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ABSTRACT

We report on a novel type of shaped hydrogel microparticles which undergo large, rapid, and
reversible volume changes in response to solution pH. The cubic hydrogels are produced as
interconnected poly(methacrylic acid) (PMAA) network replicas of mesoporous manganese
oxide templates by sequential infiltration of (PMAA) and poly(N-vinylpyrrolidone) (PVPON),
followed by cross-linking of PMAA and template dissolution. The integrated advantages of the
porous cubic sacrificial templates and responsive PMAA matrix enable synthesis of
monodisperse and pH-sensitive hydrogel cubes in a rapid, facile, and reproducible manner.
These hydrogel cubes display a reversible 2-fold change in size while maintaining their shape in
response to pH variations. The swelling behavior of cubic and spherical hydrogel particles is
controlled by the network structure which is regulated by the PMAA molecular weight. These
networks maintain their three-dimensional shapes in the dry state. No cytotoxicity is found for
cubic and spherical hydrogels upon their interactions with human cancer cells for various time
intervals. Finally, pH-triggered loading and release of doxorubicin to and from the cubic
hydrogels is shown and their anticancer effect is demonstrated. The viability of A549 and HeLa
cancer cells was significantly decreased upon interaction with doxorubicin-loaded cubic

hydrogels. The approach presented here provides a new platform of multi-functional particles
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with highly-controlled geometry, size, composition, and responsive properties to be potentially

used in targeted drug delivery for cancer therapy.

INTRODUCTION

Stimuli-responsive hydrogels hold considerable potential as materials with reversible property
transformations. These three-dimensional networks exhibit the unique ability to drastically and
reversibly change volume when either swelling or shrinking."”? Due to their biocompatibility
and flexible methods of synthesis, hydrogel structures have numerous applications in drug
delivery, tissue engineering, and sensing.’ Although many types of microgels with finely-tuned
chemical and physical properties have been developed over the past several decades, they mostly
include spherical structures.* However, shape plays an important role in functions of polymer
particulates, along with size and surface chemistry.”®’ Particle shape affects cellular uptake,

814 all of which are crucial for drug delivery.*>'>'" For

vascular dynamics and circulation,
instance, worm-shaped polymer particles showed negligible phagocytosis compared to spheres
of the same volume.'® Rod-like' and discoidal particles’ demonstrate increased blood
circulation time and exhibit a much higher margination (drifting towards the walls) under flow
than the spherical systems, thus reducing their clearance in the liver or spleen.'®!*2!** Oblate
particles adhere more efficiently to the vascular endothelium than do spheres of the same

10
volume.

There are only a few examples of responsive non-spherical hydrogels. For instance, rod-like
protein-based microgels have been produced which bend reversibly in response to the chemical
environment.** Reconfigurable hydrogel/PLGA multicompartmental microcylinders underwent
reversible bending and toggling due to interfacial stresses under exposure to ultrasound or an
appropriate solvent.”> The paucity of hydrogel-based shape-defined structures is likely due to

their poor mechanical stability.

In contrast, the highly cross-linked micro-sized networks
obtained by microfluidics, lithography, and PRINT, offer excellent control over shape and size
but they lack capabilities of dynamic volume changes.?’ Apparently, stimuli-triggered volume
transitions require the spatial conditions for polymer chain rearrangement that is not available in

particles from those processes.

Layer-by-layer (LbL) technology offers unique opportunities to synthetically recreate shapes and

28,30,31
1.=°°Y

easily impart a desired elasticity and responsiveness to multilayer materia Stimuli-

2
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responsive multilayer capsules are formed by sequential assembly of weak polyelectrolytes on

32,33,34

sacrificial templates followed by template dissolution. These capsules replicate the

geometry of the templates and comprise ultrathin multilayer shells (<50 nm) with sub- or micron

size cavities.>>

When deposition of multilayers occurs inside porous sacrificial templates,
nanoporous particles of interconnected macromolecular networks are formed. *'* Porous silica
and calcium carbonate particles are the mostly widely used inorganic templates, due to their size
monodispersity, ease of preparation, large surface area, and controllable pore size during

. 44-46
synthesis.

For instance, nanoporous spheres of cross-linked poly(acrylic acid) (PAA) and
poly(allylamine hydrochloride) (PAH) were obtained via stepwise infiltration of these
macromolecules into the mesoporous silica particles.*’ Porous CaCO; microparticles with an
average pore size of 35 nm were utilized for synthesis of poly(styrene sulfonate)(PSS)/PAH

microcapsules with an internal polyelectrolyte matrix.***

The resulting porous polymer particles
were shown to be used for loading and release of proteins triggered by changes in solution
pH.*'* Recently, nanoporous particles of thiolated poly(methacrylic acid) were prepared by

mesoporous silica templating and showed rapid internalization by HeLa cells.*

Unlike other template methods of particle synthesis,” the LbL-assisted approach is facile,
versatile, and allows for deposition in aqueous environment, all relevant to biological
applications. One of LbL-assembly’s key advantages over the traditional bulk polymerization
techniques is the nanoscale control over composition, structure, and morphology of porous
polymer particles which is inherent to the technique.’' However, the traditional bulk-
polymerized nanoporous particles hold several benefits over LbL capsules. These porous
polymer particles can maintain their shape and structural integrity in the dry state, unlike
polyelectrolyte capsules which totally collapse upon drying.** In addition, their interconnected
nanoporous matrix-type structure allows for improved loading efficiency due to both adsorption

and physical entrapment mechanisms of cargo incorporation.*'*

In contrast, encapsulation is
mostly through molecular entrapment inside the capsule interior due to the limited surface area
of capsule wall allowed for adsorption. Despite these unique properties, the LbL-template
synthesis of hydrogel particles has been rarely explored and limited to spherical structures.*” The
lack of studies on microgels of non-spherical shapes can be explained by limitations in particle

