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Polarity- and Temperature-Dependent Permeability

Ji-Won Kim, Sang Seok Lee, Jinho Park, Minhee Ku, Jaemoon Yang, and Shin-Hyun Kim*

Microcapsules with molecule-selective permeation are appealing as
microreactors, capsule-type sensors, drug and cell carriers, and artificial
cells. To accomplish molecular size- and charge-selective permeation, regular
size of pores and surface charges have been formed in the membranes.
However, it remains an important challenge to provide advanced regulation
of transmembrane transport. Here, smart microcapsules are designed that
provide molecular polarity- and temperature-dependent permeability. With
capillary microfluidic devices, water-in-oil-in-water (W/O/W) double-emulsion
drops are prepared, which serve as templates to produce microcapsules.

The oil shell is composed of two monomers and dodecanol, which turns

to a polymeric framework whose continuous voids are filled with dodecanol
upon photopolymerization. One of the monomers provides mechanical
stability of the framework, whereas the other serves as a compatibilizer

between growing polymer and dodecanol, preventing macrophase separation.

Above melting point of dodecanol, molecules that are soluble in the molten

various substances to interact with neigh-
boring cells. In particular, transmembrane
proteins, such as ion channels and trans-
porters, can selectively pump specific polar
ions or molecules even opposed to the
natural diffusion caused by the concen-
tration gradient.'3] The molecule-specific
permeation through the cell membranes
is of great importance in intercellular
communications as well as metabolism
for a living.

There have been intensive studies on
artificially designing membranes with
molecule-selective permeability, inspired
by the cell membranes, as remarkable ben-
efits are expected.*’l For example, cells
can be isolated from the immune system
using semipermeable capsules with a con-

dodecanol are selectively allowed to diffuse across the shell, where the rate
of transmembrane transport is strongly influenced by partition coefficient.
The rate is drastically lowered for temperatures below the melting point.
This molecular polarity- and temperature-dependent permeability renders
the microcapsules potentially useful as drug carriers for triggered release

and contamination-free microreactors and microsensors.

Cell membrane consists of a phospholipid bilayer at which
various membrane proteins are embedded. The cell mem-
brane protects organelles in the cytoplasm from the extracel-
lular space, while regulating transmembrane transport of
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trolled cut-off threshold of permeation
while secreting valuable proteins; this is
referred to as immunoisolation.*1% The
molecule-selective permeability is also
useful for designing capsule-based sensors
because sensing materials can be protected
from contaminants to maintain high sensi-
tivity while allowing the infusion of target
molecules.'51 In a similar manner,
enzymes or catalysts can be encapsulated
to prevent contamination while allowing the exchange of reac-
tants and products along the membrane.[1>18]

The simplest way to regulate transmembrane transport is
the molecular size-selective permeation using membranes with
a consistent size of pores."?* To create microcapsules with
regular pores in the membranes, various approaches have been
employed. For example, metal-organic framework!!¢17:222] or
nanoparticlesi??’! are formed on the surface of emulsion drops
through interfacial condensation or adsorption, and also a poly-
meric layer is prepared by a layer-by-layer (LBL) deposition.?8-31
In particular, the microcapsules prepared by LBL technology
can be further designed to show pH, ionic strength, ultraviolet
(UV), or temperature responsiveness, which enables the release
of small molecules under the target condition.3?-36l

Recent advances in microfluidic technology have enabled
the production of the double-emulsion drop, or drops-in-drop,
in a highly controlled manner.’’*% As the double-emulsion
drops have a core-shell configuration, they have served as a
flexible template to design functional microcapsules. To regu-
late transmembrane transport, the microcapsule shells have
been designed to have a regular size of pores or charge. In the
early development for the microcapsules with size-selective
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permeability, inorganic mnanoparticles are assembled by
solvent evaporation from the middle layer of double-emulsion
drops to form a shell.*I-* The interstitial voids among the
nanoparticles have a consistent size so that size selectivity is
achieved. However, the nanoparticle assemblies are mechani-
cally unstable, which restricts the use. To improve the stability
while forming the regular pores, phase separation between two
polymers and microphase separation of block copolymers have
been used;[?%21:234] the separation is caused by either solvent
evaporation or polymerization of the monomer. The selective
removal of one phase after the phase separation results in the
regular pores in the polymer shell and the remaining monolithic
shells provide a high mechanical stability. In addition, the size
of pores, or equivalently the cut-off threshold of permeation,
can be controlled by adjusting the degree of phase separation.
The charge-selective microcapsules have been also designed by
making the shell with charged hydrogel or polyelectrolyte.[647]
However, the regulation of transmembrane transport is limited
to the size and charge selection and no advanced regulation has
been achieved with nonbiological materials.

