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materials[4–9] to fulfill the sustained release function.[10,11] 
For example, oil-in-water (O/W) emulsion drops containing 
hydrophobic drugs and biodegradable polymers are pre-
pared by bulk emulsification, which are then consolidated 
to produce drug-loaded solid microspheres.[12,13] Drugs and 
biocompatible polymers dissolved in a good solvent can 
be coprecipitated by adding a poor solvent to make drug-
loaded solid nanoparticles.[14] However, these conventional 
methods have achieved low uniformity of carriers in size, 
shape, and composition, thereby providing poor control of 
release rate and suffering from the significant initial burst. 
To overcome such limitations, elaborate design techniques 
have been utilized to produce monodisperse carriers. For 
example, droplet-based microfluidics enables the produc-
tion of monodisperse biodegradable microspheres, which 
provide enhanced control over release rate with reduced 
initial burst.[15,16] Uniform microcarriers with multiple 
compartments can also be created by phase separation of 
polymers in droplets to encapsulate and release multiple 
drugs.[17–20] Alternatively, distinct laminar streams can be DOI: 10.1002/smll.201700646

Biodegradable microcapsules with a large aqueous lumen and ultrathin membrane 
are microfluidically designed for sustained release of hydrophilic bioactives using 
water-in-oil-in-water double-emulsion drops as a template. As a shell phase, an 
organic solution of poly(lactic-co-glycolic acid) is used, which is consolidated to 
form a biodegradable membrane. The encapsulants stored in the lumen are released 
over a long period of time as the membranes degrade. The period can be controlled 
in a range of —three to five months at neutral pH condition by adjusting membrane 
thickness, providing highly sustained release and potentially enabling the programed 
release of multiple drugs. At acidic or basic condition, the degradation is accelerated, 
leading to the release in the period of approximately two months. As the membrane is 
semipermeable, the microcapsules respond to the osmotic pressure difference across 
the membrane. The microcapsules are inflated in hypotonic condition and deflated in 
hypertonic condition. Both conditions cause cracks on the membrane, resulting in the 
fast release of encapsulants in a day. The microcapsules implanted in mice also show 
sustained release, despite the period is decreased to a month. It is believed that the 
microcapsules are promising for the in vivo sustained release of drugs for high and 
long-term efficacy.
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1. Introduction

The release of ingredients or drugs at a proper level of dose 
over a long period of time is of great importance to provide 
high therapeutic efficacy and reduce side-effects.[1–3] Micro- 
and nanocarriers have been designed with biocompatible 
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emulsified to form multiphasic particles.[21,22] Micromolding 
technique has provided nonspherical microcarriers that 
release drugs at desired rates.[23–26] However, such car-
riers composed of solid compartments are restricted to 
encapsulate and release hydrophobic drugs;[27] although 
microgels are able to encapsulate hydrophilic actives, 
they suffer low loading capacity and significant leakage of 
encapsulants.[28,29]

Microcapsules with aqueous lumens benefit the encap-
sulation and release of hydrophilic therapeutic agents, 
including peptides and proteins, in a sustained fashion. 
Monodisperse liposomes and polymersomes prepared by 
microfluidics are capable of encapsulating hydrophilic 
agents with high efficiency of encapsulation.[30–38] However, 
the low mechanical stability of molecular bilayers leads 
to undesired deformation or membrane rupture in physi-
ological environments, restricting in vivo uses. Although 
microcapsules prepared by layer-by-layer deposition tech-
nique on particle templates provide higher stability, pos-
tencapsulation has low efficiency, which severely restricts 
the practical use.[39–44] Droplet microfluidics can satisfy the 
requirements—high efficiency of encapsulation and high 
membrane stability—through the formation of solid mem-
branes in the oil layers of water-in-oil-in-water (W/O/W) 
double-emulsion drops.[45–51] In particular, the membrane 
can be made of biodegradable polymer to release hydro-
philic encapsulant in the core.[52] In the previous study, we 
have developed a microfluidic technique to create micro-
capsules whose membranes are made of biodegradable 
polymers by the double-emulsion templating.[53] However, 
there is no systematic study on the release kinetics of the 
microcapsules in various physiological conditions and in 
vivo environments.

