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Synthesis and pH-responsive properties of bacteria
mimicking hydrogel capsules

Veronika Kozlovskaya® and Eugenia Kharlampieva*®®

The evolution of a non-spherical shape of microorganisms helped them survive by evading capture and
digestion, which is crucial for their biological functioning. Synthetic imitation of the non-spherical shapes
of various microorganisms and cells can enhance the ability of synthetic particulates to deliver thera-
peutics inside the body. Herein, we synthesized non-spherical polymer hydrogel microcapsules with bac-
teria-mimicking shapes, including prolate ellipsoid, peanut, and hourglass shapes similar to some patho-
gen microorganisms like Staphylococcus aureus, Bacillus subtilis, Escherichia coli, and Corynebacterium
diphtheriae. The hydrogel shells were synthesized through a multilayer assembly of hydrogen-bonded
poly(methacrylic acid) (PMAA) and non-ionic poly(N-vinylpyrrolidone) (PVPON) homopolymers on the
surfaces of non-porous iron oxide microparticles of 2 um in length. After covalent cross-linking of PMAA
layers, followed by the release of PVPON at pH = 8 and the dissolution of the particle templates, curved
rod-shaped (PMAA) multilayer hydrogel microcapsules with a pH-responsive shell were obtained.
Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) analysis confirmed the
covalent cross-linking of the shell and the release of PVPON from the capsule shell networks. The (PMAA)
hydrogel capsules demonstrated excellent retention of their ellipsoid, peanut, and hourglass shapes after
core dissolution in acidic solutions despite a nanothin (~40 nm) hydrogel membrane. Remarkably, all
systems retained bacteria-like shapes in solutions at pH = 8, increasing in size by 20-30%, as confirmed
by confocal fluorescence microscopy. All bacteria-like shaped microcapsules demonstrated homo-
geneous swelling in all directions regardless of the coating location at the initial particle perimeter, indi-
cating similar cross-linking for all shapes and no effect of the iron oxide particle surfaces on the formation
of the hydrogel shell. This work can help develop polymeric non-spherical particulates that are adaptable
and on-demand for biomedical applications, including advanced targeting of pathological tissues and
developing artificial cells with intelligent responses to environmental cues. Synthetic imitation of bacteria-
like shapes and morphological flexibility demonstrated in this work using a multilayer assembly of polymer
hydrogel capsules can bring new insights into the understanding and synthetic reproduction of properties
essential for the synthetic particulates to evade the immune system and increase tissue targeting. These
properties can be critical for developing unconventional particulates for controlled delivery and advanced
imaging.

shaped bacteria can move five-fold more efficiently than a
spherical one of the same volume.® A non-spherical shape is

The evolution of a non-spherical shape of microorganisms
helped them survive by evading capture and digestion, which
is crucial for the biological functioning of cells, bacteria, and
viruses." For example, rod-shaped bacteria can stay in solution
for longer under Brownian motion, unlike the spherical one,
as an axial extension of a microorganism promotes more
straightforward navigation through the liquid.> Hence, rod-
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also crucial for viral and bacterial infiltration of the body.*®
Furthermore, unlike a spherical one, the rod shape can
promote stronger surface attachment under high shear stres-
ses.” The rod-like shape was essential for many motile bacteria
for optimal energy use, navigating Brownian forces and follow-
ing chemical gradients.'*"*

By imitating the non-spherical shapes of various microor-
ganisms and cells, the ability of synthetic particulates to
deliver therapeutics in the body can be enhanced by improving
their vascular dynamics, -circulation time, and tissue
uptake.”>"”  Various non-spherical delivery particulates,
including inorganic® and polymeric'® particles, liposomes,”
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polymer micelles,>" and vesicles,** have been explored for their
improved ability to deliver therapeutics to target body
tissues.'>?*® For instance, rod-shaped polymeric particles were
less phagocytosed by macrophages and dendritic cells than
spherical ones.”* The rod shape of particles could lead to
reduced accumulation in the liver and spleen and facilitate
particle passage to other organs in the body.>>*® The prolate
shape of synthetic ellipsoid polymer particles was shown to
promote increased circulation in the bloodstream with
enhanced tissue targeting.>” Computational modeling of rod
and hourglass (i.e., curved rod) particle shapes also demon-
strated the effect of these shapes on particle cell uptake.?®
These shapes are particularly attractive for a drug delivery
vehicle as they mimic the shape of bacteria and budding yeast
cells.

Besides the non-spherical geometry, morphological
changes can be significant for biological function when rapid
modifications in cell/microorganism morphology via altering
their size and shape in response to environmental cues can
better facilitate their survival.»?°*° Related to that, some bac-
teria can decrease or increase their size,>* become longer or
curved,”® or change their diameter.”®> The red blood cells
(RBCs) developed protective shape deformations from echino-
cyte to discocyte to stomatocyte to withstand destruction from
viral and enzymatic attacks and osmotic changes.*
Conversely, elongated carcinoma cells can become rounded to
increase their motility and invasiveness.**"¢

The low rigidity and flexibility of particulates were then
shown to reduce the extent of phagocytosis and prolong
circulation.’”*® Using shape engineering technologies such as
particle replication in non-wetting templates (PRINT),*
stretching of films with embedded polystyrene spheres,® and
template-induced printing,*’ highly cross-linked polymeric
microparticles with well-defined geometries have been pro-
duced. The low rigidity of polymeric hydrogels was shown to
control particle association with cancer cells and improve their
accumulation at targeted sites.’” For example, decreasing the
elastic modulus of polyethylene glycol (PEG) gel nanoparticles
to the kPa range increased their in vivo circulation.’” Softer
nanoliposomes were 2.6-fold more efficient at accumulating in
4T1 tumors than more rigid particles.**

