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Multilayer Hydrogel Microcubes: Effects of Templating
Particle Morphology on Cubic Hydrogel Properties

Daniel Inman, Veronika Kozlovskaya, Pavel Nikishau, Sarah Nealy, Maksim Dolmat,
Jonghwa Oh, Claudiu T. Lungu, Lynzi Hunter, and Eugenia Kharlampieva*

Non-spherical stimuli-responsive polymeric particles have shown critical
importance in therapeutic delivery. Herein, pH-responsive poly(methacrylic
acid) (PMAA) cubic hydrogel microparticles are synthesized by crosslinking
PMAA layers within PMAA/poly(N-vinylpyrrolidone) hydrogen-bonded
multilayers templated on porous inorganic microparticles. This study
investigates the effects of template porosity and surface morphology on the
PMAA multilayer hydrogel microcube properties. It is found that the hydrogel
structure depends on the template’s calcination time and temperature. The
pH-triggered PMAA hydrogel cube swelling depends on the hydrogel’s
internal architecture, either hollow capsule-like or non-hollow continuous
hydrogels. The loading efficiency of the doxorubicin (DOX) drug inside the
microcubes is analyzed by high-performance liquid chromatography (HPLC),
and shows the dependenceof the drug uptake on the network structure and
morphology controlled by the template porosity. Varying the template
calcination from low (300 °C) to high (1000 °C) temperature results in a
2.5-fold greater DOX encapsulation by the hydrogel cubes. The effects of
hydrogel surface charge on the DOX loading and release are also studied
using zeta-potential measurements. This work provides insight into the effect
of structural composition, network morphology, and pH-induced swelling of
the cubical hydrogels and may advance the development of stimuli-responsive

1. Introduction

Hydrogels equipped with  stimuli-
responsive properties have received sig-
nificant attention due to their advances as
therapeutic delivery vehicles. They have
been proven essential for biomedicine in
gene therapy, tissue engineering, and sen-
sory devices due to their instant reversible
transitions in response to internal and
external stimuli.l'=3]

Stimuli-responsive  properties make
unique and novel delivery systems to
overcome cytotoxicity, dosing, and direct
target delivery challenges.l*®] For example,
photothermal hydrogels with antibacterial
properties were fabricated for infected skin
wound therapy,”] wherein near-infrared
light-activated carbon nanotubes were
embedded to induce hydrogel wound
healing properties. Multi-stimuli pH- and
enzyme-responsive hydrogels for treating
pancreatic cancer displayed effective deliv-
ery of gemcitabine by hydrogels compared

vehicles for targeted anticancer drug delivery.
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to current clinical practices involving pure
gemcitabine exposure.!®!

The physicochemical properties of hy-
drogels have been promising in advancing
chemotherapy vehicles, but the shape, not fully explored, has
been identified as a contributing factor to controlling biophys-
ical interactions.[>!% For example, rod-shaped particles showed
greater susceptibility to micropinocytosis in HeLa and A549 cells
than spherical particles for more efficient delivery of therapeu-
tic agents.['!l Prolate ellipsoidal-shaped particles boasted an in-
creased half-life compared to spherical and oblate ellipsoidal par-
ticles coated with red blood cells when intravenously injected into
mice for extended periods.['?! The curvature in particle geome-
tries has been shown to make them more susceptible to phago-
cytic internalization, while flat adhesive surfaces reduce internal-
ization, attributing to decreased curvature.l¥] The natural com-
plexity of non-spherically shaped biological particles associated
with viruses and bacteria is abundant due to natural selection and
mutation.'*1] Therefore, engineering non-spherically shaped
nano- and microgels is critical for advancing current understand-
ings of the properties and functioning of particle geometry.

Various techniques to produce non-spherical hydrogel par-
ticles have been investigated, including Particle Replication in
Nonwetting Templates (PRINT),'”] microfluidics,['*1° and film

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH.
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stretching!??!] leading to non-spherical shapes with controlled
sizes, although with challenging scalability and shape variety
issues.[?223] Particles synthesized from film stretching tech-
niques had limited complex diversity in shape, where the vis-
cosity and thickness of poly(vinyl alcohol) were reported to affect
the properties of the particle shape.?’] Template-assisted layer-
by-layer (LBL) polymer assembly has been proven to be advan-
tageous in the synthesis of shaped gel vehicles where the direct
replication of the template is produced by monolayer adsorption
of macromolecules to the new surface in multilayer synthesis,
providing control over the structure and arrangement of multi-
layer networks.[?*?°] Numerous morphologies and shapes from
varying template materials have been investigated,[?%’] with sil-
ica and polystyrene widely used to fabricate porous polymer par-
ticles by direct templating as they are sturdy, uniform, and readily
removable.[?8]

Inorganic carbonate templates have also been explored
for shaped polymer particle synthesis, where similar prop-
erties are displayed; for example, calcium and manganese
carbonate templates were used to synthesize polyelectrolyte
microcapsules to explore shape-controlled interactions.[2*-2]
Conjugated hyaluronic acid-dopamine (HA-DOP) and chitosan-
polyethylene glycol (CH-PEG) multilayer hydrogels were
synthesized using LBL assembly along porous manganese oxide
nano-cubes to study the cellular penetration of non-spherical
photo/chemotherapy enabled particles for breast cancer
cells.33]

Multilayer hydrogel particles produced on porous templates
have reported advanced properties in the structure where hier-
archically interconnected cavities allow the 3D structure of parti-
cles to remain intact from the polymer infiltration, unlike non-
porous templates, where structures collapse upon drying from
the hollow interior after template dissolution or removal.3+3%]
Conversely, hollow hydrogel capsules have reported great flexi-
bility in solution due to their softness, where the fluid-like inte-
rior membrane permits structure recovery from deformations, ¢!
unlike non-hollow hydrogel particles, where their interconnected
architecture and surface properties from filled pores can alter par-
ticle mechanical properties.*”]