design, mostly limiting studies to spherical templates.
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Herein, we report on synthesis of a novel type of stimuli-responsive nanoporous hydrogel
microparticles of cubic shape and their interactions with human cancer cells. We illustrate that
these cubic hydrogels maintain their three-dimensional shapes in the dry state and undergo large,
rapid, and reversible volume changes in response to solution pH. Recently, we demonstrated pH-
responsive poly(methacrylic acid) (PMAA)-based capsules of cubic shape prepared as hollow
replicas of manganese carbonate templates through chemical cross-linking of hydrogen-bonded

multilayers. >

In the current work, the cubic PMAA hydrogels are formed by sequential
infiltration of PMAA and poly(N-vinylpyrrolidone) (PVPON) into the cubic mesoporous
manganese oxide templates, followed by chemical cross-linking of PMAA and template
dissolution. The effects of PMAA molecular weight, template porosity, and hydrogel size on the
structural integrity and pH-responsive swelling of cubic microgels are investigated. The swelling
behavior of the hydrogel cubes is compared to that of hydrogel spheroids and cubical hydrogel
capsules. Cytotoxic properties of these networks are studied upon their interaction with human
cancer cells for various time intervals. Finally, pH-triggered loading and release of doxorubicin
to and from cubic hydrogels, and their anticancer effect are explored on A549 and HeLa cancer
cells. The presented approach is simple, robust and integrates the advantages of shape and pH-

sensitivity to develop novel types of shape-specific ‘intelligent’ networks with programmable

behavior to be used for storage and delivery of functional cargo.

RESULTS AND DISCUSSION

Fabrication of porous templates from cubic and spherical manganese carbonate particles
Porous manganese oxide particles of cubic and spherical geometries were synthesized and used
as sacrificial templates for the correspondingly shaped hydrogels. To obtain porous templates,
monodisperse cubic and spherical MnCOs; microparticles were produced as developed
previously™® and heated at 700°C for 3 hours (Figure la-b).”* Manganese carbonate particles
have been selected due to their controllable size and shape during synthesis.’> Figure 2
demonstrates that initially smooth and cubic MnCOs particles of 2.1+0.1 um in size showed
highly porous surface morphology after 3 hours of calcination. The transformation of MnCOj to
manganese oxide (III) follows the chemical reaction:*

7000C
2MnCO3 —> Mn203 + CO+ COz

air
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SEM images of the broken Mn,0; particle clearly displays the porous structure inside (inset in
Fig. 2d). Similarly, MnCOj; spheres of 2.4+0.1 um transformed into porous Mn,0O; particles after
heat treatment (Fig. 2a-d). Despite these particles having rough surfaces, their porous
morphology is clearly observed with SEM (Fig. 2d). No changes in particle shape or size were
observed after the heat treatment. Table 1 summarizes the properties of porous manganese oxide
particles obtained by the BET method. The analysis revealed similar surface areas of 17.5 m* g”!
for two types of cubic particles. The pore sizes varied from 14 to 89 nm with the average pore
size of 44 nm for the 2-pm cubes and from 3 to 80 nm with the average pore size of 40 nm for
the 4-um cubes. These average pore sizes are larger than those in porous spherical particles of
CaCOs (35 nm) and mesoporous silica (a bimodal pore structure of 3 nm and 10-40 nm)

32,41,43,49
AT In our case, the

previously used for template synthesis of porous polymer particles.
surface area of porous Mn,0; is two-fold greater than that reported for porous CaCOs

microparticles.”!

Table 1. Properties of Cubic and Spherical Porous Manganese Oxide Templates.

Particles Average Pore Size® (nm)  Surface Area” (m” g')  Pore Volume® (cm’ g™)
2 pm cubic 44 17.5+0.4 0.192+0.002
4 pm cubic 40 17.5+0.5 0.175+0.004
2 pm spherical 43 19.3+0.5 0.205+0.005

P Calculated from the BET method, ¢ Calculated by the Barrett-Joyner-Halender (BJH) method

from the desorption curve.

We also found the average surface area (19.3 m” g') and porosity of 2-pm spheres to be similar
to those obtained for the cubes. The spherical particles demonstrated the average pore size of 43
nm with the pore size variations from 15 to 80 nm (Table 1). Although the BET analysis showed
no significant difference in overall pore sizes and volumes, SEM revealed variation in pore sizes
on particle surfaces. The surface pore dimensions fall in the range from 40 to 80 nm for 2-um

cubic templates, while 20-40 nm pores were observed for both 2-um spherical and 4-um cubes
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(Fig. 2, Fig. S1). This discrepancy in pore sizes is important to consider for polymer infiltration

within the particles, which will be discussed later in the manuscript.

Surface charge measurements of the initial manganese carbonate and final manganese (III) oxide
cores revealed that after calcination the templates acquired a highly negative surface charge in
solutions at pH=3.6. The {-potential value decreased from 743 to -45+3 mV for 2-um MnCOs3
and Mn,0;3, respectively (Fig. 3a). We also found that 4-um cubic porous templates exhibited
similar {-potential of -45.5+0.2 mV at pH=3.6, indicating no effect of particle size on its (-
potential (Fig. 3a). Likewise, no effect of particle shape on particle {-potential was found after
the heat-induced particle transformation. Thus, highly negative (-potential values of -41.3+0.4
mV and -45+3 mV were observed for porous 2-um spheres and cubes, respectively (Fig. 3b).
Importantly, this highly negative surface charge of the porous templates favors the particle

stability against aggregation in solution.

