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• Microencapsulation approach for printed
polymer capsules fabrication based on
soft lithography method was proposed.

• Polyelectrolyte and polylactic capsules
were fabricated to demonstrate the con-
cept.

• Both types ofmicrocapsules have defined
torpedo shape and monodispersed size
distribution and high loading capacity.

• Wide range of possible cargoes indiffer-
ent to its solubility could be encapsulated.
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Microcapsules of customized shapes offer significant advantages over spherical ones, including enhanced inter-
nalization by host cells, improved flow characteristics, and higher packing capacity. In our work, we propose a
method for defined-shape polymer capsules fabrication inspired by a traditional “pelmeni” (dumplings) making
process. The proposed method is based on soft lithography technique. Two different approaches were demon-
strated resulting in polyelectrolyte multilayer and poly(lactic acid) (PLA) capsules both showing monodisperse
size and shape distribution with about 7 μm long torpedo-like shape. The PLA capsules are described in terms
of their morphology, loading of model cargo molecules, cell cytotoxicity and cell uptake. Carboxyfluorescein,
FeCl2 ground crystals and Fe3O4 nanopowder were used as model cargoes for microcapsules. Capsules demon-
strate core-shell structure, high loading capacity, hydrophilic molecules retention and internalization by cells
without causing toxic effects. The loading efficiency of model cargo in PLA capsules was more than 80 wt%,
resulting in about 40 pg of carboxyfluorescein inside each capsule. Proposed method allows unique advantages
comparedwith alternativemicroencapsulation techniques, such as precise control over capsules' geometry, flex-
ibility for the choice of active cargoes, regardless of their solubility and molecular weight and potential for trig-
gered release mechanism.
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1. Introduction

In the last years, strategies for the fabrication of micron and submi-
cron capsules for the encapsulation and controlled release of active sub-
stances have received continuous attention [1–3]. In such systems the
shell protects and modulates the release of such cargo as enzymes,
cells, dyes or drugs for an extensive variety of applications [4,5].
Among the main characteristics of the desired systems should be a
high loading capacity and a controllable geometry [6,7]. Ideally, the par-
ticle morphology (i.e., size and shape) and composition should be co-
designed to enhance the efficiency [8]. Moreover, to promote the
in vivo applicability of delivery capsules, they should display biocom-
patibility, biodegradability, multi-functionality and controlled release
by response to internal or external stimuli [9,10].

The synthesis of spherical capsules has been accomplished using dif-
ferent approaches based on hard, soft and self-templating methods
[11,12]. However, non-spherical microcapsules [13–16] offer significant
advantages over spherical ones, including enhanced internalization by
host cells [17–20], improved flow characteristics [21,22], and higher
packing capacities [23]. So far, the strategies largely relied on the syn-
thesis or fabrication of colloidal templates followed by their coating
with a shell material.

Bottom-up synthetic approach is often used for hard inorganic tem-
plates of different shapes. Some recent examples here are anisotropic
calcium carbonate microparticles [24,25], iron oxide nanoparticles [18]
or cuprous oxide nanocrystals [26]. Porous inorganic templates allow
their loading with active substances through various adsorption tech-
niques, where the loading capacity depends largely on the template po-
rosity andmolecular weight of the active substance [27]. Lowmolecular
weight molecules adsorb reversibly and their retention in porous tem-
plates is very low [28]. For example, the loading capacity of Rhodamine
6G (480 Da) in porous calcium carbonatemicroparticles decreases from
0.8 to 0.007 wt% after four washing cycles [14]. Macromolecules typi-
cally adsorb irreversibly and their loading capacity decreases with mo-
lecular weight. Loading capacity of 23 kDa enzyme, guanylate kinase,
in porous calcium carbonate of various shapes was ~5 wt%, while a
larger 70 kDa dextran demonstrated loading capacity of less than 1 wt
% [24]. A more sophisticated approach, freeze-induced loading tech-
nique developed recently [29], allows to increase the loading capacity
of serum albumin (66 kDa) from 3.7 up to 13.5 wt% after seven consec-
utive freezing-thawing cycles.

