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ABSTRACT: The stability and size of poly(lactic-co-glycolic)acid
(PLGA)-containing double emulsions and the resulting PLGA micro-
capsules are controlled by varying the composition of highly
monodisperse water-in-oil-in-water (W/O/W) double emulsions. We
propose that the basic inner phase of W/O/W double emulsions
catalyzes the hydrolysis of PLGA and the ionization of carboxylic acid
end groups, which enhances the surface activity of PLGA and facilitates
the stabilization of the double emulsions. The size of PLGA-containing
double emulsions and that of resulting microcapsules can be readily
tuned by osmotic annealing, which depends on the concentration ratio
of a solute in the inner and outer phases of double emulsions. The
internal volume of PLGA microcapsules can be changed by more than 3
orders of magnitude using this method. This approach also overcomes
the difficulty in generating monodisperse double emulsions and
microcapsules over a wide range of dimensions using a single microfluidic device. The osmotic annealing method can also be
used to concentrate encapsulated species such as colloidal suspensions and biomacromolecules.

■ INTRODUCTION
Hollow microcapsules encapsulating active ingredients such as
drugs,1−10 genes,11−17 proteins,18−23 and living cells24−34 inside
a polymer shell are essential for targeted delivery and sustained
release applications.35−39 Hollow microcapsules made of PLGA
are ideal systems for numerous biomedical applications because
of their excellent biocompatibility and tunable biodegrad-
ability.40−42 Conventionally, PLGA microcapsules are fabri-
cated by a technique that involves double emulsification
followed by solvent evaporation/extraction.43,44 In this method,
an aqueous solution containing active ingredients is emulsified
in a PLGA-containing organic solution to form water-in-oil
(W/O) emulsions. Subsequently, these W/O emulsion are
emulsified in another aqueous solution such as PVA or PVP
solution to form water-in-oil-in-water (W/O/W) double
emulsions. To remove the organic solvent and form PLGA-
shelled microcapsules, the W/O/W emulsion is kept either at a
reduced pressure or in a large water reservoir to accelerate the
removal of the organic solvent.
Although great progress in biomedical applications of PLGA

microcapsules has been achieved, the conventional method
presents a number of challenges that limit the utilization of
these microcapsules. For example, the conventional double-
emulsification method has a low encapsulation efficiency, which
leads to a significant loss of actives.45,46 In addition, these
PLGA microcapsules are very polydisperse in size; therefore,
their properties can vary from batch to batch, making it difficult
for subsequent characterization and utilization. Furthermore,
the shells of these PLGA microcapsules tend to be very porous,

which is thought to be the main reason for the undesirable
burst release of encapsulated materials.47

Recent studies have shown that microfluidic techniques
provide a versatile means to generate microparticles and hollow
microcapsules with high uniformity and encapsulation
efficiency.48−55 A microfluidic technique that is particularly
useful for the generation of hollow microcapsules relies on the
generation of monodisperse water-in-oil-in-water (W/O/W)
double emulsions, which are subsequently used to template
microcapsule formation. The ability to produce monodisperse
droplets also enables the precise characterization and
investigation of double emulsions and resulting microcap-
sules.56 This double-emulsion template method is versatile
because it allows the use of different types of materials besides
polymers to construct hollow microcapsules.49,50,53,57,58 Anoth-
er important advantage of the microfluidic approach is that
double-emulsion generation becomes a continuous process.
This is a significant advantage over other techniques that may
be able to provide monodisperse microcapsules.
Controlling the size of double emulsions while maintaining