Herein, we design microcapsules with a molecular polarity-
dependent permeability to provide advanced transmembrane
transport. With a capillary microfluidic device, water/oil/water
(W/O/W) double-emulsion drops are prepared to have an oil
shell containing photocurable monomers and phase-change
material (PCM). The drops are irradiated with UV during the
flow, which causes the polymerization of the monomers in the
oil shell. The resulting membrane is composed of a cross-linked
polymer framework whose voids are filled with the liquid PCM.
As the PCM provides a continuous pathway, the membrane
selectively allows the diffusion of molecules that are soluble
in the liquid PCM. The rate of the transmembrane transport
increases along with the partition coefficient of molecules in oil
relative to water which depends on the polarity of molecules.
The transmembrane transport can be further regulated by tem-
perature. When the temperature is lower than the melting point
of PCM, the PCM is frozen, drastically lowering solubility for all
molecules. Therefore, the transport can be switched on and off
depending on the temperature. These smart microcapsules that
possess molecular polarity- and temperature-dependent perme-
ability are promising for various applications including capsule-
type microsensors and encapsulation of catalysts. In particular,
the temperature-dependent permeability is highly beneficial for
sustained release of drugs triggered by body temperature.

The smart microcapsules are designed by using W/O/W
double-emulsion drops as a template, as shown in Figure 1a.
The oil shell of double-emulsion drops is a ternary mixture
of two different monomers and a liquid PCM, which turns
to a solid shell through photopolymerization of the mono-
mers. The inert PCM remains as a liquid without reaction and
forms nanochannels across the entire thickness of the solid
shell, serving as diffusion paths between the interior and sur-
rounding. The rate of transmembrane transport through the
PCM channels strongly depends on the solubility of molecules
in the liquid PCM, thereby providing polarity-dependent per-
meability. At the temperatures below the melting point of the
PCM, PCM is frozen so that the molecular permeability is
dramatically lowered, enabling the control of permeability with
external temperature.
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To produce monodisperse microcapsules with a thin shell
membrane, the double-emulsion drops with a thin oil layer are
prepared with a glass capillary microfluidic device, as shown in
Figure S1 (Supporting Information). The device consists of two
tapered cylindrical glass capillaries that are coaxially aligned
to have a tip-to-tip configuration inside of a square-shaped
capillary.*4 One of the cylindrical capillaries is treated to have
hydrophobic surfaces, whereas the other is to have hydrophilic
surfaces. Through the hydrophobic capillary, the innermost
water phase of 10 w/w% poly(vinyl alcohol) (PVA) solution and
the middle oil phase of a ternary mixture of dodecanol, lauryl
acrylate (LA), and trimethylolpropane ethoxylate triacrylate
(ETPTA) containing 1 w/w% photoinitiator are simultaneously
injected. The continuous phase has the same composition to
the innermost phase, which is injected through the interstices
between the hydrophobic capillary and square capillary; the
interstices between the hydrophilic capillary and square capil-
lary are sealed. The typical flow rates of the innermost, middle,
and continuous phases are set to 800, 1100, and 3000 uL h7!,
respectively, where the device is operated at =45 °C to prevent
freezing of dodecanol; dodecanol has a melting point of about
22-26 °C.

In the hydrophobic capillary, the water phase forms a series
of plug-shaped drops without contacting the hydrophobic wall,
whereas the oil phase wets the wall. This discontinuous core—
sheath stream is emulsified into the continuous phase at the
junction of two tapered capillaries, forming W/O/W double-
emulsion drops with thin oil shell, as shown in Figure S1 and
Movie S1 (Supporting Information). Due to the discontinuity
of the core-sheath stream, single oil drops are also generated;
the oil drops can be easily separated from the double-emulsion
drops by utilizing the density difference.*”) The double-
emulsion drops flow through the hydrophilic capillary and
finally collected in a glass vial. To polymerize LA and ETPTA,
the double-emulsion drops are irradiated by UV light during
the collection. This in situ photopolymerization enables the
formation of microcapsules while securing the suspension
stability; bulk UV exposure after the collection frequently
results in the microcapsules stuck with each other, as shown
in the Figure S2 of the Supporting Information. In addition,
the in situ polymerization is beneficial to make a relatively
homogeneous thickness of the shell. If the drops are at rest,
the density difference between the inner water droplet and
the middle oil layer causes the migration of the inner droplet
within the oil layer, resulting in the inhomogeneous shell
after the bulk polymerization.”® The resulting microcapsules
are highly monodisperse, as shown in Figure S3 (Supporting
Information); the microcapsules have an average diameter of
207 um and its coefficient of variation of 1.39%.