Custom-shaped soft hydrogel templates are fabricated by a variety of
top-down techniques [30], e.g. stop-flow lithography [31], drop-on-
demand jetting [32]. Microfluidic technologies utilize deformation of
liquid droplets under the shear stress of the outer fluids [21,33,34]. A
number of approaches towards particles of on-demand shapes exploit
Nanoimprint Lithography (NIL): step and flash imprint lithography
(S-FIL) [35], subtractive UV-nanoimprint lithography (sUNL) [36], dot-
e 1. Traditional vs reversed product
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on-pad approach [37] and Particle Replication in Non-Wetting Tem-
plates (PRINT) [8,38–40] when templates or molds with variable sizes
and shapes were used to produce particles with drugs embedded in
their volume. The limitations of these methods include interaction of
the active component with liquid precursor and solvents which can
lead to its damage and significant diffusive leaching.

A breakthrough in the development of defined-shape capsules with
high loading capacities could be the reversing of the typical capsules'
engineering process, as shown in the Scheme 1. Stepping away from
the traditional core template-based approach allows the entire inner
volume of capsules to be available for active compounds loading,
while the shell defines capsule's geometry, protects the cargo andmod-
ulates its release. Moreover, it offers greater flexibility for the choice of
active substances, almost regardless of their solubility and molecular
weight, including such sensitive cargoes as sodium percarbonate [41]
and hydrophilic peptides [42].

A promising approach to produce defined-shape carriers relies on
the fabrication of patterns onto a sacrificial substrate by an appropriate
lithographic technique, their templating, subsequent coating with a
shell material followed by cargo loading and sealing [43]. This fabrica-
tion process results to be fast, highly reusable and potentially applicable
to a wide range of polymers, according to the specific requirements.

The approach was first developed for the patterned arrays of
microchambers made of polyelectrolyte multilayers (PEMs) [44–46],
polyelectrolyte complexes (PECs) [47] or biodegradable materials,
such as polylactic acid (PLA) [48], polycaprolactone (PCL) [49] or silk fi-
broin [50].

In this work, we demonstrate how this process can be modified to
produce freely suspended microcapsules of a customized geometry.
Two different materials were chosen for the capsules shells. Poly
(allylamine hydrochloride)-poly(styrene sulfonate) (PAH-PSS) multi-
layer film is one of the most common materials in preparing spherical
PEM capsules. Polylactic acid (PLA) is a FDA-approved biocompatible
and biodegradable polymer and has already demonstrated the ability
to block the diffusion of small molecules from microchambers
[41,51]. The loading of cargo molecules was obtained by a one-step
methods, through powder deposition or in-situ crystallization from
concentrated solutions. The capsules harvesting step involves dissolu-
tion of a sacrificial template or deposition of gelatin as an anchoring
layer, which also possesses surfactant properties preventing aggrega-
tion of microcapsules.

The aim of our work is to fabricate capsules with defined shapes
exhibiting core-shell structure. We examined this drug delivery system
(DDS) by means of scanning electron microscopy, confocal laser scan-
ning microscopy, focus ion beam and investigated cargo loading capac-
ity of the capsules, cell viability and uptake. The proposed capsules
could serve various delivery routes including implanted materials, in-
haled administration or oral administration [52].
ion process of defined-shape capsules.
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2. Materials and methods