Capillary and diffusive forces have enhanced the encap-
sulation properties of non-hollow continuous hydrogel parti-
cles due to their available free volume at the network in-
terior, aiding the entrapment of guest molecules.’"! In con-
trast, capsule-like architectures of particles might be limited in
their drug encapsulation mostly to the hydrogel wall. There-
fore, studies exploring the extent of particle architectures for
efficient encapsulation are necessary to understand integrated
properties in shaped particles. Herein, we synthesized non-
spherical cubic hydrogel particles with hierarchical architectures
using the templated assembly of hydrogen-bonded polymers,
poly(methacrylic acid) (PMAA), and poly(N-vinylpyrrolidone)
(PVPON).[33401 The assembly of (PMAA/PVPON) bilayers was
performed on porous inorganic manganese oxide templates,
and the polymeric (PMAA/PVPON); replicas of the template
porous structure were produced upon template dissolution. The
(PMAA); multilayer hydrogels replicating the templating parti-
cles were synthesized by the chemical crosslinking of PMAA
layers with ethylenediamine (EDA) followed by PVPON release
from the network at high pH = 8.
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We explored the effects of template architecture, including
porosity and the presence of a hollow interior, on the proper-
ties of 5-layer PMAA multilayer hydrogel microcubes, including
their shape stability in the dry state, hydrogel swelling, and the
anticancer drug, doxorubicin (DOX), encapsulation and release
from the hydrogels. We hypothesized that varying the template
calcination temperature from a low (300 °C) to a middle (650 °C)
and high (1000 °C) range allows for control over the integrated
porous morphology replicated by the PMAA cubic hydrogels. The
porous morphology was investigated by scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM), and the
material porosity was determined by Brunauer—-Emmett-Teller
(BET) analysis. In cubical hydrogels analyzed by SEM, the par-
ticle swelling ratios were determined using optical microscopy,
and hydrogel particle responses in solutions at neutral (pH = 5)
and basic pH (pH = 8.5) values were compared to understand the
differences in the hydrogel architecture and extension of poros-
ity. Finally, the encapsulation and release of DOX from the hol-
low and non-hollow hydrogel networks were explored using high-
performance liquid chromatography (HPLC) to understand the
effect of the cubic hydrogel particle architectures on drug load-
ing and release efficiency. Our findings can be helpful in the
development of non-spherically shaped hydrogel microparticles
with intelligent hierarchical architectures for highly efficient and
stimuli-responsive drug delivery carriers.

2. Results and Discussion

2.1. Synthesis of Porous Inorganic Templates

To obtain cubic hydrogel microparticles, we used the templated
LbL assembly of hydrogen-bonded polymers of PMAA and
PVPON, as we demonstrated earlier (Figure 1).[4*!] First, we syn-
thesized cubic inorganic particles of MnCO; with an average size
of 3.3 + 0.3 um (Figure 1a, Figure S1, Supporting Information)
using the two-step procedure described previously.*!*?1Solid
manganese carbonate cubic microparticles were calcined in a
muffled oven at 300, 650, and 1000 °C for 3.5 h to introduce
the porous morphology (Figure 1b). The particles were exposed
to poly(ethyleneimine) (PEI) from an aqueous solution for 30
min to adsorb PEI onto particle surfaces. The PEI priming
was necessary to facilitate the following adsorption of PMAA
through ionic interaction between PEI and PMAA.[**l PMAA and
PVPON polymers were alternatingly infiltrated into PEI-coated
templates at pH = 2 until five bilayers of (PMAA/PVPON) were
adsorbed on the pore surfaces through the LBL polymer assembly
(Figure 1c,d). After the sacrificial inorganic templates were dis-
solved in concentrated acid solutions (8 M) of hydrochloric acid,
(PMAA/PVPON); hydrogen-bonded cubic particles were synthe-
sized (Figure 1e). Finally, the PMAA layers within the physically
paired (PMAA/PVPON), hydrogen-bonded network were chemi-
cally crosslinked with EDA using carbodiimide chemistry.**] The
exposure of the cubic hydrogen-bonded particles to pH = 8 re-
sulted in the swelling of the PMAA network and the release of
non-bound PVPON (Figure 1f).[4041]

The obtained (PMAA) hydrogel particles have a complex hi-
erarchical architecture. The hydrogel network is created on the
nanoscale level through a multilayer arrangement of chemically
linked PMAA layers. However, the PMAA multilayer coats the
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Figure 1. Schematic representation for the synthesis of cubic PMAA multilayer hydrogel microparticles. a) Cubic solid manganese carbonate MnCO;
microparticles were calcined at high temperatures to obtain porous b) cubic microparticles. ¢) A multilayer of hydrogen-bonded (PMAA/PVPON);
polymer layers was assembled through an LbL polymer assembly on the d) surfaces of the particle pores. e) After inorganic particle dissolution f)
followed by crosslinking of PMAA layers with ethylenediamine (EDA), g) porous cubic hydrogel microparticles (hydrogel microcubes) were obtained.

The particle hydrogel network comprised a (PMAA),, multilayer hydrogel with n = 5.

interconnected surfaces of many template pores, replicating the
shape and porous architecture of the template on the microscale.
Remarkably, when the template is dissolved, additional free vol-
ume is obtained in the former spaces of the dissolved inorganic
material, which can drastically affect the pH-responsive volume
transitions of the hydrogel microparticle and its surface area.
Therefore, controlling the initial morphology of the inorganic
template can be used to control the swelling/deswelling of the
PMAA hydrogel cubes and their drug encapsulation efficiency.
Thus, we explored the effects of the calcination temperature of
MnCO, inorganic templates on the resultant particle morphol-
ogy. The initial manganese carbonate cubic microparticles were
calcined in an oven at 300, 650, and 1000 °C for 3.5 h, and their
surface morphology was analyzed using SEM. SEM images in
Figure 2 demonstrate the appearance of pores on the particle
surfaces after heating. While particle templates exposed to heat
treatment at 300 °C showed relatively smooth surfaces without
apparent porosity (Figure 2a), similar to the manganese carbon-
ate starting material (Figure S1, Supporting Information), the
MnCO, templates treated at 650 °C (Figure 2b) and 1000 °C
(Figure 2c) displayed a formation of distinguished porous struc-

tures with a drastically increasing pore size. The pore opening
sizes were estimated to be 10-30 nm and 100-300 nm for the
template calcined at 650 and 1000 °C, respectively (Figure 2b—c).