The composition of the middle oil phase is set to either
29 w/w% dodecanol, 45 w/w% LA, and 25 w/w% ETPTA or
29 w/w% dodecanol, 35 w/w% LA, and 35 w/w% ETPTA to
make a homogenous shell without macrophase separation
based on the ternary phase diagram, as shown in Figure 1b
and Figure S4 (Supporting Information). The ternary phase
diagram is obtained from a set of bulk film formation tests,
where the resulting films are classified to transparent, opaque,
and not solidified. In common, polymerization of monomers
reduces miscibility to inert liquid and causes macrophase
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Figure 1. a) Schematic illustration for the formation of microcapsules from the double-emulsion drop by UV-induced photopolymerization of lauryl
acrylate (LA) and ethoxylated trimethylolpropane triacrylate (ETPTA) in the shell of the ternary mixture and the reversible phase change of dodecanol
in the void of the poly(LA-co-ETPTA) framework by heating and cooling. b) Ternary phase diagram for states of UV-irradiated mixture of ETPTA, LA,
and dodecanol, where the states are classified to transparent (circles), opaque (triangles), and not solidified (squares). Two different compositions
used for microcapsule production are denoted by a yellow ellipse. c) Optical microscopy (OM) images of microcapsules at two different temperatures
of 30 and 10 °C, as denoted in the panels. d) Cross-sectional SEM image of the shell membrane. The inset shows a fractured microcapsule.

separation; this is known as polymerization-induced phase
separation (PIPS).[*2351-4 The PIPS occurs when the content
of LA is relatively small, producing opaque films. By con-
trast, a large content of LA in the mixture prevents the PIPS
and produces a transparent film, as LA is highly miscible with
both dodecanol and ETPTA. Therefore, LA and ETPTA form
a polymeric framework through copolymerization, whereas
a liquid dodecanol homogeneously fills the interstitial voids
of the framework without macrophase separation. Within the
domain of transparent film, the compositions are chosen to
have moderate amounts of dodecanol and ETPTA to secure
both the formation of continuous PCM nanochannels and high
mechanical stability.

The microcapsules made from the optimized composition
of oil shell are highly transparent above the melting point of
dodecanol, as shown in the left panel of Figure 1c. When the
temperature is lowered below the melting point, the dodecanol
is frozen, rending the microcapsules translucent, as shown in
the right panel. This change of transparency is reversible, as
shown in Movie S2 (Supporting Information). To further con-
firm the absence of macrophase separation, the microcapsules
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are washed with isopropanol several times to remove dodecanol
and observed with a scanning electron microscope (SEM),
as shown in Figure 1d. The surface and cross-section of the
membrane show no macropores; the membrane is =2.3 um
thick. By contrast, the microcapsules made from the composi-
tion forming the opaque film are not spherical and dodecanol
escapes from the solid shell during the temperature swing, as
shown in Figure S5 (Supporting Information). We attribute the
shape deformation to the volume expansion that is concomitant
with phase separation.

The membrane is composed of poly(ETPTA-co-LA) frame-
work whose voids are filled with dodecanol. Therefore, the
microcapsules are highly stable against the external shear
flow and temperature change as the framework serves as solid
support. This high stability is difficult to achieve with a pure
dodecanol shell, as the microcapsules rupture when the dode-
canol melts.’>% Furthermore, pure PCM shell forms cracks
during freezing, which leads to leakage of encapsulants.l” 58l
The dodecanol remains in the framework even for many cycles
of temperature swing and does not produce cracks during
freezing.
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To investigate the mechanical stability, we prepare a micro-
capsule with a diameter of 290 um and squeeze them with a
pair of glass plates. The microcapsules are deformed to a disk
shape for the compression while maintaining the shell integrity,
as shown in Figure S6a (Supporting Information). The shells
abruptly rupture when the strain exceeds the threshold value
of 0.60. To quantitatively analyze the deformation, we measure
the force during the compression using a setup composed of a
syringe pump and a precision balance, as shown in Figure S6b
(Supporting Information).”® The force at fracture is estimated as
0.642 N. The stress is estimated by dividing the force with the pro-
jection area of the spherical microcapsule, from which a modulus

p(ETPTA-co-LA) Dodecanol (b)

(a)

(c) (d)

0 min

0 min

www.small-journal.com

is calculated as 15 MPa from the slope in the strain—stress curve,
as shown in Figure S6c (Supporting Information).

