ultrathin multilayer
hydrogels have the largest swelling factor between swollen and
collapsed states in response to a very narrow pH transition.””*’
In contrast to bulk hydrogels, the layered nanothin structure
allows for the integration of functional molecules at a certain
depth, and these structures are not limited to a substrate shape,

. 3897,111 .
morphology, or size.”*””'"" These features are essential for

developing rapid-response sensors and multifunctional materials
with unconventional response triggers for biomedi-
cine. /381,112,113

The potential applications of stimuli-responsive hydrogels
that can vary their volume in response to guest molecules have
attracted interest because of their potential as sensing
systems.''*~""7 The ability to detect amino acids using
hydrogels is particularly intriguing because amino acids are
essential building blocks for peptides, neurotransmitters, and
proteins in biological organisms."'*~"*° Because amino acids
possess both carboxyl and amino groups, they can form strong
metal complexes and can be used as excellent chelators.'*' ™"
We utilized the ability of (PMAA), multilayer hydrogels to load
Cu’" ions to explore the stability of the [(PMAA), -Cu®']
complex in the 1presence of arginine, histidine, serine, glutamine,
and threonine.'*® After Cu®* loading, the network experienced
suppressed swelling at pH >5 because of a strong interaction
between the ions and the carboxylic groups of the PMAA,
leading to suppressed PMAA ionization. The hydrogel swelling
was recovered to some degree in the presence of histidine,
serine, glutamine, and threonine because of the ion removal by
these amino acids. However, arginine did not affect the
hydrogel’s swelling because of the high stability of the ternary
PMAA-Cu*"-arginine complex. The complete removal of Cu**
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at acidic pH demonstrated the hydrogel potential for actuation
and sensing applications. This hydrogel holds considerable
promise for amino acid sensing considering several unique
features, including (a) easily controlled thickness at the
nanoscale, (b) a high swelling capacity, (c) fast Cu®* loading
without chelating agents, (d) recognition of several types of
amino acids, and (e) multiple detection cycles without altering
the original hydrogel swelling profile.

The ability of multilayer hydrogels to change their volume in
response to temperature variations might be useful in controlled
delivery. For example, we showed that a thermoresponsive
hydrogel (#PVCL);, consisting of a multilayer of core—shell
nanogels could be utilized for topical drug delivery.'”® A
nonsteroidal anti-inflammatory drug, sodium diclofenac, which
is frequently given transdermally for osteoarthritis pain therapy,
was loaded into the (WPVCL),, hydrogel to be released at a
temperature greater than the LCST of PVCL. The free volume
provided by the vPVCL nanoparticles cross-linked into the
network allowed us to increase the drug-loaded amount up to
120 pug/cm® The hydrogel showed the sustained permeation of
diclofenac through a trans-well diffusion cell used as an artificial
skin membrane for up to 24 h at 32 °C, which is the typical
temperature of human skin. In contrast, VPVCL nanoparticles in
solution had 12 times lower diclofenac transport than that for
the #PVCL hydrogel, indicating a much higher contact area of
the hydrogel than that of nanogels distributed in solution.

Another unique feature of this multilayer vPVCL hydrogel is
its ability to incorporate multiple drugs loaded into the nanogels
before the LbL assembly and cross-linking into a hydrogel
matrix. Thus, three fluorescent dyes, including Nile red,
fluorescein, and DAPI, were stacked in a multilayer network as
12-layer bottom, middle, and top strata, respectively, indicating
the potential use of the hybrid hydrogel as a multidrug delivery
system.126

Hollow Multilayer Hydrogel Capsules for Controlled
Delivery. Encapsulation of Small Molecules. We developed
interpenetrated multilayer hydrogel capsules via the multilayer
assembly of PMAA (150 000 g mol™') and PVPON (1 300 000
g mol™") on porous and solid silica microparticles, followed by
the cross-linking of the PMAA multilayers with ethylenedi-
amine, which results in the physical entrapment of PVPON
layers within the PMAA network (Figure 13)."*’ Using the pH-
sensitive interpenetrated hydrogel shell results in efficient
control of the encapsulation of a broad spectrum of hydrophilic
compounds, including those with molecular weights of less than
1000 g mol ™. We studied the encapsulation of low-molecular-
weight hydrophilic compounds by combining pH-induced
postloading and dextran interaction with the hydrogel capsule
shell. Two-component (PMAA/PVPON), hydrogel capsules
containing physically entrapped PVPON were used to postload
hydrophilic small molecules, including doxorubicin (DOX) and
Alexa Fluor 532 carboxylate, and FIT C-dextran macromolecules
with M,, from 4000 to 40 000 g mol~'. The (PMAA/PVPON),,
capsules cross-linked for either 4 or 24 h could encapsulate
hydrophilic molecules with M,, starting at 4000 g mol ™" at pH
7.5 when the capsules were swollen. The strong interaction
between high-molecular-weight dextrans and the hydrogel
network of the (PMAA/PVPON) capsule was used to seal the
hydrogel capsule shell, resulting in a significant reduction in the
capsule permeability.

