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Hypothesis: Core-shell microcapsules and crescent-shaped microparticles can be used as picolitre biore-
actors for cell culture and microwells for cell trapping/immobilisation, respectively.
Results: Monodisperse polylactic acid (PLA) core-shell microcapsules with a diameter above 200 lm, a
shell thickness of 10 lm, and 96% water entrapment efficiency were produced by solvent evaporation
from microfluidically generated W/O/W emulsion drops with core-shell structure, and used to encapsu-
late Saccharomyces cerevisiae yeast cells in their aqueous cores. The morphological changes of the cap-
sules stained with Nile red were studied over 14 days under different osmotic pressure and pH gradients.
Findings: The shell retained its integrity under isotonic conditions, but buckling and particle crumbling
occurred in a hypertonic solution. When the capsules containing 5 wt% aqueous Eudragit� S 100 solution
in the core were incubated in 10�4 M HCl solution, H+ diffused through the PLA film into the core causing
an ionic gelation of the inner phase and its phase separation into polymer-rich and water-rich regions,
due to the transition of Eudragit from a hydrophilic to hydrophobic state. Crescent-shaped composite
microparticles with Eudragit cores and PLA shells were fabricated by drying core-shell microcapsules
with gelled cores, due to the collapse of PLA shells encompassing water-rich crescent regions.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Microfluidic emulsification combined with solvent evaporation
is a facile method for continuous production of monodispersed
microparticles of versatile morphology and internal structure
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including non-spherical particles, e.g. crescent-moon-shaped [1],
dendritic [2], and toroidal [3], surface-patterned particles with sur-
face patches [4] and dimples [5], microcapsules composed of con-
trolled number of inner compartments such as multi-compartment
colloidosomes [6], polymersomes [7], and liposomes [8], and
asymmetric particles with spatially segregated sections, such as
Janus [9] and ternary [10] particles. Alternative fabrication meth-
ods, such as masking/unmasking techniques [11], microcontact
printing, layer-by-layer deposition [12], internal phase separation,
and direct polymerisation [13], are typically batch-wise, involve
complex and multi-step processing, specific formulations and lead
to poor particle size uniformity. The particles produced by
microfluidic routes are monodispersed and their size and morphol-
ogy can be controlled by changing the size and morphology of the
parent drops. Glass capillary microfluidic devices are increasingly
used for manufacturing microparticles [14–16], due to their 3D
geometry, cheap fabrication process, ability to generate complex
droplets in single emulsification step, and excellent optical proper-
ties and chemical resistance of borosilicate glass. Furthermore,
glass surface can be readily functionalized to tailor its surface
wettability.

Hydrogel microbeads are difficult to produce in microfluidic
devices because the drop pinch-off must be decoupled from the
gelation process to avoid clogging of the channels. However, typi-
cal ionic reactions that occur during ionotropic gelation are much
faster than the drop generation. To overcome this problem, gel
beads were produced in microfluidic systems by coalescence-
induced gelation [17], chaotic mixing [18], competitive ligand
exchange crosslinking [19], internal gelation using calcium or bar-
ium carbonate nanoparticles dispersed in the aqueous phase and
acidified oil phase [20], and external gelation using the oil phase
containing CaCl2 [21–23]. These fabrication routes usually result
in the formation of coherent gel microcapsules with uniform inter-
nal structure.

Composite microcapsules with gelled shells and oily cores were
fabricated in microfluidic systems using O/W/O emulsions as tem-
plates [24,25]. Microcapsules with gelled shells and aqueous cores
were fabricated via W/W/O emulsions and used for encapsulation
of carcinoma cells [22]. To the best of our knowledge microcap-
sules with gelled cores and biodegradable polymer shells have
not yet been generated by microfluidic methods.

Crescent-moon-shaped polymer particles were obtained by
polymerisation of microfluidically emulsified Janus droplets com-
posed of non-curable phase and photocurable phase [4,26] selec-
tive polymer leaching from acorn-shaped Janus particles [27],
and non-uniform solvent evaporation from Janus droplets [28].