As the dodecanol fully occupies whole voids in the frame-
work, there is no diffusion of molecules through physical voids.
However, molecules with a relatively low polarity originally
dissolved in water can be transferred in the dodecanol, which
then diffuses toward the other side of the membrane and
finally transferred into the other water phase, as illustrated in
Figure 2a. Rhodamine 110 chloride (R110) dissolved in the
continuous phase diffuses across the membrane, gradually
increasing the fluorescence intensity in the core of micro-
capsules, as shown in Figure 2b. The intensity saturates in

20 min 40 min 60 min

20 min 40 min 60 min

(€) 1ol (f) 1o (g) 10000
i
z + RBITC Z 1000
NE 4+ R6G NE ~_
~ 05 v R110 = 05 3
- _—
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> Pyranine Pyranine 104
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0 100 200 300 0.1 1 10 100
t (S) dodecanol/water
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Figure 2. a) Schematic of microcapsule whose shell allows the infusion of molecules through the dissolution at the outer interface, diffusion through
dodecanol nanochannel, and dissolution at inner interface. b) The molecular structure of rhodamine 110 chloride (R110) and series of confocal micros-
copy images showing the infusion of R110 into the core of microcapsules. c) Schematic of microcapsule whose shell rejects the molecules insoluble in
dodecanol. d) The molecular structure of pyranine and series of confocal microscopy images showing the rejection of pyranine from the microcapsules.
e,f) Temporal changes of normalized fluorescent intensity, I(t)// a0 in the microcapsules for seven different dye molecules as denoted, where solid
lines fit with Equation (1). g) The characteristic time scale, 7, for transmembrane permeation as a function of partition coefficient, Pyogecanoljwaten fOr
five different dyes, where solid line fits with Equation (3). h,i) Schematic and confocal microscope images of microcapsules suspended in the aqueous
solution of R110 (green fluorescence) and SRB (red fluorescence), where R110 is selectively allowed to infuse into microcapsules.
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1 h to be comparable to that of the surrounding. That is, the
dodecanol-filled voids in the framework are interconnected
to serve as diffusion paths for transmembrane transport. By
contrast, molecules with high polarity are insoluble in dode-
canol, which are rejected from the membrane, as illustrated
in Figure 2c. For example, pyranine is not allowed to diffuse
across the membrane so that fluorescence is observed from the
surrounding only, as shown in Figure 2d. This set of experi-
ments indicate that the dodecanol-polymer membranes provide
molecular polarity-dependent transport; molecular weights and
hydrodynamic diameters of R110 and pyranine are comparable.
To further study the influence of molecular solubility in
dodecanol to the rate of the transmembrane transport, seven
water-soluble dye molecules are separately dissolved in the
surrounding and temporal changes in fluorescence intensity
are measured at about 30 °C, as shown in Figure 2ef. Dye
molecules of rhodamine B (RB), rhodamine B isothiocyanate
(RBITC), rhodamine 6G (R6G), R110, and indocyanine green
(ICG) show a rapid increase at early stage and gradual saturation
of the fluorescence intensity, whereas sulforhodamine B (SRB)
and pyranine show no meaningful fluorescence in the timescale
0f 30 000 s (=8.3 h). As the fluorescence intensity is proportional
to the concentration of dye molecules, the temporal change of
fluorescence can be interpreted as that of concentration. The
temporal changes roughly follow the exponential function

0y (1)

I max

where I(t) is time-dependent fluorescence intensity, I,,,,, is the max-
imum intensity, and 7 is the characteristic timescale for the per-
meation. The values of T are 7.63, 24.1, and 66.7 s for RB, RBITC,
and R6G, respectively. Therefore, it takes less than 100 s for the
core of microcapsule to have a comparable concentration to the
surrounding. The value of 7 increases to 499 s for R110 even
though free diffusion constant is almost same as RB, RBITC, and
R6G. This indicates that the rate of transmembrane transport is
not determined by diffusion through the PCM channels but the
transfer at two interfaces of the membrane. The value of 7 is as
large as 9260 s for ICG and infinity for SRB and pyranine.

It is expected that the dissolution at the interface between the
surrounding and membrane determines the overall dynamics
of transmembrane transport. Therefore, we measure the parti-
tion coefficients of the molecules to find a relation with the rate
of transport. The partition coefficient is defined as the concen-
tration ratio in two immiscible phases of dodecanol and water
at equilibrium

C
Pd/w — dodecanol (2)

Cuater

To measure the values of Py, pure dodecanol and aqueous
solution of dye molecules are incubated in a glass vial at 50 °C
for a week, from which the concentrations of the dye in dode-
canol and water phases are measured using absorbance spectra,
as shown in Figures S7-S13 (Supporting Information); standard
curves for concentration versus absorbance in dodecanol and
water are obtained for all dyes to calculate the concentration in
each phase from the absorbance. The characteristic timescale
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for transmembrane transport decreases as the partition coeffi-
cient increases as expected, as shown in Figure 2g and Table S1
(Supporting Information). We find a rough empirical relation
between 7 in a unit of second and Py, as following

1
logr=———
cilogPyy +¢,

3)
where ¢; and ¢, are found to be 0.34 and 0.62, respectively. That
is, the rate of transport is very sensitive to that of dissolution,
from which we conclude the overall dynamics is determined by
the dissolution at the interface.