Fabrication of hydrogel particles of cubic shape

Cubic PMAA hydrogels were produced by the selective cross-linking of PMAA in hydrogen-
bonded (PMAA/PVPON) multilayers, followed by template dissolution (Fig. 1). The multilayers
of PMAA and PVPON were deposited stepwise inside the 2-um porous cubic templates by
exposing them to the polymer solutions at pH=3.6 (Fig. 1b-c). PMAA of two different
molecular weights such as 21,800 g mol™ and 350,900 g mol” denoted as 21 kDa or ‘short’ and
360 kDa or ‘long” PMAA, respectively, were used. To promote the multilayer assembly, aqueous
PEI solution was deposited before the multilayer assembly. After the sequential infiltration of
seven (PMAA/PVPON) bilayers, the on-template assembly was cross-linked with
ethylenediamine using carbodiimide-assisted method followed by exposure to pH=8.5, as

developed previously for PMAA capsules.***

This procedure resulted in PVPON release due to
disruption of hydrogen bonds between PVPON and deprotonated PMAA leading to one-
component PMAA networks inside the pores (Fig. 1d). The infiltration procedure was followed
by C-potential measurements before and after hydrogel formation on templates. Figure 3c
demonstrates that the Mn,Os; templates has a highly negative surface charge, showing C-
potentials of -42+2 mV and -59+2 mV at pH=3.6 and 7.0, respectively. The presence of the
(PMAA); network inside the template drastically reversed the (-potential to positive values of

24.8+0.1 mV and 25+2 mV for short and long PMAA, respectively, at pH=3.6. These particles
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reversed to the negative {-potentials of -34+£2 mV and -33+2 mV, for short and long PMAA,
respectively, at pH=7.0. The pH-triggered variations in the (-potential value of the hydrogel-
modified templates are due to the amphoteric nature of the PMAA networks cross-linked with
ethylenediamine.’®” The excess positive charge at acidic pH is induced by the presence of one-
end-attached protonated ethylenediamine groups remaining after cross-linking. The excess
negative charge at neutral pH is due to ionized uncross-linked carboxylic groups in the PMAA

network (Fig. 3c).

To obtain PMAA hydrogels, 2-um inorganic templates with cross-linked PMAA of both 21 kDa
and 360 kDa were exposed to 1 M hydrochloric acid (Fig.1d). This procedure resulted in Mn,03
dissolution and the formation of cubically shaped hydrogels. As demonstrated by the three-
dimensional (3D) CLSM images, the (PMAA); networks of both short and long PMAA
preserved the cubic shapes of the templates after the template dissolution (Fig. 4a,b). The
residues of manganese ions remaining after the template dissolution were removed by treatment
with 0.1 M EDTA at pH=7 for 3 hours, followed by dialysis in deionized water. Energy
dispersive X-ray spectroscopy revealed no signal from manganese (0.637 keV) and proved the
absence of the manganese ions inside 2-um PMAA hydrogel cubes (Inset, Fig. 4a). For CLSM
visualization, the hydrogel particles were allowed to interact with Alexa-488 fluorescent dye.
The corresponding orthogonal (side) views of 3D confocal images in Figures 4c and 4d
demonstrate that the hydrogel cubes are homogeneously filled with the fluorescent dye, a feature
observed earlier in spherical gel-like par‘[icles.41 These results indicate that despite the shape
anisotropy, the interconnected network is uniformly distributed throughout the volume of 2-um

cubic hydrogels.

Remarkably, we have found that the obtained 2-uym (PMAA); hydrogels maintain their cubic
self-supported shape in dry state. The SEM images clearly show that both short- and long-
(PMAA); hydrogels preserve their structural integrity upon drying as evidenced by their well-

defined corners and faces (Fig. 5a,d).

To explore the effect of size and shape on hydrogel integrity, 4-um cubic and 2-um spherical
porous templates were used for (PMAA); network fabrication. We found that PMAA molecular
weight plays a significant role in the structure and integrity of 4-um cubic and 2-pm spherical

hydrogels. In contrast, no effect of PMAA molecular weight was found for 2-um cubes as

7
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discussed above. The SEM images of dry 4-um cubic and 2-pum spherical hydrogels made of
short PMAA (21 kDa) clearly display self-supported structures (Fig. 5b,c). In drastic contrast,
these systems lost the three-dimensional structure after drying if made of long PMAA (360 kDa).
As seen from SEM, both 4-um cubic and 2-um spherical systems collapsed in dry state (Fig.
6e,f). However, the surface morphology of these dry spheres and cubes is relatively smooth,
indicating thicker walls when compared to previously shown highly-wrinkled structures of
ultrathin PMAA capsules made on solid templates.’”® Note that when 20-layer PMAA cubic
capsules were formed on non-porous 4-um MnCOs particles, the template-free PMAA capsules
totally collapsed upon drying, due to the much thinner hydrogel wall (~30 nm in thickness’?)
(Inset in Fig. 5f).

These results can be rationalized based on the average pore sizes of the porous manganese (III)
oxide particles. We found that exposure of all types of MnCOs particles for 3 hours at 700°C
resulted in the nanoporous templates with similar average pore sizes (around 40 nm) as measured
by the BET method (Table 1). However, the SEM analyses revealed variations in pore size on
particle surfaces. Thus, the 2-um porous manganese oxide cubes showed 40-80 nm pores, while
both 2-um spheres and 4-um cubes had 20-40 nm pores (Fig. 2 and S1). The estimated radii of
gyration for PMAA (M,=21,800 g mol™) and PVPON (M,,=13,200 g mol™) in solution at low
deposition pH=3.6 are 1.8 nm and 2.2 nm, respectively, assuming corresponding persistence
lengths of 0.3 nm and 1 nm.”**% Since the diameters of the PMAA and PVPON coils (3.6 nm
and 4.4 nm, respectively) are much smaller than the pore diameters, the molecules could easily
infiltrate inside the 2-pm cubic templates with 40-80 nm pores. Similarly, the R, for PMAA with
My, =350,900 g mol™ is estimated to be 7.24 nm (the diameter of ~14.5 nm) which permits the
assembly inside these templates. In contrast, when the surface pore size is 20-40 nm, the effect of
PMAA molecular weight on the hydrogel particle formation becomes more pronounced. The 4-
fold increase in the PMAA diameter from 3.6 nm to 14.5 nm leads to the limited diffusion
because the size of PMAA 360 kDa is comparable to the 20-40 nm pores. In this case, the
formation of capsule-like structures with thick walls instead of filled hydrogel particles is
observed due to a fast pore “clogging” (Fig. Se,f). These results correlate well with the
previously shown decreased infiltration of poly(acrylic acid) corresponding with the decrease in

pore size of nanoporous silica spheres.®’ The limited diffusion of PSS/PAH into porous CaCOs
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and porous silica was also found to result in capsule-like structures with thick walls due to

formation of polyelectrolyte complexes on the surface of those particles. *!