AFM analysis of the calcined particle morphology confirmed
the increasing pore size upon the increase in the calcination tem-
perature from 300 to 1000 °C (Figure 3a—c). The AFM topography
image with a 1 pm? scan area of the MnCO, template calcined
at 300 °C revealed the presence of nano-porosity at the particle
surfaces with an estimated pore opening size of less than 10 nm
(Figure 3a). Gravimetric analysis of MnCO, templates revealed
an increasing particle weight loss from ~7% at 300 °C to ~38%
at 650 °C and ~#40% at 1000 °C. The weight loss is due to a chemi-
cal transformation of manganese carbonate to manganese oxides
and the release of carbon oxide and carbon dioxide.*’! The pore
size evolution can also occur due to material fusion during man-
ganese carbonate degradation. Thus, previous studies showed
that manganese oxide species can have both growing pores and
grain sizes when the exposure temperature is raised from 350
to 800 °C through calcination and annealing methods.[**#”] Our
SEM and AFM data on the pore and grain sizes of the calcined
templates demonstrate the increasing sizes of both features with

1000 °C

Figure 2. SEM images of cubical porous microparticles obtained by calcining cubical manganese carbonate nonporous microparticles at a) 300 °C, b)

650 °C, and c) 1000 °C for 3.5 h. The scale bar is 1 um.
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Figure 3. AFM topography images of cubical porous microparticles obtained by calcinating cubical manganese carbonate nonporous microparticles at
a) 300 °C, b) 650 °C, and c) 1000 °C for 3.5 h. The scan size is 1 um. The z-scale is a) 25 nm, b) 61 nm, and c) 165 nm.

the temperature rise from 300 to 1000 °C using the same anneal-
ing time (3.5 h).

Unlike previously reported studies involving silicon carbide
in aluminum matrix composites, which showed insignificant
changes in the percentage of porosity when calcination times
were extended from 2-8 h,[*8] we observed an increase in the
particle surface roughening and changes in particle surface

300

200 250

100 150

50

porosity when the annealing time was increased from 1 to
9 h at the calcination temperature of 650 °C (Figure 4). The
SEM analysis showed that the grain size of the porous surface
decreased initially when the calcination time was increased from
1to 6 h (Figure 4a,b) but started increasing when the calcination
time was extended to 9 h of particle heating at 650 °C (Figure 4c).
Interestingly, the cubic particle also smoothened, with an

0

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
nm nm nm

Figure 4. a—c) SEM images of cubical porous microparticles obtained by calcination of cubical manganese carbonate nonporous microparticles at 650
°Cfora) 1h, b) 6 h, and c) 9 h. The scale bar is 250 nm. d—f) AFM topography images of porous templates calcinated at 650 °C for d) 1h, e) 6 h, and f)
9 h. The scan size is 500 nm, and the z-scale is d) 57 nm, e) 19 nm, f) 46 nm.
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Table 1. Average pore size, surface area, and total pore volume of the cubic calcined inorganic microparticles.

Calcination T [°C] Average pore size [nm]

BET surface area [m? g~'] Total pore volume [cm?® g7]

300@3.5h 55+0.1
650 @ Th 45.0+3.0
650 @3.5h 441406
650 @ 6 h 36.4 + 0.4
650 @ 9h 415+08

20.8+0.3 0.0286 + 0.0005
13.5+028 0.151+ 0.001
123+03 0.135 + 0.004
10.4 +0.2 0.0948 + 0.0005
10.9+0.2 0.114 + 0.004

evident loss of defined edges at calcination times longer than 6 h
(Figure 4c).

These observations are also confirmed by AFM imaging of the
particle surface morphology (Figure 4d—f). The grain size anal-
ysis of the AFM topography images of the particle surfaces re-
vealed that the average grain size decreased from 137 + 17 nm
to 65 + 13 nm when the calcination time was increased from 1
to 6 h (Figure 4d,e) but then it increased again to 97 + 15 nm
with three more hours of calcination at 650 °C (Figure 4f). These
results agree with the calcination data for the particles annealed
at the increasing temperature (Figure 3). The increasing grain
size, either through the calcination temperature rise or an in-
crease of the calcination time at the same annealing tempera-
ture, can be explained by the initially slow MnCO; degradation
at lower annealing temperatures and a shorter calcination time.
At higher temperatures and longer heating times at around 700
°C, the decreased “islands” of material start compacting through
sintering.[*!

BET analysis (Table 1) revealed that the porous templates had
average pore sizes increasing from 5.5 + 0.1 nm to 44.1 + 0.6
nm when the calcination temperature was increased from 300 to
650 °C with the corresponding twofold decrease in the surface
area from 20.8 + 0.3 to 12.3 + 0.3 m* g~! due to disappearing the
micropores with a greater specific surface area the formation of
mesopores with a smaller specific surface area.>"! The increased
calcination temperature also increased total pore volume, from
0.0286 + 0.0005 to 0.135 + 0.004 cm® g~' with the growth of
many pores. Earlier studies on porous materials reported growth
in pore sizes from 5 to 32 nm when heating manganese species
between 350 and 700 °C,|*"°I which agrees with our findings. We
could not characterize the porosity of the microparticle templates
calcined at 1000 °C because of their fragility and excessive decom-
position throughout the manganese carbonate framework.

The time-dependent calcination of the manganese oxide cubic
templating microparticles showed, on average, similar pore sizes
of 45 + 3 nm, 44.1 + 0.6 nm, 36.4 + 0.4 nm, and 41.5 + 0.8 nm
after 1, 3.5, 6, and 9 h of calcination at 650 °C (Table 1). However,
we observed a decrease in the average BET surface areas, from
13.5 + 0.8 m? g7 t0 12.3 £ 0.3 m? g7! and 10.9 + 0.2 m? g!
after 1, 6, and 9 h of calcination at 650 °C, respectively as well
as in the average total pore volume from 0.151 + 0.001 cm? g~}
(after 1 h) to 0.114 + 0.004 cm?® g~! (after 9 h) (Table 1). These
results agree with previous reports on the average pore sizes of
TiO,-Al, O, photocatalyst material, which decreased from 16.6 to
13.3 nm when the calcination time was increased from 1 to 3.5
h at 500 °C.[2] This behavior is explained by the incomplete de-
composition of material in short calcination times, while longer

Macromol. Mater. Eng. 2024, 309, 2300284 2300284 (5 of 12)

Table 2. XRD analysis of cubic inorganic microparticles after calcination.

Calcination T [°C] Composition Phase %
300@3.5h MnCO, ~100
650 @ 1h Mn; O, 90.3
Mn, O, 9.7
650 @ 3.5 h Mn, 0, 69.5
Mn, O, 30.5
650 @ 9 h Mn; O, 335
Mn, O, 66.5
1000 @ 3.5 h Mn; O, 100

times lead to the destruction of the porous architecture through
sintering.

Unlike TiO,-Al,O; materials, our manganese oxide particles
did not experience destroyed porous features after 9-h calcina-
tion (Figure 4) but rather at temperatures greater than 800 °C
(Figure 2c) due to the difference in the material’s thermal stabil-
ity and decomposition properties. Our template porosity proper-
ties determined by BET analysis indicate the presence of meso-
pores and micropores and relatively high surface areas.>3%* We
reported a similar distribution of hierarchical porosity in earlier
works with cubic and spherical manganese oxide particles of 2
and 4 pm,/*!) where average pore sizes were found to be 44 and
40 nm, respectively, in templates synthesized at 700 °C.

