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Harnessing Interfacial Phenomena to Program the Release 
Properties of Hollow Microcapsules
The generation of near-infrared (NIR)-sensitive microcapsules is presented 
and it is demonstrated that the release properties of these microcapsules 
can be tailored by controlling their morphology. A biocompatible polymer, 
poly(DL-lactic-co-glycolic)acid (PLGA) is used to form hollow microcapsules 
from monodisperse water-in-oil-in-water (W/O/W) double emulsions. Both 
the composition of PLGA and the oil phase of W/O/W double emulsions sig-
nificantly affect the morphology of the subsequently formed microcapsules. 
PLGA microcapsules with vastly different morphologies, from spherical to 
“snowman-like” capsules, are obtained due to changes in the solvent quality 
of the oil phase during solvent removal. The adhesiveness of the PLGA-laden 
interface plays a critical role in the formation of snowman-like microcapsules. 
NIR-sensitive PLGA microcapsules are designed to have responsive proper-
ties by incorporating Au nanorods into the microcapsule shell, which enables 
the triggered release of encapsulated materials. The effect of capsule mor-
phology on the NIR responsiveness and release properties of PLGA microcap-
sules is demonstrated.
1. Introduction

Hollow microcapsules containing an aqueous core covered by a 
thin shell are useful for encapsulating, protecting and delivering 
active ingredients such as drugs, nutrients, fragrances and living 
cells.[1] Microcapsules can be further engineered to actively release 
encapsulated materials in response to external stimuli such 
as pH,[2] temperature,[3] ultrasound,[4] and light,[5–7] providing 
an effective way to locally release their payloads on demand. 
Various methods of microcapsule generation, including self-
assembly of amphiphiles (e.g., diblock copolymers and phos-
pholipids) and layer-by-layer assembly of polymers, have 
been used to prepare stimuli-responsive microcapsules.[8–13] 
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Generally, these fabrication techniques 
lead to the formation of microcap-
sules that release one type of encapsu-
lated material upon the application of a 
stimulus. For a number of applications, 
however, it is highly desirable to design 
and fabricate carriers that can deliver 
multiple encapsulants, especially both 
hydrophilic and hydrophobic species, in a 
programmed fashion.[14] For example, in 
the area of drug delivery, there is a clear 
demand for drug delivery systems that 
can deliver multiple drugs of drastically 
different solubility in a pre-determined 
sequence.[15,16] Conventional methods of 
microcapsule fabrication also suffer from 
low encapsulation of active ingredients, 
which can be a critical problem since a 
number of pharmaceutical actives such as 
enzymes and antibodies are prohibitively 
expensive.[17]

In this study, we demonstrate the gen-

eration of near-infrared (NIR)-sensitive PLGA microcapsules 
with release properties that can be programmed by controlling 
the morphology of the microcapsules. More specifically, we fab-
ricate PLGA microcapsules that can release hydrophobic and 
hydrophilic agents in a sequential fashion. PLGA microcap-
sules are fabricated by using a water-in-oil-in-water (W/O/W) 
double emulsion as a template. The use of a microfluidic device 
ensures high encapsulation efficiency (≈100%) and also the 
generation of highly monodisperse emulsions.[18–21] We use a 
commonly available, bioresorbable polymer, poly(DL-lactic-co-
glycolic)acid (PLGA), to stabilize double emulsions and form 
microcapsules. This polymer has been widely used in various 
biomedical applications and is also approved for use in thera-
peutic devices by the US Food and Drug Administration (FDA), 
making it an ideal material to form microcapsules for future in 
vivo studies. Although a previous study has shown that PLGA 
microparticles with a hollow core can be generated from double 
emulsions, the effect of the PLGA composition and effect of 
the oil phase composition on the microcapsule morphology 
has not been presented in detail.[22,23] Here, we show that var-
ying the composition of PLGA and that of the organic phase 
of W/O/W double emulsions leads to the formation of PLGA 
microcapsules with vastly different morphologies. The physical 
mechanism contributing to the observed morphological differ-
ences of PLGA microcapsules is elucidated. By studying this 
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composition-morphology relationship, we demonstrate that it 
is possible to program the release properties of these PLGA 
microcapsules by incorporating gold nanorods (AuNRs) and 
controlling the capsule morphology.

