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Abstract Microcapsules are versatile delivery vehicles
and widely used in various areas. Generally, microcapsules
with solid shells lack selective permeation and only exhibit
a simple release mode. Here, we use ultrathin-shell water-
in-oil-in-water double emulsions as templates and design
porous ultrathin-shell ~microcapsules for selective
permeation and multiple stimuli-triggered release. After
preparation of double emulsions by microfluidic devices,
negatively charged shellac nanoparticles dispersed in the
inner water core electrostatically complex with positively
charged telechelic a,w-diamino functionalized
polydimethylsiloxane polymers dissolved in the middle oil
shell at the water/oil interface, thus forming a porous shell
of shellac nanoparticles cross-linked by telechelic
polymers. Subsequently, the double emulsions become
porous microcapsules upon evaporation of the middle oil
phase. The porous ultrathin-shell microcapsules exhibit
excellent properties, including tunable size, selective
permeation and stimuli-triggered release. Small molecules
or particles can diffuse across the shell, while large
molecules or particles are encapsulated in the core, and
release of the encapsulated cargos can be triggered by
osmotic shock or a pH change. Due to their unique
performance, porous ultrathin-shell microcapsules present
promising platforms for various applications, such as drug
delivery.
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1 Introduction

Microcapsules with hierarchical core-shell structures are
versatile delivery vehicles and are often used to
encapsulate active ingredients, such as nutrients,
fragrances, biomolecules and medicines, for long-term
storage and controlled release [1-4]. Traditional
microcapsules generally contain a solid shell and possess
some common features, including (i) high loading
efficiency to ensure maximum utilization of expensive
and rare ingredients [5—7], (ii) tunable size for desired
purposes [8-10] and (iii) long-term storage to protect
active ingredients from degradation [11,12]. The design
and functionalization of the shell could further endow the
microcapsules with diverse functionalities. For example,
when the microcapsule shell is biodegradable, active
ingredients could be released sustainably for a long
period of time upon degradation or undergo rapid stimuli-
triggered release under suitable conditions [13-16].
Despite these advances, microcapsules featuring selective
permeation and multiple modes of stimuli-triggered
release are still rare and challenging.

Microfluidics, which allows precise control of the
hierarchical structures of emulsions, provides a versatile
platform for design and preparation of microcapsules with
desired structures and properties [17-19]. For example,
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monodisperse core-shell double emulsions can be
precisely generated in microfluidic channels in one step
[20-22], and these could be used as templates for design
and preparation of microcapsules in which the properties
of the shell could be tuned. While double emulsions are
generally unstable and fail in long-term stabilization [23],
microcapsules are able to encapsulate cargos for long-
term storage. A common strategy used to turn double
emulsions into microcapsules is to dissolve polymers in
the middle oil phase, and a solid polymeric shell is
formed upon evaporation of the middle oil phase [24-26].
However, microcapsules with solid shells generally do
not support selective permeation and only possess a
simple release mode. Therefore, innovations and novel
strategies are required for design and preparation of
microcapsules with desired properties and functionalities
to meet growing needs.

Here, we design and prepare porous ultrathin-shell
microcapsules using ultrathin-shell water-in-oil-in-water
(W/O/W) double emulsions as templates. W/O/W double
emulsions are first prepared by using a glass capillary
microfluidic device. Due to electrostatic interactions,
negatively charged shellac nanoparticles (NPs) dispersed
in the inner water core automatically complex with a
positively charged telechelic a,w-diamino functionalized
polydimethylsiloxane (NH,-PDMS-NH,) polymer
dissolved in the middle oil shell at the water/oil interface.
Moreover, telechelic NH,-PDMS-NH, molecules with
two amino end groups bridge neighboring shellac NPs,
thus forming a cross-linked network. Therefore, porous
ultrathin-shell microcapsules are achieved upon
evaporation of the middle oil phase. The microcapsule
size can be tailored by tuning the flow rate of the outer
phase. Selective permeation allowing small molecules or
particles to diffuse across the microcapsule shell is
demonstrated, the while large molecules or particles are
stably encapsulated in the core. The microcapsules could
rupture under osmotic shock or disintegrate in response to
a pH change, thereby enabling multiple stimuli-triggered
releases.