Responsive properties of shaped hydrogel particles

Responsive behavior of cubic and spherical hydrogel particles was explored using confocal
microscopy. First, cubic hydrogels made on 2-um cubic templates were investigated. We found
that the cubic PMAA hydrogels showed pH-dependent swelling ratios of 1.7, defined as the ratio
of swollen to deswollen hydrogel particle size. Hydrogel cubes made from 21 kDa PMAA
increased in size from 1.9+£0.2 um to 3.2+0.1 pum when the solution pH was changed from pH=5
to pH=7.4 (Fig. 6a, b, c). Similarly, cubic hydrogels of 360 kDa PMAA changed from 1.9+0.2
um to 3.1+£0.2 um, resembling the previous pH variations and indicating no effect of PMAA
molecular weight on cubic hydrogel pH-responsive behavior. The similar swelling behavior of
these systems can be attributed to their comparable structures showing uniform networks inside
the particles as confirmed with SEM (Fig. 5a, b). The pH-triggered volume changes were
completely reversible (Fig. 6¢).

Remarkably, these hydrogels retained their cubic geometry upon pH changes, indicating uniform
swelling/shrinkage of the networks. It was previously shown that spherical capsules of cross-
linked PMAA underwent ~2-fold increase in size when exposed from slightly acidic to basic
pH.>**" This behavior is dictated by the pH-responsiveness of the hydrogel capsule wall which
shrinks at slightly acidic pH but swells at basic pH due to self-repulsion between ionized
carboxylic groups. We also found previously that cubic (PMAA),, capsules transformed in
shape to become spherical upon pH increase from pH=5 to pH=7.4 following EDTA treatment of

the capsule wall.”*>

In contrast to cubic (PMAA) capsules, cubic (PMAA); hydrogel particles
presented here preserve their cubic geometry in the swollen state at pH=7.4. This difference in
shape responses can be attributed to the improved robustness and rigidity of the interconnected
network unlike the easily-deformable and soft ultrathin capsule wall. Indeed, the more rigid two-
component (PMAA-PVPON)s capsules retained their cubic shape while increasing in size upon
pH-induced variations.” However, the swelling ratio of the cubic (PMAA-PVPON) capsules
was lower than that for cubic (PMAA) hydrogels studied here (1.3 versus 1.7, for the previous

capsules and current hydrogels, respectively).
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Next, cubic hydrogel particles prepared on 4-um cubic templates were explored. We found that
the cubic hydrogels (obtained with short PMAA) exhibited a similar 1.7-fold swelling ratio
increasing in size from 2.7+0.2 um to 4.7+0.4 um at pH variations from 5 to 7.4. (Fig.6d, e, f).
Interestingly, 4-um capsule-like cubic structures (obtained with long PMAA) swelled less than
the corresponding 4-um hydrogel cubes showing swelling ratio of 1.5 and 1.7 for capsules and

gels, respectively.

Finally, spherical hydrogels produced using 2-um spherical porous cores were studied (Fig. 6g,
h, 1). We found that the swelling behavior of the 2-um spheres was very similar to that of 4-pm
cubic structures. The uniformly filled hydrogel spheres (obtained with short PMAA) had a
swelling ratio of ~1.7 (2.3£0.2 um at pH=5 and 4.1+£0.2 um at pH=7.4, respectively) (Fig. 61).
The same result was obtained for the hydrogel cubes of comparable pore dimensions (Fig. 6c).
Likewise, spherical capsule-like particles obtained with long PMAA swelled 10% less than the
filled hydrogel spheres.

Our overall results indicate that the hydrogel particles, both cubes and spheres, undergo a nearly
2-fold reversible swelling/shrinkage response to pH variations. The hydrogel cubes retained their
cubic shape while increasing in size, providing a remarkable example of a pH-responsive shaped
hydrogel. The swelling behavior of cubic and spherical hydrogel particles is controlled by the
network structure, which is regulated by the PMAA molecular weight and the template
properties. Indeed, swelling ratios for the capsule-like hydrogels with thick walls - both spherical
and cubic - were typically ~10% smaller than those for the filled hydrogel particles. The result
can be attributed to a smaller amount of material assembled into the capsule-like particles
compared to that of the filled hydrogel particles. Another interesting observation is that
uniformly filled hydrogel cubes and spheres exhibit similar swelling ratio of 1.7-fold; which
suggests similar cross-link densities despite various PMAA molecular weight and hydrogel
shape. From our previous study, PMAA hydrogels films and capsules showed 11 monomer units

between two cross-links under the same cross-linking conditions.*

pH-Responsive release of doxorubicin (DOX) from cubic hydrogels

We explored pH-induced loading and release of DOX, a drug used for treatment of a wide range

of cancers, in the PMAA hydrogel particles as a result of pH-regulated ionic interactions