The molecular polarity-selectivity can be directly demon-
strated by using a binary solution of two different dyes of one
soluble in dodecanol and the other insoluble, as illustrated in
Figure 2h. The microcapsules suspended in the solution of R110
and SRB show green fluorescence from the core, whereas the
surrounding shows both green and red fluorescence, as shown
in Figure 2i. R110 with Py, of 0.156 diffuses along the mem-
brane, while SRB with Py, of 0.0452 is rejected. This molecule-
selective permeation is very difficult to achieve with a uniform
size of pores as two molecules have a comparable diameter.

The microcapsule shell provides molecular-size selectivity
as well as polarity selectivity. When the microcapsules are sus-
pended in the aqueous solution of RBITC-tagged dextran with a
molecular weight of 10 000 g mol™!, they do not allow the infu-
sion of RBITC-dextran at least for 10 h, as shown in Figure S14g,h
(Supporting Information). The value of Pg,, for RBITC-dextran is
estimated as 0.35, from Figure S14a—f (Supporting Infromation).
This value is large enough to be permeable through the shell
according to Figure 2g. The rejection of RBITC-dextran is attrib-
uted to the small dimension of PCM-filled nanochannels relative
to the hydrodynamic size of the molecule.

Dodecanol remains as a liquid above its melting point of
22-26 °C so that molecules can be transferred from the water.
When the temperature drops below the melting point, dode-
canol freezes, causing the molecules less soluble or insoluble.
Therefore, transmembrane transport can be dramatically pro-
hibited, as illustrated in Figure 3a. To study the temperature
dependence of molecular permeation, R6G is dissolved in
water at which microcapsules are subjected to three different
temperatures of 30, 20, and 10 °C. In all three temperatures,
the fluorescence intensity increases and gradually saturated by
roughly following Equation (1). However, there is a large differ-
ence in the timescale of the transport. The fluorescence inten-
sity in the core of microcapsule increases to be comparable to
the surrounding within 80 s at 30 °C, as shown in the top row
of Figure 3b and already confirmed in Figure 2e,f. The time
for the intensity saturation increases to 10 min at 20 °C and
150 min at 10 °C, as shown in the middle and bottom rows
of Figure 3b. The temporal changes of fluorescence intensity at
30, 20, and 10 °C are shown in Figure 3c, from which the values
of T are extracted as 66.7 s, 7.45 min, 106 min, respectively. As
shown in Figure 3d, 7 in a unit of second and temperature (T)
in a unit of °C roughly follow an empirical relation

logt=c; T+c, “)

where ¢; and ¢, are —0.099 °C! and 4.74, respectively.
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Figure 3. a) Schematics showing the reversible change between two states by heating above and cooling below the melting point of dodecanol, which
are a molecule-permeable shell with molten dodecanol and molecule-impermeable or less-permeable shell with frozen dodecanol. b) Time series
of confocal microscopy images showing the infusion of rhodamine 6G (R6G) at three different temperatures of 30, 20, and 10 °C, where the infusion

time strongly depends on temperature. c) Temporal changes of normaliz

ed fluorescent intensity, I(t) /a0 for R6G and pyranine at different tempera-

tures as denoted, where solid lines fit with Equation (1). d) The characteristic time scale, 7, for transmembrane permeation as a function of temperature

for R6G, where solid line fits with Equation (4).

There is a slow infusion of R6G even below the melting point
of dodecanol. To confirm whether the transport is still driven
by dissolution into a frozen dodecanol or by the formation of
cracks, we use pyranine for a comparison. Pyranine has Py, =0
at 30 °C, being rejected from the membrane. There is also no
permeation at 10 °C, as shown in Figure 3c, indicating that there
is no crack formation, unlike a pure PCM shell.’”>® The dode-
canol fills the molecular-scale void of the polymer framework
so that freezing is unlikely to make cracks or pores. Therefore,
the transmembrane transport of R6G below the melting point is
purely caused by dissolution of R6G into the frozen dodecanol.