The phase composition of porous templates after calcination
was investigated by X-ray powder diffraction. Their X-ray diffrac-
tion (XRD) patterns are shown in Figures S2 and S3, Support-
ing Information. The XRD analysis showed that the samples cal-
cined at 300 °C had almost 100% of the initial MnCO; com-
position, while increasing the temperature to 1000 °C led to
a 100% Mn,O, phase (Table 2). The surface properties of low
temperature-annealed templates (300 °C) had very low roughen-
ing after the treatment (Figures 2a and 3a) and maintained the
same chemical composition of MnCO;. Their porosity detected
by AFM and BET analysis was obtained by the loss of bound wa-
ter to the material during the heating at the temperature below
the decomposition threshold for manganese carbonate.l>! Time-
dependent templates calcined at 650 °C for 1, 3.5, and 9 h demon-
strated the presence of Mn,0, and Mn, O, mixtures with exten-
uating calcination processes (Table 2). These phase transitions
agree with literature findings explained by the reduction route
and conversion of manganese carbonate when heated between
400 and 1100 °C, where distortions in the phase symmetry be-
tween tetrahedral and octahedral sites can occur.**-8!

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH.
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(PMAA/PVPON),

[

Figure 5. Photographic images of solutions with a) (PMAA/PVPON)s
hydrogen-bonded cubic particles at pH = 5 before crosslinking and b)
(PMAA)s multilayer hydrogel microcubes at pH =5 after crosslinking and
PVPON release.

The obtained manganese oxide compositions can be dissolved
in solutions of HCI with high concentrations of the acid and,
therefore, were used to investigate the effects of the particle mor-
phology on the properties of the corresponding PMAA multilayer
hydrogel inverted replicas of the templates.

2.2. Synthesis of Multilayer Hydrogel Microcubes

After core dissolution in hydrochloric acid (Figure 1le),
(PMAA/PVPON), hydrogen-bonded cubic particles were pro-
duced (Figure 5a). Crosslinking of PMAA layers within the
5-bilayer multilayer and a subsequent release of uncrosslinked
PVPON at pH = 8 (Figure 1f-g) resulted in the multilayer hydro-
gel cubes of (PMAA), network (Figure 5b). The optical images in
Figure 5 demonstrate that more transparent material is obtained
after PVPON release and swelling of the PMAA network in
solution.

SEM analysis of the hydrogel microparticles dried on silicon
wafer surfaces revealed drastically different 3D shapes and sur-
face morphology of the (PMAA), hydrogel cubes obtained from
the templates calcined at 300, 650, and 1000 °C (Figure 6a—
). The hydrogel cubes made from 650 °C-calcined particles
were the only ones that maintained their 3D shape after drying
(Figure 6b). The hydrogels from 300 °C-calcined templates col-
lapsed on the surfaces, displaying a thick-wall capsule-like struc-
ture (Figure 6a). When dried, the hydrogel cubic replicas of the
1000 °C-calcined templates demonstrated very rough surfaces
with partially collapsed cubic shapes (Figure 6c¢). Interestingly,
the hydrogels obtained from the templates calcined at 650 °C and
at varied times demonstrated an increasing dry shape stability
with partially collapsed cubic hydrogels at 1 h of 650 °C template
annealing (Figure 6d) to completely cubical hydrogel particles at
template annealing times longer than 3.5 h (Figure 6b,ef).

Notably, surface roughening is observed for the dry (PMAA);
hydrogels made from the microparticles calcined at 650 °C for
9 h (Figure 6f). This finding confirms our observation that in-
creasing template temperature and increasing annealing times
at lower temperatures can affect the surface morphology of the
resultant hydrogel microparticles. However, in contrast to 300-
and 650 °C-calcined porous sacrificial templates, the fragility of
1000 °C-calcined microparticles can lead to partial destruction
of the templates and lead to the synthesis of the shapeless hy-
drogel microparticles with poorly controlled internal structures.

Macromol. Mater. Eng. 2024, 309, 2300284 2300284 (6 of 12)
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Therefore, hydrogel swelling and drug encapsulation and release
were investigated on the (PMAA), hydrogel microcubes obtained
from 300- and 650 °C-calcined inorganic microparticles, denoted
as 300- and 650-PMAA hydrogel cubes, respectively.

The 300- and 650-PMAA hydrogel cubes were treated with the
ion chelator, ethylenediamine tetraacetic acid (EDTA), to ensure
the purity of the hydrogel networks from manganese ions which
can coordinate with carboxylic groups of the PMAA network af-
ter core dissolution at low pH. The absence of manganese ions in
the hydrogel networks was confirmed by energy dispersive spec-
troscopy analysis (Figure 7a), where the major peaks correspond-
ing to manganese can be seen from 6-6.5 KeV before core dis-
solution, and no manganese peaks are present in the hydrogel
microparticles after core dissolution and EDTA treatment.

The 300- and 650-PMAA hydrogel cubes demonstrated a differ-
ent swelling behavior when exposed to pH = 8 as analyzed by op-
tical microscopy of the hydrogel microcubes in 0.01 M phosphate
buffer solutions. Optical images of the hydrogel cubes in Figure 7
show that 300-PMAA hydrogels have a capsule-like structure with
a hollow interior and thick capsule walls, while the 650-PMAA
hydrogel cubes have a continuous hydrogel network through-
out the particle volume without a hollow interior (Figure 7b—e).
This finding agrees with SEM analysis of the hydrogel cubes,
which showed that 300-PMAA hydrogel microparticles collapsed
on the surface upon drying due to the low rigidity of the structure
(Figure 6a). Nevertheless, both cubic 300-PMAA and 650-PMAA
hydrogel particles preserved their cubic shape in the network’s
collapsed state in solutions at pH = 5 (Figure 7b,d) and upon in-
creasing particle sizes in solutions at pH = 8 due to the PMAA
network swelling!**#**!l (Figure 7c,e).

Previously, we demonstrated that (PMAA),; multilayer cap-
sules changed their shape from cubic to bulged spherical-like
when exposed to solutions at pH = 5 and 8, respectively.*]
Also, pH-induced swelling of the cubical (PMAA),; hydrogel cap-
sule shell led to partial shape reversibility due to covalent and
ionic links in the network.”®! Conversely, the swelling-induced
discoidal-to-ellipsoidal shape transformations of (PMAA) hy-
drogel capsules with only covalent links in the network showed
a complete shape recovery.l®] We also demonstrated that the
stiffness of the hydrogel capsule shell was crucial in its shape
recovery.®! For instance, size changes from small-to-large cu-
bical capsules of a more rigid (PMAA-PVPON); hydrogel cap-
sule 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 cap-
sule was subject to outward bending of its side faces, and these
changes were only partially reversible.[®] In the current work,
both hydrogel microparticles demonstrated fully reversible pH-
induced size changes and no shape changes upon the network
swelling because of the much thicker and, therefore, more rigid
architectures of the hydrogel network arranged into a microme-
ter scale porous structure.