10
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between DOX and the PMAA hydrogel. Figure 7 shows that the PMAA hydrogels, regardless of
shape or size, possess a negative surface charge with the {-potential value for the systems
oscillating around -30 mV at pH=7.4. The negative charge is attributed to ionization of the
carboxylic groups in the swollen PMAA matrix (Fig. 6c, f, 1). The {-potential drops to slightly
negative values (in the range from 0 mV to -10 mV) at pH=5 due to protonation of PMAA (Fig.
7). These pH-dependent charge variations of PMAA matrix were exploited for DOX loading and
release. Cubic hydrogel particles were soaked in DOX solution at pH=6.4 for 24 h followed by
rinsing at pH=7.4 to induce electrostatic interactions of positively charged DOX (pK,=8.3) and
the ionized PMAA hydrogel. Confocal microscopy was used to visualize DOX distribution
inside the particles. We found that the loading efficiency can be controlled by the structure of the
hydrogel particles. As observed with confocal microscopy, the cubic and spherical hydrogels
were uniformly filled with the drug throughout the particle volume as evidenced by the uniform
fluorescence from DOX (Fig. 8a, c, e). In contrast, capsule-like thick-walled cubes and spheres
displayed fluorescent frames with unfilled dark cavities indicating drug accumulation at the
capsule walls (Fig. 8d, f). These results on visualized particle structures correlate well with the
morphology of the dry hydrogel systems observed with SEM (Fig. 5). Cubic and spherical
hydrogels with a uniform network structure (Fig. 8a, b, ¢, ) maintained their 3D structural
integrity by preserving their shape upon drying (Fig. 5a, b, c, d). In contrast, capsule-like
hydrogel particles with thick walls, which were clearly observed with confocal microscopy (Fig.
8d, 1), collapsed in the dry state (Fig. Se, f). Upon DOX loading, the size of the hydrogel cubes
decreased due to the electrostatic interactions between DOX and PMAA network. For instance,
the size of the 4-um hydrogel cubes decreased from 4.7+0.2 to 2.7+£0.2 um before and after drug
loading, respectively, (Fig. 9a, b). A similar contraction was observed previously with spherical
PMAA capsules exposed to polycationic quaternized poly(4-vinylpyridine).”> Importantly, the
shape of the DOX-loaded hydrogel particle remained cubic at pH=7.4, which can be important

for shape-regulated delivery of active molecules (Fig. 9a, b).

To investigate the release of DOX, drug-loaded cubic hydrogels were exposed stepwise to a
series of solutions with pH ranging from 7.4 to 3 and imaged with confocal microscopy (Fig. 9a-
f). Both fluorescence and transmitted light images show that DOX started releasing at pH=5 until
its complete disappearance from the cubes at pH=3 (Figs. 9c-f). As seen from the transmitted

light images of the hydrogel cubes, the particle size increased at pH=3 reflecting the hydrogel

11
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swelling due to the positive charge of PMAA network at low pH (Fig. 9d, f and Fig. 3c). As a
result of DOX release, the network size increased due to the breakage of electrostatic interactions
between PMAA hydrogel and DOX. The pH-triggered DOX release from cubic hydrogels was
quantified using UV-Vis spectroscopy. DOX was loaded into 2-um cubic gels of (PMAA); (21
kDa) by incubation of the gel particles in a certain volume of 0.2 mg mL"' DOX solution
(pH=6.4, 0.01 M phosphate) for 24 h (Fig. 9g). The particle concentration was measured using a
hemocytometer (Fisher Scientific). DOX-loaded cubic hydrogel particles were exposed to certain
volumes of 0.01 M phosphate buffers at pH=7.4, pH=5, and pH=3 for varied periods of time and
the amount of DOX released was obtained from the measurements using the DOX calibration
curve ( Amax=480 nm). The mass of DOX loaded in the 2-pum cubic hydrogel particles was found
to be 0.203 ng particle™. Figure 9h demonstrates that after 24-h exposure of DOX-loaded cubes
to pH=7.4 and pH=S5, the release was only 4.4+0.1% and 7.2+0.1%, respectively. Remarkably,
80+1% of the loaded DOX was released from the cubes within 1 hour of their exposure to pH=3.
These results demonstrate that DOX can be released from PMAA cubic hydrogel particles in the

acidic endosomal/lyzosomal environment following the particle’s being uptaken by a cell.
In-vitro cell studies

Cytotoxicity of polymer matrices is a critical factor for a drug delivery vehicle intended for
therapeutic delivery applications. Rigid particles may suffer from tissue toxicity and rapid blood
clearance.”® In this regard, soft porous hydrogel particles are advantageous in contrast to, for
instance, micelles or liposomes, because of the mechanical integrity and higher drug loading
capacity due to a larger number of functional groups available for interaction with free drug
molecules. Moreover, shielding loaded drug molecules from immunologic attack and the
capability for further functionalization® of a PMAA hydrogel particle for immunomodulatory

and targeting purposes makes the hydrogel particles a potentially superior drug carrier.

Although non-cytotoxic properties of the hydrogel matrices of poly(methacrylic acid) cross-
linked with disulfide bonds have been reported recently,® the presence in the presently-
synthesized hydrogel of free primary amine groups left from the reaction of the ethylenediamine
cross-linker may, in principle, lead to cell membrane damage and subsequently cytotoxicity.65
Therefore, the PMAA hydrogel particles were examined to determine if they exhibited any

cytotoxicity. Two different human cancer cell lines (HeLa and HEK293) were used in the

12
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experiments. The hydrogel particles, 2- and 4-um cubes made of 21 kDa PMAA, and 2-um
cubes and spheres made of 21 and 360 kDa PMAA, respectively, were incubated with the cells at
the particle-to-cell ratio of 100:1. At 24-h intervals (Days 1, 2, and 3), cell viability was
determined in each cell culture by CellTiter-Glo luminescent cell viability assay. This method
allows determining the number of viable cells in a culture based on quantitation of intracellular
adenosine triphosphate, which signals the presence of metabolically-active (live) cells. The
viability data for each type of the hydrogel particles were obtained as an average of six replicates
for each group. Figure 10a shows the representative optical image of a an optical plane within
A549 (human alveolar adenocarcinoma) cells with the internalized cubic hydrogel particles (2-
um cubes made of 21 kDa PMAA) with cell nuclei stained blue (DAPI) and actin filaments
stained red with Alexa Fluor-594-conjugated phalloidin. Figures 10b-c demonstrate that the cell
viability in cultures incubated with each particle type was not significantly different than in the
untreated group. Together, these data clearly indicate that PMAA hydrogel particles, regardless
of shape (spherical or cubic), or size (small, 2-um or large, 4-um) do not exert any significant

cytotoxicity to the studied cells and can be further explored for drug delivery.

