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Developing carriers of active ingredi-
ents with triggered-release properties is 
an important challenge in the field of 
controlled release.[1] Stimuli-responsive 
microcapsules, as effective carriers, have 
been widely used to encapsulate various 
valuable cargoes, including nanomaterials, 
essential oils, colorings, flavorings, bioac-
tive molecules, and living cells, for long-
term storage without any deterioration.[2–7] 
Equally important, the encapsulated 
cargoes should be released to perform 
their functionalities when microcapsules 
respond to external stimuli. For instance, 
encapsulated drugs need to be released for 
therapeutic treatment. A variety of external 
stimuli, including temperature, pH, light, 
magnetic field, or stress, can be utilized 
to trigger the release of encapsulated con-
tents via chemical or physical changes to 
the shell materials.[8–17] Chemical changes 
can be initiated by a trigger that causes 
cross-link cleavage or depolymerization of 
the shell materials.[9,17–20] While this tech-

nique allows active release of cargo, its utility is limited because 
it requires microcapsules with multiple functionalities in the 
shell materials, which usually requires complicated synthesis or 
fabrication. A simple strategy to circumvent this limitation is 
to trigger the release through mechanical cracking of the shell 
wall when the shell material undergoes a physical change, such 
as pressure-induced failure, shell wall melting or a change in 
porosity.[21,22] Several triggers can be used to induce physical 
changes, including mechanical stress or osmotic pressure.[23,24] 
Osmotic pressure is an effective trigger to rupture the micro-
capsule shell for burst release of the cargoes by simply adding 
water to the microcapsule system. The osmotic pressure is usu-
ally generated by introducing an osmotic agent to the core. Due 
to the osmotic pressure difference across the shell, water dif-
fuses into the core, resulting in swelling of microcapsule; the 
microcapsule bursts when the shell cannot withstand the defor-
mation and rapidly releases the cargo.

Microcapsules with uniform shell thickness swell isotropi-
cally upon introduction of a small internal osmotic pressure, 
and they ultimately reach isotonic conditions when the osmotic 
pressure difference across the shell becomes negligible. To 
achieve burst release, the internal pressure of the microcapsules 
has to exceed the failure strength of the shell material before 
the microcapsules reach isotonic conditions. Therefore, it can 

Inhomogeneous microcapsules that can encapsulate various cargo for 
controlled release triggered by osmotic shock are designed and reported. 
The microcapsules are fabricated using a microfluidic approach and the 
inhomogeneity of shell thickness in the microcapsules can be controlled by 
tuning the flow rate ratio of the middle phase to the inner phase. This study 
demonstrates the swelling of these inhomogeneous microcapsules begins 
at the thinnest part of shell and eventually leads to rupture at the weak spot 
with a low osmotic pressure. Systematic studies indicate the rupture fraction 
of these microcapsules increases with increasing inhomogeneity, while the 
rupture osmotic pressure decreases linearly with increasing inhomogeneity. 
The inhomogeneous microcapsules are demonstrated to be impermeable 
to small probe molecules, which enables long-term storage. Thus, these 
microcapsules can be used for long-term storage of enzymes, which can 
be controllably released through osmotic shock without impairing their 
biological activity. The study provides a new approach to design effective 
carriers to encapsulate biomolecules and release them on-demand upon 
applying osmotic shock.
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require coencapsulation of a large concentration of osmotic 
agents to trigger the cargo release for microcapsules with homo-
geneous shell thickness, which also needs high osmotic pres-
sure in the outer solution to balance the internal and external 
pressures before the release is induced. As a result, undesirable 
additives may have to be introduced into both the internal core 
and the outer solution; this not only makes the encapsulation 
system less efficient and less economic, but may lead to prob-
lems for some specific applications. For example, in biomedical 
applications, a solution with high osmotic pressure can cause 
tissue injury or induce blood clot formation.[25,26] Thus, if it 
were possible to create microcapsules that can be triggered to 
release their contents based on pressure differentials without 
requiring very high solute concentrations in the solution, it 
could open up entirely new applications in controlled release.

In this paper, we use a microfluidic technique to fabricate 
stimuli-responsive microcapsules with inhomogeneous shell 
thickness, which can be triggered to release the encapsulated 
cargo at a low rupture osmotic pressure. The inhomogeneity in 
shell thickness can be tuned by changing the ratio of the flow 
rate of the middle phase, Q  m, to the inner phase, Q  i. Interest-
ingly, unlike isotropic swelling of microcapsules with a uniform 
shell, the swelling of inhomogeneous microcapsules begins 
at the thinnest part of shell and eventually leads to rupture at 
the weak spot, as shown in Figure 1. We find that the required 
rupture osmotic pressure to make inhomogeneous microcap-
sules rupture is much lower than that for microcapsules with 
uniform shell thickness. In addition, we systematically study 
the relationship between shell inhomogeneity and the rupture 
behavior of microcapsules, and observe an empirical linear 
relationship between them. Remarkably, the microcapsule shell 
is impermeable to small probe dye molecules, which is very 
important for long-term storage. Finally, we demonstrate our 
approach can encapsulate a model enzyme for triggered release 
by osmotic pressure without impairing their biological activity.