2. Results and Discussion

2.1. Effect of PLGA and Oil-phase Compositions on the 
Morphology of Microcapsules

Water-in-oil-in-water (W/O/W) double emulsions, used to pre-
pare PLGA microcapsules, are prepared using a glass-capillary 
microfluidic device, as shown in Figure 1a. The inner phase 
(W) is a phosphate buffered saline (PBS) solution and the outer 
phase (W) is a 2 wt% poly(vinyl alcohol) (PVA) aqueous solu-
tion. The middle phase (O), which is immiscible with the inner 
and outer aqueous phases, is a mixture of volatile organic sol-
vents, toluene and chloroform, containing PLGA. It is impor-
tant to note that no additional surface active agents are added 
to the middle phase. The outer fluid hydrodynamically focuses 
the inner and middle fluid streams into the collection channel, 
leading to the formation of double emulsions with core-shell 
structures. The generated double emulsions are collected into 
a PBS solution in a glass Petri dish to match the osmolarity 
of inner and outer aqueous phases. In the absence of PVA, 
double emulsions generated using PBS as the outer phase 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

Figure 1. a) Optical microscopy image of W/O/W double emulsions gener
idic device. b,c) The structural evolution of double emulsions generated w
dissolved in a mixture of chloroform and toluene in a volume ratio of 2:3 a
dissolved in pure chloroform during solvent evaporation. b) Double emuls
engulfing morphology during solvent removal. In contrast, the morpholog
sions in (c) does not change (i.e., complete engulfing). Some double emulsi
rightmost image in (c) have become PLGA microcapsules due to solvent r
show the schematic illustration of the morphology of double emulsion; light
indicate oil containing PLGA and aqueous solution, respectively.
undergo coalescence, illustrating the importance of PVA as a 
stabilizer of the outer oil/water interface (see Figure S1 in Sup-
porting Information). Removal of the solvents from the oil layer 
of W/O/W double emulsions leads to the formation of PLGA 
microcapsules.

The composition of PLGA and that of the oil phase of W/O/W 
double emulsions are found to have a significant influence on 
the morphology of double emulsions during solvent removal. 
PLGAs with a molar ratio of lactide to glycolide ranging from 
50:50 to 100:0 (i.e., 50:50, 65:35, 75:25, 85:15, and 100:0) are 
used to form microcapsules. PLGA 100:0 corresponds to the 
homopolymer, poly(dl-lactic acid) (PLA). We also vary the com-
position of the oil phase by mixing chloroform and toluene at 
different volumetric ratios. During solvent removal, we observe 
that some double emulsions undergo a dewetting transition, as 
seen in Figure 1b.[20] Initially, the oil layer of W/O/W double 
emulsions completely encapsulates a water droplet. As the sol-
vent mixture is removed, the inner water droplet partially sepa-
rates out of the oil droplet without coalescing with the outer 
aqueous phase; this morphological change leads to the forma-
tion of an acorn-like configuration (partial engulfing). In con-
trast, double emulsions generated using a PLGA polymer with 
a different lactide to glycolide composition and in a different 
toluene to chloroform solvent mixture show a core-shell con-
figuration (complete engulfing) throughout the solvent removal 
process as shown in Figure 1c. These trends are independent 
of the polymer concentration (Cp) above 0.6 wt% and the thick-
ness of the oil phase (h) in the range of 50 and 90 μm. When 
mbH & Co. KGaA, Wein
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Cp < 0.6 wt%, less than 90% of double emul-
sions are stable; thus, all of our subsequent 
experiments are performed by generating 
double emulsions with oil shell thickness of 
60–80 μm and with a polymer concentration 
in the range of 0.7 and 1.0 wt%.