A comparison of the hydrogel swelling ratios calculated as the
ratio of the particle size at pH = 8 to that of pH = 5, revealed
~20% larger swelling of the 650-PMAA hydrogel cubes, unlike
the 300-PMAA hydrogel microparticles (Figure 7f). For example,
hydrogels from cores produced at 650 °C (3.5 h annealing) dis-
played a swelling ratio of 1.8 + 0.2, while hydrogels from 300 °C
templates displayed a swelling ratio of 1.6 + 0.1. This difference
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Figure 6. SEM images of (PMAA); hydrogel particles obtained using inorganic templates calcined at a) 300, b) 650, and c) 1000 °C for 3 h and calcined

at d—f) 650 °Cford) 1h, e) 6 h, and f) 9 h.

in particle swelling is expected from the hydrogels with different
internal architectures with or without a hollow interior

The radii of gyration for PVPON (average M,, 10 000 g mol™!)
and PMAA (average M, 21 000 g mol™) in solution at pH < 4
can be estimated as 3 and 2.7 nm, respectively, assuming PVPON
and PMAA persistence lengths of 1 and 0.3 nm, respectively.[®"-62]
The corresponding diameters of PVPON (6 nm) and PMAA (5.4
nm) macromolecular coils are comparable with or slightly larger
than the average pore size of 300 °C-calcined templates (5.5 +
0.1 nm), which limits the diffusion of the polymers deeply in-
side the pores and therefore results in the formation of capsule-
like structures with thick walls. On the other hand, the much
larger pore size of the 650 °C-calcined templates (36—45 nm) per-
mits the polymer diffusion throughout the porous inorganic par-
ticle volume during polymer multilayer deposition and synthe-
sis of the hydrogel particles without a hollow interior. Similarly,
capsule-like polymer multilayer particles were reported previ-
ously when poly(acrylic acid) was infiltrated into nanoporous sil-
ica spheres with decreasing pore size, or PMAA with increasing
molecular weight was used in multilayer deposition onto porous
particles.*'®3IThe hydrogel cubes obtained on the templates cal-
cined at 650 °C for 1-9 h had similar average swelling ratios for
the hydrogels from 1-, 3.5-, and 6-h annealed templates (1.8 +
0.2), while the hydrogel cubes from 9-h treated templates showed
anon-significantlarger swelling ratio of 2.1 + 0.3 (Figure S4, Sup-
porting Information).

2.3. Drug Encapsulation and Release by (PMAA),; Multilayer
Hydrogel Cubes

We investigated the effects of (PMAA), multilayer hydrogel par-

ticle architecture on the encapsulation and release of the anti-
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cancer drug DOX. DOX (0.5 mg mL~!) was encapsulated into
300-PMAA- and 650-PMAA-hydrogel particles (Figure 8a) by ex-
posing the particle dispersions to the DOX solution in 0.01 M
phosphate buffer at pH = 6.4 (Figure 8b). Before the exposure
to the hydrogel microparticles, the initial DOX concentration
was analyzed with HPLC. After 24-h encapsulation of the drug,
the DOX-particle dispersions were centrifuged, and supernatants
were analyzed using HPLC, while the resultant DOX-particles
were settled (Figure 8c) and rinsed with 0.01 M phosphate buffer
solution at pH = 7.4 to remove unbound DOX from solution. The
DOX-encapsulated hydrogel cubes were exposed to the acidic so-
lution (pH < 2) for 24 h, and the DOX release from the hydrogel
microparticles of different architectures was quantified by HPLC.

As we demonstrated earlier, DOX can be encapsulated by the
PMAA multilayer hydrogel at pH = 6.5 due to ionic interac-
tions between positively charged DOX (pK, = 8.3) and negatively
charged PMAA network.[*!] Figure 8a demonstrates that at neu-
tral and basic solution conditions (pH > 5), both 300-PMAA- and
650-PMAA-hydrogel cubes acquire a negative surface charge with
the zeta-potential values of —25 + 4 mV and —33 + 5 mV, respec-
tively. The PMAA network negative charge is because of the ion-
ization of the carboxylic groups in the swollen network at pH >
5.14041:45] The zeta-potential of (PMAA)s hydrogels of both parti-
cle types show positive values at acidic conditions (pH = 3) with
the corresponding zeta-potential values of 13 + 2 mV and 22
+ 8 mV for 300-PMAA- and 650-PMAA hydrogels, respectively
(Figure 8d), due to protonation of the PMAA carboxylic groups
(pK, =~ 5-6) and ionization of one-end reacted crosslinker pri-
mary amines in the network (pK, ~ 10).[1l At pH = 5, the surface
charge of the hydrogel particles is close to neutral (-9 + 8 mV
for 300-PMAA-hydrogels) or slightly negative (—17 + 8 mV for
650-PMAA-hydrogels) values due to protonation of most PMAA
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Figure 7. a) Energy dispersive spectroscopy of (PMAA)s multilayer hydro-
gel before (black) and after (blue) the template dissolution. b—e) Optical
microscopy images of (PMAA); hydrogel microcubes in solution at b,d)
pH =5 and c,e) pH = 8. The hydrogels were obtained from the inorganic
templates calcined at b,c) 300 °C and d,e) 650 °C for 3.5 h. f) The swelling
ratios, SR, of the (PMAA);s hydrogel microcubes obtained from the porous
templates calcined at 300 and 650 °C for 3.5 h. The SR ratio was calculated
as the ratio of the particle size at pH = 8 to that of pH = 5.

ionized COO~ groups and their ionic interactions with the posi-
tively charged primary amines. The slightly more negative zeta-
potential values at pH = 8 and slightly more positive values at
pH = 3 for the 650-PMAA-hydrogel cubes may indicate more
PMAA network material for this multilayer hydrogel system than

Macromol. Mater. Eng. 2024, 309, 2300284 2300284 (8 of 12)
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that for the 300-PMAA-hydrogel. This observation agrees with
the optical microscopy and electron microscopy imaging results
that demonstrate the presence of a hollow interior in 300-PMAA-
hydrogels. For both types of hydrogel cubes, the pH-dependent
changes in the PMAA network charges allowed for DOX encap-
sulation at pH = 6.5 and a subsequent release at acidic conditions
where the network released the drug due to mutual repulsions of
excess DOX positive charges.