In this study, novel core-shell microcapsules with gelled or non-
gelled aqueous cores and biodegradable polymer shells were fabri-
cated and used as templates for composite crescent microparticles.
The fabrication method is based on single-step microfluidic gener-
ation of core-shell W/O/W emulsion droplets, followed by solvent
evaporation and an off-chip ionic gelation of a pH-sensitive, bio-
compatible polymer in the core. The fabricated microcapsules with
aqueous cores were loaded with yeast cells to demonstrate high
encapsulation efficiency of the fabrication method. In addition,
morphological changes of the fabricated microcapsules over pro-
longed storage were investigated under different incubation
conditions.
2. Materials and methods

2.1. Droplet generation and microparticle production

Core-shell drops were generated using glass capillary device
with a combined co-flow/counter-current flow focusing geometry
shown in Fig. 1. The device was fabricated and operated using the
procedures described elsewhere [29,30]. The middle fluid was a
mixture of 7 wt% PLA (poly(dl-lactic acid), Mw = 89,000 g/mol,
IngeoTM 2060D) and 2 wt% PGPR (polyglycerol polyricinoleate,
E476, Abitec Ltd., NewMilton, UK) in DCM (dichloromethane, HPLC
grade, Fisher Scientific, UK). Nile red (9-diethylamino-5-benzo[a]
phenoxazinone, Sigma-Aldrich, UK) was added in the trace
amounts as a lipophilic stain to visualize PLA shells by fluorescence
microscopy after DCM evaporation. The inner fluid was pure water
prepared using a Millipore 185 Milli-Q Plus water purification sys-
tem or 5 wt% aqueous solution of Eudragit� S 100 (methacrylic
acid-methyl methacrylate copolymer 1:2, Evonik, Germany) dis-
solved in 0.1 M NaOH. Eudragit� S 100 is soluble at pH � 7 and pre-
cipitates at pH < 7. The continuous fluid was 5 wt% aqueous
solution of PVA (poly(vinyl alcohol), Mw = 13,000–23,000 g/mol,
87–89% hydrolysed, Sigma-Aldrich).

At optimum fluid flow rates, monodispersed single core or dual-
core drops were generated, as shown in Fig. 1 and Videos 1 and 2 in
the supplementary material. Monodispersed core-shell particles
with thin PLA shells and aqueous cores were produced upon
DCM evaporation from the middle phase. A pH-triggered gelation
of an aqueous Eudragit� S 100 solution from the cores was
achieved by incubating the core-shell particles in the acidic envi-
ronment. Finally, the capsules with gelled cores were collapsed
by drying-induced buckling under ambient conditions to produce
crescent-shaped microparticles with Eudragit core and PLA shell.

2.2. Confocal fluorescence microscopy

A drop of the particle suspension was placed on a microscope
slide and allowed to dry. As a result of the inclusion of Nile red
dye in the middle phase formulation, hydrophobic regions of the
produced particles were fluorescent and visualized using a Nikon
Eclipse TE300 confocal inverted microscope connected to a com-
puter running Zeiss LaserSharp 2000 software. Nile red was excited
with argon laser at a wavelength of 488 nm and helium-neon laser
at 543 nm. The total emission was divided into two wavelength
regions, detected by two photomultiplier tubes (PMTs): PMT1 cap-
tured fluorescence at 515 ± 30 nm (the green region) and PMT2
captured fluorescence above 570 nm (the red region). Only PMT2
images are presented in this work. Corresponding optical images
of microparticles were simultaneously acquired using the same
microscope.

2.3. Focused ion beam (FIB) imaging

To avoid particle distortion and disruption due to high beam
energy, 2 kV was used throughout. External imaging of the particle
was performed at 30 pA and a tilt angle of 52� before a protective
platinum layer was deposited at 0.3 nA. If needed, the particle
cross section was milled at 20 nA and cleaned at 7 nA, followed
by the final cleaning at 3 nA. Finally, the current was reduced to
30 pA to preserve the exposed cross section and prevent its modi-
fication due to exposure to ion beam during imaging, which was
carried out at 2 min/image for noise reduction.

2.4. Prediction of particle size

Fig. 2a shows the two extreme morphological transformations
of a core-shell drop during solvent evaporation from the shell, Path
A and B, where 0% and 100% core-water entrapment scenarios are
depicted respectively.