To explore the drug delivery capability of hydrogel cubes, the 2-um cubes were loaded with
DOX, and incubated with A549 and HeLa cancer cells at cell-to-particle ratio of 1:100. Particle-
free supernatant of the DOX-cubes suspension was used as a negative control with the same
volume as that of DOX-cubes suspension. DOX solution (1uM) was used as a positive control of
cytotoxicity. Subsequently, the percent of viable cells compared to the negative control was
measured after 24-, 48-, and 72-h incubation. The data in Figure 11 show that the incubation of
the A549 cells with DOX-cubes resulted in a gradual cell cytotoxicity from 25% to 40% after 24
h and 72 h of incubation, respectively, which was comparable to that observed for free DOX
used at the reported ICs concentration (1uM)®® (Fig. 11a). For HeLa cells, the cytotoxicity from
the DOX-cubes was observed already in 24 h and was similar to that observed for A549 cells
causing ~40% cell death in 72 h. These results indicate that a drug loaded in the hydrogel cubes
can be effectively delivered to the interior of cells. The data demonstrate potential of the
hydrogel cubes loaded with DOX for pH-responsive delivery of the anticancer drug in cancer

cells.

CONCLUSIONS
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We presented the first example of pH-responsive cubic PMAA hydrogels made with an LbL
template synthesis method on mesoporous manganese oxide templates of cubic geometry.
Hydrogel particles, both cubes and spheres, underwent reversible 2-fold swelling/shrinkage in
response to pH variations. The hydrogel cubes retained their cubic shape while changing in size.
We found the structural integrity and pH-responsive swelling properties of cubic and spherical
hydrogels to be significantly affected by PMAA molecular weight and template porosity. Cubic
and spherical hydrogels with a uniform network structure maintained their 3D structural integrity
by preserving their shapes upon drying. In contrast, capsule-like hydrogel particles with thick
walls, clearly observed with confocal microscopy, collapse upon drying. Swelling ratios for the
capsule-like hydrogels with thick walls, both spherical and cubic, were typically ~10% smaller
than those for the filled hydrogel particles. No cytotoxicity was found for these networks as
investigated upon their interaction with human cancer cells for various time intervals. We also
showed pH-triggered loading and release of doxorubicin to and from cubic gels. Finally, when
A549 and HeLla cancer cells were incubated with 2-um DOX-loaded cubic hydrogels, cell
viability was significantly decreased. The presented approach is simple, robust and integrates
advantages of shape and pH-sensitivity to develop novel types of shape-specific ‘intelligent’

networks with programmable behavior to be used for storage and delivery of functional cargo.
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from Southern Research Institute (MS). Mr. W. Higgins (UAB) is acknowledged for technical
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EXPERIMENTAL

Materials. Poly(ethyleneimine) (PEI, average M,, 25,000), ethylenediamine (EDA), manganese
sulfate monohydrate and ammonium bicarbonate were purchased from Sigma-Aldrich. 1-Ethyl-
3-(3-(dimethylamino)propyl)-carbodiimide hydrochloride (EDC) was obtained from Chem-
Impex International. Poly(methacrylic acid) (PMAA, average M,, 21,800 g mol™, PDI=1.32 ;
and 350,900 g mol”, PDI= 2.05) were from Sigma-Aldrich and Polysciences Inc, respectively.
Ultrapure de-ionized water with a resistivity of 0.055 uS/cm was used in all experiments
(Siemens). Monobasic and dibasic sodium phosphate (Fisher Scientific) were used for
preparation of polymer solutions if otherwise was not mentioned. Doxorubicin hydrochloride

was purchased from LC Laboratories (USA). Poly(N-vinylpyrrolidone) (PVPON, M,, 13,200 g
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mol”, PDI=1.20) was synthesized using modified RAFT polymerization described elsewhere.®’
Briefly, N-vinylpyrrolidone (3.3 g; 30 mmol), Rhodixan A1 (31 mg; 0.15 mmol), AIBN (13 mg;
0.08 mmol) and 1,4-dioxane (2 g) were placed in a Schlenk flask equipped with a magnetic
stirrer. The solution was degassed by three freeze-pump-thaw cycles and set under argon
atmosphere and heated at 60°C for 12 h. The polymerization was stopped by quenching in liquid
nitrogen. The obtained PVPON was precipitated in hexane and filtered. The polymer was
purified by dialysis in deionized water for 3 days using a Float-A-lyzer device with 8 kDa cutoff
(SpectrumLabs).

Synthesis of porous cubic and spherical microparticles. Cubic and spherical manganese
carbonate cores of various sizes were synthesized as described previously.”>*® Briefly, fresh
nano-seed solution was prepared by mixing 0.04 g NHsHCO; and 0.02 g MnSQO4 in 200 mL DI
water. Then, 100 ml of the nano-seed solution was added to 500 mL of 6 mM MnSO, containing
0.5% 2-propanol. Then 500 mL of 0.06 M ammonium bicarbonate solution with 0.5% of 2-
propanol were poured into the nano-seed solution. The mixture was immediately heated at 80°C
for 30 minutes to result in 2 pm cubic manganese carbonate particles. For 4 um cubic particles,
70 mL of the nano-seed solution was added to the MnSQOy4 solution. For MnCOj spherical cores,
300 mL of 0.06 M MnSOQOy solution were heated to 60°C, and 100 mL of the nano-seed solution
and 300 mL of 0.06 M ammonium bicarbonate solution were poured into the MnSQO, solution.
The mixture was stirred vigorously for 15 minutes at 80°C. All the MnCOj particles (cubes and
spheres) were collected by filtering through 0.45 um Whatman filters, rinsed with DI water
several times and dried at room temperature (~25°C). Obtained solid carbonate particles were

heated at 700° C for 3 h to result in porous particles of a similar shape.

Fabrication of nanoporous hydrogel particles. Nanoporous hydrogel particles of various
shapes were made by depositing seven hydrogen-bonded bilayers of PMAA/PVPON inside
pores of the porous particles. Typically, porous templates were exposed to 1.5 mg mL" of
polymeric solution at pH=3.6 for 45 min (15 min sonication and 30 min shaking). After each
deposition step the particles were centrifuged at 6000 rpm for 5 min, and re-suspended in a 0.01
M phosphate at pH=3.5. The rinsing was performed two times before the next deposition step.
Before deposition of (PMAA/PVPON) layers, porous particles were exposed to aqueous PEI

solution (1.5 mg mL, 1 h) to enhance the following multilayer adsorption to the pore surfaces.