The typical chromatograms of DOX from the initial DOX so-
lution and after its release from the PMAA hydrogel cubes are
shown in Figure 8e. The DOX retention time is 8.83 = 0.05 min.
Due to the high selectivity and insignificant DOX decomposition
under the studied conditions, no other components can interfere
with the DOX, which can be well detected and quantified in the
supernatant samples. HPLC analysis revealed that for both types
of hydrogel particles, the loading drug concentration was simi-
lar, with 0.5044 + 0.0441 mg mL~! and 0.5145 + 0.0171 mg mL~!
of DOX for 300-PMAA- and 650-PMAA-hydrogels, respectively.
Interestingly, the DOX encapsulation was found to be close to
100% for both types of hydrogel particles and was 99.2 + 1.4 and
99.5 + 1.4% for 300-PMAA- and 650-PMAA-hydrogel cubes, re-
spectively. Despite that, the DOX encapsulation per particle was
found to be 2.5-fold larger in 300-PMAA-hydrogel cubes than in
650-PMAA-hydrogels with the corresponding values of 9.4 + 1.5
pg DOX per particle and 3.7 + 0.2 pg DOX per particle. These
loading values are below the maximum theoretical loading (25—
35 pg DOX per particle) into a cubical particle with an average
size of 2-3 um.

The fluidic shear stress has been shown to induce dissociation
of polymer non-covalent constructs such as micelles,|® block
copolymer complexes with DNA,[®] phospholipid vesicles,!®! or
3-um nanoparticle aggregates(®’] due to high material deforma-
tion, resulting in loss of their structure and premature release
of their payload due to the disrupted integrity of a nanocarrier.
However, the DOX encapsulation in this work does not rely on
simple entrapment by a polymeric protective layer, as reported
in the above references. The encapsulated DOX molecules are
secured within the hydrogel through ionic pairing between the
negatively charged PMAA network and positively charged DOX
molecules and do not release upon applied centrifugal forces but
in response to solution acidity change. The low-speed centrifu-
gation (< 6000 rpm) used in this study was adequate for settling
both polymer template and hydrogel particles without disrupting
either hydrogen-bonded or electrostatic bonds.

The DOX release was performed at acidic pH for 24 h, where
the electrostatic interactions between the PMAA network and the
DOX molecules are interrupted by the protonation of COO~ to
COOH and the free primary amine groups from EDA and DOX
both become positively charged, NH,*. The repulsive charge
from both amine groups initiates the release of DOX from the
network. We used HPLC analysis to find that under these con-
ditions, DOX-loaded 300-PMAA- and 650-PMAA-hydrogels with
similar concentrations released 32 + 8% and 35 + 4% of encap-
sulated DOX, respectively.

Therefore, both hydrogel cubes are pH-sensitive and can en-
capsulate and release DOX upon pH changes. The quantita-
tive differences in the DOX encapsulation per hydrogel parti-
cle and the extent of the DOX release can be rationalized not
only through the environmental pH changes but also through
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Figure 8. Photo images of (PMAA)s hydrogel microcube solutions a) before DOX encapsulation, b) upon addition of DOX to the hydrogels, and c) after
DOX encapsulation for 24 h and removal of supernatant with non-encapsulated DOX. d) pH-dependent zeta-potential variations of 300-PMAA- and
650-PMAA-hydrogel cubes in solutions at pH = 3, pH =5, and pH 8. e) Representative HPLC chromatograms of the free DOX containing supernatants

as shown in (b), and after DOX release from the hydrogels at acidic pH.

understanding the differences in the architecture and arrange-
ment of a polymer network in the particles contributing to
the diffusion of DOX molecules during the encapsulation and
release.[®®! Thus, the hydrogel particle represents an inverse
replica of the inorganic porous template. In contrast to the 650-
PMAA-hydrogel particle with no hollow interior, the 300-PMAA-
hydrogel also has a microscale hollow cavity inside the hydro-
gel microparticle. The 2.5-fold larger DOX encapsulation into the
PMAA thick-wall cubic hydrogel capsules (200-PMAA-hydrogels)
is most probably due to faster diffusion of the drug through a
much thinner hydrogel network compared to the continuous, no-
hollow interior containing PMAA network. Similarly, at pH low-
ering, DOX diffuses faster through the 300-PMAA-hydrogel thin-
ner wall than in the case of thick continuous 650-PMAA-hydrogel
cubes with, on average, ~3 pg per particle and 1.3 pg per particle
of DOX release from the 300-PMAA- and 650-PMAA-hydrogel
cubes after 24 h of exposure to acidic conditions. These results
agree with the report by Dong and colleagues, ) who studied
the release of DOX from Salecan/PMAA hydrogel networks and
found that the interior architecture of the hydrogels with larger
pores better facilitated the release of DOX.

3. Conclusions

We synthesized hydrogel particles of cubic shape with hierar-
chical architectures using the templated assembly of hydrogen-
bonded polymers, PMAA, and PVPON on porous inorganic tem-
plates prepared through calcination of cubic nonporous man-
ganese carbonate microparticles of ~4 pm. The 5-bilayer poly-

Macromol. Mater. Eng. 2024, 309, 2300284 2300284 (9 of 12)