We use a glass capillary microfluidic device to fabricate 
microcapsules with inhomogeneous shell thickness based on 
water-in-oil-in-water (W/O/W) double emulsion templates.[27] 
The glass capillary device consists of two tapered cylindrical 
glass capillaries with different tip sizes that are coaxially 
aligned within a square capillary, as shown schematically in 
Figure 2a. We use the capillary with a smaller tip to inject the 
inner phase consisting of sucrose in 3 wt% poly(vinyl alcohol) 
(PVA) aqueous solution. Sucrose is used as an agent to increase 
the osmotic pressure of the inner phase. Photocurable mono-
mers in dichloromethane are used as the middle oil phase 

and are injected through the interstices between the square 
capillary and the injection capillary. The monomers used are 
poly(ethylene glycol) divinyl ether and trimethylolpropane 
tris(3-mercaptopropionate). Under UV exposure, they rapidly 
react with each other, in what is known as the thiol-ene reac-
tion. The continuous phase, which is CaCl2 in 10 wt% PVA 
aqueous solution, is injected from the opposite side through 
the interstices between the square capillary and the collec-
tion capillary that is the tapered cylindrical capillary with a 
larger tip, as shown on the right of Figure 2a. We use CaCl2 to 
increase the osmotic pressure of the continuous phase; it has 
essentially the same osmotic pressure as that of the core phase. 
The W/O/W double emulsion drops are formed at the tip of 
the injection capillary, as shown in Figure  2b and Movie S1 
in the Supporting Information. Each double emulsion droplet 
consists of a middle oil layer inhomogeneously surrounding 
an inner aqueous core. After droplet generation, we crosslink 
the monomers in the middle oil phase in situ by exposing to 
UV light in the collection capillary to quickly form a solidified 
polymeric shell through a rapid thiol-ene reaction. As a result, 
the inhomogeneity in the microcapsule shell thickness can be 
fixed. The resultant microcapsules have an inhomogeneous 
shell thickness, as indicated by the red rings in Figure 2c. The 
shell thickness is characterized by obtaining scanning electron 
microscopy (SEM) images of the cross-sections of the micro-
capsules; an example is shown in Figure 2d. The thinnest part 
of shell is around 600 nm in thickness as shown in Figure 2d 
(inset) and the thickest portion of the shell is as large as 40 µm 
in thickness, confirming the inhomogeneity in the shell 
thickness.

To demonstrate the controllability of the inhomogeneous 
microcapsules, we change the flow rates of the middle phase 
Q  m and the inner phase Q  i to tune their ratio Q  m/Q  i, while 
keeping the ratio of their sum to the flow rate of outer phase 
constant. We find the geometries of the inhomogeneous micro-
capsules vary with the change of Q  m/Q  i, with a higher Q  m/Q  i 
leading to a higher inhomogeneity of the shell, as shown in 
Figure 2e(i–iv). To quantitatively investigate the inhomogeneity 
of the microcapsules, we define the inhomogeneous micro-
capsule as having a geometry of outer radius R, inner radius 
r, average thickness t, and distance δ moved by inner water 
droplets, as illustrated in the inset in Figure 2f. The values of 
these parameters of inhomogeneous microcapsules prepared 
at different flow rate ratios are shown in Table S1 (Supporting 
Information). The shell inhomogeneity can be quantified by 
the ratio δ/t.[28] We study the dependence of δ/t on Q  m/Q  i, 
confirming δ/t increases with increasing Q  m/Q  i, as shown in 
Figure 2f. This result indicates that we can control the inhomo-
geneity of microcapsules by simply tuning the flow rate ratio of 
the middle phase to the inner phase.