We characterize the effect of PLGA com-
position (xlactide) and that of the oil phase 
composition (i.e., volume fraction of chlo-
roform, ϕchloroform) on the morphology of 
double emulsions during solvent removal, 
as shown in Figure 2 (movies showing the 
morphological transitions are provided in the 
Supporting Information). For double emul-
sions containing PLGA with compositions 
of 50:50 and 65:35, a decrease in the volume 
fraction of chloroform in the solvent mix-
ture leads to the dewetting of the oil phase 
from the inner droplet (partial engulfing) 
during solvent removal. Similar observa-
tions have been made in the formation of 
polymersomes from amphiphilic diblock 
copolymer containing double emulsions.[20] 
In contrast, double emulsions generated with 
increased lactide content in the PLGA (PLGA 
with 75:25, 85:15, and 100:0 composition) 
maintain the core–shell structure (complete 
engulfing) regardless of the composition of 
solvent mixtures.

The difference in the density of the oil 
phase and the inner aqueous phase does 
heim Adv. Funct. Mater. 2012, 22, 131–138
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Figure 2. State diagram showing the morphology of double emul-
sions during solvent evaporation as functions of the volume fraction 
of chloroform (ϕchloroform) and the composition of PLGA (xlactide): () 
complete engulfing and (Δ) partial engulfing. The shaded area indicates 
the insoluble region of PLGA in solvent mixtures. In regime I, double 
emulsions sediment upon collection into a vessel. In regime II, double 
emulsions initially sediment because of the dense oil phase. After partial 
removal of the solvents, these double emulsions float to the free water 
surface and subsequently sediment. In Regime III, double emulsions float 
to the air/water interface upon collection.

Figure 3. Interfacial tension between an aqueous phase and an oil phase 
containing PLGA (). The oil phase in (a) is a chloroform/toluene (2v/3v) 
mixture containing PLGA with the different compositions and in (b) is 
pure chloroform containing PLGA with the different compositions. The 
solid lines indicate the interfacial tension between PBS solution and oil 
without PLGA. Open squares represent surface tension between a 2 wt% 
PVA solution and PLGA containing oil phases.
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not strongly correlate with the observed morphological trans-
formation. The state diagram in Figure 2 can be divided into 
three regimes depending on the density of the oil phase. In 
regime I, the solvent mixture is denser than water; thus, 
double emulsions sediment upon collection into a vessel, 
and the organic solvents are removed through dissolution 
into the aqueous phase and subsequent evaporation. In 
regime II, double emulsions initially sediment because of the 
dense oil phase. After a short while (≈60 min), these double 
emulsions float to the free water surface and subsequently 
sediment. This phenomenon is likely due to the fact that 
the removal rate of chloroform is faster than that of toluene 
(the solubility of chloroform in water (≈8 g/L at 20 °C) is 
higher than that of toluene (≈0.5 g/L at 20 °C)). The prefer-
ential removal of chloroform while the double emulsions are 
completely submerged leads to the reduction of the density 
of the oil phase, making the overall double emulsions less 
dense and resulting in floating emulsions. Subsequently, as 
the oil phase becomes a solid polymer shell, double emul-
sions sediment due to the increased density. In regime III, 
double emulsions float to the air/water interface upon collec-
tion because of the low density of the oil phase. The double 
emulsions then sediment during solvent evaporation because 
of the gradual increase in the density of the oil phase. From 
these observations we determine that the morphology of the 
double emulsions during solvent removal does not depend 
on the density of the oil phase.

