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ABSTRACT: Shape and responsiveness of nanoengineered delivery carriers are crucial
characteristics for rapid and efficient delivery of therapeutics. We report on a novel type
of micrometer-sized hydrogel particles of controlled shape with dual pH- and redox-
sensitivity for intracellular delivery of anticancer drugs. The cubical and spherical
poly(methacrylic acid) (PMAA) networks with disulfide links are obtained by cross-
linking PMAA with cystamine within hydrogen-bonded multilayers of PMAA/
poly(vinylpyrrolidone) (PMAA/PVPON) on sacrificial mesoporous templates. The
pH-triggered hydrogel swelling/shrinkage not only affords effective doxorubicin
entrapment but also efficient endosomal/lysosomal escape, and redox-triggered
degradation provides drug release into the cytosolic space. The hydrogels degrade rapidly to low molecular weight chains in
the presence of the typical intracellular concentration of glutathione, which should ensure a rapid renal clearance in vivo. Particle
shape is found to affect internalization at the initial step of cell-particle interactions. Drug-loaded spherical particles are found to
be 12% more cytotoxic than the corresponding cubes within the first 10 h of cell incubation suggesting more rapid internalization
of spheres. Both doxorubicin-loaded hydrogel cubes and spheres demonstrate 50% and 90% cytotoxicity when incubated with
HeLa cancer cells for 24 and 48 h, respectively. The presented approach integrates the advantages of pH-sensitivity, enzymatic
degradation, and shape-regulated internalization for novel types of “intelligent” three-dimensional networks with programmable
behavior for use in controlled delivery of therapeutics.
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■ INTRODUCTION

The design of smart polymeric systems for intracellular
therapeutic delivery helps resolve the problematic issues
associated with delivery of unmodified chemotherapeutics
including poor solubility and limited stability in plasma,
inefficient intracellular delivery, multidrug resistance, non-
selective toxicity, and a short circulation lifetime.1−5 A variety
of polymeric systems including micro- and nanoscale
dendrimers, micelles, polymersomes, multilayer capsules, and
hydrogel particles have been developed as smart drug delivery
vehicles.6−10 Among those, stimuli-responsive systems have
drawn extensive attention because of the in-built capabilities for
a triggered drug release using a particular stimulus such as
intracellular acidic pH, elevated temperature, and reductive
environment at the pathological site.11−13 Stimuli-responsive
hydrogel systems display such important characteristics as
reversible volume transformations and controlled drug
release.14,15 Their stimuli-triggered volume changes16 along
with good biocompatibility and biodegradability17,18 can be
used for tumor targeting by anchoring the vehicles in the tumor
tissue upon their size increase and enabling the release of
encapsulated therapeutics.

The redox response is the most appealing property that can
be imparted on the intracellular drug delivery vehicle due to a
significant difference in the redox potential between intra- and
extracellular environments. Glutathione (GSH), a tripeptide
enzyme in cells, is able to reduce disulfide bonds to the
corresponding thiols as an electron donor.19 The intracellular
GSH concentration of 2−10 mM is 1000 times higher than that
of 2−20 μM in the extracellular environment with some tumor
cells having GSH concentration several times higher than
normal cells.20 Furthermore, the endosomes/lysosomes contain
a high content of the reducing enzyme γ-interferon-lysosomal
thiol reductase (GILT), which can reduce protein disulfide
bonds at low pH, and of cysteine, which may also exhibit
reducing properties.21 Thus, disulfide-based drug delivery
carriers have demonstrated great potential for a rapid
intracellular drug release while being stable in the extracellular
media, which inhibits the occurrence of drug resistance.22 Wang
and co-workers have produced spherical poly(methacrylic acid)
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(PMAA) nanogels with redox- and pH-responsiveness for
controlled drug delivery.23 Caruso and collaborators have been
developing spherical degradable hydrogel multilayer capsules
based on thiol-modified PMAA for delivery and controlled
release of small molecular weight drugs, siRNA, and
oligonucleotides.24−26

Shape of the drug delivery vehicles was reported to be as
important as their surface chemistry and size in affecting drug
delivery efficiency.27−30 Cellular internalization and circulation
half-life of the drug carrier can be enhanced with a proper
particle shape.20,19,31−33 For instance, blood circulation time
was shown to be extended for PEGylated tobacco mosaic virus
with a rod or discoid shape in contrast to samples having a
spherical shape.34 Mitragotri et al. demonstrated that elliptical
PLGA discoid rigid particles with an aspect ratio of 5 showed
slower endocytosis rates in contrast to spherical ones.35 We
have lately found that rigid hydrogen-bonded tannic acid/
poly(N-vinylpyrrolidone) (TA/PVPON) hemispherical capsu-
les produced layer-by-layer (LBL) were internalized by
macrophages 2 times more efficiently that those of the
spherical shape.32 In our recent work, we also showed that
red blood cell mimicking multilayer hydrogel discoidal capsules
of PMAA/PVPON interacted differently with J774A.1 macro-
phages, HMVEC endothelial cells, and 4T1 breast cancer cells
and that the discoidal capsules showed 60% lower internal-
ization as compared to spherical capsules.36

Despite the crucial role of particle shape in drug delivery,
shaped hydrogel systems with environmental responses have
been minimally explored.36,37 The lack of studies in this area is
probably associated with the synthetic challenge of integrating
stimuli-sensitivity into shaped structures. The paucity of
responsive nonspherical hydrogel structures is likely due to
their poor mechanical stability.38 In contrast, the highly cross-
linked microsized networks obtained by microfluidics and
PRINT offered excellent control over shape and size, but they
lacked the capability of dynamic change.39,40 Apparently,
stimuli-triggered dimensional changes of the hydrogel particles
require the spatial conditions for polymer chain rearrangement
that are not available in particles from those processes.
Our group has recently reported pH-sensitive 2 μm hydrogel

cubes comprised of PMAA interconnected networks.16 Those
particles were obtained by sequential infiltration of PMAA and
PVPON inside mesoporous manganese oxide templates,
followed by cross-linking of PMAA with ethylenediamine and
template dissolution.16 Hydrogel particles afford for high
loading capacity provided by the porous interconnected
networks,41,42 a feature challenging to achieve with hydrogel
capsules because of drug leakage from the capsule cavity.43