high stability and encapsulation efficiency is essential for a
variety of applications. Recent studies, however, have shown
that it is challenging to control the size of double emulsions and
that of resulting microcapsules over a wide range without
changing the channel dimensions of the microfluidic device or
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the properties of the fluids, such as viscosity, drastically.59 It was
found that a rather small window of flow rates exists, within
which monodisperse double emulsions can be consistently
generated. Outside this window, single emulsions or double
emulsions with multiple inner drops are generated, making it
difficult to control the size of double emulsions while
maintaining a high encapsulation efficiency. Even if the system
is in the stable regime for generating monodisperse double
emulsions, the possibility of changing the dimensions of double
emulsions (e.g., radius of the inner droplets) by tuning the flow
rates was found to be rather limited.59 For example, it is
extremely difficult to generate double emulsions that would
template microcapsules with inner diameters of 10 and 100 μm
using a single microfluidic device, even if the flow rates are
changed drastically. A new microfluidic device with appropriate
dimensions would have to be fabricated to generate a double
emulsion with specific dimensions.56 Therefore, a facile method
for controlling the size of monodisperse double emulsions
without the need to fabricate a new microfluidic device with
different channel dimensions would be highly desirable.
The objectives of this study are twofold. We study the

stability of PLGA-containing double emulsions and find that
the stability of PLGA double emulsions depends on the pH of
the inner aqueous phase. We also demonstrate that the size of
double emulsions can be controlled within a wide range
without utilizing multiple microfluidic devices. We develop a
method to control the size of double emulsions and the
resulting microcapsules using the osmotic pressure difference
between the inner and outer phases of the double emulsions.
Although the osmotic pressure has previously been used to vary
the size and properties of double emulsions, its use has been
limited to highly polydisperse emulsions,60−64 complicating the
quantitative analysis of the process. The use of highly
monodisperse double emulsions from microfluidics enables
the quantitative analysis and prediction of the size of double
emulsions and resulting microcapsules. More importantly, this
osmotic annealing technique overcomes a major drawback of
microfluidic techniques, which do not allow for variation in the
size of double emulsions and microcapsules over a wide range
using a single microfluidic device. This technique can also be
used to concentrate the encapsulated species, which could
potentially be useful for encapsulating highly concentrated
biomolecular solutions and colloidal suspensions.

■ EXPERIMENTAL SECTION
Materials. Deionized water is generated from a Barnstead

NANOpure (Thermo Scientific). Ester-terminated PLGA with
compositions of 50:50 (intrinsic viscosity (ηi) = 0.41 dL g−1 in
hexafluoroisopropanol (HFIP)), 65:35 (ηi = 0.55−0.75 dL g−1 in
HFIP), and 85:15 (ηi = 0.66 dL g−1 in CHCl3) are purchased from
Durect Corp. A silica nanoparticle suspension (KE-E30) is obtained
from Nippon Shokubai, Japan. Poly(vinyl alcohol) (PVA, 87−89%
hydrolyzed, average Mw = 13 000−23 000), phosphate-buffered saline
(PBS), and calcein are purchased from Sigma-Aldrich. Chloroform
(CHCl3), tetrahydrofuran (THF), sodium chloride (NaCl), sodium
sulfate (Na2SO4), sodium sulfite (Na2SO3), sodium nitrate (NaNO3),
sodium bicarbonate (NaHCO3), sodium carbonate (Na2CO3), sodium
hydroxide (NaOH), sodium phosphate monobasic (NaH2PO4),
sodium phosphate dibasic (Na2HPO4), potassium chloride (KCl),
and potassium phosphate dibasic (K2HPO4) are purchased from
Fisher Scientific. Sodium phosphate tribasic (Na3PO4) is purchased
from Acros Organics. Alizarin Yellow R was purchased from GFS
Chemicals.
Double-Emulsion Generation. Water-in-oil-in-water (W/O/W)

double emulsions are generated using a glass capillary microfluidic

device, as described previously.65 To generate double emulsions, three
different fluid phases are injected into a microfluidic device by three
syringe pumps (PHD, Harvard Apparatus) with controlled flow rates.
The outer phase is a 2 wt % PVA aqueous solution. The middle phase
is 0.9 wt % PLGA in CHCl3. Different salt solutions are used as the
inner phase. To generate double emulsions containing a pH indicator
dye, Alizarin Yellow R is dissolved in 0.01 and 1 M NaOH solution
with a concentration of 100 mg/L. These solutions are used as the
inner phase. The middle phase is 0.9 wt % PLGA (50:50) (mol % of
lactide/mol % of glycolide) in CHCl3, and the outer phase is a 2 wt %
PVA solution. The double emulsions generated using 0.01 M NaOH
and 1 M NaOH solutions as the inner phases are collected in 0.01 M
NaCl and 1 M NaCl solutions, respectively, to prevent the dilution of
the inner phase because of the difference in osmotic pressure between
the inner phase and the solution used to collect the double emulsions.
These double emulsions are collected in small vials to compare the
change in the color of the inner droplets.