meric (PMAA/PVPON); replicas of the template porous struc-
tures were produced upon the template dissolution. Chemical
crosslinking of PMAA layers within (PMAA/PVPON); with EDA
and release of PVPON from the (PMAA); multilayer hydrogel
network at high pH = 8.5 led to the (PMAA). multilayer hydro-
gel cubes replicating the architecture of the templating particles.
We explored the effects of template porosity and a hollow inte-
rior on the properties of (PMAA); multilayer hydrogel cubes, in-
cluding their dry shape, swelling ratio, and DOX encapsulation
and release from the hydrogel cubes. We found that both increas-
ing calcination temperature of manganese carbonate templates
from 300 to 650 and 1000 °C or the calcination time from 1 to 9
h at 650 °C resulted in the porous morphology of the produced
templates that could be used to synthesize porous hydrogel mi-
crocubes with or without hollow interior. The porous templates
with increasing average pore sizes from 5.5 + 0.1 nm to 44.1 +
0.6 nm were obtained when the calcination temperature was in-
creased from 300 to 650 °C with the corresponding twofold de-
crease in the surface area from 20.8 + 0.3 t0 12.3 + 0.3 m? g™,
Conversely, the time-dependent calcination of manganese ox-
ide cubic templating microparticles led to similar pore sizes of
45 + 3 nm, 44.1 + 0.6 nm, 36.4 + 0.4 nm, and 41.5 + 0.8 nm
after 1, 3.5, 6, and 9 h of calcination at 650 °C. In contrast to
300- and 650 °C-calcined porous templates, the 1000 °C-calcined
microparticles were found to be highly fragile, and partial de-
struction of the templates during polymer assembly resulted in
shapeless hydrogel microparticles with poorly controlled internal
structures. SEM, AFM, and optical microscopy analysis demon-
strated that 300-PMAA hydrogels (obtained from 300 °C-calcined
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inorganic microparticles) have a capsule-like structure with a hol-
low interior and thick capsule walls. The 650-PMAA hydrogel
cubes (obtained from 650 °C-calcined inorganic microparticles)
have a continuous hydrogel network throughout the particle vol-
ume without a hollow interior. Despite that, cubic 300-PMAA and
650-PMAA hydrogel particles preserved their cubic shape in so-
lutions at pH = 5, where the PMAA network collapsed and upon
PMAA network swelling when particle sizes increased in solu-
tions at pH = 8.5. The (PMAA); hydrogel microcube swelling ra-
tios calculated as the ratio of the particle size at pH = 8.5 to that of
pH =5, showed ~20% larger swelling of the 650-PMAA hydrogel
cubes (1.8 + 0.2), unlike the 300-PMAA hydrogel microparticles
(1.6 = 0.1). The pH-dependent changes in the PMAA network
charges allowed for DOX encapsulation at pH = 6.5 and a subse-
quent release at acidic conditions for both hydrogel microcubes.
Remarkably, the DOX encapsulation was 2.5-fold larger in 300-
PMAA-hydrogel cubes than in 650-PMAA-hydrogels with the re-
spective values of 9.4 + 1.5 pg and 3.7 + 0.2 pg DOX per particle.
The 2.5-fold larger DOX encapsulation into the PMAA thick-wall
cubic hydrogel capsules (300-PMAA-hydrogels) is due to faster
diffusion of the drug through a much thinner hydrogel network
compared to the continuous, no-hollow-interior 650-PMAA hy-
drogel cubes. Similarly, at acidic pH, DOX released faster from
the thinner 300-PMAA-hydrogels after 24-h exposure than that
for thick continuous 650-PMAA-hydrogel cubes with ~3 pg DOX
per particle and 1.3 pg DOX per particle for the 300-PMAA-
and 650-PMAA-hydrogel cubes, respectively. Our results demon-
strate that the internal architecture of the hydrogel microcubes
can be controlled by controlling the calcination of the initial solid
manganese oxide microcubes and is crucial for the functional be-
havior of both types of pH-sensitive PMAA multilayer hydrogels.
The hydrogel architectural differences can be useful for different
types of drug delivery, including fast burst-like or slow, sustained
therapeutic delivery. Our findings can also contribute to devel-
oping non-spherically shaped hydrogel microparticles with intel-
ligent hierarchical architectures for highly efficient and stimuli-
responsive drug delivery carriers.

4. Experimental Section

Materials:  Ammonium bicarbonate, manganese sulfate monohy-
drate, ethylenediamine tetraacetic acid sodium salt (EDTA), and mono-
and dibasic sodium phosphate used to prepare buffer solutions were
purchased from Fisher Scientific. PEI (average M, 25 000 g mol™"),
PMAA (average M, 21 000 g mol~'), PVPON (average M,, 10 000
g mol™") and EDA, 2-propanol were acquired from Sigma-Aldrich.
NH,HCO;3; and MnSO, were from Fisher Scientific. 1-ethyl-3-(3-(dimethyl
amino)propyl)carbodiimide hydrochloride (EDC) was received from
Chem-Impex International. DOX hydrochloride as powder was received
from LC Laboratories (USA). Aqueous 1 m HCl and NaOH solutions were
used to control solution pH. Ready-to-use Float-A-Lyzer dialysis devices
with MWCO 3.5 and 20 kDa were from SpectrumLabs. All experiments
used deionized (DI) water with a resistivity of 18.2 MQ cm™' (Evoqua).

Synthesis of Porous Cubic Microparticles: Micrometer-sized cubic
manganese carbonate (MnCOj;) cores were synthesized as described
previously.’®l A nano-seed solution was prepared first by mixing
NH,HCO; (0.02 g) and MnSO, (0.01 g) in 50 mL DI water, followed by
filtering. Then 50 mL of the nano-seed solution was added to a 2 L aque-
ous solution containing 1L of 6 mm MnSO,4 and 1L of 0.06 M NH,HCO;
both having 0.5 vol% 2-propanol. The mixture was incubated at 45 °C for
~1 h until some turbidity started to form. Synthesized MnCO; micropar-

www.mame-journal.de

ticles were collected by filtration using 0.8 pm nitrocellulose membrane
filters (Fisher Scientific), rinsed with DI water multiple times, and dried at
ambient temperature (=25 °C) in the vacuum oven overnight. The dried
particles were calcined in a muffle oven (Thermo Scientific) at 300, 650,
and 1000 °C to obtain porous manganese oxide cubic particles.