Polymeric hollow particles (i.e., capsules) made via layer-by-
layer (LbL) sequential assembly of polymers on the surfaces of
destructible microparticulate templates using electrostatic,
hydrogen-bonding, and covalent interactions were demon-
strated to be useful to replicate various shapes and sizes of the
templates.”>™® The low bending rigidity of thin polymer cap-
sules is advantageous for mimicking non-spherical biological
structures.*® Thin polymeric shells can undergo dimensional
changes easier than the particles of the same material with no
cavity as the bending rigidity of a thin plate increases by three
orders of magnitude with the thickness increase.’®>' For
example, hollow cubical 2 um-sized multilayer capsules could
squeeze through smaller 0.8 pm membrane pores.>”

Single- or multi-polymer multilayer hydrogels are obtained
by cross-linking LbL (i.e., multilayer) shells.”® When exposed
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to varied solution acidity, pH-sensitive hydrogel shells demon-
strated the exceptional ability to drastically and reversibly
change their properties via swelling or shrinking.>*”* The
covalent links stabilize the hydrogel capsule wall upon con-
trolled core dissolution, while functional groups not involved
in covalent bonding exhibit stimuli-responsive behavior.>*
Earlier, erythrocyte-like discoidal multilayer hydrogel capsules
showed more efficient cell internalization than spherical cap-
sules.>® Discoidal capsules 7 pm in diameter made of poly(ally-
lamine hydrochloride) (PAH) and cross-linked with glutaralde-
hyde®® squeezed through a 5 pm glass capillary and recovered
their original shape. Moreover, the elasticity of that discoidal
capsule was much greater than the passage threshold for dis-
coidal PRINT hydrogels, while the capsule interior resembled
a cell with a flexible cell membrane. Hence, developing non-
spherical polymeric hydrogel capsules using multilayer self-
assembly’” can facilitate new designs of ‘intelligent’ vehicles
for nanomedicine and theranostics.”®>® Simultaneously, syn-
thetic imitation of the shape, morphological flexibility, and
softness of bacteria can bring new insights into the under-
standing and synthetic reproduction of their properties,
including immune system evasion and increased tissue target-
ing helpful for controlled delivery®® and advanced imaging.®*
Herein, we report on the synthesis of curved rod-shaped
microcapsules with a hydrogel shell using a multilayer assembly
of hydrogen-bonded poly(methacrylic acid) (PMAA) and poly(N-
vinylpyrrolidone) (PVPON) on the surfaces of curved rod-shaped
non-porous iron(ur) oxide microparticles. The PMAA layers within
the (PMAA/PVPON) multilayer coating templated on the iron
oxide microparticles were cross-linked with ethylene diamine,
and PVPON was released from the resultant (PMAA) multilayer
hydrogel network at pH = 8. The thin (PMAA) multilayer hydrogel
capsules were produced upon the dissolution of the iron oxide
templates in hydrochloric acid solutions. The curved rod hydrogel
microcapsule shapes investigated in the study included prolate
ellipsoid, peanut, and hourglass (Fig. 1), which emulated the
shape of bacteria (e.g., diplococci and coccobacilli) and the shape
of a budding yeast cell or growing bacterial cells®* (i.e., hourglass
for Staphylococcus aureus, Bacillus subtilis, Escherichia coli, and
Corynebacterium diphtheriae). We explored the retention of the
initial shape after the template particle dissolution and the
capsule shape and size changes in slightly acidic (pH = 5) and
neutral (pH = 8) solutions due to the pH-sensitivity of the ultra-
thin (PMAA),, multilayer hydrogel shell of the capsules (the sub-
script n denotes the number of PMAA layers within the PMAA
hydrogel shell). The results of this study can bring new insights
into the development of biomaterials for future biomedical appli-
cations, including advanced targeting of cancers and the develop-
ment of artificial cells that can adapt to environmental cues.

Experimental

Materials

Poly(methacrylic acid) (PMAA, average M,, 100000 g mol )
was obtained from Polysciences Inc. Poly(ethyleneimine) (PEI,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of curved rod (PMAA),, multilayer hydrogel capsules using layer-by-layer templating technique. (a) Iron oxide microparticles of
curved rod shape were used as templating surfaces. Hydrogen-bonding polymers, (b) PMAA and (c) PVPON, were adsorbed on the particle surfaces
via alternating polymer deposition until a desired number of (PMAA/PVPON) bilayers (n) was achieved. (d) The obtained (PMAA/PVPON),, hydrogen-
bonded coating was cross-linked with (e) ethylene diamine, and PVPON layers were released from the coating at basic pH, leaving behind (f) the
(PMAA),, multilayer hydrogel coating. (g) After the iron oxide templating particles were dissolved, the curved rod-shaped capsules with a (PMAA),,

multilayer hydrogel shell (h) were obtained.

average M, 25000), poly(N-vinylpyrrolidone) (PVPON, M,
58000 g mol™"), ethylenediamine (EDA), and iron(m) chloride
hexahydrate (FeCl; 6H,0) were purchased from Sigma-Aldrich.
1-Ethyl-3-(3-(dimethylamino)propyl)-carbodiimide hydro-
chloride (EDC) was obtained from Chem-Impex International.
Sodium hydroxide (NaOH), monobasic sodium phosphate
(NaH,PO,), sodium sulfate (Na,SO,), and ethylene diamine
tetraacetic acid sodium salt (EDTA) were purchased from
Fisher Scientific. Ultrapure de-ionized water with a resistivity
of 18 MQ cm was used in all experiments. The Alexa Fluor 488
dihydrazide sodium salt (E,/E,, = 488/510 nm) was purchased
from Thermo Fisher. The Float-A-lyzer dialysis tubes (MWCO =
20 000 Da) were purchased from Repligen.