In the current study, we report on doxorubicin (DOX)-
loaded PMAA hydrogel cubes and spheres capable of both
intracellular degradation and pH-responsiveness through
introduction of cystamine (CS) cross-links within the networks.
The effects of particle shape on GSH-induced degradation,
internalization by human cervical carcinoma HeLa cells, and
intracellular delivery of DOX are explored. Unlike previous
reported spherical thiol-modified PMAA particles swollen only
at pH > 6,10,44 the biodegradable PMAACS cubical and spherical
hydrogels designed herein swell both under neutral and slightly
acidic pH conditions. The first swelling (pH > 6) facilitates
drug loading within the network, while the second swelling (pH
< 6) provides drug release in the early endosomes at pH = 5−
6.545 or under the slightly acidic pH microenvironment in
cancerous tissue.46 To the best of our knowledge this work is

the first example of shaped hydrogels with dual pH- and redox
sensitivity. Our approach integrates multistimuli responsiveness
into hydrogel particles of nonspherical shape and provides a
new strategy to regulate internalization of intracellular
responsive drug carriers.

■ EXPERIMENTAL SECTION
Materials. Poly(methacrylic acid) (PMAA, average Mw 21 800 g

mol−1, Đ = 1.32), polyethylenimine (PEI, average Mw 25 000 g mol
−1),

poly(N-vinylpyrrolidone) (PVPON, average Mw 58 000 g mol−1),
glycidyl methacrylate (GMA), L-glutathione reduced (GSH), cyst-
amine dihydrochloride, and ethylenediaminetetraacetic acid (EDTA)
were purchased from Sigma-Aldrich. 1-Ethyl-3-(3-(dimethylamino)-
propyl)-carbodiimide hydrochloride (EDC) was obtained from Chem-
Impex International. Ultrapure deionized water with a resistivity of
0.055 μS cm−1 was used in all experiments (Siemens). Monobasic
sodium phosphate, hydrochloric acid, and sodium hydroxide were
from Fisher Scientific. Doxorubicin hydrochloride was purchased from
LC Laboratories (USA). Porous cubic (1.5−2 μm) and spherical
(1.5−2 μm) Mn2O3 microparticles were synthesized as described
previously.16

Fabrication of Cystamine-Cross-Linked (PMAAs)n Multilayer
Hydrogel Planar Films. Prior to film deposition, Si wafers
(University Wafers) were cleaned as described elsewhere.47 Hydro-
gen-bonded films of (PVPON/PMAA)n, where subscript n denotes
the number of deposited polymer bilayers, were built using a dipping
LBL assembly. To enhance the surface adhesion of the multilayers, a
layer of poly(glycidyl methacrylate) (PGMA) was covalently bound to
the wafers first as described previously.47 The assembly of the
(PVPON/PMAA) multilayer was then performed from 0.5 mg mL−1

polymer solutions (0.01 M phosphate) followed by CS cross-linking.
For that, the carboxyl groups were first activated with water-soluble
carbodiimide (5 mg mL−1, 0.01 M phosphate) at pH = 5 for 40 min,
followed by exposure to CS (1 mg mL−1, 0.01 M phosphate) at pH =
5.8 for 3 h. PVPON was released from the CS-cross-linked PMAACS
multilayer hydrogel at pH = 8 (0.01 M phosphate) followed by rinsing
with pH = 5 (0.01 M phosphate) and gently dried with a stream of
nitrogen.

Ellipsometry. Film thickness measurements were performed using
an M2000U spectroscopic ellipsometer (Woollam). Dry film measure-
ments were performed between 400 and 1000 nm at 65°, 70°, and 75°
angles of incidence. For data interpretation, the ellipsometric angles Ψ
and Δ were fitted using a multilayer model composed of Si, SiO2, and
the polymer layer to obtain the film thickness. The SiO2 thickness was
measured for each wafer and was determined using known optical
constants. The thickness of the polymer film was obtained by fitting
data with the Cauchy approximation. pH-Dependent measurements of
the films were performed in situ using a 5 mL liquid flow-through cell
(Woollam). The cell was filled with 0.01 M phosphate buffer solution
at various pH values, and measurements were taken after 20 min of
equilibration. The thickness of the multilayer film at each pH was
obtained by fitting data with the Cauchy approximation.47 GSH-
Triggered PMAACS film degradation was monitored by measuring the
change in dry film thickness. For that, PMAACS multilayer hydrogel
films were placed in phosphate buffered saline (PBS, pH = 7.4) and in
GSH solution (5 mM, pH = 7.4) at 37 °C. After certain time points,
films were taken from the solutions, rinsed with pH = 5 (0.01 M
phosphate) three times, and dried under nitrogen. Their dry thickness
was measured using ellipsometry.