Stability of PLGA Double Emulsions. PLGA-containing double
emulsions encapsulating aqueous solutions of different pH are
generated and collected in a Petri dish with deionized water. PLGA
with compositions of 50:50, 65:35, and 85:15 are used. The solution
pH is tuned by adding NaOH in deionized water. The double
emulsions are observed under an upright optical microscope as soon as
they are generated. A full set of images for one sample is taken 5 to 10
min after emulsion collection. All of the stable double emulsions
become PLGA microcapsules at around 2 h, during which the organic
solvent in the middle phase is completely evaporated or removed. The
fraction of stable double emulsions is determined by dividing the
number of stable double emulsions by the total number of double
emulsions collected. Stable double emulsions refer to double
emulsions whose inner aqueous droplets remain inside the middle
phase until they become PLGA microcapsules. Unstable double
emulsions refer to double emulsions whose inner aqueous droplets
coalesce with the outer aqueous phase and become single oil-in-water
droplets. Unstable double emulsions that become single oil-in-water
droplets do not undergo coalescence with each other because they are
stabilized by PVA (Figure S1 in Supporting Information). The total
number of generated double emulsions is determined by counting the
number of stable double emulsions and the number of single
emulsions (unstable double emulsions) in optical microscopy images.
We analyze over 3200 double emulsions for each data point to obtain
the average and standard deviation.

Interfacial Tension Measurement. Interfacial tension between
the oil phase (i.e., 0.9 wt % PLGA with three compositions in CHCl3)
and the aqueous phase (i.e., aqueous solution with different pH's) is
determined by pendant drop tensiometry (Attension, Theta). The pH
of the aqueous solution is tuned by adding NaOH to the aqueous
solution.

PLGA Molecular Weight Determination. PLGA (0.9 wt %) in
CHCl3 is mixed with 1 M NaOH and PBS solution in volume ratios of
3:0.6 and 3:1, respectively. The mixture is vigorously agitated using a
vortex mixer (Fisher Scientific). After vigorous mixing, 2 mL of the oil
phase is transferred to another vial. The CHCl3 is removed by
evaporation under vacuum. THF (11 mL) is added to the vial to
dissolve the solid residue. The vial is placed in a sonicator to help
dissolve the PLGA. PLGA in THF is used to determine the molecular
weight of PLGA by gel permeation chromatography (Waters)
equipped with a refractive index detector.

Controlling the Size of Double Emulsions and PLGA
Microcapsules Using Osmotic Annealing. Double emulsions are
generated with 2 wt % PVA solution and 0.9 wt % PLGA (85:15) as
the outer phase and the middle phase, respectively. NaCl solution (0.1
M) with 5 mM Na2CO3 is used as the inner phase to shrink the inner
droplet of double emulsions, whereas 0.8 M NaCl is used as the inner
phase to swell the inner drops. Generated double emulsions are
collected in cuvettes filled with 0.1, 0.2, 0.4, and 0.8 M NaCl solutions.
Upon the collection of double emulsions, the cuvettes are capped with
stoppers to suppress the evaporation of CHCl3. After the inner
droplets reach their equilibrium size, the stoppers are removed to allow
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for the fast evaporation of CHCl3. PLGA microcapsules are formed
after the complete evaporation of CHCl3.
Concentrating Encapsulated Species Using Osmotic An-