To probe the mechanical response of these inhomogeneous 
microcapsules, we prepare microcapsules containing a sucrose 
core with a high internal osmolarity, and subject the microcap-
sules to osmotic shock by adding a large amount of deionized 
(DI) water into the microcapsule suspensions. We use con-
focal microscopy to visualize the swelling and rupture of the 
microcapsules. Under hypotonic conditions, where the osmotic 
pressure of the inner core is higher than that of the external 
solution, the osmotic pressure difference across the shell 
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Figure 1.  Schematic illustration of asymmetric swelling of a microcap-
sule with inhomogeneous shell thickness under hypotonic condition. The 
microcapsule ultimately ruptures at the thinnest part of shell.
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causes water to diffuse into the microcapsules and makes them 
begin to swell at the thinnest part of shell. During the expan-
sion, the deformation mainly localizes in this region, and the 
thickness of the polymeric shell membrane decreases, leading 
to an enhancement of the inward diffusion of water. Eventually, 
this part is unable to withstand deformation and mechanically 
cracks, as shown in Figure 3a and Movie S2 in the Supporting 
Information. After rupture, the opening is tens of micrometers 
in size, as seen in the SEM picture in Figure 3b. This is large 
enough for most encapsulated cargos, such as biomolecules 
or nanomaterials, to be released. While for the unruptured 
microcapsules, they are still intact to lock encapsulated cargos 
inside, as shown in Figure S1 (Supporting Information).

To systematically investigate the influence of shell inhomo-
geneity, δ/t, on the fraction of microcapsules that burst, after 
adding DI water, we monitor an average of 150 microcapsules 
for each sample and calculate the rupture fraction as the ratio 
of the number of ruptured microcapsules to the total number 
of microcapsules. For each shell inhomogeneity, the fraction of  
burst microcapsules increases over time and eventually reaches 

a plateau, as shown in Figure  3c. We can see that with a 
larger inhomogeneity, the fraction of ruptured microcapsules 
increases faster with time and reaches a higher plateau. Thus, 
larger inhomogeneity results in more microcapsules rupture. 
By comparison, microcapsules with a nearly homogeneous, 
thin shell do not rupture when subjected to the same internal 
osmotic pressure; instead, they swell isotropically, ultimately 
reaching a volume that is increased by about 27 times, as shown 
in Figure S2 in the Supporting Information. This experiment 
demonstrates that the shell material itself is very tough, and 
can sustain the large level of mechanical strain; thus, an even 
higher osmotic pressure is required to make homogeneous 
microcapsules rupture. By contrast, microcapsules made of the 
same materials, but with an inhomogeneity of 0.97, achieve 
about 80% rupture fraction with the same osmotic pressure. 
This confirms that the inhomogeneous structure is crucial to 
make microcapsules rupture at a lower osmotic pressure.

We further study the effect of osmotic pressure, Π, on the 
rupture fraction. We prepare three sets of microcapsules with 
different amounts of shell inhomogeneity, and encapsulate 
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Figure 2.  Microfluidic fabrication of inhomogeneous microcapsules. a) Schematic illustration of fabrication of inhomogeneous double emulsion drop-
lets followed by UV exposure. b) Optical image of inhomogeneous double emulsion droplets formed in a glass capillary microfluidic device. c) Confocal 
image of inhomogeneous microcapsules with the shell labeled by Nile red. d) SEM image showing the cross-section of inhomogeneous microcap-
sule; inset shows the thinnest part. e) The microcapsules with different thickness inhomogeneity fabricated by varying flow rate ratio Qm/Qi: i) 3.33,  
ii) 2.20, iii) 1.11, iv) 0.38. Scale bar: 40 µm. f) Dependence of shell thickness inhomogeneity δ/t on Qm/Qi. Inset illustrates the microcapsule geometry.
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sucrose solutions with five different concentrations in each set. 
We measure the fraction of ruptured capsules for each set, and 
find that increasing osmotic pressure increase the fraction of 
ruptured capsules, as shown in Figure 3d. Moreover, increasing 
inhomogeneity leads to increase in the fraction of ruptured 
capsules. The data can be described by a cumulative normal 
distribution function, as shown by the solid lines in Figure 3d. 
We extract two important parameters, the expectation, µ, and 
the standard deviation, σ, of the normal distribution. We define 
the rupture osmotic pressure, Π* = µ + 2σ, and determine the 
dependence on shell inhomogeneity. Interestingly, we find a 
linear relationship between Π* and δ/t, as shown in the Sup-
porting Information; this provides an empirical relationship 
between δ/t and the rupture osmotic pressure, useful for 
design purpose.