2 Experimental

2.1 Materials

Shellac is a natural resin and was purchased from Sigma-
Aldrich (USA). Shellac was first dissolved in ethanol and
then precipitated to form NPs upon rapid mixing of
ethanol with water. Due to the carboxylic groups on the
surface, shellac NPs are negatively charged and well
dispersed in the inner water phase. n-Hexane was
purchased from Sinopharm Group Chemical Reagent Co.,
Ltd. (China), and NH,-PDMS-NH, with a molecular
weight of M, = 25000 g'mol! was purchased from
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Gelest Inc. (USA). NH,-PDMS-NH, dissolved in
n-hexane was used as the middle oil phase. Polyvinyl
alcohol (PVA, 87%-89% hydrolyzed) was purchased
from Sigma-Aldrich (USA) and dissolved in the outer
water phase, and this served as the surfactant. Water-
soluble red ink (KST-LM) was purchased from Dayuan
Office Group Co., Ltd. (China). Oil-soluble Nile red was
purchased from Shanghai Yuanye Bio-Technology Co.,
Ltd. (China). Rhodamine B was obtained from Macklin
Biochemical Co., Ltd. (China). Hydroxy-terminated
poly(L-lactic acid) (PLLA) with a molecular weight of
M, = 3000 g'mol™! was purchased from Jinan Daigang
Biomaterials Company (China). Sodium hydroxide
(NaOH, purity 96%) was purchased from Sinopharm
Group Chemical Reagent Co., Ltd. (China). Polyethylene
glycol (PEG) with a molecular weight of M, =
6000 g'mol™! was purchased from Macklin Biochemical
Co., Ltd.

2.2 Preparation of shellac NPs

First, 50 mg of shellac was first dissolved in 1 mL of
ethanol. A 100 pL solution of shellac in ethanol was
rapidly injected into 3 mL of deionized water via a gel-
loading pipet tip and then shaken for 60 s. Upon rapid
mixing of the ethanol with water, shellac precipitated to
form NPs. The average size of the shellac NPs was D =
100 nm, and the zeta potential was { = —40 mV, as
measured by a Zetasizer (Nano ZSP, Malvern
Instruments, UK). Due to the carboxylic groups on the
surface, shellac NPs were negatively charged and well
dispersed in the inner water phase.

2.3 Preparation of porous ultrathin-shell microcapsules
using ultrathin-shell double emulsions as templates

Ultrathin-shell W/O/W double emulsions were prepared
by using a glass capillary microfluidic device. The
cylindrical glass capillaries have an inner diameter of
0.55 mm and an outer diameter of 0.96 mm. Square glass
capillaries have an inner diameter of 1.01 mm and an
outer diameter of 1.5 mm. Cylindrical glass capillaries
were tapered by using a micropipette puller (Model-
P1000, Sutter Instrument Co., Ltd., USA), and their
nozzles were then sanded into the desired size. The
nozzle diameters of the inner, middle and outer capillaries
were 20, 180 and 340 um, respectively. To assemble the
microfluidic device, the inner capillary was inserted into
the middle capillary, and the middle and outer capillaries
were aligned face-to-face with a separation of ~300 pum in
a square capillary. Syringe pumps (LSP01-1A, Longer,
China) were used to pump liquid phases into the devices
with constant flow rates.

To make ultrathin-shell W/O/W double emulsions,
1.7 mg:-mL~" shellac NPs dispersed in water were used as
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the inner aqueous phase, 1 wt % NH,-PDMS-NH,
dissolved in n-hexane was used as the middle oil phase,
and 5 wt % PVA dissolved in water was used as the outer
aqueous phase. Ultrathin-shell double emulsions were
generated with constant flow rates of 200, 400 and
10000 pL-h~! for the inner, middle and outer phases.
Since shellac NPs are negatively charged and NH,-
PDMS-NH, molecules are positively charged, shellac
NPs and NH,-PDMS-NH, molecules electrostatically
complexed with each other at the water/oil interface
[27,28]. Moreover, the NH,-PDMS-NH, molecules
contain two amino end groups and were able to bridge
neighboring shellac NPs, thus forming a cross-linked
network. When n-hexane was evaporated after 24 h,
ultrathin-shell double emulsions became porous ultrathin-
shell microcapsules.

2.4  Characterization of porous ultrathin-shell
microcapsules

Porous ultrathin-shell microcapsules were observed with
a bright-field optical microscope (CX40P, Sunny Optical
Technology Co., Ltd., China), and fluorescent images
were taken with a fluorescence confocal microscope
(TCS SP5, Leica, Germany). Preparation of ultrathin-
shell double emulsions using the glass capillary
microfluidic device was recorded by a CCD camera
(IMX178, Sunny Optical Technology Co., Ltd, China).
Scanning electron microscopy (SEM images were
obtained with a scanning electron microscope operated at
an acceleration voltage of 3 kV (SU8010, Hitachi, Japan).
SEM samples were freeze-dried in a freeze dryer
(Shanghai Leewen Scientific Instruments, China). The
diameters of the microcapsules were statistically
measured using ImagelJ software.