The diameter of the particle formed via path A depends on the
density of the dispersed phase, qd prior to solvent evaporation,
the density of the formed particle, qp, the mass fraction xp of the
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Fig. 1. Droplet generation using cocurrent/countercurrent flow focusing streams in coaxial assemblies of glass capillaries: (a) Single core microdroplets: (b) Dual core
microdroplets. Volumetric flow rates of inner phase (Qi), middle phase (Qm), and continuous phase (Qc) are: (a) 1 mL/h, 2 mL/h, and 10 mL/h respectively; and (b) 1.5 mL/h,
2.5 mL/h, and 10 mL/h respectively. Diameters of the droplet (Dd), inner core (Di), injection nozzle (DN) and collection capillary orifice (Dc) are: (a) 308 lm, 207 lm, 100 lm
and 350 lm respectively; and (b) 418 lm, 225 lm, 100 lm and 350 lm. Scale bars: 300 lm.

Dd
Di

D

B

p

D’p

=

=

=

=

Solvent 
Evaporation

(a)

(b)

Fig. 2. (a) Particle formation by solvent evaporation from a core-shell drop with an inner diameter of Di and an outer diameter of Dd . Path A: Evaporation with complete inner
phase release. The resultant particle diameter is Dp; Path B: Evaporation with no inner phase release. The resultant particle diameter is D0

p > Dp . (b) Shell thickness variations
as a result of different positions of the inner drop in core-shell drops/particles.
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particle forming solids (PLA + PGPR) in the dispersed phase prior to
solvent evaporation, and the initial diameters, Di and Dd, of the
inner and outer drop:

Dp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xp
qd

qp
ðD3

d � D3
i Þ3
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For Path B, the resultant particle diameter D0
p can be estimated

from the equation:
D0
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For core-shell drops with very thin shells, the particle shell
thickness, sp, can be calculated from the equation:

sp ¼ sdxp
qd

qp

D2
d

D02
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ð3Þ
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The droplet shell thickness can be estimated from the flow rates
of the middle and inner fluid, Qm and Qi, and the frequency of gen-
eration of outer drops, f [31,32]:

sd ¼ Dd � Di

2
¼ Di

2
1þ Qm

Qi

� �1=3

� 1

" #

¼ 3Qi

4pf
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The shell thickness of the initial drop (sdÞ and the resultant par-
ticle (spÞ, at any location along the shell circumference, can vary
between �0 and 2s, depending on the position of the inner drop
relative to the outer surface, as illustrated in Fig. 2(b). If the thick-
ness of the shell is greater than 2sp at any point on the particle cir-
cumference, it indicates the loss of inner water phase and/or the
presence of pores in the shell.
1 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.
3. Results and discussion

3.1. Morphological changes of core-shell capsules with pure water in
the cores

The effects of osmotic stress on particle morphology were
investigated by placing the produced core-shell particles in Milli-
Q water or 5 wt% aqueous Eudragit solution for 14 days, as illus-
trated in Fig. 3. Using fluorescence microscopy, the particle shells
stained with Nile red could easily be distinguished from the core.

Fig. 3a shows the effects of osmotic pressure on the morphology
of core-shell particles containing Milli-Q water in the core over a
period of 2 weeks. Here, two distinct types of morphologies were
observed when the particles were placed in an isotonic solution,
i.e. Milli-Q water (Type I) and in a hypertonic solution (5 wt% aque-
ous Eudragit solution) (Type II). The PLA shell of Type I particles
stayed intact during solvent evaporation (Fig. 4a) and stable during
2-week storage. The particles were transparent and highly deform-
able, due to their thin shells. The non-spherical shape of some of
the Type I particles in Fig. 4a occurred due to deformation of fragile
PLA shells during particle sampling.