Synthesis of iron oxide (o-Fe,03) microparticles of ellipsoid,
peanut, and hourglass shapes

The iron oxide (a-Fe,O3) particles were synthesized by the sol-
gel method developed by Sugimoto et al®®* In a typical
experiment, 9 mL of NaOH solution with 5.2 M was added to
10 mL of a well-stirred 2.0 M FeCl; solution in a 100 mL
round-bottom flask within 3 minutes (200 rpm). Then, 1 mL of
0.06 M, 0.2 M, or 0.6 M Na,SO, solution was added into the
above solution of NaOH and FeCl; to achieve the ellipsoid,
peanut, or hourglass-shaped microparticles, respectively. The
resultant mixture was continuously agitated for 10 minutes
until Fe(OH); gel was formed. Afterward, the flasks were
tightly capped with stoppers and aged in an oven at 100 °C for
eight days. The obtained iron oxide microparticles were rinsed
several times with DI water, air-dried, and collected.

Fluorescent labeling of PMAA

For fluorescent labeling, 132 mg EDC was added to 200 mg
PMAA dissolved in 10 mL methanol and incubated for 30 min
with occasional shaking. After that, 5 mg of Alexa Fluor 488

© 2024 The Author(s). Published by the Royal Society of Chemistry

dihydrazide sodium salt was added, and the mixture was left
for 24 hours under constant stirring in the dark. Then, the
solution was dialyzed exhaustively against DI water using a
Float-A-lyzer (MWCO 20 kDa). After no fluorescence traces
could be detected in the dialysis water using fluorescence spec-
troscopy, the fluorescently tagged PMAA-Alexa488 solution was
removed from the dialysis tube and freeze-dried (Labconco).
To prepare fluorescently labeled PMAA capsules, 0.5 mg mL ™
PMAA solution was used for multilayer deposition within the
last two bilayers.

Fabrication of PMAA multilayer hydrogel capsules of ellipsoid,
peanut, and hourglass shapes

Hydrogen-bonded multilayers of (PMAA/PVPON),, where the
subscript denotes the number of (PMAA/PVPON) polymer
bilayers, were deposited on the PEI-coated iron oxide particles.
For that, iron oxide particles were exposed to 1 mg mL ™"
aqueous PEI solution at pH = 6 under mild shaking (100 rpm,
Corning LSE Vortex Mixer) for 10 minutes. After that, the par-
ticles were separated from the polymer solution by centrifu-
gation at 5000 rpm (1118 RCF) for 2 min using an Eppendorf
MiniSpin microcentrifuge (a rotor radius of 4 cm) and rinsed
two times with 0.01 M phosphate buffer at pH = 3 using cen-
trifugation. After that, the PEI-coated cores were alternatively
exposed to PMAA (0.5 mg mL™") and PVPON (0.5 mg mL ™)
polymer solutions at pH = 3 (0.01 M phosphate buffer) for
10 min each under mild shaking. Two buffer rinses were per-
formed between each polymer layer. For the last two bilayers,
fluorescently labeled PMAA-Alexa488 was used in place of
PMAA to visualize the hydrogel capsules with confocal laser
scanning microscopy (CLSM). After a desired number of
PMAA/PVPON bilayers were deposited, the PMAA layers were
covalently cross-linked. For that, the polymer-coated particles
were first exposed to EDC solution (5 mg mL™", pH = 5, 0.01 M
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phosphate buffer) for 40 min, followed by three rinses with
0.01 M phosphate buffer at pH = 5, and then to EDA solution
(0.012 mL EDA mL ™" in 0.01 M phosphate buffer, pH = 5.8) for
6 hours under mild shaking. After that, the polymer-coated
particles were rinsed three times with 0.01 M phosphate buffer
at pH = 4.6 and exposed to pH = 8 (0.01 M phosphate buffer)
for 12 hours under shaking to release PVPON from the PMAA
multilayer network. Then, the iron oxide templates were dis-
solved by adding 8 M HCI solution to the polymer-coated par-
ticles. The yellow solution was then transferred to a Float-A-
lyzer (MWCO 20 kDa) and dialyzed in DI water for two days.
The 0.1 M EDTA (pH = 7.5) solution was added to the hydrogel
capsules twice for 3 hours to completely chelate iron(ur) ions,
followed by dialysis in DI water for three days (MWCO 20 kDa).
The capsule dispersions were stable and transparent for
several hours. The capsules slowly settled to the Eppendorf
tube bottom due to their micrometer size, with complete
capsule sinking at the tube bottom after several (4-5) days,
depending on the capsule thickness. However, using a vortex,
the capsules could be easily redispersed in solution through
periodic shaking.