2.5 Selective permeation and stimuli-triggered release of
porous ultrathin-shell microcapsules

The shells of the porous ultrathin-shell microcapsules
mainly consisted of shellac NPs cross-linked by telechelic
NH,-PDMS-NH, molecules. Therefore, the shell was
naturally porous. To test the permeation of the shell,
molecules and NPs of different sizes, such as rhodamine
B and rhodamine B-stained PLLA NPs, were
encapsulated in the core. Rhodamine B molecules and
rhodamine B-stained PLLA NPs have sizes of ~1 and
60 nm, respectively. Nile red was loaded in the shellac
NPs, it was excited with a 488 nm laser and the resulting
fluorescence (green) was observed from 500 to 520 nm.
Rhodamine B was excited with a 543 nm laser and the
fluorescence (red) was observed from 650 to 800 nm.

The release of cargos encapsulated in the porous
ultrathin-shell microcapsules could be triggered by
osmotic pressure or a pH change. To impose an osmotic
pressure on the microcapsules, 50 mg-mL~' PEG M, =
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6000 gmol™') was encapsulated in the microcapsules.
When the outer aqueous phase containing 50 mg-mL™!
PEG was replaced by water, osmotic pressure was
imposed on the microcapsules, and this led to swelling
and rupture of the microcapsules. To change the pH, a
small amount of 0.01 mol-L™' NaOH solution was added
to the outer aqueous phase, and the shellac NPs dissolved
under the alkaline conditions, which resulted in
disintegration of the microcapsules. The release processes
triggered by osmotic pressure and pH changes were
recorded with a CCD camera.

3 Results and Discussions

3.1 Preparation and characterization of ultrathin-shell
microcapsules

To prepare porous ultrathin-shell —microcapsules,
ultrathin-shell double emulsions were used as templates,
and the preparation and characterization of ultrathin-shell
microcapsules are shown in Fig. 1. Ultrathin-shell
W/O/W double emulsions were prepared by using a glass
capillary microfluidic device, as schematically illustrated
in Fig. 1(a). The inner aqueous phase comprising shellac
NPs dispersed in water was sheared into droplets by the
middle oil phase of NH,-PDMS-NH, dissolved in
n-hexane. Subsequently, the dispersed droplets squeezed
the middle oil phase into a thin layer at the second orifice,
and both were sheared into ultrathin-shell W/O/W double
emulsions by the outer aqueous phase, PVA, dissolved in
water. To prepare the double emulsions, the flow rates of
the inner, middle and outer phases were typically 200,
400, and 10000 pL-h~!, respectively, and the shell
thicknesses of the double emulsions were estimated to be
~383 nm (Fig. S1, cf. Electronic Supplementary material,
ESM).

After preparation of the double emulsions, shellac NPs
dispersed in the water core and telechelic NH,-PDMS-
NH, molecules dissolved in the oil shell tended to
complex electrostatically with each other over time at the
water/oil interface, since the shellac NPs containing
carboxylic groups were negatively charged and the
telechelic NH,-PDMS-NH,, molecules with amino groups
were positively charged. Each telechelic NH,-PDMS-
NH, molecule has two amino groups, and thus telechelic
NH,-PDMS-NH, molecules bridged neighboring shellac
NPs to form a cross-linked network. Additionally,
n-hexane is volatile and gradually evaporated. Therefore,
upon evaporation of the middle oil phase, ultrathin-shell
double emulsions became porous ultrathin-shell
microcapsules whose shells consisted of cross-linked
networks of shellac NPs bridged by telechelic NH,-
PDMS-NH, polymers, as schematically illustrated in
Fig. 1(b).
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Fig. 1 Design and preparation of porous ultrathin-shell microcapsules. (a) Schematic illustration of the preparation of ultrathin-shell
W/O/W double emulsions using a glass capillary microfluidic device. Shellac NPs were dispersed in the inner water phase, and
telechelic NH,-PDMS-NH, molecules were dissolved in the middle oil phase. (b) Negatively charged shellac NPs electrostatically
complexed with positively charged telechelic polymers at the water/oil interface, and porous ultrathin-shell microcapsules were
formed upon evaporation of the n-hexane. Since telechelic NH,-PDMS-NH, molecules possess two amino end groups, telechelic
molecules were able to bridge neighboring shellac NPs, thus forming a cross-linked network. Optical microscope images of
(c) ultrathin-shell double emulsions and (d) porous ultrathin-shell microcapsules. (e) Fluorescent confocal microscope image of a
porous ultrathin-shell microcapsule with Nile red loaded in the shellac NPs. (f) SEM image of a collapsed porous ultrathin-shell

microcapsule.