2.1. Materials

Polylactic acid (PLA, 3 mm granule) and poly(methyl methacrylate)
(PMMA) coil (0.05 mm thick) was purchased from GoodFellow (UK).
Gelatin from bovine skin, carboxyfluorescein (CF), Nile Red, Fluorescein
5(6)-isothiocyanate (FITC), DAPI, iron chloride (FeCl2), Iron (II,III) oxide
nanopowder (Fe3O4 NP), poly(allylamine hydrochloride), Mw =
15 kDa (PAH); poly(sodium 4-styrene sulfonate), Mw = 70 kDa
(PSS); branched poly(ethyleneimine), Mw = 25 kDa (PEI), phosphate
buffer saline tablets (PBS) were purchased from Sigma-Aldrich and
used without further purification. Poly(dimethylsiloxane) kit (PDMS)
(Sylgard 184) from Dow-Corning (USA) was used for template fabrica-
tion. 1H, 1H, 2H, 2H-perfluoro-decyl trichlorosilane, (>96%) (FDTS)was
purchased from Alfa Aesar (Singapore). Sodium chloride, sodium hy-
droxide, and toluene (ACS grade, anhydrous) were purchased from
VWR Singapore Pte. Ltd. (Singapore). Single side polished boron-
doped prime silicon wafers (675 μm thick) were purchased from Syst
Integration Pte Ltd. (Singapore).

2.2. Microcapsules fabrication

A 2 × 2 cm master silicon mold was purchased from Eulitha AG
(Switzerland). The mold's topography was an array of blunted cones
9 μm tall, with 5 μmdiameter of the larger base and smaller base shaped
as a square having 3 μm edge, as shown in the Fig. 1a. The mold was
cleaned in a piranha solution (3:1 mixture of 96% H2SO4 and 30%
H2O2) at 120 °C for 45 min, rinsed with deionized (DI) water, dried in
a stream of nitrogen, and placed in a clean oven at 100 °C for 1 h. After
that, the mold was treated with a fluoro silane release agent through
overnight vapor deposition of FDTS.

In the first approach (Scheme 2a), each PMMA sheet slightly larger
than the mold size was placed between the mold and a flat silanized
Si substrate and imprinted using Obducat EITRE® Nano Imprint Lithog-
raphy System (Sweden). The imprinting process was performed at
140 °C and pressure of 4 MPa for 5 min, followed by cooling to 40 °C
and releasing the pressure. The imprinted sheets had a negative replica
Fig. 1. SEM images of a) micropatterned Si master mold, b) PM
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of the mold produced on the PMMA sheet surface, as shown in the
Fig. 1b. Layer-by-Layer (LbL) assembly of multilayers was performed
by a standard dipping method using a dip-coating robot machine
(Riegler & Kirstein GmbH, Germany). Prior to dipping, each imprinted
PMMA sheet was sonicated in water in ultrasonic bath for 5 min to re-
move air bubbles that may be trapped inside the wells. Negatively
charged PMMA film was exposed for 15 min to 2 mg/ml PEI hydrochlo-
ride solution (pH of PEI solution was adjusted to 5.5 using 1 M HCl) in
order to generate the first anchoring layer with high density of positive
charges. PSS-PAH coating was produced by alternately dipping the
PMMA templates in PSS and PAH solutions of 2 mg/ml concentration
at pH ~5.5 and ionic strength 2 M (made with NaCl) for 15 min and
three 1 min washings with DI water in-between. The multilayer in-
between imprinted wells was gently removed with a tissue paper. Fi-
nally, themicrocapsules were harvested by dissolving PMMA in toluene
and then concentrated by centrifugation followed by two washings
with toluene and finally resuspended in water.

In the second approach, (Scheme 2b), patterned PDMS substrate
was prepared by casting PDMS pre-polymer and curing agent (10:1
ratio) onto the mold, degassing it for 30 min in vacuum and curing it
at 70 °C for 3 h. The substrate was then dipped into 2 w/w %. PLA solu-
tion in chloroform for 5 s. The solvent was then allowed to evaporate
under ambient conditions.