Scanning electron microscopy (SEM)

SEM analysis was performed using a FEI Quanta™ FEG micro-
scope at 10 kV. Samples were prepared by depositing a drop of
a particle (or a capsule) suspension on a silicon chip and
allowing it to dry at room temperature, covered with a Petri
dish. Before imaging, dried specimens were sputter-coated
with ~5 nm silver films using a Denton sputter-coater.

Attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR-FTIR spectra of (PVPON/PMAA),, hydrogen-bonded and
(PMAA);, hydrogel capsules of hourglass shape freeze-dried
from aqueous solutions at pH = 3 and pH = 8, respectively, and
of PVPON freeze-dried from pH = 3, were collected using a
Bruker Alpha ATR-FTIR spectrometer.

{-Potential measurements

Surface {-potential measurements of inorganic templates of
hourglass shape and (PMAA);5s hydrogel capsules were per-
formed using a Nano Zetasizer (Malvern). For pH-dependent
C-potential measurements of the hydrogel capsules, their sus-
pensions were settled, supernatants were removed, leaving
hydrated capsules at the bottom, and 0.01 M phosphate buffer
solutions at a desired pH were added, followed by alternating
shaking and sonication for 1 min (Branson ultrasonic bath). A
{-potential value was obtained by averaging three independent
measurements (20 runs each).

Atomic force microscopy (AFM)

The capsule shell thickness was obtained from the topo-
graphic AFM images of capsules dried on Si wafer chips
(0.5 cm x 0.5 ¢cm) using an AFM Multimode 8 (Bruker). The
height of the collapsed flat regions of capsules (a double wall
of the capsule shell) was measured using capsule topography
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section profiles with NanoScope Analysis v150 software, and
half of the height value was calculated as a single-wall capsule
shell thickness.®® The AFM silicon cantilevers with a tip radius
of <10 nm and a resonance frequency of 300 kHz were used for
imaging (NanoAndMore USA Corp.)

Confocal laser scanning microscopy (CLSM)

Confocal microscopy images of the PMAA multilayer hydrogel
capsules were obtained with a Zeiss LSM 710 confocal micro-
scope equipped with a 63x oil immersion objective. The exci-
tation/emission wavelengths were E,/E;,, = 488/510 nm. For pH-
dependent size change observations, a drop of a hollow
capsule solution was added to a chamber in the Lab-Tek cham-
bered coverglass (Electron Microscopy Sciences) and filled
with 0.01 M phosphate buffer solutions at a desired pH value.
Capsules were allowed to sediment for 3 hours before imaging.
Image] (NIH) software was used to analyze the sizes of iron
oxide microparticles from SEM images and the capsule dimen-
sions in solutions with varied pH values.

Results and discussion

For mimicking bacterial shapes, iron oxide particles of a rod
shape were selected (Fig. 1). The synthesis of the rod-shape
iron oxide (a-Fe,0;) of a micrometer size was previously per-
formed via the sol-gel process using the method developed by
Sugimoto et al®*®* In this method monodisperse hematite
particles are formed via two-step phase transformation of Fe
(OH); gel obtained by mixing iron(m) chloride and sodium
hydroxide to p-FeOOH followed by aging of the latter to
a-Fe,0; at 100 °C for several days in the presence of sodium
sulfate. This synthesis allowed for a controlled change of the
particle from the rounded rod to the curved rod with a local
curvature in the middle part of the particle by changing the
concentration of sodium sulfate. In a typical experiment, a 5.2
M NaOH solution was added to a 2.0 M FeCl; solution and a
0.06 M Na,SO, solution was added to the mixture to obtain
particles with a rounded ellipsoid (rod) shape. Along with the
prolate ellipsoid shape, we synthesized two additional shapes
of iron oxide particles with a gradual increase in surface curva-
ture near the locus of indentation: peanut- and hourglass-
shaped particles (Fig. 1a). The indentation size at the center of
the particle was finely tuned by increasing the Na,SO, solution
concentration from 0.06 M to 0.2 M for the peanut shape and
0.6 M for the hourglass shape.

The SEM analysis of the synthesized iron(m) oxide con-
firmed the rod-like shape and revealed non-porous smooth
surfaces of the microparticles with a similar length (denoted
as L) (Fig. 2). The analysis of particle dimensions shown in
Table 1 demonstrates that the three types of particles had a
similar average length of 2.5 pm with 2.1 + 0.1 pm for the ellip-
soid (Fig. 2a and b), 2.4 + 0.2 pum for the peanut (Fig. 2¢ and
d), and 2.5 + 0.1 pm for the hourglass (Fig. 2e and f) shaped
particles. The width of the particles denoted as W and
measured at the maximum size of the middle part of the ellip-

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lp00137k

Open Access Article. Published on 12 June 2024. Downloaded on 10/10/2024 8:08:41 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Polymers

View Article Online

Paper

Fig. 2 SEM images of dry iron oxide template microparticles of (a and b) ellipsoid, (c and d) peanut, and (e and f) hourglass shapes.

soids and polar parts of the peanuts and hourglasses showed a
gradual decrease to 86% for the peanut-shaped and 73% for
the hourglass-shaped templates compared to the ellipsoid par-
ticles with the corresponding sizes of 1.5 + 0.2 um for the ellip-
soid-, 1.3 + 0.1 pm for the peanut-, and 1.1 + 0.1 pm for the
hourglass-shaped particles (Fig. 2b, d, f and Table 1). The ana-
lysis of the minimum width of the peanut and hourglass-
shaped particles (denoted as N) revealed an increased curva-
ture and an almost two-fold narrowing of the equatorial plane
size for the hourglass-shaped iron oxide particles with the
‘neck’ diameter of 1.1 + 0.1 pm and 0.7 + 0.1 pm for the
peanut (Fig. 2d) and hourglass (Fig. 2f) shapes, respectively
(Table 1).