In this paper, we report a microfluidic production of 
monodisperse microcapsules composed of a large aqueous 
lumen and ultrathin biodegradable membrane and study 
sustained release behaviors of the microcapsules. With 
a capillary microfluidic device, W/O/W double-emulsion 
drops are prepared to have ultrathin oil layer of an organic 
solution of biodegradable polymers. As the organic solvent 
evaporates from the layer, the polymers are consolidated 
to form a membrane enclosing a water lumen. The mem-
brane thickness is adjusted in the range of ≈70–150 nm. 
The microcapsules release hydrophilic agents encapsulated 
in the lumen for —three to five months as membranes 
are slowly degraded, providing highly sustained release. 
The period of release depends on the membrane thick-
ness, potentially enabling the sustained, sequential release 
of multiple drugs with a single shot of injection. Acidic 
or basic conditions promote the biodegradation, thereby 
accelerating the release; more than 90% encapsulant is 
released within two months. The mechanical stress, exerted 
by the osmotic pressure difference across the membranes, 
causes instantaneous release within a day as the mem-
branes crack. The microcapsules implanted in mice by sub-
cutaneous injection show the release in a month, of which  
fast release is attributed to mechanical stress on micro-
capsules caused by in vivo osmotic pressure fluctuation and 
muscular motion.

2. Results and Discussion

2.1. Microfluidic Production of Microcapsules with the 
Ultrathin Biodegradable Membrane

Microcapsules are designed to have a large aqueous core 
enclosed with an ultrathin polymer membrane by employing 
W/O/W double-emulsion drops as a template. The double-
emulsion drops are uniformly prepared to have an oil layer of 
an organic solution of biodegradable polymers, poly(lactic-co-
glycolic acid) (PLGA), using a glass capillary device; the ratio 
of lactic to glycolic acid is 85:15 and the molecular weight is 
110 kDa. The device is comprised of two tapered cylindrical 
capillaries that are coaxially assembled to have tip-to-tip 
alignment with a separation of 80 µm in the square capillary, 
as shown in Figure 1a,b. One of the tapered capillary with 
an orifice diameter of 60 µm is rendered to be hydrophobic 
and the other with an orifice diameter of 100 µm is rendered 
to be hydrophilic before the assembly. Innermost phase of 
aqueous solution of 2 w/w% poly(vinyl alcohol) (PVA) and 
135 × 10−3 m NaCl and middle oil phase of toluene solution 
of PLGA are simultaneously injected into the untampered 
opening of the hydrophobic capillary, where the inner-
most phase contains fluorescent dye of sulforhodamine B, 
8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt, or indo-
cyanine green (ICG) as model drugs; osmolarity of the inner-
most phase is set to physiological condition, 290 mOsm L−1. 
The concentration of PLGA in the middle phase is adjusted 
in the range of 7–15 w/v% to vary the membrane thickness. 
A continuous phase of an aqueous solution of 10 w/w% PVA 
and 95 × 10−3 m NaCl with an osmolarity of 290 mOsm L−1 is 
injected though the interstices between the hydrophobic cap-
illary and square capillary. Volumetric flow rates of the inner-
most, middle, and continuous phases are typically set to 100, 
100, and 2500 µL h−1, respectively.

In the hydrophobic capillary, the middle phase wets the 
hydrophobic walls, whereas the innermost phase forms a 
train of plug-like drops without contacting the wall. The con-
tinuous phase, focused into the orifice of the hydrophilic cap-
illary, exerts a high drag force on the hanging drops at the tip 
of the hydrophobic capillary, emulsifying the discontinuous 
core–sheath flow in a dripping mode.[53–55] Therefore, mono-
disperse W/O/W double-emulsion drops are generated at the 
junction, as shown in Figure 1b and Movie S1 (Supporting 
Information). Because the thin sheath near the wall flows 
at a relatively low velocity in the injection capillary, double-
emulsion drops have an ultrathin shell; the shell is as thin 
as ≈1 µm, which is unidentifiable in an optical microscope. 
The oil between two plug-like drops in the injection capil-
lary forms O/W emulsion drops at the junction. The double-
emulsion drops and oil drops are all collected in the solution 
of 1 w/w% PVA and 140 × 10−3 m NaCl with an osmolarity 
of 290 mOsm L−1. The double-emulsion drops sediment as 
they have average density slightly larger than the collection 
liquid; the average density is very close to that of the inner-
most phase due to the thinness of shell, which is larger than 
that of the collection liquid as the concentration of PVA 
in the innermost phase is higher than that in the collection 
liquid. By contrast, oil drops have a density much lower than 
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the solution, floating on the air–water interface. Therefore, 
double-emulsion drops are spontaneously separated from oil 
drops.