CF, FeCl2 ground crystals and Fe3O4NPwere used asmodel cargoes for
microcapsules. Powders were grinded in order to reduce crystals to
achieve a more homogeneous filling of capsules lumen. Without this
step, bigger crystals were found to affect the capsules shells, thus provok-
ing defects and eventual leakage. Ground powders were then gently
spread, onto the open microwells. The excess of powder on the surface
of the PDMS stamp was carefully cleaned and swept away with wet
fuzz-free lab wipes as described by Zang et al. [49]. The microwells
were then successively sealed with a flat PLA layer. The polymer layer
in-between thewellswas removedwith a thin glass slide dipped into sol-
vent and used as a scraper. Following that, the PDMS substrate was
printed onto a glass slide covered with 10% gelatin solution in deionized
water, and left at−20 °C for 10 min. Given gelatin concentration is suffi-
ciently high to adhere to themicrocapsules and, at the same time, it is low
enough to allow its dissolution in water in reasonable time. In order to
MA template, c) PEMmicrocapsules, and d) PLA capsules.



Scheme 2. Schematic illustration of defined-shape microcapsules fabrication. a) Traditional pelmeni production process [53]; b) PEM microcapsules harvesting in toluene; c) PLA
microcapsules harvesting in water.
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obtain a suspension of microcapsules, gelatin was dissolved in deionized
water at 40 °C. The microcapsules were washed three times with warm
deionizedwater by centrifuging them at 7000 RCF for 2min. The number
of capsules after each step was determined with a hemocytometer.

2.3. Microcapsules toxicity for and internalization by HELA- EGFP cells

HeLa EGFP cells [54] were plated in 96-well cell culture plates at a
seeding density of 5000 cells per well, in Dulbecco's Modified EagleMe-
dium (DMEM) supplemented with 10% FCS, 1% L-glutamine and 1%
Penicillin-streptomycin (complete DMEM). 24 h after plating, cells
were at a density of 10,000 cells perwell. Cellswere treated, in triplicate,
withmicrocapsules at cell-to-microcapsule ratios of 1:1, 1:3 and 1:10, in
a total volume of 100 μl complete DMEM. Control wells contained cells
alone. 24 h later, the cells were imaged using an EVOS™ digital colour
fluorescence microscope (Thermo Fisher Scientific UK) under phase
contrast. Green fluorescent protein (EGFP) and Red fluorescent protein
(RFP) channels as well as their overlay was used to assess cell appear-
ance and cell-microcapsule co-localisation. To assess cell viability, the
CellTiter-Glo® Cell viability assay (Promega Inc.) was carried out in
accordance with manufacturer's instructions. Briefly, 100 μl of
CellTiter-Glo® working reagent was added directly to the cell culture
plate, without removal of media. Plates were shaken on a rotary shaker
for 2 min and allowed to develop for 20 min at room temperature. The
entire volume from each well was transferred to a 96-well white poly-
propylene plate and the luminescent signal in 1 s was recorded using
a plate luminometer at a gain of 2000. Wells containing DMEM media
+ CellTiter-Glo®working reagent were plated as background lumines-
cence control and viability was expressed as a percentage of control
cells at each time point.

For cell-microcapsule co-localization HeLa EGFP cells were plated in
12-well cell culture plates in complete DMEM. 24 h after plating, cells
were treated with microcapsules loaded with DAPI at cell-to-
microcapsule ratios of 1:1 and 1:5. After 24 h of incubation with cap-
sules, cells were fixed with 4% paraformaldehide solution (Sigma Al-
drich, UK) and treated with Fluoromount™ Aqueous Mounting
Medium (Sigma Aldrich, UK).
4

2.4. Confocal laser scanning microscopy

Confocal laser scanningmicroscopy (CLSM, ZEISS LSM710, Germany)
was used to visualize gelatin-FITC conjugates ontomicrocapsules, to in-
vestigate the core-shell structure ofmicrocapsules and their internaliza-
tion with HeLa EGFP cells.