The permeation rate through the microcapsule membrane
strongly depends on the molecular polarity and the tem-
perature. Therefore, we can use the microcapsules for the
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temperature-triggered release of dodecanol-soluble encapsu-
lants, as illustrated in Figure 4a. For a demonstrative purpose,
we use ICG with Py, of 0.086 as an encapsulant and analyze
its release from microcapsules using absorbance of the sur-
rounding fluid. The microcapsules show a negligible release of
ICG at 4 °C for 72 h, as shown in Figure 4b. By contrast, ICG
is released from the microcapsules at 37 °C. The release is rela-
tively fast until 18 h and slows down afterward. As the rate of
release depends on the temperature, the release can be switched
on and off by controlling external temperature. For example,
the microcapsules that retain ICG at 4 °C release ICG when the
temperature is set to 37 °C for 6 h. The release is stopped when
the temperature is lowered to 4 °C and the release is restarted
when the temperature is raised to 37 °C, as shown in Figure 4c.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Schematic showing the preservation of encapsulants at 4 °C and the release at 37 °C. b) Temporal change of absorbance at 780 nm for the
medium of indocyanine green (ICG)-loaded microcapsules at 37 and 4 °C. c) Temporal change of the absorbance for temperature change, as denoted.
The microcapsules release ICG at 37 °C while retaining at 4 °C. d) Series of fluorescence images taken from mice for 24 h after injecting free ICG
solution (top), ICG-loaded microcapsules (middle), and ICG-loaded PCM-free microcapsules (bottom).

The microcapsules with temperature sensitivity are useful
for a localized, sustained release of drugs when implanted in
tissue while preserving the drug with the refrigeration. As the
microcapsules are small enough to be injected using a needle
without a clogging problem and large enough to be fixed at
the tissue, they can be easily implanted in the injection site. To
confirm the body temperature-triggered release, the microcap-
sules containing ICG are implanted in the thigh of nude mice
through a subcutaneous injection and fluorescent signal is
monitored for 24 h; body temperature of the mouse is typically
36.5-38.0 °C.I% For comparison, free ICG solution is injected
in the same manner. The free ICG solution rapidly spreads over
the body in 2 h and gradually fades out afterward, as shown in
the top row of Figure 4d. The temperature-sensitive microcap-
sules show a different release behavior, as shown in the middle
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row. First of all, there is almost no time-dependent spreading
as the ICG-laden microcapsules are implanted on the injection
site. The fluorescent intensity gradually decreases after 2 h,
as ICG is slowly yet continuously released from the microcap-
sules. In 24 h, the fluorescence almost dies out. The release
of ICG is localized near the injection site so that the site is
constantly exposed to ICG during the period of the sustained
release; this contrasts to the injection of the free ICG which
increases the concentration of ICG at the moment of the injec-
tion and rapidly decreases it as ICG rapidly spreads over the
whole body. The timescale for the release from the microcap-
sules is roughly 20 h, which is comparable to that in phos-
phate buffered saline (PBS) solution at 37 °C. To confirm
that the release is not caused by a failure of microcapsule
membrane, the skin on the injection site is incised and the
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microcapsules are recovered from the tissue underneath the
skin after 24 h. The recovered microcapsules remain intact, as
shown in Figure S15 (Supporting Information). The recovered
microcapsules contain ICG at the reduced concentration from
the initial state due to the release; although fluorescence inten-
sity is very low at 24 h, it is high after the incision of the skin
because the optical barrier is removed, as shown in Figure S15
(Supporting Information). To further study the temperature
sensitivity, we prepare PCM-free microcapsules containing
ICG, where the membrane of PCM-free microcapsules is made
of polymerized ETPTA only. The PCM-free microcapsules are
insensitive to temperature so that they show a consistent fluo-
rescence over 24 h when implanted, as shown in the bottom
row of Figure 4d. This is because the membrane does not allow
the diffusion of ICG. This comparative experiment further
confirms that PCM is prerequisite to endow the temperature-
triggered release of encapsulants.