The three possible configurations of double emulsions that 
we observe (such as complete engulfing, partial engulfing and 
non-engulfing) have previously been theoretically described 
using spreading coefficients, defined as
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 131–138
S1 = ( j k − (i j − (ik (i = j = k = o, i, m)  (1)

where γjk, γij, and γik are the interfacial tensions between j–k, i–j, 
and i–k fluids of the three fluid phases.[24–26] In our case, how-
ever, the morphology of double emulsions containing PLGA 
cannot be rationalized by the spreading coefficients of the 
three fluid phases. Interfacial tension between the two aqueous 
phases is close to 0 (γio ∼ 0). The presence of PVA in the outer 
phase ensures that the interfacial tension between the inner 
aqueous phase and the middle oil phase is always greater than 
that between the middle oil phase and the outer aqueous phase 
(i.e., γim > γom). The spreading coefficients, determined using 
pendant drop tensiometry (Figure 3), thus lead to Si < 0, So > 0, 
133wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 5. Schematic illustration showing the formation of a snowman-
like capsule induced by the change in the solubility of polymer in the oil 
phase and the subsequent formation of the adhesive polymer layer at 
the two interfaces. a) Upon the formation of a W/O/W double emulsion, 
PVA stabilizes the outer oil/water interface, and PLGA stabilizes both the 
inner and outer water/oil interfaces, b) the solvent quality of the oil phase 
reduces to fully solubilize PLGA due to the faster removal of chloroform, 
c) the two oil/water interface covered with PLGA becomes adhesive initi-
ating the dewetting process, and d) the inner drop, covered with a solid 
film of PLGA, protrudes out of the oil drop.
and Sm < 0 (subscripts i, o, and m indicate the inner, outer, and 
middle phases, respectively), regardless of the composition of 
PLGA in the oil phase as shown in Figure 4. These spreading 
coefficients correspond to the formation of two separated 
droplets (non-engulfing). When the fraction of lactide content 
in the PLGA increases from PLGA 50:50 to PLGA 100:0, the 
spreading coefficients of double emulsions move further away 
from the origin into the lower-right corner of the non-engulfing 
quadrant (Figure 4). This trend does not agree with the experi-
mental results, which show that double emulsions containing 
PLGA with greater lactide content have complete engulfing 
morphology (see Figure 2). It is important to note that all 
double emulsions generated in the absence of PLGA polymer 
are converted into oil-in-water single emulsions immediately 
after collection. In this case, the spreading coefficients are Si < 
0, So > 0, and Sm < 0, corresponding to the non-engulfing con-
dition. These results indicate that the spreading coefficients do 
not satisfactorily predict the morphology of double emulsions 
and that the PLGA polymer in the middle phase is a critical 
component in stabilizing the double emulsions.

Our hypothesis that PLGA plays a critical role in the stabi-
lization of double emulsions can also be verified by the fact 
that PLGA lowers the surface tension between the oil and 
water phases. Figure 3 shows the reduction of surface tension 
between oil and water as a function of the composition of PLGA 
in two different solvent mixtures. In both cases, it is clearly 
seen that the increase in the fraction of glycolide content leads 
to a larger reduction in surface tension. These results strongly 
indicate that PLGA, which is a random copolymer of glycolide 
and lactide, is surface active and that the surface activity of 
PLGA strongly depends on its composition. Although the sur-
face activity of various diblock copolymers has been reported, 
to the best of our knowledge, our study is the first to report 
the surface activity of PLGA. Based on these observations, we 
believe that W/O/W double emulsions containing PLGA are in 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

Figure 4. Spreading coefficients (Sm and So) calculated for double emul-
sions generated using a chloroform/toluene (2v/3v) solution containing 
random copolymer PLGA with the different compositions: () 50:50, () 
65:35, (Δ) 75:25, () 85:15, and () 100:0.
a kinetically stable state because of the adsorption of PLGA to 
the inner water/oil interface.