2.5. Characterization of CF encapsulation

The loading capacity of themicrocapsules for CFwas estimated from
the known internal volume of individual microcapsules and the density
of CF. It was expressed as a percentage of a control obtained as follows.
The PDMS substrate loaded with CF (before the sealing step) was im-
mersed into a PBS 0.01 M.

In order to study the CF release from capsules, samples were placed
in PBS solution at room temperature for up to 96 h. 5 × 105 microcap-
sules were kept into 2 ml 0.01 M PBS. At every time point 0.5 mL of su-
pernatant was taken from microcapsules samples and replaced. The
amount of released CF was measured by spectrofluorimetry. Emission
spectra were recorded at room temperature using a Perkin Elmer LS55
spectrofluorimeter with Xenon pulsed flash lamp and emission inten-
sity at 490 nm was used. The amount of released CF was calculated
from the measured fluorescence values by referring to a previously
established calibration curve. All tests were performed in triplicate
and the results were expressed as mean ± standard deviation.

2.6. Scanning electron microscopy and cross-sectional imaging

Cross-sectional imaging of capsules was achieved using a dual beam
system integrating scanning electron microscope with focused ion
beam (FIB-SEM, Quanta 3D, FEI, USA). Prior to microscopy investigation
all samples were sputter coated with ~10 nmAu layer (Agar Auto Sput-
ter Coater, Agar Scientific, UK). All cross-sectionswere prepared and im-
aged with sample stage tilted to 52° to obtain the 90° angle for FIB
milling using Ga- ions at 30 kV accelerating voltage and 50–300 pA cur-
rent. SEM imagingwas accomplished using Secondary Electron (SE) and
Backscattered electron (BSE) detectors. BSE detector was used in order
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to provide a clear contrast between organic capsule material and a non-
organic filler with imaging conditions of 30 kV accelerating voltage and
20–100 μA current. SE imaging was used for morphology investigation
at accelerating voltage of 5 kV and 56 μA current. Working distance of
10 mm was used for all FIB-SEM operations.

2.7. Statistics

Statistical analyses were performed in GraphPad Prism, version 8.00
for Windows (GraphPad Software, USA) using one-way ANOVA. Differ-
ences were considered significant at the p < 0.0001 level.

3. Results and discussion

3.1. Pelmeni-making approach

Scheme 2 shows the fabrication process of freely suspended
defined-shape microcapsules, which is further illustrated by scanning
electron microscopy (SEM) images in Fig. 1c, d. The process very
much resembles making the Russian traditional dumplings, “pelmeni”
(Scheme 2a). First, a master silicon mold containing an array of pillars
(Fig. 1a) is used to produce a negative replica (an array of microwells)
through imprinting on PMMA or PDMS casting (Fig. 1b). Second, a
film (“dough”) is deposited on the template with an array of wells.
Third, a cargo (“stuffing”) is put inside each well. Fourth, the wells are
sealed with another planar film (“dough”) and both films are sealed. Fi-
nally, the excess of the film is removed from the template surface and
microcapsules (“pelmeni”) are harvested.

In this work, we used PAH-PSS multilayer film and PLA film as
“dough”, corresponding microcapsules are shown in the Fig. 1c-d. In
both cases, the microcapsules reproduce the size and shape of the mas-
ter mold pillars with high fidelity. The capsules' shells are smooth, with
no visible pores. An exemplary shape chosen here is high-aspect ratio
(~3:1) torpedo-like structure, which has beneficial flow characteristics
[21] and enhanced intracellular uptake [17,19,55].

One of the most crucial aspects in designing drug delivery systems
(DDSs) is the carrier size, as this parameter can significantly affect
drug release profile, injectability and side-effects [56,57]. The height of
microcapsules was considered as the indicative parameter for size dis-
tributions was found to be narrow with mean 7.15 μm and deviation
around 10%. Size and shape of the capsules plays an important role in
administration mode, targeting ability and cell internalization [58].