The assembly of the (PMAA/PVPON) multilayer on the sur-
faces of the particles (Fig. 1b-d) was carried out at pH = 3 to
promote hydrogen bonds between the protonated carboxylic
group (-COOH) of PMAA and the carbonyl group of the PVPON
lactam ring (VPON).*” The PMAA homopolymer could not be
adsorbed onto the native surface of iron oxide particles. The
{-potential measurements of the iron oxide surfaces revealed
highly negative surface charge of the particles at basic (—59 +
3 mV at pH = 8) and slightly acidic (—29 + 2 mV at pH = 5) solu-
tion pH values and almost neutral (-4 + 2 mV) at pH = 3
(Fig. 3a). The layer of PEI was adsorbed first on the iron oxide

Table 1 Dimensions of iron(i) oxide template inorganic particles of
curved rod shape including ellipsoid, peanut, and hourglass shapes

Dimensions Ellipsoid Peanut Hourglass
Length, L (um) 2.1+0.1 2.4+0.2 2.5+0.1
Maximum width, W (um) 1.5+0.2 1.3+0.1 1.1+0.1
Minimum width, N (pm) 1.1+0.1 0.7 +0.1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Zeta-potential measurements of iron oxide inorganic particles in
solution (a) before surface modification at pH = 3, pH = 5, and pH = 8,
and (b) at pH = 3 before and after coating with PEI.

particle surfaces to reverse the particle surface charge to a
positive value of 31 + 3 mV at pH = 3 and promote the adsorp-
tion of the first PMAA layer (Fig. 3b). In previous reports, a
similar PEI surface modification was shown to promote hydro-
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gen-bonded multilayer growth on the inorganic microparticles
of cadmium or manganese carbonate.®*°”

The hydrogen-bonded (PMAA/PVPON), multilayer coating
with a desired number of PMAA/PVPON bilayers (denoted as n)
on the particles of three shapes was formed via the LbL assem-
bly at pH = 3 (0.01 M phosphate buffer) using a centrifugation
technique.*” For fluorescent visualization, PMAA tagged with
Alexa Fluor 488 was synthesized and deposited in the last two
bilayers (see Experimental). The hydrogen-bonded (PMAA/
PVPON) multilayer coating was converted into a (PMAA) multi-
layer hydrogel coating by cross-linking of PMAA layers with
ethylenediamine at pH = 5 for 6 hours (Fig. 1e), followed by
the release of PVPON layers from the network by the exposure
of the core-shell particles to pH = 8 (Fig. 1f). After the dis-
solution of iron oxide inorganic templates in hydrochloric
acid, the hollow (PMAA), hydrogel capsules were obtained
(Fig. 1g and h). Earlier, we had demonstrated that spherical,
cubical, and discoidal (PMAA), hydrogel capsules could be
obtained by this method when initially templated on spherical
silica, cubical manganese carbonate, and discoidal silicon in-
organic templates, respectively.*®®”

In general, increasing the number of layers in the multi-
layer capsule shell results in increased rigidity of the capsule
wall. However, the hydrogel cross-link density for hydrogel cap-
sules becomes equally important for maintaining the capsule
shape after template removal. For example, thinner PMAA
hydrogel cubical capsules exhibited face bulging after EDTA
treatment at high pH.®” Also, cubical (PMAA) multilayer hydro-
gel capsules with the same number of PMAA layers in the
capsule shell but lower cross-link density (16 versus 41 MAA
monomer units) lost their cubical shape upon the dissolution
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of the cubical inorganic template. At the same time, their
more rigid 10-layer (PMAA) counterparts maintained the
cubical shape after the core removal.>*

The SEM image analysis of the hydrogen-bonded (PMAA/
PVPON),, hollow capsules dried on silicon wafer surfaces con-
firmed a complete dissolution of the iron oxide particle cores
in the HCIl solution (Fig. 4a-c). Remarkably, the specific
shapes of the particle templates can be seen even for the dried
capsules, with most folds formed at the polar regions of the
peanut (Fig. 4b) and hourglass (Fig. 4c) shaped capsules.
Conversely, the hydrogel (PMAA),, capsules demonstrated very
smooth morphology upon drying without any folds or creases
due to the softness of the hydrogel network. Interestingly, the
hourglass shape is clearly observed for the dried (PMAA),
hydrogel shells, unlike the ellipsoid and peanut shapes
(Fig. 4d-f). The latter capsules are entirely spread over the
silicon wafer surface, most probably due to capillary forces
during drying, with their dry shapes becoming spherical and
ellipsoid for the ellipsoid and peanut hydrogel capsules,
respectively.