In this work, we design smart microcapsules whose shell
membranes have molecular polarity- and temperature-
dependent permeability. The microcapsules are microfluidi-
cally prepared from W/O/W double-emulsion template to have
uniform size and composition, of which shell consists of cross-
linked polymer framework whose continuous voids are filled
with PCM. The shell is carefully designed by polymerizing
monomers in the presence of PCM while preventing macro-
phase separation between the growing polymer and PCM by
introducing a molecular compatibilizer. Above the melting
point of PCM, the molecules that are soluble in the molten
PCM are allowed to diffuse across the shell, where the rate
of the transmembrane transport is strongly influenced by
the partition coefficient of the molecules. By contrast, the
molecules that are insoluble in the molten PCM are rejected
from the microcapsules. The transport is highly suppressed
even for the molecules soluble in the PCM when the tem-
perature drops below the melting temperature as the PCM is
frozen. Although various types of microcapsules with regular
size of nanopores and surface charges have been reported to
provide molecular size- and charge-dependent permeability,
there has been no experimental demonstration and systematic
study on such an advanced regulation of transmembrane trans-
port. The polarity-dependent permeation property enables the
selective infusion of less-polar molecules while rejecting more-
polar molecules even if these molecules have comparable size.
This molecular selection is potentially beneficial for improving
the performance of microreactors and capsule-type molecular
sensors by excluding more-polar contaminants. In addition,
the temperature-dependent permeation enables the stable
storage of encapsulants at low temperature and the controlled
release of them at body temperature. Therefore, it is possible
to retain drugs in the capsules while keeping in the refrigerator
and release them in a localized and sustained fashion when
implanted in a body, as we demonstrated; most drugs are not
highly soluble in water and applicable to our microcapsules. It
is expected that the release rate can be further tuned according
to the selection of PCM for a target drug. As the setting tem-
perature can be increased slightly above the body temperature
by selecting a proper PCM, it is also possible to design micro-
capsules that release the encapsulants under external heating
after being implanted. To show the possibility to use various
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PCM materials, we prepare microcapsules whose solid shell
contains undecanol and 1-tetradecanol, as shown in Figure S16
(Supporting Information); undecanol and 1-tetradecanol have
melting points of 19 and 38 °C, respectively. The microcap-
sules show a reversible change of transparency during temper-
ature swing above and below the melting point and no PCM
escapes from the shell, in the same manner to the microcap-
sules containing dodecanol. In addition, the polarity selection
and temperature response are also confirmed for the micro-
capsules containing undecanol. We believe that this advanced
transmembrane transport property of the microcapsules,
combined with high controllability of microfluidic technology,
will provide new opportunities in a wide range of applications
as drug carriers, microreactors, and microsensors.

Experimental Section

Preparation of Capillary Microfluidic Devices: The glass capillary
microfluidic device was comprised of two cylindrical capillaries (OD 1.0
mm, ID 0.58 mm, World Precision Instruments) assembled in one square-
shaped capillary (OD 1.5 mm, ID 1.05 mm, Atlantic International
Technologies, Inc.), as shown in Figure S1 (Supporting Information).
The square-shaped glass capillary was fixed on the transparent slide
glass by using epoxy glue. Two cylindrical capillaries were tapered
by using micropipette puller (P-97, Sutter Instrument) and sanded
by using a paper to make the tip with desired diameter: 240 um for
injection capillary and 280 um for collection capillary. After washing with
distilled water and complete drying, the capillary with 240 um orifice
was dipped in 2-[methoxy(polyethyleneoxy)propylltrimethoxy silane
(Gelest, Inc.) for 25 min to render the surface hydrophobic and the
capillary with 280 um orifice was dipped in trimethoxy(octadecyl)
silane (Sigma-Aldrich) to render the surface hydrophilic. After washing
them with isopropanol and distilled water each, capillaries were dried
completely and coaxially aligned in the middle of the square-shaped
capillary to have a tip-to-tip separation of 200 um. After fixing the capillaries
on the slide glass with epoxy glue, the additional cylindrical capillary was
tapered and inserted into the untapered opening of the hydrophobic
injection capillary. The openings of cylindrical and square capillaries were
connected with needles and sealed by epoxy glue to inject fluids.

Preparation and Characterization of Microcapsules: For construction
of ternary phase diagram, various compositions of the ternary mixtures
containing 1 w/w% photoinitiator of 2-hydroxy-2-methylpropiophenone
(Darocur 1173, 97%, Sigma-Aldrich) were prepared, where the three
components were the dodecanol (M,, 186.33 g mol™!, Sigma-Aldrich),
LA (M, 240.38 g mol~', Sigma-Aldrich), and ETPTA (M, 428 g mol',
Sigma-Aldrich). The ternary mixtures were infiltrated into a gap between
two parallel glass substrates, which were then irradiated by spot UV
(Innocure, Lichtzen) for 2 min. The resulting films were classified
into transparent, opaque, and not solidified, as shown in Figure S4a
(Supporting Information).