PEM microstructures (microchambers) assembled on patterned
templates have several advantages. High robustness in response to
mechanical stresses and ability to tailor multiple protective and
release-triggering functions are just a few to name [44,46,47]. However,
thematerial is not biodegradable and the process of its assembly is very
time-consuming. Contrary, PLA microstructures were shown to be
Fig. 2. a) SEM image of PLA printed capsules, b) 3D CLSM image of PLA capsules stained with N
washing in deionized water.
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biocompatible, and able to encapsulate low-molecular weight hydro-
philic cargoes [48,59,60]. Therefore, PLA capsules were selected to
zoom into the process of their formation and encapsulation process.
3.2. Microstructure of sealed PLA capsules

To prepare PLA capsules, a PDMS template was coated with about
0.15 μm thick PLA film stained with Nile Red dye. Microwells were
sealed by microcontact printing with a flat PDMS pre-coated with PLA.
The film between wells was removed and the capsules were printed
onto a glass substrate coveredwith gelatin-FITC conjugate solution. Gel-
atin adheres to the PLA capsules, while freezing allows their easy re-
moval from PDMS template. Fig. 2 shows SEM image and 3D CLSM
image of obtained array of capsules adhered to gelatin. Fig. 3 shows a se-
ries of CLSM images taken upon the capsules harvesting. At first, a layer
of gelatin (green colour) is clearly visible on the bottom of capsules (red
colour). Upon its dissolution, a thin layer of gelatin is coating the cap-
sules and remains visible even after three washes with 40 °C deionized
water. SEM image of the obtained capsules (Fig. 2c) confirms that cap-
sules are well sealed.
3.3. Loading microcapsules with cargo

In this work, the model cargoes were FeCl2, Fe3O4 nanoparticles,
carboxyfluoresceine (CF) and DAPI.

As iron is an elementwith high Z-number, thus FeCl2 and Fe3O4 pro-
vide high contrast and can be detected inside the PLA capsules using
SEM equipped with backscattered electron detector (BSED). FeCl2
crystals can be clearly seen in most of the capsules, thus demonstrating
effective deposition of the powder into PLA-coated PDMS wells. More-
over, defect-free PLA shells effectively prevent water from penetrating
inside the capsules upon their harvesting. However, distribution of
FeCl2 crystals among the capsules is not homogeneous (Fig. 4 a, b). Pos-
sible reason could be a broad distribution of crystal sizes in the FeCl2
powder. Some crystals are up to several micrometers in size, which is
comparable to the size of microwells. On the contrary, 20 nm Fe3O4

nanopowder crystals fill all available internal volume of the capsules
(Fig. 4 c, d) demonstrating high loading efficiency of the proposed en-
capsulation method.

FIB-SEM in combination with BSE detector allows better visualiza-
tion of the interior part of the produced capsules. Fig. 5a shows a capsule
filled with several FeCl2 crystals, where a free space is evident inside the
capsule (red arrows), while Fig. 5b illustrates an even distribution of
Fe3O4 NP inside capsules and very high-volume fraction of the encapsu-
lated substance. Indeed, even if the shell polymer layer in both cases is
shown to be very thin, the smaller Fe3O4 crystals allow an almost com-
plete filling of the internal volume.
ile Red (red) printed onto gelatin-FITC (green); c) SEM images of harvested capsules after
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Quantitative characterization of the loading capacity (LC) has been
achieved with CF. CF has been previously used as model drug to study
release and permeability of DDSs [61–63] due to its fluorescence, low
molecule weight, water solubility and relative stability. The amount of
CF in capsules was measured to be 39.2 ± 5 pg.

The LC was calculated as follows:

LC ¼ mCF

mCF þmshell
∙100% ¼ mCF

mCF þ Vcapsule−VIV
� �

∙ρPLA
∙100%, ð1Þ

where VIV is internal volume and Vcapsule is mean volume of single cap-
sule according to SEM images measurements and mCF is amount of CF
per capsules and ρPLA is standard density of PLA.