The double-emulsion drops with the ultrathin shell are 
incubated in a glass Petri dish at 40 °C for 2 h. During the 
incubation, toluene diffuses out from the shell to the collec-
tion liquid, consolidating the shell to solid PLGA membrane, 
as illustrated in Figure 1c. As the osmolarity of the inner-
most phase is same to that of the collection liquid, there is 
no significant water flux across the shell, thereby maintaining 
the size of the aqueous core, while reducing the thickness of 
shell during the incubation. The thinness of the shell renders 
the double-emulsion drops stable in comparison with those 
of the same composition with thick shell due to large lubri-
cation resistance against draining of middle phase; more 
than 90% of double-emulsion drops turn to microcapsules 
through consolidation of the shell, while only 50% double-
emulsion drops with thick shell survive. The thinness also 
makes the shell rapidly consolidated as the shell contains a 
small amount of toluene. PLGA chains are entangled in the 

resulting membrane during the consolidation, rendering them 
stable. The membranes maintain the integrity even if they 
are highly folded during drying, as shown in Figure 1d and 
Figure S1 (Supporting Information). The microcapsules are 
finally suspended in phosphate buffered saline (PBS) solu-
tion. The resulting microcapsules are highly monodisperse, 
as shown in Figure 1e,f; average diameter is 109 µm and the 
coefficient of variation is as small as 1.8%. The diameter of 
microcapsules can be controlled by adjusting flow rates, as 
shown in Figure S2 (Supporting Information).

2.2. Influence of Membrane Thickness on Release Rate

The microcapsules retain the encapsulant of sulforhoda-
mine B in the core in the absence of external stress as the 
dense polymer membrane of PLGA does not allow the 
diffusion of the molecules through it, as shown in Figure 1e 
and Figure S3 (Supporting Information). It is noteworthy 
that there is almost no variation of fluorescence intensity 
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Figure 1. a,b) Schematic illustration and optical microscope (OM) image of a capillary microfluidic device showing the generation of double-
emulsion drops with an ultrathin shell. c) Schematic showing evaporation-induced consolidation of polymers from the oil shell of the double-
emulsion drop. The polymers are entangled during the consolidation. d) Scanning electron microscope (SEM) image of dried microcapsules. The 
membrane maintains its integrity without fracturing. e) Fluorescence microscope image of microcapsules containing sulforhodamine B in the 
core. There is no variation of fluorescence intensity microcapsule-by-microcapsules, indicating uniform encapsulation efficiency and no leakage. 
f) Diameter distribution of microcapsules. The average diameter is 109 µm and its coefficient of variation is 1.8%.
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microcapsule-by-microcapsule as the same concentration of 
sulforhodamine B is loaded for all the microcapsules without 
leakage. The PLGA membrane is slowly decomposed to gly-
colic acid and lactic acid by hydrolysis.[56] For a single capsule, 
the thinnest part of the membrane is worn out by the degrada-
tion, forming a pore, through which the encapsulant diffuses 
out to the surrounding, as illustrated in Figure 2a. Although 
microcapsules are prepared by monodisperse double-emulsion 
drops, there is microcapsule-to-microcapsule variation in the 
homogeneity of membrane thickness; this variation is caused 
by drop-to-drop variation of the displacement of the core 
from the center as well as of shell thickness. Therefore, the 
microcapsules obtained from single batch release the encap-
sulant over a long period of degradation time rather than at a 
certain moment. Nevertheless, the average period depends on 
the average thickness of the membrane, which enables us to 
control release periods or equivalently rate of release.