Synthesis of Biodegradable Cubic and Spherical Microgel
Particles. Nanoporous PMAACS hydrogel particles of cubic and
spherical shapes were prepared as described previously.16 Briefly,
hydrogen-bonded (PMAA/PVPON)5 multilayers were assembled LBL
inside porous Mn2O3 particles that were first exposed to aqueous PEI
solution (1.5 mg mL−1) for 1 h. The deposition was performed by
sequential exposure of the Mn2O3 particles to 1.5 mg mL−1 polymer
solutions at pH = 3.6 (0.01 M phosphate) with 45 min of deposition
time including 15 min of sonication and 30 min of shaking. Then
particles were collected by centrifugation at 6000 rpm for 5 min and
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resuspended in a 0.01 M phosphate at pH = 3.6 to rinse off
nonadsorbed polymer. The rinsing was repeated two times. After
deposition, the inorganic template was dissolved in 1 M HCl for 24 h
followed by six rinses with deionized (DI) water at pH = 2. The
PMAA layers were cross-linked with cystamine hydrochloride (1 mg
mL−1, pH = 5.8, 0.01 M phosphate) for 20 h after activation with
carbodiimide solution (5 mg mL−1, pH = 5, 0.01 M phosphate) for 40
min. PVPON was released from the resultant PMAACS hydrogels
during their exposure to pH = 8 for 24 h. The hydrogel particles were
further treated in ethylenediaminetetraaceticacid disodium salt
(EDTA, 0.1 M) solution at pH = 7 for 3 h followed by dialysis in
DI water for 3 d. DOX-loaded PMAACS hydrogel particles were
obtained by incubating the particles with 0.2 mg mL−1 DOX solution
(pH = 6.4, 0.01 M phosphate) for 24 h followed by rinsing with 0.01
M phosphate solutions at pH = 7.4 five times. The amount of DOX
loaded in hydrogel particles was determined by using a DOX
calibration curve. The drug loading capacity (DLC, the amount of
DOX per particle) was calculated as follows: DLC = (([DOX]i −
[DOX]s)/(number of particles)), in which [DOX]i is the initial DOX
concentration and [DOX]s is the concentration of DOX in
supernatant after particle loading. The number of particles was
counted using a hemacytometer (Fisher Scientific).
Scanning Electron Microcopy. The shape and morphology of

PMAACS hydrogel particles were examined by using an FEI Quanta
FEG SEM microscope at 10 kV. Samples were prepared by depositing
a drop of a particle suspension on a silicon wafer and allowing it to dry
overnight at room temperature. Before imaging, dried specimens were
sputter-coated with an ∼5 nm thick gold layer using a Denton sputter-
coater.
Fourier Transform Infrared Spectroscopy. Infrared spectra of

freeze-dried (PMAA/PVPON)5 hydrogen-bonded templates and their
cross-linked (PMAACS)5 counterparts were collected with a Bruker
Alpha FT-IR spectrometer in transmission mode under ambient
conditions.
ζ-Potential Measurements. Surface charge of the (PMAA/

PVPON) and PMAACS particles was obtained by measuring their ζ-

potential using a Nano Zetasizer (Malvern). For pH-dependent ζ-
potential measurements, the hydrogel particles were collected via
centrifugation, and their supernatants were exchanged for 0.01 M
phosphate solutions with a certain pH value followed by particle
redispersion. In every measurement, a ζ-potential value was obtained
by averaging three independent measurements.

Confocal Laser Scanning Microscopy. pH-Response of the
nanoporous (PMAACS)5 multilayer hydrogel particles was studied
using a Nikon A1R+ confocal laser microscope equipped with a 100×
oil immersion objective. A drop of a hydrogel particle suspension was
added to a Lab-Tek chambered coverglass filled with buffer solutions
at certain pH values; images were taken after the particles settled at the
bottom of the chamber.

Turbidity Measurements. Turbidity measurements were per-
formed to trace the GSH-induced degradation of PMAACS hydrogels
at 37 °C using fluorometry (Varian, Cary Eclipse). The scattering
intensity of the particle suspension (2 × 105 hydrogels μL−1) at pH =
7.4 in PBS with or without 5 mM GSH was measured at λ = 700 nm.
The ratio of the particle scattering intensity at a certain interval to that
of the initial nondegraded particles was used to calculate the relative
turbidity.

In Vitro Doxorubicin Release. DOX-loaded (PMAACS)5 hydro-
gel particles (6.7 × 105 hydrogels μL−1) either with or without 5 mM
GSH were stirred continuously in PBS solution at pH = 7.4 at 37 °C.
At desired time points, the solutions were centrifuged at 8000 rpm for
5 min, and the amount of DOX released from the hydrogels was
determined by measuring UV−vis absorbance of supernatants at 490
nm (Varian Cary 50).

Cell Studies. Human cervical carcinoma HeLa cells were used for
hydrogel cytotoxicity and cellular internalization studies. For DOX-
free (PMAACS)5 hydrogel particle cytotoxicity studies, cells were
seeded in wells of a black 96-well glass-bottom plate at a density of 2 ×
104 cells per well in Dulbecco’s Modification of Eagle’s Medium
(DMEM; high glucose) supplemented with 10% heat-inactivated fetal
bovine serum, and incubated with the (PMAACS)5 hydrogel particles at
a particle-to-cell ratio of 100. Incubation was performed at 37 °C in an

Scheme 1a

aHydrogen-bonded (PMAA/PVPON)n multilayer templates (1) were cross-linked with CS to result in a (PMAACS)n multilayer hydrogel coating
(2). This multilayer hydrogel coating swells at pH > 6 (anionic) and pH < 5 (cationic) (3), and is degradable in the presence of GSH due to
reduction of disulfide bonds (4).
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atmosphere of humidity ≥85% and air/CO2 ratio of 95/5%.
Subsequently, at 24, 48, and 72 h intervals, 10 μL of Alamar Blue
(Invitrogen) was added directly to cells in culture medium (1/10th
volume), and the plates were incubated for another 2 h. Finally,
fluorescence was read using a fluorescence excitation/emission λ =
570/585 nm in an Envision reader. Each treatment was analyzed in six
replicates. Data were used to calculate cell viability relative to
untreated controls.
For cell internalization studies, HeLa cells were plated at a density

of 10 000 cells per well in a 96-well plate. Cells were allowed to adhere
for 24 h followed by culturing with DOX-free (PMAACS)5, DOX-
loaded (PMAACS)5 cubes or spheres, or free DOX solution (0.68 μL,
0.2 mg mL−1) for 1 and 6 h. The particle-to-cell ratio was 20:1. After
that, liquid medium was aspirated, and the cells were washed once with
PBS and covered to a depth of 2−3 mm with 4% paraformaldehyde
diluted in 1X PBS for 20 min. Fixative was aspirated, and cells were
rinsed three times with 1X PBS for 5 min each. Subsequently,
specimens were blocked for 1 h using 1X PBS, 0.2% Triton X-100,
10% normal serum from the same species as the secondary antibody.
Then, a primary antibody against the human early endosome antigen
(EEA1 goat antibody, Santa Cruz Biotechnology) was added diluted
1:50 in antibody dilution buffer (1X PBS/1% BSA/0.2% Triton X-
100) and incubated overnight at 4 °C under gentle agitation. Cells
were rinsed three times with 1X PBS for 5 min each and incubated for
1 h at room temperature in the dark with a fluorophore-conjugated
secondary antibody (Donkey anti-Goat IgG secondary antibody Alexa
Fluor 488 conjugate, Life Technologies) diluted 1:200 in antibody
dilution buffer. Finally, after rinsing three times with 1X PBS, cells
were incubated with DAPI to stain the cell nuclei. Fluorescent optical
sections were collected with Nikon A1R+ confocal laser microscope
system equipped with a 100× oil immersion objective using a TRITC/
Alexa488/DAPI filter set. Multiple optical sections were imaged for
each microscopic field.
The anticancer potential of DOX-loaded (PMAACS)5 hydrogel