The polymer composition of the non-spherical multilayer
capsules was analyzed with ATR-FTIR spectroscopy. Fig. 5
demonstrates the ATR-FTIR spectrum of freeze-dried 10-bilayer
PMAA/PVPON hydrogen-bonded capsules obtained from the
dissolution of the hourglass-shaped iron oxide microparticles.
The two major peaks centered at 1700 cm™ " and 1640 cm ™"
correspond to the carbonyl stretching vibrations of protonated
carboxylic groups, -COOH, and carbonyl groups of the
N-vinylpyrrolidone lactam ring, respectively (Fig. 5, spectrum
1).°® The ATR-FTIR analysis also shows that the 1650 cm™
band associated with the carbonyl groups in the pyrrolidone

Fig. 4 SEM images of dry (a and b) hydrogen-bonded (PMAA/PVPON);, and (d-f) hydrogel (PMAA),, capsules of (a and d) ellipsoid, (b and e)

peanut, and (c and f) hourglass shapes.
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Fig. 5 ATR-FTIR spectra of freeze-dried hydrogen-bonded (PMAA/
PVPON);o and hydrogel (PMAA),o hydrogel capsules (spectrum 1 and 3,
respectively). The hydrogen-bonded capsules were freeze-dried from
the capsule solution at pH = 3, while the hydrogel capsules from the
capsule solution at pH = 8. PVPON homopolymer was freeze-dried from
pH = 3 aqueous solution (spectrum 2).

rings in the free (non-hydrogen-bonded) PVPON homopolymer
(Fig. 5, spectrum 2) is shifted to a lower frequency band of
1640 cm™" when hydrogen-bonded with PMAA at pH = 3. The
cross-linking of the hydrogen-bonded (PMAA/PVPON) coating
with EDA resulted in amide bonds between the amine groups
of EDA and the carboxylic groups of PMAA. The ATR-FTIR
spectrum of the cross-linked (PMAA);, hydrogel capsules
freeze-dried at pH = 8 demonstrates the band centered at
1660 cm™ ' associated with amide I vibrations after cross-
linking (Fig. 5, spectrum 3). The ionized PMAA carboxylic
groups not involved in cross-linking can be seen in the hydro-
gel capsule spectrum at the band centered at 1545 cm™" from
the asymmetric stretching vibrations of the carboxylate groups
(Fig. 5, spectrum 3).°° The spectrum also shows the dis-
appearance of the absorption band associated with PVPON
(1640 cm™"), confirming the formation of the PMAA multilayer
hydrogel shell.®”

As the non-spherical (PMAA) multilayer hydrogel capsules
in this work were templated on iron oxide microparticles, the
iron(m) ions produced upon the dissolution of the templates
could affect the properties of the hydrogel shells, such as the
pH-responsive surface charge and swelling of the capsules.
Hence, all hydrogel capsule solutions were treated with EDTA
solution (0.1 M, pH = 7.5) for three hours, followed by dialysis
in DI water for three days to chelate the metal ions. The
surface charge measurements of thick (PMAA);5 hydrogel cap-
sules before and after EDTA treatments showed a negligible
effect from the possible iron(m) physical cross-linking of the
PMAA network. Fig. 6 demonstrates {-potential measurements
of the capsule suspensions in 0.01 M phosphate solutions at
pH = 3, pH = 5, and pH = 8. The surface charge of (PMAA);;
shells at pH = 3 was positive, with {-potential values of 15 + 3
and 14 + 2 mV for the capsules before and after the treatment,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (-potential measurements of (PMAA);5s hydrogel capsules of
hourglass shape at pH = 3, pH = 5, and pH = 8 in 0.01 M phosphate
buffer before and after EDTA treatment.

respectively. The hydrogel shell surface charge was close to
neutral at pH = 5 for both EDTA-treated and non-treated hydro-
gel capsules, with the corresponding {-potential values of 5 + 3
and 4 + 2 mV (Fig. 6). The positive surface charge of the hydro-
gel particles at highly acidic pH is due to the protonated free
amine groups in one-end attached crosslinker molecules, as
reported earlier.”® Likewise, the hydrogel capsules before and
after the EDTA treatment showed negative {-potential at pH = 8
due to ionized PMAA carboxylates in the similar range of —27
+ 3 and —29 + 2 mV, respectively (Fig. 6). The {-potential ana-
lysis of the capsule suggests that the inorganic core dissolution
in hydrochloric acid followed by DI water dialysis results in
almost a complete release of Fe*" ions from the PMAA hydro-
gel, and the EDTA treatment may be necessary only if traces of
the metal ions need to be removed. This observation was
essential for favorably considering iron oxide non-spherical
templates for hydrogel capsule synthesis instead of non-
spherical calcium carbonates, with the latter having much
higher binding energy with a carboxylic anion of ~249 k]
mol ™! compared to that of ~42 k] mol™" for Fe**.”"7?