To study the influence of membrane thickness on the 
rate of release, we prepare the microcapsules with distinct 
average thicknesses by adjusting the concentration of PLGA 
in the middle toluene phase to be 7, 10, and 15 w/v%, respec-
tively, while maintaining the diameter of microcapsules. 
Average thicknesses of membranes are ≈70, 105, and 150 nm, 
respectively; it is difficult to precisely measure the thick-
ness due to their thinness. Representative scanning electron 
microscope (SEM) images showing the membrane cross-
sections are shown in the first panels of Figure 2b–d. The 
microcapsules are suspended in PBS solution and incubated 
at 37 °C for several months to monitor the long-term release 
of sulforhodamine B; the PBS solution has pH 7.4 and osmo-
larity of 290 mOsm L−1. The release rate is evaluated by two 
different methods: fluorescence microscope imaging of the 
microcapsules and absorbance spectra analysis of the incu-
bation solution. All microcapsules contain the encapsulant 
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Figure 2. a) Schematic illustration showing the release of encapsulants through a hole formed at the thinnest part of the membrane by degradation. 
b–d) Sets of SEM image showing membrane cross-sections and time series of fluorescence microscope images showing release of sulforhodamine 
B: The membranes are prepared with PLGA concentrations of (b) 7, (c) 10, and (d) 15 w/v%, which have average thicknesses of 70, 105, and 150 nm, 
respectively. The fluorescence images are merged with bright-field OM images to show both microcapsules retaining the dye and those released. 
The images are taken at denoted times in the panels after the production. e,f) Cumulative release of the sulforhodamine B from microcapsules 
with membrane thicknesses of 70 nm (black circles), 105 nm (red triangles), and 150 nm (blue squares) in time frames of (e) 200 d and (f) 1 d. The 
data are calculated from the normalized absorbance of incubation solution at a wavelength of 560 nm and solid lines are fits with Equation (1). 
The error bars indicate the standard deviation of three times independent measurements.
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as soon as prepared, as shown in the second panels of 
Figure 2b–d. The microcapsules release the encapsulant 
as they are incubated; sulforhodamine B released from the 
microcapsules are highly diluted by the incubation solution, 
exhibiting negligible fluorescence in the surrounding. The 
release rate depends on the membrane thickness. Approxi-
mately 50% of the microcapsules with a membrane thickness 
of 70 nm release the dye in 40 d and more than 85% release 
in 90 d, as shown in the third and fourth panels of Figure 2b. 
By contrast, 35% of the microcapsules with a membrane 
thickness of 105 nm release the dye in 40 d and more than 
65% release in 90 d, as shown in Figure 2c. It takes 120 d for 
more than 80% to release. The microcapsules with a mem-
brane thickness of 150 nm show slower release than those of 
105 nm. Only 55% release the dye in 90 d and 70% release in 
120 d. In 150 d, 20% still retain sulforhodamine B. The time-
scales for 50% microcapsules to release the encapsulant are 
≈40, 60, and 80 d for membrane thicknesses of 70, 105, and 
150 nm, respectively.

The release rate is further investigated by absorbance 
spectra of the incubation solution; ≈7 × 103 microcapsules 
with total volume of 5 µL are loaded in 10 mL PBS solu-
tion, from which 1 mL of the supernatant is taken for each 
measurement of absorbance and added into the solution 
after the measurement. As sulforhodamine B is released, 
absorbance at a wavelength of 560 nm increases, as shown 
in Figure S4 (Supporting Information). With an assumption 
that the absorbance is linearly proportional to concentration, 
the absorbance normalized by its maximum is considered as 
a cumulative release. The cumulative release increases over 
the incubation time for the microcapsules with three dif-
ferent membrane thicknesses, as shown in Figure 2e. The ini-
tial burst is observed in the cumulative release. Within a day, 
the microcapsules with membrane thicknesses of 70, 105, and 
150 nm release 13%, 9%, and 6% of the total encapsulants, 
as shown in Figure 2f. This small initial burst is attributed to 
the release from microcapsules with high inhomogeneity of 
membrane thickness; the thinnest part of such microcapsules 
is prone to rupture even for low mechanical stress possibly 
exerted by pipetting. The microcapsules that survive from ini-
tial burst show sustained release as the membrane degrades. 
The release profile resulted from initial burst and sustained 
release can be fitted with biexponential function: 
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where cmax and ci are the maximum concentration corre-
sponding to 100% release and the concentration by the ini-
tial burst in a day, and τi and τs are characteristic timescales 
of initial burst and sustained release, respectively. The values 
of ci/cmax are set to 0.13, 0.09, and 0.06 for the microcapsules 
with thicknesses of 70, 105, and 150 nm, respectively. The fit-
ting yield values of τi as 9, 10, and 12 h and values of τs as 48, 
60, and 79 d, respectively. The values of τs are two orders of 
magnitude larger than those of τi, implying that the release is 
highly sustained. The times for 50% cumulative release are 
33, 46, and 67 d, which are smaller than the values estimated 
from the fluorescence microscope images in Figure 2b–d. This 

is because that the microscope images simply count the frac-
tion of microcapsules that still contain the dye.

2.3. Influence of pH on Release Rate

The degradation of PLGA is accelerated in either acidic 
or basic condition as the hydrolysis is catalyzed by protons 
and hydroxide.[57,58] Therefore, the rate of release from the 
microcapsules is altered by the pH condition. To study  
the influence, the microcapsules with 105 nm thick mem-
brane obtained from one batch are separately incubated in 
the solutions with pH 2 and pH 9 at 37 °C, where osmolari-
ties of the solutions are set to 290 mOsm L−1; pH 2 and pH 9 
are selected to reflect physiological conditions of gastric and 
intestinal juices, respectively. The microcapsules in pH 2 and 
pH 9 show faster release than those in pH 7.4, as shown in  
Figure 3a,b. Approximately 90% and 82% of the micro-
capsules in pH 2 and pH 9 release sulforhodamine B in 50 d, 
while only 45% releases in pH 7.4. We can further study the 
release behaviors with the cumulative release obtained from 
the absorbance spectra of the incubation solution, as shown 
in Figure 3c. The values of τs for the microcapsules in pH 2 
and pH 9 are 16 and 21 d, which are much smaller than that 
in pH 7.4, 60 d. Therefore, the microcapsules are expected to 
release the encapsulant much faster in the stomach and intes-
tine than other organs if they are accommodated through 
oral administration and immobilized.