To apply these inhomogeneous microcapsules as effective 
carriers for controlled release, we first test the impermeability 
of the inhomogeneous shell, which is an important parameter 
for long-term storage prior to triggered release. We encapsu-
late a fluorescent polymer fluorescein Isothiocyanate-dextran 
(FITC-Dextran) with a molecular weight of 3–5  kDa in the 

core and measure the change in the fluorescence intensity 
of the cores with elapsed time, using confocal microscopy. 
We find that the fluorescent polymer is completely retained 
after 30 d, as evidenced by the time-lapse fluorescent images 
in Figure  4a and fluorescence intensity profile in Figure  4b. 
The release kinetic of the encapsulated molecule is affected by 
the pore size of the capsule shell. As reported previously,[29] 
the thiol-ene photopolymerization allows us to fabricate cap-
sules with highly impermeable shell that enables retention 
of small molecules in microcapsules. Considering the hydro-
dynamic radius of the FITC-Dextran is about 2 nm, which is 
much smaller than the size of most active biomolecules, such 
as antibodies, streptavidin, and enzymes, our result indicates 
that these microcapsules have a sufficiently impermeable 
shell that most of active biomolecules should be efficiently 
encapsulated.

As a demonstration of the application of these inhomoge-
neous microcapsules, we use protease as a model biological 
molecule. Protease can be found in all living organisms, from 
viruses to animals and humans, and it has great medical and 
pharmaceutical importance due to their key role in biological 
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Figure 3.  a) Optical images showing that shell swelling initiates at the thinnest part i–iii) and microcapsule ultimately ruptures iv); the microcapsules 
consist of aqueous core of 3 wt% PVA and 1.2 m sucrose with 2.94 MPa internal osmotic pressure and are dispersed in deionized water. b) SEM image 
showing the release orifice after capsule ruptures. c) Fraction of microcapsules ruptured over time, for three different shell thickness inhomogeneity, 
δ/t. The internal osmotic pressure is 2.94 MPa. d) Fraction of microcapsules ruptured with different internal osmotic pressures, for three different 
shell thickness inhomogeneity, δ/t.
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processes and in the life-cycle of many pathogens.[30–32] We 
coencapsulate protease with sucrose in microcapsules with a 
nonuniform shell thickness. We incubate samples at 4 °C for 
up to 37 d, and then apply an osmotic shock to trigger the 
release of the encapsulated protease. We test its biological 
activity using the EnzChek Peptidase/Protease Assay Kit. 
The EnzChek peptidase/protease substrate comprises a 
fluorophore and a quencher moiety separated by an amino 
acid sequence. Upon sequence cleavage by protease, the fluo-
rophore separates from the quencher and is free to emit a 
detectable fluorescent signal. The magnitude of the resultant 
signal is proportional to the degree of substrate cleavage, and 
can therefore be used to quantify the enzyme activity. We com-
pare the activity of encapsulated protease to the same concen-
tration of protease that has not been encapsulated. After 37 d 
incubation, the encapsulated protease retains over 91% of its 
initial activity, as shown in Figure 5. This result indicates the 
inhomogeneous microcapsules can effectively encapsulate bio-
molecules for long-term storage, and can be trigger-released by 
an applied osmotic shock.

In conclusion, we successfully demonstrate that inhomo-
geneous microcapsules are preferable for controlled release 
triggered by osmotic shock. A larger inhomogeneity leads to a 
larger fraction of ruptured capsules and the inhomogeneity of 
the microcapsules can be controlled by tuning the ratio of the 
flow rates of the middle and inner phases. By measuring the 
osmotic pressure dependence of the fraction of ruptured cap-
sules, we define a rupture-osmotic-pressure and show that it 
exhibits a linear dependence on inhomogeneity; this enables us 
to predict the rupture behavior of microcapsules with a given 
inhomogeneity. Finally, inhomogeneous microcapsules can 
encapsulate biomolecules for long-term incubation and can be 
triggered by osmotic shock to release the encapsulated biomol-
ecules without obviously impairing their biological activities. 
Our study provides a new approach to design effective carriers 
to encapsulate biomolecules and release them on-demand upon 
applying osmotic shock. Compared to other controlled release 
carriers, such as cells, nanoparticles, vesicles, or micelles,[33–37] 
our microcapsule system has high controllability, stability, and 
versatility. Therefore, it can be potentially applied in controlled 
release such as drug delivery.

Experimental Section
Chemicals: The model biomolecule in this work was protease from 

Bacillus sp.(>16 U g−1) purchased from Sigma-Aldrich. The polymers used 
were poly(ethylene glycol) divinyl ether (Mw 250, Sigma-Aldrich, USA), 
trimethylolpropane tris(3-mercaptopropionate) (Sigma-Aldrich, USA), 
PVA (Mw13000-23000, 87%–89% hydrolyzed, Sigma-Aldrich, USA), 
The photoinitiator used was 2,2-diethoxyacetophenone (Sigma-Aldrich, 
USA). Dichloromethane (DCM) (Sigma-Aldrich, USA) was used as 
organic solvent in the middle phase. Sucrose (BioXtra, Sigma-Aldrich, 
USA) and calcium chloride (Sigma-Aldrich, USA) were used to increase 
the osmotic pressure of inner and continuous phase, respectively. All 
reagents were used as received without further purification.