nealing. NaH2PO4 and Na2HPO4 are added to deionized water in a
mole ratio of 22.6:77.4 to make 0.5 mM phosphate-buffered saline
(PBS). Then a fluorescent dye, calcein, is added to this 0.5 mM PBS
solution to make its concentration 0.1 mg/L. This calcein-containing
solution is used as the inner phase to generate double emulsions.
Generated double emulsions are collected in either 0.5 mM PBS
solution or 0.2 M NaCl solution. Both bright-field and fluorescent
images are taken after PLGA microcapsules are formed.
To encapsulate silica particles, the original silica nanoparticle

suspension (concentration 20 wt %) is centrifuged at 8000 rpm for 5
min. After the removal of supernatant, deionized water is added and
the sample is placed in a sonicator for 15 min to redisperse the silica
nanoparticles. The process is repeated five times. Subsequently, silica
nanoparticles are dried under vacuum. These dried silica nanoparticles
are added to a 5 mM Na2CO3 aqueous solution to prepare 0.5 wt %
silica nanoparticles. After the nanoparticles are redispersed by
sonication, the nanoparticle suspension is used as the inner phase to
generate double emulsions with 0.9 wt % PLGA (50:50) in CHCl3 and
2 wt % PVA solution as the middle phase and outer phase,
respectively. Generated double emulsions are collected in a 1.0 M
NaCl solution and observed under an upright optical microscope.

■ RESULTS AND DISCUSSIONS
Stability of PLGA-Containing Double Emulsions. Our

previous study has shown that PLGA can stabilize the inner
water−oil interface of water-in-oil-in-water (W/O/W) double
emulsions without extra surfactants present in the oil phase.66

However, we find that when double emulsions are generated
with deionized water (pH 5.5−6.0) as the inner phase such
double emulsions are unstable (Figure S1 in Supporting
Information). Interestingly, when a PBS solution is used as
the inner phase, the inner droplets remain stable inside the oil
phase, and hollow PLGA microcapsules can be generated by
removing the solvent.66 These results indicate that either the
ionic strength and/or the pH of the inner phase plays an
important role in controlling the stability of PLGA-containing
double emulsions. To gain insight into the stabilization of
double emulsion by PLGA, we explore parameters such as the
ionic strength and pH of the inner phase as well as the
composition of PLGA.
We investigate the effect of ionic species in the inner phase.

Two types of salts are tested: one that dissociates in water but
does not significantly affect the pH of the solution such as
NaCl, Na2SO4, NaNO3, and KCl and one that dissociates and
forms basic solutions such as Na3PO4, K2HPO4, Na2SO3, and
Na2CO3. Table 1 summarizes the effect of each salt on the pH

of the aqueous phase. We find that salts that do not make the
inner phase basic fail to stabilize double emulsions, whereas
those that increase the pH of the inner phase are able to
stabilize the double emulsions (Figure S1 in the Supporting
Information). These results lead us to relate the stability of
PLGA-containing double emulsions to the pH of the inner
phase rather than the ionic strength.
We test our hypothesis by generating PLGA-containing

double emulsions with an inner phase of varying pH without
extra added salt. For all three types of PLGA used in this study,
the stable fraction abruptly increases as the pH of the inner
phase reaches 12.67 Double emulsions generated with an inner
phase of pH 11 or smaller are unstable (Figures S2 and S3 in
the Supporting Information). This result again clearly indicates
that a basic environment (i.e., the presence of hydroxide
anions) leads to stable double emulsions. It is also important to
note that PLGA in the middle phase is necessary to maintain
the stability of double emulsions. Double emulsions generated
without PLGA in the middle phase, regardless of the inner-
phase condition, are unstable (Figure S1 in the Supporting
Information). Therefore, both a basic inner phase and PLGA
are necessary to stabilize the double emulsions.
We study the effect of inner-phase pH on the interfacial

tension between the aqueous phase and the PLGA-containing
oil phase using pendant drop tensiometry. We measure the
interfacial tension between chloroform, with and without
PLGA, and an aqueous solution as a function of the solution
pH. Consistent with the ability of PLGA to stabilize double
emulsions, PLGA is found to decrease the interfacial tension
between the aqueous and oil phases, as shown in Figure 1.