To make microcapsules, an aqueous solution of 10 w/w% PVA (M,,
13 000-23 000 g mol™', Sigma-Aldrich) was used as innermost and
continuous phase. The composition of the middle oil phase was set
to 29 w/w% dodecanol, 45 w/w% LA, and 25 w/w% ETPTA to make
homogeneous shells of microcapsules based on the ternary phase
diagram. For the release study, the aqueous solution of 10 w/w% PVA
and 130 x 1073 m sucrose (M,, 342.30 g mol™', Sigma-Aldrich) containing
1.3 x 1073 ™ ICG, and the aqueous solution with 10 w/w% PVA
and 0.62 x PBS solution (20x, LPS solution) were used as the innermost
phase and the continuous phase respectively, whereas the composition
of the oil phase was set to 29 w/w% dodecanol, 35 w/w% LA, and
35 w/w% ETPTA; the osmolarities of the innermost and continuous
solutions were set to 300 mOsm L' for in vivo study. The innermost,
middle, and continuous phases were injected using syringe pumps
(Legato 100, KD Scientific) through polyethylene tubing (OD 1.32 mm,
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ID 0.86 mm, Scientific Commodities, Inc.), where the temperature was
set to 45 °C. Drop generation was observed by using an inverted optical
microscope (Eclipse TS100, Nikon) equipped with a high-speed camera
(MotionScope M3, Redlake). The double-emulsion drops were collected
in 3 w/w% PVA solution and continuously irradiated by spot UV. For the
microcapsules for in vivo release study, the double-emulsion drops were
collected in an aqueous solution of 3 w/w% PVA and 0.89 x PBS solution
with osmolarity of 300 mOsm L™ for 1 h, which were then exposed by
a box UV (System Korea) for 90 s to minimize photobleaching of dye
loaded in the core. Resultant microcapsules were washed with distilled
water or 1 x PBS solution, depending on the osmolarity of the core, and
stored at 4 °C in the refrigerator.

The microcapsules in water were observed with an optical microscope
(Eclipse L150, Nikon), where a heating stage (T96, Linkam Scientific
Instruments) was used to set sample temperature. The surface and
cross-section of membranes were observed with a SEM (S-4800, Hitachi)
after coating with osmium tetroxide, where the microcapsules were
washed with isopropanol to remove dodecanol and completely dried
before the sample preparation. To estimate the partition coefficient of dye
molecules, UV/Visible spectrophotometer (3220UV, Optizen) was used.

Characterization of Transmembrane Transport: To study transmembrane
transport, fluorescent dye molecules of SRB (M, 580.65 g mol™,
Sigma-Aldrich), R6G (M, 479.01 g mol™, Sigma-Aldrich), RB
(M,, 479.01 g mol™', Sigma-Aldrich), RBITC (M, 536.08 g mol™,
Sigma-Aldrich), R110 (M,, 366.80 g mol™", Sigma-Aldrich), 8-hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt (pyranine, M,, 524.39 g mol™', Sigma-
Aldrich), and ICG (M,, 774.96 g mol™', Sigma-Aldrich) were used. Two
opposite directions of transport, infusion into microcapsules and release
from the microcapsules, were studied. For the infusion, the microcapsules
were suspended in the aqueous solution of selected dye and repeatedly
observed with a laser scanning confocal microscope (LSM 5 PASCAL, Carl
Zeiss). For the release, the microcapsules containing 1.3 x 107 m ICG
were suspended in 1 x PBS solution and the supernatant was continuously
analyzed with a UV/Visible spectrophotometer (UV-1900, Shimadzu),
where the temperature of the cuvette was maintained using the water
circulator (AD-RCO8i, BNC Korea).

In Vivo Release Study: To study the release of ICG in the in vivo
environment, the microcapsules were implanted to the thigh of female
nude mice (BALB/C-nude, average 17 g) through a subcutaneous
injection using a 22 gauge needle (Korea Vaccine co. Ltd), from which
fluorescence images were repeatedly acquired for 24 h. The mice
were anesthetized with a mixture of Zoletil50 (Virbac) and Rompun
(Bayer Korea) by intraperitoneal injection (30 uL, 3:1 ratio). A capsule-
free aqueous solution of 0.003 x 107 m ICG and microcapsules with a
shell made of polymerized ETPTA were injected by following the same
protocol as controls. In vivo fluorescence imaging was conducted using
the InVivo Smart fluorescent imaging and analysis system (Visque,
Vieworks), where background fluorescence signals were adjusted. After
24 h, the mouse skins around the injection spot were lifted with forceps
and incised, while fluorescently imaging the site. The interrogated tissues
were extracted after the removal of skin, which were then immersed in
1 x PBS solution. The microcapsules recovered from the tissues were
observed with an inverted optical microscope (Eclipse Ti-U, Nikon). All
in vivo experiments were conducted with the approval of the Association
for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
International.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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