15
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The PMAA layers were then cross-linked with ethylenediamine. For this, the carboxylic groups
on the PMAA layers were first activated with carbodiimide solution (5 mg mL™, pH=5 (0.01 M
phosphate) for 30 min, followed by four rinses with 0.01 M phosphate at pH=4.6 and then cross-
linked with ethylenediamine (12 pL mL™ in 0.01 M phosphate at pH=5) for 16 h followed by
four rinses with 0.01 phosphate at pH=4.6. PVPON was released from the core-shells by their
exposure to pH=9. Nanoporous shaped hydrogel particles were obtained after dissolving the
template in 1 M HCI solution for 6 h followed by six rinsing steps with acidic water (pH=2).
After that, hydrogel particles were exposed to ethylenediamine tetraacetic acid disodium salt
(EDTA, 0.1 M) solution at pH=7 for three hours followed by dialysis in deionized water for 3
days. DOX was loaded into hydrogel particles or thick-wall capsules by exposing settled
particles to 10 mg mL" DOX solution in 0.01 M phosphate buffer at pH=6.4 overnight. After
that, supernatants were removed and particles were rinsed 5 times with 0.01 M phosphate
solutions at pH=7.4 and imaged in a Lab-Tek chambered coverglass (Electron Microscopy
Sciences). For pH-induced release of DOX, solutions in the chambers with DOX-loaded
hydrogel particles were exchanged stepwise for 0.01 M phosphate solutions with pH=5, pH=3,
and pH=7.4.

Confocal laser scanning microscopy (CLSM). pH-response of the nanoporous hydrogel
particles was studied using Zeiss LSM 710 confocal microscope equipped with a 63x oil
immersion objective. A drop of a hydrogel particle suspension was added to a chambered
coverglass filled with buffer solutions at a certain pH value and images were taken after the
particles settled at the bottom of the chamber. For CLSM visualization, the particles were soaked
in Alexa-488 fluorescent dye aqueous solution overnight, rinsed 3 times with 0.01 M phosphate

solutions at pH=7.4 and analyzed with CLSM.

Scanning electron microcopy (SEM). SEM analysis was performed using a FEI Quanta™ FEG
microscope at 10 kV. Samples were prepared by depositing a drop of a particle suspension on a
silicon wafer or carbon film and allowing it to dry at room temperature. Before imaging, dried
specimens were sputter-coated with approximately 5-nm gold film using a Denton sputter-coater.
Energy dispersive X-ray spectroscopy was utilized on non-coated specimens dried from aqueous
solutions on Si wafers at 15 kV. For pore size distribution, at least 20 particles of each type were

analyzed.

16
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C-Potential measurements. (-Potential of hydrogel particles on manganese oxide cores was
monitored using Nano Zetasizer (Malvern). For pH-dependent (-potential measurements of the
particles, their suspensions were centrifuged, supernatants were removed and 0.01 M NaH,PO4
solutions at appropriate pH were added, followed by redispersion on a shaker and sonication for
I min. In every case, a zeta potential value was obtained by averaging three independent

measurements (each of 20 runs).

Characterization of porous templates. The surface areas and porosities of manganese oxide
particles were analyzed by physisorption using Micromeritics ASAP 2020. Before analysis, the
samples were degassed at 30°C and 100°C and nitrogen adsorption was performed at -196°C for

relative pressures between 1 and 100%.

Cell studies. Two cell lines (HeLa, human cervical carcinoma cells; and HEK293, human
embryonic kidney cells) were used for non-loaded hydrogel particles cytotoxicity studies. Cells
were seeded in wells of a 96-well tissue culture plate at a density of 2x10* cells/well in DMEM
(high glucose) supplemented with 10% heat-inactivated fetal bovine serum, and incubated with
the particles at a particle-to-cell ratio of 100. Incubation was carried out at 37 °C in an
atmosphere of humidity > 85% and air/CO; ratio of 95/5%. Subsequently, at 24-h intervals
(Days 1, 2, and 3) 100 pL of Cell Titer-Glo reagent (Promega Inc.) was added to each well and
the plates were incubated for an additional 10 min at room temperature on an orbital shaker at
300 rpm. At the end of the incubation, luminescence was measured using a multi-label reader
(Envision, PerkinElmer, Wellesley, MA) with an integration time of 0.1 s. Each treatment was

analyzed in six replicates. Data were used to calculate cell viability relative to untreated controls.

The anticancer potential of DOX-loaded hydrogel particles was studied using A549 (human
alveolar adenocarcinoma) and HeLa cancer cells. The cells were plated in clear-bottom 96-well
black plates at ~25000 cells/well. After cell counting, hydrogel particles containing doxorubicin
hydrochloride (DOX-cubes) were added at 100 particles/cell (six replicates for each condition).
Particle-free supernatant of the DOX-cubes suspension was used as a negative control. The same
volume of supernatant as that of DOX-cubes suspension was used for each case. DOX solution
was used as a positive control of cytotoxicity at 1 uM. The cells exposed to the DOX-cubes, the
particle-free supernatant or DOX solution was incubated at 37°C, 5% CO, for 24, 48 and 72
hours. After each time point, 100 pl of Cell Titer-Glo reagent was added to each well to

17
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determine cytotoxicity. GraphPad Prism software was used for statistical analysis. A statistical t-
test (no parametric) was used to compare the mean values of cells exposed to DOX-cubes and

the negative control.
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Figures