particles was studied using HeLa cells. The cells were plated in glass-
bottom 96-well black plates at 2 × 104 cells per well. The DOX-loaded
cubical or spherical hydrogels were added at 100 particles per cell
(four replicates for each condition). Particle-free supernatant of the
particle suspension was used as a negative control. The same volume
of supernatant as that of DOX-loaded hydrogel suspension was used
for each case. The equal amount of DOX (6.8 μL; 0.2 mg mL−1) was
used as a positive control of cytotoxicity assessment. The cells were
incubated in a humidified atmosphere at 37 °C with 5% CO2 for 3, 10,
24, and 48 h. After each time point, 10 μL of Alamar Blue (Invitrogen)
was added directly to cells in culture medium (1/10th volume), and
the plates were incubated for another 2 h. Subsequently, fluorescence
was read using a fluorescence excitation/emission λ = 570/585 nm in
an Envision reader. Data were presented as a mean ± standard
deviation and analyzed using a two-tailed t-test. The level of significant
difference between mean values for each experimental group was set at
a probability of p < 0.05.

■ RESULTS AND DISCUSSION
Cystamine-Cross-Linked (PMAACS)n Hydrogel Films:

Fabrication, pH-Response, and Biodegradation. CS-
cross-linked PMAA hydrogels were first prepared and
characterized on flat templates. PMAA was assembled with
PVPON into nanothin hydrogen-bonded planar multilayers
from 0.5 mg mL−1 polymer solutions at pH = 2.5 as shown in
Scheme 1 (1). The PMAA layers within the (PMAA/PVPON)
hydrogen-bonded multilayer template were then cross-linked
with CS, and PVPON was released from the (PMAACS)n
hydrogel multilayer at pH = 8 (0.01 M phosphate) (Scheme
1; 2−3). Since the CS molecule has a disulfide group and two
additional methylene groups in its chemical structure as
compared to EDA, there existed a concern that a more
hydrophobic CS linker could adversely affect the pH-responsive
behavior of the multilayer hydrogel or shift the pH-dependent

swelling regions to extremely basic and acidic conditions.
Figure 1a shows that multilayer hydrogels of (PMAACS)5 and

(PMAACS)15 with corresponding dry thicknesses of 26 and 67
nm demonstrated pH-dependent swelling at pH > 6 and pH <
5 due to mutual repulsion of the ionized carboxylic and amino
groups, respectively, similar to that observed for PMAA
multilayer hydrogels cross-linked with EDA as measured by
in situ ellipsometry.48,49 However, we observed a shift in the
pH value at which the minimum hydrogel swelling is observed
for thicker hydrogels from pH = 6 for (PMAACS)5 to pH = 5
for (PMAACS)15 (Figure 1a and Supporting Information, Figure
S1). This change can be attributed to a more hydrophobic
microenvironment within (PMAACS)5 unlike that of
(PMAACS)15 because of a higher (PMAACS)5 cross-link density
compared to that of (PMAACS)15. The average cross-link
densities of the hydrogels were 71 and 122 monomer units
between two cross-links for (PMAACS)5 and (PMAACS)15,
respectively, as calculated from nonionic swelling (at minimum
multilayer hydrogel swelling) measured by in situ ellipsometry
using the Flory equation for one-dimensional swelling of
nonionic gels.49 The hydration ratio of (PMAACS)5 was
calculated as the ratio of the difference between the wet film
thickness at the minimum film swelling Tw and its dry thickness
Td, and the film’s dry thickness. This ratio (Tw − Td)/Td was
45% lower than that for (PMAACS)15, yielding 2.2- and 3.2-fold,
respectively. A similar shift of the hydrogel swelling response
toward a higher pH value was observed for EDA-cross-linked
poly(2-ethylacrylic acid) (PEAA) hydrogels, where higher
charge densities were needed to expand the PEAA multilayer
hydrogel compared to that of the less hydrophobic PMAA.50

The more hydrophobic nature of CS-cross-linked PMAA
hydrogels is also evident from the smaller overall swelling

Figure 1. (a) pH-dependent (PMAA)5 and (PMAA)15 hydrogel film
swelling ratios, Tw/Tw(min) (the ratio between wet film thickness at a
certain pH, Tw and the minimal wet thickness of the film, Tw(min)) as
measured by in situ ellipsometry. (b) Degradation of CS-cross-linked
(PMAACS)n multilayer hydrogel films (n = 5; 10; 15 layers) in the
presence of 5 mM GSH in PBS (pH = 7.4, 37 °C) as the percentage of
thickness remained after the treatment calculated as the ratio of
PMAACS hydrogel thickness at a certain time point T to the initial
hydrogel thickness Tin.
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ratios at pH > 7 observed for (PMAACS)5 and (PMAACS)15
compared to that of EDA-cross-linked PMAA systems. Both
were prepared by dipping under similar conditions with the
corresponding maximum swelling ratios of 1.2 for PMAACS
versus 2.5 for PMAAEDA.