As we confirm in Figure 2, membrane thickness signifi-
cantly influences the release rate. Therefore, a mixture of 
distinct microcapsules can provide a sequential release of 
multiple drugs. We demonstrate the sequential release by 
introducing two distinct microcapsules with membrane 
thicknesses of 70 and 150 nm in the solution with pH 2; the 
microcapsules with 70 nm thick membrane contain green flu-
orescent dye and those with 150 nm thick membrane contain 
red fluorescent dye. The microcapsules with thinner mem-
brane release the green dye over incubation time, as shown 
in a series of confocal microscope images of Figure 3d; more 
than 50% microcapsules release the green dye in 10 d and all 
the microcapsules release in 30 d. By contrast, most micro-
capsules with thicker membrane retain red dye in 30 d as it 
takes a longer time to make holes in the thick membrane. 
The sequential release can be achieved at any pH condition. 
If the same set of two distinct microcapsules is suspended 
at pH 7.4, the first actives are released from the microcap-
sules with 70 nm thick membrane between 10 and 55 d and 
the second ones are released from the microcapsules with 
150 nm thick membrane between 30 and 90 d; these periods 
are obtained for the cumulative release between 30% and 
70% from Figure 2e.

2.4. Influence of Osmotic Condition on Release Rate

The dense PLGA membrane is impermeable to sodium and 
chloride ions or larger molecules of model drugs and PVA, 
while being permeable to water molecules. Therefore, the 
microcapsules subjected to osmolarity difference across the 
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semipermeable membrane experience the osmotic pressure 
difference.[59,60] The microcapsules respond to the pressure 
difference as cells do. Hypotonic condition at which osmo-
larity in the interior is larger than that in the surrounding 
causes an inward flux of water through the PLGA mem-
brane, thereby inflating the microcapsules, as illustrated in 
the top panel of Figure 4a. The inflation exerts an exten-
sional stress on the membrane in a lateral direction. When 
the stress is larger than an ultimate stress of the thin PLGA 
membrane, the membrane cracks and the encapsulant dif-
fuses out through the cracks. To study the response of the 
microcapsules to hypotonic condition, the microcapsules con-
taining the aqueous solution with an osmolarity of 290 mOsm 
L−1 are suspended in distilled water at 37 °C; the osmolarity 
difference of 290 mOsm L−1 exerts the negative osmotic pres-
sure difference of 748 kPa. Within 12 h, all the microcapsules 
release sulforhodamine B, as shown in the bottom panel of 
Figure 4a. The microcapsules maintain the spherical shape 

and no macroscopic cracks are observed with SEM after the 
release. Nevertheless, the microcapsules which are recovered 
from the hypotonic condition allow the diffusion of even 
larger molecules of fluorescein isothiocyanate-tagged dextran 
with molecular weight of 40 kDa and hydrodynamic diameter 
of 9 nm, as shown in Figure S5 (Supporting Information). 
This indicates that nanoscopic pores are irreversibly formed. 
In isotonic condition, there is a negligible pressure difference, 
causing no stress on the membrane, as illustrated in the top 
panel of Figure 4b. Therefore, the microcapsules retain the 
encapsulant without severe leakage in 12 h, as shown in the 
bottom panel of Figure 4b.