Fabrication of Glass Capillary Device: Glass capillary devices were used 
to fabricate microcapsules with inhomogeneous shell thickness. The 
injection and collection capillaries were prepared by tapering two glass 
cylindrical capillaries (Cat. No. 1B100-6; World Precision Instruments, 
Inc.), of inner and outer diameter 0.58 and 1.00  mm, respectively, to 
an inner diameter of 20  µm with a micropipetter puller (P-97, Sutter 
Instrument). These tapered glass capillaries were then polished to 
a final inner diameter of 80 and 160  µm with sand paper. The device 
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Figure 4.  a) Optical and fluorescence images of microcapsules encapsulating FITC-dextran with molecular weight of 3–5 k. b) Fluorescent intensity 
profiles of the green fluorescence in microcapsules showing no obvious leakage up to 30 d after microcapsules were prepared.

Figure 5.  Enzymatic activity of protease as a function of incubation time 
in microcapsules.
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on a glass slide was assembled. Two glass capillaries were inserted 
into a square capillary (AIT Glass) with inner width of 1.05  mm from 
opposite direction. Prior to insertion, the cylindrical capillary with the 
smaller orifice was treated with n-octadecyltrimethoxyl silane to make 
the outer surface hydrophobic. The xy plane and z direction alignment of 
cylindrical capillaries nested in the square capillary was completed on a 
bright field microscope.

Microcapsule Fabrication: To form double-emulsion droplets, the  
three emulsion phases of W/O/W emulsion were injected into 
the glass capillaries using syringe pumps (Harvard Apparatus) and 
the production of double-emulsion droplets within the microfluidics 
device were recorded by an inverted microscope (Leica) equipped with 
a high-speed camera (Phantom V9). The syringe pumps were connected 
to the inlets of glass capillaries with plastic tubing of inner diameter 
0.86  mm (Scientific Commodities Inc.). The photocurable monomers 
in the middle phase were polymerized in situ by UV exposure for 1–2 s 
in the collection capillary to form a solidified polymeric shell. Various 
formulations of inner phase consisting of 0.6, 1.2, and 2 m sucrose 
together with 3% PVA were used to fabricate the microcapsules. Sucrose 
was used to increase osmotic pressure. To avoid osmotic pressure, 0.2, 
0.4, and 0.7 m CaCl2 were added to 10% PVA solution as the outer phase. 
The flow rate of outer phase was maintained at value of 4500 µL  h−1. 
The inhomogeneities of shell thickness was tuned by varying the flow 
rate ratio of inner and middle phases. To maintain the size of capsules, 
the sum of flow rates of inner and middle phases constant was kept at 
a value of 1300 µL h−1. Following the capsules fabrication, the capsules 
were washed with 0.5 m CaCl2 solution five times to remove the organic 
solvent in the middle phase.

Characterization: To measure the microcapsule geometrical 
characteristics, either SEM or confocal microscopy was used. The middle 
fluid with red fluorescent dye was labeled, Nile red (Sigma-Aldrich) and 
confocal imaging was performed using a Leica TCS SP5 confocal laser 
scanning microscope, using a 10X dry objective. The SEM images of 
microcapsule cross-section were obtained on the ZEISS Ultra55 Field 
Emission Scanning Electron Microscope at an acceleration voltage of 
4 kV after sputter-coating a Pt/Pd layer of 5 nm in thickness. The cross-
section of a microcapsule was prepared by cutting liquid nitrogen frozen 
sample and then lyophilizing.

EnzCheck Peptidase/Protease Assay Kit (Invitrogen) was used to test 
the protease activities. A protease activity standard curve was prepared 
within 0–0.4 mU mL−1 in triplicate, according to detection limit of 
0.005 mU mL−1. The encapsulated protease was released by applying 
osmotic shock and followed by brief sonication. The concentration of 
encapsulated protease was calculated according to the volume of inner 
phase and the total volume collected as well as the initial concentration 
of protease in inner phase. All released protease samples were diluted 
with Tri-HCl buffer (pH = 7.8) to the concentration within the range of 
the standard curve. The final volume in each microplate well was 100 µL 
with 50 µL of the released protease in Tri-HCl buffer and 50 µL of the 
substrate solution. After incubation at room temperature for 45  min, 
fluorescence intensity studies of the released protease were performed 
with a microplate fluorescence reader (excitation wavelength 502  nm 
and emission 530 nm).

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