49

Since disulfide bonds in the CS cross-links of PMAACS
hydrogels can be reduced to thiols in the presence of
intracellular GSH concentration of 5 mM, we studied the
biodegradation of CS-cross-linked PMAA hydrogel films in the
presence of GSH using ellipsometry. The dry thickness of the
planar (PMAACS)5, (PMAACS)10, and (PMAACS)15 hydrogels
exposed to 5 mM GSH solution in PBS (pH = 7.4) at 37 °C
was measured at certain time intervals. As a negative control,
(PMAACS)5 films exposed to the PBS solution without GSH
under the same conditions was used. The extent of degradation
of each planar hydrogel was characterized by the percentage of
thickness remaining after the treatment; calculated as the ratio
of hydrogel thickness at a certain time point T to the initial
hydrogel thickness Tin. Figure 1b demonstrates that no loss of
thickness was observed for (PMAACS)5 hydrogels without GSH
treatment, while the ratio of thickness for (PMAACS)5,
(PMAACS)10, and (PMAACS)15 decreased to 37 ± 3, 61 ± 6
and 86 ± 4%, respectively, after 30 min of the GSH treatment.
The complete degradation of the (PMAACS)5, (PMAACS)10,
and (PMAACS)15 hydrogels (due to reduction of the disulfide
links to thiol groups and subsequent hydrogel disassembly) was
observed after 2, 2.5, and 3.5 h of the treatment, respectively
(Figure 1b). The slightly longer times required for dissolution
of (PMAACS)10 and (PMAACS)15 hydrogels compared to
(PMAACS)5 are explained by their larger initial thicknesses
(44 and 67 nm vs 26 nm, respectively).
PMAACS Hydrogel Particles: Fabrication and Proper-

ties. To obtain the degradable PMAACS hydrogel particles, 2
μm porous Mn2O3 cubic and spherical cores were used as
sacrificial templates.16 As Figure 2a schematically shows,
hydrogen-bonded (H-bonded) complexes of PMAA/PVPON
were formed LBL inside PEI-coated porous Mn2O3 particles
using five deposition cycles at pH = 3.5 (0.01 M phosphate),
followed by dissolution of the inorganic template by exposing
the (PMAA/PVPON)5-modified particles to 1 M HCl solution
for 24 h. After the H-bonded multilayer 3D particles were
thoroughly rinsed with aqueous pH = 2 solution (Figure
2a(3)), PMAA layers were CS-cross-linked for 20 h, and
PVPON was released from the (PMAACS)5 hydrogel particles
during their exposure to pH = 8 for 24 h (Figure 2a(4)).
The Fourier transform infrared (FT-IR) spectrum of the

freeze-dried (PMAA/PVPON)5 H-bonded particles shows the
absorption band at 1694 cm−1 characteristic of stretching
vibrations of the protonated carboxylic groups of PMAA,
whereas the absorption band at 1650 cm−1 is attributed to the
carbonyl stretching vibrations in PVPON37 (Supporting
Information, Figure S2). The release of PVPON from
(PMAACS)5 hydrogel particles after cross-linking was confirmed
by the disappearance of the absorption band at 1650 cm−1 in
the FT-IR spectrum of the hydrogel particles freeze-dried from
solution at pH = 8. The new absorption band at 1617 cm−1 for
(PMAACS)5 particles freeze-dried from solution at pH = 3.5
corresponds to amide I peak and indicates the linkages between
amine and carboxyl groups in CS and PMAA, respectively
(Figure S2). The shift from 1541 cm−1 corresponding to
ionized −COO− groups to 1649 cm−1 corresponding to
protonated −COOH groups in the spectra for particles freeze-
dried from pH = 8 and pH = 3.5,37,48 respectively, confirms the

presence of functional pH-responsive carboxylic groups in the
hydrogel particles of (PMAACS)5.
Scanning electron microscopy (SEM) images of the

(PMAACS)5 hydrogels prepared using spherical and cubical
manganese oxide templates revealed that they retained their
respective 3D shapes in the dry state (Figure 2b,d), while the
corresponding (PMAACS)5 hydrogel capsules prepared on
nonporous manganese carbonate templates, although replicat-
ing the shape of the templates in solution, collapsed upon
drying (Figure 2c,e). The ability of the multilayer hydrogel
particles to preserve their 3D structure indicates that both
PMAA and PVPON polymers can infiltrate into the pores of
Mn2O3 during the deposition process and that the (PMAA/
PVPON) multilayers are formed inside pores, a result similar to
previously reported poly(acrylic acid)/poly(allylamine hydro-
chloride) (PAA/PAH) ionically paired multilayers.51

The pH-controlled reversal of surface charge for (PMAACS)5
hydrogel particles was observed using ζ-potential measure-
ments of the particle suspensions in 0.01 M phosphate
solutions prepared at certain pH values. Figure 3a demonstrates
that before cross-linking, the ζ-potential was negative for
cubical and spherical (PMAA/PVPON)5 particles (with values

Figure 2. (a) Synthesis of nanoporous hydrogel particles made of CS-
cross-linked PMAACS multilayers: Inside PEI-coated porous Mn2O3
cubic or spherical particles (1) hydrogen-bonded complexes of
PMAA/PVPON are formed LBL (2). After dissolution of the
inorganic template (3), PMAA layers are cross-linked with CS and
PVPON is released from PMAACS multilayer hydrogel particle (4).
SEM images of (b, c) cubic and (d, e) spherical (PMAACS)5 multilayer
hydrogel (b, d) particles and (c, e) capsules.
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of −16.3 ± 0.7 and −41.8 ± 0.1 mV for cubic and −16.3 ± 0.3
and −38.4 ± 0.5 mV for spherical at pH = 3 and pH = 5,
respectively). The negative surface charge of the H-bonded
template particles is because of the carboxyl groups within the
PMAA segments not involved in H-bonding with PVPON.32