We investigated the pH-responsive behavior of the (PMAA); 5
hydrogel capsules with curved rod shapes using confocal
microscopy. We found that all the capsule shapes maintained
their non-spherical geometries after core dissolution and che-
lating the iron ions from the (PMAA);5 network, showing
three-dimensional (3D) hydrogel replicas of the non-spherical
cores in solution at pH = 5 (Fig. 7a, ¢ and e). This result
demonstrates a favorable interplay between the hydrogel cross-
link density and the hydrogel thickness, resulting in the
capsule hydrogel wall being rigid enough to withstand the
network volume transition due to the expansive entropy forces
associated with polymer-solvent mixing and subsequent non-
ionic swelling of the (PMAA) hydrogel at pH = 5. In our recent
study, (PMAA),, cubical hydrogel capsules with a cross-link
density of 41 monomer units between the cross-links lost their
cube geometry, while the capsules having a cross-link density
of 16 monomer units retained their cubical template shape
during non-ionic swelling.”*
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Fig. 7 CLSM images of (PMAA);s multilayer hydrogel capsules of (a and
b) ellipsoid, (c and d) peanut, and (e and f) hourglass shape in solution at
pH = 5 (left column) and pH = 8 (right column). The scale bar is 5 ym in
all images.
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Herein, the dry thickness of the (PMAA);5 curved rod hydro-
gel shells was obtained from AFM images of dry capsules
using the height analysis of the collapsed flat regions of a dry
capsule® (Fig. 8). The shell thickness was similar for all three
shapes and was 44 + 1, 41 + 1, and 41 + 5 nm for ellipsoid-,
peanut-, and hourglass-shaped capsules, respectively. The 3D
rendering of the capsule surface morphology from 500 nm?
areas of dry (PMAA);5; hydrogel capsules shows overall smooth
surfaces with nanosized domains from 5 nm (ellipsoid shape)
up to 50 nm (peanut and hourglass shapes) that most prob-
ably replicate the surface morphology of the inorganic tem-
plate surfaces (Fig. 2) and result from the hydrophobic coiling
of PMAA at pH = 5 where the network surface charge is close
to neutral (Fig. 6). Notably, the hydrogel capsule dimensions
(Fig. 9) in solution at pH = 5 were similar to the sizes of the in-
organic templates indicating a relatively rigid PMAA network
under these conditions due to the presence of both covalent
(two-end attached crosslinker molecules) and ionic cross-links
(between negatively charged COO~ groups and positively
charged protonated -NH>" groups from one-end attached
crosslinker molecules)® (Tables 1 and 2).

Remarkably, all curved rod shapes of EDTA-treated
(PMAA), 5 hydrogel capsules demonstrated distinct pH-induced
swelling at pH = 8, as evidenced by the confocal fluorescence
microscopy images of the capsules in solution (Fig. 7b, d and
f). Higher magnification CLSM images of the peanut- and
hourglass-shaped (PMAA);5; capsules demonstrate that after
being swollen, the hydrogel capsules maintain their initial
shape upon a size increase (Fig. 10a and b). The fluorescence

Fig. 8 AFM height images of dried (PMAA);s multilayer hydrogel capsules of (a) ellipsoid, (b) peanut, and (c) hourglass shape. Three-dimensional
rendering of the capsule surface morphology from 500 nm? areas for (d) ellipsoid-, (e) peanut-, and (f) hourglass-shaped dry (PMAA);s hydrogel

capsules.
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Fig. 9 The dimensional analysis of the curved rod (PMAA);s hydrogel
capsules of (a) ellipsoid, (b) peanut, and (c) hourglass shape, including
the capsule length, L, maximum cross-section width, W, and narrow
cross-section width, N.

profile from a (PMAA),5 hydrogel capsule in solution at pH = 8
shows a high fluorescence intensity from the capsule polymer
shell, while almost no fluorescence signal can be observed
from the capsule interior (Fig. 10c). These results indicate that
the capsules are hollow with no polymer material in the
capsule cavity, which agrees with the fact that the inorganic
templates were not porous.

At basic pH, PMAA chains in this PMAA multilayer hydrogel
are held together primarily by covalent linkages, while most
ionic pairing is disrupted due to the gradual deprotonation of
amine groups from one-end attached crosslinker molecules
(pK, of -NH*" is 9-10). For all shapes, the capsule dimensions
obtained from CLSM image analysis increased by 20-30%
(Table 2). For example, the swelling ratios of the ellipsoid
hydrogel capsule length (Sp) and the maximum width (Sw)
(Fig. 9), calculated as the ratio of the capsule size at pH = 8 to
that at pH = 5, were S;, = 1.28 + 0.03 and Sy = 1.20 + 0.01, indi-
cating the isotropic homogeneous swelling of the network in
all directions (Table 2). In the case of the peanut-shaped cap-
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sules, the swelling ratios of the capsule length, maximum
width, and minimum width (Sy) were Sy, = 1.24 + 0.02, Sw =
1.21 + 0.02, and Sy = 1.27 + 0.07 with a negligible difference
between them and in the same range as those found for the
ellipsoid shaped hydrogel capsules (Table 2). The swelling
ratios of the hourglass-shaped capsules were calculated to be
Sy, =1.29 + 0.02, Sy = 1.30 + 0.10, and Sy = 1.28 + 0.04, which
were also similar between themselves. This result also indi-
cates homogeneous hydrogel swelling throughout the PMAA
network regardless of the initial coating locus at the particle
circumference. An insignificant increase in the swelling ratio
values (up to 8%) for the hourglass-shaped hydrogel capsules
compared to the swelling ratios of the ellipsoid and peanut
shapes can be attributed to the slightly rougher surfaces of the
hourglass hydrogel capsules as evidenced by AFM imaging
(Fig. 8d-f). The similar swelling ratios across the three shapes
of the (PMAA),; hydrogel capsules are also indicative of the
similar cross-linking degree for all three shapes, implying that
the chemistry of the iron oxide particle surfaces of the three
shapes was the same and the particle shape did not affect the
hydrogel formation. Earlier studies comparing hydrogen-
bonded (tannic acid/polyvinylpyrrolidone) cubical and spheri-
cal capsules reported the cubical ones to be softer than their
spherical counterparts when the capsule’s small contact area
deformations were probed.”® In that case, the difference in
capsule shell rigidity was attributed to unfavorable pore for-
mation due to CO, release upon core dissolution.