To better visualize the water core, red ink was
dissolved in the inner aqueous phase. When the ultrathin-
shell double emulsions were first prepared, red ink could
not diffuse across the oil shell and was confined within
the core, as shown in Fig. 1(c). However, when the oil
phase was evaporated and ultrathin-shell double
emulsions became porous ultrathin-shell microcapsules,
red ink diffused out of the microcapsules, as shown in
Fig. 1(d). The porous ultrathin shell was directly
visualized by loading Nile red into the shellac NPs, which
shows a thin fluorescent ring under a fluorescence
confocal microscope (Fig. 1(e)). A SEM photograph that
when the ultrathin-shell microcapsule was dried, its shell
collapsed and flattened with only a small wrinkle around
the microcapsule edge, as shown in Fig. 1(f).

3.2 Tuning the size of ultrathin-shell W/O/W double
emulsions

Since porous ultrathin-shell microcapsules were
templated from ultrathin-shell W/O/W double emulsions,
the size of the microcapsules could be tailored by tuning
the size of the double emulsions, as shown in Fig. 2.

When the flow rates of the middle and outer phases were
fixed at 800 and 10000 uL-h™!, respectively, ultrathin-
shell double emulsions were generated stably, with their
sizes decrease slightly from 370 pm to 350 pum as the
inner phase flow rate was increased from 200 to
600 pL-h™!, as shown in Fig.2(a). In contrast, the
emulsion sizes increase slightly from 330 pm to 365 um
when the middle phase flow rate was increased from 200
to 1000 pL-h~!, while the flow rates of the inner and outer
phases were fixed at 200 and 10000 pL-h~!, respectively,
as shown in Fig. 2(b). When the flow rates of the inner
and middle phases were kept constant at 200 and
800 uL-h™!, respectively, the emulsion sizes decrease
from 365 pm to 305 pm as the outer phase flow rate was
increased from 10000 to 18000 pL-h™', as shown in
Fig. 2(c). When the flow rates of the inner, middle and
outer phases continued to increase beyond 600, 1000, and
18000 uL-h™!, respectively, stable ultrathin-shell double
emulsions were not formed. Overall, the flow rates of the
inner and middle phases only have a limited effect on the
emulsion size. In contrast, the outer aqueous phase is able
to shear the double emulsion into smaller size as its flow
rate increases.
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Fig.2 Tuning the size of ultrathin-shell W/O/W double
emulsions, which were used as templates for preparation of porous
ultrathin-shell microcapsules. (a) Dependence of the emulsion size
on the inner phase flow rate. The flow rates of the middle and
outer phases were fixed at 800 and 10000 pL-h~!, respectively.
(b) Dependence of the emulsion size on the middle phase flow
rate. The flow rates of the inner and outer phases were kept
constant at 200 and 10000 uL-h~!, respectively. (c) Dependence of
the emulsion size on the outer phase flow rate. The flow rates of
the inner and middle phases were kept constant at 200 and
800 pL-h™!, respectively. Red ink was dissolved in the inner phase
for better visualization.

3.3 Selective permeation of porous ultrathin-shell
microcapsules

The shells of microcapsules consist of cross-linked
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networks of shellac NPs bridged by telechelic polymers,
and thus the microcapsules are naturally porous, which
might allow selective permeation of particles with
different sizes, as shown in Fig. 3. The size of the shellac
NPs is D = 100 nm. If they are assumed to be densely
packed, the pores between shellac NPs are estimated to be
~20 nm, as illustrated schematically in Fig. 3(a). To
explore permeation of the porous ultrathin-shell
microcapsules, rhodamine B with a size of ~1 nm and
rhodamine B-stained PLLA NPs with size of ~60 nm
were encapsulated in the cores of the microcapsules.
Because rhodamine B molecules are smaller than the
pores on the shell, rhodamine B molecules were able to
diffuse out of the microcapsules, resulting in a red
fluorescent color both inside and outside the
microcapsules, as shown in Fig. 3(b). However, the
rhodamine B-stained PLLA NPs are larger than the pores,
and they were stably encapsulated within the core;
therefore, the red fluorescent color of rhodamine B was
only observed within the microcapsules, as shown in
Fig. 3(c). Selective permeation of porous microcapsules
differs from most microcapsules with solid shells and is
especially useful for applications that require
encapsulation of large molecules inside the core and
transport of small molecules across the shell [29,30].