The morphological evolution of double emulsions that leads 
to the acorn-like structure (Figure 1b) is believed to be induced 
by the change in the solvent quality of the oil phase and the 
subsequent formation of adhesive interfaces as schematically 
illustrated in Figure 5. For instance, in the case of a double 
emulsion with PLGA 50:50 dissolved in a mixture of chloro-
form (a good solvent for both the lactide and glycolide) and 
toluene (a poor solvent for glycolide and a good solvent for lac-
tide)[27] (Figure 1b), PLGA adheres to the inner and outer water/
oil interface upon the emulsion formation (Figure 5a). The 
quality of the solvent in the oil phase becomes poor due to the 
preferential removal of chloroform (Figure 5b). As this occurs, 
the PLGA chains at the inner water/oil and outer oil/water 
interfaces become adhesive and form a solid film (Figure 5c).  
This adhesion process between the two interfaces protects 
the inner drop from coalescing with the outer aqueous phase 
as it protrudes out of the oil phase (Figure 5d). We note that 
the formation of adhesive interfaces has been reported in high 
melting point surfactant-stabilized single emulsions and, more 
recently, in diblock copolymer-stabilized double emulsions.[28,29] 
The absence of the acorn-like structure in double emulsions 
containing PLGA with the lactide fraction above 0.75 supports 
this mechanism since the oil phase remains a good solvent for 
the polymer throughout the solvent removal process.

2.2. Controlling the Release Properties of PLGA Microcapsules

Upon the removal of the solvents from the oil phase, double 
emulsions are converted into stable polymer-shelled microcap-
sules with aqueous cores. To clearly observe the structure of 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 131–138
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the shell and the encapsulation capability of the microcapsules, 
hydrophobic (red) and hydrophilic (green) fluorescent dyes 
are added to the oil and inner water phases of W/O/W double 
emulsions, respectively. The final structure of microcapsules 
is strongly dependent on the morphology of double emulsions 
during solvent removal, as shown in Figure 6. Double emul-
sions exhibiting complete engulfing morphology are converted 
into microcapsules with a uniform polymer shell (Figure 6a), 
as evidenced by the uniform distribution of the hydrophobic 
dye in the PLGA shell (Figure 6b). This result also indicates 
that a hydrophobic dye can be uniformly incorporated into the 
PLGA shell. In contrast, double emulsions that have under-
gone the dewetting transition form microcapsules with a thick 
patch in one region (Figure 6c and d). This effect is more evi-
dent when gold nanorods (AuNR) are added to the oil phase of 
W/O/W double emulsions. Snowman-like microcapsules with a 
round solid aggregate are formed after solvent removal (Figure 
6e and f). The scanning electron microscopy (SEM) image 
of dried samples (inset of Figure 6e) clearly shows that these 
aggregates are solid (i.e., it does not undergo severe crumpling 
upon drying). As will be discussed below, the incorporation of 
AuNRs enables the generation of NIR-sensitive microcapsules 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 131–138

Figure 6. Optical (a,c,e) and confocal (b,d,f) microscope images of 
polymer microcapsules generated using (a,b) a PLGA 75:25 dissolved 
in pure chloroform and (c–f) a PLGA 50:50 dissolved in a mixture of 
chloroform and toluene (2:3 by volume) phase. e,f) The middle phase 
used for the double emulsion generation contains the AuNRs. For con-
focal microscopy, FITC-dextran (green) and Nile Red (red) are added to 
the inner aqueous phase and middle oil phase, respectively. The insets 
show the SEM images of polymer microcapsules after being completely 
air-dried at room temperature.
for triggered release of encapsulated materials through heating 
of the polymer shells.

We investigate the possibility of triggering the release of encap-
sulated materials from PLGA microcapsules in response to an 
external stimulus. Among many external stimuli, near-infrared 
(NIR) light is an attractive means to trigger the release because 
NIR is minimally absorbed by the body’s water and hemoglobin, 
thus readily penetrates skin. It is also relatively straightforward 
to localize the application of NIR light in vivo compared to 
other stimuli such as heat and pH.[5,30] We use AuNRs, which 
have been used as an NIR-absorbing material for light-triggered 
release of encapsulated materials.[31–35] We add AuNRs to the oil 
phase of W/O/W double emulsions and upon solvent evapora-
tion, generate AuNR/PLGA nanocomposite microcapsules. 
FITC-dextran is encapsulated in the inner aqueous phase to 
monitor the encapsulation and triggered release.