After cross-linking with CS and release of PVPON from the
multilayer hydrogel networks, the surface charge of (PMAACS)5
at pH = 3 became slightly positive, yielding the ζ-potential
values of 9.6 ± 0.3 and 13 ± 1 mV for the hydrogel cubes and
spheres, respectively (Figure 3b). Also, in contrast to the H-
bonded templates, the surface charge of the hydrogel particles
was neutral at pH = 5 with the ζ-potential values oscillating
around 0 mV (Figure 3b). The positive surface charge of the
(PMAACS)5 hydrogel particles at pH < 5 is because of the
protonation of free amine groups in singly attached CS
molecules (where only one molecule end participates in cross-
linking), while negative ζ-potential values at pH > 5 are due to
ionized carboxylates from PMAA (Figure 3b).
The ionization of the available amine or carboxylic groups in

the (PMAACS)5 hydrogel particles at pH < 5 or pH > 5,
respectively, resulted in pH-controlled reversible changes in the
hydrogel particle dimensions as observed using confocal
microscopy. For instance, both (PMAACS)5 cubes and spheres
increased in size when transferred from pH = 5 to pH = 3 by
1.3 ± 0.1 and 1.2 ± 0.1 fold, and again when transferred from
pH = 5 to pH = 8 increased by 1.6 ± 0.1 and 1.5 ± 0.1 fold,
respectively. The (PMAACS)5 hydrogel cubes increased from

2.5 ± 0.2 μm to 3.9 ± 0.3 μm when the solution pH was
changed from pH = 5 to pH = 8 and to 3.2 ± 0.2 μm at pH = 3
(Figure 3c). Similarly, the (PMAACS)5 spherical hydrogels
increased from 2.6 ± 0.2 μm at pH = 5 to 4.0 ± 0.3 μm at pH =
8 and to 3.1 ± 0.4 μm at pH = 3 (Figure 3c). However, despite
the change in size, the particles impressively maintained their
3D shape (Supporting Information, Figure S3).
After cubical (PMAACS)5 hydrogel particles were incubated

in 0.1 M EDTA solution at pH = 7 for 3 h, the size of the
hydrogel particles at pH = 5 slightly decreased from 2.5 ± 0.3
to 2.2 ± 0.3 μm (Figure 3c) implying that some Mn2+ ions
could be still trapped in the (PMAA/PVPON) templates upon
core dissolution and need to be removed from the particles to
render them cytocompatible. However, the effect on swelling
behavior of lingering manganese ions from the dissolved
manganese oxide cores was found negligible. After EDTA
purification of (PMAACS)5 hydrogel cubes, the overall swelling
at pH = 3 and pH = 8 was 1.3 ± 0.1 and 1.5 ± 0.1-fold,
respectively, and did not differ from the hydrogels before
purification (Figure 3c). The (PMAACS)5 hydrogel particles
showed a swelling profile similar to that of our previously
demonstrated nondegradable EDA-linked hydrogel particles.16

However, the overall swelling ratios (the ratio of the particle
size at a certain pH to the minimum size of the hydrogel
particle at pH = 5) were smaller than those of the EDA-cross-
linked cubes or spheres, which underwent a nearly twofold
reversible swell/shrink response to pH variations.16 The lower
1.5−1.2-fold swelling ratios of the (PMAACS)5 biodegradable
hydrogels can be explained by a more hydrophobic nature of
those structures because of a more hydrophobic CS linker as
discussed above for planar PMAACS hydrogels.

Shaped PMAACS Hydrogel Particles: Loading and
Release of DOX in Situ. The anticancer drug DOX was
loaded inside both spherical and cubical (PMAACS)5 particles of
2 μm by soaking them in 0.2 mg mL−1 DOX solution at pH =
6.4 for 24 h followed by rinsing with pH = 7.4 buffer (0.01 M
phosphate). Confocal microscopy images of the DOX-loaded
(PMAACS)5 hydrogels demonstrate that the drug was
homogeneously loaded throughout the particle volume (Figure
4a,b). In contrast, the thiol-modified PMAA hydrogel capsules

Figure 3. (a) pH-Dependent variations of ζ-potential for hydrogen-
bonded (PMAA/PVPON)5 template-free particles. (b) pH-Dependent
variations of ζ-potential values for cubic and spherical template-free
(PMAACS)5 hydrogel particles. (c) pH-Dependent size variations of
cubic and spherical (PMAACS)5 hydrogel before (□, ○) and after
EDTA treatment (◇).

Figure 4. CLSM images of (a) cubic and (b) spherical (PMAACS)5
hydrogel particles loaded with DOX. (c) Comparison of ζ-potential
values of DOX-free (gray, white) and DOX-loaded (vertical and
horizontal stripes) cubic and spherical (PMAACS)5 hydrogel particles
at pH = 7.4 (0.01 M phosphate).
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reported earlier can only load DOX or other small drugs mainly
in the hydrogel capsule wall because of ionic and hydrophobic
interactions between the drug molecules and the negatively
charged PMAA shell and require using lipophilic phases or
surfactants to entrap DOX in the capsule interior.26,52 The
difficulty of retaining DOX inside the thiol-modified PMAA
capsule cavity results in the leakage of drug molecules from the
capsule because of the enhanced permeability of the capsule
shell at physiological pH.52 In the multilayer hydrogel particles
studied here, the PMAACS film is “packed” throughout the
volume of the particle, therefore providing an enormous area of
interaction for the drug unlike in the hollow hydrogel capsules.
Moreover, the accumulation of positive charge within the
PMAACS hydrogel particles at pH < 5 can facilitate their
endosomal/lysosomal escape via inducing endosomal disrup-
tion because of the hydrogel swelling.5,53,54