By comparing the core diameter of the parent drops and the
stored particles, Di and D0

p, the water entrapment efficiency after
14 days of storage was found to be 96% implying high drop and
particle stability. Fig. 4b and c shows FIB images of Type I core-
shell particles. Based on the droplet shell thickness, sd, of 56 lm,
the particle diameter, D0

p, of 264 lm, and the droplet diameter,
Dd, of 361 lm, the shell thickness, sp, of a particle with a centrally
aligned core predicted from Eq. (3) was 10 lm. As shown in Fig. 2b,
the shell thickness can have any value from approximately zero to
2sp, depending on the relative position of the core and the point on
the circumference observed. From Fig. 4c, the shell thickness was
12 lm, which is 1:2sp. Hence, the observed shell thickness is
within the predicted interval of 0� 2sp. From the cross section
shown in Fig. 4c, it can be seen that the PLA shell has internal
pores, which is consistent with the porous structure of PLA parti-
cles reported earlier [16] and contributes to the increased shell
thickness compared to that for a non-porous polymer matrix. The
shell thickness of produced microparticles can easily be tuned
using Eq. (3) and the polymer forming the shell can be reinforced
using biocompatible inorganic nanofillers such as nanoclay [16].

On the other hand, core-shell capsules with pure water in the
core and stored in a hypertonic solution (Type II) were unstable
and shrank with time. As shown in Fig. 4d and e, the particles pro-
gressively changed their morphology from buckled and dimpled
shapes after day 2 (Fig. 4d) to crumpled morphologies after day
14 (Fig. 4e), which could be explained by the loss of inner water
due to osmotic migration through the shell. It is well known that
water can permeate through voids that exist in the amorphous
regions of polymer films [33]. The osmotic stress-induced shrink-
age serves as a further evidence of the water entrapment ability
of our thin-shelled capsules. When Type I particles were exposed
to ambient air, they lost their entrapped water and assumed a col-
lapsed morphology due to deformation of the elastic shells.
3.2. Morphological changes of core-shell particles with Eudragit
solution in the cores

Fig. 3b summarises the effect of storage conditions on the mor-
phology of core-shell particles containing 5 wt% Eudragit solution
in the core. Here, four distinct particle morphologies were
observed when the particles were stored in an isotonic environ-
ment (5 wt% Eudragit solution) (Type III), in a hypotonic solution
at pH � 7 (Milli-Q water) (Type IV), in a hypotonic solution at
pH � 4 (10�4 M HCl solution) (Type V), and when the particles
were dried after being stored in a hypotonic solution at pH � 4
(Type VI).

Type III particles (Fig. 5(a-b)) had the samemorphology and sta-
bility as Type I particles due to isotonic environments in both
cases. The distinctive ‘pea-like’ eyes on the transparent particle
shells are evaporated satellite oil droplets formed during microflu-
idic drop generation which are unavoidable and have been pre-
dicted in our recent numerical simulation study [34]. After 2 days
of storage, the diameter of Type IV particles was 8% larger than
the diameter of Type III particles, due to an inward flux of water
caused by hypotonic environment. This influx of water decreased
the pH in the core solution thereby inducing partial aggregation
of Eudragit chains, because the polymer was originally dissolved
in 0.1 M NaOH at pH 13. As a result, the particles in Fig. 5c are less
transparent than Type III particles in Fig. 5a and b. On prolonged
storage, the particles became transparent with wrinkled surface
(Fig. 5d) which was likely because of their burst as a result of
built-up internal pressure.

Core-shell microcapsules with gelled aqueous cores. Type V
particles were formed by placing the capsules in 10�4 M HCl solu-
tion, which caused an ionic gelation of the core solution due to the
diffusion of H+ ions through the shell and charge neutralisation of
Eudragit chains. At pH > 7, Eudragit S 100 molecules are negatively
charged due to deprotonation of carboxyl functional groups in
methacrylic acid residues and thus, the polymer is soluble in water
due to electrostatic repulsion between the chains (Fig. 3d). Due to
the reversible transition of Eudragit from a hydrophilic to
hydrophobic state at pH < 7, a homogeneous core solution
underwent a phase separation into an Eudragit-rich region (dark
eccentric cores in Fig. 5e) and a water-rich region (transparent,
crescent-shaped regions next to the dark gel portions in Fig. 5e).
Because Nile red is an uncharged and hydrophobic dye insoluble
in water [35], the water-rich regions showed no red1 colour on flu-
orescence images (Fig. 5f). On the other hand, gel regions showed red
fluorescence (Fig. 5f) due to migration of the dye from the shell, con-
firming that Nile red can be used as a polarity-sensitive fluorescent
probe of Eudragit hydrophobicity. The dark spots in the gel regions
in Fig. 5f were caused by evaporated satellite droplets attached to
the outer surface of the PLA shells.