Hypertonic condition at which osmolarity in the interior 
is smaller than the surrounding causes an outward flux of 
water, thereby deflating the microcapsules, as illustrated in 
the top panel of Figure 4c. When the osmotic pressure differ-
ence exceeds a certain threshold, the microcapsules deform to 
nonspherical shape as the inner volume is reduced. When the 
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Figure 3. a,b) Time series of fluorescence microscope images of microcapsules with 105 nm thick membrane at (a) pH 2 and (b) pH 9. c) Cumulative 
release of sulforhodamine B from the microcapsules at pH 2 (red circles), pH 7.4 (black triangles), and pH 9 (blue squares). The error bars 
indicate the standard deviation of three times independent measurements. d) Time series of confocal laser scanning microscope (CLSM) images 
of microcapsules with 70 nm thick membrane containing a green dye of 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt and microcapsules 
with 150 nm thick membrane containing a red dye of sulforhodamine B, where the microcapsules are suspended at pH 2.
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microcapsules with an osmolarity of 290 mOsm L−1 are sus-
pended in the solution with an osmolarity of 580 mOsm L−1, 
most of them transform into an oval shape with two sharp 
points, as shown in the bottom panel of Figure 4c; this exerts 
positive osmotic pressure difference of 748 kPa. Some of the 
deflated microcapsules show three sharp points; the number 
of sharp points is related with inhomogeneity of membrane 
thickness.[56] The buckling does not cause extensional stress, 
but makes the membrane highly folded at the sharp points, 
possibly leading to local failure of the membrane. There-
fore, the hypertonic condition also accelerates the release 
of encapsulant in comparison with the isotonic condition, 
although the rate is lower than the hypotonic condition. It 
is clearly shown in the bottom panel of Figure 4c that many 
microcapsules partially or completely lose the encapsulant in 
12 h, while some of them still retain the encapsulant.

The osmolarity dependence is further studied with the 
cumulative release, as shown in Figure 4d. The microcapsules 

subjected to the hypotonic condition with a negative osmotic 
pressure difference of 748 kPa show complete release within 
12 h, whereas ones subjected to the hypertonic condition 
with a positive osmotic pressure difference of 748 kPa show 
complete release within 24 h. The characteristic time scales 
for the pressure-triggered release are ≈2 and 5 h from fit-
ting with a single exponential function for the negative and 
positive pressures, respectively; hypotonic condition leads 
to faster release than hypertonic condition as we confirm 
in Figure 4a,c. The osmotic pressure-triggered release of 
the encapsulant is potentially beneficial for a large dose of 
hydrophilic actives in a short period.

2.5. Sustained Release at In Vivo Environment

We investigate the sustained release of hydrophilic encapsu-
lant from the microcapsules at the in vivo environment. The 
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Figure 4. a–c) Sets of schematic and fluorescence microscope image showing response of microcapsules to different osmotic conditions: (a) 
Hypotonic condition with negative osmolarity difference of 290 mOsm L−1, (b) isotonic condition, and (c) hypertonic condition with positive 
osmolarity difference of 290 mOsm L−1. Fluorescence images are taken in 12 h. The image in (a) is merged with bright-field OM image. d) Cumulative 
release of sulforhodamine B from microcapsules at three different osmotic conditions in (a–c): Hypotonic (red circles), isotonic (black triangles), 
and hypertonic (blue squares) conditions. The error bars indicate the standard deviation of three times independent measurements.
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microcapsules are prepared to contain ICG at the concentra-
tion of 1.29 × 10−3 m in the aqueous core with an osmolarity 
of 290 mOsm L−1 and to have 150 nm thick PLGA mem-
brane fluorescently labeled with Nile red. ICG dissolved in 
water has an absorption peak at 745 nm and an emission 
peak at 840 nm, thereby enabling the excitation and moni-
toring of the release through the skin of animal models in 
near-infrared (NIR) range; NIR has been used for in vivo 
monitoring because of its high penetration depth through the 
skin.[61,62] The microcapsules are mixed with thermosensitive 
gel precursor, which are implanted in mouse dorsum through 
subcutaneous injection, where the precursor is used to immo-
bilize the microcapsules in the injection spot as they instantly 
form a gel at the body temperature;[63] the osmolarity of 
the gel precursor solution is set to 290 mOsm L−1 to avoid 
osmotic stress. For comparison, a mixture of free ICG and the 
gel precursor is also injected.

Free ICG injected in the mouse dorsum rapidly spread 
over the body of the mouse, as shown in Figure 5a. As the 
dye diffuses out from the injection spot, the fluorescence 
intensity dramatically decreases in a day as recognized from 
2 and 24 h panels. Negligible emission is detected in a week. 
By contrast, the microcapsules with PLGA membrane are 
implanted at the local area near the injection spot, as shown 
in Figure 5b; this is because the microcapsules are embedded 
in the matrix of the gel. The fluorescence intensity remains 
almost unchanged in a week and then decreases in following 
three weeks, achieving the sustained release. However, this 
release is faster than what expected from the microcapsules 
incubated at 37 °C in isotonic condition. We attribute this to 
the mechanical stress exerted on the microcapsules implanted 
in the mouse. As the osmolarity fluctuates at the normal in 
vivo environment in the range of 260–320 mOsm L−1,[64] the 
microcapsules experience the osmotic stress, thereby accel-
erating the release. In addition, the microcapsules are under 
stress due to muscular motion, as the mouse is free to move.