After DOX-loading, the (PMAACS)5 multilayer hydrogel
particles reversed their surface charge from the negative ζ-
potential values of −20 ± 1 and −21.3 ± 0.9 mV to the slightly
positive 5.2 ± 0.5 and 3.8 ± 0.4 mV for the cubes and spheres,
respectively, as observed from the ζ-potential measurements of
the hydrogels at pH = 7.4 (0.01 M phosphate; Figure 4c). This
positive surface charge can be attributed to the presence of
positively charged DOX molecules (pKa = 8.3) at the hydrogel
particle surfaces. The positive charge of the DOX-loaded
(PMAACS)5 hydrogel particles can facilitate their uptake by cells
because of their interactions with negatively charged cell
membranes.55,56 The DOX loading capacity of the cubical and
spherical hydrogels was found to be (6.8 ± 0.2) × 10−4 and
(6.2 ± 0.8) × 10−4 ng per particle, respectively.
The degradation of the (PMAACS)5 hydrogel microparticles

in the presence of intracellular concentrations of GSH was
evaluated using turbidity measurements.47 The relative
turbidity, defined as the ratio of the (PMAACS)5 hydrogel
particle solution scattering intensity at certain time points to
the initial scattering intensity, was measured in the presence of
5 mM GSH solution in PBS (pH = 7.4, 37 °C) using
fluorescence spectrophotometry. With no GSH in the hydrogel
suspension, the relative turbidity of (PMAACS)5 hydrogels did
not change with time indicating chemical stability of the
hydrogel particles (Figure 5a). GSH treatment provided
complete hydrogel particle degradation in 3 h, which is in
agreement with the planar hydrogel data discussed above
(Figure 5a).
The slightly faster degradation of hydrogel spheres compared

to cubes observed within the first hour (with the relative
turbidites of 40 ± 3 and 50 ± 2%, respectively) can be
explained by a 1.9-fold larger hydrogel cube volume compared
to that of the sphere of the same size, that is, when the length of
a cube side is the diameter of a spherical particle. The reduction
of the disulfide groups within PMAACS multilayer hydrogels to
corresponding thiols in the cytoplasm should result in release of
initial polymer chains with Mw of 21 kDa with an average radius
of gyration Rg = 1.8 nm (assuming the PMAA persistence
length of 0.3 nm),57 which should ensure a rapid renal
clearance of the degraded polymer matrix (renal retention
threshold is 30 kDa).56,58,59

The release of DOX from DOX-loaded degradable
(PMAACS)5 hydrogel cubes and spheres in the presence of 5
mM GSH (PBS, pH = 7.4, 37 °C) was quantified using UV−vis
spectroscopy. We found that after 1 h, the amount of DOX
released under conditions of the typical intracellular micro-
environment was 46 ± 5 and 44 ± 4% from cubical and

spherical (PMAACS)5 hydrogels, respectively, (Figure 5b) and
saturated at 87 ± 3 and 86 ± 3% for the cubes and spheres,
respectively, after 10 h. In the absence of GSH, the cumulative
release of DOX from the (PMAACS)5 cubical hydrogels was
only 14 ± 3% after their 22 h of incubation in PBS solution at
pH = 7.4 and 37 °C (Figure 5b).

Shaped PMAACS Hydrogel Particles: Release of DOX
in Vitro. Interactions of spherical and cubical DOX-loaded
(PMAACS)5 degradable hydrogels with human cervical
carcinoma cells (HeLa) were explored. The results were
compared with the internalization of the corresponding DOX-
free hydrogel particles as well as with free DOX solution. Figure
6 demonstrates the representative confocal microscopy images
of HeLa cells incubated for 1 h with DOX-free (PMAACS)5
hydrogel cubes and spheres (Figure 6a,b, respectively), free
DOX solution (Figure 6c), and DOX-loaded (PMAACS)5 cubes
and spheres (Figure 6d,e, respectively). HeLa cell nuclei and
cytoplasm endosomes/lysosomes appear in blue (DAPI signal)
and green (Alexa Fluor 488 signal), respectively. The bright red
fluorescence from DOX within HeLa cell nuclei indicates
effective drug transport into the cancer cell nuclei. Though the
red DOX fluorescence is colocalized with the blue fluorescence
signal from the cell nuclei, there is no signal of DOX in the
cytoplasm, which appears green because of Alexa Fluor 488-
labeled endosomes/lysosomes (Figure 6). Delivery of DOX
into cells by nonstimuli-responsive drug carriers has a low
efficiency as the drug is usually trapped with delivery vehicles in
the endosomes/lysosomes.60 Our results suggest a fast
internalization of (PMAACS)5 hydrogels and a fast escape of
particle-loaded DOX from lysosomes to enter to the cell nuclei.
The slightly positive surface charge of the DOX-loaded

hydrogel particles can readily facilitate entry inside cells
through an endosomal internalization pathway because of
enhanced particle-cell membrane interactions. The lower

Figure 5. (a) Degradation of CS-cross-linked (PMAACS)5 hydrogel
particles in the presence of 5 mM GSH at pH = 7.4 (PBS, 37 °C) as
monitored via relative turbidity measurements performed using
fluorometry (λ = 700 nm). (b) Release of DOX from cubic and
spherical DOX-loaded (PMAACS)5 hydrogels in the presence of 5 mM
GSH in PBS buffer (pH = 7.4) at 37 °C as monitored by UV−vis
spectroscopy.
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endosomal/lysosomal pH (pH = 6.5−5 in endosomes and pH
= 4 in primary/secondary lysosomes) and the presence of
reducing agents (e.g., γ-interferon-inducible lysosomal thiol
reductase) may cause a lower pH-triggered increase of
(PMAACS)5 particle volume and its partial degradation resulting
in endosomal/lysosomal vesicle rapture and DOX release into
the cytosolic space.61 Finally, the disulfide bonds of the
PMAACS hydrogel will be further reduced by intracellular GSH
causing dissolution of the PMAACS matrix into small molecular
weight polymer chains as discussed above. Indeed, confocal
microscopy images of HeLa cells incubated with the cubical
(Figure 7a,b) and spherical (Figure 7c,d) hydrogel particles for
6 h revealed that the particles (indicated by arrows) internalized
by the cells significantly decreased in size. The particle shape
became impossible to distinguish by confocal microscopy after
6 h of incubation with the cells because of the particle
degradation.
To evaluate the therapeutic properties of the degradable

multilayer hydrogel cubes and spheres, HeLa cells were
incubated with DOX-free or DOX-loaded (PMAACS)5 hydrogel
particles at a particle-to-cell ratio of 100:1 for 48 h, and their
cytotoxicity to the cells was measured after certain time
intervals.