Unlike dextrans and Alexa Fluor 532 carboxylate, which were
trapped in the hydrogel capsule interior cavity, DOX was
trapped inside the hydrogel capsule shell because of a strong

electrostatic interaction between positively charged DOX
molecules and a negatively charged dextran that sealed the
capsule shell (Figure 13a,b). This two-component (PMAA/
PVPON) hydrogel capsule with an interpenetrated (PMAA/
PVPON) shell can be a versatile platform for delivering a broad
spectrum of hydrophilic molecules, including the codelivery of
multiple compounds.

Encapsulation and Release of Therapeutic Nucleic Acids.
The encapsulation and delivery of nucleic can be a viable
treatment for inherited or acquired disorders."”*'*” The
interpenetrated (PMAA/PVPON), multilayer hydrogel capsu-
les assembled on porous CaCOj sacrificial templates and cross-
linked with an enzyme-degradable cross-linker were demon-
strated to encapsulate double-stranded DNA and G-quadruplex
oligonucleotides within the hydrogel capsule interior."*" The
(PMAA/PVPON), capsules carrying G-quadruplex DNA
released 50% of the encapsulated G-quadruplex DNA after 2 h
of exposure to glutathione.

The multilayer hydrogel shell of the (PMAA/PVPON);
capsules was also susceptible to mechanical destruction by
ultrasound."*” The G-quadruplex DNA-loaded (PMAA/
PVPON), hydrogel capsules with 37 amol of G-quadruplex
oligonucleotides per capsule were destroyed by ultrasound
irradiation. Significantly, neither encapsulation nor release from
the (PMAA/PVPON),; hydrogel capsules via degradation or
ultrasound affected the secondary structure of G-quadruplex
DNA. The capsule demonstrated a 2000-fold increase in the
amount of encapsulated DNA by utilizing the entire volume of
the hydrogel capsule for DNA encapsulation and a more rigid
(PMAA/PVPON) interpenetrated multilayer hydrogel shell.

Interaction of Nonspherical Multilayer Hydrogel Capsules
with Cells. We found the effect of the hydrogel capsule shape on
the interaction with immune cells, breast cancer cells, and
endothelial cells.”” The discoidal hydrogel capsules combined
the critical characteristics of the erythrocyte cells, including the
discoidal shape, hollow structure, and low rigidity with the
reversible pH-responsiveness of PMAA in a carrier where
chemical stimuli can trigger the release in the tumor lesion where
the extracellular pH is acidic (pH 6.5—35.0), unlike that in normal
tissue (pH 7.2—7.4).

In contrast to the solid cores, a lesser cellular association/
internalization of soft hydrogel capsules was seen with HMVEC
endothelial and 4T1 breast cancer cells.”” Also, a 7.6-fold
decrease in the particle-to-macrophage association was provided
by the PMAA discoidal hydrogel capsules compared to the solid
particles as a result of the low rigidity of the PMAA hydrogel
capsules. The cell interaction of the discoidal capsules was
persistently 60% lower than that for the spherical capsules. Thus,
the cellular internalization by 4T1 breast cancer cells was 5-fold
smaller for the discoidal hydrogel capsules compared to that of
the spherical ones, indicating the potential for prolonged
circulation of the discoidal hydrogel capsules.

Nonhollow Multilayer Hydrogel Particles. Effect of
Shape on Cell Interaction. The effect of the shape of nonhollow
multilayer hydrogel particles was studied using human cervical
carcinoma HeLa cells.”® The cubical and spherical (PMAA)
multilayer hydrogel particles with disulfide links were obtained
by cross-linking PMAA with cystamine within hydrogen-bonded
multilayers of (PMAA/PVPON) on sacrificial mesoporous
templates. The accumulation of positive charge within the
cystamine-cross-linked PMAA hydrogel particles at pH <5 could
facilitate their endosomal/lysosomal escape via inducing
endosomal disruption because of the hydrogel swelling.”®
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Figure 14. (a—d) Confocal microscopy images of MCF-7 cells after incubation with IPLVVPL-PMAA hydrogel cubes of 2 ym and 700 nm for 3 or 24
h. The cell nuclei and membranes are stained with DAPI (blue) and wheat germ agglutinin and with Alexa Fluor 555 conjugate (WGA Alexa S55)
(red), respectively. The hydrogel cubes have green fluorescence. The scale bar is 20 gm in all images. (e) Internalization (%) of 2 ym and 700 nm
IPLVVPL-PMAA hydrogel cubes by MCF-7 cell (*p < 0.0S). Reproduced with permission from ref 78. Copyright 2018 American Chemical Society.