The morphology of AuNR/PLGA microcapsules has a signifi-
cant influence on the NIR sensitivity of these capsules. The appli-
cation of NIR light to neat PLGA microcapsules formed using 
PLGA 50:50 in pure chloroform does not induce any changes 
in the shape and the fluorescence intensity of the aqueous core 
(Figure 7a), demonstrating the insensitivity of PLGA capsules to 
NIR light. In contrast, AuNR/PLGA nanocomposite microcap-
sules with a homogeneous shell significantly deform and release 
encapsulated FITC-dextran after NIR light exposure as shown in 
Figure 7b. The fluorescence intensity profiles of NIR light irradi-
ated samples also clearly show that NIR induces essentially the 
complete release of the encapsulated FITC-dextran, whereas little 
release is detected from PLGA microcapsules without AuNR 
(Figure 7c and d). Since AuNRs are known to generate heat upon 
NIR light absorption, the mechanism of the triggered release is 
likely the heating of PLGA shell above its glass transition tem-
perature (40–60 °C), which disrupts the integrity of the micro-
capsule as seen by the drastic change in the shape and size of 
the irradiated samples. Neat PLGA microcapsules also undergo 
similar deformation when they are heated above 48 °C (see the 
Supporting Information, Figure S2), indicating that NIR irradia-
tion of AuNR/PLGA microcapsules increases the local tempera-
ture in the shell to at least 48 °C.

Snowman-like microcapsules formed using a chloroform/
toluene (2v/3v) mixture and containing PLGA 50:50 and 
AuNRs show a completely different release behavior. After  
20 min of NIR exposure, the size of the solid aggregate 
decreases significantly, as shown in Figure 8. On a close inspec-
tion, small particles (less than 5 μm in size) are found in solu-
tion (arrows in Figure 8), indicating that the solid aggregate on 
the capsule surface transitioned into these particles due to the 
elevated temperature during NIR light exposure. Microcapsules, 
however, remain intact and retain the encapsulated molecules 
in the aqueous core (Figure 8). We attribute this selective dis-
solution of the solid aggregate to the non-uniform distribution 
of AuNRs in the shell of the snowman-like capsules; that is, 
the majority of AuNRs are believed to have segregated into the  
polymer aggregates, which is evident from the dark appearance 
of the aggregate due to strong absorption of AuNRs. The fact 
that toluene is a good solvent for PEG on the AuNR surface also 
supports the hypothesis that AuNRs segregate into the toluene 
rich domain during solvent removal and, eventually, are trapped 
in the solid aggregates. These AuNRs cause local heating in the 
135wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 7. Optical (left) and fluorescent (right) images of FITC-dextran loaded capsules (a) without AuNRs and (b) with AuNRs before and after 20 min 
NIR exposure. The nanocomposite capsules are generated using a chloroform solution containing PLGA 50:50 and AuNRs. c) Fluorescence intensity 
profiles along the lines through the capsules in (b) and (d) average fluorescence intensity from over 20 microcapsules (error bars represent the standard 
error of the mean). The release experiments are carried out within the three days of capsule preparation.

µm)

c.

a.

d.

b.
solid aggregates inducing its dissolution. The lack of AuNRs in 
the thin shell of these snowman-like microcapsules prevents 
the release of the encapsulated material, indicating that heating 
must be local to cause changes in the membrane. Eventually, 
the spontaneous degradation of these microcapsules due to the 
hydrolysis of PLGA will release the encapsulated material.[36] 
The degradation kinetics of PLGA shells is known to depend on 
the PLGA composition, shell thickness and molecular weight 
as well as the solution temperature and pH.[37]

These results clearly demonstrate that it is possible to control 
the release sequence of hydrophobic and hydrophilic species 
from these PLGA microcapsules, depending on their prepara-
tion method and subsequent morphology. By creating uniform 
spherical capsules, for example, a hydrophilic encapsulant can 
be released using NIR light. Subsequently, a hydrophobic mol-
ecule encapsulated in the shell can be slowly released via the 
hydrolysis of PLGA. In contrast, the release of a hydrophobic 
species can be triggered first from snowman-like microcapsules 
via NIR light irradiation. Due to their size, small particles (less 
than 5 μm) released from the polymer/AuNR aggregates are 
likely to be more susceptible to cellular uptake compared to the 
original microcapsules.[38] Subsequently, a hydrophilic species 
from the core can be released via the spontaneous hydrolytic 
degradation of PLGA shell or by uniformly heating the local 
environment above the glass transition temperature of PLGA 
(Figure S2 in the Supporting Information).
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
3. Conclusions