Microcapsules with enteric polymer in the core can provide a
pH-independent release profile of the drugs with a pH-
dependent aqueous solubility, such as oxybutynin HCl. This drug
is readily soluble in water at low pH values and sparingly soluble
at high pH [36]. Although the drug is freely soluble in water at
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Fig. 3. Morphological changes of core-shell drops after solvent evaporation: (a) Capsule with Milli-Q water in the core stored in Milli-Q water (isotonic solution) (Type I) or
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low pH, the diffusion is hindered by the formed gel network and
the release rate is limited. At high pH values, the drug can easily
diffuse out of the core due to gel disintegration, but the drug
release is limited by the poor drug solubility. For drugs with pH-
independent solubility profiles, the presence of a pH-sensitive gel
in the core can provide a pH-triggered release. In the acidic envi-
ronment of the stomach, the drug is immobilised within the gelled
core and protected from the gastric acid. Many protein drugs are
unstable in acidic environments and require protection from bio-
compatible excipients [37]. As the microcapsule reaches the intes-
tine, the pH increases above the transition pH of the gel and the
drug is released through the thin biodegradable shell.

Crescent-shaped microparticles. When Type V particles were
dried at room temperature, crescent microparticles (Type VI) were
formed (Fig. 5g-h) due to the collapse of a thin PLA shell encom-
passing the water-rich crescent domains in phase-separated cores.
The shell indentation is a result of inferior mechanical properties of
the PLA membrane during water evacuation. Fig. 5g is a FIB image
of composite crescent particles composed of PLA shells and Eudra-
git� S 100 cores. The crescent particles were monodispersed and
their radius of curvature was consistent with the size of the parent
drops. Due to their hydrophilic core and hydrophobic outer surface,
these particles could serve as microwells for hydrodynamic cell
trapping and long-term cell analyses. The size of the cavity in the
microwells can be controlled during drop generation to achieve
single cell trapping and immobilisation.

Multicore-shell microcapsules with gelled aqueous cores.
Type VII particles were formed by solvent evaporation of double
core-single shell drops containing 5% aqueous Eudragit solution
in the cores (Fig. 3c). The produced particles were stored in acidi-
fied water to trigger in situ gelation of Eudragit polymer. The thin
PLA shell at opposite ends of the particles ruptured (Fig. 5i and j)
as a result of the high influx of water from the outer aqueous phase
into the cores via available surface area. The PLA shell did not col-
lapse into spherical Type V particles (Fig. 5e and f), since the spher-
ical shape gave rise to a uniform tension over the entire surface of



Fig. 5. Micrographs of composite particles: (a-b) Type III particles stored for: (a) 2 days, (b) 14 days. (c-d) Type IV particles stored for: (c) 2 days, (d) 14 days. (e-f) Type V
particles: (e) optical image, (f) fluorescence image. (g-h) FIB images of Type VI particles. (i-j) Type VII particles: (i) optical image, (j) fluorescence image. (k-l) Core-shell
particles with entrapped yeast cells. Scale bars: (a-b) 200 lm; (c) 50 lm; (d) 100 lm; (e-f) 300 lm; (g) 200 lm; (h) 100 lm; (i-j) 200 lm; (k) 150 lm; (l) 80 lm.
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Fig. 4. (a-c) Micrographs of Type I particles: (a1) optical image; (a2) fluorescence image. (b-c) FIB images of a cross-sectioned particle. (d-e) Micrographs of Type II particles
stored for (d) 2 days, (e) 14 days: (d1) & (e1) optical images; (d2) & (e2) fluorescence images. Scale bars: (a1-a2) 250 lm; (b) 100 lm; (c) 20 lm; (d-e) 200 lm.
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the PLA shell, unlike non-spherical particles with two cores.
The resulting type VII particles have a morphology of two fused
crescent particles.