Interestingly, the surface activity depends on the composition
of PLGA. We believe that the hydrophile−lipophile balance
(HLB) of PLGA increases as the fraction of more hydrophilic
glycolide is increased in the backbone of PLGA. More
importantly, the interfacial tension between the aqueous
phase and PLGA-containing chloroform decreases significantly
as the pH of the aqueous phase is increased, whereas the

Table 1. Salts Used to Test the Stability of PLGA-Containing
Double Emulsions

middle phase inner phase pH stability

0.9 wt % PLGA (85:15) in CHCl3 0.05 M K2HPO4 9.00 stable
0.05 M Na2SO3 9.70
0.005 M Na3PO4 11.34
0.05 M Na2CO3 11.29

0.9 wt % PLGA (85:15) in CHCl3 deionized water 5.91 unstable
0.05 M NaCl 5.81
0.05 M KCl 5.75
0.05 M Na2SO4 6.14
0.05 M NaNO3 5.94

pure CHCl3 0.05 M Na2CO3 11.29

Figure 1. Interfacial tension between a PLGA solution in chloroform
and an aqueous solution as a function of solution pH. Black squares
represents pure chloroform. Red circles, blue triangles, and green
inverted triangles represent chloroform solutions with 85:15, 65:35,
and 50:50 PLGA, respectively.
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change in the interfacial tension between the aqueous phase
and pure chloroform as a function of pH is negligible. These
results indicate that a high-pH environment enhances the
surface activity of PLGA.
We further explore the importance of the interaction

between basic solutions and PLGA by monitoring the change
in the molecular weight of PLGA upon contact with high-pH
solutions. To monitor the change in the molecular weight of
the polymer, PLGA in CHCl3 is mixed with a 1 M NaOH
solution or PBS solution and agitated for different periods of
time. Although the oil phase and aqueous phase are immiscible,
a significant reduction in the average molecular weight of PLGA
is observed with time (Table 2). These results indicate that
PLGA undergoes hydrolysis upon contact with basic solutions.
Basic solutions have previously been used to render PLGA
scaffolds hydrophilic, which have been attributed to the base-
catalyzed hydrolysis of ester bonds in PLGA and the formation
of carboxylic acid end groups (Figure S4 in the Supporting
Information).68−77 In particular, it has been shown that the rate
of hydrolysis increases by 5 orders of magnitude when the
solution pH increases from 7 to 12.70

We further investigate the importance of the basic condition
by monitoring the consumption of hydroxide anions in the
inner phase of PLGA-containing double emulsions. To enable
this study, we add a pH indicator dye, Alizarin Yellow R, as a
probe. Alizarin Yellow R is soluble in water but insoluble in
chloroform and thus does not diffuse out of the double
emulsions. This dye changes color from dark red to light yellow
when the solution pH changes from 12.1 to 10.0 or below.
When the dye is dissolved in 0.01 and 1 M NaOH solutions,
there is no observable difference in the color of the two NaOH
solutions containing Alizarin Yellow R (Figure S5 in the
Supporting Information). The color of PLGA double emulsions
with a 0.01 M NaOH inner phase changes its color from dark
red to light yellow upon collection, whereas PLGA double
emulsions with a 1.0 M NaOH inner phase remain red (Figure
S5 in the Supporting Information).78 These results indicate that
a large number of hydroxide anions in the inner phase are
consumed, likely because of the ionization of carboxylic acid
end groups of PLGA, leading to the change in the color of
PLGA double emulsions and the subsequent pH reduction. It is
also likely that monomers of PLGA are released upon
hydrolysis.79 Because both monomers, lactic acid and glycolic
acid, are highly soluble in water, they could partition into the
aqueous phase and contribute to the shift in the pH of the inner
droplets.
On the basis of these results, we conclude that the ionization

of carboxylic acid end groups that form because of the
hydrolysis of PLGA chains (Figure S4 in the Supporting
Information) is responsible for the stabilization of PLGA-
containing double emulsions. As evidenced by the molecular
weight reduction, the base-catalyzed hydrolysis of PLGA
provides carboxylic acid end groups. Acid−base reaction