Synthesis of Multilayer Hydrogel Particles: ~ First, the PEI monolayer was
adsorbed on the surfaces of the porous manganese oxide microparticles
(250 mg) from a 1.5 mg mL~" DI water solution for 45 min using a pro-
grammable rotator (Rotobot, Benchmark Scientific). The excess polymer
solution was removed by centrifugation of the particle dispersion at 4900
rpm for 10 min, followed by rinsing the PEl-modified particles twice with
a phosphate buffer solution (0.0 m, pH = 2.0). Then, hydrogen-bonded
multilayers of PMAA/PVPON were adsorbed on the PEI-modified surfaces
of the microparticles from 1.5 mg mL~" polymer solution (0.01 m phos-
phate buffer, pH = 2.0). Sequential layers of PMAA and PVPON were de-
posited for 30 min each using a Rotobot, with two rinses with 0.01 M phos-
phate buffer solution at pH = 2.0 between each layer. After five bilayers of
(PMAA/PVPON) were adsorbed on the surfaces of the PEl-modified mi-
croparticles, the inorganic core was dissolved in 8 m HCl for 24 h, followed
by two rinses in each solution of 6 and 3 M HCl, and DI water at pH = 2. The
(PMAA/PVPON); polymer replicas of the porous cores were then exposed
to an EDC solution (5 mg mL™',0.01 m phosphate buffer, pH = 5.0) for 30
min to activate carboxylic groups in PMAA, followed by three-time-rinsing
with 0.01 m phosphate buffer solution at pH = 2 to remove free EDC from
particle dispersion. The EDC-treated (PMAA/PVPON)s polymer replicas
were then treated with EDA solution (12 uL mL~",0.01 m phosphate buffer,
pH = 5.0) for 16 h to crosslink PMAA layers followed by a three-time-rinse
with 0.01 M phosphate buffer solution at pH = 5 to remove unreacted EDA.
Afterward, the PMAA-crosslinked polymer particles were exposed to 0.01
M buffer solution at pH = 8.5 for 24 h to release PVPON from the PMAA
network, followed by rinsing the particles with 0.01 m buffer solution at pH
= 8.5 two times. The obtained PMAA multilayer hydrogel cubes were left
in shaking in 0.1 M EDTA solution (pH = 7, DI water) for 24 h, followed by
dialysis for 3 days in DI water at pH = 2 (adjusted by 0.01 m HCI) using
Float-A-Lyzer devices with MWCO 20 kDa. The PMAA hydrogel particles
were stored in 0.01 m phosphate buffer at pH = 5. PMAA hydrogel particle
concentration was measured by adding aliquots of particle suspension to
a Hausser Scientific ruled hemocytometer (0.1 mm deep) from Electron
Microscopy Sciences.

Optical Microscopy: The polymeric hydrogel particles’ size and pH-
triggered swelling ratios were analyzed using a Fisherbrand optical micro-
scope with a 40x oil immersion objective. Before imaging, the hydrogel
particles were centrifuged and transferred to a 0.01 M phosphate buffer
solution of pH = 3, 5, or 8.5 to determine pH-dependent changes in cu-
bic particle size/shape. The particles were dispersed by vortex for 30 s
at 2500 rpm and transferred to a coverglass (Lab-Tek) for imaging. Five
exchanges of the sample solution in the coverglass were made, and the
optical microscope images from each solution exchange were collected.
Intensity-height profiles of the cubic particle edges were generated with
Image] software to determine the particle size precisely. Marker lines were
drawn through the particle of interest, and the distance between the center
of opposite cubic edges was measured. The hydrogel swelling ratios were
calculated as the increase in cubic particle size at pH 8.5 compared to pH
5.

Encapsulation and Release of DOX: DOX was encapsulated into hydro-
gel particles by exposing the particle dispersions to 0.5 mg mL~! DOX so-
lution in 0.01 m phosphate buffer at pH = 6.5 for 24 h. The concentration
of DOX initial solutions was analyzed with HPLC before exposure to the hy-
drogel microparticles. Then, 100 uL of swollen particles (0.01 M phosphate
buffer, pH = 6.5) were placed in a 1.5 mL Eppendorf tube, diluted with the
DOX solution to 1.0 mL, covered with aluminum foil, and shaken for 24
h to encapsulate DOX within the hydrogel cubes and resulting in DOX-
particles. After that, the DOX-particle dispersions were centrifuged, and
supernatants were removed for HPLC analysis. The DOX particles were
settled and rinsed five times with 0.01 m phosphate buffer solution at pH
= 7.4. The DOX release study was performed at pH ~ 1.6-1.8 for 24 h by
adding 50 uL of 1.0 M HCl to 1.0 mL of particle dispersion. The final disper-
sion was centrifuge, and supernatants were removed for HPLC analysis.
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Particle concentration before DOX loading and release experiments was
calculated using an improved Neubauer Hemocytometer (0.1 mm deep,
Hausser Scientific) and by adding 10 uL of particle dispersion and diluting,
if necessary, to have 50-150 particles per analysis square.

HPLC: The DOX analysis was performed by HPLC on an Agilent 1220
Infinity chromatography system (Agilent) using methanol (60%, v/v), wa-
ter (39.5%, v/v), and orthophosphoric acid (0.5%, v/v; Fisher Scientific)
as mobile phase. 30 pL of DOX solution was injected and separated using
Hypersil ODS C18 (Thermo Scientific) HPLC column at a 1.2 mL min~!
flow rate and room temperature. Detection was performed using a UV de-
tector with a working wavelength of 255 nm and OpenLab ChemStation
software (Agilent).

SEM: SEM analysis of manganese oxide templating microparticles
and polymeric particles was performed using an FEI Quanta SEM micro-
scope. For the analysis, manganese oxide microparticles were deposited
onto carbon film (TED Pella, 8 mm x 20 m), while PEI(PMAA/PVPON);s-
modified template-polymer particles and PMAA multilayer hydrogel cubes
were adsorbed onto silicon wafer chips (University Wafer, 0.5 cm x 0.5 cm)
and dried at ambient conditions. The dry samples were sputter-coated with
~1nm platinum using Denton Vacuum Sputter Coater. Secondary electron
Imaging was performed at 10 kV. Energy-dispersive X-ray analysis (EDAX)
was performed at 15 kV to analyze the hydrogel particles for manganese
ions.

XRD: XRD analysis of cubic inorganic particles was performed using
a PANalytical Empyrean Multipurpose X-ray Diffractometer. Samples were
prepared by adding particle powder to the 16-mm stage and scanned in
triplicate. The divergence slit of ¥2°, soller slit of 0.04° for incident and di-
vergence beam, respectively, and anti-scatter slit of 2° were used. The anal-
ysis was performed using the High-Score Pulse software to assess peaks
using the Rietveld refinement technique incorporated in the system.

AFM: The topographical images of inorganic cores and hydrogel par-
ticles were obtained using an NTegra NT-MDT atomic force microscope.
Mn,O; particles were placed on a carbon tape (TED Pella) that was at-
tached to a silicon wafer chip (0.5 cm x 0.5 cm). Loose particles were re-
moved from the sample by a gentle stream of nitrogen (Airgas). The PMAA
hydrogel cubes were drop-cast on a clean, dry silicon wafer and dried for 2
days at ambient conditions. NSG30 probes (10 nm radius; 22-100 N m~!
force constant; 240-440 kHz resonance frequency) were used to collect
the topography of Mn, 05 cores and PMAA cubical hydrogels at a scan
rate of 0.5 Hz at room temperature.

BET Analysis:  Surface properties, including porosity and surface area,
were analyzed for manganese oxide particles by micromeritics ASAP 2020
physisorption. The samples were degassed at 30 °C followed by nitrogen
(Airgas) adsorption at —196 °C. BET theory was used to determine sur-
face area, total pore volume, and average pore size at the highest relative
pressure.
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