3.3. Entrapment of yeast cells in core-shell microcapsules

The produced core-shell capsules can serve as disposable
picolitre bioreactors for storage and culture of microbial cells.
Fig. 5k and l show a successful entrapment of baker’s yeast
(Saccharomyces cerevisiae) cells with a diameter of 5–7 lm in
the aqueous cores. The encapsulation efficiency was high with
no yeast cells detected in the outer aqueous phase. In addition,
the polymer shell was stable over prolonged incubation in an
isotonic solution. The cell-loaded capsules can be dispersed in a
culture medium to allow constant supply of nutrients and
removal of metabolites through their semi-permeable shells.
The diffusion rate of permeants can be controlled by changing
the shell thickness and the cells can be released on demand by
exposing the capsules to osmotic stress or applying a gentle
rupture force.
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4. Conclusions

Biodegradable synthetic polymer microcapsules of tuneable
size, shape, and internal morphology have been produced through
single-step microfluidic emulsification and subsequent solvent
evaporation by varying the fluid flow rates, emulsion formulation,
post-emulsification treatment, and incubation conditions. Core-
shell morphology of the parent W/O/W emulsion drops remained
intact during solvent evaporation, which resulted in the formation
of core-shell capsules with a shell thickness of around 10 lm,
entrapping the inner aqueous phase with 96% encapsulation effi-
ciency. The shell retained its structural integrity after particle stor-
age for two weeks in an isotonic solution, but buckling and
crumbling of the particles occurred in a hypertonic solution. The
produced core-shell microcapsules can serve as disposable picol-
itre bioreactors for cell culture [38], which was demonstrated by
encapsulating baker’s yeast cells in the aqueous cores. The cells
can be released on demand by exposing the microcapsules to
osmotic stress or applying a gentle rupture force.

Core-shell microcapsules with a gelled aqueous core and a
biodegradable PLA shell were fabricated by an off-chip ionic gela-
tion of a pH-sensitive polymer, Eudragit S 100, in the core. The
gelation was achieved by placing the core-shell microcapsules in
10�4 M HCl solution, which caused the migration of H+ ions from
the outer aqueous phase through the shell and a reversible sol-
gel transition of Eudragit. The transition of Eudragit from hydro-
philic to hydrophobic state was confirmed by the redistribution
of Nile red, a polarity-sensitive fluorescent probe [35] from the
PLA shell to gelled region in the core. Microcapsules of similar
architecture were obtained by templating W/O emulsions sta-
bilised by polystyrene latex particles, followed by the formation
of a cold-set gel in the aqueous core [39]. However, our method
does not require the temperature control and multiple washing
cycles with ethanol and water. The microcapsules with gelled
aqueous cores are mechanically more robust than liquid-core cap-
sules and enable a more extended release of hydrophilic actives by
providing two levels of entrapment: the first level is provided by
the gel matrix and the second level is provided by the PLA mem-
brane encompassing the gel region.

In pharmaceutical formulations, Eudragit was typically used as
an outer coat and biodegradable synthetic polymer formed a core
[40]. In this work, Eudragit is incorporated in the core and PLA is
a shell material, which leads to higher loading capacities of
hydrophilic actives, because the core occupies the great majority
of the capsule volume. In conventional matrix-type capsules, the
loading capacity of hydrophilic actives is typically about 1% [40],
because the volume fraction of the inner phase in the W1/O
emulsion is usually small, about 10%. The strategy of ionotropic
gelation of aqueous cores developed in this study can be extended
to alginate, chitosan, pectin, carboxymethyl cellulose, and
other gel-forming polyelectrolytes and can be achieved using
various divalent and polyvalent ions as cross-linkers instead of
hydrogen ions.

Crescent microparticles were formed by drying the microcap-
sules consisting of phase-separated gelled cores at room tempera-
ture, due to collapse of the PLA shell encompassing a water-rich,
crescent-shaped region during water evacuation. The produced
crescent particles have a composite structure with PLA shells and
Eudragit cores, and they differ from the crescent particles formed
by polymerisation of Janus droplets composed of non-curable
phase and photocurable phase [4,26] and selective polymer leach-
ing from acorn-shaped Janus particles [1]. Crescent-shaped parti-
cles can be used as disposable, biocompatible microvials for cell
trapping and analysis. The size of the cavity can be adjusted to
achieve a single cell trapping.
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