between the carboxylic acid end groups of PLGA and hydroxide
anions in the inner aqueous phase generates ionized carboxylate
groups, which are very hydrophilic. These ionized end groups
facilitate the anchoring of PLGA at the oil−water interface,
which in turn enhances the surface activity of PLGA and its
stabilization of the inner droplets of double emulsions. Such a
mechanism is consistent with the enhanced double-emulsion
stability (Figures S2 and S3 in the Supporting Information) and
PLGA surface activity (Figure 1) at a high pH (>12.0). A
similar mechanism likely is responsible for the stabilization of
W/O/W double emulsions when a PBS solution (pH 7.4) is
used as the inner phase. The PBS solution is able to maintain
the pH of the inner phase and ionize the carboxylic acid end
groups of PLGA, although the hydrolysis of PLGA is not as
significant as that of high-pH aqueous solutions (Table 2). We
believe that a small number of carboxylic acid groups that were
originally present in PLGA could also play an important role in
the surface activity of PLGA and the subsequent stabilization of
W/O/W double emulsions.80

Controlling the Size of Double Emulsions and PLGA
Microcapsules. As described in the Introduction, it is difficult
to control the size of double emulsions over a wide range using
a single microfluidic device. We overcome this limitation by
making use of the osmotic pressure. To tune the size of double-
emulsion-templated microcapsules by what we call osmotic
annealing, we separate the formation of microcapsules from
double emulsions into two steps, as illustrated in Figure 2. We

generate double emulsions with a salt solution of a given
concentration as the inner aqueous phase. Subsequently, we
collect double emulsions in a glass cuvette. The glass cuvette is
filled with a solution of a different salt concentration. The
cuvette is sealed to suppress the removal of the organic solvent
in the middle phase. The difference in electrolyte concen-
trations between the inner droplet and the collection solution
induces water to diffuse into and out of the inner droplet,
leading to their swelling and shrinkage, respectively. After the
inner droplet reaches its equilibrium size, we expose the
emulsion suspension to open air to allow the removal of the
organic solvent, chloroform. PLGA microcapsules are formed

Table 2. Weight-Averaged Molecular Weight (g/mol) of PLGA after being Placed in Contact with 1 M NaOH Solution and PBS
Solution

aqueous phase 1 M NaOH PBS

type of PLGA PLGA (50:50) PLGA (65:35) PLGA (85:15) PLGA (50:50)

0 min 63.1 ± 2.9 K 50.8 ± 1.7 K 68.0 ± 1.7 K 62.0 ± 1.8 K
30 min 48.6 ± 8.5 K 38.7 ± 0.2 K 64.5 ± 1.8 K 53.5 ± 5.3 K
50 min 43.7 ± 2.4 K 31.6 ± 0.9 K 50.9 ± 1.8 K 53.9 ± 5.2 Ka

aThe molecular weight is measured after the PLGA solution was in contact with the PBS solution for 1 h instead of 50 min.

Figure 2. Schematic illustration of tuning the size of double emulsions
and microcapsules by osmotic annealing.
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after the complete removal of the organic solvent as shown in
Figure 2.
To test the feasibility of this osmotic annealing, we generate

eight samples of double emulsions with the same initial
dimensions as shown in Figure 3. On the basis of the results
from the first part of this study, 5 mM Na2CO3 is added to the
inner phase to enhance the stability of PLGA-containing double
emulsions whereas NaCl in the inner phase is used to provide
an osmotic pressure difference for osmotic annealing. When the
concentration of NaCl in the inner droplets is higher than that
in the collection solution, the inner droplets swell. In contrast,
the inner droplets shrink if the situation is the opposite. These
swelling and shrinking behaviors can be understood by
considering the difference in osmolarity (i.e., chemical potential
of water) of the inner droplet and the collection solution. When
the inner phase is more concentrated, water in the collection
solution has a higher chemical potential than that of the inner
phase; therefore, water diffuses into the inner droplets from the
collection solution through the middle phase. This transport of
water makes the inner droplets swell. The inner droplets reach
their equilibrium diameter within 2 h of osmotic annealing,
which can be inferred from the plateau of the diameter
evolution curves in Figure 3b. PLGA microcapsules ranging
from 80 to ∼300 μm in diameter are formed from one double
emulsion (initial inner and outer diameters were ∼150 and 250
μm, respectively) using osmotic annealing as shown in Figure
3a.
The equilibrium diameter of the inner droplets of double