The viability of the cells incubated with the DOX-free
(PMAACS)5 hydrogels did not decrease after 24, 48, or 72 h and
stayed above 97% even after 72 h of incubation as determined
by Alamar Blue cell viability assay (Figure 8a) indicating that
without DOX the hydrogel particles are nontoxic to the cancer
cells. This agrees with previous reports on PMAA-based micro/
nanogels16,23,54 and hydrogel capsules36,59 where cross-linker
type and synthesis method did not affect the cytocompatibility
of the delivery systems.
In contrast, when DOX-loaded (PMAACS)5 hydrogel

particles were incubated with the cells, the cell viability
decreased gradually within 24 h of incubation (Figure 8b).
Free DOX solution with the concentration matching that in the
hydrogel particle aliquots was used as a positive control for cell
cytotoxicity. After 10 h of incubation, the cell viability decreased
from 92 ± 1 to 87 ± 2% and from 90 ± 2 to 75 ± 4% for
cubical and spherical hydrogels, respectively, implying the effect
of particle shape on the hydrogel particle internalization during
the first few hours of cell incubation (Figure 8b). However,
after 24 h of the exposure, both cubical and spherical DOX-
loaded (PMAACS)5 hydrogel particles were equally cytotoxic to
the cancer cells killing almost half of the cells. After another 24
h of incubation the DOX-loaded hydrogel cell cytotoxicity
reached almost 90% (Figure 8c).

Figure 6. CLSM images of confocal sections of HeLa cells after 1 h of incubation with (PMAACS)5 hydrogel (a) cubes and (b) spheres, and with (c)
DOX and DOX-loaded (PMAACS)5 (d) cubes and (e) spheres. The cell nuclei and lyso/endosomes were stained with DAPI (blue) and Alexa Fluor
488-conjugated antibody (green), respectively, while DOX emits a red fluorescence signal. Scale bar is 5 μm in all images.
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Our results on cell internalization (Figures 6 and 7) and cell
viability in the presence of the DOX-loaded cubical and
spherical hydrogels (Figure 8b,c) indicate that once the
particles were taken up by cells, DOX was rapidly released to
enter the cell nuclei and kill the cells. Since the amounts of
DOX loaded in the cubical and spherical hydrogels were similar
(6.8 × 10−4 ng and 6.2 × 10−4 ng per particle, respectively), the
12% higher cell cytotoxicity observed for the (PMAACS)5
hydrogel spheres as compared to that of the cubes within the
first 10 h of incubation reflect the effect of the hydrogel particle
shape on cellular internalization.
Cellular internalization of particles with different shapes can

occur either by penetration62 or wrapping,63 which involve
various pathways.64 Recent simulations of membrane wrapping
around spherical and cubical particles65 demonstrated that the
particle adhesion to the cell and complete cell membrane
wrapping around it are controlled by the competition between
the adhesion energy gain for particle-cell membrane contact
and the energy cost for the lipid bilayer deformation. The
adhesion strength for a cube should be threefold more than that
of a sphere to compensate the membrane deformation energy
at the upper edges of the cube.65 Because of a higher wrapping
energy barrier for cubes compared to that for spheres, spheres
can be internalized faster than cubes. Indeed, our results on
12% higher cell cytotoxicity observed for the (PMAACS)5
hydrogel spheres as compared to that of the cubes within the
first 10 h of incubation agree well with those simulation results
and indicate that the membrane adhesion process plays a more

important role in the initial steps of cell internalization for the
hydrogel cubes. However, since eventually both DOX-loaded
(PMAACS)5 spheres and cubes demonstrated similar cytotox-
icity after longer incubation times of 24 and 48 h, and given
their similar DOX payload, long-term amounts of the hydrogel
cubes or spheres internalized by HeLa cancer cells seem to be
similar.

■ CONCLUSIONS

We demonstrated intracellular degradable pH-responsive cubic
PMAA hydrogel particles synthesized via the multilayer
template approach using sacrificial mesoporous manganese
oxide particles as templates. The disulfide-containing PMAA
hydrogel cubes can increase in size at neutral (pH > 6) and
slightly acidic (pH < 6) conditions with the former pH-induced
swelling facilitating drug loading within the network, while the
latter provides the escape of the DOX-loaded hydrogels from
endosomes/lysosomes and release of the drug into the cytosolic
space. The degradation of the particles rapidly occurs upon
exposure to the intracellular concentration of GSH (5 mM)
within 3 h resulting in the release of small molecular weight
polymer chains (21 kDa), which should ensure a rapid renal
clearance of the degraded polymer matrix in vivo. The PMAA
cubes and spheres were demonstrated to be noncytotoxic to
HeLa cancer cells; however, DOX-loaded PMAA hydrogel
particles demonstrated 50% and 90% cytotoxicity to the cells
when incubated with the cells for 24 and 48 h, respectively.
Finally, we observed the effect of the particle shape on the cell

Figure 7. Confocal microscopy images of HeLa cells after 6 h of incubation with DOX-loaded (PMAACS)5 multilayer hydrogel (a, b) cubes and (c,
d) spheres. The images show superimposed confocal sections of DAPI-stained nuclei (blue channel), Lyso tracker-stained lysosomes/endosomes in
the cytosol (green channel, Alexa Fluor 488-conjugated antibody fluorescence), and DOX (red channel). The only red channel confocal sections (b,
d) demonstrate presence of DOX inside cell nuclei as well as remaining parts of DOX-loaded hydrogel particles in the cell plasma. The arrows point
to remaining internalized hydrogel particles, which are colocalized with intracellular endo/lysosomes in the cell cytosol. Scale bar is 5 μm.
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internalization within the first 10 h of cell incubation. The
DOX-loaded (PMAACS)5 spheres exhibited 12% higher cell
cytotoxicity when incubated with the HeLa cells for 10 h as
compared to that of the (PMAACS)5 cubes. The latter indicated
a more important role of the membrane adhesion process in the
initial steps of cell internalization for the hydrogel cubes. We
believe that the presented approach integrates the advantages of
shape and pH-sensitivity for novel types of “intelligent” 3D
networks with programmable shape-regulating behavior for use
in controlled delivery of therapeutics.
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