To further study the influences of mechanical stress and 
membrane biodegradability on the release, the microcapsules 
with non-biodegradable membrane made of poly(methyl 
methacrylate) (PMMA) are prepared to have the core com-
position same to that of PLGA microcapsules; 10 w/v% tol-
uene solution of PMMA is used to form the membrane of 
microcapsules. The microcapsules are then implanted in the 
mouse dorsum in the same way. The dye rapidly spreads out 
immediately after the injection, as shown in Figure 5c. This 
initial spreading is attributed to the rupture of unstable 
microcapsules at the moment of injection. As PMMA is 
more brittle than PLGA, the microcapsules with PMMA 
membrane are less stable against mechanical stress. During 
the injection, the microcapsules are subjected to the shear 
stress in the injection needle, which possibly leads to the 
partial rupture of microcapsules. The microcapsules that sur-
vive during the injection are locally immobilized in the gel 
matrix. The microcapsules slowly release the dye although 
the PMMA membrane is not degradable; the release rate 
is lower than that of PLGA microcapsules. The release is 
attributed to the mechanical stress. Therefore, the release 
of encapsulant in PLGA microcapsules is also attributed to 
not only the biodegradation, but also the mechanical stress. 

The microcapsules with PLGA and PMMA membranes are 
acquired from the mice through skin dissection after four 
weeks, as shown in Figure 5d–f. The PLGA membranes are 
partially degraded, but still remain. Although the period of 
in vivo release achieved with PLGA microcapsules is shorter 
than that of physiological conditions, the sustained release 
for a month is still promising for various therapeutic agents.

3. Conclusion

In summary, biodegradable microcapsules with the large 
aqueous lumen and ultrathin biodegradable membrane for 
sustained release of hydrophilic bioactive are demonstrated. 
The microcapsules are created to have a uniform size with 
a template of monodisperse W/O/W double-emulsion drops 
microfluidically prepared. As an organic solution of PLGA in 
the oil shell is consolidated, the stable PLGA membrane is 
formed while enclosing the drug-loaded water core, providing 
high encapsulation efficiency. The encapsulant is released 
over a long period of time as the membrane degrades. As 
the membrane thickness can be controlled in the range of 
70–150 nm by adjusting the concentration of PLGA in the 
oil phase, the period of sustained release can also be con-
trolled in the range of —three to five months. Therefore, the 
programed release of multiple drugs at sustained rates can 
be potentially achieved using a mixture of microcapsules 
with different membrane thicknesses. The release from the 
microcapsules is two or three times accelerated in acidic and 
basic condition due to faster degradation of membranes. The 
release can be instantaneous when the microcapsules are 
subjected to hypotonic or hypertonic conditions as the mem-
branes partially crack by the osmotic pressure difference. 
The sustained release of the microcapsules is effective when 
they are implanted in animal models, although the period is 
reduced to approximately a month due to mechanical stress. 
We believe our microcapsules can be further engineered to 
provide longer periods of in vivo sustained release and used 
for the release of various hydrophilic therapeutic agents. For 
example, the microcapsules containing pain-relief drugs can 
be injected into joints for long-term treatment of inflamma-
tion. This microfluidic encapsulation technology with the 
ability to load hydrophilic actives and high controllability 
over release rate as well as high uniformity of microcapsules 
and high encapsulation efficiency will provide new opportu-
nities in a wide range of drug delivery and cosmetic applica-
tions beyond the aforementioned example.

4. Experimental Section

Materials: Aqueous solution of PVA (Mw 13 000–23 000 g mol−1, 
Sigma-Aldrich) and sodium chloride was used as innermost and 
continuous phases of double-emulsion drops and collection 
liquid, where concentrations of PVA and sodium chloride were 
adjusted to be 2 w/w% and 135 × 10−3 m for the innermost 
phase, 10 w/w% and 95 × 10−3 m for the continuous phase, 
and 1 w/w% and 140 × 10−3 m for the collection liquid. In the 
innermost phase, one of sulforhodamine B (Mw 580 g mol−1, 
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Sigma-Aldrich), 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium 
salt (Mw 524 g mol−1, Sigma-Aldrich) and indocyanine green 
(Mw 775 g mol−1, Sigma-Aldrich) were dissolved as model drugs. 
PLGA (Mw 110 000 g mol−1, 85 mole% dl-lactide: 15 mole% gly-
colide, Evonik Industries) was dissolved in toluene at three different 
concentrations of 7, 10, and 15 w/v%, which were used as a middle 

phase. Nile red (Sigma-Aldrich) was additionally dissolved in the 
middle phase for some microcapsules. To make the nondegradable 
membrane, PMMA (Mw 350 000 g mol−1, Sigma-Aldrich) was dis-
solved in toluene at a concentration of 10 w/v%, instead of PLGA.