emulsions is determined by the balance of osmotic pressure due
to the concentration difference between the inner droplet and
the collection solution and the Laplace pressure due to
interfacial tension at the two oil−water interfaces. To derive
the relationship between the salt concentration ratio and the
equilibrium diameter of the inner droplet, we assume that there
is negligible transport of the ionic species across the middle
phase, which is reasonable because the solubility of the ions in
chloroform is extremely low. The Laplace pressure associated
with the two oil−water interfaces is

γ γ
= +P

r r
2 2im

in

om

out (1)

where γim is the interfacial tension between the inner and
middle phases and γom represents the interfacial tension
between the outer and middle phases. rin and rout represent
the radii of the inner and outer droplets, respectively. The
osmotic pressure difference between the inner and outer phases
can be represented by van’t Hoff’s law:81

Π = −C C RT2( )in out (2)

Cin and Cout are the concentrations of NaCl in the inner
droplets and the collection solution at equilibrium (Figure S6 in
the Supporting Information). R is the gas constant, and T is the
absolute temperature. The equilibrium diameter of the inner
droplets is determined by equating eqs 1 and 2 as shown in eq
3:

γ γ
− = +

− −
C C RT

r r
2( )

2 2
in out

im

in equ

om

out equ (3)

where rin−equ and rout−equ are the radii of the inner and outer
droplets at equilibrium, respectively. Neglecting the transport of
the ionic species, the concentration of NaCl in the inner
droplet at equilibrium is related to its original value by eq 4,
which implies the conservation of ionic species in the inner
droplets:

=
−

⎛
⎝
⎜⎜

⎞
⎠
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Substituting eq 4 into eq 3, we obtain
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− − −
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⎞
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C
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1
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in equ
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out equ (5)

Solving eq 5, the ratio of rin−equ to rin
0 can be expressed as

Figure 3. (a) PLGA microcapsules formed using osmotic annealing and (b) the diameter evolution of the inner droplets of double emulsions under
osmotic annealing. The first, second, and third columns in part a represent the initial double emulsions, double emulsions at equilibrium, and PLGA
microcapsules formed, respectively, under different conditions. All of the scale bars in part a are 100 μm. The legend in part b represents the different
conditions under which PLGA microcapsules are formed. For example, blue squares with 0.8 M in 0.1 M represent double emulsions generated using
a 0.8 M NaCl solution (also containing 5 mM Na2CO3) as the inner phase, collected in 0.1 M NaCl solution.
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We find that (1/(RT))((γim)/(rin−equ) + ((γom)/(rout−equ))) is
approximately or less than 1% of Cin

0 and Cout (Supporting
Information). Thus, we can simplify eq 6 by neglecting the
effect of interfacial tension on the equilibrium diameter of the
inner droplet. Thus, we obtain a very simple relationship
between the initial and the equilibrium radii of the inner
droplet as shown in eq 7:

=− ⎛
⎝⎜

⎞
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r

r
C
C

in equ

in
0

in
0

out

1/3

(7)

The diameter of the inner droplets after osmotic annealing
can be accurately predicted by the theoretical model as
represented by eq 7. The relationship between the one-third
power of the concentration ratio ((Cin