Due to the isotropic hydrogel swelling, no capsule shape
change was observed for any curved rod-shaped capsules
studied here, but the capsule size changed (Fig. 7 and 10). All
curved rod-shaped (PMAA) hydrogel capsules demonstrated a
reversible dimension increase/decrease when the solution pH
was alternated between pH = 8 and pH = 5 without changes in
capsule shape. Previously, pH-induced swelling of the cubical
(PMAA),; hydrogel capsule shell resulted only in partial shape
reversibility.”® Conversely, the pH-swelling-induced discoidal-
to-ellipsoidal shape oscillations of (PMAA),5 hydrogel capsules
where only covalent cross-links were present in the network
demonstrated complete shape recovery.>® Importantly, hydro-
gel capsule shell stiffness was demonstrated to be crucial in
the reversibility of capsule dimensional changes.>® Thus, for
example, dimensional changes of small-to-large cubical cap-
sules of a more rigid (PMAA-PVPON); hydrogel were utterly
reversible, enduring the stresses due to hydrogel shell swelling.
Conversely, thinner (PMAA),, cubical capsules bulged irreversi-
bly at the cubical faces when swollen and shrunken back.®”%®

Table 2 Capsule dimensions for (PMAA);o curved rod hydrogel capsules at pH = 5 and pH = 8, and the corresponding swelling ratios (S) expressed

as the ratio of the capsule size at pH = 8 to thatatpH =5

Ellipsoid Peanut Hourglass

L, pm W, pum L, pm W, pm N, um L, pm W, um N, pm
pH=5 2.12 +£0.15 1.50 £ 0.11 2.47 +0.21 1.36 £ 0.11 1.05 + 0.0.09 2.41+0.18 1.05 + 0.09 0.71 + 0.08
pH=8 2.68 £ 0.15 1.84 +0.14 3.14 + 0.26 1.70 £ 0.11 1.41 +0.0.18 3.09 +0.29 1.52 £+ 0.11 0.94 + 0.08
S 1.28 £ 0.03 1.20 £ 0.01 1.24 +£0.02 1.21 £ 0.02 1.27 £ 0.07 1.29 £ 0.02 1.30 £ 0.10 1.28 +0.04

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 High-magnification CLSM images of (PMAA);s multilayer hydrogel capsules of (a) peanut and (b) hourglass shapes in solution at pH = 8. (c)
A fluorescence profile from the peanut shape capsule in solution at pH = 8 shown in (a).

Conclusions

Herein, we synthesized non-spherical polymer hydrogel micro-
capsules with bacteria-mimicking shapes, including prolate ellip-
soid, peanut, and hourglass shapes similar to some pathogen
microorganisms like Staphylococcus aureus, Bacillus subtilis,
Escherichia coli, and Corynebacterium diphtheriae. The hydrogel
shells of the capsules were realized through a multilayer assembly
of the hydrogen-bonded weak anionic polyelectrolyte PMAA and
the non-ionic polymer PVPON on the surfaces of non-porous
Fe,0; microparticles with a length of 2-2.5 pm. The covalent
cross-linking of PMAA layers in the coating was followed by the
release of PVPON at basic pH and the dissolution of the particle
template in acidic solutions. This approach left behind curved
rod hydrogel microcapsules with a pH-responsive capsule mem-
brane. The low acidity (8 M HCIl) used to dissolve the template
microparticles did not affect the cross-linked PMAA multilayer
hydrogel shell, which is stable under these conditions. However,
in the case of using other polymer pairs and different cross-
linking reagents for the preparation of the curved rod hydrogel
capsules, the chemical stability of the polymers and crosslinkers,
as well as interpolymer interactions under low acidity should be
considered when using the reported approach. The (PMAA),, cap-
sules demonstrated excellent retention of their ellipsoid, peanut,
and hourglass shapes after core dissolution, as confirmed by
SEM and CLSM analyses, despite a nanothin hydrogel membrane
with a dry thickness of ~40 nm as measured using AFM imaging.

RSC Appl. Polym.

ATR-FTIR analysis confirmed the covalent cross-linking of the
shell and the release of PVPON from the capsule shell networks.
The C-potential measurements of the capsules in solutions
revealed pH-responsive properties of the capsule hydrogel shell
where the positive and negative surface charges were reversibly
switching between pH = 3 and pH = 8, respectively. At the same
time, an almost neutral surface charge was attained at pH = 5 due
to additional ionic pairing within the network under these con-
ditions. Remarkably, all the shells retained bacteria-like shapes
while exposed to solutions at pH = 8, as evidenced by confocal
fluorescence microscopy. The non-spherical capsules increased
in size by 20-30% in solutions at pH = 8. Homogeneous PMAA
multilayer hydrogel swelling of all bacteria-like shaped micro-
capsules, regardless of the coating location at the particle per-
imeter, indicated similar cross-linking for all three shapes and no
effect of the iron oxide particle surfaces of the three shapes on
the hydrogel shell formation. This work can help develop poly-
meric non-spherical particulates that are adaptable and on-
demand for biomedical applications, including advanced target-
ing of pathological tissues and developing artificial cells with
intelligent responses to environmental cues.

Data availability

Data for this article will be available upon request. This manu-
script will be available at https:/www.ekharlamgroup.com/.
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