The spherical and cubical PMAA hydrogel particles retained
their respective 3D shapes in the dry state, and the
corresponding hydrogel capsules collapsed upon drying. The
ability of the multilayer hydrogel particles to preserve their 3D
structure indicates that both PMAA and PVPON polymers can
infiltrate the pores of the porous template during the deposition
process and that the (PMAA/PVPON) multilayers can be
formed inside pores.

The cystamine-cross-linked PMAA hydrogel particles had a
swelling profile similar to that of nondegradable ethylenedi-
amine-linked hydrogel particles. However, the overall swelling
ratios were smaller than those of the EDA-cross-linked cubes or
spheres.””’® The lower 1.5—1.2-fold swelling ratios of the
(PMAA); biodegradable hydrogels were due to their more
hydrophobic interior because of the hydrophobic cross-linker,
cystamine.

The cell internalization and viability in the presence of the
DOX-loaded cubical and spherical particles indicated that once
the particles were taken up by the HeLa cells, DOX was rapidly
released to enter the cell nuclei and kill the cells.”® Because the
amounts of DOX per particle in the cubical and spherical
hydrogels were similar, the 12% higher cell cytotoxicity observed
for the (PMAA); hydrogel spheres as compared to that of the
cubes within the first 10 h of incubation reflected the effect of the
hydrogel particle shape on cellular internalization. Because of a
higher wrapping energy barrier for cubes than for spheres,
spheres can be internalized faster.” Indeed, our results on 12%
higher cell cytotoxicity observed for the (PMAA); hydrogel
spheres within the 10 h incubation indicate that the membrane
adhesion process is critical in the initial steps of cell
internalization. However, the similar cytotoxicity of DOX-
loaded (PMAA); spheres and cubes after 24 and 48 h of
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incubation indicated similar internalization of the hydrogel
cubes at longer times.”®

Delivery of Anticancer Therapeutics to Cells. The hydro-
phobic interior of the PMAA hydrogel cubes cross-linked with
cystamine allowed for the encapsulation of 7-(benzylamino)-
3,4-dihydro-pyrrolo[4,3,2-de]quinolin-8(1H)-one (BA-TPQ),
a hydrophobic anticancer drug with high potency, and its
delivery to pS3 mutant cancer cell lines.”” The BA-TPQ-loaded
cubical PMAA hydrogel microparticles completely disintegrated
after 3 h at S mM GSH and released BA-TPQ _into the cancer
cells. The BA-TPQ-loaded PMAA cubes had a 2-fold higher
permeability than nonencapsulated BA-TPQ through the Caco-
2 cell monolayer used as a model for oral delivery because of the
bioadhesiveness of PMAA. Although not cytotoxic to normal
liver cells (CL48 and LO2 hepatocytes), the BA-TPQ-hydrogel
cubes reduced the viability of HepG2 and Huh7 liver cancer cells
by 40% compared to the nonencapsulated drug. These results,
combined with lower ICy; values for BA-TPQ-loaded PMAA
hydrogel cubes, demonstrated a significantly improved BA-TPQ_
ability to suppress the expression of oncoproteins in liver cancer
cells, which can be a promising approach for clinical liver cancer
chemotherapy.

Effect of Size and Targeting on the Interaction with Cancer
Cells. We developed a hepsin-targeting modification of the
PMAA hydrogel cubes using the Ile-Pro-Leu-Val-Val-Pro-Leu
peptide (IPLVVPL) to promote specific tumor targeting.78
Specifically, the IPLVVPL peptide was conjugated to the
hydrogel network in a thiol-amine reaction utilizing remaining
free amine groups from PMAA cross-linked with cystamine and
the sulthydryl groups of the IPLVVPL-PEG-Cyc-Lys[FITC]
peptide. The 700 nm and 2 ym IPLVVPL-PMAA hydrogel
cubes contained the same quantity of the conjugated peptide
and had the same surface charge. Notably, the peptide
conjugation did not affect the hydrogel cubes’ 3D shape, size,
and DOX loading or release but reduced GSH diffusion inside
the particles, prolonging IPLVVPL-PMAA hydrogel degrada-
tion in the presence of intracellular amounts of GSH.
Conversely, the disintegration of the hydrogel in the presence
of intracellular amounts of GSH considerably boosted the DOX
release from the IPLVVPL-PMAA hydrogel cubes from 58 + 4
to 97 + 1%.”