0 /Cout)
1/3) and the radii

ratio (rin−equ/rin
0 ) for eight different concentration ratios is

shown in Figure 4. Note that the diameter of the inner droplet

measured from optical microscopy is different from its actual
diameter because of the difference in the refractive indices of
water and organic solvents. All data for the diameter of the
inner droplets are corrected using a method provided
elsewhere.59 It can be clearly seen that the experimental data
from Figure 3 all lie on the line determined by eq 7, indicating
that the experimental results agree well with our hypothesis and
prediction. Most importantly, these results strongly support the
fact that we can readily tune the size of the microcapsules and
that of the inner droplets of double emulsions from a single
device under one set of double-emulsion formation conditions
by simply changing the ratio of the solute concentrations of the
inner and collection solutions. The thickness of the micro-
capsule shell is an important factor that determines the release
of encapsulated species. The average shell thickness can be
determined on the basis of the concentration of PLGA in the

middle phase, the volume of the middle phase, the density of
PLGA, and the equilibrium inner diameter of PLGA micro-
capsules (eqs S1 and S2 in the Supporting Information).
We can make further use of osmotic annealing to concentrate

encapsulated species in double emulsions and microcapsules.
We use a 0.5 mM phosphate buffer solution (PBS) with 0.1
mg/L calcein in the inner phase as a probe dye to generate
double emulsions. When these double emulsions are collected
in 0.5 mM PBS and converted to PLGA microcapsules, very
little fluorescence intensity is detected because of the low
concentration of calcein (Figure 5a). In contrast, when these
double emulsions are collected in 0.2 M NaCl solution, water
inside the inner droplets diffuses out through the oil phase
because of the difference in osmolarity between the inner and
outer phases, whereas calcein remains encapsulated in the inner
droplets. Consequently, the concentration of calcein and, in
turn, the fluorescence intensity of the inner phase increase
substantially. The increase in fluorescence intensity is quite
drastic as seen in Figure 5b,c, which shows a line scan of
fluorescence in the microcapsules generated with and without
osmotic annealing. It is worth noting that in our swelling
experiment the volume of the inner droplets is increased by a
factor of 8 (Figure 3b) whereas in the shrinking experiment the
volume of the inner droplets is decreased by a factor of ∼270
(Figure 5a,b); therefore, our results indicate that the volume of
the inner droplets and, in turn, the concentration of the
encapsulated solute can be tuned by at least 3 orders of
magnitude using the osmotic annealing method.
This concentration method using osmotic annealing is

especially useful in encapsulating highly concentrated solid
suspensions such as colloidal particles. Typically, microfluidic
channels clog rapidly when highly concentrated solutions of
suspensions are used.82,83 We can readily encapsulate highly
concentrated particle suspension by annealing double emul-
sions containing a low initial concentration of particles in a high
salt concentration solution. We demonstrate this by essentially
squeezing out all of the water from encapsulated particle
suspensions, which leaves an agglomerate of particles in the
core of oil droplets as shown in Figure 5d.

■ CONCLUSIONS
We have demonstrated that the stability and size of PLGA-
containing double emulsions and resulting PLGA micro-
capsules can be controlled by varying the composition of
each phase of the double emulsions. In particular, it is
important to adjust the pH of the inner phase to enable the
stabilization of inner droplets of PLGA-containing double
emulsions. The hydrolysis of PLGA and, more importantly, the
ionization of carboxylic acid end groups enhance the surface
activity of PLGA at the oil−water interface and, in turn, the
stabilization of PLGA-containing double emulsions. We have
also shown that the size of double emulsions can be precisely
tuned by changing the concentration ratio of a solute in the
inner and outer phases of double emulsions. It is possible to
change the volume of the internal compartment of PLGA
microcapsules by more than 3 orders of magnitude, illustrating
the effectiveness and reliability of this new method in changing
the size of microcapsules and, in turn, the concentration of the
encapsulated species. This approach overcomes the difficulty in
generating monodisperse double emulsions and microcapsules
over a wide range of dimensions using a single microfluidic
device. We believe that the osmotic annealing method will be
useful in generating drug-delivery systems encapsulating a high

Figure 4. Ratio of initial and equilibrium diameters of inner droplets as
a function of the NaCl concentration ratio of the inner and collection
solutions. The dotted line represents the prediction based on eq 7.
The legend uses the same notation as in Figure 3.
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concentration of biomacromolecules such as proteins84 and also
for generating capsules encapsulating a high concentration of
solid suspensions while avoiding the clogging of microfluidic
devices.
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