We have demonstrated that the composition of PLGA and that 
of the solvent mixture have a significant influence on the final 
structure of PLGA microcapsules generated from W/O/W double 
emulsions. More importantly, we have shown that it is possible 
to program the release properties of NIR-sensitive PLGA micro-
capsules by incorporating Au nanorods into the PLGA shell and 
controlling the capsule morphology. This tunable morphology 
is due to the surface activity of PLGA, which depends on the 
composition of the copolymer, and the change in the solvent 
quality of the oil phase during solvent removal. The ability of bio-
compatible PLGA microcapsules to load both hydrophobic and 
hydrophilic materials in the shell and core, respectively, and sub-
sequently release these materials in a controlled sequence, pro-
vides a unique opportunity to employ these novel structures in 
biomedical and pharmaceutical applications.

4. Experimental Section
Polymer Microcapsule Generation: Water-in-oil-in-water (W/O/W) 

double emulsions are generated using a glass-capillary microfluidic 
device, as described previously.[17,39] Briefly, two circular capillary tubes 
with inner and outer diameters of 0.58 mm and 1.0 mm (World Precision 
Instrument Inc.) are tapered to desired diameters of 15–25 μm for the 
injection of an inner phase and 120–200 μm for the collection of double 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 131–138
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Figure 8. Optical (left) and fluorescent (right) images of FITC-dextran 
loaded capsules with AuNRs before and after 20 min NIR exposure. The 
capsules are generated using a chloroform/toluene (2:3 v/v) solution con-
taining PLGA 50:50 and AuNRs. The release experiments are carried out 
with capsules 3 days after generation of double emulsions. The arrows 
indicate small particles dissolved from solid aggregate on the capsule 
surface after NIR exposure.
emulsions using a micropipette puller (P-1000, Sutter Instrument Inc.) 
and a microforge (Narishige MF-830). The circular capillary tube used for 
the inner fluid is hydrophobically functionalized with octadecyltrichloro-
silane (OTS), enhancing the wettability of oil outside the capillary tube, 
and facilitating the formation of double emulsions. The two tapered 
capillaries are inserted into a square capillary with an inner dimension of 
1.0 mm, and sealed with epoxy.

To fabricate double emulsions, three liquid phases are introduced 
into a microfluidic device at independently controlled flow rates by three 
syringe pumps (PHD, Harvard Apparatus). The inner water phase is a 
pH 7.4 phosphate buffered saline solution (PBS, sigma P4417), which is 
composed of 0.01 m phosphate buffer, 0.0027 m potassium chloride, and 
0.137 m sodium chloride. The middle oil phase consists of 0.7–1.0 wt% 
polymer dissolved in a mixture of chloroform and toluene. We use a random 
copolymer of lactide and glycolide with different molar ratios ranging from 
50:50 (Inherent Viscosity (ηi) = 0.41 dL g−1 in hexafluoroisopropanol 
(HFIP)), 65:35 (ηi = 0.55–0.75 dL g−1 in HFIP), 75:25 (ηi = 0.55–0.75 dL g−1  
in CHCl3), to 85:15 (ηi = 0.66 dL g−1 in CHCl3) (PLGA, (poly(dl-lactic-
co-glycolic)acid, Durect Corp.) as well as a homopolymer (100:0; PLA, 
(poly(dl-lactic acid), ηi = 0.55–0.75 dL g−1 in CHCl3, Durect Corp). The 
outer water phase is a 2 wt% PVA aqueous solution (PVA, 87–89% 
hydrolyzed, average Mw = 13 000–23 000, Aldrich). Generated double 
emulsions flow into the collection tube, and then 20–30 drops containing 
double emulsions are collected into a large pool of PBS (≈15 mL) in a 
glass Petri dish. This effectively lowers the concentration of PVA in the 
continuous phase, leading to a decrease in the osmotic pressure difference 
between the inner and outer aqueous phases. The polymer microcapsules 
are generated from the double emulsions by evaporation of the volatile 
solvent. For the generation of fluorescent microcapsules, two florescent 
dyes, 0.02 wt% fluorescein isothiocyanate-dextran (FITC-dextran, Mw = 
2000 K, sigma) and 0.02 wt% Nile Red (sigma) are added into the inner 
and middle phases, respectively.