Figure 1. Non-porous MnCOj cubic particles (a) transformed into porous Mn,03 cubic particles
(b) upon heating at 700°C in air. Hydrogen-bonded PMAA/PVPON complexes formed inside
pores of PEI-coated templates (c) were cross-linked with ethylenediamine to form an
interconnected PMAA hydrogel network (d). After core dissolution, responsive hydrogel cubes

of interconnected PMAA networks are formed (e).
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Figure 2. SEM images of 2-um MnCOj cubic and spherical particles as-synthesized (a, b, e, f)
and after heat-induced transformation to porous manganese (III) oxide cubes and spheres (c, d, g,

h). Inset shows the interior of the porous particle.
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Figure 3. (a) {-Potential measurements of non-porous manganese carbonate and porous
manganese oxide cubes of 2 um and 4 um, and (b) of 2 um particles of cubic and spherical

shape. Measurements were performed with particles in 0.01 M phosphate solutions at pH=3.6.
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modified with multilayer hydrogel interconnected networks of PMAA with M,, 21 kDa (filled

grey) and M,, 360 kDa (clear).
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Figure 4. Three-dimensional reconstructions of consecutive focal plane confocal microscopy
images of 2-um cubic hydrogel particles made from PMAA of (a) 21 kDa and (b) 360 kDa with
their corresponding orthogonal (side panel) views (c) and (d), respectively. The particles were
imaged in 0.01 M phosphate buffer solutions at pH=7.4. Inset shows an EDX spectrum of dried
hydrogel particles from (a).
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Figure 5. SEM images of (PMAA) hydrogel particles obtained from 21 kDa PMAA (a,b,c) and
360 kDa PMAA (d,e,f) using 2-pum cubic (a,d), and spherical (b,e), and 4-pum cubic porous
manganese oxide templates. Inset shows 20-layer (PMAA) cubic capsules assembled on

nonporous MnCOj templates. The inset scale bar is 1 pm.
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Figure 6. Left: Optical microscopy images of 2-um cubic (21 kDa PMAA) (a, b), 4-um cubic
(21 kDa PMAA) (d, e), and 2-um spherical (360 kDa PMAA) (g, h) particles imaged at pH=7.4
(a, d, g) and at pH=5 (b, e, h). Right: pH-Induced size variations of 2-um cubic (c), 4-um cubic
(f), and 2-pum spherical (i) PMAA hydrogel particles produced from 21 kDa or 360 kDa PMAA.

The size measurements were performed using confocal microscopy.
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Figure 8. CLSM images of DOX-loaded hydrogel cubes of 2-um (a, b), or of 4-um (c), 2-um
hydrogel spheres (e¢). Hollow 4-um cubic (d) or 2-um spherical (f) thick-wall PMAA hydrogel
capsules. 21 kDa PMAA (a,c,e) or 360 kDa PMAA (b, d, f) were used for the hydrogel
assembly. The particles were imaged in solutions at pH=7.4 (0.01 M phosphate). Scale bar is 2

um.
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Figure 9. Confocal microscopy (top panels) and corresponding transmitted light (bottom panels)
images of 4-um cubic PMAA (21 kDa) hydrogel particles loaded with DOX and consequently
exposed to solutions at pH=7.4 (a,b), pH=5 (c,d) and pH=3 (e,f). Scale bar is 2 pm. (g) A
photograph of 2 um cubic gels of (PMAA); (21 kDa) before and after DOX loading. (h) pH-
dependent release of DOX from 2-um cubic gels of (PMAA); (21 kDa). DOX was loaded into
the hydrogel cubes by incubation of the particles in 0.2 mg mL" DOX solution (pH=6.4, 0.01
M phosphate) for 24 h. DOX-loaded cubic hydrogels were exposed to 0.01 M phosphate buffers
at pH=7.4 (triangles), pH=5 (squares), and pH=3 (circles) for certain periods of time and DOX

release was measured using UV-Vis spectroscopy.
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Figure 10. (a) A representative optical image of A549 cells with internalized 2 um cubic
hydrogels (21 kDa PMAA) with cell nuclei stained in blue (DAPI) and actin filaments stained in
red (AlexaFluor594-conjugated phalloidin). Viability of HeLa and HEK293 cells (%) measured
after 24-, 48, and 72-h incubation of cells with 2-um and 4-um cubic and 2-um spherical PMAA
particles. Human cancer cells, HeLa (a) or HEK293 (b) were plated in the wells of black 96-well

plates at a density of 2x10* cells/well. After overnight incubation, cells were incubated with 2-
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um cubic (21 kDa PMAA) (light grey), 2-um cubic (360 kDa PMAA) (white), 2-um spherical
(21 kDa PMAA) (dark grey), and 4-um cubic (21 kDa PMAA) (striped) particles at cell-to-

particle ratio of 1:100. Each data point represents an average of six replicates + std. dev.

a) (b)
100- ( A549 . Hela
1004 -— * *
* e
L T _-L
—. B0+ * —_
= ¥ = 80+
°
g; 604 = _-*: g g e > *
o= 8% go-
s g o
> 9 > 8
= £ 4D~ =
8 5 8 S5 404
= =
20' 20_
0- T T T 0- T T T
b SR T R I ST ST R o) AP
,oe? \}@ ,QB-E' ..3.@' ,oﬁf’ \}%\ L 33\ & s& & ,{)@
P& Px P > & D .c?;aod"
¥ ¥ ¥ ¥ o & o°
o° Q o° < o° Q o° Q ~ Q Qa*‘

Figure 11. Viability of A549 and HeLa cells (% of negative control) measured after 24-, 48, and
72-h incubation of cells with 2-um DOX-loaded cubic hydrogels of 21 kDa PMAA (DOX-
cubes). Human cancer cells, A549 (a) or HeLa (b) were plated at a density of 2.5 x10* cells/well.
After overnight incubation, cells were incubated with DOX-cubes at cell-to-particle ratio of
1:100. Particle-free supernatant of the DOX-cubes suspension was used as a negative control
with the same volume as that of DOX-cubes suspension. DOX solution (1uM) was used as a
positive control of cytotoxicity. Each data point represents an average of six replicates =+ std.
dev. Mean values were significantly different (*p<0.05, t-test no parametric) from the negative

control.
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