The LC of microcapsules is roughly estimated to be 88 wt%, which is
much higher than typicalmicrospheres used as an injectable drug depot
system [14,24,29,64]. Higher LC allows lower number of capsules
needed to achieve required dosage.
Fig. 3. CLSM images of capsules stainedwith Nile Red (red) a) printed onto frozen gelatin-FITC (
(2) red channel and (3) green channel. Scale bar is 5 μm.
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The CFwas chosen as amodelmolecule to study release capsules re-
lease profile. CF releasewasperformed in PBS solution andwas followed
up to 96 h (Fig. 6).

Figs. 1d, 2c and 4 demonstrates the production of low-defect con-
tainers, the obtained systems enable a prolonged release over time,
protecting the carried cargo from the external aqueous environment
by PLA hydrophobic shell. However, defects and inhomogeneities in
polymer shell formed during the separation step likely affect the encap-
sulated cargo. The cargo from broken capsule are readily to leak
resulting in faster release rates in first hours. The results showhigher re-
lease rates in first 24 h, corresponding to release from defects and in
capsules formed during capsule fabrication. After 24 h the process
slowed down and the main contributor to CF release become diffusion
from polymer shell. About 18.75% of total CF loaded into capsules ac-
cording to theoretical calculations was released after 96 h. Therefore,
the prolonged cargo release from printed capsules is consistent with
the ability of hydrophobic PLA to protectwater-solublemolecules inside
capsule. Considering PLA is biodegradable polymer, at a longer
green), b) after gelatin dissolution, c) afterwashing in deionizedwater. (1) overlaid image,



Fig. 4. SEM images obtainedwith a), c) SE and b), d) BSE detectors in the same area showing the surfacemorphology and Z-contrast of PLA printed capsules loadedwith a), b) FeCl2 and c),
d) Fe3O4 nanopowder.
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incubation times higher release rate associated to the degradation of the
polymeric capsule will occur. The PLA shell will be slowly decomposed
by hydrolysis and the thinnest parts of the shell will form pores leading
to higher rates of cargo diffusion [65].
Fig. 5. FIB-SEMcross-sectional image of capsulesfilledwith a) FeCl2 crystals and b) Fe3O4 nanop
the cargoes crystals inside the capsules, while red arrows indicate the shell polymer layer.
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The efficiency of the process could be evaluated as the percentage of
capsules from maximum number of capsules that could be produced
using themicropatterned template. The efficiency of the processwas es-
timated as ratio of number of capsules after washings against the
owder obtainedwith (1) SE, (2) BSE detector and (3) overlaid image.White arrows indicate



Fig. 6. Release of CF from printed capsules incubated in PBS at room temperature for 96 h.
The data are presented as mean ± SD of 3 replicates from one experiment.
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number of wells in the template. In our estimation we found about 60%
of maximum possible capsules collected after centrifugation washing
steps. Few capsules were lost also due to stacking in template and not
detaching from gelatine coated substrate.

3.4. Microcapsules uptake and toxicity studies

MTT test was conducted in order to assure that the developed DDSs
could be well tolerated by cells. The interaction between HeLa cells and
Fig. 7. CLSM images of HeLa EGFP cells (green) incubated for 24 h with Nile red lab
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PLA capsules was also studied, as well as the delivery of a model cargo,
DAPI to demonstrate the microcapsules' internalization. Cells were in-
cubated with Nile Red labelled capsules at a cell-capsule ratio of 1:1,
1:3 and 1:10 for 72 h.