3.4 Stimuli-triggered release of porous ultrathin-shell
microcapsules

After preparation, porous ultrathin-shell microcapsules
were stable for long periods of time. To release the cargos
encapsulated in the core, the microcapsules could be
ruptured by osmotic pressure or disintegrated under a pH
change, showing osmotic pressure-triggered or pH-
triggered releases, as shown in Fig. 4. To impose an
osmotic pressure on the microcapsules, 50 mg'mL~' PEG
with an M, of 6000 g:mol~! was added into the inner and
outer aqueous phases. The gyration radius of PEG was
estimated to be ~3.1 nm (cf. ESM) [31]. When the outer
aqueous phase was replaced by water, the high
concentration of PEG in the inner generated high osmotic
pressures inside the microcapsules [32], thus leading to
swelling and eventually rupture of the microcapsules.
Interestingly, after rupture, the shells shrank, since they
consisted of cross-linked networks of shellac NPs formed
by telechelic polymers, as shown in Figs. 4(a) and 4(b).
Alternatively, to trigger release of the cargo via pH
change, NaOH solution was added into the continuous
phase. Under alkaline condition, more carboxylic groups
were deprotonated, and the shellac became soluble in the
aqueous solution, thus leading to disintegration of the
microcapsules; this was confirmed by optical microscopy,
as shown in Figs. 4(c) and 4(d). Although the osmotic
pressure-triggered and pH-triggered releases have
different underlying mechanisms, both of them could
release the cargo quickly and could be applied under
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Fig.3 Selective permeation of porous ultrathin-shell microcapsules. (a) Schematic illustration of selective permeation of small
molecules or particles across the porous ultrathin shell. Fluorescence confocal microscope images of (b) rhodamine B molecules with
size of ~1 nm and (c) rhodamine B-stained PLLA NPs with size of ~60 nm encapsulated in the porous ultrathin-shell microcapsules.
Nile red was loaded in shellac NPs, and its fluorescent color (green) was excited by a 488 nm laser and observed between 500 nm
and 520 nm. The fluorescent color (red) of rhodamine B was excited by a 543 nm laser and observed between 650 and 800 nm.

suitable conditions.

Porous ultrathin-shell microcapsules are unique and
have several advantages. The porous shell allows
encapsulation of large molecules or particles in the cores
and permeation of small molecules or particles across the
shells. Because of the ultrathin shells, cargos
encapsulated in the microcapsules could be released by
osmotic pressure. In addition, the shell comprising a
network of shellac NPs cross-linked by telechelic
polymers could be destroyed by dissolving the shellac
NPs under alkaline condition. For traditional
microcapsules with solid shells, it is generally difficult to
achieve selective permeation, and the prepared
microcapsules show superior size-dependent permeation
and multiple stimuli-triggered release modes.

4 Conclusions

In summary, porous ultrathin-shell microcapsules were
designed and prepared by using ultrathin-shell W/O/W
double emulsions as templates. The microcapsules
consisted of ultrathin shells comprising a network of

negatively charged shellac NPs crosslinked by positively
charged telechelic polymers and are naturally porous,
thus enabling encapsulation of large molecules or
particles in the core and permeation of small molecules or
nanoparticles across the shell. The cargos encapsulated in
the microcapsules could be released when triggered by
osmotic pressure or a pH change. Overall, this study
presents a novel strategy for designing porous ultrathin-
shell microcapsules, and the diverse functions of the
prepared microcapsules suggest that they have promise
for applications requiring size-dependent permeation and
stimuli-triggered release, such as in biomedicine and drug
delivery.
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Fig. 4 Stimuli-triggered release of porous ultrathin-shell microcapsules. (a) Schematic illustration of osmotic pressure-triggered
release. (b) Sequences of snapshots showing swelling and rupture of the porous ultrathin-shell microcapsules triggered by osmotic
pressure. The microcapsules contained 50 mg'mL~' PEG in the core, and water was added to the continuous phase to impose an
osmotic pressure. (c) Schematic illustration of pH-triggered release. (d) Sequences of snapshots showing disintegration of the porous
ultrathin-shell microcapsules under alkaline condition. NaOH solution was added to the continuous phase, and shellac NPs were
dissolved after the pH change, leading to disintegration of the microcapsules.
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