Microcapsule Characterization: All double emulsion generation is 
monitored with a 10× objective using an inverted light microscope 
(Nikon Diaphot 300) equipped with a high-speed camera (Phantom V7.1) 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 131–138
capable of recording 13,000 frames per second at the frame resolution of 
800 × 200 pixels. The evolution from double emulsions to microcapsules 
by evaporation of the solvent are observed using an upright microscope 
(Carl Zeiss Axio Plan II) with a CCD camera (Qimaging Retiga 2000R 
Fast 1394). Fluorescently labeled microcapsules containing FITC-dextran 
and Nile Red are imaged using a confocal laser scanning microscope 
(Olympus FluoView FV1000, Center Valley, PA). The scanning electron 
microscope (SEM) images of air-dried microcapsules are taken using a 
Quanta 600 FEG Mark II at an acceleration voltage of 5 kV.

Nanorod Synthesis, Incorporation, and Characterization: Gold nanorods 
(AuNRs) are synthesized using a seed-mediated technique, as described 
previously.[40] Briefly, a seed solution is prepared through a mixture of 
hexadecyltrimethylammonium bromide (CTAB), sodium borohydride, 
and gold chloride. Small gold seeds then grow into nanorods by adding 
CTAB, silver nitrate, ascorbic acid, and gold chloride to a seed solution. 
The prepared AuNRs are PEGylated using poly(ethylene glycol)-
thiol, then re-dispersed in chloroform. The PEGylation enhances the 
stabilization of AuNRs against aggregation in chloroform. The resulting 
AuNRs have an average length of 32.5 ± 3.0 nm and an average width 
of 8.2 ± 1.0 nm (see Figure S3 in the Supporting Information). The 
absorption spectra of the AuNR are taken using a Cary 5000 (Varian 
Inc.) UV-Vis-NIR spectrophotometer to determine its plasmon 
resonance band. The synthesized nanorod shows an absorption peak 
of 770–800 nm, while PLGA polymer does not absorb the NIR light (see 
Figure S3 in Supporting Information). The concentration of AuNRs in 
chloroform is determined using a molar extinction coefficient of 4.4 × 
109 M−1 cm−1. The PEGylated AuNRs are incorporated in the polymer 
shell by suspending AuNRs (≈10−9 molar) into the oil layer of double 
emulsions. The prepared PLGA microcapsules with/without AuNRs 
in an Eppendorf microtube are exposed to NIR laser with 1 W output 
power at 808 nm, and, subsequently, a small aliquot is transferred 
onto a microscope slide for optical/fluorescence microscopy. NIR-
triggered release experiments are performed within three days of 
capsule preparation. We have confirmed that there is essentially no 
release of the encapsulated species from PLGA microcapsules in three 
days (Figure S4 in the Supporting Information). Thus, the effect of 
PLGA degradation on the NIR-triggered release is negligible within the 
timeframe of these studies.

Interfacial Tension Measurements: Interfacial tension between two 
liquid phases is measured using the pendant drop method,[41] using a 
Ramé–Hart model 200 goniometer with DROPimage Advanced software. 
Interfacial tensions are measured from the shape of a liquid droplet 
created at the flat tipped stainless steel needle in the other liquid using a 
micrometer syringe (GS-1200, Gilmont Instruments). The reproducibility 
of interfacial tension measurements is within ±1.0 mN m−1.

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