After incubation for 24 h, intracellular capsule localization was ex-
amined using Z-stacking in CLSM (Fig. 7). As the encapsulated DAPI is
capable of staining alive cells, the blue colour indicates co-localization
of cells' nuclei. It was previously shown that layer-by-layer internalized
microcapsules are located in cell endosome late developed to lysosomes
[66] where pH is acidic. It might cause degradation of PLA and once
more defects in capsule structure occur the intracellular leak of DAPI is
accelerated. However, small amount of DAPI could be released extracel-
lularly due to capsule's defects and inhomogeneities in polymer shell
and DAPI can be uptaken by cells, thus causing the blue staining of the
nuclei without capsule internalization. After 24 h in case of 1:1 ratio,
capsules were internalized by most of the cells about 0 to 2 capsules
per cell, however some of the cells either were unable to uptake or cap-
sules inside were out of the focus of the microscope (Fig. 7a). As shown
in Fig. 7b, in case of 1:5 ratio, most cells were associated with internal-
ized capsules and about 3 to 5 five capsules could be found in most of
the cells.

The studies showed that ratio of 1 or 3 capsules per cell does not af-
fect cells viability after studied period of incubation. However, at a 1:10
ratio, a statistically significant decrease in cell viability was noticed after
72 h of incubation resulting in 72.1 ± 13.2%, compared to control sam-
ple without capsules (Fig. 8). Similar behaviour has been previously re-
ported and itwas shown that at high concentration of capsules, capsules
trend to sediment on top of the cells responsible for the impairment of
the cells and thus decrease cell viability [67,68]. In general, such data
demonstrate an excellent biocompatibility of capsules and their negligi-
ble cytotoxicity.
elled capsules (red) with encapsulated DAPI (blue) at ratio of a) 1:1 and b) 1:5.



Fig. 8.Results of theHELA EGFP cells Toxicity Testwith 1:1, 1:3 and 1:10 cell-capsule ratio.
Two-way ANOVA coupled to multiple comparison test, * - p = 0.0001.
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4. Conclusion

In this paper a traditional approach for dumplings fabrication was
adapted for the construction of microsized capsules with high-aspect
ratio (~3:1) and torpedo-like shape. Layer-by-layer and biodegradable
PLA capsules both showed narrow monodisperse size distribution.
Both types could be used for different drug delivery strategies, when
the capsule shell defines capsule's geometry, protects the cargo and
modulate its release. The proposed DDS was characterized with SEM,
FIB and CLSM techniques. Cell viability and internalizationwere studied.
The prepared printed microcapsules exhibit a well-defined core-shell
structure, high loading capacity, good cytocompatibility and can be in-
ternalized by cells. The LC of the drug in microcapsules was estimated
to be 88 wt%, which is much higher than that of similar drug delivery
systems. Cell uptake studies underpin the use of our printed capsules
for intracellular delivery of therapeutic cargo. Different cargoes were
used to explore the DDS encapsulation abilities. The proposed method
offers great flexibility for the choice of active substances, regardless of
their solubility and molecular weight. The process of encapsulation in
proposed printed microcapsules is identical to microchambers with
added capsules separation step and harvesting. Currently the entrap-
ment of various cargo in microchambers had been reported including
dry powder deposition [49] and precipitation from aqueous solution
[69]. It was previously showed that microchambers appear to provide
safe loading for sensitive proteins such as neuron growth factor [42].
We assume that sensitive cargo can be successfully encapsulated in pro-
posed capsules as it was reported for microchambers. Additional func-
tionality to the capsules could be tailored by co-encapsulation and
surface modification to facilitate their application according to particu-
lar needs. The shape of capsules strictly depends on the templates pro-
duced by photolithography and various shapes, sizes and aspect ratios
of capsules can be achieved according to the needs of application. The
main limitations of proposed method are given to photolithography
and the thickness of the shell reducing the loading capacity of capsules.
Therefore, in case of capsules smaller than thickness of the shell the
inner volume might not be enough to accommodate cargo. The process
of printed capsules fabrication has a potential for further optimisation to
reduce number of lost capsules. The similar processes of shaped solid
microparticles scaled-up fabrication were reported via roll-to-roll
method [70].
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