Preparation of Microcapsules: The capillary microfluidic devices 
were composed of two tapered cylindrical capillaries inserted in the 

Figure 5. a–c) In vivo fluorescence images for (a) free ICG solution, (b) ICG-loaded PLGA microcapsules, and (c) ICG-loaded PMMA microcapsules 
that are subcutaneously injected into dorsum of mice, where the radiant efficiency with a unit of (photons s−1 cm−2 sr−1) (µW cm−2)−1 is expressed 
with a color code as denoted. d) Acquiring of microcapsules after the dissection of skin. e,f) CLSM images of acquired microcapsules with (e) PLGA 
and (f) PMMA membranes. The microcapsules retain the membrane.
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square capillary, as shown in Figure 1a. One of the cylindrical capil-
lary (1B100-6, World Precision Instruments, Inc.) was tapered with a 
puller (P97, Sutter Instrument) and sanded to have 60 µm diameter 
orifice, which was treated with trimethoxy(octadecyl)silane (Sigma-
Aldrich) to render the surface hydrophobic. The other was tapered 
and sanded to have 100 µm diameter orifice, which was treated 
with 2-[methoxy(polyethyleneoxy)propyl] trimethoxy silane (Gelest, 
Inc.) to render the surface hydrophilic. These two capillaries were 
inserted through opposite ends of a square capillary (outer dimen-
sion of 1.5 mm, inner dimension of 1.05 mm, AIT glass) and coaxi-
ally assembled. All the fluids were injected using syringe pumps 
(KdScientific, Inc.). The formation and flow of double-emulsion 
drops were observed using inverted microscopes (Eclipse Ti and 
TS100, Nikon) equipped with high-speed cameras (Miro eX2 and 
V7.3, Phantom). The double-emulsion drops were incubated at 
40 °C for 2 h in a convection oven. Resulting microcapsules were 
finally suspended in PBS solution (LPS solution, Inc.).

Characterization: Microcapsules were observed with a fluores-
cence microscope (Eclipse Ti, Nikon) and confocal laser scanning 
microscope (CLSM, LSM 5 PASCAL, Carl Zeiss). The dried micro-
capsules and their membranes were observed with SEM (Hitachi 
S-4800); the samples were coated with osmium to render them 
conductive. The membrane cross-sections were prepared by ran-
domly cutting the dried microcapsules with a razor blade. The 
absorbance of molecules released from microcapsules was meas-
ured by UV–vis spectrophotometer (Optizen, 3220UV).

In Vivo Experiment: All in vivo experiments were conducted with 
the approval of the Association for Assessment and Accreditation 
of Laboratory Animal Care International. Female nude mice (BALB/
c-nude, average 23 g) were used for in vivo fluorescence imaging 
of the implanted microcapsules or free ICG. The mice were anes-
thetized with the mixture of Zoletil 50 (Virbac, Carros, France) and 
Rompun (Bayer Korea, Seoul, Republic of Korea) by an intraperito-
neal injection (200 µL, 3:1 ratio). The microcapsules and matrigel 
(BD Biosciences, San Jose, CA, USA, 1:1 ratio) mixtures (100 µL,  
1:1 ratio) were subcutaneously implanted to the dorsum of anesthe-
tized mice using an 18 gauge needle (Korea Vaccine Co. Ltd., Seoul, 
Republic of Korea). To obtain free ICG control, microcapsules were 
sonicated and the supernatant was separated from precipitates 
for subcutaneous injection. In vivo fluorescence imaging was con-
ducted using a Xenogen IVIS imaging system (Caliper Life Science, 
Hopkinton, MA, USA). The fluorescence images were obtained after 
the implantation of microcapsules and the background fluorescence 
signals were adjusted. After four weeks, the mouse skins around 
the injection spot were lifted with forceps and incised in a dimen-
sion of 2 cm × 2 cm, while imaging the site with fluorescence signal. 
The interrogated tissues were extracted from the exposed muscles 
after the removal of skin, which were then immersed in normal 
saline and subsequently fixed with 10 wt% formalin. The tissues 
were observed with CLSM ( LSM 5 PASCAL, Carl Zeiss) which visual-
ized microcapsules as the membranes were stained with Nile red.
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