The 700 nm and 2-yum peptide-free PMAA hydrogel cubes
demonstrated different internalization kinetics by hepsin-
positive MCF-7 cells.”® Although the cellular uptake of 700
nm hydrogel cubes increased consistently from 3.8 + 0.9 to 34 +
6% after 1 and 24 h of incubation, respectively, the 2-fold
increase in cellular uptake was achieved for 2 pm cubes at
between 1 and 3 h of incubation. The enhanced cellular uptake
of 2 um peptide-free hydrogel cubes was due to the
sedimentation acceleration and cell-binding augmentation
generated by the larger particle size compared to those of
smaller 700 nm PMAA hydrogels.

In contrast, the cell-specific uptake of 2 ym IPLVVPL-PMAA
particles was 2.5-fold lower than that of the 700 nm hydrogel
cubes after 24 h of incubation (Figure 14). The internalization of
700 nm IPLVVPL-PMAA hydrogels was also 2-fold greater than
that of the 700 nm peptide-free PMAA hydrogel cubes at each
time point because of the strong affinity of the IPLVVPL peptide
to hepsin-positive MCF-7 cells.

Finally, the cellular uptake of the 700 nm peptide-modified
PMAA hydrogel cubes was also cell-specific. Thus, the hepsin-
positive MCF-7 and SK-OV-3 cells took up the IPLVVPL-
PMAA hydrogels at a 3- to 10-fold faster rate than did the

hepsin-negative PC-3 cells.”® Thus, these PMAA multilayer
cubical hydrogel particles have a strong potential as active and
passive targeting drug delivery carriers because of their negative
surface charge, soft hydrogel morphology, ease of ligand
conjugation, and size tunability.

Bl CONCLUSIONS AND OUTLOOK

Nature’s complex hierarchical structures are manifested in
diverse and well-regulated mechanical and biological behaviors
desirable for current industrial and biomedical applications.
Layered hydrogel approaches have been indicated as being
capable of mimicking natural layered materials’ properties,
including nanostructured morphology, significant and reversible
stimuli-triggered changes, and controlled rigidities. Stimuli-
responsive hydrogels based on the multilayer assembly of
polymers have opened new opportunities in the design of
hierarchically organized networks. The multilayer hydrogel
assembly using the layer-by-layer adsorption of polymers at
surfaces can be realized on numerous geometries, including
planar and 3D surfaces of spherical and anisotropic shapes, and
produce ionic, both anionic and cationic, and nonionic
multilayer hydrogel coatings with a nanoscale thickness (<100
nm). This Feature Article provides an overview of primary
studies from our laboratory on nanothin multilayer hydrogel
films, bringing about fundamental knowledge on the synthesis of
surface-anchored and free-standing pH- and temperature-
responsive films. The effect of assembly strategies on hydrogels’
internal architectures and their solution behavior is discussed.
This Feature Article also covers significant advances in
multilayer hydrogel colloids, including anisotropic hollow
capsules and nonhollow hierarchically structured microparticles,
and summarizes studies on particle mechanical properties in
solutions in response to environmental stimuli. The non-
spherical thin multilayer hydrogel shells are attractive for their
potential to mimick cellular membrane behavior and bring about
an understanding of cell biological functions, including cell
performance in the flow.

Along with vital fundamental knowledge, these findings
present new challenges and raise questions about opportunities
for the synthesis and applications of nanothin hydrogel materials
with complex hierarchical architecture that need to be further
explored. Knowing the structural organization of the multilayer
hydrogel coatings will extend the rational design of hydrogel-
based materials with predictable and well-tunable properties,
broadening their practical applications. For example, under-
standing the fundamental relationships among multilayer
hydrogel architectures, chemical compositions, and assembly
strategies will help to design stimuli-responsive complex
multistack systems which would break through the traditional
bulk hydrogels with uniform architectures. This knowledge will
compose the experimental basis for developing nonconventional
hydrogel-based materials with highly controlled properties,
contributing to modern polymer science. The multistack
multilayer hydrogels can be used to produce multidepot
hydrogels for the selective loading/diffusion of functional
molecules or the confined incorporation of optical markers for
drug delivery or sensing applications, respectively. The synthesis
and the effects on the properties of nanothin multilayer hydrogel
coatings using other LbL approaches, for example, spray- versus
spin-assisted LbL, need to be addressed to uncover new
possibilities to control structural and functional properties of the
multilayer hydrogel coatings. Data analysis tools that allow
quantitative parameter retrieval in the systems changing the
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composition and internal structure because of physical/
chemical modifications need to be further developed to advance
the knowledge on the effects of the architectural hierarchy of
multilayer hydrogel coatings. Finally, the design and synthesis of
nonspherical multilayer hydrogel colloids with controlled shape
changes in response to environmental stimuli would increase our
understanding of various biological responses and create
hydrogel structures with precisely tuned environmental
responses. Related to that, expanding the spectrum of
environmental stimuli for multilayer hydrogel coatings and
colloids, including light, magnetic fields, and ultrasound, will be

essential for further developing the field of responsive networks.
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